
Multiple files are bound together in this PDF Package.

Adobe recommends using Adobe Reader or Adobe Acrobat version 8 or later to work with 
documents contained within a PDF Package. By updating to the latest version, you’ll enjoy 
the following benefits:  

•  Efficient, integrated PDF viewing 

•  Easy printing 

•  Quick searches 

Don’t have the latest version of Adobe Reader?  

Click here to download the latest version of Adobe Reader

If you already have Adobe Reader 8, 
click a file in this PDF Package to view it.

http://www.adobe.com/products/acrobat/readstep2.html




… the synthesis and structural
analysis of [PuIV{5LIO(Me-3,2-
HOPO)}2], the first PuIV hydroxy-
pyridonate complex (see center:
Pu: yellow, N: blue, O: red, C:
gray) has been reported. The struc-
ture of the deep purple crystals
(inset right) was determined by
using a small-molecule diffractom-
eter at the Advanced Light Source
(inset left). More details of this
fascinating chemistry are described
in the Full Paper by K. N. Ray-
mond, D. K. Shuh et al. on p. 2842.
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Polymers of Intrinsic Microporosity
Novel types of microporous material are required for che-
moselective adsorptions, separations, and heterogeneous
catalysis. In the Concept article by N. B. McKeown et al. on
page 2610 ff., the synthesis and application of polymeric
materials that possess microporosity is discussed.


Desulfitative Mizoroki–Heck Coupling
S. R. Dubbaka and P. Vogel describe on pages 2633 ff. the
Pd-catalyzed desulfitative Mizoroki–Heck couplings of sul-
fonyl chlorides with mono- and disubstituted olefins.


Switchable Surfaces
Increasing attention has been placed on the development of
controlled switchable surfaces, also known as “smart sur-
faces”, that can respond to environmental stimuli. Reversi-
ble control of the surface properties has been achieved with
various methods. The Concept article by J. Kong et al. on
page 2622 ff. describes advances in this field of surface
chemistry.
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Polymers of Intrinsic Microporosity (PIMs): Bridging the Void between
Microporous and Polymeric Materials


Neil B. McKeown,*[a] Peter M. Budd,[b] Kadhum J. Msayib,[b] Bader S. Ghanem,[b]


Helen J. Kingston,[b] Carin E. Tattershall,[b] Saad Makhseed,[b] Kevin J. Reynolds,[b] and
Detlev Fritsch[c]


Introduction


The study of materials that possess voids of molecular di-
mensions is an area of nanoscience with well-established
technological applications.[1] Microporous materials are de-
fined as solids that contain interconnected pores of less than
2 nm in size and consequently, they possess large and acces-


sible surface areas—typically 300–1500 m2 g�1 as measured
by gas adsorption. In the past decades, there has been an in-
tense international effort to optimise conventional micropo-
rous materials, such as zeolites (aluminosilicates) and acti-
vated carbons, for specific applications in adsorption, sepa-
rations and heterogeneous catalysis.[2–4] However, it is recog-
nised that there is a pressing requirement to find entirely
novel approaches to the synthesis of microporous materials
to benefit fundamental research and to provide new techno-
logical opportunities.[3] In recent years there has been a
growing emphasis on using organic components for the con-
struction of microporous materials. It is anticipated that by
careful selection of organic precursors it will be possible to
exert precise control over the chemical nature of the accessi-
ble surface and to introduce specific molecular recognition
or catalytic sites, thus facilitating chemoselective adsorption
and the design of highly efficient heterogeneous catalysts.


Ordered crystalline structures have considerable visual
impact, and none are more pleasing than those of the zeo-
lites and related microporous solids. Therefore, it is under-
standable that the synthesis of “organic zeolites”, in which
rigid organic units are assembled into a microporous, crys-
talline structure by metal–ligand[5–7] or hydrogen bonds,[8]


has developed into a major research area in the past decade.
Initially, such materials were classified as “microporous”
simply on the basis of X-ray crystal structures, even when
the removal of solvent from the void space destroyed the
crystalline order. Early examples also suffered from inter-
penetration of one lattice within the pores of another, re-
sulting in restricted access to the internal void space. How-
ever, impressive advances based on coordination chemistry,
especially by Yaghi and co-workers, have provided highly
porous crystalline zeolite-like materials termed metal–or-
ganic frameworks (MOFs), which demonstrate vast accessi-
ble surface areas by the reversible adsorption of gas.[6,7] Re-
cently, this methodology has been applied to the assembly
of microporous structures by using porphyrin derivatives
with catalytic potential.[9–12] It is also apparent that some co-
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Abstract: Novel types of microporous material are re-
quired for chemoselective adsorptions, separations and
heterogeneous catalysis. This concept article describes
recent research directed towards the synthesis of poly-
meric materials that possess microporosity that is intrin-
sic to their molecular structures. These polymers (PIMs)
can exhibit analogous behaviour to that of conventional
microporous materials, but, in addition, may be process-
ed into convenient forms for use as membranes. The ex-
cellent performance of these membranes for gas separa-
tion and pervaporation illustrates the unique character
of PIMs and suggests immediate technological applica-
tions.


Keywords: gas separation · membranes · microporous
materials · phthalocyanines · polymers
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ordination solids derived from more flexible organic ligands
demonstrate dynamic behaviour with microvoids that can
expand in the presence of an adsorbate.[5] Purely organic
frameworks held together by hydrogen bonds are often too
fragile to survive the removal of included solvent; however,
some recently prepared hydrogen-bonded microporous ma-
terials, such as those reported from the groups of
Wuest[8,13, 14] and Aoyama,[15] show enhanced stability, but as
yet, none have displayed high surface areas using gas ad-
sorption.


The size- and shape-selectivity of adsorption derived from
the well-defined micropores within crystalline solids, togeth-
er with their aesthetic appeal, will ensure a continued inter-
est in the synthesis of organic zeolite analogues. However,
as demonstrated by various microporous inorganic materials
(e.g., amorphous silica) and activated carbons, crystalline
order is not a prerequisite for useful microporosity and this
article will survey the less explored area of microporosity
within amorphous organic materials, in particular network
polymers and glass-forming polymers.


Activated carbon—the original organic microporous materi-
al : The ability of charcoal to adsorb contaminants from
water has been known for thousands of years and today acti-
vated carbons are used in vast quantities as adsorbents, deo-
dorizers and catalyst supports.[16,17] During the carbonisation
process, planar graphene sheets are formed by the condensa-
tion of polynuclear aromatic units with the associated expul-
sion of side-chain groups. If suitable precursors are used, ex-
tended graphite sheets are produced that pack efficiently
owing to the formation of an intermediate liquid-crystalline
state, called the “carbonaceous mesophase”, to give a non-
porous solid. However during the carbonisation of coals and
wood (commonly nutshells are employed), cross-linking
occurs, which leads to extended graphitisation and ordered
packing. The resulting network polymer, composed of ran-
domly arranged graphene sheets, is intrinsically micropo-
rous.[16,17] Commercial carbons can offer surface areas well
in excess of 1200 m2 g�1 depending upon the precursor mate-
rial and post-carbonisation treatment. Given the method of
preparation, it is unsurprising that most activated carbons
possess a wide distribution of pore sizes ranging from micro-
porous to mesoporous (20–50 nm) to macroporous (>
50 nm). Futhermore, the surface of activated carbons is
chemically ill-defined with a large variety of oxygen- and ni-
trogen-containing functional groups present, in addition to
the polycyclic aromatic units that form the graphene
sheets.[18–21] The heterogeneous structure and chemical
nature of the exposed surface area explains the ability of ac-
tivated carbons to adsorb a wide range of organic com-
pounds and metal ions, but limits its potential for chemo-se-
lective processes.


Microporous Organic Network Polymers


It is clear from the activated carbons that non-crystalline or-
ganic materials may possess a microporous structure. In ad-
dition, there are examples of amorphous silica or metal
oxide networks in which rigid organic subunits such as phen-
ylene,[3] anthracene[22–24] or porphyrin[25] derivatives have
been incorporated to give hybrid microporous materials.
Despite the intense research effort concentrating on control-
ling polymer macro- and mesoporosity,[26–28] the concept of
preparing purely organic microporous network polymers is
almost entirely unexplored—with the exception of Webster�s
poly(arylcarbinol) networks, which demonstrated high sur-
face areas (800–900 m2 g�1) by nitrogen adsorption.[29,30]


A few years ago, we initiated a research programme with
the objective of preparing polymer networks with micropo-
rous structures similar to that of activated carbon, but with
a range of well-defined surface chemistries. Considering its
enormous commercial importance and the limited scope for
systematic chemical or structural modification, it is surpris-
ing that the structure of activated carbon had not previously
inspired imitation.


The general strategy involves the incorporation of extend-
ed aromatic components, to mimic the graphene sheets of
activated carbons, within a rigid polymer network. Initially,
the phthalocyanine macrocycle was selected as the aromatic
component due to its extended planarity (diameter ~
1.5 nm) and range of useful properties. These include oxida-
tive catalysis if appropriate transition-metal ions are placed
in its central cavity (e.g., the Merox process for the oxida-
tive removal of sulfurous impurities in crude petrochemi-
cals).[31] Previously prepared phthalocyanine network poly-
mers show a strong tendency of the macrocycles to aggre-
gate into columnar stacks, due to strong noncovalent inter-
actions (primarily p–p interactions), resulting in nonporous
solids.[32] Therefore, it was deemed essential to use a highly
rigid and nonlinear linking group between the phthalocya-
nine subunits that would ensure their space-inefficient pack-
ing, thus preventing structural relaxation and consequent
loss of microporosity. Perfectly suited to fulfil these require-
ments is a linking group derived from the commercially
available 5,5’,6,6’-tetrahydroxy-3,3,3’,3’-tetramethyl-1,1’-spi-
robisindane (monomer A1). The spirocentre (i.e. , a single
tetrahedral carbon atom shared by two rings) of A1 pro-
vides the nonlinear shape, and the fused-ring structure the
required rigidity. Phthalocyanine network polymers are gen-
erally prepared from a bis(phthalonitrile) precursor through
a cyclotetramerisation reaction that is usually facilitated by
a metal-ion template. Such a reaction using the bis(phthalo-
nitrile), prepared from the dioxane-forming reaction be-
tween monomer A 1 and 4,5-dichlorophthalonitrile, gives
network polymers as free-flowing, highly coloured powders
(Scheme 1). Spectroscopic (ESR, UV/visible absorption)
and X-ray diffraction analyses of the network polymers con-
firm that the spirocyclic cross-links prevent a close packing
of the phthalocyanine components, giving an amorphous mi-
croporous structure—as depicted by the model shown in
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Figure 1. Nitrogen adsorption measurements (e.g., Figure 2)
show that the materials have high surface areas (in the
range 500–1000 m2 g�1) with very significant adsorption at
low relative pressure (P/Po<0.01) indicating microporosi-
ty.[33]


Following on from the successful preparation of these
phthalocyanine network polymers of intrinsic microporosity
(Network-PIMs), it was of interest to determine whether
other rigid structures are also suitable components for use
in the assembly of microporous organic materials. The relat-
ed metal-containing porphyrins are an important family of


catalysts, for example, iron–por-
phyrin derivatives can display
similar activity to that of the cy-
tochrome P450 enzymes, includ-
ing the catalysis of alkene epox-
idations and hydrocarbon hy-
droxylations.[34] These reactions
are achieved by using environ-
mentally benign oxidants, such
as oxygen or hydrogen perox-
ide. Thus, the possibility of
being useful heterogeneous cat-
alysts makes porphyrins desira-
ble components of a micropo-
rous material; however, their
preparation, unlike phthalocya-
nine formation, is a low-yield-


ing reaction that is unsuitable for polymer network assem-
bly. Instead, rigid spirocyclic linking groups were introduced
directly between preformed porphyrin subunits by means of
the efficient dioxane-forming reaction between the meso-tet-
rakis(pentafluorophenyl)porphyrin (monomer B 1;
Scheme 2) and the monomer A1. Although in this case the
linking group is not wholly composed of fused rings, there is
significant steric restriction to rotation about the single
carbon–carbon bond at the meso-positions of the porphyrins
to prevent structural relaxation, as demonstrated by the at-
tainment of Network-PIMs of high surface areas (900–
1100 m2 g�1).[35]


It is now clear that dioxane formation (i.e. , a double aro-
matic nucleophilic substitution) offers a general reaction for
the preparation of Network-PIMs from appropriate hy-
droxylated aromatic monomers (e.g., A1–A 7) and fluorinat-
ed (or chlorinated) aromatic monomers (e.g., B 1–B 7), as
shown in Scheme 2.[36] For microporosity, at least one of the
rigid monomers must contain a “site of contortion”, which
may be a spirocentre (e.g., A 1 and B 7), a single covalent
bond around which rotation is hindered (e.g., A 5, B 1 and


Scheme 1. The preparation of phthalocyanine-based microporous network polymers from spirocyclic monomer
A1. Reagents and conditions: i) K2CO3, DMF, 80 8C; ii) metal salt, quinoline, 200 8C.


Figure 1. Simple three-dimensional model of the phthalocyanine-based
microporous network polymer, with the aromatic macrocycles represent-
ed by cross-like shapes. The model helps to visualise the microporosity of
the material, which is caused by the random and inefficient packing of
the phthalocyanine units due to the rigid spirocyclic structure of the link-
ing groups.


Figure 2. The nitrogen adsorption/desorption isotherm at 77 K for a mi-
croporous phthalocyanine network polymer (with M= Co2+). The equiv-
alent volume of adsorbed nitrogen at STP versus the relative pressure is
plotted. From the isotherm a BET surface area of 650 m2 g�1 can be cal-
culated. The shape of the isotherm and the large volume of nitrogen ad-
sorbed at low relative pressure indicates microporosity.
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B 6) or a nonplanar rigid skeleton (e.g., A2, A4 and A 7). If
two planar monomers react together (e.g., A 3 with B 2), a
nonporous material results. To obtain an insoluble network
polymer, the average functionality (fav) of the monomer
combination should be greater than two (fav>2); for diox-
ane formation each pair of adjacent hydroxyl groups or fluo-
rines counts as a single functional group. The inexhaustive
“pick-and-mix” range of successful monomers includes pre-
formed, fluorinated phthalocyanine B 3, the tridentate
ligand hexachlorohexaazatrinaphthylene B 2 and rigid hy-
droxylated monomers that possess cavities for hosting or-
ganic molecules, such as cyclotricatechylene A 4 or calixre-
sorcarene A7.[37]


Creating Microporous Materials Without a
Network Structure


All conventional microporous materials (e.g., zeolites and
carbons) are network polymers held together by robust co-
valent bonds (Figure 3a and 3c). Network-PIMs have an
amorphous structure similar to activated carbon (Figure 3c).
Crystalline zeolites analogues such as the MOFs are effec-
tively networks with strong noncovalent cross-links com-
posed of metal–ligand or multiple hydrogen bonds (Fig-
ure 3b); some of these display swelling in the presence of an
adsorbate. We wished to answer the question: can intrinsic
microporosity be obtained from a polymer without a net-
work structure? The relatively weak intermolecular interac-


Scheme 2. PIMs are prepared by means of a dioxane-forming polymerisation reaction using a combination of appropriate hydroxylated aromatic mono-
mers (e.g., A1–A 7) and fluorinated (or chlorinated) aromatic monomers (e.g., B 1–B 7). See text for further details.


Figure 3. Two-dimensional representations of microporous structures.
a) Crystalline ordered material composed of a covalent network (e.g.,
zeolites). b) Crystalline ordered material composed of strong noncovalent
interactions (e.g., MOFs). c) Amorphous covalent network (e.g., activat-
ed carbon and network-PIMs). d) A non-network material composed of
a rigid and contorted polymer (e.g., PIM-1).
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tions within such a material could be reversibly disrupted by
solvent to allow solution processing—a clear advantage over
other microporous materials.


Generally, polymers pack space efficiently because the
macromolecules can bend and twist to maximise intermolec-
ular interactions. However, it has long been recognised that
some polymers can possess large amounts of void space,
which is usually referred to as free volume. It is reasonable
to anticipate that above a certain amount of free volume the
voids would be interconnected and, therefore, the polymer
will behave as a conventional microporous material despite
the lack of a network structure (Figure 3d). A polymer held
above its glass transition temperature (Tg) exists in a rub-
bery state and has a relatively large amount of free volume
due to transient voids existing between the highly mobile
polymer chains. On cooling below its Tg, the proportion of
free volume decreases so that there is insufficient space for
large-scale movements of the polymer backbone, and the
polymer then behaves as a rigid glass. For most polymers,
the fraction of free volume that remains in the glassy state is
relatively small, but for some polymers that possess a rigid
molecular structure, it is possible to “freeze-in” a larger
amount of free volume (up to 20 %) by cooling or the rapid
removal of a solvent. Such high free-volume glassy polymers
(e.g., polyimides, polyphenyleneoxides, etc.) are used in the
manufacture of membranes as the voids assist the transport
of gas or liquid across the material, but these voids are not
interconnected, and the accessible surface area, as measured
by gas adsorption, is low. However, there are a few exam-
ples of “ultra-high free-volume” polymers, best represented
by the much studied polyacety-
lene derivative poly(1-trime-
thylsilyl-1-propyne) (PTMSP)
and the fluoropolymer Teflon
AF 2400 (a copolymer of 4,5-di-
fluoro-2,2-bis(trifluoromethyl)-
1,3-dioxole and tetrafluoroethy-
lene).[38] These polymers have
been classified as microporous
on the basis of exceptionally
high gas permeabilities, which
can be 2–3 orders of magnitude
higher than those displayed by
conventional high free-volume
polymers, suggesting that their
free volume (~30 %) is inter-
connected.[39] Masuda first de-
scribed PTMSP in 1983[40] and
since that time it has been the
focus of considerable funda-
mental and applied interest, es-
pecially for membrane applica-
tions.[41]


In this context, it was of in-
terest to prepare non-network
polymers from various combi-
nations of the bifunctional


monomers (Scheme 2; fav = 2) that had proved successful in
forming Network-PIMs. If at least one of the two precursor
monomers contains a “site of contortion” (e.g., A 1, A2, A 5
or B 7), the dioxane-forming polymerisation reaction gives
polymers that possess high surface areas as powdered solids
(500–850 m2 g�1; Figure 4).[48] These polymers of intrinsic mi-
croporosity (PIMs) confirm that a network structure is not


necessary for the generation and maintenance of micro-
porosity within an organic material. Instead, intrinsic micro-
porosity can arise simply from a polymer whose molecular
structure is highly rigid and contorted so that space-efficient
packing in the solid state is prohibited (Figure 5). In particu-
lar, the lack of rotational freedom along the polymer back-
bone ensures that the macromolecules cannot rearrange


Figure 4. The nitrogen adsorption/desorption isotherm at 77 K for a pow-
dered sample of PIM-1. From the isotherm a BET surface area of
850 m2 g�1 can be calculated. The shape of the isotherm indicates marked
hysteresis, which may be related to the ability of the polymer to swell in
nonsolvents—in this case condensed nitrogen.


Figure 5. a) Model of a molecular fragment of PIM-1 showing its randomly contorted structure together with
cartoon representations of the various states that can be obtained from a PIM including: b) a microporous
solid due to the inability of the polymer molecules to pack efficiently, c) a solvent-swollen gel, d) solution and
e) a metal-ion cross-linked microporous network.
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their conformation to collapse the open structure of the ma-
terial. Differential scanning calorimetry shows no glass tran-
sition or melting point for each of the polymers, and samples
of powdered material heated to below their decomposition
temperatures (300 8C for 24 h) or left for prolonged periods
of time (>1 year) under ambient conditions display similar
surface areas to freshly precipitated samples. Thus, so long
as the polymer�s molecular structure remains intact, its mi-
croporosity and mechanical robustness are maintained.[50]


Despite their rigid structures, these PIMs are freely solu-
ble in some organic solvents, which allows an estimation of
their average molecular mass by gel-permeation chromatog-
raphy. The highly fluorescent spiropolymer PIM-1 (Table 1),
derived from monomers A1 and B 4 and consisting of a
completely fused-ring structure, proved to be of particularly
high molecular mass (typically, Mw =140 000 g mol�1), which
confirms the exceptional efficiency of the dioxane-forming
polymerisation reaction. The high molar mass and good sol-
ubility of PIM-1 allow conventional solution-based polymer
processing techniques to be applied. For example, robust,
self-standing films of high optical clarity and high surface
area (650 m2 g�1) can be prepared by simply casting from so-
lution (Figure 6). Dynamic mechanical thermal analysis of a
cast film of PIM-1 shows a tensile storage modulus (E’) of
about 1 GPa, in the range expected for a glassy polymer; a
value that hardly decreases as the temperature is increased
up to 350 8C in air (Figure 7).


As anticipated, the solution
processability of PIMs offers a
significant advantage over con-
ventional insoluble micropo-
rous materials in, for example,
the preparation of membranes
or for the application of micro-
porous coatings. These materi-
als are also able to swell rever-
sibly in the presence of a non-
solvent such as MeOH (Fig-
ure 5c), which may also pro-
vide a valuable advantage in
applications such as adsorp-
tion. We believe that the abili-
ty of the polymers to swell
may also contribute to the hys-
teresis observed in their nitro-
gen adsorption isotherm (e.g.,
Figure 4). In this case, as nitro-
gen is condensed within the
micropores the structure of the
material relaxes allowing
access to voids that were inac-
cessible at lower relative pres-
sures.


Table 1. Gas permeability data for a range of polymers of interest for gas separation membranes.


Polymer Tg P(O2) a(O2/N2) D(O2)� 108 S(O2)�103 SA[b] Ref.
[8C] [Barrer][a] [cm2 s�1] [cm3(STP)] [cm�3 cmHg�1]


PES 185 1.4 5.6 4.4 3.2 [c] [42]
PPO 207 12 4.6 12 10 [c] [43]
PPy(6FDA-TAB) >400 15 5.9 7.0 21 [c] [44]
Teflon (AF 2400) 250 1140 2.1 850 12 [c] [38, 45]
PI (6FDA-4MDAB) 430 122 3.4 66 19 650 [46a, 49]
PTMSP >200 9000 1.4 5200 15 950 [45, 47]
PIM-1 >400 370 4.0 82 46 850 [48, 49]
PIM-7 >400 190 4.5 62 30 750 [49]


[a] Barrer =� 10�10 cm3(STP) cm�1 s�1 cmHg�1; [b] SA=BET surface area of powdered sample. [c] Not mea-
sured.


Figure 6. PIM-1 a) in powdered form, b) in THF, and c) as a solvent cast
film suitable for use as a membrane.


Figure 7. Dynamic mechanical thermal analysis of PIM-1 self-standing
film: dependence on temperature of (left-hand axis) tensile storage mod-
ulus E’ and tensile loss modulus E’’ and (right-hand axis) loss tangent,
tan d.
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Gas Permeability: Evidence for a Continuous
Spectrum of Free Volume for Rigid Polymers


The study of the gas permeability of polymers is a well-es-
tablished technological field due to the extensive commer-
cial interest in using polymer-derived membranes for gas
separations. Over the past four decades an enormous
volume of data has been compiled on the two main per-
formance indicators of a polymer: the permeability coeffi-
cient P(x) for a particular gas (x) and the selectivity of one
gas (x) over another (y), which in most cases is ideal selec-
tivity, a(x/y)= P(x)/P(y), derived from single-gas permeabili-
ty measurements. For a useful polymer membrane it is desir-
able to have both high permeability and high selectivity.
Some preliminary permeability data for PIM-1 and PIM-7 is
given in Table 1, along with similar data for a selection of
polymers of interest for the fabrication of gas separation
membranes. As might be expected for microporous materi-
als, films of PIMs are highly gas permeable with only the
“ultra-permeable” polymers, most notably poly(1-trimethyl-
silyl-1-propyne) (PTMSP) and Teflon AF 2400, demonstrat-
ing higher overall gas permeability.


Unfortunately, polymers that give highly selective mem-
branes are generally of low permeability and vice versa. Ro-
beson has quantified this trade-off by developing the idea of
an upper bound in double logarithmic plots of selectivity
against permeability.[51,52] For example, an updated Robeson
plot for O2 versus N2 is given in Figure 8, on which data for


PIM-1 and PIM-7 are also plotted. Since the original plots
were published in 1991, there has been significant develop-
ment of polymers with high selectivity at low permeability,
in addition to the disclosure of further examples of ultra-
high free-volume polymers exhibiting very high permeability
but low selectivity.[53] However, it has proved difficult to
achieve polymers with the desirable combination of high


permeability (e.g., oxygen permeability, P(O2)>100 Barrer)
and good selectivity (e.g., P(O2)/P(N2)>3.5). Polymers
PIM-1 and PIM-7 show substantially higher selectivities
than other polymers of similar permeability, and represent a
significant advance across Robeson�s upper limit. PIMs also
lie above or near to the upper bound line for several other
commercially important gas combinations, including CO2/
CH4, H2/N2 and H2/CH4. This behaviour indicates that these
PIMs are inherently different to the many hundreds of poly-
mers that have been investigated for gas permeability, in-
cluding the microporous ultra-permeable polymers, and it is
of interest to speculate as to the cause of this difference.


Gas permeation through polymer membranes is frequent-
ly discussed in terms of a simple solution-diffusion model,
for which the permeability coefficient (P) is the product of a
diffusion coefficient (D) and a solubility coefficient (S). For
a glassy polymer, the main factor influencing the diffusion
coefficient for a given gas is the amount of free volume
within the polymer. The solubility coefficient is related to
the strength of the intermolecular interactions between the
gas and the polymer. It has been noted[54] that polymers that
lie on or close to Robeson�s upper bound line all possess
very rigid molecular structures. These include polypyrro-
lones (e.g., 6FDA-TAP)[44] and certain polyimides (e.g.,
6FDA-4MDAB)[46] in which rigidity is engineered by the use
of trifluoromethyl and methyl substituents to restrict rota-
tion within the polymer backbone. PIM-1 and PIM-7, for
which rigidity and the prohibition of rotation are ensured by
their rigid spirocyclic fused-ring structures, are possibly the
ultimate expression of this design concept.


For O2 and N2, the measured values of D and those of S
calculated from D and P on the basis of the solution-diffu-
sion model are given in Table 1. The separation achieved by
each polymer is dominated by the mobility selectivity, which
favours the smaller oxygen molecule (diameter=0.346 nm)
rather than the larger nitrogen molecule (diameter=


0.364 nm) and, for a microporous polymer, is primarily de-
pendent on the size distribution of the micropores. For PIM-
1 and PIM-7, the contribution of solubility selectivity in
favour of oxygen is small, but the overall values of solubility
are extraordinarily high, significantly higher than the values
typically encountered with other polymers. Thus, the im-
proved performance of PIMs over Robeson�s upper bound
line is linked to large apparent solubilities, boosting the per-
meability whilst maintaining selectivity. The high apparent
solubility of gases in PIMs may be attributed in part to their
microporous character, which provides a high capacity for
gas uptake. Furthermore, the PIMs incorporate polar groups
that strengthen intermolecular interactions and encourage
sorption. In PIM-1, the nitrile groups may be assumed to en-
hance both the strength of intermolecular forces and, be-
cause of their lateral position, the free volume, giving rise to
even higher apparent solubilities than PIM-7. In contrast,
for the ultrapermeable polymers such as PTMSP, the high
permeability arises largely from very high diffusion coeffi-
cients (Table 1). PTMSP, like the PIMs described here, ex-
hibits microporous character in low-temperature N2 sorption


Figure 8. The Robeson plot showing the trade-off between polymer gas
permeability and ideal selectivity for oxygen versus nitrogen. The empiri-
cal upper bound line is shown and is based upon the polymers that dem-
onstrated the best selectivity for a given permeability in 1991. For com-
mercial separation membranes, it is desirable to obtain polymers whose
data points lies above the upper bound line and towards the top right-
hand side of the plot.
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analysis, but there are differences in the sorption behaviour
at very low relative pressures that suggest a larger average,
and broader distribution of, apparent pore size for PTMSP
as compared to the PIMs (Figure 9). As the pore size in-


creases, different transport mechanisms come into play, such
as surface diffusion. Larger pores allow more rapid diffu-
sion, but diminish selectivity for light gases.


The concept of enhancing gas–polymer interactions, and
hence permeability, of a polymer system by the addition of
polar substituents (e.g., nitrile, nitro, etc.) has been dis-
missed previously, due to the concomitant increase in poly-
mer cohesion energy, which generally reduces free volume
and thereby permeability.[55] For PIMs, the highly rigid mo-
lecular structure can clearly tolerate strongly polar groups
without causing the collapse of free volume suffered by
other more flexible polymers. The ability to introduce highly
polar functional groups without compromising microporosi-
ty is an important feature of the PIMs and will allow the fur-
ther design of selective polymers for gas separations with
even greater permeability.


Potential applications of PIMs


As demonstrated above, the combination of high permeabil-
ity and good selectivity makes PIMs interesting candidates
for gas membrane applications, such as the generation of
oxygen-enriched air for enhanced combustion and fermenta-
tion processes or for the removal of CO2 from methane. In
this context there is a general demand for ultrapermeable
polymers of good thermal and chemical stability, especially
as the technological potential of PTMSP (a polymer that
has attracted a great deal of attention in the patent litera-
ture)[41] is severely limited due to its rapid loss of micro-
porosity on standing and lack of chemical stability towards
heat, radiation or UV light in the presence of oxygen.[41,55]


However, gas separation is just one of several areas where
PIMs have technological potential. Being organic micropo-
rous materials with amorphous structures related to that of


activated carbon, it was anticipated that the Network-PIMs
should be suitable for the adsorption and separation of or-
ganic compounds, and this has been confirmed by measuring
the adsorption of phenol from aqueous solution. This proc-
ess is of environmental relevance as phenols are common
contaminants of wastewater streams from industrial process-
es. The Network-PIM, of surface area 850 m2 g�1, derived
from the spiromonomer A 1 and hexachlorohexaazatrinaph-
thylene B 2, adsorbs up to 5 mmol g�1 of phenol from solu-
tions of initial concentration of 0.2 mol L�1 (i.e. , 0.5 g of
phenol for 1 g of Network-PIM). In addition, this material
can be used for the efficient removal of phenol from water
at low concentration (5–20 �10�4 molL�1).[36] Similar results
are obtained from phthalocyanine-based Network-PIMs.
Carbons with comparable specific surface areas exhibit max-
imum adsorption capacities for phenol in the range 1–
4 mmol g�1 from aqueous solution.[56–59]


The removal of phenol from aqueous solution has also
been achieved by pervaporation of robust self-standing films
derived from soluble PIM-1 or PIM-7 as membranes.[50] Per-
vaporation is a process in which the feed is a liquid mixture
and a vacuum is applied to the opposite side of the mem-
brane to remove permeate as a vapour, which is then con-
densed and collected. In Figure 10 it can be seen that, with


the PIM-1 membrane, the permeate was enriched in phenol
up to tenfold, which demonstrates that the membrane is
strongly organophilic (i.e., selective for organic compounds
over water).


For Network-PIMs containing either the phthalocyanine,
porphyrin or hexaazatrinaphthylene subunit, it is possible to
introduce appropriate transition-metal ions for catalytic ac-
tivity. Preliminary studies on the degradation of hydrogen
peroxide by using metal-containing porphyrin or phthalo-
cyanine networks show a greatly enhanced rate relative to


Figure 9. Apparent pore size distributions calculated by Horvath–Kawa-
zoe method (slit pore, carbon-graphite model) for powder samples of
PIM-1 (open circle) and freshly precipitated PTMSP (solid square) de-
rived from N2 adsorption/desorption results.


Figure 10. Pervaporation-based separation of phenol from aqueous so-
lution using a membrane derived from PIM-1. Generally, the efficiency
of separation may be expressed as a separation factor, a= (Yo/Yw)/(Xo/
Xw), in which (Yo/Yw) is the weight ratio of organic compound to water in
the permeate and (Xo/Xw) is the weight ratio of organic compound to
water in the feed. Values of a of 16–18 were obtained at temperatures in
the range 50–80 8C and feed compositions in the range 1–5 wt %
phenol.[50]
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nonporous microcrystalline model compounds.[37] In addi-
tion, the hexaazatrinaphthylene subunit is a well-established
ligand capable of forming a complex with up to three transi-
tion-metal ions.[60] Exposing the orange network polymer to
a solution of bis(benzonitrile)palladium(ii) dichloride in
chloroform gave a highly coloured material with a mass
loading of palladium dichloride of 40 %.[36] Nitrogen adsorp-
tion analysis of the material subsequent to metal adsorption
gave a specific surface area of 347 m2 g�1. Much of the loss
of specific surface area can be attributed to the gain in mass
(65 %) of the material rather than a loss of intrinsic micro-
porosity. Clearly, such Network-PIMs offer great potential
as heterogeneous catalysts and chemoselective adsorbents.


Similar metal-containing materials of even higher specific
surface area can be derived from PIM-7 by exploiting the
ability of its phenazine subunits to act as a ligand for metal-
ion coodination. Thus the addition of bis(benzonitrile)palla-
dium(ii) dichloride to a yellow solution of PIM-7 causes an
immediate precipitation of a red solid that is insoluble in all
solvents. This material contains over 20 % by mass Pd2+ and
has a surface area of 650 m2 g�1. It can be deduced that the
Pd2+ ion acts as a cross-link between the PIM macromole-
cules to give a network material (Figure 5e). Recent work
has shown that these palladium-containing microporous ma-
terials successfully act as efficient heterogeneous catalysts
for aryl–aryl coupling Suzuki reactions.[37] Of interest is the
observation that a solvent cast film of PIM-7, swollen in
methanol, can also be cross-linked by Pd2+ ions to give an
insoluble network (Figure 11). This process has potential for
the fabrication of reactive membranes.


Conclusion


The area between two established fields of technology is
often a stimulating and rewarding research environment.
We believe that PIMs effectively bridge the gap between


conventional microporous materials and polymers, because
they possess properties common to both classes of material.
The potential offered by the structural diversity of PIMs,
which can be controlled simply by the choice of monomer
precursors, remains largely unexplored. Nevertheless, the
few examples that have been studied suggest an enticing
prospect of readily processed, custom-made organic micro-
porous materials designed to adsorb, or react with, target
molecules by using the principles of molecular recognition.
It can be assumed that once a potentially useful material is
recognised its performance can be tuned incrementally by
synthesis. Ultimately, the concept of PIMs may be devel-
oped to provide materials to engage in highly specific proc-
esses that mimic the sophisticated “lock-and-key” receptor
sites found in enzymatic catalysis.[61]


PIMs provide another example of the utility of amor-
phous organic materials. The fascinating and beautiful crys-
talline mimics of zeolites that increasingly grace the pages
of journals will stimulate welcome interest in organic micro-
porous materials. Ultimately, however, commercial applica-
tions may result from materials that can be readily fabricat-
ed into useful forms. A lesson to be learned from the devel-
opment of polymers and organic electronic materials is that
it pays to play to the strengths of organic materials (e.g.,
processability and the exquisite control over structure and
function through synthesis). The PIMs concept is built upon
the firm foundations of polymer technology and we believe
that it offers a highly practical approach to organic micropo-
rous materials.
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Controlled Switchable Surface


Ying Liu, Li Mu, Baohong Liu, and Jilie Kong*[a]


Introduction


To date, increasing attention has been placed on the devel-
opment of controlled switchable surfaces, also known as
“smart surfaces”,[1] that can respond to environmental stimu-
li.[2] Reversible control of the surface properties has been
achieved with various methods, including photoillumina-
tion,[3] potential effects,[4–6] thermal driving,[7] and surround-
ing media[8] treatment, whereby the emphasis is focused on
the switchability and reversibility. Various surface proper-
ties, such as wettability,[9] adhesive features,[10] roughness,[11]


biocompatibility,[12, 13] and so forth have been demonstrated
to switch reversibly on different kinds of specially designed
surface. With the development of micro-electro-mechanical
systems (MEMS) and nanotechniques, the controlled switch-
able surface has been employed for construction of smart
devices that can be used for bioanalysis, microfluid devices,
protein separation, and so on.[14–19]


To review the majority of work related to the controlled
switchable surface, here we sum them up in three categories


as shown in Table 1. The first one is based on the modifica-
tion of solid substrates with certain photo-, electro-, and
thermo-switchable polymer molecules. The reversible
switching of morphologies for polymer molecules and,
hence, the macroscopic properties for the modified surface
respond to the change of the surrounding medium, that is,
temperature or light. Secondly, self-assembled monolayers
(SAM) also play an important role in this area. The switch-
ing of a SAM-modified surface between different states is
normally based on the changes of the molecular compo-
nents, molecular conformation, and the attachment of the
SAM onto the substrate in response to the external stimuli.
The third category involves metallic oxide thin films, which
show distinct reversible changes in wettability triggered by
photons.


Switchable Surfaces Based on Polymers


Fabricating thin films with polymer molecules on a solid
substrate is an effective way to tune a wide range of surface
properties, for example, wettability, adhesion, and colloidal
stabilization. Stimuli-responsive polymer layers can be de-
signed by using a variety of approaches, including reversible
photoisomerization reactions, reversible swelling/collapsing
of water-soluble grafted polymers, and phase separation in
mixed grafted brushes or diblock copolymers. These surfaces
are capable of responding to very subtle changes in the sur-
rounding environment such as temperature, light, and sol-
vent quality. The macroscopic responses are caused by the
reorganization of the internal or external surface structure
of the grafted layers. These surfaces can be used as both
sensing elements and as active elements responsive to envi-
ronmental conditions. More and more attention has been
paid to the promising applications of these polymer layers,
such as environment responsive lithography, surface pattern-
ing, and templating for the fabrication of information stor-
age devices.[20]


Surrounding media driven : Two different kinds of covalent
attachment processes are reported to create a surface with a
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Abstract: The macroscopic properties of a surface can
be intelligently controlled by alternating the states of
the modified molecules, such as polymers, metallic
oxide, or self-assembled monolayers (SAMs). This arti-
cle reviews various approaches to create a switchable
surface and different types of external stimuli used to
switch the surface properties. This area is of potential
benefit for biomaterials, biosensors, information storage,
microfluidic systems, adhesive materials, nanolithogra-
phy, and so on.
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reversibly switchable surface behavior of polymer films: nor-
mally called “grafting to” and “grafting from” methods.[21–27]


For “grafting to” processes, the pre-formed end-function-
alized polymers react with a suitable substrate surface under
appropriate conditions to form a tethered polymer brush.
For the “grafting to” technique, two kinds of grafting proc-
esses reported in the literatures. Firstly, some block copoly-
mers were grafted to a solid substrate[21] and the contact
angle changing of the resulting polymer droplets was mea-
sured. Secondly, the fabrication of a two-component brush
(mixed brush) has been reported in which two different and
completely incompatible polymers are grafted to the same
substrate. The mixed polymer brushes could be synthesized
onto the surfaces resulting in many interesting reversible
macroscopic phenomena.[22] Polymer chains of carboxyl-ter-
minated poly(styrene-co-2,3,4,5,6-pentafluorostyrene) (PSF-
COOH) and poly(2-vinylpyridine) (PVP-COOH) were at-
tached to the poly(tetrafluoroethylene) (PTFE) substrate by
end functional groups (Figure 1, adapted from referen-
ce [22a]). Hydroxyl and amino functional groups, introduced
covalently by ammonia plasma treatment into the PTFE sur-
face, were used to graft the mixed brush. This approach for
the design and the fabrication of two-level structured surfa-
ces leads to surfaces that are capable of reversible switching
from hydrophilic to ultrahydrophobic states upon external
stimuli (solvent selectivity). However, this kind of surface
structure formed in mixed brushes under conditions of spa-
tial constraints imposed by their chemical connection to a
single grafting site has not been greatly explored due to syn-
thetic limitations. To conquer this remaining problem, Tsuk-
ruk and co-workers have designed a novel type of Y-shaped
molecules and attached them to a silicon surface to create a
layer about 2 nm thick.[23] These Y-shaped molecules are
composed of two dissimilar polymer chains (arms). One arm
of each molecule is a hydrophobic polystyrene (PS) poly-


mer, while the other is a hydrophilic polyacrylic acid (PAA)
polymer chain. These two types of molecules (hydrophobic
and hydrophilic) are attached to a single focal point that is
capable of chemical grafting to a silicon surface. Taking into
consideration that toluene is a good solvent for PS and a
bad solvent for PAA, they treated the polymer brushes with
toluene and found that the topmost surface layer is predom-
inantly composed of PS arms which dissolve well in toluene,
whereas the collapsed PAA arms, which do not dissolve well
in toluene, constitute their “cores”. The dynamics of switch-
ing the surface properties was studied by observing changes


Table 1. Summary of typical reversible surface with different properties and applications.[a]


Type Description Driving force Switchable
properties


Applications Ref.


polymer PS-PAA, PSF-PVP (grafting to)
PS-PMMA,PS-PVP (grafting from)


PNIPAAm


photochromic polymer [4’-(trifluoro
methoxy-4,4’dibenzoazo)]


surrounding media


temperature


light


wettability,
friction force


assembly of nanoparticles,
proteins, charged chemical
species, microfluidic devices, etc.


[23]
[25]
[28]
[34]


SAM reversible association
(supermolecules, oligomer, etc.)


reversibly conformational transition
(azobenzene derivants; alkanethiolate)


reversible attachment (alkanethiolate)


PH, light


light, potential


potential


wettability,
conductance


protein chips,
patterning surfaces,
smart devices


[38]
[55]
[58]


metallic oxide ZnO, TiO2 light wettability self-cleaning materials [68]
[69]


[a] PS: polystyrene; PAA: poly(acrylic acid); PSF: poly(styrene-co-2,3,4,5,6-pentafluorostyrene); PVP: poly(2-vinylpyridine); PMMA: poly(methylmeth-
acrylate); PNIPAAm: poly(N-isopropylacrylamide).


Figure 1. Illustration for the grafting-to process. a) Schematic representa-
tion of the PTFE surface (first level). b) SEM image of the covalently
grafted mixed brush (second level). In selective solvents the preferred
polymer occupies the top of the surface (c and e); in nonselective sol-
vents, both polymers are present in the top layer (d). f) and g): AFM
images of the different morphologies after exposure to water and 1,4-di-
oxane. h) After exposure of the sample to toluene. i) Exposure to acidic
water. Adapted from reference [22a].
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of the water contact angle, which is a classical measurement
used to directly visualize the reversible wettability of solid
substrates. This surface-structure switchable behavior can be
considered as a promising way toward the patterning of
solid substrates with adaptive nanowells, which could be
used for trapping and adsorbing nanoscale objects.[24]


Switching of the surface-wetting properties on the nanoscale
is of potential interest in facilitating assembly of nanoparti-
cles, proteins, and charged chemical species. On the other
hand, the formation of surface-bound polymer monolayers
by such a “grafting to” technique is mostly limited to low
graft densities and low film thickness. To solve this problem,
researchers have used the “grafting from” approach,[25–27]


which has become more attractive for the preparation of
thick, covalently tethered polymer brushes with a controlled
and high grafting density.


For “grafting from” processes, the surface is generated by
using tethered diblock copolymer brushes.[25] These brushes
(composed of poly(methyl methacrylate) (PMMA) and PS
polymers) exhibit a reversible change in water contact angle
upon exposure to different solvents, presumably by means
of self-organization of the polymers. These films are predict-
ed to be good examples of responsive films that possess
adaptable adhesion or wettability. The tethered diblock co-
polymers undergo reversible changes in water contact angles
when the film is treated with different solvents (Figure 2[26c]).


Initially, the film exhibits a contact angle characteristic of
PMMA; following treatment with methylcyclohexane (a
better solvent for PS than for PMMA), the contact angle in-
creased to a characteristic value for PS. Subsequent treat-
ment of the same sample with CH2Cl2 (a good solvent for
PMMA and PS) reverses this change.[25] The ability to rever-
sibly switch the properties of the solid substrates would
allow a diverse range of applications.[26] Another illustrative
example is the two-component polymer brushes (polystyr-
ene and poly (2-vinylpyridine)) synthesized by Minko


et al.[27] They also took advantage of the “grafting from”
technique by grafting the polymer from the surface of Si-
wafers. The brushes are sensitive to the surrounding
medium, and their morphology and composition of the top
of a brush can be switched upon exposure to different sol-
vents. Thus the surface energetic states and roughness of the
film can be precisely tuned.


Hence, these two kinds of processes are readily used as
the effective methods to fabricate the smart surfaces with
reversibly switchable macroscopic properties. Usually by
treatment with different solvents, the surfaces can switch be-
tween hydrophilic and hydrophobic states.


Temperature driven : Reversibly switching a surface from
being hydrophilic to hydrophobic with a change in tempera-
ture has been aroused paramount interest.[27–30] Polymers
with photoswitchable groups allow the investigation of thin
films or microstructures for reversible changes in optical,
geometric, or mechanical properties. One typical example is
poly(N-isopropylacrylamide) (PNIPAAm), which has a
lower critical solution temperature (LCST) of about 32–
33 8C.[28] The polymer chains can hydrate to form expanded
structures in water when the solution temperature is below
its LCST, but become compact structures by dehydration
when heated up above the LCST. Thus the PNIPAAm sur-
face exhibits large wettability changes in aqueous media in
response to small changes in temperature. The reversible su-
perhydrophilic/superhydrophobic properties of the surface
were evaluated by dynamic measurement of the contact
angle (Figure 3[28]). It is expected that this kind of smart
polymer film can be used to realize several desirable appli-


cations, one of which is controlled cell attachment/detach-
ment.[29] Okano et al. have prepared terminally grafted sur-
faces by using end-functionalized PIPAAm with a carboxyl-
end group and studied the effect of graft conformation on
the dynamics of grafted PIPAAm molecules by means of
aqueous, dynamic contact-angle measurements. Endothelial
cells and hepatocytes are attached and proliferate on a PNI-
PAAm grafted surface. At 37 8C, above the LCST of PNI-
PAAm, the cultured cells were easily detached from these
surfaces.[29] Another interesting practical application was


Figure 2. Illustration for the grafting-from process, reversible responses of
tethered PS-b-PMMA brushes to different solvent treatments.[26c]


Figure 3. Thermally responsive wettability for a flat PNIPAAm-modified
surface.[28a]
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demonstrated by Huber and co-workers.[30] By carrying out
some extended research work on this switchable surface,
they produced some intriguing results on microfluidic devi-
ces (Figure 4[30]). The films were formed on a silicon chip,


made from a type of plastic with a network of tiny gold
wires (only four nanometers thick) to supply heating. The
chip-based film formed a switchable surface, which attracts
water at room temperature and repulses water when the
chip was heated, by means of the gold wires, from room
temperature to body temperature, that is, the hydrophilic or
hydrophobic state of the film can be readily switched by
programmed on-chip heating. Each tiny gold wire on the
chip can be heated or cooled separately on demand, and
thus it was employed to capture or release proteins at spe-
cific sites on command in less than 1 s. This surface has been
shown to perform very crude separation of large proteins
and small proteins.[30] The temperature-sensitive characteris-
tics that produce remarkable and rapid changes of surface
properties make this technology applicable to actuators,
modulators, sensors, and switches.[31a,b] In addition, tempera-
ture-responsive properties of
PNIPAAm have also been uti-
lized in a variety of applica-
tions, including controlled drug
delivery[31c] and solute separa-
tion.[31d] Recently the research
on polypeptides, also named
protein-based polymer, has
become an important and intri-
guing field.[32] For instance, in
response to external stimuli,
such as changes in temperature
or ionic strength, polypeptides
such as ELP (elastin-like poly-
peptide) undergo a switchable
and reversible hydrophilic–hy-
drophobic phase transition at
the LCST.


Light-driven : An attractive way for creating a smart surface
is utilizing derived polymer molecules that have side chains
functionalized with azobenzene chromophore.[33] The trans–
cis isomerization of azobenzene is a well-known photochem-
ical phenomenon. The photocontrollable wetting behavior
on this kind of surface with the azo polymer has been exten-
sively studied.[34–36] Transitions between the states (trans/cis)
can be triggered by illumination with light of two different
wavelengths. The cis and trans states differ in their dipole
moment, which in turn has also an impact on the corre-
sponding wetting behavior. The formation of water micro-
droplets on a patterned monolayer can thus be controlled
by light. Completely reversible writing and erasing of pat-
terns is carried out as shown in Figure 5.[34] Further more,


Jiang et al.[35] transferred a monolayer of a polymer with an
azobenzene chromophore in the side chains onto a solid
substrate by the Langmuir–Blodgett (LB) technique. The re-
versible processes of photoisomerization of the LB films in-
duced by light is shown in Figure 6.[35] Films of the polymer


Figure 4. a) Contact angle measurements for water obtained on an azo-
initiated PNIPAM film as a function of temperature. b) Ellipsometry re-
sults showing the adsorption of HSA from a solution on PNIPAM-coated
surfaces relative to other model surfaces.[29a]


Figure 5. A cis–trans pattern written in the monolayer by illumination
with UV light and a mask.[34]


Figure 6. The corresponding interfaces differ in wetting behavior. Left: Reversible wettability for an 11-layer
LB film on glass. Over several cycles of irradiation the value of the contact angles gradually decreased. Right:
Model of the structural change of a single-layer LB film of the polymer as a result of photoisomerization.
Adapted from reference [35].
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showed the reversible change of morphological and friction
force responses under alternate UV (365�10 nm) and visi-
ble (436�10 nm) irradiation. The films also undergo reversi-
ble wettability changes with UV and visible light irradiation,
which can be directly confirmed by contact angle measure-
ment. Another effective kind of film named as Langmuir–
Blodgett–Kuhn (LBK) film can also be used to generate
multiplayer assemblies of polymers containing photochromic
azo units. The trans–cis photoisomerization of the azo mole-
cules alternates them between a highly oriented trans con-
figuration and a bent cis configuration, thus creates a smart
switch upon irradiation.[37a,b] Frank et al. have utilized the
layer-by-layer adsorption technique for deposition of poly-
ionic films containing photoactive azobenzene groups on
solid substrates. UV light irradiation was responsible for re-
versible changes in the optical thickness of the films.[37c]


Switchable Surfaces Based on SAMs


Employing special SAMs as switchable surfaces is an inter-
esting subject. The approach is to assemble ordered mono-
layers followed by switching of the SAM properties by
means of an external stimulus, such as light, electrochemical
potential, the change of pH, and so on. Lots of efforts have
been made to exploit this field and many exciting results
have been achieved.[38–42,48–50,54–58] Several typical examples
will be discussed in the following section.


Dissociation and re-association of assembled molecules : The
dissociation and re-association of the components of the
molecules that assemble in the SAM triggered by external
stimulation bring remarkable changes for the properties of
the resulting SAM.


Many SAMs are made up of supermolecules, among
which the most highly investigated classes are the complexes
known as pseudorotaxanes. Pseudorotaxanes are supermole-
cules that are composed of wheel- and axlelike components,
and these components are free to dissociate from each
other. The reversible association of various pseudorotaxanes
is controlled by light and can subsequently behave with ma-
chinelike motion.[38–41] Besides, pH can also act on reversible
formation of pseudorotaxanes.[42] Figure 7[42] depicts a SAM


assembled with pseudorotaxanes containing cucurbituril
(CB, a macrocyclic cage compound comprising six glycoluril
units)[43, 44] threaded onto a molecular string with a 1,2-di-
thiolane group[45] as an anchoring point toward a gold sur-
face. The pseudorotaxane molecules in the SAM deform
under alkaline conditions, while they reform under acidic
conditions. Consequently, the obtained pseudorotaxane
SAM may behave as an “ion gate” when the SAM is
formed on the surface of an electrode. Depending on the
presence or absence of the threaded CB, it may block or
allow the access of electroactive species to the electrode sur-
face. In other words, the conductance of the pseudorotaxane
SAM may be switched under the control of pH. These
switching processes are reversible and have been repeated
up to three cycles with a ~10–20 % decrease in the amount
of CB molecules rethreading on molecule string in each
cycle.


Like pseudorotaxanes, certain oligomer molecules can
also perform similar switching process taking advantage of
their cleaving and reformation, and hence giving switchable
wettability.[46] Under irradiation with UV light at 280 and
240 nm, a SAM of long-chain thymine-terminated thiols
gives a contact angle change of 268, which is much larger
than that given by SAM of azobenzenes or spyropyrans, and
other polymers, which give a rather small contact angle
changes of 98 or so.[47] After eight cycles the magnitude of
this change reduced to 148.


Conformational transition : A spectacular approach to
switching SAM properties involves reversible conformation-
al transitions of the assembled molecules in the SAM, which
can be driven by changes of environmental factors.


Light-driven photochromism of azobenzene resulting
from the photoisomerization of azobenzene molecules has
been known for years, and on this basis the controlling sur-
face properties have been extensively studied.[48–50] For ex-
ample, a liquid droplet several millimeters in diameter
placed on a substrate surface modified with an azobenzene
derivate, O-carboxymethylated calixresorcinarene (CRA-
CM, Figure 8, left[50]) may be driven to move by asymmetri-
cal photoirradiation. The driving force is attributed to the
gradient in surface free energy formed by the photoisomeri-
zation of the azobenzene units on the surface. The CRA-
CM SAM exposed to UV irradiation (360 nm) results in
polar cis-azobenzene groups at the terminal positions, lead-
ing to an increase in the surface free energy and hydrophilic
nature, while photoirradiation with blue light (436 nm)
causes the cis-to-trans isomerization, making the surface hy-
drophobic. Furthermore, the various motions of a liquid
droplet can be achieved and manipulated by varying the di-
rection and steepness of the gradient in light intensity
(Figure 8, right[50]).


Taking advantage of the photosensitive monolayered azo-
benzene, some promising photosensitive devices have been
explored, such as optical channel wave-guides, writing/eras-
ing optical memories, and optical image recording. For in-
stance, a nematic liquid crystalline (LC) cell has been con-


Figure 7. Schematic diagram of a SAM of a pseudorotaxane on Au and
the dethreading and rethreading of CB molecules.[42]
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structed with azobenzene SAM-modified quartz plates by
putting the LC between two modified plates.[51,52] The rever-
sible photoisomerization of azobenzene molecules by alter-
nate exposure to UV and visible light regulates the align-
ment of a nematic LC between homeotropic and planar
modes, and results in great changes of the transmittance
through the cell. After l000 cycles, the transmission through
the UV-exposed cell and a crossed polarizer began to de-
crease and completely disappeared after about 2600 cycles;
this behavior may be caused by the degradation of azoben-
zene units, which reduces the number of effective command
molecular units.


Electrical potential stimulation is another convenient
method widely used for controlling the surface properties.[53]


Construction of low-density ionizable alkanethiolate SAMs
(LD-SAM) on gold opens a new way to create reversible
surfaces that undergo reversible conformational transitions
stimulated by the applied electrical potential.[54,55] In order
to ensure there is sufficient space for the conformational
transition of alkanethiols, several approaches are employed
to control the alkanethiols� density. One solution involves
assembling synthetic capped alkanethiolates on gold surface,
followed by dissociating the cap, that is, the bulky globular
groups.[54] Considering the complexity of the design and syn-
thesis of the globular groups, another alternative method[55]


was introduced that generates the LD-SAM on a gold sur-
face by assembling a pre-formed inclusive complex (IC), for
example, a cyclodextrin (CD, which can readily form IC
with various organic molecules) wrapped alkanethiolate, fol-
lowed by unwrapping the CD from the anchored IC with
suitable solvent. The thus-prepared LD-SAM shows reversi-
ble conformational reorientation behavior under negative
and positive potential; this then induces observable changes
in wettability, which was proved by means of contact angle
measurements. Furthermore, an LD-SAM prepared in this
way has been employed successfully for controlled assembly
of two kinds of fluorescent-labeled avidin with different iso-
electric points (Figure 9[55]).


In addition to the above-mentioned LD-SAM investiga-
tions, correlative works involving other strategies have also
been reported. For example, the SAM formed with alkane-
thiol molecules terminated with methoxytri(ethylene glycol)
has also proved to be reversible by reorienting the terminal
methoxy group to make its oxygen atom either exposed or
buried when external electrostatic field was applied, thus
being hydrophilic or hydrophobic.[56] Static energy minimiza-
tion and Monte Carlo simulations have been carried out to
provide information on the strength of the field.


Switchable attachment : As attachment of molecules onto a
substrate is the foundation for the preparation of property-
controlled surfaces, to control the switchable attachment
process is an essential way to manipulate the functional sur-
face.


Competition between reductive electrochemical desorp-
tion of a hydrophobic SAM[57] and its re-formation from al-
kanethiol in solution has been demonstrated.[58] Consequent-
ly, contact angle measurement of an aqueous solution re-
vealed that a hydrophobic monolayer built up with alkane-
thiol became hydrophilic when the applied potentials
change from neutral to negative states. As shown in
Figure 10[58] the aqueous electrolyte forms a hemispherical
drop on the hydrophobic monolayer of CH3(CH2)2S (Fig-
ure 10b) at neutral potentials, while at negative potential it
spreads spontaneously over the area of the triangle and is
bounded by the hydrophobic SAM of CH3(CH2)15S (Fig-
ure 10c). Subsequently, when the neutral potential is ap-
plied, the hydrophobic monolayer of CH3(CH2)2S reforms,


Figure 8. Left: Photochromic azobenzene units as tethers on a macrocy-
clic amphiphile (CRA-CM). Right: The light-driven motion of an olive
oil droplet on a silica plate modified with CRA-CM. Movement of the
droplet on a cis-rich surface in the direction of higher surface energy
moved induced by asymmetric irradiation with 436 nm light perpendicu-
lar to the surface (a to c). The contact angles changed from 188 (a) to 258
(c). The moving direction of the droplet could be controlled by varying
the direction of the photoirradiation (d). Adapted from reference [50].


Figure 9. The idealized illustration for the preparation of LD-SAMs, and
the conformational transition for anchored 16-mercaptohexadecanoic
acid (MHA) molecules at applied potentials and the subsequent protein
assembly at negative (�) and positive (+) potential, and the open circuit
state (0).[55]
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and the drop of aqueous electrolyte retracts toward the
center of the triangle (Figure 10d). Because the change in
wettability is dependent on the distribution of the organic
molecules in the monolayer, this method can be useful for
patterning surfaces with areas of SAMs that have contrast-
ing properties under electrical potential.


Other work relating to the switchable assembly of SAMs
with practical applications have also been carried out. For
example, the change of pH between 8.7 and 3 controls the
reversible attachment of an pentamidine monolayer onto a
gold surface functionalized with mercaptoalkanoic acid; this
method has been successfully used for selective adsorption
of phosphate biomolecules.[59,60] In addition a completely re-
versibly adsorption and desorption of avidin from a hydro-
phobic thiol-functionalized surface was achieved and has
been employed for constructing micromachine silicon chan-
nels, in which fluid flow was controlled by the reversibly
switchable wettability of the surface.


Undoubtedly, the controlled reversible SAM may lead to
various important applications, such as controlling protein
adsorption/release in a functionalized capillary or microflui-
dic channel, design and microengineering of intelligent pro-
tein chips for bioseparation, or data storage; for some of
these applications primary development has already been
achieved. Interesting areas for future work would be to ex-
plore and extend alternative stimuli and the switchable sur-
face properties to achieve more types of response.


Switchable Surfaces Based on Metal Oxides


Metal oxide semiconductors (TiO2 and ZnO): Much atten-
tion in the development of surface science and technology
has been paid to the progress in understanding the physical
and chemical properties of semiconductor surfaces. Among
the various semiconductor materials, titanium dioxide
(TiO2) and zinc oxide (ZnO) are the classical compounds
employed to create a smart reversible substrate owing to
their unique chemical properties. Photoinduced surface
wettability conversion before and after UV illumination has
been observed.[62]


TiO2 has been studied far more than other semiconductor
photocatalysts owing to its strong oxidizing power, chemical
inertness, and nontoxicity.[63–65] Since photoinduced water-
splitting on TiO2 electrodes[66] was discovered, a lot of effort
has been made to research TiO2 materials, which have been


widely adopted as potential substances for solar energy con-
version and environmental purification. Recent investiga-
tions reveal that a UV-light-illuminated TiO2 single-crystal
surfaces exhibit a 0�18 contact angle for both water and oil
(Figure 11[67]), indicative of a highly amphiphilic surface


against its native hydrophobic surface with a water-contact
angle of 728�18 (Figure 11[67]); long-term storage in dark re-
sulted in reconversion of the surface�s hydrophobic
nature.[67,68] This result has found application in the prepara-
tion of TiO2-coated glass that is antifogging (Figure 12[68])


Figure 10. Potential-dependent wetting of an aqueous solution of electro-
lyte containing CH3(CH2)2SH on a gold film patterned with self-assem-
bled monolayers of CH3(CH2)2S and CH3(CH2)15S. a) Schematic diagram
of the patterned surface. Photographs of liquid at b) E =0 V, c) E=


�1.4 V, and d) E =0 V.[58]


Figure 11. A schematic diagram depicting hydrophilic, oleophilic, and am-
phiphilic surfaces with distinct wettabilities for oil and water. Adapted
from reference [67].


Figure 12. a) Effect of ultraviolet radiation. Left: A hydrophobic surface
before ultraviolet irradiation. Right: A highly hydrophilic surface after
ultraviolet irradiation. b) Illustration of antifogging surfaces. Left: A hy-
drophobic TiO2-coated glass was exposed to water vapour; a fog formed
(small water droplets) and obscured the text on paper placed behind the
glass. Right: An antifogging surface was created on the glass by ultravio-
let irradiation. The formation of water droplets was prevented by the
high hydrophilicity, making the text clearly visible. Reproduced with per-
mission from Nature 1997, 388, 431–432. Copyright 1997 Nature Publish-
ing Group.
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and self-cleaning; the self-cleaning property, in particular,
provides prospects for practical applications.[68]


Additionally, ZnO thin films can even show a reversible
switching from super-hydrophobic to super-hydrophilic by
alternation from UV illumination to dark storage. This phe-
nomenon can be attributed to the surface free energy and
surface roughness, which are two main factors dominating
the surface wettability.[69]


The switchable transition of surface wettability is a com-
pletely new concept for ZnO and TiO2 thin films on solid
substrates. Research in this area will have important impli-
cations for the further understanding of the wettability con-
version phenomenon, also the creation of self-cleaning ma-
terials, and will promote the industrial applications for this
kind of semiconductor in the future.


Conclusion


We have reviewed reversibly switchable surfaces that are
generated by using versatile kinds of methods, including
photoirradiation, electric field, thermal treatment, solvent
inducement, and so on, with different types of molecules,
such as polymers, SAMs, and metallic oxide. The controlla-
ble conversion of surface properties is normally attributed
to the morphological changes of the molecules mentioned
above. It is very challenging to tune a wide range of surface
properties to meet the particular industrial demand, for ex-
ample, wettability, adhesive properties, conductance, perme-
ability, roughness, and biocompatibility. For polymers,
changing the surrounding media, temperature, and irradia-
tion with light are normal ways to control the wettability of
solid surfaces (hydrophilic to hydrophobic). As for SAMs,
controlling components of the molecules in monolayer, mo-
lecular conformation, and growth of the SAM can lead to
switching of the surface properties. The driving forces also
usually include pH, light, electrical potential, and so on. For
metallic oxide films, photoirradiation is the main strategy
for establishing smart surfaces that undergo a conformation-
al transition and in turn show reversible macroscopic prop-
erties. The switching of surface properties driven by external
stimuli is of potential interest, because the resulting interfa-
ces can facilitate the assembly of inorganic nanoparticles,
proteins, living cells, drug molecules, and so on. All the
above-mentioned intelligent switchable surfaces hold a great
promise in designing bioanalytical methods, environmental
cleanup, microfluidic devices, biochips, sensor devices, con-
trollable drug release, and smart materials devices.
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Palladium-Catalyzed Desulfitative Mizoroki–Heck Couplings of Sulfonyl
Chlorides with Mono-and Disubstituted Olefins: Rhodium-Catalyzed
Desulfitative Heck-Type Reactions under Phosphine- and Base-Free
Conditions


Srinivas Reddy Dubbaka and Pierre Vogel*[a]


Introduction


Transition-metal-catalyzed C�C bond-forming reactions are
among the most powerful methods of organic synthesis.[1,2]


In recent years, new conditions (ligands, additives) have
been developed that permit cross-coupling of a large variety
of reactants (Scheme 1).[2] A search for more economical
procedures has implied reduction or suppression of co-prod-
ucts and side products and the use of inexpensive starting
materials.[3] We have shown that the readily available sulfo-
nyl chlorides (RSO2Cl, R = aryl, alkenyl, methallyl, benzyl)


undergo desulfitative and carbonylative Stille,[4] Suzuki–
Miyaura,[5] and Sonogashira–Hagihara[6] cross-coupling reac-
tions. The sulfonyl chlorides are generally more reactive
than the corresponding bromides and chlorides.[4,5] The Miz-
oroki–Heck arylation of alkenes is very useful for synthe-
ses.[1,2] Aroyl chlorides and alkenes can be coupled under
decarbonylative conditions.[7] With [{RhCl(alkene)2}2] as cat-
alyst the reactions can be carried out under phosphine- and
base-free conditions.[8] From further exploration of the po-
tential of sulfonyl chlorides as reactants in transition-metal-
catalyzed reactions, we have now extended their application
in the Mizoroki–Heck reaction using Pd and Rh cata-
lysts.[9,10] We have found conditions under which desulfita-
tive Mizoroki–Heck cross-coupling can be carried out with
sulfonyl chlorides under phosphine- and base-free condi-
tions.


Results and Discussion


Palladium-catalyzed desulfitative Mizoroki–Heck-type cou-
pling with sulfonyl chlorides : In continuation of work by
Kasahara[9a,b] and Miura [9c,d] and their respective co-workers,
we investigated whether catalysts other than
[PdCl2(PhCN)2], Pd(OAc)2, PdCl2, Pd black, and


[a] S. R. Dubbaka, Prof. Dr. P. Vogel
Laboratory of Glycochemistry and Asymmetric Synthesis
Ecole Polytechnique F�d�erale de Lausanne (EPFL)
BCH, 1015 Lausanne (Switzerland)
Fax: (+41) 21-693-9375
E-mail : pierre.vogel@epfl.ch


Abstract: New conditions have been
found for the desulfitative Mizoroki–
Heck arylation and trifluoromethyla-
tion of mono- and disubustituted ole-
fins with arenesulfonyl and trifluoro-
methanesulfonyl chlorides. Thus (E)-
1,2-disubstituted alkenes with high ster-
eoselectivity and 1,1,2-disubstituted al-
kenes with 12:1 to 21:1 E/Z steroselec-
tivity can be obtained. Herrmann�s pal-
ladacycle at 0.1 mol % is sufficient to


catalyze these reactions, for which elec-
tron-rich or electron-poor sulfonyl
chlorides and alkenes are suitable. If
phosphine- and base-free conditions
are required, 1 mol % [RhCl(C2H4)2]
catalyzes the desulfitative cross-cou-


pling reactions. Contrary to results re-
ported for [RuCl2(PPh3)2]-catalyzed
coupling reactions with sulfonyl chlor-
ides, the palladium and rhodium desul-
fitative Mizoroki–Heck coupling reac-
tions are not inhibited by radical scav-
enging agents. Possible sulfones arising
from the sulfonylation of alkenes at
60 8C are not desulfitated at higher
temperatures in the presence of the Pd
or Rh catalysts.


Keywords: alkenes · Mizoroki–
Heck reaction · palladium · phase-
transfer catalysis · rhodium


Scheme 1. Substrates for general Mizoroki–Heck-type reactions.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/chem.200400838 Chem. Eur. J. 2005, 11, 2633 – 26412634







[PdCl2(PPh3)2] would improve the yield of the desulfitative
vinylations. Our exploratory experiments started with the
coupling of 1-naphthalenesulfonyl chloride (1; 2 mmol) and
butyl acrylate (2 ; 5.5 mmol) in the presence of
[PdCl2(PhCN)2] (3 mol %), Me(oct)3NCl (15 mol%), and
K2CO3 (4 mmol) in m-xylene. After 4 h at 140 8C a 53 %
yield of coupling product 3 was obtained (Table 1,
entry 1).[9d] It is known that phase-transfer catalysts can be
beneficial to Mizoroki–Heck-type reactions.[11–14] By screen-
ing various phase-transfer catalysts we have found that the
bulky trioctylmethylammonium chloride leads to better re-
sults than the smaller tetrabutyl- or tetraethylammonium


chloride (Table 1, entry 1 versus 2). Bulky organic bases
were not suitable in our examples, whereas an inorganic
base such as K2CO3 led to higher yields (Table 1, entry 1
versus 3 and 4). Addition of electron-rich ligands such as
4,[15] 5,[16a] and 6[16b] increased the yields. The best results
were obtained by using the palladacycle 7,[17] developed by
Herrmann et al., as catalyst (Table 1, entries 5, 8–10). When
using low boiling polar solvents, the yields were lower than
in boiling m-xylene (Table 1, entries 6 and 7).


We applied these optimized conditions to the desulfitative
coupling of electron-rich, electron-neutral, and electron-
poor sulfonyl chlorides with a wide variety of olefins. For
good yields of Mizoroki–Heck-type products 10 from the re-
action of sulfonyl chlorides (8) (Table 2) with butyl acrylate,
styrene, 1-hexene, and phenylvinylsulfone (9), the reaction
temperature must be higher than 120 8C (Table 2, entry 5).
In most cases the reaction is over after 4–5 h, except when
unreactive olefins such as 1-hexene are used. In the latter
case, the reaction with 4-acetylbenzenesulfonyl chloride


Abstract in French: De nouvelles conditions sont rapporte�s
pour les couplages d�sulfitants du type Mizoroki–Heck des
chlorures d�ar�nesulfonyles et trifluorom�thanesulfonyle avec
des ol�fines mono- et disubstitue�s. La m�thode permet la
synth�se de (E)-alc�nes 1,2-disubstitu�s avec haute st�r�os�-
lectivit� et d�alk�nes 1,1,2-trisubstitu�s avec des st�r�os�lecti-
vit�s E/Z variant de 12:1 � 21:1. La palladacycle de Herr-
mann � 0.1 mol% est suffisant pour catalyser ces reactions
qui peuvent engager des chlorures de sulfonyles et des alc�nes
soit riches ou pauvres en �lectron. Si des conditions sans
phosphine et sans base sont requises, 1 mol % de
[RhCl(C2H4)2] est un excellent catalyseur pour ces couplages
d�sulfitants. Contrairement � ce qui est rapport� pour des r�-
actions analogues catalys�es par [RuCl2(PPh3)2] et qui impli-
quent des interm�diaires radicalaires, les couplages du type
Mizoroki–Heck d�sulfitants catalys�s par des complexes de
palladium ou de rhodium ne sont pas inhib�s par des pi�ges
� radicaux. De plus, les sulfones qui peuvent se former par
sulfonylation des alc�nes (60 oC) ne sont pas d�sulfit�es �
plus haute temp�rature en pr�sence des catalyseurs au Pd ou
au Rh.


Table 1. Catalyst, bases, and PTC screening.


Entry Pd source (Concn. [mol %]) Base Yield [%][a]


1 [PdCl2(PhCN)2] (3) K2CO3 53
2 [PdCl2(PhCN)2] (3) K2CO3 15[b,c]


3 [PdCl2(PhCN)2] (3) Et3N 30
4 [PdCl2(PhCN)2]/4 (3/6) Cy2NMe <20
5 [PdCl2(PhCN)2]/4 (3/6) K2CO3 78
6 [PdCl2(PhCN)2]/4 (3/6) K2CO3 45[d]


7 [Pd2dba3]/4 (1.5/6) K2CO3 54[d]


8 [PdCl2(PhCN)2]/5 (3/6) K2CO3 80
9 [PdCl2(PhCN)2]/6 (3/6) K2CO3 78
10 palladacycle 7 (0.1) K2CO3 90[e]


[a] Yields of coupling products determined after flash chromatography.
[b] Bu4NCl was used instead of Me(oct)3NCl. [c] Yield was 5 mol % when
Et4NCl was used instead of Me(oct)3NCl. [d] The mixture was refluxed in
THF instead of m-xylene, starting material and side product were ob-
served after 24 h. [e] Yield was also 90% with 0.4 mol % of palladacycle
7.


Table 2. The palladium-catalyzed desulfitative Mizoroki–Heck type of
reaction of various sulfonyl chlorides with terminal alkenes.


Entry R R1 Yield [%][a]


1 1-naphthyl COOnBu 90[b]


2 1-naphthyl Ph 83
3 4-methylphenyl COOnBu 76
4 4-methylphenyl Ph 80[c]


5 4-acetylphenyl COOnBu 74[d]


6 4-acetylphenyl nBu 51[e, f]


7 4-trifluorophenyl COOnBu 72
8 4-fluorophenyl COOnBu 70[g]


9 4-methoxyphenyl COOnBu 75
10 3-cyanophenyl COOnBu 73[h]


11 4-nitrophenyl COOnBu 78
12 4-trifluorophenyl SO2Ph 49
13 4-(pyrazol-1-yl)phenyl COOnBu 40
14 2,4,6-trimethylphenyl COOnBu 45[i]


15 trifluoromethyl Ph 50[j]


16 trifluoromethyl COOnBu 32[j]


[a] Yields of coupling products determined after flash chromatography.
[b] Yield 53% according to ref. [9d]. [c] Yield 75% with 3 %
[PdCl2(PhCN)2], 6% ligand 5 instead of palladacycle 7. [d] Yield 35% in
THF under reflux. [e] In p-xylene under reflux, 21 h and with five equiva-
lents of alkene. [f] Yield 51% in THF under reflux with 3%
[PdCl2(PhCN)2], 6% ligand 5 instead of palladacycle 7. [g] Yield 64%
with 3% [PdCl2(PhCN)2], 6% ligand 5 instead of palladacycle 7.
[h] Under reflux for 13 h. [i] Under reflux for 24 h. [j] Using a microwave
oven at 150 8C for 10 h and with five equivalents of alkene.
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gave 51 % yield of the product
of desulfitative Mizoroki–Heck
coupling after 24 h, and only
one isomer was isolated. The
crude reaction mixture did not
show evidence of the presence
of isomeric products, apart from
polymeric material. The lower
yield might be attributed to the
presence of an excess of alkene.
It is known from previous work
on Heck reactions that an in-
creased concentration of olefin
significantly reduces the catalyst efficiency. With phenyl-
vinylsulfone the yield was also moderate (Table 2, entry 12).
Heterocyclic compounds were also applied successfully in
the reaction, but led only to moderate yields (Table 2,
entry 13). Sterically hindered substrates required longer re-
action times (see, for example, Table 2, entry 14). The reac-
tion of trifluoromethanesulfonyl chloride with an excess of
styrene (5 equiv) in a sealed tube or microwave oven at
150 8C in m-xylene gave the desired desulfitative Mizoroki–
Heck coupling product ((E)-3,3,3-trifluoro-1-phenylprop-1-
ene) in about 10 h (Table 2, entry 15).[10e] With butyl acry-
late, the same reaction pro-
duced butyl (E)-4,4,4-trifluoro-
but-2-enoate in 32 % yield
(Table 2, entry 16).


Double desulfitative Mizoro-
ki–Heck couplings have also
been realized. The reaction be-
tween butyl acrylate 2 with bi-
phenyl-4,4’-disulfonyl chloride
11 and with 1,3-benzenedisul-
fonyl chloride 13 produced the
important polymer precursors[18]


12 and 14 respectively, in good
yields (Scheme 2).


There are very few reports
on Mizoroki–Heck-type aryla-
tion of disubustituted olefins
with aryl halides. Buchwald and
G�rtler have presented a gener-
al procedure for the Mizoroki–
Heck arylation of disubustitut-
ed olefins with heteroaryl bro-
mides using bulky amines as
bases and a phase-transfer cata-
lyst under phosphine-free con-
ditions.[13] Moreno-MaÇas and
co-workers have reported Heck
arylations of disubstituted ole-
fins that require expensive aryl
iodides.[19] Littke and Fu
showed that cheaper aryl chlor-
ides can react with mono- and
disubustituted olefins under


palladium-catalyzed conditions using electron-rich li-
gands.[15e] We have found that arenesulfonyl chlorides can
react with disubstituted olefins under our conditions, with
high stereoselectivity (Table 3). Both electron-rich and elec-
tron-poor sulfonyl chlorides can be coupled with methyl
crotonate and butyl methacrylate with acceptable yields
(Table 3).


Preparation of a,b-unsaturated sulfones: mechanism of the
palladium-catalyzed desulfitative Mizoroki–Heck coupling :
We have found that the reaction of arenesulfonyl chlorides


Scheme 2. The reactions of n-butyl acrylate with disulfonyl dichlorides. a) K2CO3 (5.7 mmol), Me(oct)3NCl
(0.43 mmol), palladacycle 7 (1 mol %) and m-xyxlene (5 mL) under reflux for 4–7 h.


Table 3. Palladium-catalyzed synthesis of trisubstituted olefins.


Entry Sulfonyl chloride Olefin Product (E)/(Z) ratio[a] Yield [%][b]


1 20:1 40


2 14:1 40


3 12:1 52


4 21:1 47


5 15:1 60


[a] E/Z isomer ratio of product of the second desulfitative Mizoroki–Heck reaction as determined after flash
chromatography. [b] Yield of all known products. We have verified their structures by NOE 1H NMR experi-
ments.
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8 (X = Me, Cl) with styrene in the presence of a catalytic
amount of PdCl2 or tetrakis(triphenylphosphine)palladi-
um(0) in benzene or in THF at 60 8C and in the presence of
K2CO3 or NEt3 produces the corresponding a,b-unsaturated
sulfones 15 in good yields (Scheme 3). Kamigata and co-


workers[10c] have reported that [RuCl2(PPh3)2] catalyzes the
addition of sulfonyl chlorides to alkenes with formation of
the corresponding sulfones. These reactions imply radical in-
termediates of the RSO2C type that add to the alkenes, gen-
erating alkyl radical intermediates that are then quenched
with the sulfonyl chlorides, giving the corresponding b-chloro-
sulfones. In the presence of Et3N the latter eliminate HCl
and form the corresponding a,b-unsaturated sulfones. We
have therefore investigated whether our palladium-catalyzed
nondesulfitative coupling reactions, 8 + styrene!HCl +


15 (Scheme 3), also involve radical intermediates. Whereas
the Ru-catalyzed reactions[10c,g] are inhibited by the galvinox-
yl free radical, we found that our reactions catalyzed by
[Pd(PPh3)4]/Et3N were inhibited neither by the same inhibi-
tor nor by the 2,2,6,6-tetramethylpiperidine 1-oxyl radical
(TEMPO). Similarly, the desulfitative Mizoroki–Heck cou-
pling reaction of tosyl chloride (2 mmol) and styrene
(5.00 mmol) catalyzed by palladacycle 7 (0.2 mol%) was in-
hibited neither by the galvinoxyl free radical nor by
TEMPO. When sulfones 15 were heated in boiling xylene in
the presence of 1 mol % Herrmann�s catalyst 7 or 1 mol %
[RhCl(C2H4)2], no traces of desulfitation products 16 were
detected after 24 h. This demonstrates that sulfones 15 are
not intermediates in our palladium-catalyzed desulfitative
Mizoroki–Heck coupling reactions.


These observations can be interpreted as follows (Scheme
4). The metal is inserted into the SO2�Cl bond first. At
60 8C, elimination of SO2 does not occur and the alkene in-
sertion generates the corresponding sulfone 15. At a higher
temperature (140 8C), desulfitation is rapid and an Ar�Pd�
Cl complex is formed into which the olefin is then inserted,
similarly to aryl halides or triflates in Mizoroki–Heck cou-
pling reactions.[1,2] Alternatively, palladium may be inserted
first into the C�S bond of the sulfonyl chlorides, giving in-
termediates of the Ar�Pd�SO2Cl type. The latter cannot
generate sulfones 15 at 60 8C, but at higher temperatures de-
sulfitative Heck coupling products can be formed. This does
not prove that Ar�Pd�SO2Cl species are never formed, as
the alkenes might be inserted too slowly with respect to


their equilibrium with Ar�SO2Pd�Cl species and/or desulfi-
tation into Ar�Pd�Cl intermediates.


Rhodium-catalyzed desulfitative Heck-type reactions with
arenesulfonyl chlorides under phosphine- and base-free con-
ditions : Decarbonylative Mozoroki–Heck coupling of aroyl
chlorides and alkenes[7] is possible with [{RhCl(alkene)2}2] as
catalyst and under phosphine- and base-free conditions.[8]


As arenesulfonyl chlorides are inexpensive reagents, we ex-
plored whether the latter conditions could be extended to
their desulfitative Mizoroki–Heck coupling reactions. In an
initial attempt, 1-naphthalenesulfonyl chloride (1) was treat-
ed with styrene in the presence of [{RhCl(C2H4)2}2]
(1 mol%), PtBu3 (2 mol %), and K2CO3 (1.5 equiv) in re-
fluxing m-xylene. After 48 h, the arylation product 17 was
formed in only trace amounts (Table 4, entry 1). Interesting-
ly, the reaction proceeded much more smoothly in the ab-
sence of the phosphane ligand and base (Table 4, entries 2
and 3 versus 4). As a result, 17 was obtained in 72 % yield
(Table 4, entry 4). The yield did not increase when the reac-


Scheme 3. Preparation of sulfones. a) styrene (3 mmol), [Pd(PPh3)4]
(4 mol %), Et3N (2.4 mmol) in PhH at 60 8C for 70 h. Scheme 4. Probable catalytic cycle for sulfone synthesis and desulfitative


Mizoroki–the Heck type of reaction between sulfonyl chlorides and ole-
fins catalyzed by 7.


Table 4. Reaction of 1-naphthalenesulfonyl chloride with styrene.


Entry Rh source (1 mol %) Yield [%][a]


1 [{RhCl(C2H4)2}2]/PtBu3/K2CO3 traces
2 [{RhCl(C2H4)2}2]/PtBu3 <10
3 [{RhCl(C2H4)2}2]/K2CO3 <3
4 [{RhCl(C2H4)2}2] 72
5 [{RhCl(C2H4)2}2] 72[b]


6 [{RhCl(cod)2}2] 20


[a] Yields of coupling products determined after flash chromatography
for the reaction of 1 (2.2 mmol) with styrene (3.5 mmol) in m-xylene
(5 mL) at reflux and under an argon atmosphere. [b] Under a slow
stream of N2.
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tion was carried out under a slow stream of N2 to remove
the HCl and SO2 evolved. Under the same conditions,
[{RhCl(cod)2}2] (cod =1,5-cyclooctadiene) was a less effec-
tive catalyst (Table 4, entry 6).


With these optimized reaction conditions in hand, we
have examined the desulfitative Mozoroki–Heck-type reac-
tions of 1-naphthalene-, 4-methylbenzene-, benzene-, 4-bro-
mobenzene-, and (E)-2-phenylethenesulfonyl chloride with
styrene and 4-chlorostyrene (Table 5). They all gave the de-
sired products of coupling (10) with satisfactory yields.


The mechanisms of the [{RhICl(C2H4)2}2]-catalyzed desul-
fitative Mizoroki–Heck coupling reactions are probably sim-
ilar to those for the Pd-catalyzed reactions (Scheme 4). We
verified that the Rh-catalyzed reactions were not inhibited
by radical scavenging agents such as the galvinoxyl free radi-
cal.


Conclusion


We have demonstrated for the first time that desulfitative
Mizoroki–Heck-type arylation of alkenes can be performed
by using sulfonyl chlorides in the presence of a rhodium cat-
alyst under phosphine- and base-free conditions. We have
also found Herrmann�s palladacycle (7) to be an excellent
catalyst for palladium-catalyzed desulfitative Mizoroki–
Heck-type reactions of mono- and disubustituted olefins
with arenesulfonyl chlorides at 140 8C. We have demonstrat-
ed that sulfones can also be obtained at 60 8C under condi-
tions (alkene sulfonylation) that are otherwise the same.
These reactions are not inhibited by radical scavenging
agents.


Experimental Section


Materials and methods : Unless otherwise stated, reactions were conduct-
ed in flame-dried glassware under vacuum. Catalysts and ligands were
purchased from Strem Chemical Inc. THF was distilled before use from


sodium and benzophenone and m-xylene was received from Aldrich
(Sure-Seal). Sulfonyl chlorides were purchased from Aldrich, Acros,
Fluka, Lancaster, and Fluoro Chem. All olefins were purchased from Al-
drich or Acros and used without further purification. TLC for reaction
monitoring was performed on 60 F254 (Merck) with detection by UV light
and charring with KMnO4. Liquid/solid flash chromatography (FC): silica
gel columns (0.040–0.63 mm, Merck No. 9385 silica gel 60, 240–400
mesh). 1H and 13C NMR spectra were recorded with a Bruker-DPX-400
or Bruker-ARX-400 spectrometer at 400 MHz and 100.6 MHz respective-
ly and are reported relative to Me4Si (d=0.0 ppm) or to the solvent re-
sidual 1H signal (CDCl3, d(H)=7.27 ppm). IR spectra were recorded on
a Perkin-Elmer 1420 spectrometer. HRMS (MALDI-TOF) mass spectra
were recorded on Kratos Analytical instruments.


Mizoroki–Heck reaction of sulfonyl chloridesGeneral procedure 1: desul-
fitative Pd-catalyzed reaction with monosubstituted olefins (Table 2):
The sulfonyl chloride (1 equiv, 2.00 mmol), Herrmann�s palladacycle 7
(0.1–0.5 mol %, 0.002–0.01 mmol), and K2CO3 (2 equiv, 4 mmol) were
weighed in a glove box and placed in a round-bottom flask (dried under
vacuum) under a nitrogen atmosphere. The flask was connected to a
vacuum line, flushed three times with argon, then m-xylene (5 mL) was
added under argon. Me(oct)3NCl (15 mol %, 0.3 mmol) and the olefin
(2.5 equiv, 5.0 mmol) were added under argon. The reaction mixture was
stirred at reflux for 4–5 h or longer (see footnotes to Table 2). After
being cooled to room temperature, the mixture was diluted with ether
and washed with water. The aqueous layer was extracted again three
times with ether. The combined organic phases were dried (MgSO4), fil-
tered and concentrated to 5 mL under reduced pressure. The residue was
purified by FC.


General procedure 2: Pd-catalyzed reaction with disubstituted olefins
(Table 3): The preparation, extraction, and purification methods were
similar to procedure 1, with sulfonyl chloride (1 equiv, 2.00 mmol), Herr-
mann�s palladacycle 7 (0.5–1.0 mol %, 0.01–0.02 mmol), and K2CO3


(2 equiv, 4 mmol). Stirring at reflux was performed for 5–8 h.


General procedure 3: desulfitative Rh-catalyzed reaction under phos-
phine- and base-free conditions (Table 5): The sulfonyl chloride (1 equiv,
2.00 mmol) [{RhCl(C2H4)2}2] (1 mol %, 0.02 mmol) were weighed in a
glove box and placed in a round-bottom flask (dried under vacuum)
under a nitrogen atmosphere. The flask was connected to a vacuum line,
flushed three times with argon, and m-xylene (5 mL) was added under
argon. Then the olefin (1.5–2.0 equiv, 3.0–4.0 mmol) was added under
argon. This reaction mixture was stirred at reflux for 48–60 h. After
being cooled to room temperature, the mixture was extracted and puri-
fied as in procedure 1.


Butyl (E)-3-(naphthalen-1-yl)acrylate :[20] See Table 2, entry 1. The prod-
uct was obtained in 90% yield by general procedure 1. FC (pentane/
Et2O, 15:1); 1H NMR (400 MHz, CDCl3): d = 8.57 (d, J = 16.0 Hz, 1H;
ArCH=), 8.23 (d, J = 8.3 Hz, 1 H; Ar), 7.90 (m, 2 H; Ar), 7.78 (d, J =


7.0 Hz, 1 H; Ar), 7.58 (m, 3 H; Ar), 6.52 (d, J = 16.0 Hz, 1 H;
=CHCO2Bu), 4.31 (t, J = 6.8 Hz, 2H; CO2CH2CH2), 1.77 (t t, J = 6.8,
6.8 Hz, 2 H; CO2CH2CH2), 1.52 (q t, J = 7.3, 6.8 Hz, 2 H; CH2CH3),
1.0 ppm (t, J = 7.3 Hz, 3H; CH2CH3); 13C NMR (100.6 MHz, CDCl3):
d = 167.0, 141.6, 133.7, 131.8, 131.4, 130.5, 128.7, 126.9, 126.2, 125.5,
125.0, 123.4, 120.9, 64.5, 30.8, 19.3, 13.8 ppm; CI-MS (NH3): 254 (31,
[M]+), 181 (25), 153 (100), 76 (15).


(E)-1-(Naphthalen-1-yl)-2-phenylethene :[21] See Table 2, entry 2. The
product was obtained in 83 % yield by general procedure 1. FC (pen-
tane); 1H NMR (400 MHz, CDCl3): d = 7.45–7.19 (m, 13 H; Ar,
=CHAr), 6.47 ppm (s, 1H; =CHAr); CI-MS (NH3): 230 (38, [M]+), 208
(65), 193 (90), 178 (51), 115 (100), 91 (77).


Butyl (E)-3-(4-methylphenyl)acrylate :[9d] See Table 2, entry 3. The prod-
uct was obtained in 76% yield by general procedure 1. FC (pentane/
Et2O, 9:1); 1H NMR (400 MHz, CDCl3): d = 7.67 (d, J = 16.0 Hz, 1 H;
ArCH=), 7.43 (d, J = 8.0 Hz, 2H; Ar), 7.19 (d, J = 8.0 Hz, 2 H; Ar),
6.41 (d, J = 16.0 Hz, 1 H; =CHCO2Bu), 4.21 (t, J = 6.7 Hz, 2H;
CO2CH2CH2), 2.37 (s, 3 H; Me) 1.70 (t t, J = 6.7, 6.7 Hz, 2 H;
CO2CH2CH2), 1.52 (q t, J = 7.4, 6.7 Hz, 2H; CH2CH3), 1.0 ppm (t, J =


7.4 Hz, 3H; CH2CH3); 13C NMR (100.6 MHz, CDCl3): d = 167.3, 144.6,


Table 5. Rhodium-catalyzed desulfitative Mizoroki–Heck coupling reac-
tions of sulfonyl chlorides with styrene and 4-chlorostyrene under base-
and phosphine-free conditions.


Entry Ar Ar1 Yield [%][a]


1 1-naphthyl Ph 72
2 1-naphthyl 4-ClC6H4 70
3 phenyl Ph 54
4 4-methylphenyl Ph 70
5 4-bromophenyl Ph 70
6 (E)-PhCH=CH Ph 58
7 (E)-PhCH=CH 4-ClC6H4 55


[a] Yield of coupling products determined after flash chromatography for
reaction of sulfonyl chloride (2 mmol) with the olefin (3.0 mmol) in re-
fluxing m-xylene under argon for 48–60 h; in general the reactions were
not complete and some starting materials could be recovered.
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140.6, 131.8, 129.6, 128.1, 117.2, 64.4, 30.9, 21.5, 19.3, 13.8 ppm; CI-MS
(NH3): 218 (91, [M]+), 162 (100), 145 (99), 115 (75), 91 (73).


(E)-1-(4-Methylphenyl)-2-phenylethene :[21] See Table 2, entry 4. The
product was obtained in 80 % yield by general procedure 1. FC (pen-
tane); 1H NMR (400 MHz, CDCl3): d = 7.55 (d, J = 7.4 Hz, 2 H; Ar),
7.46 (d, J = 8.0 Hz, 2H; Ar), 7.39 (t, J = 7.36 Hz, 1 H; Ar), 7.29 (d, J =


8.0 Hz, 2 H; Ar), 7.21 (d, J = 8.0 Hz, 2 H; Ar),7.12 (br s, 2H; ArCH=


CHAr), 2.4 ppm (s, 3H; Me); 13C NMR (100.6 MHz, CDCl3): d = 137.9,
135.0, 134.9, 129.8, 129.1, 129.0, 128.1, 127.8, 126.9, 126.8, 21.7 ppm; CI-
MS (NH3): 194 (100, [M]+), 179 (84).


Butyl (E)-3-(4-acetylphenyl)acrylate :[22] See Table 2, entry 5. The product
was obtained in 74 % yield by general procedure 1. FC (pentane/Et2O,
7:3); 1H NMR (400 MHz, CDCl3): d = 7.95 (d, J = 8.3 Hz, 2H; Ar),
7.67 (d, J = 16.0 Hz, 1H; ArCH=), 7.59 (d, J = 8.3 Hz, 2H; Ar), 6.51
(d, J = 16.0 Hz, 1 H; =CHCO2Bu), 4.21 (t, J = 6.7 Hz, 2H;
CO2CH2CH2), 2.60 (s, 3 H; Me) 1.68 (t t, J = 6.8, 7.7 Hz, 2 H;
CO2CH2CH2), 1.52 (q t, J = 7.7, 6.8 Hz, 2H; CH2CH3), 1.0 ppm (t, J =


7.7 Hz, 3H; CH2CH3); 13C NMR (100.6 MHz, CDCl3): d = 197.3, 166.6,
143.0, 138.8, 137.9, 128.9, 128.1, 120.9, 64.7, 30.7, 26.7, 19.2, 13.8 ppm; CI-
MS (NH3): 246 (16, [M]+), 231 (39), 190 (29), 175 (100), 102 (22).


(E)-1-[4-(Hex-1-enyl)phenyl]ethanone :[15a] See Table 2, entry 6. The
product was obtained in 51 % yield by general procedure 1. FC (pentane/
Et2O, 92:8); 1H NMR (400 MHz, CDCl3): d = 7.89 (d, J = 8.0 Hz, 2 H;
Ar), 7.41 (d, J = 8.3 Hz, 2H; Ar), 6.41 (br s, 2H; ArCH=CHBu), 2.59 (s,
3H; COMe), 2.25 (m, 2H), 1.49 (m, 2H), 1.39 (m, 2H), 0.95 ppm (t, J =


7.0 Hz, 3H;); CI-MS (NH3): 202 (60, [M]+), 187 (58), 131 (100), 115 (80),
91 (25).


Butyl (E)-3-(4-trifluoromethylphenyl)acrylate :[22] See Table 2, entry 7.
The product was obtained in 72% yield by general procedure 1. FC (pen-
tane/Et2O, 9:1); 1H NMR (400 MHz, CDCl3): d = 7.60 (d, J = 16.0 Hz,
1H; ArCH=), 7.55 (m, 4 H; ArH), 6.43 (d, J = 16.0 Hz, 1 H;
=CHCO2Bu), 4.15 (t, J = 6.8 Hz, 2H; CO2CH2CH2), 1.62 (t t, J = 6.8,
6.8 Hz, 2 H; CO2CH2CH2), 1.36 (q t, J = 7.3, 6.8 Hz, 2 H; CH2CH3),
0.89 ppm (t, J = 7.3 Hz, 3 H; CH2CH3).


Butyl (E)-3-(4-fluorophenyl)acrylate :[22] See Table 2, entry 8. The product
was obtained in 70 % yield by general procedure 1. FC (pentane/Et2O,
7:3); 1H NMR (400 MHz, CDCl3): d = 7.65 (d, J = 16.0 Hz, 1H;
ArCHH=), 7.52 (dd, J = 8.6, 5.5 Hz, 2H; Ar), 7.08 (t, J = 8.6, 2H; Ar),
6.37 (d, J = 16.0 Hz, 1 H; =CHCO2Bu), 4.20 (t, J = 6.7 Hz, 2H;
CO2CH2CH2), 1.69 (t t, J = 6.7, 6.7 Hz, 2 H; CO2CH2CH2), 1.44 (q t, J =


7.3, 6.7 Hz, 2 H; CH2CH3), 0.97 ppm (t, J = 7.3 Hz, 3H; CH2CH3);
13C NMR (100.6 MHz, CDCl3): d = 167.0, 164.0, 143.3, 130.8, 129.9,
118.1, 116.1, 64.5, 30.8, 19.3, 13.8 ppm; CI-MS (NH3): 222 (25, [M]+), 166
(100), 149 (92), 121 (30), 101 (59), 75 (40).


Butyl (E)-3-(4-methoxyphenyl)acrylate :[23] See Table 2, entry 9. The prod-
uct was obtained in 75% yield by general procedure 1. FC (pentane/
Et2O, 8:2); 1H NMR (400 MHz, CDCl3): d = 7.65 (d, J = 16.0 Hz, 1 H;
ArCHH=), 7.48 (d, J = 8.9 Hz, 2 H; Ar), 6.90 (d, J = 9.0 Hz, 2H; Ar),
6.32 (d, J = 16.0 Hz, 1 H; =CHCO2Bu), 4.21 (t, J = 6.8 Hz, 2H;
CO2CH2CH2), 3.84 (s, 3 H; OMe), 1.70 (t t, J = 6.8, 6.8 Hz, 2 H;
CO2CH2CH2), 1.44 (q t, J = 7.3, 6.8 Hz, 2 H; CH2CH3), 0.97 ppm (t, J =


7.3 Hz, 3H; CH2CH3); 13C NMR (100.6 MHz, CDCl3): d = 167.8, 161.7,
144.6, 130.1, 127.6, 116.2, 114.7, 64.6, 33.7, 31.2, 19.6, 14.2 ppm.


Butyl (E)-3-(3-cyanophenyl)acrylate : See Table 2, entry 10. The product
was obtained in 73% yield by general procedure 1, using FC (pentane/
Et2O, 7:3). 1H NMR (400 MHz, CDCl3): d = 7.79 (br s, 1H; Ar), 7.74 (d,
J = 8.0 Hz, 1H; Ar), 7.65 (d, J = 8.0 Hz, 1H; Ar),7.62 (d, J = 16.0 Hz,
1H; ArCHH=), 7.51 (t, J = 8.0 Hz, 1H; Ar), 6.49 (d, J = 16.0 Hz, 1H;
=CHCO2Bu), 4.22 (t, J = 6.7 Hz, 2H; CO2CH2CH2), 1.69 (t t, J = 6.7,
6.7 Hz, 2 H; CO2CH2CH2), 1.43 (q t, J = 7.3, 6.7 Hz, 2 H; CH2CH3),
0.96 ppm (t, J = 7.3 Hz, 3H; CH2CH3); 13C NMR (100.6 MHz, CDCl3):
d = 166.3, 141.8, 135.8, 133.2, 131.9, 131.3, 129.8, 121.1, 118.2, 113.4, 64.8,
30.7, 19.2, 13.8 ppm; IR (KBr): ñ = 2960, 2934, 873, 2232, 1712, 1643,
1477, 1421, 1310, 1278, 1227, 1182, 980, 800 cm�1; CI-MS (NH3): 229 (16,
[M]+), 174 (58), 156 (100), 128 (43), 101 (25), 75 (25); HRMS (MALDI-
TOF): calcd for C14H15NO2K


+ 268.0745; found 268.0748.


Butyl (E)-3-(4-nitrophenyl)acrylate :[16c] See Table 2, entry 11. The prod-
uct was obtained in 78% yield by general procedure 1. FC (pentane/
Et2O, 8:2); 1H NMR (400 MHz, CDCl3): d = 8.18 (d, J = 8.8 Hz, 2 H;
Ar), 7.66 (d, J = 16.0 Hz, 1H; ArCHH=), 7.65 (d, J = 8.8 Hz, 2 H; Ar),
6.52 (d, J = 16.0 Hz, 1 H; =CHCO2Bu), 4.17 (t, J = 6.8 Hz, 2H;
CO2CH2CH2), 1.66 (t t, J = 6.8, 6.8 Hz, 2 H; CO2CH2CH2), 1.40 (q t, J =


7.3, 6.8 Hz, 2H; CH2CH3), 0.92 ppm (t, J = 7.3 Hz, 3 H; CH2CH3).


1-[(E)-2-Benzenesulfonylvinyl]-4-trifluoromethylbenzene :[24] See Table 2,
entry 12. The product was obtained in 49 % yield by general procedure 1.
FC (pentane/Et2O, 8:2); 1H NMR (400 MHz, CDCl3): d = 7.97 (d, J =


7.4 Hz, 2H; Ar), 7.72 (d, J = 16.0 Hz, 1H; ArCHH=), 7.69–7.55 (m, 7H;
Ar), 6.97 ppm (d, J = 16.0 Hz, 1H; =CHSO2Ph); CI-MS (NH3): 313(3,
[M]+), 248(4), 151(13), 125(100), 102 (17).


Butyl (E)-3-[4-(1H-pyrazol-1-yl)phenyl]acrylate : See Table 2, entry 13.
The product was obtained in 40% yield by general procedure 1. FC (pen-
tane/Et2O, 6:4); 1H NMR (400 MHz, CDCl3): d = 7.98 (dd, J = 16.0 Hz,
J = 2.0 Hz, 1 H; het. Ar), 7.88 (d, J = 8.9 Hz, 1H; Ar), 7.78 (d, J =


8.9 Hz, 1 H; Ar), 7.74 (m, 1 H), 7.68 (d, J = 16.0 Hz, 1 H; ArCHH=), 7.61
(t, J = 8.6 Hz, 1 H; Ar), 6.50 (d t, J = 10.8, 2.5 Hz, 1 H; Ar) ; 6.44 (d, J
= 16.0 Hz, 1H; =CHCO2Bu), 4.21 (t, J = 6.7 Hz, 2 H; CO2CH2CH2),
1.68 (t t, J = 6.7, 6.7 Hz, 2H; CO2CH2CH2), 1.42 (q t, J = 7.3, 6.7 Hz,
2H; CH2CH3), 0.95 ppm (t, J = 7.3 Hz, 3H; CH2CH3); 13C NMR
(100.6 MHz, CDCl3): d = 166.5, 146.7, 143.3, 141.8, 129.1, 127.5, 124.3,
118.3, 108.5, 108.2, 64.8, 30.7, 19.2, 13.8 ppm; IR (KBr): ñ = 2957, 2872,
1735, 1457, 1393, 1166, 1064 cm�1; CI-MS (NH3): 270 (34, [M]+), 214
(70), 197 (100), 149 (32), 84 (40); HRMS (MALDI-TOF): calcd for
C16H18N2O2Na+ 293.1271; found 293.1289.


Butyl (E)-3-(1,3,6-trimethylphenyl)acrylate :[14] See Table 2, entry 14. The
product was obtained in 45 % yield by general procedure 1. FC (pentane/
Et2O, 9:1); 1H NMR (400 MHz, CDCl3): d = 7.25–7.00 (m, 3H; Ar,
ArCHH=), 6.48 (d, J = 16.0 Hz, 1H; =CHCO2Bu), 4.13 (t, J = 6.7 Hz,
2H; CO2CH2CH2), 2.36 (s, 3H; Me), 1.63 (t t, J = 6.7, 6.7 Hz, 2 H;
CO2CH2CH2), 1.39 (q t, J = 7.3, 6.7 Hz, 2 H; CH2CH3), 0.95 ppm (t, J =


7.3 Hz, 3 H; CH2CH3).


(E)-3,3,3,-Trifluoro-1-phenylpropene :[10e] See Table 2, entry 15). The
product was obtained in 50 % yield by general procedure 1 (but in a
sealed tube or microwave). FC (pentane); 1H NMR (400 MHz, CDCl3):
d = 7.30 (s, 5 H; Ar), 6.87–7.25 (m, 1 H; =CHAr), 5.80–6.40 ppm (m, 1H;
=CHCF3).


Butyl (E)-4,4,4-trifluorobut-2-enoate :[10e] See (Table 2, entry 16. The
product was obtained in 32% yield (crude NMR analysis) by general
procedure 1 (but in a sealed tube or microwave).


Butyl (E)-3-[4’-(2-butoxycarbonylvinyl)biphenyl-4-yl] acryate : See
Scheme 2 (12). Following general procedure 1 but using Herrmann�s pal-
ladacycle 7 (0.2–1 mol %), K2CO3 (4 equiv), Me(oct)3NCl (30 mol %) and
olefin (5 equiv) were loaded. The product was isolated in 72 % yield. FC
(pentane/Et2O, 7:3); 1H NMR (400 MHz, CDCl3): d = 7.70 (d, J =


16.0 Hz, 2H; ArCHH=), 7.63 (d, J = 8.6 Hz, 4H; Ar), 7.61 (d, J =


8.6 Hz, 4H; Ar), 6.49 (d, J = 16.0 Hz, 1H; =CHCO2Bu), 4.23 (t, J =


6.7 Hz, 4 H; CO2CH2CH2), 1.71 (t t, J = 6.7, 7.4 Hz, 4 H; CO2CH2CH2),
1.45 (q t, J = 7.7, 6.7 Hz, 4 H; CH2CH3), 1.0 ppm (t, J = 7.4 Hz, 6 H;
CH2CH3); 13C NMR (100.6 MHz, CDCl3): d = 167.1, 143.9, 141.8, 134.0,
128.7, 127.5, 118.5, 64.5, 30.9, 19.3, 13.8 ppm; IR (KBr): ñ = 2959, 2932,
2873, 2254, 1699, 1634, 1606, 1313, 1275, 1183, 983, 910, 817 cm�1; CI-MS
(NH3): 408 (41, [M+2]+), 407 (41, [M+1]+), 406 (45, [M]+), 350 (29), 333
(45), 294 (61), 277 (31), 202 (68), 134 (14); HRMS (MALDI-TOF): calcd
for C26H30O4


+ 406.2144; found 406.2149.


Butyl (E)-3-[3-(2-butoxycarbonylvinyl)phenyl]acrylate : See Scheme 2
(14). Following general procedure 1, but using Herrmann�s palladacycle 7
(0.2–1 mol %), K2CO3 (4 equiv), Me(oct)3NCl (30 mol %), and olefin
(5 equiv) were loaded; the product was isolated in 68% yield. FC (pen-
tane/Et2O, 7:3); 1H NMR (400 MHz, CDCl3): d = 7.67 (d, J = 16.0 Hz,
2H; ArCHH=), 7.65 (br s, 1 H; Ar), 7.52 (d, J = 7.8 Hz, 2H; Ar), 7.40
(d, J = 7.8 Hz, 1 H; Ar), 6.47 (d, J = 16.0 Hz, 2H; =CHCO2Bu), 4.21 (t,
J = 6.7 Hz, 4H; CO2CH2CH2), 1.69 (t t, J = 6.7, 7.4 Hz, 4H;
CO2CH2CH2), 1.44 (q t, J = 7.4, 6.7 Hz, 4H; CH2CH3), 1.0 ppm (t, J =


7.4 Hz, 6H; CH2CH3); 13C NMR (100.6 MHz, CDCl3): d = 166.8, 143.6,
135.3, 129.5, 127.6, 119.4, 64.6, 30.8, 19.3, 13.8 ppm; IR (film): ñ = 2958,
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2872, 1731, 1638, 1309, 1286, 1166, 983, 860, 796, 674 cm�1; CI-MS (NH3):
408 (30, [M+2]+), 407 (75, [M+1]+), 406 (62, [M]+), 311 (13), 273 (35),
257 (97), 200 (67), 183 (79), 155 (100), 126 (93); HRMS (MALDI-TOF):
calcd for C20H26O4+K+) 369.1468; found 369.1408.


Methyl (E)-3-(4-fluorophenyl)-3-methylacrylate :[13] See Table 3, entry 1.
The product was obtained in 40% yield by general procedure 2. FC (pen-
tane/Et2O, 95:5); 1H NMR (400 MHz, CDCl3): d = 7.45 (dd, J = 8.6,
5.4 Hz, 2 H; Ar), 7.06 (t, J = 8.6 Hz, 2 H; Ar), 6.1 (s, 1 H; =CHCO2Me),
3.75 (s, 3 H; OMe), 2.56 ppm (s, 3 H; Me); 13C NMR (100.6 MHz,
CDCl3): d = 167.2, 163.4, 154.6, 138.2, 128.2, 116.7, 115.5, 51.2, 18.0 ppm;
IR (KBr): ñ = 2951, 2359, 1715, 1630, 1600, 1510, 1437, 1349, 1272, 1233,
1166, 834 cm�1; CI-MS (NH3): 194 (52, [M]+), 163 (100), 135 (73), 115
(23); HRMS (MALDI-TOF): calcd for C11H11FO2H


+ 195.0821; found
195.0828.


n-Butyl (E)-3-(4-fluorophenyl)-2-methylacrylate :[13] See Table 3, entry 2.
The product was obtained in 40% yield by general procedure 2. FC (pen-
tane/Et2O, 15:1); 1H NMR (400 MHz, CDCl3): d = 7.63 (s, 1H; =CHAr),
7.39 (d, J = 8.0 Hz, 1H; Ar), 7.36 (d, J = 8.0 Hz, 1 H; Ar), 7.09 (d, J =


8.0 Hz, 1H; Ar), 7.05 (d, J = 8.0 Hz, 1H; Ar), 4.21 (t, J = 6.0 Hz, 2 H;
CO2CH2CH2), 2.09 (s, 3H; Me), 1.68 (t t, J = 6.7, 6.7 Hz, 2H;
CO2CH2CH2), 1.42 (q t, J = 7.3, 6.7 Hz, 2 H; CH2CH3), 0.95 ppm (t, J =


7.3 Hz, 3 H; CH2CH3).


Methyl (E)-3-(4-nitrophenyl)-3-methylacrylate :[25] See Table 3, entry 3.
The product was obtained in 52% yield by general procedure 2. FC (pen-
tane/Et2O, 8:2); 1H NMR (400 MHz, CDCl3): d = 8.23 (d, J = 8.6 Hz,
2H; Ar), 7.06 (d, J = 8.6 Hz, 2H; Ar), 6.19 (s, 1H; =CHCO2Me), 3.78
(s, 3 H; OMe), 2.59 ppm (s, 3 H; Me); 13C NMR (100.6 MHz, CDCl3): d


= 166.6, 153.2, 148.6, 148.0, 127.3, 123.9, 119.8, 51.5, 18.0 ppm; CI-MS
(NH3): 221 (68, M+), 204 (83), 190 (100), 174 (23), 144 (46), 116 (69).


Methyl (E)-3-(3-methoxyphenyl)-3-methylacrylate :[13] See Table 3,
entry 4. The product was obtained in 47 % yield by general procedure 2.
FC (pentane/Et2O, 8:2); 1H NMR (400 MHz, CDCl3): d = 7.25 (dd, J =


7.5 Hz, J = 7.5 Hz, 1 H; Ar), 7.10 (dd, J = 7.5, 1.5 Hz, 1 H; Ar), 6.96
(dd, J = 1.5, 1.5 Hz, 1H; Ar), 6.88 (dd, J = 7.5, 1.5 Hz, 1H; Ar), 6.1 (s,
1H; =CHCO2Me), 3.79 (s, 3H; OMe), 3.72 (s, 3 H; OMe), 2.56 ppm (s,
3H; Me).


Methyl (E)-3-(3-cyanophenyl)-3-methylacrylate : See Table 3, entry 5.
The product was obtained in 60% yield by general procedure 2. FC (pen-
tane/Et2O, 7:3); 1H NMR (400 MHz, CDCl3): d = 7.74 (br s, 1 H; Ar),
7.69 (d, J = 7.7 Hz, 1H; Ar), 7.65(d, J = 7.7 Hz, 1H; Ar), 7.50 (t, J =


7.7 Hz, 1H; Ar), 6.14 (br s, 1 H; =CHCO2Me), 3.77 (s, 3H; OMe),
2.57 ppm (s, 3H; Me); 13C NMR (100.6 MHz, CDCl3): d = 166.7, 153.1,
143.5, 132.3, 130.6, 130.1, 129.6, 118.8, 118.5, 113.1, 51.5, 19.9 ppm; IR
(film): ñ = 2951, 2231, 1715, 1633, 1436, 1349, 1281, 1196, 1162, 1036,
873, 800, 687 cm�1; CI-MS (NH3): 201 (43, [M]+), 170 (100), 142 (41), 115
(34); HRMS (MALDI-TOF): calcd for C12H11NO2+Na+2H) 226.0846;
found 226.0840.


(E)-2-Phenyl-1-(4’-tolylsulfonyl)ethene :[24] See Scheme 3, 15 (X = Me).
The sulfonyl chloride (1 equiv, 2.00 mmol) and [Pd(PPh3)4] (4 mol %,
0.08 mmol) were weighed in a glove box and placed in a round-bottom
flask (dried under vacuum) under a nitrogen atmosphere. The flask was
connected to a vacuum line and flushed three times with argon, and ben-
zene (5 mL) was added under argon. Then the Et3N (1.2 equiv, 2.4 mmol)
and olefin (2.5 equiv, 5.0 mmol) were added under argon. This reaction
mixture was stirred at 60 8C for 50–60 h. After being cooled to room tem-
perature, the mixture was diluted with diethyl ether and washed with
water. The aqueous layer was extracted again three times with diethyl
ether. The combined organic phases were dried (MgSO4), filtered and
concentrated under reduced pressure. The residue was purified by FC
and the product was isolated in 65 % yield. FC (pentane/EtOAc, 8:1);
1H NMR (400 MHz, CDCl3): d = 7.84 (d, J = 8.0 Hz, 2 H; Ar), 7.67 (d,
J = 15.4 Hz, 1H; =CHAr), 7.49 (m, 2H; Ar), 7.41 (m, 3H; Ar), 7.35 (d,
J = 8.0 Hz, 2H; Ar), 6.85 (d, J = 15.4 Hz, 1 H; =CHSO2Ar), 2.45 ppm
(s, 3H; Me); CI-MS (NH3): 258 (18, [M]+), 179 (16), 139 (100), 102 (37),
91 (81).


(E)-1-(4’-Chlorophenylsulfonyl)-2-phenylethene :[24] See Scheme 3, 15 (X
= Cl). The same procedure was used as for 16. The product was isolated
in 60% yield. FC (pentane/EtOAc 8:1); 1H NMR (400 MHz, CDCl3): d


= 7.70 (d, J = 15.4 Hz, 1H; =CHAr), 7.40–7.54 (m, 7H; Ar), 6.85 ppm
(d, J = 15.4 Hz, 1 H; =CHSO2Ar).


(E,E)-1,4-Diphenyl-1,3-butadiene :[10d] See Table 5, entry 6. The product
was obtained in 58% yield by general procedure 3. FC (pentane);
1H NMR (400 MHz, CDCl3): d = 7.48 (d, J = 7.4 Hz, 4H; Ar), 7.37 (t, J
= 1 Hz, 4 H; Ar), 7.27 (t, J = 7.4 Hz, 2H; Ar), 7.0 (dd, J = 14.7, 7.04,
3.0 Hz, 2H; olefin), 6.71 ppm (dd, J = 14.7, 7.04, 3.0 Hz, 2 H; olefin); CI-
MS (NH3): 206 (100, [M]+), 128 (33), 91 (82), 77 (23).


Acknowledgments


This work was supported by the Swiss National Science Foundation
(Grant No. 2000–20100002/1). We are grateful to M. Turks, D. Markovic,
and Dr. Ana T. Carmona for their help, and also to M. Rey, F. Sepffllveda,
and Dr. A. Rezaname for their technical assistance.


[1] a) T. Mizoroki, K. Mori, A. Ozaki, Bull. Chem. Soc. Jpn. 1971, 44,
581; b) R. F. Heck, J. P. Nolley, Jr., J. Org. Chem. 1972, 37, 2320 –
2322.


[2] For reviews of the Heck reaction, see, for example: a) S. Br�se, A.
de Meijere in Metal-Catalyzed Cross-Coupling Reactions (Eds.: F.
Diederich, P. J. Stang), Wiley, New York, 1998, Chapter 3; b) I. P.
Beletskaya, A. V. Cheprakov, Chem. Rev. 2000, 100, 3009 –3066;
c) R. F. Heck in Comprehensive Organic Synthesis, Vol. 4 (Ed.: B. M.
Trost), Pergamon, New York, 1991, Chapter 4.3; d) R F. Heck, Org.
React. 1982, 27, 345 –390; e) G. T. Crisp, Chem. Soc. Rev. 1998, 27,
427 – 436; f) A. de Meijere, F. E. Meyer, Angew. Chem. 1994, 106,
2473 – 2506; Angew. Chem. Int. Ed. Engl. 1994, 33, 2379 –2411; g) T.
Jeffery in Advances in Metal-Organic Chemistry, Vol. 5 (Ed.: L. S.
Liebeskind), JAI, London, 1996, pp. 153 – 260; h) W. Cabri, I. Can-
diani, Acc. Chem. Res. 1995, 28, 2– 7; i) A. F. Littke, G. C. Fu,
Angew. Chem. 2002, 114, 4350 –4386; Angew. Chem. Int. Ed. 2002,
41, 4176 –4211; j) J. Hassan, M. S�vignon, C. Gozzi, E. Schulz, M.
Lemaire, Chem. Rev. 2002, 102, 1359 – 1469; k) Metal-Catalyzed
Cross-Coupling Reactions, 2nd ed. (Eds.: A. de Meijere, F. Dieder-
ich), Wiley-VCH, Weinheim, 2004.


[3] L. J. Gooßen, J. Paetzold, Angew. Chem. 2003, 115, 1115 – 1118;
Angew. Chem. Int. Ed. 2004, 43, 1095 –1098.


[4] a) S. R. Dubbaka, P. Vogel, J. Am. Chem. Soc. 2003 125, 15292 –
15293; b) S. R. Dubbaka, P. Steunenberg, P. Vogel, Synlett 2004,
1235 – 1238.


[5] S. R. Dubbaka, P. Vogel, Org. Lett. 2004, 6, 95– 98.
[6] S. R. Dubbaka, P. Vogel, Adv. Synth. Catal. , in press.
[7] H.-U. Blaser, A. Spencer, J. Organomet. Chem. 1982, 233, 267.
[8] T. Sugihara, T. Satoh, M. Miura, Angew. Chem. 2003, 115, 4820 –


4822; Angew. Chem. Int. Ed. 2003, 42, 4672 – 4674.
[9] For palladium-catalyzed desulfitative vinylation of arenesulfonyl


chlorides, see: a) A. Kasahara, T. Izumi, N. Kudou, H. Azami, S. Ya-
mamato, Chem. Ind. (London, U.K.) 1988, 51 –52; b) A. Kasahara,
T. Izumi, K. Miyamoto, T. Sakai, Chem. Ind. (London, UK) 1989,
192; c) M. Miura, H. Hashimoto, K. Itoh, M. Nomura, Tetrahedron
Lett. 1989, 30, 975 – 976; d) M. Miura, H. Hashimoto, K. Itoh, M.
Nomura, J. Chem. Soc. Perkin Trans. 1 1990, 8, 2207 – 2211.


[10] For RuII-catalyzed radical additions of RSO2Cl to alkenes and sub-
sequent HCl eliminations, see: a) N. Kamigata, T. Ohtsuka, T. Fu-
kushima, M. Yoshida, T. Shimizu, J. Chem. Soc. Perkin Trans. 1
1994, 1339 –1346; b) N. Kamigata, J. Ozaki, M. Kobayashi, Chem.
Lett. 1985, 705 – 708; c) N. Kamigata, J. Ozaki, M. Kobayashi, J. Org.
Chem. 1985, 50, 5045; d) M. Kameyama, H. Shimezawa, T. Satoh, N.
Kamigata, Bull. Chem. Soc. Jpn. 1988, 61, 1231 –1235; e) N. Kamiga-
ta, T. Fukushima, Y. Terawaka, M. Yoshida, H. Sawada, J. Chem.
Soc. Perkin Trans. 1 1991, 627 – 633; f) N. Kamigata, H. Sawada, M.
Kobayashi, J. Org. Chem. 1983, 48, 3793 –3796; g) N. Kamigata, H.
Sawada, M. Kobayashi, Chem. Lett. 1979, 159 –162; h) for a survey
of Ru-catalyzed reactions with sulfonyl chlorides, see: N. Kamigata,
T. Shimizu, Rev. Heteroat. Chem. 1997, 17, 1–50.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 2633 – 26412640


P. Vogel and S. R. Dubbaka



www.chemeurj.org





[11] T. Jeffery, Tetrahedron 1996, 52, 10113.
[12] V. P. W. Bçhm, W. A. Herrmann, Chem. Eur. J. 2000, 6, 1017 –1025.
[13] C. G�rter, S. L. Buchwald, Chem. Eur. J. 1999, 5, 3107 – 3112.
[14] G. A. Grasa, R. Singh, E. D. Stevens, S. P. Nolan, J. Organomet.


Chem. 2003, 687, 269 –279.
[15] a) Y. Ben-David, M. Portnoy, M. Gozin, D. Milstein, Organometal-


lics 1992, 11, 1995 – 1996; b) M. Portnoy, Y. Ben-David, D. Milstein
Organometallics 1993, 12, 4734 – 4735; c) M. Portnoy, Y. Ben-David,
I. Rousso, D. Milstein, Organometallics 1994, 13, 3465 –3479;
d) A. C. Alb�niz, P. Espinet, B. Mart�n-Ruiz, D. Milstein, J. Am.
Chem. Soc. 2001, 123, 11 504 –11 505; e) A. F. Littke, G. C. Fu, J.
Am. Chem. Soc. 2001, 123, 6989 –7000; f) for the effect of tri-tert-bu-
tylphosphine on cross-coupling reactions, see: A. F. Littke, G. C. Fu,
Angew. Chem. 2002, 114, 4350 –4386; Angew. Chem. Int. Ed. 2002,
41, 4176 –4211; g) T. H. Riermeier, A. Zapf, M. Beller, Top. Catal.
1997, 4, 301 –309; h) A. Zapf, M. Beller, Top. Catal. 2002, 19, 101 –
109; i) K. H. Shaughnessy, P. Kim, J. F. Hartwig, J. Am. Chem. Soc.
1999, 121, 2123 –2132.


[16] a) For a recent review on N-heterocyclic carbenes, see: W. A. Herr-
mann, Angew. Chem. 2002, 114, 1342 – 1363; Angew. Chem. Int. Ed.
2002, 41, 1290 –1309; b) S. L. Buchwald, X. Huang, D. Zim, PCT
Int. Appl. 2004, 198.


[17] a) W. A. Herrmann, C. Brossmer, K. Ofele, C.-P. Reisinger, T. Prier-
meier, M. Beller, H. Fischer, Angew. Chem. 1995, 107, 1989 –1992;
Angew. Chem. Int. Ed. Engl. 1995, 34, 1844 – 1848; b) W. A. Herr-
mann, C. Brossmer, C.-P. Reisinger, T. H. Reirmeier, K. Ofele, M.
Beller, Chem. Eur. J. 1997, 3, 1357 –1364; c) W. A. Herrmann, C.
Brossmer, K. Ofele, M. Beller, H. Fischer, J. Mol. Catal. 1995, 103,
133 – 146.


[18] a) B. Wagner, D. Hueglin, PCT Int. Appl. 2003, 45; b) T. Kawagushi,
Nippon Kagaku Kaishi 1987, 11, 2148.


[19] M. Moreno-MaÇas, R. Pleixats, A. Roglans, Synlett 1997, 1157.
[20] H. Okamoto, K. Statake, M. Kimura, Bull. Chem. Soc. Jpn. 1995, 68,


3557 – 3562.
[21] D. A. Bergbreiter, P. L. Osburn, E. Wilson, E. K. Sink, J. Am. Chem.


Soc. 2000, 122, 9058.
[22] M. Feuerstein, H. Doucet, M. Santelli, J. Org. Chem. 2001, 66, 5923.
[23] A. S. Gruber, D. Zim, G. Ebeling, A. L. Monterio, J. Dupont, Org.


Lett. 2000, 2, 1287 –1290.
[24] X. Huang, D. Duan, W. Zheng, J. Org. Chem. 2003, 68, 1958.
[25] S. San, K. Yokoyama, M. Shiro, Y. Nagao, Chem. Pharm. Bull. 2002,


50, 706 –709.
Received: September 10, 2004


Published online: December 13, 2004


Please note: Minor changes have been made to this manu-
script since its publication in Chemistry—A European Journal
Early View. The Editor.


Chem. Eur. J. 2005, 11, 2633 – 2641 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2641


FULL PAPERRhodium-Catalyzed Desulfitative Heck-Type Reactions



www.chemeurj.org






Water-Insoluble Ag–U–Organic Assemblies with Photocatalytic Activity


Zhen-Tao Yu, Zuo-Lei Liao, Yu-Sheng Jiang, Guang-Hua Li, and Jie-Sheng Chen*[a]


Introduction


The construction of metal–organic assemblies is currently at-
tracting considerable attention in view of their interesting
structural topologies and physicochemical properties.[1] A va-
riety of metal–organic assemblies have been synthesized,
and most of them involve the d-block transition metals.[2]


Whereas 4f metals were also reported to form such assem-
blies,[3] the 5f metals have seldom been used as nodes for
the assembly of organic-bridged coordination networks,[4] al-
though the importance of uranium-containing materials with
magnetic,[5] optical,[6] thermal catalytic,[7] ion-exchange,[8]


and N2-fixation properties[9] has been addressed in the litera-
ture.


Photocatalysis is being used for the green ecological elimi-
nation of organic dirt or harmful pollutants,[10] but it is also
attracting increasing interest as a potentially clean and re-
newable source for hydrogen fuel by splitting of water into
H2 and O2 by means of solar-to-chemical conversion.[11] Typ-


ical solid photocatalysts commonly used are semiconductor
metal oxide and sulfide particles such as TiO2, ZnO, WO3,
CdS, ZnS, and Fe2O3; layered niobates and titanates; and
polyoxometallates (POM), mainly of W.[10,12] However, most
wide-band-gap catalysts rely on UV light for excitation, and
this limits their practical applications because of the expen-
sive overall process.[13] Some narrow-band-gap semiconduc-
tors such as CdS and CdSe are photochemically unstable in
water since they are sensitive to photocorrosion.[14] In this
regard, it is necessary to modify the wide-band-gap semicon-
ductor compounds with other substitutional anionic species
such as nitrogen,[15] sulfur,[16] and carbon;[17] suitable cationic
or ion-implanted metals such as Pt, Pd, Au, Ag, Cr, Mn, Fe,
and Cu;[18] and other coupled or capped semiconductor
oxides.[19] These modifiers act as charge separators of the
photoinduced electron–hole pair and thus extend and im-
prove the photoactivity and allow the use of the main visi-
ble-light range of the solar spectrum.[20]


On the other hand, it is also of interest to search for new
photocatalytic solids with improved properties even when ir-
radiated with cheaper visible light (l>380 nm) in the main
part of the solar spectrum.[15] Recent studies have shown
that aqueous solutions of uranyl ions are photocatalytically
active for oxidation of organic substrates at long wave-
lengths in the presence of air.[21] However, difficult separa-
tion of the uranyl ions from the reaction system renders this
catalyst system less practical. We have been interested in
the synthesis and characterization of new uranium-contain-


Abstract: Two metal–organic coordina-
tion polymers [Ag(bipy)(UO2)(bdc)1.5]
(bipy=2,2’-bipyridyl, bdc=1,4-benzene-
dicarboxylate) and [Ag2(phen)2UO2-
(btec)] (phen= 1,10-phenanthroline,
btec= 1,2,4,5-benzenetetracarboxylate)
were obtained by hydrothermal assem-
bly of the d10 metal silver and the 5f
metal uranium with mixed ligands.
Both compounds form two-dimensional
networks with p–p overlap interactions
between the aromatic fragments in the


neighboring layers. In aqueous suspen-
sion the two water-insoluble materials
show photocatalytic degradation per-
formance superior to that of commer-
cial TiO2 (Degussa P-25) when tested
on nonbiodegradable rhodamine B
(RhB) as model pollutant. The rela-


tionship between the structure of the
photocatalysts and the photocatalytic
activity was also elucidated. On the
basis of the monitored intermediate
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ing materials which show rich structural features and en-
couraging photophysical properties.[6,22] In particular, the
discovery of photocatalytic activity of a 3D U-containing
solid compound[23] prompted us to synthesize water-insolu-
ble organic–inorganic uranyl materials with improved photo-
catalytic performance. Here we describe two bimetallic 2D
assemblies, [Ag(bipy)(UO2)2(bdc)1.5] (1; bipy=2,2’-bipyridyl,
bdc= 1,4-benzenedicarboxylate) and [Ag2(phen)2UO2(btec)]
(2 ; phen =1,10-phenanthroline; btec= 1,2,4,5-benzenetetra-
carboxylate), both of which are water-insoluble and more
active than nanosized TiO2 (P-25) for the degradation of
rhodamine B, a cationic N-containing dye which is generally
recognized as being difficult to degrade.


Results and Discussion


Synthesis and characterization : The nature of chelating bi-
dentate nitrogen-donor ligands as building blocks with ex-
tended planar p systems (e.g., 1,10-phenanthroline and 2,2’-
bipyridyl), which can be used in preparing model com-
pounds to mimic noncovalent, supramolecular interactions
in biological processes,[24] may potentially lead to supra-
molecular arrays with p–p aromatic stacking interactions
that usually result in coordination polymers with lower di-
mensionality.[25] On the basis of these considerations and the
interesting topologies and coordination chemistry of silver
and uranyl cations, we prepared two 2D bimetallic com-
pounds with unique architectures in a relatively straightfor-
ward fashion by means of conventional hydrothermal reac-
tions. Compounds 1 and 2 were obtained as pure single-
phase products, as confirmed by inductively coupled plasma
(ICP) and elemental (C, H, N) analyses, and by comparison
of the observed powder XRD patterns with those generated
from single-crystal structural data.


The IR spectra of 1 and 2 in KBr show intense absorption
bands between 800 and 950 cm�1. The bands at about 920
and 850 cm�1 are most reasonably assigned to the asymmet-
ric and symmetric O=U=O stretching modes of the uranyl
moiety,[26] respectively. The IR spectra confirm that the ura-
nium species in 1 and 2 is UVI, because the frequencies of
the observed bands are consistent with the asymmetric and
symmetric stretching bands in most uranyl(vi) complexes.
The bands at 1438 and 1482 cm�1 for 1 and 2 correspond to
skeletal vibrations of the aromatic rings[26] with their out-of-
plane vibrations at 750 and 767 cm�1 for 1 and 2, respective-
ly.


The thermal properties of 1 and 2 were determined by re-
cording their thermogravimetric/differential thermal analysis
(TG/DTA) curves in air. From the TG curve, the total
weight loss of 1 of 49.9 %, attributable to removal of the
total organic component, is in agreement with the calculated
value based on the single-crystal structure of 1 (51.5 %). The
total weight loss of 2 of 56.0 %, again corresponding to the
removal of the total organic component, is also in accord-
ance with the calculated value (55.7 %). The TG/DTA data
indicate that both 1 and 2 are thermally stable up to approx-


imately 300 8C, in agreement with the powder XRD pat-
terns.


Crystal structures : Crystallographic data and structure re-
finement parameters for 1 and 2 are summarized in Table 1.
Selected bond lengths and angles are given in Tables 2 and
3, respectively, and the metal–ligand coordination in 1 and 2
is detailed in Figures 1 and 2, respectively. In 1, each urani-
um atom is located in a pentagonal-bipyramidal environ-


Table 1. Crystal data and structure refinement for 1 and 2.


1 2


empirical formula C22H14AgN2O8U C34H18Ag2N4O10U
formula weight 780.25 1096.29
T [K] 293(2) 293(2)
crystal system triclinic monoclinic
space group P1̄ C2/c
a [�] 9.1166(5) 22.6428(6)
b [�] 10.0836(5) 7.3174(2)
c [�] 12.1438(8) 18.4324(6)
a [8] 79.391(3) 90
b [8] 87.550(3) 107.011(2)
g [8] 78.848(2) 90
V [�3] 1076.53(11) 2920.38(15)
Z 2 4
1 [Mg m�3] 2.407 2.493
m [mm�1] 8.476 6.934
F(000) 726 2064
q range [8] 2.45–25.07 1.88–30.03
Limiting indices �9�h�10 �31�h�31


�11�k�11 �10�k�9
�14� l�13 �25� l�14


reflections collected/unique 6014/3738 11 388/4265
[R(int) =0.0512] [R(int) =0.0472]


data/parameters 3738/307 4265/231
R1[a]/wR2[b] [I>2s(I)] 0.0336/0.0864 0.0303/0.0650
R1/wR2 (all data) 0.0362/0.0893 0.0340/0.0660
largest diff. peak/hole [e��3] 2.219/�1.797 1.532/�2.091


[a] R1=� j jFo j� jFc j j /� jFo j . [b] wR2= [�w(F2
o�F2


c)
2/�w(F2


o)
2]1/2.


Table 2. Selected bond lengths [�] and angles [8] for 1.[a]


U(1)-O(7) 1.766(5) U(1)-O(5) 2.346(5)
U(1)�O(8) 1.772(6) U(1)�O(2) 2.418(5)
U(1)�O(3) 2.316(5) U(1)�O(1) 2.507(5)
U(1)�O(4)#1 2.321(5)
Ag(1)�O(6) 2.235(6) Ag(1)�N(1) 2.345(9)
Ag(1)�N(2) 2.298(7)
O(7)-U(1)-O(8) 179.4(3) O(8)-U(1)-O(2) 91.6(2)
O(7)-U(1)-O(3) 88.3(3) O(3)-U(1)-O(2) 126.45(17)
O(8)-U(1)-O(3) 91.1(2) O(4)#1-U(1)-O(2) 148.67(17)
O(7)-U(1)-O(4)#1 90.4(3) O(5)-U(1)-O(2) 70.92(16)
O(8)-U(1)-O(4)#1 89.4(3) O(7)-U(1)-O(1) 94.1(2)
O(3)-U(1)-O(4)#1 84.82(17) O(8)-U(1)-O(1) 85.8(2)
O(7)-U(1)-O(5) 90.4(2) O(3)-U(1)-O(1) 74.52(16)
O(8)-U(1)-O(5) 90.1(2) O(4)#1-U(1)-O(1) 158.68(18)
O(3)-U(1)-O(5) 162.53(17) O(5)-U(1)-O(1) 122.95(16)
O(4)#1-U(1)-O(5) 77.77(17) O(2)-U(1)-O(1) 52.40(16)
O(7)-U(1)-O(2) 88.9(3)
O(6)-Ag(1)-N(2) 169.0(2) N(2)-Ag(1)-N(1) 71.8(3)
O(6)-Ag(1)-N(1) 112.8(3)


[a] Symmetry transformations used to generate equivalent atoms: #1:
�x+1, �y, �z+1.
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ment, surrounded by seven oxygen atoms, five of which are
in the equatorial plane and are from three bdc ligands. The
remaining two O atoms are terminal and occupy the two
axial positions to complete the coordination sphere of the
UVI center. The bond lengths of the UO7 moiety vary from
1.766(5) to 1.772(6) � for the axial U=O bonds, and from
2.316(5) to 2.507(5) � for the U�O bonds.[27] As shown in


Figure 3 a, the structure of 1 comprises bridging bdc ligands,
[Ag(bipy)]+ units, and uranyl ions, which form a neutral 2D
layer in the ac plane. The carboxylate groups of one bdc
bridge two uranium centers in a bis-bidentate fashion, and
the additional two bdc ligands each bind two uranyl ions
and two [Ag(bipy)]+ units through the four CO groups. The
Ag atom is coordinated in a distorted T-shaped geometry by
two N atoms from the bipy ligand (Ag�N 2.298(7), 2.345-
(9) �) and one O atom from the bdc ligand (Ag�O 2.235-
(6) �).[28] The uranyl units in 1 are connected by bridging
bdc ligands to form chains, which are then cross-linked by


Table 3. Selected bond lengths [�] and angles [8] for 2.[a]


U(1)�O(5) 1.770(3) U(1)�O(3)#2 2.526(3)
U(1)�O(5)#1 1.770(3) U(1)�O(3)#3 2.526(3)
U(1)�O(1)#1 2.404(2) U(1)�O(4)#2 2.564(3)
U(1)�O(1) 2.404(2) U(1)�O(4)#3 2.564(3)
Ag(1)�O(1) 2.362(3) Ag(1)�N(2) 2.365(4)
Ag(1)�O(2)#1 2.520(3) Ag(1)�N(1) 2.374(4)
O(5)-U(1)-O(5)#1 179.29(17) O(3)#2-U(1)-O(3)#3 62.48(13)
O(5)-U(1)-O(1)#1 93.67(11) O(5)-U(1)-O(4)#2 96.90(12)
O(5)#1-U(1)-O(1)#1 85.76(11) O(5)#1-U(1)-O(4)#2 83.24(12)
O(5)-U(1)-O(1) 85.76(11) O(1)#1-U(1)-O(4)#2 136.00(8)
O(5)#1-U(1)-O(1) 93.67(11) O(1)-U(1)-O(4)#2 65.99(8)
O(1)#1-U(1)-O(1) 72.41(12) O(3)#2-U(1)-O(4)#2 50.77(8)
O(5)-U(1)-O(3)#2 81.87(12) O(3)#3-U(1)-O(4)#2 107.54(9)
O(5)#1-U(1)-O(3)#2 98.75(12) O(5)-U(1)-O(4)#3 83.24(12)
O(1)#1-U(1)-O(3)#2 172.67(9) O(5)#1-U(1)-O(4)#3 96.90(12)
O(1)-U(1)-O(3)#2 112.83(9) O(1)#1-U(1)-O(4)#3 65.99(8)
O(5)-U(1)-O(3)#3 98.75(12) O(1)-U(1)-O(4)#3 136.00(8)
O(5)#1-U(1)-O(3)#3 81.87(12) O(3)#2-U(1)-O(4)#3 107.54(9)
O(1)#1-U(1)-O(3)#3 112.83(9) O(3)#3-U(1)-O(4)#3 50.77(8)
O(1)-U(1)-O(3)#3 172.67(9) O(4)#2-U(1)-O(4)#3 157.67(12)
N(2)-Ag(1)-N(1) 71.6(6) N(2)-Ag(1)-O(8)#3 81.1(5)
N(2)-Ag(1)-O(3) 140.4(5) N(1)-Ag(1)-O(8)#3 141.9(6)
N(1)-Ag(1)-O(3) 126.5(5) O(3)-Ag(1)-O(8)#3 91.4(4)
O(7)-Ag(2)-N(3) 121.2(5) O(7)-Ag(2)-O(4)#4 89.9(4)
O(7)-Ag(2)-N(4) 140.8(5) N(3)-Ag(2)-O(4)#4 148.9(6)
N(3)-Ag(2)-N(4) 69.5(6) N(4)-Ag(2)-O(4)#4 85.6(5)


[a] Symmetry transformations used to generate equivalent atoms: #1: �x,
y, �z+ 1/2; #2: x, y�1, z ; #3: �x, y�1, �z +1/2; #4: x, y +1, z ; #5: �x,
�y+2, �z.


Figure 1. The building block including the asymmetric unit present in 1
with non-hydrogen atoms represented by thermal ellipsoids at 50 % prob-
ability.


Figure 2. The building block including the asymmetric unit present in 2.
Thermal ellipsoids drawn at 50 % probability; hydrogen atoms omitted
for clarity.


Figure 3. View of the layer packing for a) 1 and b) 2 along the b axis.
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additional bdc groups to generate a 2D network decorated
with [Ag(bipy)]+ subunits that project into the interlamellar
regions above and below the layer. The 2D layers stack
along the b axis through edge-to-face p–p interactions[29] be-
tween bdc and bipy ligands in neighboring layers.


The coordination sphere at the uranium site of 2 is de-
fined by two axial oxygen donors (U�O 1.770(3) �) and an
equatorial plane occupied by six oxygen donors from two
chelating and two monodentate carboxyl groups of btec li-
gands (U�O 2.404(2)–2.564(3) �; Figure 2). The four-coor-
dinate AgI center has a coordination environment inbetween
tetrahedral and square-planar, with two oxygen atoms from
the monodentate carboxyl groups of btec ligands (Ag�O
2.362(3), 2.520(3) �) and two nitrogen donors from chelat-
ing phen groups (Ag�N 2.365(4), 2.374(4) �).[28] The extend-
ed structure of 2 consists of a 2D layered network with Ag-
UO8-Ag trinuclear cores as building units, which are linked
by the bridging btec ligands (Figure 3 b). The pairs of phen
ligands from adjacent layers are arranged in an interdigitat-
ing manner leading to offset face-to-face p–p stacking[29]


along the b axis, which seems to be the driving force for the
stabilization of solid 2.


Photocatalytic properties : The diffuse-reflectance UV/Vis
spectra reveal that solid 1 and 2 have similar absorption fea-
tures (Figure 4). Both spectra consist of absorption compo-
nents in the UV and Vis regions. The UV component is at-
tributed to charge-transfer electronic transition of the uranyl
group, that is, from the doubly bonded O 2p bonding orbital
to the nonbonding or antibonding orbitals of the uranium
ion,[30] and the Vis component responsible for the color of
the compounds may arise from ligand-to-metal charge trans-
fer (LMCT) between the O atoms of the coordinating
ligand and an empty orbital on the UVI ions.[31] In spite of
certain similarities in UV/Vis absorption behavior for 1 and
2, it could be noted by careful comparison of the two ab-
sorption curves (in Kubelka–Munk units) that the onset of
the charge-transfer transition of 1 occurs in the visible
region, while that of 2 lies in the near-UV region, and the
absorption of 2 in the visible region is not as distinct as that


of 1. The presence of charge-transfer transitions motivated
us to explore applications of 1 and 2 in heterogeneous pho-
tocatalysis.


The photodegradation activity was tested by using a so-
lution of nonbiodegradable rhodamine B (RhB) as a target
pollutant for degradation experiments.[32] For comparison,
the photocatalytic performance of commercial TiO2 (De-
gussa P-25) was also assessed under the same experimental
conditions. Control experiments were conducted on an RhB
solution in the absence of particles of 1 or 2. Only a very
small decrease in intensity for the characteristic UV/Vis ab-
sorption of RhB was observed for UV irradiation times
shorter than 60 min, and complete disappearance of RhB in
aqueous solution required about 600 min in the absence of
photocatalysts. When an RhB suspension containing powder
catalyst 1 or 2 was stirred in the dark for at least 30 min
under otherwise identical conditions, no intensity decrease
was seen in the UV/Vis absorption spectrum in comparison
with that of the original RhB solution.


The well-defined absorption peaks in the visible region
corresponding to the parent dye disappear rapidly with a
concomitant hypsochromic shift attributed to N-deethylation
of RhB after photocatalysis in the presence of 1 or 2 (see
Supporting Information),[33] which suggests that at least the
chromophore responsible for the characteristic color of RhB
is broken down and the degradation of dye proceeds in the
presence of 1 or 2 particles. The distinctly shortened degra-
dation time compared with the control experiments indi-
cates that the catalyst 1 or 2 plays an important role in the
photodecomposition of RhB. To rule out the possibility that
under the experimental conditions the solid catalysts 1 and 2
are dissolved in the solutions and the catalytic activities
result from soluble species instead of the original solids, we
subjected the catalysts to UV irradiation and continuous
stirring in water for 1 h for 1 and 2 h for 2 and tested the
photocatalytic activity of the solution after filtering off the
solid materials. No catalytic activity was observed for the
thus-obtained solutions. Clearly the photocatalytic activities
arise solely from the solids 1 and 2.


Figure 5 shows the rate of RhB degradation (measured as
RhB concentration versus irradiation time) in an aqueous
solution in the presence of 1 and 2. Both 1 and 2 are capable
of photocatalyzing the degradation of the stable organic dye
RhB upon application of a UV irradiation source (Hg lamp)
and they display photocatalytic activities higher than that of
P-25 ([RhB] =0.10 mmol L�1, 80 mL dispersion, and loading
of 1, 2, or P-25 of 160 mg, which in terms of metal content
amounts to 0.20 or 0.15 mmol U and 2 mmol Ti, respective-
ly). Since our compounds are powdered from large single
crystals before tests, they should have less surface area and
hence less accessible active centers than the same amount of
the nanosized TiO2 (ca. 30 nm). Hence, we concluded that
our UVI compounds are distinctly more efficient than P-25
in photocatalysis. After photocatalysis, both 1 and 2 show a
powder XRD pattern nearly identical to that of the parent
compound, that is, their stability towards photocatalysis is
good. Most importantly, 1 shows a remarkable photodegra-


Figure 4. UV/Vis diffuse-reflectance spectra of as-synthesized 1 (a) and 2
(b) with BaSO4 as background.
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dation activity for RhB when a xenon lamp is used as the ir-
radiation source for simulation of sun light (Figure 6). The
main part of the radiation from the xenon lamp is in the
wavelength region longer than 400 nm. Illumination of RhB
with xenon light in the absence of particulate 1 leads to no
degradation of the dye at all, that is, RhB degradation needs
an electron-transfer mediator under visible light. For com-
parison, the visible-light photocatalytic performance of P-25
was also tested, and it showed only slight photocatalytic ac-
tivity under xenon-light irradiation. Compound 2 does not
show photocatalytic activity when irradiated for 240 min
with the xenon lamp, since this compound can hardly be ex-
cited by visible light, as suggested by its UV/Vis absorption
properties. Structural difference between 1 and 2 lead to the
discrepancy in photocatalytic activity, and the relationship
between the structures and the physical properties is further
elucidated below. The UV/Vis absorptions of 1 and 2 are
also related to their structures, and in this sense any photo-
catalytic discrepancy between 1 and 2 resulting from the
UV/Vis absorption properties may trace back to the struc-
tural differences of these two materials.


The decrease in total organic carbon (TOC) reaches
about 34 and 40 % when the solution color completely dis-
appears under UV irradiation for 1 and 2, respectively, and
about 30 % after 240 min of Xe-lamp irradiation in the pres-
ence of 1. The TOC analysis confirmed mineralization of
RhB to a considerable extent in the presence of 1 or 2. Ion
chromatography analysis indicated that NO3


� ions are the
N-containing species with the highest stable oxidation state
of nitrogen formed in the degraded solution. The percent-
ages of RhB converted into NO3


� ions were about 30 and
34 % after 40 min of UV and Xe-light irradiation, respective-
ly, in the presence of 1, and about 25 % after 120 min of UV
irradiation in the presence of 2. The substoichiometric
amount of NO3


� ions may be partly due to strong sorption
of NO3


� ions on the surface of the photocatalysts.[34] Irradia-
tion for longer times of the decolorized solutions leads to no
change in NO3


� concentration for these systems, except for
the case in which UV light is used in the presence of 1 and
the NO3


� concentration clearly decreases, probably due to
decomposition. In addition, the formation of formic and
acetic acids in the final products of the photocatalytic sys-
tems was also observed by ion chromatography.


Typical intermediate species generated in the degradation
of RhB photocatalyzed by 1 or 2 were identified from posi-
tive-ion (M+H) mass spectra. In each case, the dye was
mostly degraded from m/z 443.2 (RhB) to m/z 415.2
(N,N’,N’-triethylrhodamine), 387.1 (N,N’-diethylrhodamine),
359.0 (N-ethylrhodamine), corresponding to stepwise loss of
C2H5 units.[33,34] Decarboxylated species were also observed,
corresponding to a mass spectral signal at m/z 260.2.[34] At
the end of the photocatalytic reaction, a marked decrease is
noted in signal intensity at m/z 443.2, which indicates that
RhB has effectively been photodegraded into final products
with lower molecular weight, such as formic and acetic
acids, as confirmed by ion chromatography.


Photocatalytic reaction mechanism : The photochemistry of
uranyl compounds dates back to the early 1800s. Since then,
their photochemistry, especially photocatalytic performance,
has been studied extensively.[35] Generally, two mechanisms
have been proposed for the photocatalytic reactions involv-
ing UVI species, that is, hydrogen abstraction and electron
transfer.[35] The detection of radicals, mostly as a result of
the loss of a-H, from various organic compounds including
carboxylic acids, ketones, aldehydes, alcohols, esters, and
amides supported the hydrogen-abstraction mechanism,[21a, 36]


whereas the relationships between quenching rate and ioni-
zation potential (IP) suggest an electron-transfer pathway
for reactions involving aromatic hydrocarbons.[37] Recently,
quenching experiments on alkenes and dienes also support-
ed the electron-transfer pathway.[38] It seems that the a-H
atoms of molecules with electron-withdrawing groups are
likely to be abstracted, while substrates with electron-rich p


or conjugated p systems readily undergo electron-transfer
reactions. As evidenced by our UV/Vis and mass spectral
studies, the RhB molecules with electron-drawing N atom
(see Scheme 1 for the structure of RhB) lose ethyl groups


Figure 6. Concentration changes of RhB under irradiation with xenon-
lamp light in the presence of a) 1 and b) Degussa P-25.


Figure 5. Concentration changes of RhB irradiated with UV light as a
function of irradiation time tirr in the presence of a) 1, b) 2, and c) De-
gussa P-25. Ct and C0 stand for the RhB concentrations after and before
irradiation.
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stepwise, that is, the hydrogen-abstraction mechanism is fa-
vorable, because the electron-transfer pathway most likely
leads to decomposition of the conjugated system rather than
deethylation.


Despite the differences between the decomposition path-
ways discussed above, both mechanisms involve photoexci-
tation of the uranyl species. UVI is not a strongly oxidizing
species (UO2


2+/UO2
+ 0.06 V).[39] However, on excitation of


this species, the resulting *UO2
2+ is very active and can trig-


ger a variety of redox reactions due to its high oxidation po-
tential of approximately 2.6 V.[38,40] As reported and quite
clearly elucidated in the literature, excited uranyl ions in
aqueous solution can lead to the oxidation of organic mole-
cules in the presence of oxygen or H2O2.


[21, 41] Nevertheless,
no solid UVI compounds have been reported to show photo-
catalytic properties prior to our work. Recently, we reported
that uranyl groups incorporated into a coordination polymer
exibit photocatalytic activity.[23] Although the photocatalytic
tests on 1 and 2 were carried out in heterogeneous systems,
it is believed that the uranyl center photocatalytically be-
haves in a way similar to that in solution. The uranyl center
in the two compounds can be excited by photons with
enough energy, and one electron in the HOMO jumps to
the LUMO. Because the energies of the 5f, 6d, 7p, and 7s
orbitals of uranium are comparable, it is quite difficult, and
sometimes even impossible, to determine the electron con-
figuration and orbital combination in uranium com-
pounds.[42] However, the detailed electronic structures of the
compounds are not necessary for elucidating the photocata-
lytic reaction mechanism, and a simplified model is suffi-
cient for our discussion (Scheme 1). Despite the disputable
electron configuration and orbital combination, it is still
clear that the double bonds between uranium and oxygen
are involved in photoexcitation.[43] Because the HOMO is
mainly contributed to by oxygen 2p bonding orbitals and
the LUMO by empty uranium orbitals,[44] charge transfer ac-
tually takes place from oxygen to uranium on photoexcita-


tion to give uranium in the +5 and oxygen in the �1 oxida-
tion state. The electron of the excited state in the LUMO is
usually very easily lost, while the HOMO strongly demands
one electron to return to its stable state. Generally, the ex-
cited *UO2


2+ decays to its ground state quickly. However, if
some molecules are within a reasonable range and have an
appropriate orientation, for example, RhB in this case, tran-
sitional active complexes can be formed. Thus, one a-hydro-
gen atom of the methylene group bonded to the electron-
withdrawing nitrogen atom of RhB, which will give up its
electron and leave as H+ later,[35,45] is abstracted by uranyl
species, and this results in the cleavage of the C�N bond
and stepwise N-deethylation of RhB (Scheme 2). Since the
HOMO is then reoccupied, the excited electron must
remain in the LUMO until it is captured by electronegative
substances such as molecular oxygen in solution, which
would transform into highly active peroxide anion and sub-
sequently accomplish further oxidation and total degrada-
tion of RhB.[46]


We examined the function of oxygen in the photocatalysis
mechanism by monitoring the photocatalytic activities in the
presence or absence of oxygen in the photodegradation sys-
tems. When argon is bubbled through the system for 30 min
before and during irradiation, the photocatalytic reaction
rate decreases rapidly for 1 and drops to zero for 2. In the
light of these results, the presence of oxygen is essential for
the photocatalytic reaction to proceed, because otherwise
the uranium(v) species cannot be oxidized back to UVI for a
new cycle.[46] The peroxide anion formed from the molecular
oxygen is an important intermediate for the further degrada-
tion of RhB. Note that the photocatalytic reactor we used
was not sealed, and the oxygen in the reaction system could
hardly be removed completely. Compound 1 is so active that
traces of oxygen present in the reaction system degrade
RhB effectively when 1 is used as photocatalyst.


Spin-trap ESR was used for the detection of possibly
formed hydroxyl radicals. However, it gave no characteristic
signals, that is, no hydroxyl radicals were involved in our re-
actions. Neither could peroxide anion be detected, probably
due to its high instability in aqueous solution, as few exam-Scheme 1. Photoexcitation of 1 or 2 and oxidation of the RhB substrate.


Scheme 2. Proposed photodegradation pathways of the RhB substrate in
the presence of 1 or 2.
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ples of its detection in aqueous solution have been reported
in photocatalytic systems so far.[32] Hydroxyl radicals may be
involved in a variety of photocatalytic reactions, but they
are not necessary in some reported cases.[32,47] Moreover, al-
though the spin signals were recorded in the case of TiO2, it
is still argued that the signals do not really arise from hy-
droxyl radicals,[47] and in fact the hydroxyl radicals are not
important or even are not formed at all.[48] When active cen-
ters react with substrates directly, as proposed in our case,
hydroxyl radicals could also be absent.


Sometimes the excitation of the catalyst is not needed in
photocatalytic reactions. For example, although TiO2 has no
significant light absorption in the visible region, the excita-
tion of dye molecules and electron injection into TiO2 still
make it possible to decompose the dye molecules on the sur-
face of TiO2.


[49] However, noting the difference in photoca-
talytic activity between 1 and 2 under irradiation with visible
light, we consider that in the photocatalytic reaction, the ex-
citation of our catalysts is much more important than that of
the dye molecules themselves. Although RhB is undoubted-
ly excited in this case (under visible-light irradiation), 1 can
form the charge-transfer excitation state in the visible
region, as confirmed by the solid-state UV/Vis spectrum,
and shows pronounced activity, while 2 is almost inactive
under the same conditions because its double-bond O2p!U
charge-transfer electron transition is beyond the energy of
visible light. The conclusion that excitation of the catalyst is
more important than that of dye molecules is also in harmo-
ny with the fact that 1 is distinctly more efficient than P-25
under visible light.


The difference in catalytic activity under UV irradiation
between 1 and 2 arises from the discrepancy in crystal struc-
ture of the two compounds. First, the uranium atom is
seven-coordinate in 1, while in 2 it is eight-coordinate. The
fewer ligands around the uranium center in 1 mean that
steric hindrance preventing access of the dye substrate to
the U center of the catalyst is reduced, and the U center is
more free to form catalyst–substrate complex transition
states. On the other hand, the silver-centered species in 1
are packed almost parallel to the uranyl–organic layers,
while in 2 they rather occupy the interlayer space because
their orientation is vertical to the uranyl–organic layers. The
more spacious interlayer region of 1 makes it easier for the
branch of the substrate dye molecule to penetrate and to
gain access to the active excited U centers of the interlayer
region (near the layer edges) in 1, whereas 2 has a less spa-
cious interlayer region and fully coordinated U centers,
which are unfavorable for the access of the dye molecules.
Based on the comparisons above, it is easy to understand
the different photocatalytic activities of the two compounds
under UV irradiation. For irradiation under visible light, the
activity difference mainly arises from the difference in visi-
ble-light excitation between 1 and 2, as observed in the UV/
Vis absorption spectra. The dependence of photocatalytic
activity on structural features has been demonstrated for
other uranyl-containing compounds as well. For instance,
the microporous [Ni2(H2O)2(qa)2(bipy)2U5O14(H2O)2-


(OAc)2]·2H2O (HOAc=acetic acid, bipy=4,4’-bipyridine,
H2qa=quinolinic acid), in which all five uranyl centers are
closely bridged to ribbons so that only the ribbon edges can
be attacked by the substrate molecules, shows relative low
photocatalytic activity for RhB degradation, although it is
active for the degradation of the easily degradable methyl
blue,[23] whereas [(ZnO)2(UO2)3(na)4(OAc)2] (Hna=nicotin-
ic acid), built up from inorganic U-O-Zn-clustered double
sheets,[22] and the well-known thermal catalysts UO3 and
U3O8, in which all U�O species are crystallized together,[50]


are inactive under identical conditions, since they can hardly
form transition complexes with RhB due to the poor acces-
sibility of their U centers to RhB molecules. Therefore, our
compounds, especially 1, are a unique type of coordination
polymers with uranyl units that exhibit high photocatalytic
activity for dye degradation because of the accessibility of
their U centers, which can be photoexcited by UV or visible
light.


Conclusion


By hydrothermal reaction routes, two novel 2D silver–urani-
um–organic assembly compounds 1 and 2 were crystallized,
and it was demonstrated that these two water-insoluble
solids have distinct photocatalytic properties. Both struc-
tures are composed of uranyl species, Ag–organic compo-
nents, and bridging ligands. In the structure of 1, the uranyl
units are connected by bridging bdc ligands to produce
chains, which are then cross-linked by additional bdc groups
to form a 2D network decorated with [Ag(bipy)]+ subunits.
The structure of 2 consists of 2D layers with Ag-UO8-Ag tri-
nuclear cores as building blocks, which are linked by bridg-
ing btec ligands. These two uranyl-containing compounds
are photostable, and they exhibit photocatalytic activities
higher than that of commercial TiO2 (Degussa P-25) under
UV irradiation for the oxidation and mineralization of rho-
damine B as a model pollutant which is recognized as being
difficult to degrade. Most strikingly, 1 also shows photocata-
lytic activity under visible-light irradiation. Furthermore, 1
is photocatalytically more active than 2 because of structural
differences. The presence of uranyl species, which can be
photoexcited and effectively activate the dye molecules, is
responsible for the photocatalytic performance of the two
compounds. The successful synthesis of 1 and 2 provides
access to a promising path in the search for stable new pho-
todegradation catalysts.


Experimental Section


Materials and methods : Chemicals for synthesis were commercially avail-
able and used as received without further purification. The uranium
oxides UO3 and U3O8 were prepared by following procedures described
in the literature.[51] Elemental microanalyses (C, H, N) were conducted
on a Perkin-Elmer 2400 elemental analyzer, and metal contents were de-
termined by inductively coupled plasma (ICP) analysis on a Perkin-
Elmer Optima 3300DV ICP spectrometer.
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The powder XRD patterns (CuKa radiation, l =1.5418 �) were recorded
on a Siemens D5005 diffractometer with a graphite monochromator at
room temperature. The FTIR spectra of the samples dispersed in KBr
pellets were obtained in the range 4000–400 cm�1 on a Nicolet Impact
410 FTIR spectrometer. TG/DTA was conducted on a Netzsch STA 449C
thermal analyzer under a flow of dry air at a heating rate of 20 Kmin�1.
The solid-state diffuse-reflectance UV/Vis spectra for powder samples
were recorded on a Perkin-Elmer Lambda 20 UV/Vis spectrometer
equipped with an integrating sphere by using BaSO4 as a white standard,
and the reflection intensity data were converted to Kubelka–Munk units.


[Ag(bipy)(UO2)(bdc)1.5] (1): In a typical preparation, an aqueous mixture
(10 mL) containing UO2(OAc)2·2 H2O (0.21 g, 0.0005 mol), AgNO3


(0.17 g, 0.001 mol), bipy (0.16 g, 0.001 mol), H2bdc (0.16 g, 0.001 mol),
and water (10.00 g, 0.556 mol) in a molar ratio of 1:2:2:2:1110 was sealed
in a Teflon-lined autoclave (15 mL) and heated at 160 8C for 3 d. After
filtration, washing thoroughly with distilled water in an ultrasonic bath
for a few minutes to remove amorphous impurities, and air-drying at am-
bient temperature, yellow block crystals were obtained in about 50 %
yield (0.35 g) on the basis of U. The product was stable in air and insolu-
ble in water and common organic solvents such as ethanol, acetone, and
acetonitrile. Moreover, no changes in color or powder XRD pattern of
the compound could be detected after direct irradiation with a 400 W
UV lamp for about 90 min. Thus, 1 is insensitive to photodecomposition,
whereas many silver(i) compounds are unstable under UV irradiation.[52]


Elemental analysis calcd (%) for C22H14AgN2O8U: C 33.84, H 1.79, N
3.59, Ag 13.84; found: C 33.68, H 1.71, N 3.51, Ag 13.80; Main IR fea-
tures (KBr): ñ =1590s, 1555m, 1520s, 1438m, 1391s, 1345s, 1147w, 1104w,
1019w, 920s, 850w, 830w, 750s, 530m, 503w, 469 cm�1 w.


[Ag2(phen)2UO2(btec)] (2): The synthetic procedure for 2 was identical
to that for 1, except that instead of bipy and bdcH2, phen (0.20 g,
0.001 mol) and H4btec (0.25 g, 0.001 mol) were used as ligands. Yellow
block crystals were obtained in about 73% yield (0.40 g). This compound
was also insoluble in water and common organic solvents and photostable
under UV irradiation. Elemental analysis calcd (%) for
C34H18Ag2N4O10U: C 37.22, H 1.64, N 5.11, Ag 19.70; found: C 38.01, H
1.70, N 5.22, Ag 19.80; Main IR features (KBr): ñ=1617m, 1553s, 1482w,
1429s, 1353s, 1306s, 1122m, 913m, 848s, 807w, 767w, 723 m, 671w, 629w,
569w, 521 cm�1 m.


X-ray crystal structure determination : Yellow blocks of 1 with approxi-
mate crystal size of 0.36 � 0.28 � 0.20 mm and 2 of 0.23 � 0.22 � 0.17 mm
were selected, and the single-crystal X-ray data were recorded at 293-
(2) K on a Bruker Smart-CCD diffractometer (MoKa, l =0.71073 �). The
structures were solved by direct methods (SHELXTL Version 5.10), and
refined by full-matrix least-squares techniques on F2. All non-hydrogen
atoms were refined anisotropically and the aromatic hydrogen atoms
were calculated and fixed with thermal parameters based on the bonded
carbon atoms (C�H 0.93 �). A total of 3738 reflections out of 6014
unique reflections were independent in the range 2.45<q<25.078 and
were used to solve the structure for 1 (Rint =0.0512) [I> 2s(I)]. Of the
total of 11388 unique reflections for 2 collected in the range of 1.88<q<


30.038, 4265 reflections were unique (Rint =0.0472) [I>2 s(I)].


CCDC 224855 (1) and CCDC-224856 (2) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


Photocatalytic testing : Photocatalytic experiments in aqueous solution
were performed in a water-cooled quartz (for Hg lamp, UV light) or
Pyrex (for Xe lamp) cylindrical cell. The reaction mixture in the cell was
maintained at 20�2 8C by a continuous flow of water through an external
cooling coil with magnetic stirring, and were illuminated from an internal
light source with about 2-cm optical path length. The UV light source
was a 125 W high-pressure mercury lamp (HPML, main output
313.2 nm). To address the activity in the visible range, solar-light experi-
ments were performed with a 400 W Xe lamp (radiation wavelength
>400 nm).


The photocatalytic activities of the two compounds were compared with
that of commercial TiO2 (Degussa P-25), which is a well-known photoca-
talyst working under UV irradiation. A suspension of powdered catalyst


(160 mg) in a fresh aqueous solution of RhB (80 mL, 0.10 mmol L�1) was
ultrasonicated for 5 min and magnetically stirred in the dark for at least
30 min (to establish an adsorption/desorption equilibrium of RhB on the
sample surface) until no change in the UV/Vis absorption of the RhB so-
lution occurred. At given irradiation time intervals, a series of aqueous
solutions of a certain volume were collected and filtered through a Milli-
pore filter to remove suspended catalyst particles for analysis. The photo-
catalytic performance of the catalysts was estimated by monitoring the
visible absorbance (at l =555 nm) characteristic of the target (RhB) by
UV/Vis spectroscopy. The mineralization of the dye in the degraded solu-
tions was assessed by measuring the TOC on a Shimadzu TOC-VCPH ana-
lyzer. Since the molar absorptivity of the dye was very high, the sample
after filtration was diluted by a factor of 2 to accurately quantify the dye
concentration. The final products after photocatalytic degradation proc-
ess were analyzed by a DX-300 ion chromatograph (Dionex) equipped
with a conductivity detector. An AS4A anion column and an ICE-ASI
anion column were used for determination of NO3


� ions quantitatively
and organic acids qualitatively, respectively. Other highly polar and less
volatile intermediate products in aqueous solution during the photocata-
lytic process were investigated with an Agilent 1100 LC-MS VL system.
Spin-trap technique with 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was
performed on a Bruker EPR 300E spectrometer to detect hydroxyl radi-
cals in the suspension containing powdered catalyst after irradiation
under UV light for 120 s at room temperature.
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Aspects of Glycosidic Bond Formation in Aqueous Solution:
Chemical Bonding and the Role of Water


John M. Stubbs*[a] and Dominik Marx[b]


Introduction


There are several archetypal “bonding patterns” found in
nature connecting simple molecular building blocks via co-
valent bonds to biopolymers possessing a vast spectrum of
functionalities. Among them are the peptide bond, the disul-
fide bond, and the glycosidic bond thus highlighting the im-
portance of these motifs within (bio)chemistry. In particular,
monosaccharides such as a-d-glucopyranose are the building
blocks of carbohydrate chemistry, linked together by glycosi-


dic bonds. Simple sugars make up a wide variety of substan-
ces found in nature, from DNA to cellulose to biological
energy storage mechanisms. Consequently, the glycosidic
bond has been studied experimentally for a wide variety of
compounds,[1–13] predominantly through hydrolysis, under a
myriad of conditions, and is important in the consideration
of enzymatic glycosyl-transfer reactions. One of the reasons
it has been studied so extensively is because of the rich and
often subtle variety of the reactions that take place. Widely
varying amounts of inversion and retention of the anomeric
center are readily observed depending upon anomeric start-
ing configuration, leaving group, additional ring substituents,
and solvent. Adding to the complexity are competing hy-
drolysis reactions when multiple products are possible.[1] It
is accepted that the reaction proceeds through an oxocarbe-
nium cation intermediate; the mechanism involved in hy-
drolysis of glucopyranosides has been concluded to be disso-
ciative (DN+AN) or partially-dissociative (A*


NDN)[1,2,13] which
lies between SN2 and SN1 behavior, although a concerted
mechanism (ANDN)[5,6] has been observed for the case of
aqueous hydrolysis of fluoro-a-d-glucopyranoside (see
ref. [14, 15] for notation details). Upon reviewing previous
work it has been concluded[8] that the hydrolysis of methyl


Abstract: A model of the specific acid-
catalyzed glycosidic bond formation in
liquid water at ambient conditions is
studied based on constrained Car–Par-
rinello ab initio molecular dynamics.
Specifically the reaction of a-d-gluco-
pyranose and methanol is found to pro-
ceed by a DNAN mechanism. The DN


step consists of a concerted protona-
tion of the O1 hydroxyl leaving group;
this process results in the breaking of
the C1�O1 bond, and oxocarbenium ion
formation involving C1=O5. The second
step, AN, is the formation of the C1�Om


glycosidic bond, deprotonation of the
methanol hydroxyl group OmHm, and


re-formation of the C1�O5 single bond.
A focus of this study is the analysis of
the electronic structure during this con-
densed phase reaction relying on both
Boys/Wannier localized orbitals and
the electron localization function ELF.
This analysis allows the clear elucida-
tion of the chemical bonding features
of the intermediate bracketed by the
DN and AN steps, which is a non-sol-


vent equilibrated oxocarbenium cation.
Most interestingly, it is found that the
oxygen in the pyranose ring becomes
“desolvated” upon double bond/oxo-
carbenium formation, whereas it is en-
gaged in the hydrogen-bonded water
network before and after this period.
This demonstrates that hydrogen bond-
ing and thus the aqueous solvent play
an active role in this reaction implying
that microsolvation studies in the gas
phase, both theoretical and experimen-
tal, might lead to qualitatively different
reaction mechanisms compared to so-
lution.


Keywords: glycosides · reaction
mechanisms · reactive
intermediates · solvent effects ·
transition states


[a] Dr. J. M. Stubbs
Lehrstuhl f�r Theoretische Chemie
Ruhr-Universit�t Bochum, 44780 Bochum (Germany)
on leave from:
Department of Chemistry, University of Minnesota
Minneapolis, MN 55455-0431 (USA)
Current address: Department of Chemistry, Grinnell College
Grinnell, IA 50112-1690 (USA)
Fax: (+1) 641-269-4285
E-mail : stubbsj@grinnell.edu


[b] Prof. Dr. D. Marx
Lehrstuhl f�r Theoretische Chemie
Ruhr-Universit�t Bochum, 44780 Bochum (Germany)


Chem. Eur. J. 2005, 11, 2651 – 2659 DOI: 10.1002/chem.200400773 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2651


FULL PAPER







a- and methyl b-glucopyranosides is specific acid-cata-
lyzed[2,16] and that the mechanism has been explained by the
pre-equilibrium formation of a protonated leaving group in-
termediate which provides insufficient time for solvent equi-
libration. The transition state has an estimated life time[2,10]


of ~1–3 ps.
Although the hydrolysis of glucopyranosides has been


thoroughly investigated, the forward reaction to form poly-
saccharides has not received much attention for several rea-
sons, including energetic unfavorability and lack of appear-
ance in carbohydrate digestion (where precisely the opposite
occurs). Due to the subtlety in the effects of leaving
group[5,6] and temperature[12] on the hydrolysis reaction the
mechanism of the forward reaction is not necessarily the
same as its hydrolysis, though reaction energetics should be
comparable. In particular, the questions of the reaction
being late or early, the transition state being solvent equili-
brated or not, and the degree of C1�O1 bond cleavage at the
transition state can be answered and compared with the hy-
drolysis reaction.


Previous theoretical treatments have investigated aspects
of such hydrolysis reactions by using quantum chemical gas
phase or continuum solvation methods[17–21] where the con-
formation of exocyclic substituents such as the C6�O6 hy-
droxymethyl orientation was found to be particularly impor-
tant for the hydrolysis of methyl b-d-glucopyranoside. These
studies focused mainly on aspects of reactivity and confor-
mational stability of mono- or disaccharides in the ground
state and transition states, including relative anomeric stabil-
ity and substituent effects. A notable exception to these
studies includes the investigation of uracil-DNA glycosylase
via a QM/MM approach.[22] Others have focused on the sol-
vation and hydrogen-bonding behavior without studying
chemical reactions using molecular dynamics methods.[23–25]


Combining these findings it can be anticipated that the pres-
ence of water will be critical for the mechanism so that con-
densed phase results are expected to differ substantially
from gas-phase.


Stimulated by the lack of theoretical studies at typical
“wet chemistry conditions” in conjunction with the general
importance of the glycosidic bond we launched a Car–Parri-
nello ab initio molecular dynamics[26–28] study; preliminary
results have been published very recently in a short note.[29]


The goal of this investigation was to determine the mecha-
nistic details including the transition state structure, extent
of oxocarbenium ion formation and free energy of reaction
at conditions relevant to experiment, that is, in acidic liquid
water at room temperature and atmospheric pressure. In
order to obtain a computationally tractable model for dy-
namical ab initio simulations one of the monosaccharide
partners was replaced by a methanol molecule. Thus, we in-
vestigate how methyl b-d-glucopyranose is formed via the
specific acid-catalyzed reaction of methanol with a-d-gluco-
pyranose. The method of Car–Parrinello molecular dynam-
ics[26–28] was chosen because of its ability to study bond for-
mation and breaking, its incorporation of dynamical con-
straints, the ability to explicitly include a solvent at the same


footing as the reactants, and the ability to do all this at a
biologically relevant temperature and pressure.


Computational Methods and Modeling Approach


Car–Parrinello molecular dynamics[26,27] as implemented in
the CPMD code[27,28] was used for both the dynamic ab
initio simulations and the static optimizations in the liquid
and gas phase, respectively. For these electronic structure
calculations Troullier–Martins norm-conserving pseudopo-
tentials[30] were employed together with the BLYP function-
al[31,32] by using a plane wave cutoff of 70 Ry at the G point
of the simulation cell; periodic boundary conditions were
applied for the condensed phase simulations, whereas gas
phase calculations where carried out within isolating “clus-
ter” boundary conditions.


Initially, a study of the proton affinity of the respective
oxygens of a-d-glucopyranose was carried out with static ab
initio calculations in the gas phase to find out which of the
six oxygen atoms is a preferred site for protonation, see
Figure 1. Starting with the crystal structure[33] of a-d-gluco-
pyranose gas phase optimizations were performed, followed
by the generation of six different protonated structures by
placing a proton in one of the two “tetrahedral lone pair
sites” of each of the six oxygen atoms and optimizing the re-
sulting protonated molecules.


In order to prepare the system in solution in a chemically
relevant state an initial pre-equilibration was performed
with classical molecular dynamics, which satisfactorily de-
scribes the non-reactive interactions involved in this process.
In particular, a (neutral) starting configuration was prepared
by very slowly pulling together the Om atom of methanol
and the C1 site on the sugar ring (see Figure 1 for labeling)
in a large simulation cell; again the crystal structure[33] of a-
d-glucopyranose was used as an initial structural guess. For
this purpose the OPLS-AA all-atom force field for carbohy-
drates[34,35] was used in conjunction with the TIP3P[36] water
model for the classical simulations of a-d-glucopyranose,
methanol, and water at a density of 0.997 g cm�3. These clas-
sical simulations were carried out with the TINKER simula-
tion package.[37] The electrostatic interactions were comput-
ed with a distance-based cutoff at 9 � and periodic boun-
dary conditions were applied. A time step of 1 fs was used
with the velocity–Verlet integration scheme, and a tempera-
ture of 300 K was maintained by a Berendsen thermostat
with coupling time of 1 ps.


Figure 1. Numbering scheme of a-d-glucopyranose molecule�s heavy
atoms.
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This force field based setup was used to pull the reactants
slowly together by applying a harmonic distance constraint
(or “restraint”) on the C1–Om distance, starting with an in-
teratomic distance of 10 � and decrementing by 0.5 � from
10 to 3.5 � followed by 0.25 � from 3.5 to 2.5 � by using a
force constant of 100 kcal mol�1. In addition, it was necessa-
ry to apply such a constraint on the O1�Om distance as to
keep Om close to the C1�O1 vector in order to avoid hydro-
gen bonding between O1 and methanol at short distances;
this would be an unfavorable starting configuration for a
substitution reaction on the C1 carbon. Three a-d-glucopyra-
nose rotamers were used, all sharing the 4C1 conformation
of the pyranose ring but differing in both the conformation
of the hydroxymethyl group (rotation around the C5�C6


bond) and direction of the hydrogen bonds of the hydroxyl
groups. Finally, one configuration was chosen at a constraint
distance of about 2.7 � such that the group was located op-
posite the O1 atom with respect to the sugar ring based on
“chemical intuition” of a displacement reaction. Subse-
quently, the number of water molecules was decreased (by
using NVT and NpT simulations at 300 K and 1 atm) from
483 to 89, 73, 57, and 44 solvating molecules. No significant
difference was found between the radial distribution func-
tion of water oxygen atoms around both C1 and O1 as ob-
tained by 89, 73, 57 molecules, whereas qualitative devia-
tions were found with 44 molecules. In order to prepare a
starting configuration for the follow-up ab initio simulations
a configuration was sampled from a NpT run (within a cubic
supercell) with 57 water molecules where Om was close to
the C1–O1 vector subject to having system parameters such
as volume and total potential energy close to their respec-
tive average values. This particular system had a box length
of 12.255 � which yielded a density of 1.118 g cm�3.


This configuration of the neutral system was then equili-
brated for about 2.5 ps by using Car–Parrinello ab initio mo-
lecular dynamics. After this simulation phase, a proton was
added at one of the two tetrahedral oxygen lone-pairs of a
water molecule that was hydrogen bonding with the O1


oxygen; the latter was found to be the energetically most fa-
vorable protonation site in the gas phase. This system com-
posed of 57 water molecules to solvate the protonated reac-
tive complex in a cubic box of 12.255 � was propagated by
Car–Parrinello ab initio molecular dynamics; the overall
positive net charge was compensated as usual by applying a
uniform negative background charge. A temperature of
300 K was established via Nos�–Hoover thermostatting, thus
properly sampling the canonical ensemble. Hydrogen was
substituted by deuterium allowing for a time step of 0.12 fs
in conjunction with a fictitious electron mass of 1000 au and
separate thermostatting of the orbitals.


Since the reaction barrier is certainly too high (experi-
mental estimates[38] for the hydrolysis of methyl b-d-gluco-
pyranoside, which is at least as large of a barrier as for the
forward reaction studied here, are in the range of about 31–
34 kcal mol�1) to be overcome by thermal fluctuations on
the picosecond time scale of ab initio molecular dynamics
runs, constraint techniques[39,40] have to be used. Here, we


continue to use the distance between the Om atom of metha-
nol and the C1 site on the sugar ring as a possible reaction
coordinate to drive the reactive complex to the product
state. The free energy along this particular variable is ob-
tained via thermodynamic integration from the integral of
the average Lagrange multiplier in the constrained ensemble
which defines the mean force for the simple interatomic dis-
tance constraint used.[40] Starting from 2.69 � the constraint
distance was decreased in a stepwise fashion to 1.46 � by
using increments from 0.15 to 0.075 �. Overall, a total ab
initio simulation time of 13.3 ps (after ab initio equilibra-
tion) was necessary in order to simulate the entire process
of glycosidic bond formation including a meaningful sam-
pling of the average Lagrange multiplier at each increment.


Results and Discussion


Gas phase—Structure and proton affinity : The results from
the structural optimizations of a-d-glucopyranose in isola-
tion are collected in Table 1 in terms of dihedral angles;
other structural parameters such as bond lengths and bond
angles are within the expected ranges. The structure of the
neutral sugar molecule agrees well with the experimentally
determined structure in the crystal[33] and previous density
functional and MP2 calculations of the isolated mole-
cule.[19,41, 42] As seen in Table 2, the O1 site is the most ener-
getically favorable site for protonation in the gas phase. For
comparison, the proton affinity of water obtained with the
very same approach was determined to be 169 kcal mol�1; a
recent G2 calculation[43] yielded 163 kcal mol�1 whereas the
experimental value[44] is 165 kcal mol�1. This suggests that O1


might also be the thermodynamically preferred site for pro-
tonation in solution. An interesting and unexpected result of
these gas phase calculations was the “product” of the O4


protonation. Having an energy value of only 0.18 kcal mol�1


above that of the protonated O1 site, which is essentially a
degenerate situation in view of the accuracy of the electron-
ic structure method, this optimization resulted in a complete
rearrangement of the six-membered pyranose to a five-
membered furanose ring with the H2O leaving group, in-
volving O4, stabilizing the carbocation at C3 formed as
shown in Figure 2. This rearrangement is probably the cause
for our finding the proton affinity of O4 to be higher than


Figure 2. Optimized gas-phase structure for a-d-glucopyranose protonat-
ed at the O4 site. Note the qualitative rearrangement from the pyranose
ring from Figure 1 into a five-membered furanose ring.
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O6 in contrast to previous Hartree–Fock calculations,[45]


where no such complete restructuring of the sugar ring was
reported. Additionally, although the proton affinities are
(essentially) the same for O1 and O4, the required rearrange-
ment in the latter case would not lead to the desired glycosi-
dic bonding pattern and would in any case almost certainly
not occur in aqueous solution where interactions with neigh-
boring water molecules would not allow such a rearrange-
ment. However, this result might have interesting implica-
tions for gas phase studies. Thus, protonation of O1 is most
promising and will be considered in detail in aqueous so-
lution.


Condensed phase—Mechanism : Upon starting from a situa-
tion where a-d-glucopyranose is close to the methanol mol-
ecule, the distance between the Om atom of methanol and
the C1 site on the sugar being 2.7 � and a protonated water
molecule donating a hydrogen bond to O1, the approach of
the methanol molecule was enforced by decreasing the C1–
Om distance in a stepwise fashion; see Section on Computa-
tional Methods above for a detailed description of the pro-
tocol. The reaction mechanism can be inferred from the
evolution of interatomic separations plotted in Figure 3a,
hydrogen bond coordinates in b) and sugar ring torsional


angles in c). The hydrogen-bond coordinates depicted in
Figure 3b are asymmetric stretch coordinates defined such
that a value of zero implies that a given proton resides
midway between the respective donor and acceptor atoms.
Note that only for convenience, the entire reaction sequence
is plotted on one time axis and events occurring during the
simulation will be referred to according to at what “time”
they occurred; however, it must be emphasized that due to
the effect of the constrained dynamics this should not be in-
terpreted as real time.


Table 1. Comparison of a-d-glucopyranose torsional angles [8]; note that
the experimental structure[33] is obtained from crystallographic data.


Atoms Experimental[33] This
work


BLYP[41] MP2[19] B3LYP[42]


exocyclic
angles
C2-C1-O1-H �163.1 �170.2 �170
C3-C2-O2-H 24.4 75.3 75
C4-C3-O3-H 73.8 56.7 60
C5-C4-O4-H �103.6 �81.9 �90
C5-C6-O6-H �143.8 �161.1 180 �58.0
O5-C5-C6-O6 70.2 75 74.9 60.8
C4-C5-C6-O6 �170.3 �165.4 �165
O5-C1-O1-H 74.9 66.4 67.6
C1-O5-C5-C6 �176.5 �176.6 �178.7
endocyclic
angles
C1-C2-C3-C4 �51.3 �49.3 �54.0
C2-C3-C4-C5 53.3 52.9 56.5 55.9
C3-C4-C5-O5 �57.5 �56.3 �57.9 �56.6
C4-C5-O5-C1 62.2 60.3 60.1 58.7
C5-O5-C1-C2 �60.9 �58.8 �57.9
O5-C1-C2-C3 54.1 51.7 53.8


Table 2. Gas phase a-d-glucopyranose proton affinities in kcal mol�1; see
text for a discussion of the comparison with the Hartree–Fock data.[45]


Site This work HF/6-31G[45]


O1 214
O2 204
O3 205
O4 214 190
O5 208
O6 207 196


Figure 3. Evolution of distances and torsional angles as the C1–Om con-
straint is decreased from 2.689 � at t=0 ps to 1.462 � at t=15 ps where
unconstrained dynamics sets in. a) Solid, dotted and dashed lines repre-
sent C1–Om, C1–O1 and C1–O5 distances, respectively. b) Solid and dotted
lines represent the hydrogen bond coordinates rOwH+�rO1H+ and rOmHm�
rOwHm, respectively. c) Solid, dotted and dashed lines represent C4-C5-O5-
C1, C5-O5-C1-C2 and O5-C1-C2-C3 angles, respectively. Labeling scheme
according to Figure 1.
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The formation of methyl b-d-glucopyranoside is found to
occur in two sequential steps along the chosen reaction co-
ordinate, the C1–Om distance (Figure 3a, c), which is de-
creased throughout the reaction. The first step, I, consists of
concerted protonation of O1 in the leaving hydroxyl group
(Figure 3b, c), breaking of the C1�O1 bond (a, dotted
line), and shortening of the endocyclic C1�O5 bond (a,
graph at r = 1.5 �) close to 7.76 ps at which point the C5-
O5-C1-C2 torsion moves from negative to positive values (c,
dotted line). These events are initiated by irreversible proto-
nation of O1. This also brings about a change in the orienta-
tion of the attacking methanol as evidenced by the O5-C1-
Om angle moving from 80 to 1008, see also the schematic
representation in Figure 4a,b. The second step, II, involves
the formation of the new C1�Om bond (Figure 3a, c), de-
protonation of Om (Figure 3b, dotted line crossing zero), an
increase in the C1�O5 bond length (Figure 3a), dashed line),
and cessation of changes to the ring conformation (Fig-
ure 3c, see also Figure 4c,d. Prior to this successful step two
temporary protonation events of the leaving hydroxyl group,
that is, of O1, were observed at about 3.0 and 4.7 ps (Fig-
ure 3b, c), which were, however, unsuccessful in breaking
the C1�O1 covalent bond. These events imply that it was
necessary to have the methanol Om sufficiently close to C1


before irreversible protonation and thus dehydration could
occur. This scenario does not support mechanisms where the
intermediate cation is assumed to have sufficient time to
become solvent equilibrated before the C1�Om bond is
formed, similar to glycosyltransferase mechanisms[46] with
close proximity of the nucleophile before ionization.


Interestingly, each reversible protonation of O1 was fol-
lowed by changes in bond lengths between C1�O1 which in-
creases and C1�O5 which decreases, most noticeable in
Figure 3 at 3.0 ps. This observation is characteristic for both
specific acid catalysis[2,16] and the near synchronicity of
step I. The coupling of C1�O5 bond shortening and C1�O1


bond breaking, which occur nearly simultaneously at 7.76 ps,
is at odds with kinetic isotope effect data for the hydrolysis
of methyl a- and methyl b-d-glucopyranoside[2] which indi-
cates a delay between the two events. However, the same
hydrolysis reaction for methyl xylopyranosides[47] is known
to be simultaneous. The three endocyclic ring torsional
angles, which can be used to monitor the conformation
during the simulation, are depicted in Figure 3c. The change
from the initial 4C1 to the final predominantly 1S3 twist boat


conformation, which occurs continuously starting at 7.76 ps,
is clearly seen. Panels a) and c) in Figure 5 depict these con-
formations as sampled from the trajectory. Once the C1�Om


distance has reached 2.06 � at 7.27 ps, it takes about 500 fs
until the C1�O5 bond length contracts abruptly by as much
as �0.15 � after which it relaxes only slowly back to the


Figure 4. Scheme of the reaction mechanism a)–d) and ball-and-stick rep-
resentation of the most important atoms (O: red, C: black) in representa-
tive trajectory snapshots taken at 7.27 ps (e), 7.74 ps (f), 12.5 ps (g), and
13.5 ps (h). The Wannier centers are represented by transparent spheres
(blue) with radii being proportional to the spread of the localized orbi-
tals.


Figure 5. Conformations of the glucopyranose molecule throughout the simulation. a) 4C1 conformation at 3.07 ps; b) 1S5 conformation at 7.75 ps; c) 1S3


conformation at 13.90 ps.
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original value, see the dashed line in Figure 3a. The reason
for this phenomenon, which is the transient formation of an
oxocarbenium ion, can be understood at the molecular level
upon analyzing electronic structure changes during the
course of the simulation, see next section.


Shortly after the oxocarbenium formation it is observed
by analyzing coordination numbers that O5 expels its hydro-
gen-bonded solvating water molecule at about 8 ps. Further-
more, it is found that this site remains unsolvated during the
lifetime of the oxocarbenium cation before it partially re-
solvates itself by establishing a hydrogen bond involving an-
other water molecule at �11.4 ps. This temporary “drying”
of O5 is visualized in Figure 6, which depicts the distance
from O5 to the closest hydrogen atoms over the course of
the simulation in comparison to the C1�O5 bond length,
which monitors the oxocarbenium state.


Between approximately 11.4 and 12.9 ps, at a constant C1–
Om constraint distance of 1.69 �, several deprotonation at-
tempts of Om occur, see dotted line in Figure 3b, each of
which manifests itself by a slight but significant increase of
the C1�O5 bond length. This period is characterized by elec-
tronic structure fluctuations of the oxocarbenium cation, see
next section. The end of this period, at a constant C1–Om


distance of 1.69 � shows several reversible deprotonations
of the Om oxygen, each of which show a corresponding in-
crease in the C1�O5 bond length. Finally, when the C1–Om


distance is reduced to 1.54 �, which lies at the edge of the
fluctuating range of bond lengths in the subsequent uncon-
strained simulation (after 15.0 ps), the Om oxygen is definite-
ly deprotonated, that is, the dotted line in Figure 3b stays
positive after 12.9 ps, at which time the C1�O5 bond length
returns to the typical single-bond value, see Figure 4d, and a
hydrogen bond is again fully accepted by O5. Based on O1–
H+ , C1–O1, and C1–O5 distance criteria steps I and II of the
reaction occur at 7.7 and 12.9 ps, respectively, with the


period of reversible deprotonation of Om occurring between
11.4 and 12.9 ps.


Condensed phase—Electronic structure : The chemistry re-
sponsible for these structural changes becomes obvious
upon analyzing the electronic structure via the localization
of the canonical Bloch orbitals in terms of Wannier func-
tions.[48] Wannier functions (or orbitals) are the analogues of
Boys� localized molecular orbitals for periodic systems such
as a molecular liquid subject to periodic boundary condi-
tions as simulated here. Thus, they allow a dynamical analy-
sis of the electronic structure imposing a “Lewis-type view-
point” based on concepts such as single bonds, double bonds
and lone pairs. To this end the Wannier centers, being the
average positions of corresponding orbitals, can be used as
simplified indicators[49] as depicted in the right sequence of
panels in Figure 4 where only the most important atoms and
corresponding orbitals/centers are cut out of the trajectory
for the sake of clarity. In Figure 4e, corresponding to the
“normal” C1�O5 bond length, one can identify two Wannier
centers connected exclusively to O5 thus representing its two
lone pairs. In addition there is one center each on the con-
necting axes to the neighboring carbon atoms (C1 and C5),
which represent the two C1�O5 and C5�O5 single bonds.
This bonding pattern changes qualitatively once the C1�O5


bond contracts around 7.7 ps: there is only one lone pair left
at O5 whereas two Wannier centers become aligned along
the C1–O5 axis, see Figure 4f. At the same time the Wannier
center between O5 and C5 stays invariant implying the exis-
tence of the C5�O5 single bond. In terms of a simple Lewis
picture this change clearly signals the formation of a C1=O5


double bond, that is, of an oxocarbenium cation. This is the
site for the incoming methanol molecule to form an ion–
dipole complex which remains stable up to about 11.4 ps. In
the interval between approximately 11.4 and 12.9 ps several
deprotonation attempts of Om occur and the Wannier cen-
ters of O5, see Figure 4g, are found to oscillate between one
or two lone pairs and a double or single C1�O5 bond, re-
spectively, corresponding to sp2- and sp3-hybridization pat-
terns of C1. After reducing C1�Om to 1.54 � the C1�O5 bond
assumes again a clear single bond character as seen from
the Wannier centers in Figure 4h which closely resemble the
situation in Figure 4e.


This bonding analysis, which relies on a specific orbital lo-
calization procedure, was supplemented and confirmed by a
more elaborate topological analysis[50–53] of the electron lo-
calization function (ELF) introduced by Becke and Edge-
combe;[54] note that the present analysis focuses exclusively
on the chemically relevant valence electrons. This function
h(r) is large in regions where two electrons with antiparallel
spin are paired in space thus forming covalent bonds or lone
pairs;[50,51] ELF is normalized between zero and unity and its
value for the uniform electron gas is 1=2. Positions in space
where ELF attains maximum values (denoted by h max) are
called attractors which can be used to locate covalent bonds
and/or lone pairs; conventional single bonds are character-
ized by one attractor on the axis connecting two nuclei


Figure 6. Distances between O5 and the two closest solvent hydrogens
(g, c) in comparison to the C1�O5 bond length (dashed). The loss
of hydrogen bonding involving O5, between about 8 and 11 ps, correlates
with the existence of an oxocarbenium cation which is characterized by a
decrease in the C1–O5 bond length.
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whereas double bonds feature two attractors above and
below the respective symmetry plane; note that in the case
of covalent bonds involving hydrogen, H–X, the correspond-
ing bond attractors are shifted toward the position of the
proton. In order to characterize the regions around attrac-
tors in more detail one can consider all the points in space
with h(r)� f, which define corresponding f localization do-
mains; f is a positive constant smaller than h max. These re-
gions in space can be visualized by showing the isosurface
h(r)= f such as done in Figure 7 for two important configu-
rations sampled from the trajectory. For a given value of f,
several closed isosurfaces surrounding different attractors
can exist. As the value of f is lowered different spatially sep-
arated f localization domains are confluent and closed iso-
surfaces appear which contain more than one attractor.


In the present case, clear evidence for oxocarbenium for-
mation is found in terms of the emergence of a double bond
attractor between C1 and O5. At a time of 7.27 ps there are
two pronounced lone pair ELF attractors (with h max = 0.94
in both cases and confluence of the localization domains at
h*= 0.90, see arrows in Figure 7a) and two single bond at-
tractors between O5 and both C1 and C5 (in both cases
h max =0.85). This topology is changed qualitatively at a time
of 8.48 ps where O5 clearly has only one lone pair left
(h max =0.94), whereas a double bond attractor is now locat-
ed between O5 and C1 (h max = 0.84) while preserving the
single bond attractor between O5 and C5 (h max = 0.86), simi-
lar to Figure 7b. At 10.83 ps, O5 is found to have one lone
pair (h max =0.95), a sharp (in terms of its localization
domain) single bond attractor between O5 and C5, whereas
the attractor between O5 and C1 is of single-bond type but
its localization domain is very large/diffuse. As already dis-
cussed above, this transition period up to about 11.4 ps is
characterized by an unsolvated O5 site. Finally, at 13.19 ps
the standard bonding situation is fully re-established, that is,
two lone pairs at O5 (h max = 0.93) and two (“sharp”) single
bond attractors between O5 and C5 as well as between O5


and C1 (in both cases h max = 0.85).
In order to scrutinize and possibly complement the assign-


ment of the two steps as inferred from simple structural in-


dicators the Wannier analysis was performed for many
system configurations both shortly before and after steps I
and II. This dynamical electronic structure analysis allows to
determine at which step the C1�O5 bond changed from
single to double bond character and back. Based on the lo-
cations of Wannier centers step I clearly occurs at 7.7 ps
where an O5 oxygen “lone pair” center becomes oriented
along the C1–O5 axis, whereas the center that was previously
located on the axis connecting C1 to O5 moves off-axis
which yields a C1=O5 double-bond pattern. Throughout the
time between 11.4 and 12.9 ps where reversible deprotona-
tion of Om occurs the electronic structure “close to” O5 os-
cillates between having one and two Wannier centers orient-
ed along the C1–O5 axis, and thus two and one lone pair cen-
ters at O5 respectively, finally remaining at one site after
12.9 ps. Thus, both the electronic and real-space structure
lead to the same window of existence of the oxocarbenium
cation and thus yield the same assignments of steps I and II.


Condensed phase—Energetics : The free energy of the reac-
tion can be calculated[39, 40] from the force acting on the con-
straint along the reaction coordinate x, that is, the C1–Om


distance, by integration of the curve shown in Figure 8a.
From the free energy profile the difference between the re-
actant and product energies is about 27 kcal mol�1 with a
barrier height of about 35 kcal mol�1 to formation. Addition-
al simulations at larger values of x were later added to ac-
count for a consistent initial and final force of about zero,
causing the slight difference between this value of the free
energy and our initially reported one.[29] As the constraint
distance shortened, a negative constraint force is observed,
see Figure 8a. However, the force finally approaches zero as
the adduct becomes deprotonated when Hm is “taken” by a
solvating water molecule as depicted in Figure 4c. In turn,
the resulting hydronium ion H3O


+ detaches from the adduct
complex, becomes solvated in the liquid, and features stan-
dard Grotthuss structural diffusion.[55] The final value of the
C1–Om distance constraint was 1.462 �, which is close to the
average value of about 1.47�0.05 � as determined from an
unconstrained �1 ps simulation in continuation of the last
constrained run, see Figure 3a.


Based on the shape of the free energy profile, see Fig-
ure 8b, the transition state can be identified from the maxi-
mum of the curve: it corresponds to a constraint value of
about 1.95 � or equivalently to �9 ps. Thus, the transition
state is close to step I which is the situation depicted in Fig-
ure 4b and f. This is broadly consistent with both the assess-
ment of structural rearrangements as the reaction progresses
and the dynamics of the electronic structure extracted from
Wannier orbital and ELF analysis. Furthermore, the confor-
mation of the pyranose ring close to the transition state can
be analyzed in detail, see for example, Figure 3c. It is found
that its conformation is a flattened 4C1 chair with some 1S5


character as depicted in Figure 5b. This is similar to the pro-
posed transition states for corresponding hydrolysis of
methyl b-d-glucopyranoside.[1,2,8] At the transition state the
C1–O1 distance was �1.9 � indicating the degree of bond


Figure 7. Electron localization function for a reduced system of reactants
and two water molecules participating in the proton transfers, a) at 7.27
and b) at 7.75 ps.
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cleavage is almost complete. As the starting conformation of
the pyranose ring was also 4C1 the transition state must be
regarded as an early one, which is consistent with a late
transition state for the back reaction.[2,5, 6] The stability range
of the oxocarbenium cation can also be roughly inferred
from the shape of the free energy profile, see Figure 8, from
values of x close to the maximum (where the transition state
exists). Taking the maximum to be bounded by 3.9<x<


3.2 au corresponds to simulation times between 6 and 12 ps.
This assignment of the oxocarbenium lifetime complements
the previously discussed assignments based on atomic and
electronic structure.


At this stage it is revealing to compare this scenario to
what was observed in gas phase calculations[18] where the
transition state of protonated methyl b-d-glucopyranoside
was found to feature a stabilizing intramolecular interaction
of the protonated Om by O6 instead of an intermolecular sta-
bilization due to solvent molecules. In the light of the pres-
ent “wet chemistry” results this intramolecular stabilization
looks like an artefact—when compared with the situation in
solution—that is caused by the lack of solvent. This conclu-
sion is underscored by our previous observation that proto-
nation of a-d-glucopyranose at the O4 site in the gas phase


leads to release of a water molecule and concurrent forma-
tion of a five-membered ring (i.e. , the furanose depicted in
Figure 2), which is not expected in solution. Thus, the corre-
sponding gas-phase reaction probably follows another path-
way from reactants to products than the condensed phase
reaction.


Concluding Remarks


A detailed investigation of the mechanism of the specific
acid-catalyzed reaction of methanol and a-d-glucopyranose,
modeling the formation of a glycosidic bond in liquid water
at ambient conditions, is presented based on a set of con-
strained molecular dynamics simulations. The constraint,
being a one-dimensional reaction coordinate, was chosen to
be the distance between the oxygen atom of the attacking
methanol and the C1 site of the pyranose ring. After prepar-
ing the system relying on classical molecular dynamics, the
reactive simulations were carried out within the Car–Parri-
nello approach to ab initio simulation thus allowing to in-
clude efficiently the electronic structure within density func-
tional theory. The solvent is included on the same footing as
the reactants and the reaction mechanism is analyzed in
terms of structural and energetic aspects as well as changes
of the electronic structure. The latter is dissected by using
localized orbitals of the Boys/Wannier type and the topology
of the electron localization function ELF.


In a nutshell, the reaction is found to proceed—along the
enforced reaction coordinate—via a two-step D*


NAN mecha-
nism as sketched in the sequences of left panels in Figure 4,
because of the apparent necessity of close proximity of the
methanol molecule to the successful protonation and subse-
quent dehydration of the glucopyranose ring. This scenario
is akin to the hydrolysis of methyl a- and methyl b-d-gluco-
pyranoside.[2] In particular, the DN step consists of a concert-
ed protonation of the O1 hydroxyl group, breaking of the
C1�O1 bond, and oxocarbenium ion formation involving a
C1=O5 double bond. The second AN part is the formation of
the C1�Om glycosidic bond, deprotonation of the methanol
hydroxyl group OmHm, and re-formation of the C1�O5 single
bond. The formed hydronium H3O


+ detaches from the
adduct and diffuses away via Grotthuss structural diffusion
in the liquid.


Based on detailed and complementary analyses of the
electronic structure along the reaction coordinate it is
shown that the intermediate can be classified to be an oxo-
carbenium cation, see Figure 4f for its Wannier function rep-
resentation and Figure 7b for ELF. Within the reaction se-
quence it exists between the DN and AN steps, which is con-
firmed by structural parameters, chemical bonding analyses,
and the features of the free energy profile of the entire reac-
tion. The oxocarbenium is non-solvent equilibrated in light
of the apparent necessity of a close approach of the metha-
nol Om before its formation. This was previously found to be
the case for many glucopyranoside hydrolysis reactions,[1–3]


as well as for the theoretical study of glycosyltransferase.[46]


Figure 8. Constraint force (a) and corresponding free energy profile (b)
as a function of the reaction coordinate x which is the constrained C1–Om


distance. Standard deviations obtained from the fluctuations of the La-
grange multiplier during the sampling windows at each value of the con-
straint, see black line in Figure 3a, are shown as error bars.
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Most interestingly, water is found to play a crucial role in
the reaction sequence. It was possible to show that the for-
mation of the oxocarbenium intermediate correlates with
desolvation of the O5 site. After formation of the glycosidic
C1�Om bond and thus upon switching back from the C1=O5


double bond to the C1�O5 single bond the O5 site becomes
again re-solvated. This active role of water correlates well
with the previous finding that an intramolecular stabilization
of the transition state occurs in the gas phase. Beyond this
specific example it is expected that a major cause for differ-
ent reaction mechanisms occurring in the gas phase versus
aqueous solution is caused by the missing influence of spe-
cific hydrogen-bonding interactions involving solvation shell
water. In more general terms this implies that theoretical
studies of reactions in associated liquids relying on continu-
um solvation models, even if hydrogen-bonding effects are
approximately included, are likely to lead to erroneous re-
sults.
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Generation of Quaternary Stereocenters by Asymmetric Michael Reactions:
Enamine Regiochemistry as Configuration Switch


Burkard Kreidler, Angelika Baro, Wolfgang Frey, and Jens Christoffers*[a]


Introduction


The stereoselective generation of quaternary stereocenters
is still one of the most challenging tasks in organic synthesis
and the definitive landmark for any asymmetric C�C bond-
forming reaction.[1] Conjugate additions or 1,4-additions of
enolates or other carbon nucleophiles to acceptor-substitut-
ed olefins (Michael reaction) belong to the most important
and versatile group of reactions for the synthesis of quater-
nary as well as tertiary stereocenters.[2,3] Enantioselective
Michael reactions applying chiral Brønsted base catalysts[4]


or using metal catalysts together with chiral ligands[5] have
been established. In some cases, the application of chiral
auxiliaries, however, turned out to be more promising.[6]


Thus, the copper(ii)-catalyzed Michael reaction with l-valine
diethylamide as the chiral auxiliary is an established method
for the highly enantioselective construction of quaternary
stereocenters at ambient temperature.[7] The auxiliary initial-
ly reacts with the substrate, typically b-oxo esters and b-di-
ketones, to form chiral enamines. As shown in Scheme 1,
the reaction of b-diketones 1 might result in mixtures of iso-
meric enamines 3 and 4.[8] This fact may be used synthetical-
ly in the subsequent Michael reaction if both enamines 3


Abstract: Regioselective enamine for-
mation from cyclic b-diketones 1 is ob-
tained by the appropriate choice of ac-
tivating agent: Brønsted acid catalyzed
condensation gives endocyclic enam-
ines 3 as the thermodynamically fa-
vored products. Activation with Lewis
acid BF3·OEt2 affords betaines 8 as in-
termediate products, which can be re-
acted with l-valine diethylamide (2) to


preferentially furnish exocyclic enam-
ines 4 as kinetic products. Derivatives
with quaternary stereocenters were ac-
cessible from both isomeric enamines
by using asymmetric, copper(ii)-cata-


lyzed Michael reactions at ambient
temperature. Both regioisomers afford
the triketones 7 with the same constitu-
tion but bearing the opposite absolute
configuration at the quaternary stereo-
center. Thus, both enantiomers of the
product are prepared by using the
same chiral auxiliary derived from l-
valine.


Keywords: boron · chiral auxilia-
ries · enamines · Michael addition ·
regioselectivity


[a] B. Kreidler, A. Baro, W. Frey, Prof. J. Christoffers
Institut f�r Organische Chemie der Universit�t Stuttgart
Pfaffenwaldring 55, 70569 Stuttgart (Germany)
Fax: (+49) 711-685-4269
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Scheme 1. Regioisomeric enamines 3 and 4, derived from 1,3-diketones 1
and the chiral auxiliary l-valine diethylamide (2), gave Michael addition
products 7 with the opposite configuration.
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and 4 are obtained regioselectively. According to the pro-
posed mechanism, the CuII-catalyzed addition reaction[9]


proceeds via a six-membered copper azadiketonato complex
6. Depending on the starting enamine, the acceptor methyl
vinyl ketone (5) either coordinates to the Cu center and at-
tacks from the back face (complex 6 a) or through acceptor
coordination and attack occurs from the front face (complex
6 b). Reaction intermediates 6 a and b in the catalytic cycle
are constitutional isomers, yielding, after aqueous, acidic
workup, optically active triketones 7 and ent-7 with opposite
absolute configuration by use of the (S)-isomer of the valine
derivative (Scheme 1). However, in the case of cyclic 1,3-di-
ketone 1 d (R, R’= -(CH2)4-) with an acetyl moiety (R’’=
Me), instead of an open-chain product, subsequent spirocyc-
lization of the exocyclic enamine (like 4) has been ob-
served.[10] The question arises as to whether the methyl
group (R’’=Me) is responsible for this spirocyclization and
it will be addressed in this work.


In the present paper we wish to report on the regioselec-
tive generation of enamines from cyclic b-diketones 1 and l-
valine diethylamide 2 by means of either Lewis or Brønsted
acid activation. The resulting regioisomers are then used in
asymmetric Michael reactions. Furthermore, we have pre-
pared homologous cyclic b-alkanoyl ketones in order to in-
vestigate whether the alkyl substituent influences the course
of the Michael reaction to give spirocyclic or open-chain ad-
dition products.


Results and Discussion


Regioselective formation of endo- and exocyclic enamines
from b-diketones 1: Our synthetic strategy for selectively
preparing endo- and exocyclic enamines 3 and 4 is depicted
in Scheme 2.


In order to prepare exocyclic enamines 4 a–f, which can
be considered as the kinetically favored regioisomers, b-di-
ketones 1 a–f and the effective Lewis acid activating agent
BF3·OEt2


[11] were first reacted in CH2Cl2 at ambient temper-
ature to give oxonia–boranuida betaines 8 a–f in good yields
(Table 1). Betaines 8 are oils or crystalline solids stable to-
wards air and moisture.


From several betaines, single crystals suitable for X-ray
diffraction analysis were obtained by recrystallization from
diethyl ether. As exemplified for 8 f (Figure 1a),[12] all struc-
tures show planarity at the former b-diketone moiety and


have C�C distances of 1.38 � representing a bond order of
about 1.5. Therefore, compound 8 f is best represented by
the two mesomeric structures depicted in Figure 1b.


Scheme 2. Preparation of endo- and exocyclic enamines 3 and 4 and their
use as a configuration switch in asymmetric copper(ii)-catalyzed Michael
reactions.


Table 1. Prepared oxonia–boranuida compounds 8.


Betaine n R Yield [%]


8a 0 Me 81
8b 0 Et 62
8c 0 nPr 91
8d 1 Me 85
8e 1 Et 90
8 f 1 nPr 84


Figure 1. a) Molecular structure of borate–betaine complex 8 f in the
solid state (ORTEP representation) and b) mesomeric structures. Select-
ed bond lengths (�): 1.31 (C1�O1), 1.37 (C1�C2), 1.38 (C2�C7), 1.30
(C7�O2).
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The effect of ring size on the Brønsted acid catalyzed for-
mation of exo- or endocyclic enamines from a-acetylcyclo-
alkanones was investigated by Enriquez and Reynolds.[8] In
all cases, they observed mixtures of both isomers. In their
study, 2-acetylcyclohexanone (1 d) showed a strong prefer-
ence for the endocyclic enamine, whereas its five-membered
homologue (1 a) slightly preferred the exocyclic double
bond. These results are in accordance with the Dieckmann–
Kon rule[13] of the regioselective enolization of cyclic b-oxo
esters. In our studies we found that a-alkanoylcyclopenta-
nones 1 a–c initially gave mixtures of both regioisomers in
the acid-catalyzed conversion with l-valine diethylamide,
with slight preference for the kinetically favored exocyclic
double bond (Table 2). However, prolonged heating of the
reaction mixture leads to isomerization of this double bond
to give the endocyclic enamines as thermodynamically fa-
vored products in good yields. For 1 c, this isomerization


step proceeded quantitatively
(Table 2). No water-scavenging
agent was used in order not to
remove a needed equilibrium
component. In contrast to the
cyclopentanone series, the con-
version of all six-membered b-
diketones 1 d–f gave the endo-
cyclic enamines 3d–f exclusively.


Betaines 8 were reacted with
l-valine diethylamide in MeCN
or CH2Cl2 to give the exocyclic
enamines 4 as major isomers in
all cases (Table 2). The five-membered betaines 8 a–c
formed the exocyclic enamines 4 a–c exclusively and in high
yields. However, the six-membered ring betaines 8 d–f gave
mixtures of both regioisomers. Compound 4 d was first ob-
tained as an exo :endo = 80:20 mixture at ambient tempera-
ture. This selectivity could be enhanced to 97.5:2.5 in favor
of the exocyclic product 4 d by lowering the temperature to
0 8C. Further temperature reduction did not affect the selec-
tivity any more. Lower selectivities were obtained for the


propionyl and butyryl derivatives 4 e and 4 f (Table 2), how-
ever, the undesired endocyclic enamines 3 e and 3 f could be
separated by column chromatography on alumina.


All kinetic enamines 4 were obtained as the (Z)-config-
ured isomers stabilized by hydrogen bonds between the ni-
trogen and oxygen atoms indicated by 1H chemical shifts of
around 12 ppm. These studies show that an appropriate
choice of activating agent (Brønsted vs Lewis acid) and tem-
perature allows the determination of the enamine-formation
position from b-diketones, in moderate to excellent selectivi-
ties.


Copper-catalyzed asymmetric Michael reactions : The behav-
ior of endocyclic enamines 3 and their exocyclic congeners 4
in asymmetric Michael reactions has been investigated.
They were stirred with a catalytic amount (5 mol %) of Cu-
(OAc)2·H2O in acetone to furnish a dark-green copper(ii)


azadionato complex. Methyl
vinyl ketone (5) was added, and
the reaction progress is visible
by the disappearance of the
green color. Whereas endocyclic
enamines 3 generally reacted
completely within 16 h, exocy-
clic enamines 4 required five
days until the reaction was fin-
ished. Hydrolysis with aqueous
hydrochloric acid finally afford-
ed the respective addition prod-
ucts (S)- and (R)-7 (Scheme 2,
Table 3).


As expected, in all cases the
opposite stereoisomer was ob-


tained: endocyclic enamines afforded (S)-configured Mi-
chael products 7 showing positive optical rotation, whereas
all exocyclic enamines furnished the complementary (R)-
enantiomers 7 with negative optical-rotation values. All ee
values were determined by GLC on a chiral phase. Baseline
separation was optimized with racemic reference materials
prepared by conversion of b-diketones 1 with methyl vinyl
ketone (5) in the presence of catalytic quantities of
FeCl3·6 H2O.[14]


Table 2. Synthesis of endo- and exocyclic enamines 3 and 4 starting from b-diketones 1 and betaines 8, respec-
tively.


SM[a] n R Enamine T [8C] t Yield [%] exo :endo


1a 0 Me 3a 100 5 d 65 13:87
1b 0 Et 3 b 65 14 d 62 3:97
1c 0 nPr 3 c 100 48 h 77 0:100
1d 1 Me 3 d 50 18 h 63 0:100
1e 1 Et 3e 23 72 h 87 0:100
1 f 1 nPr 3 f 55 16 h 88 0:100
8a 0 Me 4a 0!23 16 h 93 100:0
8b 0 Et 4 b 0!23 16 h 91 100:0
8c 0 nPr 4 c 0!23 16 h 82 100:0
8d 1 Me 4 d 0!23 16 h 87 97.5:2.5
8e 1 Et 4e 0!23 16 h 52[b] 63:37
8 f 1 nPr 4 f 0!23 16 h 34[c] 68:32


[a] SM=Starting material. [b] 30 % of isolated endocyclic enamine 3e. [c] 16 % of isolated endocyclic enamine
3 f.


Table 3. Formation of Michael addition products (S)-7 and (R)-7 from chiral endo- and exocyclic enamines,
respectively, and methyl vinyl ketone (5).


Starting with endocyclic enamines 3 Starting with exocyclic enamines 4
n R product yield [%] ee [%] product yield [%] ee [%]


0 Me (S)-7a 46 87 (R)-7a 5[a] 61
0 Et (S)-7 b 85 88 (R)-7 b 30 13
0 nPr (S)-7 c 69 82 (R)-7 c 73 39
1 Me (S)-7 d 67 96 (R)-7 d –[b] –[b]


1 Et (S)-7e 76 97 (R)-7e 72 67
1 nPr (S)-7 f 73 98 (R)-7 f 23 83


[a] The respective spirocyclic imine 10a was obtained as the major product. [b] Exclusive formation of imine
10d (see Scheme 3).


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 2660 – 26672662


J. Christoffers et al.



www.chemeurj.org





As can be seen from Table 3, for products (S)-7 derived
from endocyclic enamines 3, good yields of about 75 % and
enantiomeric excesses from 82 to 98 % were realized. In the
case of triketones (R)-7 from exocyclic enamines 4, yields
and selectivities were lower.


Table 3 reveals that acetylcyclopentanone (R)-7 a was ob-
tained from the corresponding exocyclic enamine 4 a in
trace amounts only. Instead, the spirocyclic imine 10 a was
isolated as the major product (Scheme 3). In the case of the


six-membered exocyclic enamine 4 d, the spirocyclic imine
10 d was even formed exclusively. This result is in accor-
dance with a previous report.[10] Under the reaction condi-
tions used, the initial resultant imine intermediate 9 was evi-
dently deprotonated to give an aza enolate. The latter subse-
quently spirocyclizes in a Robinson-type annulation to yield
imines 10. A comparable spirocyclization was observed by
Pfau and co-workers when using phenethylamine as a chiral
auxiliary.[15]


The substitution of the methyl substituent by the longer
alkyl groups ethyl and propyl, indeed suppressed the spiro-
cyclization, and the respective exocyclic enamines 4 b,c,e,f
furnished the desired open-chain Michael adducts 7 b,c,e,f.
In these cases, the additional inductive effect of the substitu-
ent seems to destabilize a conceivable aza enolate, therefore
preventing it from deprotonation and annulation.


Conclusion


We were able to point out that control of the regioselectivity
of endo- and exocyclic enamine formation allows the com-
plementary preparation of either stereoisomer of triketones
7 by using the same chiral auxiliary, that is, the (S)-enantio-
mer of valine diethylamide available from the natural
source. The regioselectively formed enamines thus act as a
configuration switch. Replacement of the acetyl moiety in
the cyclic b-diketones by propionyl or butyryl prevents de-


protonation, and thus, Robinson annulation to give an unde-
sired spirocyclic product from the exocyclic precursors is in-
hibited.


Experimental Section


General : Melting points were measured on a B�chi 510 apparatus and
are uncorrected. Starting materials 1a and d are commercially available.
BF3·OEt2 was purchased from Aldrich Chemical Co. The following com-
pounds were prepared according to literature procedures: 1b,c,e,f,[16]


3a,[17] d,[7b] 8 a,[11] d,[17] 4 a,e, and 10 a,d.[17] Column chromatography was
carried out using Merck silica gel 60 or Merck basic alumina (act. I) with
petroleum ether (PE, b.p. 40–60 8C) and ethyl acetate (EA) as eluents.
1H NMR spectra were recorded on a Bruker ARX 500 (500 MHz) or a
Bruker ARX 300 (300 MHz) apparatus. 13C NMR spectra were recorded
on a Bruker ARX 500 (126 MHz), a Bruker ARX 300 (75 MHz), or a
Bruker AC 250 (63 MHz) apparatus. Multiplicities were determined with
distortionless enhancement by polarization transfer (DEPT) experiments.
19F NMR spectra were recorded on a Bruker AC 250 (250 MHz) appara-
tus with trifluoroacetic acid (d19F=�77.00 ppm) as internal standard. IR
sprectra were recorded on a Bruker Vector 22 (ATR =attenuated total
reflectance). GC analyses were performed with a HRGC 5300 (Carlo
Erba Strumentazione) with flame ionization detector (FID), and a
Bondex una/b (20 m� 0.3 mm) or Lipodex E (25 m� 0.3 mm) column
with hydrogen carrier gas (0.4 bar).


General procedure for the preparation of endocyclic enamines 3 : To a so-
lution of the respective b-diketone 1 and l-valine diethylamide (2) in tol-
uene (for 3b : CDCl3), a drop of concentrated hydrochloric acid was
added. The mixture was stirred at the respective temperature for the
time given in Table 2. After evaporation of all volatile materials, the resi-
due was purified by column chromatography (alumina, PE/EA).


N-(2-Propionyl-1-cyclopentenyl)-l-valine diethylamide (3 b): According
to the general procedure, 2-propionylcyclopentanone (1 b ; 500 mg,
3.57 mmol), l-valine diethylamide (2 ; 500 mg, 2.90 mmol), and a drop of
concentrated hydrochloric acid were reacted in CDCl3 (3 mL). Chroma-
tography (alumina, PE/EA 1:2, Rf(silica gel)=0.28) yielded a mixture of
3b and 4b in a ratio of 93:7 (determined from integrals of the NH pro-
tons in the 1H NMR) as a pale-yellow solid (530 mg, 1.80 mmol, 62 %).
M.p. 67–69 8C; [a]20


D = ++150 (c=9.1 in CDCl3); 1H NMR (CDCl3,
300 MHz): d =0.98 (d, 3J =6.6 Hz, 3 H; CHCH3), 1.01 (d, 3J =6.6 Hz, 3 H;
CHCH3), 1.10 (t, 3J= 7.4 Hz, 3 H; CH3), 1.12 (t, 3J =7.1 Hz, 3H;
NCH2CH3), 1.19 (t, 3J =7.1 Hz, 3H; NCH2CH3), 1.85 (quint, 3J =7.5 Hz,
2H; 4’-H), 2.08 (oct, 3J =6.7 Hz, 1 H; CHCH3), 2.35 (q, 3J =7.4 Hz, 2 H;
CH2Me), 2.56 (t, 3J=5.9 Hz, 2 H), 2.59 (t, 3J=6.8 Hz, 2 H), 3.17 (dt, 2J=


(�)13.7, 3J =6.9 Hz, 1 H; NCH2), 3.30 (dt, 2J = (�)14.5, 3J=7.2 Hz, 1H;
NCH2), 3.38 (dt, 2J= (�)14.5, 3J=7.2 Hz, 1 H; NCH2), 3.58 (dt, 2J=


(�)13.7, 3J=6.9 Hz, 1H; NCH2), 3.96 (dd, 3J =9.5, 3J =6.5 Hz, 1 H;
CHNH), 9.75 ppm (br d, 3J =9.5 Hz, 1 H; NH); 13C{1H} NMR (CDCl3,
126 MHz): d=8.14 (CH3), 12.72 (CH3; CH2CH3), 14.46 (CH3; CH2CH3),
17.72 (CH3; CHCH3), 19.68 (CH3; CHCH3), 21.25 (C-4’), 29.52 (CH2; C-
5’), 31.97 (CH2; CH2Me), 32.23 (CH; CHCH3), 33.22 (CH2; C-3’), 40.14
(CH2; NCH2), 41.44 (CH2; NCH2), 60.78 (CH; CHNH), 104.67 (C; C-2’),
168.86 (C; C-1’), 169.97 (C; CON), 196.65 ppm (C; COEt); IR (ATR):
ñ= 3248 (m), 2965 (m), 2934 (m), 1714 (m), 1622 (vs), 1553 (s), 1460 (m),
2357 (m), 1278 (w), 1244 (m), 1216 (m), 1184 (m), 1153 (m), 1097 (w),
1035 (m), 893 (m), 867 (w), 851 (w), 786 (m), 723 (w), 631 cm�1 (vs); MS
(70 eV, EI): m/z (%): 294 (7) [M+], 251 (1), 228 (1), 194 (100) [M+


�CONEt2], 150 (4), 128 (3), 100 (3) [CONEt2
+], 72 (12) [NEt2


+], 57 (4)
[C3H5O


+]; elemental analysis calcd (%) for C17H30N2O2 (294.43): C
69.35, H 10.27, N 9.52; found: C 68.79, H 10.26, N 9.43; HRMS (70 eV,
EI): m/z calcd for C17H30N2O2: 294.2307; found: 294.2308.


N-(2-Butyryl-1-cyclopentenyl)-l-valine diethylamide (3 c): According to
the general procedure, 2-butyrylcyclopentanone (1c ; 1.00 g, 6.48 mmol),
l-valine diethylamide (2 ; 1.11 g, 6.48 mmol), and four drops of concen-
trated hydrochloric acid were reacted in toluene (2 mL) for 2 d at 100 8C.
Chromatography (alumina, PE/EA 1:1, Rf(silica gel)=0.24) yielded 3 c as


Scheme 3. Formation of spirocyclic imines 10a,d from exocyclic enamines
4a,d.
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a colorless solid (1.53 g, 4.96 mmol, 77 %). M.p. 67–68 8C; [a]20
D =++131


(c= 25.0 in CDCl3); 1H NMR (CDCl3, 300 MHz): d=0.94 (t, 3J =7.4 Hz,
3H; CH3), 0.98 (d, 3J =6.8 Hz, 3 H; CHCH3), 1.00 (d, 3J=6.9 Hz, 3 H;
CHCH3), 1.11 (t, 3J=7.2 Hz, 3 H; NCH2CH3), 1.19 (t, 3J=7.2 Hz, 3 H;
NCH2CH3), 1.64 (sex, 3J =7.4 Hz, 2 H; CH2Me), 1.84 (quint, 3J =7.6 Hz,
2H; 4’-H), 2.07 (oct, 3J= 6.9 Hz, 1H; CHCH3), 2.28 (t, 3J =7.4 Hz, 2H),
2.44–2.54 (m, 2H), 2.59 (t, 3J =7.2 Hz, 2 H; CH2Et), 3.18 (dq, 2J=


(�)13.7, 3J =6.9 Hz, 1H; NCH2), 3.25–3.47 (m, 2 H; NCH2), 3.58 (dq, 2J=


(�)13.7, 3J=6.9 Hz, 1H; NCH2), 3.95 (dd, 3J =9.5, 3J =6.5 Hz, 1 H;
CHNH), 9.79 ppm (br d, 3J =9.2 Hz, 1 H; NH); 13C{1H} NMR (CDCl3,
126 MHz): d= 12.90 (NCH2CH3), 14.24 (CH3), 14.64 (NCH2CH3), 17.81
(CHCH3), 17.91 (CH2), 19.85 (CHCH3), 21.41 (CH2), 29.78 (CH2), 32.15
(CH2), 32.37 (CH; CHCH3), 40.29 (CH2; NCH2), 41.59 (CH2; NCH2),
42.53 (CH2; CH2Et), 61.00 (CH; CHNH), 105.12 (C; C-2’), 164.22 (C; C-
1’), 170.09 (C; CON), 196.34 ppm (C; COPr); IR (ATR): ñ=3262 (br w),
2959 (m), 2324 (w), 2872 (w), 2839 (w), 1714 (w), 1614 (vs), 1545 (s),
1449 (s), 1430 (s), 1360 (m), 1328 (m), 1314 (m), 1276 (s), 1237 (s), 1216
(s), 1176 (w), 1132 (m), 1119 (m), 1087 (m), 1034 (m), 949 (w), 824 (w),
702 cm�1 (m); MS (70 eV, EI): m/z (%): 308 (3) [M+], 242 (4), 208 (39)
[M+�CONEt2], 164 (2), 142 (20), 129 (4), 100 (17) [CONEt2


+], 72 (100)
[NEt2


+], 55 (5), 43 (11) [C3H7
+]; HRMS (70 eV, EI): m/z calcd for


C18H32N2O2: 308.2464; found: 308.2464.


N-(2-Propionyl-1-cyclohexenyl)-l-valine diethylamide (3 e): According to
the general procedure, 2-propionylcyclohexanone (1 e ; 800 mg,
5.19 mmol), l-valine diethyl amide (2 ; 1.00 g, 5.80 mmol), one drop of
concentrated hydrochloric acid, and molecular sieves (4 g, 4 �) were re-
acted in toluene (5 mL) for 3 d at 23 8C. Chromatography (alumina, PE/
EA 1:2, Rf(silica gel) =0.42) yielded 3e as a pale-yellow solid (1.40 g,
1.80 mmol, 87%). M.p. 53 8C; [a]20


D =++ 255 (c=10.1 in CHCl3); 1H NMR
(CDCl3, 500 MHz): d=1.05 (d, 3J =6.8 Hz, 3H; CHCH3), 1.10 (d, 3J=


6.7 Hz, 3H; CHCH3), 1.12 (t, 3J=7.3 Hz, 3H; CH3), 1.14 (t, 3J =7.1 Hz,
3H; NCH2CH3), 1.19 (t, 3J=7.1 Hz, 3H; NCH2CH3), 1.59–1.69 (m, 4 H;
4’-H and 5’-H), 2.12 (oct, 3J =6.8 Hz, 1H; CHCH3), 2.20 (dt, 2J= (�)17.7,
3J=5.8 Hz, 1 H; NCH2), 2.35–2.39 (m, 3 H), 2.43 (q, 3J =7.3 Hz, 1H;
CH2Me), 2.44 (q, 3J =7.3 Hz, 1H; CH2Me), 3.27 (dq, 2J= (�)14.1, 3J=


7.0 Hz, 1H; NCH2), 3.41 (q, 3J =7.1 Hz, 1H; NCH2), 3.41 (q, 3J =7.2 Hz,
1H; NCH2), 3.53 (dq, 2J= (�)14.1, 3J =7.0 Hz, 1H; NCH2), 4.14 (dd, 3J =


8.4, 3J=6.8 Hz, 1H; CHNH), 11.80 ppm (d, 3J =8.2 Hz, 1H; NH);
13C{1H} NMR (CDCl3, 126 MHz): d=8.81 (CH3), 12.81 (CH3;
NCH2CH3), 14.43 (CH3; NCH2CH3), 18.60 (CH3; CHCH3), 19.99 (CH3;
CHCH3), 22.01 (CH2), 23.04 (CH2), 25.38 (CH2), 26.84 (CH2; C-6’), 32.06
(CH; CHCH3), 32.07 (CH2; CH2Me), 40.33 (CH2; NCH2), 41.56 (CH2;
NCH2), 60.01 (CH; CHNH), 100.76 (C; C-2’), 159.42 (C; C-1’), 170.48
(C; CON), 199.55 ppm (COEt); IR (ATR): ñ=2967 (m), 2931 (m), 2871
(w), 2831 (m), 1714 (w), 1628 (s), 1595 (s), 1557 (s), 1455 (s), 1425 (s),
1367 (m), 1328 (m), 1276 (m), 1215 (vs), 1160 (m), 1138 (m), 1119 (s),
1097 (m), 1064 (m), 1040 (m), 1013 (w), 960 (m), 829 (m), 813 (m), 776
(w), 718 (w), 701 cm�1 (w); MS (70 eV, EI): m/z (%): 308 (5) [M+], 208
(100) [M+�CONEt2], 190 (4), 164 (4), 152 (11) [C9H14NO+], 125 (11),
110 (11), 82 (27), 72 (52) [NEt2


+], 57 (15) [COEt+]; HRMS (70 eV, EI):
m/z calcd for C18H32N2O2: 308.2464; found: 308.2463.


N-(2-Butyryl-1-cyclohexenyl)-l-valine diethylamide (3 f): According to
the general procedure, 2-butyrylcyclohexanone (1 f ; 1.00 g, 6.16 mmol), l-
valine diethylamide (2 ; 1.27 g, 7.40 mmol), and one drop of concentrated
hydrochloric acid were reacted in toluene (5 mL) at 55 8C for 16 h. Chro-
matography (alumina, PE/EA 1:2, Rf(silica gel)=0.47) yielded 3 f as a
yellow oil (1.75 g, 5.43 mmol, 88 %). [a]20


D =++ 238 (c =19.2 in CDCl3);
1H NMR (CDCl3, 500 MHz): d =0.94 (t, 3J=7.5 Hz, 3 H; CH3), 1.01 (d,
3J=6.8 Hz, 3H; CHCH3), 1.06 (d, 3J =6.6 Hz, 3 H; CHCH3), 1.11 (t, 3J =


7.0 Hz, 3 H; NCH2CH3), 1.16 (t, 3J=7.0 Hz, 3H; NCH2CH3), 1.61–1.67
(m, 6H; 4’-H, 5’-H, and CH2Me), 2.08 (oct, 3J =6.7 Hz, 1 H; CHCH3),
2.17 (dt, 2J = (�)17.4, 3J =6.3 Hz, 1H), 2.32–2.38 (m, 5 H), 3.24 (dq, 2J=


(�)13.6, 3J =6.7 Hz, 1H; NCH2), 3.38 (q, 3J=7.1 Hz, 2 H; NCH2), 3.49
(dq, 2J = (�)13.9, 3J =6.7 Hz, 1H; NCH2), 4.10 (dd, 3J =7.9, 3J =7.1 Hz,
1H; CHNH), 11.84 ppm (br d, 3J =8.0 Hz, 1 H; NH); 13C{1H} NMR
(CDCl3, 126 MHz): d=12.74 (CH3; NCH2CH3), 14.19 (CH3), 14.35 (CH3;
NCH2CH3), 18.16 (CH2; CH2Me), 18.58 (CH3; CHCH3), 19.92 (CH3;
CHCH3), 21.96 (CH2), 23.03 (CH2), 25.49 (CH2), 26.79 (CH2; C-6’), 31.97
(CH; CHCH3), 40.28 (CH2; NCH2), 41.09 (CH2; CH2Et), 41.40 (CH2;


NCH2), 60.18 (CH; CHNH), 100.88 (C; C-2’), 159.60 (C; CON), 170.41
(C; C-1’), 198.93 ppm (C; COPr); IR (ATR): ñ= 2970 (w), 2926 (m),
2866 (w), 2834 (w), 1714 (w), 1630 (s), 1598 (s), 1558 (vs), 1486 (s), 1367
(m), 1338 (m), 1297 (m), 1276 (s), 1237 (m), 1207 (vs), 1168 (s), 1158 (s),
1134 (s), 1107 (m), 1096 (m), 1063 (s), 973 (w), 823 (m), 779 (m),
740 cm�1 (w); MS (70 eV, EI): m/z (%): 322 (6) [M+], 279 (1) [M+


�C3H7], 222 (100) [M+�CONEt2], 178 (5), 152 (8), 100 (5) [CONEt2
+],


82 (15), 72 (14) [NEt2
+], 67 (7), 55 (6), 43 (8) [C3H7


+]; HRMS (70 eV,
EI): m/z calcd for C19H34N2O2: 322.2620; found: 322.2619.


5-Ethyl-3,3-difluoro-4-oxa-2-oxonia-3-boratabicyclo[4.3.0]nona-1,5-diene
(8 b): 2-Propionylcyclopentanone (1b ; 6.00 g, 4.19 mmol) and BF3·OEt2


(7.10 g, 50.3 mmol) in CH2Cl2 (8 mL) were stirred for 90 h at 23 8C. The
mixture was poured into water (20 mL) and then extracted with CH2Cl2


(3 � 20 mL). After drying (MgSO4) and evaporation of all volatile materi-
als, the residue was purified by column chromatography (silica gel, PE/
EA 3:1 Rf =0.24) to yield 8 b as a brown oil (4.68 g, 25.9 mmol, 62%).
1H NMR (CDCl3, 300 MHz): d= 1.25 (t, 3J =7.5 Hz, 3H; CH3), 2.10 (tt,
3J=5.7, 3J =5.1 Hz, 2 H; 8-H), 2.54 (q, 3J =7.2 Hz, 2 H; CH2Me), 2.67 (dd,
3J=7.8, 3J =6.9 Hz, 2H), 2.75 ppm (t, 3J= 7.8 Hz, 2 H); 13C{1H} NMR
(CDCl3, 126 MHz): d=8.92 (CH3), 20.45 (CH2), 25.25 (CH2), 29.25
(CH2), 34.78 (CH2), 112.42 (C; C-6), 191.11 (C; CO), 199.29 ppm (C;
CO); 19F{1H} NMR (CDCl3, 235 MHz): d=�139.76 ppm (s); IR (ATR):
ñ= 2987 (w), 2946 (w), 1607 (s), 1538 (vs), 1462 (w), 1404 (w), 1383 (w),
1361 (w), 1311 (w), 1187 (m), 1088 (w), 1037 cm�1 (m); MS (70 eV, EI):
m/z (%): 188 (18) [M+], 169 (4) [M+�F], 159 (100) [M+�C2H5], 131 (4),
103 (3), 79 (3), 65 (6) [BF2O


+]; elemental analysis calcd (%) for
C8H11BF2O2 (187.98): C 51.11, H 5.90; found: C 51.21, H 5.95.


3,3-Difluoro-5-propyl-4-oxa-2-oxonia-3-boratabicyclo[4.3.0]nona-1,5-
diene (8 c): As reported above for 8 b, 2-butyrylcyclopentanone (1c,
3.00 g, 19.5 mmol) and BF3·OEt2 (4.14 g, 29.2 mmol) were reacted for
16 h in CH2Cl2 (5 mL). Column chromatography (silica gel, PE/EA 3:1,
Rf = 0.32) yielded 8 c as a brown oil (3.57 g, 17.7 mmol, 91%). 1H NMR
(CDCl3, 300 MHz): d= 1.00 (t, 3J =7.5 Hz, 3 H; CH3), 1.76 (sex, 3J=


7.5 Hz, 2H; CH2Me), 2.09 (tt, 3J=7.8, 3J =6.6 Hz, 2H; 8-H), 2.48 (t, 3J=


7.2 Hz, 2H; CH2Et), 2.67 (dd, 3J =7.5, 3J =7.2 Hz, 2 H), 2.75 ppm (t, 3J=


7.8 Hz, 2H); 13C{1H} NMR (CDCl3, 75 MHz): d=13.74 (CH3), 18.19
(CH2), 18.59 (CH2), 20.12 (CH2), 25.10 (CH2), 34.48 (CH2), 37.33 (CH2),
112.36 (C; C-6), 190.00 (C; CO), 199.00 ppm (C; CO); 19F{1H} NMR
(CDCl3, 235 MHz): d =�137.99 ppm (s); IR (ATR): ñ=2966 (w), 2877
(w), 1970 (w), 1708 (m), 1601 (s), 1529 (vs), 1464 (w), 1405 (m), 1366
(m), 1311 (m), 1184 (s), 1100 (w), 1073 (m), 1033 cm�1 (s); MS (70 eV,
EI): m/z (%): 202 (16) [M+], 183 (5) [M+�F], 174 (9), 159 (100) [M+


�C3H7], 131 (4), 121 (4), 103 (3), 91 (2) [HBF2O2
+], 79 (4), 65 (9)


[BF2O
+], 55 (3), 39 (5); HRMS (70 eV, EI): m/z calcd for C9H13BF2O2:


202.0977; found: 202.0977; elemental analysis calcd (%) for C9H13BF2O2


(202.01): C 53.51, H 6.49; found: C 53.97, H 6.60.


5-Ethyl-3,3-difluoro-4-oxa-2-oxonia-3-boratabicyclo[4.4.0]deca-1,5-diene
(8 e): 2-Propionylcyclohexanone (1e ; 10.0 g, 64.8 mmol) and BF3·OEt2


(11.0 g, 77.8 mmol) were stirred in CH2Cl2 (10 mL) for 16 h. Evaporation
of all volatile materials and twofold recrystallization of the residue from
Et2O furnished 8e as colorless crystals (11.8 g, 58.40 mmol, 90%). M.p.
32 8C; 1H NMR (CDCl3, 500 MHz): d =1.24 (t, 3J =7.5 Hz, 3H; CH3),
1.74–1.81 (m, 4 H; 8-H and 9-H), 2.39 (t, 3J= 6.0 Hz, 2H; 7-H), 2.57 (t,
3J=6.2 Hz, 2H; 10-H), 2.60 ppm (q, 3J= 7.4 Hz, 2H; CH2Me); 13C{1H}
NMR (CDCl3, 126 MHz): d=8.45 (CH3), 20.95 (CH2), 21.96 (CH2), 22.65
(CH2), 28.24 (CH2; COCH2), 32.45 (CH2; COCH2), 108.24 (C; C-6),
189.53 (C; CO), 195.21 ppm (C; CO); 19F{1H} NMR (CDCl3, 235 MHz):
d=�140.76 ppm (s); IR (ATR): ñ =2945 (w), 1583 (s), 1516 (vs), 1385
(w), 1202 (m), 1050 cm�1 (m); MS (70 eV, EI): m/z (%): 202 (21) [M+],
183 (5) [M+�F], 173 (100) [M+�C2H5], 125 (3), 79 (8), 57 (5) [C3H5O


+];
HRMS (70 eV, EI): m/z calcd for C9H13


10BF2O2: 201.1012; found:
201.1012; elemental analysis calcd (%) for C9H13BF2O2 (202.01): C 53.51,
H 6.49; found: C 53.97, H 6.65.


3,3-Difluoro-5-propyl-4-oxa-2-oxonia-3-boratabicyclo[4.4.0]deca-1,5-
diene (8 f): As reported above for 8e, 2-butyrylcyclohexanone (1 f ; 1.50 g,
8.92 mmol) and BF3·OEt2 (2.53 g, 17.8 mmol) were reacted in CH2Cl2


(2 mL). Chromatography (silica gel, PE/EA 3:1, Rf =0.32) and subse-
quent twofold recrystallization from Et2O yielded 8 f as a colorless oil
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(1.62 g, 7.50 mmol, 84 %). 1H NMR (CDCl3, 300 MHz): d =1.01 (t, 3J=


7.4 Hz, 3 H; CH3), 1.71–1.81 (m, 6 H; 8-H, 9-H, and CH2Me), 2.40 (br t,
3J=6.1 Hz, 2H; 7-H), 2.53 (t, 3J =7.6 Hz, 2 H; CH2Et), 2.57 ppm (br t,
3J=5.7 Hz, 2H; 10-H); 13C{1H} NMR (CDCl3, 75 MHz): d=13.75 (CH3),
18.34 (CH2), 20.89 (CH2), 21.97 (CH2), 22.79 (CH2), 32.50 (CH2;
COCH2), 36.46 (CH2; COCH2), 108.65 (C; C-6), 189.83 (C; CO),
194.53 ppm (C; CO); 19F{1H} NMR (CDCl3, 235 MHz): d =�140.95 ppm
(s); IR (ATR): ñ=2967 (m), 2938 (m), 2878 (w), 1739 (w), 1572 (s), 1511
(vs), 1457 (m), 1385 (s), 1368 (s), 1340 (s), 1306 (m), 1200 (s), 1181 (m),
1154 (s), 1141 (s), 1101 (w), 1076 (m), 1045 (vs), 1029 (vs), 1010 cm�1 (s);
MS (70 eV, EI): m/z (%): 216 (16) [M+], 197 (5) [M+�F], 173 (100) [M+


�C3H7], 79 (8); elemental analysis calcd (%) for C10H15BF2O2 (216.03): C
55.60, H 7.00; found: C 55.47, H 6.89.


General procedure for the preparation of exocyclic enamines 4 : l-Valine
diethylamide (2) was added dropwise to a solution of the respective be-
taine 8 in MeCN or CH2Cl2 at 0 8C. The mixture was warmed up to 23 8C
and stirred for a further 16 h. All volatile materials were evaporated and
the residue purified by column chromatography (alumina, PE/EA).


N-[1-(2-Oxocyclopentylidene)propyl]-l-valine diethylamide (4 b): Ac-
cording to the general procedure, betaine 8b (500 mg, 2.66 mmol) and l-
valine diethylamide (2 ; 600 mg, 3.48 mmol) were reacted in CH2Cl2


(2 mL). Chromatography (PE/EA 1:1, Rf(silica gel)= 0.14) afforded 4 b
as a pale-yellow oil (710 mg, 2.41 mmol, 91%). [a]20


D =++230 (c =8.7 in
CDCl3); 1H NMR (CDCl3, 500 MHz): d=1.03 (d, 3J =6.8 Hz, 3H;
CHCH3), 1.06 (d, 3J=6.8 Hz, 3 H; CHCH3), 1.09 (t, 3J=7.7 Hz, 3 H;
CH3), 1.12 (t, 3J =7.1 Hz, 3H; NCH2CH3), 1.20 (t, 3J=7.1 Hz, 3 H;
NCH2CH3), 1.84 (quint, 3J=7.8 Hz, 2H; 4’-H), 2.04–2.13 (m, 1H;
CHCH3), 2.16–2.23 (m, 2H; CH2CH3), 2.33 (t, 3J =7.9 Hz, 2H; 5’-H),
2.53 (t, 3J =7.1 Hz, 2H; 3’-H), 3.20–3.56 (m, 4H; NCH2), 4.14 (dd, 3J=


8.8, 3J =5.7 Hz, 1H; NHCH), 10.69 ppm (br d, 3J =9.2 Hz, 1 H; NH);
13C{1H} NMR (CDCl3, 75 MHz): d=11.49 (CH3; CH2CH3), 12.78 (CH3;
NCH2CH3), 14.37 (CH3; NCH2CH3), 17.84 (CH3; CHCH3), 19.95 (CH2;
CHCH3), 20.47 (CH2; C-5’), 22.98 (CH2; CH2Me), 27.27 (CH2; C-4’),
31.96 (CH; CHCH3), 39.05 (CH2; C-3’), 40.19 (CH2; NCH2), 41.39 (CH2;
NCH2), 59.42 (CH; CHNH), 102.36 (C; C-1’), 161.59 (C; CNH), 170.19
(C; CON), 202.95 ppm (C; C-2’); IR (ATR): ñ=2969 (s), 2936 (m), 2876
(m), 1713 (m), 1620 (vs), 1548 (m), 1464 (s), 1382 (m), 1250 (w),
1216 cm�1 (w); HRMS (70 eV, EI): m/z calcd for C17H30N2O2: 294.2307;
found: 294.2306.


N-[1-(2-Oxocyclopentylidene)butyl]-l-valine diethylamide (4 c): Accord-
ing to the general procedure, betaine 8c (210 mg, 1.03 mmol) and l-
valine diethylamide (2 ; 580 mg, 3.38 mmol) were reacted in CH2Cl2


(1 mL). Chromatography (alumina, PE/EA 1:1, Rf =0.41) yielded 4c as a
pale-yellow solid (263 mg, 0.85 mmol, 82 %). [a]20


D =++ 257 (c =10.0 in
CDCl3); 1H NMR (CDCl3, 300 MHz): d =0.99 (t, 3J= 7.4 Hz, 3H; CH3),
1.03 (d, 3J =6.9 Hz, 3 H; CHCH3), 1.05 (d, 3J=6.8 Hz, 3H; CHCH3), 1.12
(t, 3J=7.1 Hz, 3 H; NCH2CH3), 1.21 (t, 3J =7.1 Hz, 3H; NCH2CH3), 1.42–
1.57 (m, 2H), 1.77–1.91 (m, 2 H), 2.03–2.22 (m, 3H), 2.32 (t, 3J =7.8 Hz,
2H; 5’-H), 2.52 (dd, 3J= 7.3, 3J =6.9 Hz, 2 H; 3’-H), 3.18–3.58 (m, 4H;
NCH2), 4.12 (m, 1 H; NHCH), 10.71 ppm (br d, 3J =9.2 Hz, 1H; NH);
13C{1H} NMR (CDCl3, 75 MHz): d=13.11 (CH3), 14.72 (CH3;
NCH2CH3), 14.73 (CH3; NCH2CH3), 18.14 (CH3; CHCH3), 20.32 (CH3;
CHCH3), 20.87 (CH2), 21.18 (CH2), 27.98 (CH2; C-4’), 32.25 (CH2;
CH2Et), 32.29 (CH; CHCH3), 39.45 (CH2; C-3’), 40.51 (CH2; NCH2),
41.71 (CH2; NCH2), 59.91 (CH; CHNH), 103.32 (C-1’), 160.74 (C; CNH),
170.56 (C; CON), 203.21 ppm (C; C-2’); IR (ATR): ñ =2961 (m), 2935
(m), 2894 (m), 2838 (w), 2184 (br w), 1965 (br w), 1624 (vs), 1571 (vs),
1486 (m), 1453 (s), 1430 (s), 1379 (m), 1365 (m), 1341 (m), 1311 (m),
1289 (m), 1279 (m), 1250 (s), 1214 (s), 1179 (m), 1141 (m), 1123 (m),
1097 (s), 1067 (m), 1025 (m), 1007 (m), 947 (w), 877 (w), 835 (w), 778
(m), 756 (m), 726 (m), 683 cm�1 (w); MS (70 eV, EI): m/z (%): 308 (5)
[M+], 265 (1) [M+�C3H7], 208 (100) [M+�CONEt2], 164 (3), 152 (1)
[C9H14NO+], 100 (3) [CONEt2


+], 79 (1), 72 (5) [NEt2
+], 55 (3); elemen-


tal analysis calcd (%) for C18H32N2O2 (308.46): C 70.09, H 10.46, N 9.08;
found: C 69.85, H 10.45, N 9.21.


N-[1-(2-Oxocyclohexylidene)propyl]-l-valine diethylamide (4 e): Accord-
ing to the general procedure, betaine 8e (1.00 g, 4.95 mmol) and l-valine
diethylamide (2, 1.00 g, 5.90 mmol) were reacted in MeCN (3 mL). Chro-


matography (alumina, PE/EA 1:1) furnished 3e (451 mg, 1.46 mmol,
30%, Rf(silica gel)=0.38). In a second fraction, 4 e (Rf(silica gel) =0.14)
was isolated as a colorless solid (789 mg, 2.56 mmol, 52 %). M.p. 95 8C;
[a]20


D =++268 (c=12.2 in CHCl3); 1H NMR (CDCl3, 300 MHz): d =1.05
(d, 3J =6.8 Hz, 3 H; CHCH3), 1.08 (d, 3J =6.8 Hz, 3 H; CHCH3), 1.09 (t,
3J=7.7 Hz, 3H; CH3), 1.12 (t, 3J =7.1 Hz, 3 H; NCH2CH3), 1.19 (t, 3J =


7.1 Hz, 3 H; NCH2CH3), 1.63–1.73 (m, 4 H; 4’-H and 5’-H), 2.11 (oct, 3J =


6.5 Hz, 1H; CHCH3), 2.33–2.49 (m, 6H; 3’-H, 6’-H, and CH2Me), 3.21–
3.54 (m, 4H; NCH2), 4.19 (dd, 3J= 8.5, 3J =6.0 Hz, 1H; CHNH),
12.80 ppm (br s, 1H; NH); 13C{1H} NMR (CDCl3, 75 MHz): d=12.26
(CH3), 12.61 (CH3; NCH2CH3), 14.15 (CH3; NCH2CH3), 17.94 (CH3;
CHCH3), 19.87 (CH3; CHCH3), 20.94 (CH3), 22.71 (CH2), 24.02 (CH2),
25.42 (CH2), 31.63 (CH; CHCH3), 37.94 (CH2; C-3’), 40.14 (CH2; NCH2),
41.28 (CH2; NCH2), 60.53 (CH; CHNH), 99.95 (C; C-1’), 166.64 (C;
CNH), 170.03 (C; CON), 195.50 ppm (C-2’); IR (ATR): ñ=2962 (m),
2930 (s), 2874 (m), 1633 (s), 1584 (vs), 1560 (vs), 1452 (s), 1377 (m), 1343
(m), 1320 (m), 1274 (s), 1237 (s), 1217 (m), 1158 (m), 1082 (m), 1053 (m),
971 (m), 825 cm�1 (s); MS (70 eV, EI): m/z (%): 308 (8) [M+], 265 (1)
[M+�C3H7], 208 (100) [M+�CONEt2], 190 (2), 164 (4), 150 (4), 72 (4)
[NEt2


+]; elemental analysis calcd (%) for C18H32N2O2 (308.47): C 70.09,
H 10.46, N 9.08; found: C 70.15, H 10.52, N 9.04.


N-[1-(2-Oxocyclohexylidene)butyl]-l-valine diethylamide (4 f): Accord-
ing to the general procedure, betaine 8 f (500 mg, 2.31 mmol) and l-
valine diethylamide (2 ; 400 mg, 2.32 mmol) were reacted in CH2Cl2


(2 mL). Chromatography (alumina, PE/EA 1:2) afforded 3 f (117 mg,
0.36 mmol, 16%, Rf(PE/EA 1:1, silica gel) =0.29). In a second fraction,
4 f (Rf(PE/EA 1:2, silica gel)=0.11) was isolated as a colorless solid
(253 mg, 0.79 mmol, 34 %). M.p. 69 8C; [a]20


D =++25 (c=0.5 in CDCl3);
1H NMR (CDCl3, 500 MHz): d =0.99 (t, 3J=7.3 Hz, 3 H; CH3), 1.04 (d,
3J=6.9 Hz, 3H; CHCH3), 1.08 (d, 3J =6.7 Hz, 3 H; CHCH3), 1.11 (t, 3J =


7.0 Hz, 3 H; NCH2CH3), 1.19 (t, 3J=7.1 Hz, 3H; NCH2CH3), 1.42–1.51
(m, 2 H), 1.63–1.69 (m, 4 H), 2.06–2.15 (m, 2H), 2.21–2.27 (m, 1 H;
CHCH3), 2.35 (t, 3J= 6.2 Hz, 4H; 3’-H and CH2Et), 3.27 (dt, 2J= (�)13.9,
3J=6.6 Hz, 1H; NCH2), 3.34–3.43 (m, 4 H; NCH), 3.45 (dt, 2J= (�)13.6,
3J=7.0 Hz, 1H; NCH2), 4.16 (dd, 3J =8.4, 3J =6.0 Hz, 1H; CHNH),
12.89 ppm (br d, 3J=8.3 Hz, 1 H; NH); 13C{1H} NMR (63 MHz, CDCl3):
d=12.73 (CH3; CHCH3), 14.31 (CH3; CHCH3), 14.52 (CH3), 18.05 (CH3;
NCH2CH3), 20.06 (CH3; NCH2CH3), 20.72 (CH2), 22.86 (CH2), 24.17
(CH2), 25.75 (CH2), 30.16 (CH2), 31.70 (CH; CHCH3), 38.07 (CH2;
CH2CO), 40.21 (CH2; NCH2), 41.34 (CH2; NCH2), 60.85 (CH; CHNH),
100.47 (C; C-1’), 165.71 (C; CNH), 170.15 (C; CON), 195.59 ppm (C; C-
2’); IR (ATR): ñ =2964 (m), 2931 (s), 2870 (m), 2826 (w), 1737 (w), 1638
(s), 1588 (s), 1554 (vs), 1485 (m), 1451 (s), 1427 (m), 1376 (m), 1342 (m),
1319 (m), 1293 (s), 1270 (s), 1215 (m), 1157 (m), 1126 (s), 1104 (m), 1086
(s), 1066 (m), 1048 cm�1 (w); MS (70 eV, EI): m/z (%): 322 (8) [M+], 279
(1) [M+�C3H7], 222 (100) [M+�CONEt2], 178 (3), 156 (2) [C10H16NO+],
124 (1), 72 (4) [NEt2


+], 55 (3); HRMS (70 eV, EI): m/z calcd for
C19H34N2O2: 322.2620; found: 322.2620.


General procedure for the preparation of racemic triketones 7: The re-
spective b-diketone 1, FeCl3·6H2O, and 5 were stirred in CH2Cl2 for 16 h
at 23 8C. After evaporation of all volatile materials, the residue was puri-
fied by column chromatography (silica gel, PE/EA).


General procedure for asymmetric Michael reactions : Cu(OAc)2·H2O
and the respective enamine 3 or 4 were stirred in acetone for 1 h at
23 8C. Then 5 was added and the mixture was stirred at 23 8C for the time
given. After evaporation of all volatile materials, hydrochloric acid (c =


1 mol dm�3) was added and the solution was stirred for 3 h at 0 8C. The
mixture was then extracted three times with CH2Cl2, the combined or-
ganic layers were washed with H2O, dried (MgSO4), and the solvent was
evaporated. The residue was purified by column chromatography (silica
gel, PE/EA).


rac-2-(3-Oxobutyl)-2-propionylcyclopentanone (rac-7 b): According to
the general procedure, 2-propionylcyclopentanone (500 mg, 3.57 mmol),
FeCl3·6H2O (48 mg, 0.02 mmol), and 5 (500 mg, 7.13 mmol) were reacted
in CH2Cl2 (3 mL). Chromatography (silica gel, PE/EA 2:1, Rf =0.37)
yielded 7b as a colorless oil (557 mg, 2.65 mmol, 74%). 1H NMR
(CDCl3, 300 MHz): d =1.01 (t, 3J =7.2 Hz, 3H; CH2CH3), 1.68 (dt, 2J =


(�)13.1, 3J =7.3 Hz, 1H; 4-H), 1.81–2.02 (m, 3H), 2.12 (s, 3 H; COCH3),
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2.13–2.23 (m, 1H), 2.28–2.40 (m, 4 H), 2.52 (q, 3J =7.2 Hz, 2H; CH2Me),
2.51–2.60 ppm (m, 1H); 13C{1H} NMR (CDCl3, 75 MHz): d= 7.87 (CH3;
CH2CH3), 19.44 (CH2), 27.63 (CH2), 29.99 (CH3), 31.75 (CH2), 32.08
(CH2), 38.49 (CH2), 38.74 (CH2), 66.99 (C; C-2), 207.30 (C), 207.43 (C),
216.45 ppm (C); IR (ATR): ñ =2970 (m), 1732 (s), 1699 (vs), 1456 (m),
1406 (m), 1354 (m), 1317 (w), 1274 (w), 1143 (s), 1099 (m), 1073 (m),
930 cm�1 (m); MS (70 eV, EI): m/z (%): 210 (5) [M+], 154 (79) [M+


�CO�C2H4], 136 (47), 121 (12), 111 (17), 97 (100), 84 (31), 67 (5), 57
(92) [COEt+], 43 (62) [COMe+]; elemental analysis calcd (%) for
C12H18O3 (210.27): C 68.54, H 8.63; found: C 68.60, H 8.71.


(S)-2-(3-Oxobutyl)-2-propionylcyclopentanone ((S)-7 b): According to
the general procedure, Cu(OAc)2·H2O (3.4 mg, 0.02 mmol), enamine 3 b
(100 mg, 0.34 mmol), and 5 (48 mg, 0.68 mmol) were reacted in acetone
(1 mL) for 16 h. Chromatography (silica gel, PE/EA 2:1) yielded (S)-7 b
(61 mg, 0.28 mmol, 85 %). GC: Bondex unb ; temperature program: 3 min
at 80 8C, then 2.5 K min�1 gradient; tR((S)-7b)=26.60 min; 88 % ee ;
[a]20


D =++95 (c =7.7 in CHCl3).


(R)-2-(3-Oxobutyl)-2-propionylcyclopentanone ((R)-7 b): According to
the general procedure, Cu(OAc)2·H2O (12 mg, 0.06 mmol), enamine 4 b
(360 mg, 1.22 mmol), and 5 (171 mg, 2.45 mmol) were reacted in acetone
(2 mL) for 48 h. 5 (200 mg, 2.85 mmol) was added and the mixture was
stirred at 23 8C for a further 48 h. Chromatography (silica gel, PE/EA)
yielded (R)-7b (78 mg, 0.37 mmol, 30 %). GC: Bondex unb ; tR((R)-7b)=


26.90 min; 13 % ee ; [a]20
D =�22 (c =12.5 in CDCl3).


rac-2-Butyryl-2-(3-oxobutyl)cyclopentanone (rac-7c): According to the
general procedure, 2-butyrylcyclopentanone (500 mg, 3.24 mmol),
FeCl3·6H2O (44 mg, 0.02 mmol), and 5 (454 mg, 6.48 mmol) were reacted
in CH2Cl2 (0.5 mL). Chromatography (silica gel, PE/EA 3:1, Rf =0.24)
yielded 7c as a colorless oil (668 mg, 2.98 mmol, 92 %). 1H NMR (CDCl3,
300 MHz): d=0.88 (t, 3J =7.4 Hz, 3H; CH2CH3), 1.50 (sex, 3J =7.3 Hz,
2H; CH2Me), 1.67 (dt, 2J = (�)13.1, 3J =7.6 Hz, 1H; 4-H), 1.80–2.02 (m,
3H), 2.12 (s, 3 H; COCH3), 2.14–2.22 (m, 1 H), 2.27–2.40 (m, 4 H), 2.43–
2.49 (m, 2H; CH2Et), 2.50–2.59 ppm (m, 1H); 13C{1H} NMR (CDCl3,
75 MHz): d=13.81 (CH3), 17.29 (CH2), 19.68 (CH2), 27.68 (CH2), 30.20
(CH3; COCH3), 32.06 (CH2), 38.70 (CH2), 38.88 (CH2), 40.39 (CH2),
67.36 (C; C-2), 206.86 (C), 207.43 (C), 216.54 ppm (C; C-1); IR (ATR):
ñ= 2965 (s), 1735 (s), 1704 (vs), 1407 (w), 1367 (m), 1277 (w), 1146 (m),
895 cm�1 (m); MS (70 eV, EI): m/z (%): 224 (2) [M+], 154 (100) [M+


�CO�C3H6], 136 (45), 121 (14), 111 (18), 108 (10), 97 (100), 84 (43), 71
(90) [COPr+], 55 (18), 43 (96) [COMe+]; elemental analysis calcd (%)
for C13H20O3 (224.30): C 69.61, H 8.99; found: C 69.42, H 9.12; GC:
Bondex unb ; 5 min at 80 8C, then 1 Kmin�1 gradient; tR((S)-7 c)=


52.98 min; tR((R)-7 c)=53.49 min.


(S)-2-Butyryl-2-(3-oxobutyl)cyclopentanone ((S)-7 c): According to the
general procedure, Cu(OAc)2·H2O (6.5 mg, 0.03 mmol), enamine 3 c
(200 mg, 0.65 mmol), and 5 (91.0 mg, 1.30 mmol) were reacted in acetone
(1 mL) for 16 h. Chromatography (silica gel, PE/EA 3:1) yielded (S)-7 c
(100 mg, 0.45 mmol, 69%). GC: Bondex unb ; tR((S)-7c) =53.15 min, tR-
((R)-7 c)=53.69 min; 82 % ee ; [a]20


D =++ 120 (c=22.9 in CDCl3).


(R)-2-Butyryl-2-(3-oxobutyl)cyclopentanone ((R)-7 c): According to the
general procedure, Cu(OAc)2·H2O (12.9 mg, 0.07 mmol), enamine 4 c
(100 mg, 0.32 mmol), and 5 (45.0 mg, 0.63 mmol) were reacted in acetone
(1 mL) for 5 d. Chromatography (silica gel, PE/EA 3:1) yielded (R)-7 c
(53 mg, 0.24 mmol, 73%). GC: Bondex unb ; tR((S)-7 c)=53.12 min, tR-
((R)-7 c)=53.61 min; 39 % ee ; [a]20


D =�64 (c =7.3 in CDCl3).


rac-2-(3-Oxobutyl)-2-propionylcyclohexanone (rac-7e): According to the
general procedure, 2-propionylcyclohexanone (2.99 g, 13.0 mmol),
FeCl3·6H2O (129 mg, 0.65 mmol), and 5 (1.80 g, 25.7 mmol) were reacted
in CH2Cl2 (2 mL). Chromatography (silica gel, PE/EA 2:1, Rf =0.33)
yielded 7e as a colorless oil (2.60 g, 11.6 mmol, 89 %). 1H NMR (CDCl3,
300 MHz): d =1.04 (t, 3J =7.2 Hz, 3 H; CH3), 1.42–1.57 (m, 2 H), 1.58–
1.83 (m, 3H), 1.86–2.01 (m, 2 H), 2.11 (s, 3H; COCH3), 2.23–2.55 ppm
(m, 7H); 13C{1H} NMR (CDCl3, 75 MHz): d=8.22 (CH3; CH2CH3), 22.57
(CH2), 27.44 (CH2), 27.94 (CH2), 30.35 (CH3), 31.87 (CH2), 35.19 (CH2),
38.72 (CH2), 41.77 (CH2), 66.78 (C; C-2), 208.08 (C; COMe), 210.50 (C;
CO), 210.61 ppm (C; CO); IR (ATR): ñ =2941 (s), 2870 (m), 1716 (vs),
1696 (s), 1453 (w), 1356 (w), 1169 (w), 1131 (w), 902 cm�1 (w); MS
(70 eV, EI): m/z (%): 224 (5) [M+], 206 (2), 168 (42) [M+�CO�C2H4],


150 (56), 135 (12), 125 (12), 121 (7), 111 (100), 98 (50), 81 (7), 67 (8), 57
(73) [COEt+], 43 (76) [COMe+]; HRMS (70 eV, EI): m/z calcd for
C13H20O3: 224.1412; found: 224.1413; elemental analysis calcd (%) for
C13H20O3 (224.30): C 69.61, H 8.99; found: C 69.18, H 9.04; GC: Bondex
unb ; 3 min at 80 8C, then 2 Kmin�1 gradient; tR((S)-7 e)=34.47 min; tR-
((R)-7 e)=34.81 min.


(S)-2-(3-Oxobutyl)-2-propionylcyclohexanone ((S)-7 e): According to the
general procedure, Cu(OAc)2·H2O (3.2 mg, 0.02 mmol), enamine 3e
(100 mg, 0.32 mmol), and 5 (45.0 mg, 0.65 mmol) were reacted in acetone
(0.5 mL) for 16 h. Chromatography (silica gel, PE/EA 3:1) yielded (S)-7e
(55 mg, 0.25 mmol, 76%). GC: Bondex unb ; tR((S)-7 e)=34.82 min; tR-
((R)-7 e)=35.18 min; 97 % ee ; [a]20


D =++150 (c=6.4 in CDCl3).


(R)-2-(3-Oxobutyl)-2-propionylcyclohexanone ((R)-7 e): According to
the general procedure, Cu(OAc)2·H2O (3.2 mg, 0.02 mmol), enamine 4 e
(100 mg, 0.32 mmol), and 5 (45.0 mg, 0.65 mmol) were reacted in acetone
(1 mL) for 5 d. Chromatography (silica gel, PE/EA 3:1) yielded (R)-7 e
(52 mg, 0.23 mmol, 72%). GC: Bondex unb ; tR((S)-7 e)=34.81 min; tR-
((R)-7 e)=35.14 min; 67 % ee ; [a]20


D =�83 (c =6.5 in CDCl3).


rac-2-Butyryl-2-(3-oxobutyl)cyclohexanone (rac-7 f): According to the
general procedure, 2-butyrylcyclohexanone (168 mg, 1.00 mmol),
FeCl3·6H2O (13.5 mg, 0.05 mmol), and 5 (120 mg, 2.00 mmol) were react-
ed in CH2Cl2 (0.5 mL). Chromatography (silica gel, PE/EA 2:1, Rf =0.40)
yielded 7 f as a colorless oil (224 mg, 0.94 mmol, 94 %). 1H NMR (CDCl3,
300 MHz): d =0.90 (t, 3J =7.4 Hz, 3 H; CH3), 1.40–1.82 (m, 6 H), 1.84–
1.97 (m, 2 H), 2.03–2.09 (m, 1H), 2.11 (s, 3H; COCH3), 2.23–2.37 (m,
4H), 2.38–2.54 ppm (m, 3H); 13C{1H} NMR (CDCl3, 126 MHz): d=13.55
(CH3), 16.86 (CH2), 22.06 (CH2), 26.91 (CH2), 27.40 (CH2), 29.81 (CH3;
COCH3), 34.48 (CH2), 38.19 (CH2), 40.04 (CH2), 41.37 (CH2), 66.38 (C;
C-2), 207.46 (C), 209.15 (C), 210.00 ppm (C); IR (ATR): ñ =2937 (m),
2872 (w), 1713 (s), 1692 (vs), 1452 (m), 1358 (s), 1310 (w), 1272 (w), 1237
(w), 1168 (m), 1129 (m), 1030 (w), 1011 (w), 954 cm�1 (w); MS (70 eV,
EI): m/z (%): 238 (3) [M+], 168 (74) [M+�CO�C3H6], 150 (75), 135
(10), 125 (7), 121 (5), 111 (100), 98 (53), 81 (5), 71 (56) [COPr+], 55 (8),
43 (38) [COMe+]; elemental analysis calcd (%) for C14H22O3 (238.32): C
70.56, H 9.30; found: C 70.56, H 9.29; GC: Bondex unb ; 3 min at 80 8C,
then 2 K min�1 gradient; tR((S)-7 f)=38.18 min; tR((R)-7 f)= 38.45 min.


(S)-2-Butyryl-2-(3-oxobutyl)cyclohexanone ((S)-7 f): According to the
general procedure, Cu(OAc)2·H2O (15.4 mg, 0.08 mmol), enamine 3 f
(500 mg, 1.55 mmol), and 5 (217 mg, 3.10 mmol) were reacted in acetone
(3 mL) for 16 h. Chromatography (silica gel, PE/EA 2:1) yielded (S)-7 f
(268 mg, 1.12 mmol, 73%). GC: Bondex unb ; tR((S)-7 f) =38.06 min; tR-
((R)-7 f)=38.31 min; 98 % ee ; [a]20


D =++141 (c=16.2 in CDCl3).


(R)-2-Butyryl-2-(3-oxobutyl)cyclohexanone ((R)-7 f): According to the
general procedure, Cu(OAc)2·H2O (0.9 mg, 0.01 mmol), enamine 4 f
(30.0 mg, 0.09 mmol), and 5 (13.0 mg, 0.19 mmol) were reacted in acetone
(1 mL) for 5 d. Chromatography (silica gel, PE/EA 2:1) yielded (R)-7 f
(5 mg, 0.02 mmol, 23%). GC: Bondex unb ; tR((S)-7 f)=38.07 min; tR-
((R)-7 f)=38.34 min; 83 % ee.
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Total Synthesis of Mauritines A, B, C, and F: Cyclopeptide Alkaloids with a
14-Membered Paracyclophane Unit


Pierre Cristau,[a] Taoues Temal-La�b,[a] Mich�le Bois-Choussy,[a] Marie-Th�r�se Martin,[a]


Jean-Pierre Vors,[b] and Jieping Zhu*[a]


Introduction


Cyclopeptide alkaloids are 13-, 14-, or 15-membered macro-
cycles widely distributed among several plants such as rham-
naceae, pendaceae, and rubiaceae.[1] Since the structure de-
termination of pandamine (1) by Pa�s, Goutarel, and co-
workers in 1966,[2] the cyclopeptide alkaloid family of para-
or metacyclophanes has grown rapidly and nowadays en-
compasses over 200 compounds (Scheme 1). Among these,
the 14-membered cyclophanes with an endo aryl–alkyl ether
bond represent the largest subgroup and have been the re-
search focus in the area.


Interesting biological properties such as sedative, antibac-
terial, and antifungal activities have been found for this


class of natural products.[3] Sanjoinine A (frangufoline; 2)
and sanjoinine G1 (3) are among the most-deeply investigat-
ed compounds and the elegant work of Han�s group has
convincingly demonstrated that sanjoinine A (2) is the
major bioactive component of “sanjoin”, a plant seed of
clinical importance in oriental medicine.[4] However, the re-


Abstract: A unified strategy for the
synthesis of mauritines A (5), B (6), C
(7), and F (10) has been developed
based on a key intramolecular nucleo-
philic aromatic substitution reaction
(SNAr) for the formation of the strain-
ed 14-membered paracyclophane. It
was demonstrated that the outcome of
the cycloetherification is independent
of the stereochemistry of the peptide


backbone and that both (1R)-16 and
(1S)-16 cyclized smoothly to provide
the corresponding macrocycle. On the
other hand, dehydration of the second-
ary benzylic alcohol, via the phenylse-


lenide intermediate, is configuration
dependent. (1R)-25 underwent the two-
step syn-elimination much more easily
than (1S)-22. A modified reductive de-
amination procedure via the diazonium
intermediate was developed. A com-
plete assignment of proton and carbon
NMR spectroscopy signals for these
natural products is reported for the
first time.
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Scheme 1. Representative cyclopeptide alkaloids.
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stricted natural availability of cyclopeptide alkaloids has not
allowed systematic evaluation of their biological properties
and the lack of an efficient synthetic strategy has limited, on
the other hand, structure–activity relationship studies. This
moderately complex structure in fact represents several syn-
thetic challenges, including a) the construction of an aryl–
alkyl ether bond under mild conditions that can be tolerated
by the sensitive chiral amino acid residues; b) formation of
a sensitive Z-enamide function, and c) formation of a strain-
ed 14-membered paracyclophane. Not surprisingly, many
groups, including those of Pa�s,[5] Rapoport,[6] Schmidt,[7]


Joulli�,[8] Lipschutz,[9] and Han,[10] as well as our own
group,[11] have been involved in the development of new
synthetic strategies.


In planning a synthesis of macrocyclic compounds, the
choice of macrocyclization site and the reaction to be em-
ployed to realize this transformation is of utmost impor-
tance. For the synthesis of cyclopeptide alkaloids, diverse
bond disconnections have been examined for the key ring-
forming process and strategies based upon macrolactamiza-
tion,[5–8, 10] intramolecular aziridine-opening reaction, intra-
molecular Michael addition, intramolecular aldol condensa-
tion,[1] intramolecular amide N-alkylation,[9] and lately, intra-
molecular nucleophilic aromatic substitution (SNAr)[11] have
been investigated. However, due to the intrinsic ring strain
associated with the 14-membered paracyclophane, the cycli-
zation has turned out to be a difficult exercise. A major con-
tribution to this field came from Schmidt and co-workers,[7]


who developed a particularly efficient carboxylic acid activa-
tion method (through a pentafluorophenyl ester) for con-
ducting the key macrolactamization step. On the basis of
this methodology, they achieved the total syntheses of zizy-
phine A (4)[7c,e] and mucronine B at the beginning of the
1980s,[7f,g] followed in 1991 by the 14-membered cyclopeptide
alkaloid frangulanine.[7h] This activation methodology was
also featured in the total syntheses of nummularine F,[8b,c]


sanjoinine G1,[8f, 10a] and frangufoline[8h] by the groups of
Joulli� and Han. We have developed an alternative cycliza-
tion strategy based on an intramolecular SNAr reaction[12–16]


and have successfully implemented it in an efficient asym-
metric synthesis of sanjoinine G1.[17] Besides being conver-
gent, the salient feature of our approach is that two synthet-
ic challenges associated with this molecule, namely, forma-
tion of the aryl–alkyl ether bond and macrocyclization, have
been reduced to a single operation with great efficiency. In
this paper, we report in detail total syntheses of mauri-
tines A (5), B (6), C (7), and F (10 ; Scheme 2). We docu-
ment that, by carefully tuning the peptide sequence, the pre-
viously encountered synthetic pitfall caused by N-tert-butox-
ycarbonyl (N-Boc) deprotection is readily solved, thereby
leading to a more efficient synthesis.[18] Furthermore, all the
proton and carbon NMR spectroscopy signals of these natu-
ral products are attributed for the first time from detailed
studies.


Results and Discussion


The mauritines A–F (5–10) were isolated in 1972 and 1974
by Tschesche and co-workers, from the methanol extract of
the bark of the African trees Zizyphus mauritania Lam.[19]


The structure of these cyclopeptide alkaloids was elucidated
by chemical degradation and spectroscopic studies including
MS and NMR, UV, and IR spectroscopy. However, the
1H NMR data for these natural products were only fragmen-
tarily reported and were not attributed. The 13C NMR data
were not available in the open literature, most probably due
to the insufficient amount of natural products available
from the natural resources. Fortunately, the structure of
mauritine A (5) was determined without ambiguity by X-ray
crystal analysis.[20] Preliminary biological studies revealed
that mauritines A–F (5–10) are active against the Gram-pos-
itive bacteria Bacillus subtilis.[19b] Nevertheless, the limited
availability of these compounds hampered systematic evalu-
ation of their biological properties.[21]


Our previous synthesis of mauritine A (5) was accom-
plished in 13 steps with 2.3 % overall yield.[18] The weakness
of this synthesis was the seemingly trivial N-Boc deprotec-
tion step (Scheme 3). Indeed, removal of the N-Boc function
from compound 11 under a variety of conditions failed to
give the desired compound 12. After much experimentation,
the procedure developed by Mann and co-workers (ZnBr2,


Scheme 2. Structures of mauritines A–F (5–10, respectively).
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CH2Cl2)
[22] was found to be the method of choice in this spe-


cific case, but the yield of the corresponding deprotected cy-
clophane 12 remained moderate at best (Scheme 3). It is
worth noting that the same problem has been encountered
in previous syntheses of frangufoline.[7h,8c] It was reasoned
that the difficulty in removing this protecting group is due
either to the steric hindrance around the N-Boc carbonyl
function or to the presence of an intramolecular hydrogen
bond. Based on this consideration, a slightly modified syn-
thetic scheme was envisaged that eventually led to the de-
velopment of an efficient and unified synthesis of mauri-
tines A (5), B (6), C (7), and F (10 ; Scheme 4). In a forward
sense, cyclization of the linear dipeptide 16 by way of an in-
tramolecular SNAr reaction would provide first the corre-
sponding macrocycle 15 and then 14 after reductive removal
of the nitro group and hydrogenolysis of the N-benzyl


group. Direct N-acylation of the proline unit of cyclophane
14 with the N-Boc-protected amino acid would provide 13.
Since the N-Boc function in compound 13 is sterically more
accessible and less prone to intramolecular hydrogen bond-
ing, its deprotection should be much easier than that of 11.
From 13, mauritines A, B, and F would be readily accessible
by coupling with the respective amino acid. The salient fea-
ture of the present strategy is its inherent convergence, since
the required acyclic precursor 16 is an intact dipeptide avail-
able in only two steps from three available building blocks:
17, 18, and 19 (Scheme 4).


Synthesis of the 14-membered cyclophane : To determine
whether the configuration of the benzylic hydroxy group
exerts any influence on the macrocyclization and subsequent
dehydration steps, which are required for the introduction
of the corresponding enamide function, both diastereoisom-
ers of 16 were synthesized as depicted in Scheme 5. Cou-


Scheme 3. Removal of the N-Boc function, a pitfall in our first-genera-
tion synthesis of mauritine A. a) ZnBr2, CH2Cl2, <40%.


Scheme 4. Retrosynthetic analysis of mauritines A, B, C, and F, a unified
strategy. Bn=benzyl.


Scheme 5. Synthesis of the linear dipeptides (1R)-16 and (1S)-16. a) N-
Boc-l-phenylalanine (18), Et3N, EDCI, HOBT, DMF, 98% yield for
(1R)-20, 93% yield for (1S)-20 ; b) 1. HCl, CH3CN, 2. (2S,3S)-N-benzyl-2-
hydroxyproline (19), Et3N, EDCI, HOBT, DMF, 78% yield for (1R)-16,
95% yield for (1S)-16. EDCI=3-(3-dimethylaminopropyl)-1-ethylcarbo-
diimide, HOBT=1-hydroxy-1H-benzotriazole, DMF=N,N-dimethylform-
amide.
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pling of (1R)-1-(4’-fluoro-3’-nitro)phenyl-2-amino-ethanol
(1R)-17[23] with N-Boc-l-phenylalanine (18) under classical
conditions (EDCI, HOBT, DMF, room temperature) afford-
ed (1R)-20 in a 98 % yield. Subsequent N-Boc deprotection
(HCl, CH3CN) followed by acylation with (2S,3S)-N-benzyl-
2-hydroxyproline 19[24] afforded the cyclization precursor
(1R)-16 in a 78 % yield. The same sequence applied to (1S)-
17 led to the formation of (1S)-16 in 88 % overall yield.


The key SNAr-based cycloetherification of (1R)-16 was
performed in DMSO (concentration of substrate: 0.005 m) at
60 8C in the presence of TBAF and powdered 4 � molecular
sieves (Scheme 6). Under these optimized reaction condi-
tions, the linear dipeptide (1R)-16 cyclized smoothly to form
the corresponding 14-membered paracyclophane in a 70 %
yield as a mixture of two separable atropisomers, (aS,1R)-15
and (aR,1R)-15, in a ratio of 1:1.6. Atropisomer (aS,1R)-15
was significantly more mobile on the thin-layer chromato-


graph than its stereoisomer (aR,1R)-15. A strong NOE cor-
relation observed between protons H9 and H12 for
(aR,1R)-15 was indicative of its configuration. Similarly, cyc-
lization of (1S)-16 under identical conditions proceeded effi-
ciently to provide the paracyclophanes (aS,1S)-15 and
(aR,1S)-15 in a 70 % yield and with 1:1.4 atropoenantiose-
lectivity (Scheme 6). These results showed that the SNAr-
based macrocyclization was independent from the configura-
tion of the benzylic hydroxy group and thereby expanded
further the synthetic utility of the method. The lack of atro-
podiastereoselectivity was of no consequence as the planar
chirality will disappear upon removal of the nitro group.


Reductive removal of the nitro group was carried out via
the diazonium intermediate. The transformation was initially
performed on (aS,1S)-15 in two steps, involving a) reduction
of nitro to aniline (SnCl2, MeOH)[25] and b) diazoniation/
dediazoniation with a modified Kornblum and Iffland proce-
dure (NaNO2, H3PO2, Cu2O).[26] Under these conditions, the
desired macrocycle (1S)-21 was obtained in a 43 % yield. In-
terestingly, the intermediate aniline was obtained in much
higher yield when the nitro group in 15 was subjected to cat-
alytic hydrogenation (H2, Pd/C, MeOH/EtOAc), instead of
chemical reduction with stannous chloride.[27] However, the
aniline obtained by catalytic hydrogenation underwent de-
amination in only a 22 % yield. Since complete removal of
tin residue by liquid–liquid extraction is known to be very
difficult, we hypothesized that trace amounts of tin contami-
nating the aniline obtained by SnCl2 reduction might have a
beneficial effect on the diazoniation/dediazoniation se-
quence. To verify this hypothesis, the deamination of aniline
obtained by hydrogenolysis was next carried out in the pres-
ence of SnCl2·H2O. To our delight, macrocycle (1S)-21 was
obtained in 70 % overall yield. Application of these new
conditions (Pd/C, H2, MeOH/EtOAc, then NaNO2, H3PO2,
Cu2O, SnCl2·H2O) to (aS,1R)-15 and (aR,1R)-15 afforded
(1R)-21 in an 80 % yield (Scheme 6).


Total synthesis of mauritine C : The total synthesis of mauri-
tine C is shown in Scheme 7. Hydrogenolysis of (1S)-21
under standard conditions (Pd/C, MeOH, H2) proceeded
smoothly to provide (1S)-14. Subsequent acylation of the re-
sulting secondary amine with N-Boc-N-methyl-l-valine
under Carpino�s conditions (HATU, DIPEA)[28] afforded
the fully functionalized cyclophane (1S)-22 in a 71 % yield
over the two steps. The enamide function was introduced
following the protocol of Joulli� and co-workers. Thus, se-
quential mesylation and selenenylation (PhSeSePh, NaBH4,
EtOH) of (1S)-22 furnished (1R)-23. The latter substitution
reaction was hypothesized to proceed through an SN2 mech-
anism. Indeed, as seen from the X-ray structure of mauri-
tine A (5),[20] the benzylic carbon is out of the plane defined
by the aromatic ring due to the presence of severe ring
strain. Consequently, stabilization of the possible carbocat-
ion intermediate resulting from the SN1 mechanism is virtu-
ally nonexistent, a fact making the SN2 mechanism more
plausible. The same particular structural feature can also ex-
plain the stability of the benzylic alcohol under the hydroge-


Scheme 6. SNAr-based cycloetherification of (1R)-16 and (1S)-16.
a) TBAF, DMSO, powdered 4 � molecular sieves, 60 8C, 70% yield, atro-
penantioselectivity of (aS,1R)-15/(aR,1R)-15=1:1.6 and of (aS,1S)-15/
(aR,1S)-15 =1/1.4; b) H2, Pd/C, MeOH/EtOAc (1:1); c) NaNO2, H3PO2,
Cu2O (0.1 equiv), SnCl2 (0.2 equiv). TBAF = tetrabutylammonium fluo-
ride, DMSO =dimethylsulfoxide.


Chem. Eur. J. 2005, 11, 2668 – 2679 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2671


FULL PAPERTotal Synthesis of Mauritines



www.chemeurj.org





nation conditions. Oxidation of selenide (1R)-23 with hydro-
gen peroxide in dichloromethane afforded the correspond-
ing selenoxide, which did not undergo spontaneous syn-
elimination at room temperature. However, when a benzene
solution of the selenoxide was heated to 60 8C, smooth syn-
elimination occurred to provide 24 in a 48 % yield. As ex-
pected and in contrast to the N-Boc deprotection of com-
pound 11 (Scheme 3), removal of the N-Boc function in 24
(TFA, CH2Cl2, room temperature) proceeded uneventfully
to provide mauritine C (7) in a 78 % yield. It is noteworthy
that the enamide function is stable under such mild acidic
conditions.[29]


Total syntheses of mauritines A, B, and F : The synthesis of
mauritines A (5), B (6), and F (10) was completed by start-
ing from (1R)-21 (Scheme 8). The proline N-benzyl group
was first removed under hydrogenolysis conditions (Pd/C,
H2, MeOH) and then N-Boc-l-valine was coupled (HATU,
DIEA) to give (1R)-25 in a 75 % yield over two steps. Treat-
ment of (1R)-25 with mesyl chloride and triethylamine in di-
chloromethane afforded the corresponding mesylate, which
was displaced by sodium phenyl selenide to give (1S)-26 in a
87 % yield. Oxidation with hydrogen peroxide gave the cor-
responding selenoxide, which underwent spontaneous syn-
elimination at room temperature to afford the desired en-
amide (27) in a 60 % yield. It has previously been reported
that the two diastereomeric selenides behave differently


under the oxidation/elimination conditions.[7h,8c,8f,8h] Our re-
sults unambiguously established that the selenide (1S)-26,
which arises from the R-configured secondary alcohol (1R)-
14, undergoes syn-elimination much more readily than a
similar compound with the opposite configuration, (1R)-23,
upon conversion into the corresponding selenoxide.


Removal of the N-Boc protection in 27 (TFA, CH2Cl2,
room temperature) provided 28 in excellent yield. Coupling
of (28) with N,N-dimethyl-l-alanine or N,N-dimethyl-
(2S,3S)-isoleucine[30] afforded mauritine A (5) and mauri-
tine B (6) in 59 and 61 % yields, respectively. Alternatively,
coupling of 28 with N-Boc-N-methyl-l-alanine followed by


Scheme 7. Synthesis of mauritine C (7). a) H2, Pd/C, MeOH, 82%; b) N-
Boc-N-methyl-l-valine, HATU, DIEA, DMF, 87 %; c) 1. MsCl, Et3N,
CH2Cl2, 2. (PhSe)2, NaBH4, EtOH, 74%; d) 1. H2O2, pyridine, CH2Cl2,
2. benzene, 60 8C, 48 %; e) TFA, CH2Cl2, 78 %. HATU=N-[(dimethyl-
amino)-1H-1,2,3-triazole[4,5-b]-pyridin-1-ylmethylene]-N-methylmethan-
aminium hexafluorophosphate, DIEA =N,N-diisopropylethylamine, Ms=


mesyl=methanesulfonyl, TFA = trifluoroacetic acid.


Scheme 8. Synthesis of mauritines A (5), B (6), and F (10). a) H2, Pd/C,
MeOH, 78%; b) N-Boc-l-valine, HATU, DIEA, DMF, 96 %; c) 1. MsCl,
Et3N, CH2Cl2, 2. (PhSe)2, NaBH4, EtOH, 87 %; d) H2O2, pyridine,
CH2Cl2, 60%; e) TFA, CH2Cl2; f) N,N-dimethyl-l-alanine, HATU,
DIEA, DMF, 59 %; g) N,N-dimethyl-l-isoleucine, HATU, DIEA, DMF,
61%; h) N-Boc-N-methyl-l-alanine, HATU, DIEA, DMF, 79%; i) TFA,
CH2Cl2, 71%.
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removal of the N-Boc protection provided mauritine F (10)
in 56 % overall yield.[31]


Preliminary results of the biological screening against a
variety of fungal strains were disappointing, since none of
these natural products displayed exploitable antifungal ac-
tivities.


Spectroscopic analysis of mauritines A, B, C, and F : The
NMR data reported for mauritines A, B, C, and F were in-
complete.[19] Therefore, COSY, HMQC, HMBC, and
NOESY spectra were recorded to allow the assignment of
each proton and carbon NMR spectroscopy signal. The com-
plete assignment is listed in Tables 1–4 for these natural
products. This detailed NMR study also fully established the
structure of our synthetic compounds.


Conclusion


In conclusion, we have achieved
the total syntheses of mauri-
tines A (5), B (6), C (7), and F
(10) in an average overall yield
of about 10 %. Our approach
featured a key intramolecular
SNAr cycloetherification for the
construction of the 14-mem-
bered paracyclophane. Since
this macrocyclization was per-
formed on an intact peptidic
precursor, the synthesis is very
convergent. Furthermore, the
synthesis was divergent at a late
stage that allowed us to develop
a unified strategy for these nat-
ural products. Additionally, new
efficient reaction conditions for
the removal of the nitro group
were developed in the course of
this study. We also demonstrat-
ed that the deprotection prob-
lem encountered in our previ-
ous synthesis can be avoided by
incorporating an additional
amino acid at the N terminus.
Finally, we have assigned, for
the first time, all proton and
carbon NMR spectroscopy sig-
nals of mauritines A (5), B (6),
C (7), and F (10) in detailed
studies.


Experimental Section


Compounds (aS,1R)-15 and (aR,1R)-
15 : A suspension of TBAF (5.45 mL,
1.0m in THF) and powdered molecu-


lar sieves (3 �, 200.0 mg, pre-dried under vacuum) in distilled DMSO
(360.0 mL) was stirred at room temperature for 4 h. A solution of com-
pound (1R)-16 (1.0 g, 1.82 mmol) in DMSO was then added in one por-
tion. After being stirred at 60 8C for 20 h and then cooled to room tem-
perature, the reaction mixture was diluted with water, filtered through
celite, and extracted with EtOAc. The organic layer was washed with
brine, dried over Na2SO4, filtered, and concentrated under vacuum. The
resulting crude oil was purified by flash chromatography (silica gel, hep-
tanes/EtOAc (1:1)!EtOAc/MeOH (30:1)) to afford compounds (aS,1R)-
15 (262 mg) and (aR,1R)-15 (415 mg) in a total yield of 70 %. (aS,1R)-15 :
Yellow solid; m.p. 98–100 8C; [a]D =�155 (c =0.18 in CHCl3); 1H NMR
(300 MHz, CDCl3): d=8.24 (d, J= 2.0 Hz, 1H; CH arom), 7.01–7.26 (m,
12H; CH arom), 6.57 (m, 1H; NH), 5.75 (d, J =9.1 Hz, 1 H; NH), 5.14
(br s, 1 H; CH), 4.89 (m, 1 H; CH), 4.36 (ddd, J =14.4, 10.8, 4.0 Hz, 1 H;
CH2), 4.20 (q, J=8.0 Hz, 1H; CH), 3.37 (d, J =12.8 Hz, 1H; CH2), 3.02
(d, J=12.8 Hz, 1H; CH2), 2.89 (m, 1H; CH2), 2.78 (dd, J=13.4, 8.6 Hz,
1H; CH2), 2.70 (d, J= 6.8 Hz, 1H; CH), 2.67 (d, J=14.4 Hz, 1H; CH2),
2.59 (dd, J=13.4, 7.0 Hz, 1 H; CH2), 2.43 (m, 1H; CH2), 2.20 (m, 1H;
CH2), 1.99 ppm (m, 1 H; CH2); 13C NMR (75 MHz, CDCl3): d=170.8,
169.5, 150.4, 141.6, 138.5, 137.3, 135.8, 132.0, 129.2 (2 C), 129.0 (2 C),


Table 1. 1H NMR and 13C NMR assignments for mauritine A (5).[a]


d(1H) [ppm] Multiplicity No. of H atoms Assignment J [Hz] d(13C) [ppm] Assignment


7.65 d 1 H H24 8.8 174.5 C25


7.15–7.26 m 6 H H16, H32–36 171.5 C19


6.99 dd 1 H H15 8.4, 1.8 170.3 C7


6.96 dd 1 H H12 8.1, 2.2 166.5 C4


6.88 dd 1 H H13 8.1, 1.8 157.3 C11


6.63 dd 1 H H2 10.3, 7.7 135.6 C31


6.35 d 1 H H6 8.4 132.4 C14


6.26 d 1 H H3 10.3 132.3 C15


6.21 d 1 H H1 7.7 130.2 C13


5.42 dt 1 H H9 7.0, 5.9 130.0 C32, C36


4.52 m 1 H H5 128.4 C33, C35


4.43 dd 1 H H20 8.8, 6.6 127.0 C34


4.18 m 1 H H18 125.4 C2


4.09 d 1 H H8 5.9 122.6 C12


3.41 m 1 H H18’ 122.4 C16


3.32 dd 1 H H30 14.0, 4.0 114.7 C1


2.93 q 1 H H26 7.0 83.6 C9


2.60 dd 1 H H30’ 14.0, 5.1 64.9 C26


2.51 ddd 1 H H17 12.1, 7.0, 5.5 64.1 C8


2.25 s 6 H H28, H29 54.6 C20


2.13 m 1 H H17’ 54.0 C5


1.90 m 1 H H21 46.4 C18


1.18 d 3 H H27 7.0 42.4 C28, C29


0.79 d 3 H H22, H23 6.6 36.0 C30


0.77 d 3 H H22, H23 6.6 31.9 C17


31.2 C21


19.2 C22
[b]


17.9 C23
[b]


12.1 C27


[a] The NMR spectra were recorded in CDCl3 on a Bruker Avance-600 (600 MHz) spectrometer. [b] The as-
signment of these two signals is interchangeable.
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128.5 (2 C), 128.3 (2 C), 127.4, 127.1, 125.1, 124.0, 85.4, 74.8, 70.7, 58.0,
54.7, 51.7, 45.9, 42.8, 29.3 ppm; IR (CHCl3): ñ=3300, 3021, 1669, 1533,
1347, 1217, 1096 cm�1; high-resolution MS (CI): m/z calcd: 531.2240
[M+H]+ ; found: 531.2200. (aR,1R)-15 : Yellow solid; m.p. 142 8C; [a]D =


�60 (c =0.27 in CHCl3); 1H NMR (300 MHz, CDCl3): d =7.75 (dd, J=


8.7, 1.9 Hz, 1H; CH arom), 7.45 (d, J =1.9 Hz, 1H; CH arom), 6.97–7.32
(m, 11H; CH arom), 6.55 (m, 1H; NH), 6.24 (d, J=9.1 Hz, 1H; NH),
5.26 (m, 1 H; CH), 5.09 (d, J=3.6 Hz, 1H; CH), 4.23–4.38 (m, 2H; CH,
CH2), 3.32 (d, J =12.7 Hz, 1 H; CH2), 3.01 (d, J =12.7 Hz, 1H; CH2), 2.94
(td, J =9.0, 3.5 Hz, 1 H; CH2), 2.88 (d, J=7.0 Hz, 1H; CH), 2.81 (d, J =


14.0 Hz, 1 H; CH2), 2.80 (dd, J=13.5, 7.4 Hz, 1H; CH2), 2.67 (dd, J =


13.5, 7.7 Hz, 1H; CH2), 2.40 (m, 1H; CH2), 2.28 (m, 1H; CH2), 1.90–
2.12 ppm (m, 1 H; CH2); 13C NMR (75 MHz, CDCl3): d= 170.9, 170.3,
149.9, 141.5, 137.1, 136.4, 135.7, 130.3, 129.5 (2 C), 129.0 (2 C), 128.5 (2 C),
128.3 (2 C), 127.6, 127.1, 122.7, 118.5, 82.5, 74.3, 71.3, 57.8, 54.6, 50.6, 46.8,
39.7, 28.4 ppm; IR (CHCl3): ñ =3387, 3301, 3021, 1670, 1534, 1507, 1361,


1220 cm�1; high-resolution MS (CI):
m/z calcd: 531.2244 [M+H]+ ; found:
531.2235.


Compounds (aS,1S)-15 and (aR,1S)-
15 : The cyclization of (1S)-16
(1.16 mmol) was performed under
identical conditions to those described
for the synthesis of (1R)-15. The crude
product was purified by flash chroma-
tography (silica gel, heptanes/EtOAc
(1:3)!CH2Cl2/MeOH (20:1)) to afford
compounds (aS,1S)-15 (179 mg) and
(aR,1S)-15 (251 mg) in a total yield of
70%. (aS,1S)-15 : Yellow solid; m.p.
126–128 8C; [a]D =�151 (c= 0.15 in
CHCl3); 1H NMR (300 MHz, CDCl3):
d=7.77 (dd, J=8.5, 2.1 Hz, 1H; CH
arom), 7.71 (d, J =2.1 Hz, 1H; CH
arom), 6.98–7.26 (m, 10H; CH arom),
6.83 (m, 2H; CH arom, NH), 5.52 (d,
J =9.3 Hz, 1H; NH), 5.09–5.30 (m,
2H; CH, OH), 4.89 (m, 1H; CH), 4.46
(td, J =9.3, 7.1 Hz, 1 H; CH), 3.86 (dd,
J =14.8, 5.4 Hz, 1H; CH2), 3.48 (td,
J =14.8, 6.1 Hz, 1H; CH2), 2.62–2.95
(m, 6H; CH, CH2), 2.30–2.51 (m, 2 H;
CH2), 2.01 ppm (m, 1H; CH2);
13C NMR (62.5 MHz, CDCl3): d=


172.1, 170.1, 150.7, 141.7, 139.3, 137.6,
135.5, 132.0, 129.0, 128.8 (4 C), 128.2
(4 C), 127.4, 126.0, 124.0, 86.3, 74.5,
71.9, 57.9, 53.3, 52.1, 49.1, 36.6,
29.8 ppm; IR (CHCl3): ñ =3625, 3420,
3011, 2976, 1928, 1667, 1534, 1495,
1454, 1391, 1345, 1249, 1206 cm�1;
high-resolution MS (CI): m/z calcd:
531.2244 [M+H]+ ; found: 531.2243.
(aR,1S)-15 : Yellow solid; m.p. 116–
118 8C; [a]D =++13 (c=0.2 in CHCl3);
1H NMR (250 MHz, CDCl3): d=7.85
(d, J =2.1 Hz, 1H; CH arom), 6.89–
7.32 (m, 12H; CH arom), 6.08 (t, J=


5.8 Hz, 1H; NH), 5.94 (d, J =9.1 Hz,
1H; NH), 5.13 (m, 1H; CH), 4.96 (m,
1H; CH), 4.54 (m, 1 H; OH), 4.39 (td,
J =9.1, 7.0 Hz, 1H; CH), 3.91 (ddd,
J =14.4, 7.0, 4.1 Hz, 1 H; CH2), 3.33
(dt, J=14.4, 5.6 Hz, 1H; CH2), 2.71–
2.90 (m, 5 H; CH2), 2.67 (d, J =7.0 Hz,
1H; CH), 2.26–2.48 (m, 2H; CH2),
2.00 ppm (m, 1H; CH2); 13C NMR
(62.5 MHz, CDCl3): d =171.7, 170.7,


144.1, 138.0, 137.5, 135.8, 131.4, 129.4, 129.2, 128.8 (4 C), 128.2 (4 C),
127.3, 121.9, 121.6, 86.1, 74.7, 72.1, 57.6, 53.7, 51.3, 48.1, 37.6, 29.8 ppm;
IR (CHCl3): ñ=3404, 3024, 1669, 1534, 1507, 1498, 1363, 1227, 1206 cm�1;
high-resolution MS (CI): m/z calcd: 531.2244 [M+H]+ ; found: 531.2264.


Compound (1S)-21: Compound (aS,1S)-15 (51.2 mg, 0.097 mmol) was dis-
solved in solvent (AcOEt/MeOH (1:1); 1.5 mL), then Pd/C (10 %, 5 mg)
was added. The suspension was purged three times with argon and then
three times with hydrogen. The reaction mixture was stirred vigorously
under a hydrogen atmosphere for 2.5 h at room temperature, then fil-
tered through celite and concentrated under vacuum. The resulting crude
residue was dissolved in solvent (THF/water (3:1); 1 mL) and cooled to
0 8C. An aqueous solution of H3PO2 (70 mL, 50 %, 0.673 mmol) was
added; this was followed by successive addition of Cu2O (1.4 mg,
0.01 mmol), SnCl2 (3.6 mg, 0.019 mmol), and NaNO2 (20 mg, 0.29 mmol).
The reaction mixture was stirred at 0 8C for 3 h, then at room tempera-
ture for 1 h. After addition of aqueous NaOH (5 %), the solution was ex-
tracted with EtOAc. The organic layer was washed with brine, dried over


Table 2. 1H NMR and 13C NMR assignments for mauritine B (6).[a]


d(1H) [ppm] Multiplicity No. of H atoms Assignment J [Hz] d(13C) [ppm] Assignment


7.23–7.32 m 6 H H16, H35–39 172.4 C25


7.08 d 1 H H24 8.4 171.5 C19


7.04 dd 1 H H15 8.4, 1.9 170.6 C7


7.02 dd 1 H H12 8.2, 2.5 166.4 C4


6.94 dd 1 H H13 8.2, 1.9 157.4 C11


6.68 dd 1 H H2 10.4, 7.8 135.6 C34


6.33 d 1 H H6 8.5 132.4 C14


6.31 d 1 H H3 10.4 132.3 C15


6.26 d 1 H H1 7.8 130.3 C13


5.47 dt 1 H H9 6.3, 3.7 130.2 C35, C39


4.58 m 1 H H5 128.4 C36, C38


4.49 dd 1 H H20 8.4, 6.7 127.0 C37


4.24 m 1 H H18 125.4 C2


4.11 d 1 H H8 5.8 122.5 C12


3.47 m 1 H H18’ 122.2 C16


3.39 dd 1 H H33 14.0, 4.1 114.7 C1


2.64 dd 1 H H33’ 14.0, 5.3 83.6 C9


2.60 d 1 H H26 5.1 74.8 C26


2.57 m 1 H H17 64.3 C8


2.31 s 6 H H27, H28 54.9 C20


2.22 m 1 H H17’ 54.0 C5


1.94 m 1 H H21 46.3 C18


1.83 m 1 H H29 43.4 C27, C28


1.55 m 1 H H31 35.9 C33


1.24 m 1 H H31’ 34.6 C29


0.96 t 3 H H32 7.4 31.9 C17


0.94 d 3 H H30 6.7 30.8 C21


0.87 d 3 H H22
[b] 6.7 27.2 C31


0.86 d 3 H H23
[b] 6.7 19.4 C22


[c]


18.1 C23
[c]


14.6 C30


12.2 C32


[a] The NMR spectra were recorded in CDCl3 on a Bruker Avance-600 (600 MHz) spectrometer. [b] The as-
signment of these two signals is interchangeable. [c] The assignment of these two signals is interchangeable.
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Na2SO4, filtered, and concentrated under vacuum. The crude residue was
purified by preparative TLC (silica gel, CH2Cl2/MeOH (20:1)) to afford
compound (1S)-21 (32.6 mg, 70% yield). Compound (aR,1S)-15 is simi-
larly transformed into (1S)-21. White solid; m.p. 248 8C; [a]D =�77.6 (c =


0.12 in CHCl3); 1H NMR (250 MHz, CDCl3): d=7.58 (dd, J=8.3, 2.2 Hz,
1H; CH arom), 7.08–7.30 (m, 10 H; CH arom), 7.05 (dd, J =8.3, 2.6 Hz,
1H; CH arom), 6.98 (dd, J =8.5, 2.6 Hz, 1 H; CH arom), 6.91 (dd, J =8.5,
2.2 Hz, 1H; CH arom), 5.60 (dd, J=8.4, 4.2 Hz, 1 H; CH), 5.50 (d, J=


8.7 Hz, 1 H; NH), 5.13 (m, 1H; CH), 4.85 (t, J =6.0 Hz, 1 H; NH), 4.31
(q, J =8.3 Hz, 1 H; CH), 3.92 (ddd, J= 14.2, 8.4, 5.9 Hz, 1H; CH2), 3.28
(ddd, J=14.2, 6.2, 4.2 Hz, 1 H; CH2), 3.18 (d, J= 12.6 Hz, 1H; CH2),
2.87–2.94 (m+d, J =12.6 Hz, 2H; CH2), 2.83 (dd, J=13.8, 7.8 Hz, 1H;
CH2), 2.64 (dd, J=13.8, 8.0 Hz, 1H; CH2), 2.59 (d, J= 6.5 Hz, 1H; CH),
2.31–2.45 (m, 2 H; CH2), 1.88–1.97 ppm (m, 1H; CH2); 13C NMR
(62.5 MHz, CDCl3): d=171.5, 170.4, 157.5, 137.5, 136.4, 135.9, 129.2,
128.8 (2 C), 128.6 (2 C), 128.2 (4 C), 127.3, 127.2, 126.9, 121.63, 119.1, 84.6,
75.9, 72.9, 57.8, 54.4, 51.8, 47.8, 38.4, 29.8 ppm; IR (CHCl3): ñ=3415,
1667, 1606, 1508 cm�1; high-resolution MS (CI): m/z calcd: 486.2392
[M+H]+ ; found: 486.2364.


Compound (1R)-21: By the same method as that described for the syn-
thesis of (1S)-21, (aS,1R)-15 and (aR,1R)-15 were converted into (1R)-21
in 80 and 85% yields, respectively. White solid; m.p. 112 8C; [a]D =�35
(c= 0.15 in CHCl3); 1H NMR (300 MHz, CDCl3): d=7.48 (m, 1 H; CH
arom), 7.05–7.32 (m, 11H; CH arom), 7.00 (dd, J =8.3, 2.1 Hz, 1H; CH
arom), 6.82 (dd, J =8.3, 2.5 Hz, 1H; CH arom), 5.90 (m, 1H; NH), 5.76


(d, J=8.5 Hz, 1H; NH), 5.25 (m, 1 H;
CH), 5.10 (d, J =3.5 Hz, 1H; CH),
4.16–4.29 (m, 2H; CH, CH2), 3.48 (d,
J =12.0 Hz, 1H; CH2), 3.03 (d, J=


12.0 Hz, 1 H; CH2), 2.94 (m, 1H;
CH2), 2.85 (br d, J=13.8 Hz, 1H;
CH2), 2.75 (dd, J=13.3, 8.4 Hz, 1H;
CH2), 2.66 (dd, J=13.3, 6.7 Hz, 1H;
CH2), 2.55 (d, J=6.7, 1H; CH), 2.28–
2.43 (m, 2 H; CH2), 1.84–1.90 ppm (m,
1H; CH2); 13C NMR (62.5 MHz,
CDCl3): d=170.9, 170.7, 157.4, 137.6,
136.1, 135.7, 129.7 (2 C), 129.1 (2 C),
128.3 (4 C), 128.1, 127.3 (2 C), 126.9,
119.5, 116.5, 81.1, 75.8, 72.1, 57.8, 54.7,
51.0, 46.9, 40.0, 29.0 ppm; IR (CHCl3):
ñ= 3020, 1669, 1510, 1211, 1208 cm�1;
high-resolution MS (CI): m/z calcd:
486.2392 [M+H]+ ; found: 486.2396.


Compound (1S)-14 : A suspension of
compound (1S)-21 (331 mg,
0.682 mmol) and Pd/C (10 %, 165 mg)
in dry MeOH (7.3 mL) was purged
three times with argon and hydrogen,
successively. The reaction mixture was
stirred at room temperature for 24 h.
The purge processes was repeated
twice and the reaction mixture was
stirred for an additional 48 h at room
temperature. The reaction mixture was
filtered through celite and concentrat-
ed under vacuum. The crude residue
was purified by flash chromatography
(silica gel, CH2Cl2/MeOH (50:1!
20:1)) to afford compound (1S)-14
(220 mg, 82 % yield). White solid;
m.p. > 250 8C; [a]D =++20.2 (c =0.23
in MeOH); 1H NMR (300 MHz,
CD3OD): d=7.34 (dd, J =8.8, 2.1 Hz,
1H; CH arom), 7.07–7.24 (m, 5H; CH
arom), 6.89–7.00 (m, 3 H; CH arom),
5.05 (dd, J =16.2, 8.1 Hz, 1H; CH),
4.56 (dd, J= 10.2, 6.8 Hz, 1H; CH2),
4.04 (dd, J =9.4, 6.0 Hz, 1 H; CH), 3.79


(dd, J =13.0, 10.0 Hz, 1H; CH2), 3.27 (m, 1 H; CH), 3.14–3.22 (m, 1H;
CH2), 2.97–3.07 (m+dd, J =12.6, 6.2 Hz, 2H; CH, CH2), 2.74 (dd, J =


13.1, 9.6 Hz, 1H; CH2), 2.61 (dd, J =13.1, 5.6 Hz, 1 H; CH2), 2.38–2.49
(m, 1H; CH2), 1.96–2.09 ppm (m, 1 H; CH2); 13C NMR (62.5 MHz,
CD3OD): d=172.5, 171.7, 159.2, 138.0, 137.6, 131.2, 130.3 (2 C), 129.5
(2 C), 128.0, 127.8, 122.0, 117.5, 84.4, 73.9, 68.1, 56.7, 46.4, 45.1, 40.3,
32.9 ppm; IR (KBr): ñ=3404, 3296, 1642, 1545, 1437, 1374, 1281, 1224,
1074, 1033 cm�1; high-resolution MS (ES+): m/z calcd: 396.1923 [M+H]+


; found: 396.1848.


Compound (1S)-22 : N-Boc-N-methyl-l-valine (143.0 mg, 0.62 mmol),
DIEA (450.0 mL, 2.58 mmol), and HATU (303.0 mg, 0.77 mmol) were
successively added to a solution of (1S)-14 (204 mg, 0.516 mmol) in dry
DMF (7.0 mL) at 0 8C. The reaction mixture was stirred at room temper-
ature for 17 h, then treated with a solution of NH4Cl and extracted with
EtOAc. The organic layer was washed with brine, dried over Na2SO4, fil-
tered, and concentrated under vacuum. The crude residue was purified
by flash chromatography (silica gel, CH2Cl2/MeOH (50:1!20:1)) to
afford compound (1S)-22 (274 mg, 87% yield). White solid; m.p. 150–
152 8C; [a]D =�149.8 (c =0.35 in CHCl3); 1H NMR (300 MHz, CDCl3;
mixture of two rotamers (80:20)): d=7.49 (m, 1H; CH arom), 6.98–7.24
(m, 7 H; CH arom), 6.85 (m, 1H; CH arom), 6.02 (d, J=8.7 Hz, 0.8H;
NH), 6.00 (d, J=8.7 Hz, 0.2H; NH), 5.46 (m, 1H; CH), 5.15 (m, 1 H;
CH), 4.75 (t, J=6.0 Hz, 1 H; NH), 4.45 (d, J= 10.9 Hz, 0.8H; CH), 4.31
(m, 1H; CH2), 4.21 (d, J =10.9 Hz, 0.2H; CH), 3.99–4.09 (m, 1H; CH),
3.93 (d, J =6.6 Hz, 1 H; CH), 3.76–3.88 (m, 1H; CH2), 3.49–3.60 (m, 1 H;


Table 3. 1H NMR and 13C NMR assignments for mauritine C (7).[a]


d(1H) [ppm] Multiplicity No. of H atoms Assignment J [Hz] d(13C) [ppm] Assignment


7.24–7.27 m 5H H16, H28–29, H31–32 174.2 C19


7.21 m 1H H30 170.3 C7


7.06 dd 1H H15 8.4, 2.1 166.6 C4


7.04 dd 1H H12 8.2, 2.5 157.4 C11


6.96 dd 1H H13 8.2, 2.1 135.6 C27


6.68 dd 1H H2 10.5, 7.8 132.6 C14


6.57 d 1H H6 8.4 132.4 C15


6.33 d 1H H3 10.5 130.3 C13


6.26 d 1H H1 7.8 129.9 C28, C32


5.48 ddd 1H H9 12.6, 7.0, 5.5 128.5 C29, C31


4.56 m 1H H5 127.0 C30


4.24 d 1H H8 5.5 125.5 C2


3.94 dd 1H H18 11.1, 8.2 122.7 C12


3.40 ddd 1H H18’ 12.9, 11.1, 5.3 122.6 C16


3.31 dd 1H H26 14.2, 4.5 114.7 C1


3.04 d 1H H20 6.4 83.7 C9


2.69 dd 1H H26’ 14.2, 5.2 66.4 C20


2.57 ddd 1H H17 12.2, 7.1, 5.3 63.8 C8


2.29–2.32 m + s 4H H24, H25 54.0 C5


2.11 m 1H H17’ 46.1 C18


1.74 m 1H H21 36.1 C26


0.85 d 3H H22
[b] 6.7 35.2 C25


0.82 d 3H H23
[b] 6.7 32.1 C17


31.7 C21


19.4 C22
[c]


18.4 C23
[c]


[a] The NMR spectra were recorded in CDCl3 on a Bruker Avance-600 (600 MHz) spectrometer. [b] The as-
signment of these two signals is interchangeable. [c] The assignment of these two signals is interchangeable.
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CH2), 3.18–3.26 (m, 1 H; CH2), 2.91 (dd, J =13.4, 10.2 Hz, 1H; CH2), 2.81
(s, 3H; CH3), 2.71 (dd, J= 13.4, 4.5 Hz, 1 H; CH2), 2.45–2.54 (m, 1 H;
CH2), 2.07–2.22 (m, 2 H; CH, CH2), 1.48 (s, 1.8 H; CH3), 1.46 (s, 7.2H;
CH3), 0.81 (d, J =6.6 Hz, 3 H; CH3), 0.75 ppm (d, J =6.6 Hz, 3H; CH3);
13C NMR (75 MHz, CDCl3; mixture of two rotamers): d =171.2, 171.1,
170.4, 169.5, 157.5, 156.4, 137.1, 136.6, 129.1, 128.8, 128.4, 127.2, 127.0,
126.7, 121.6, 118.8, 118.5, 83.4, 83.1, 80.5, 80.1, 72.7, 65.7, 65.6, 61.5, 60.0,
55.7, 55.5, 47.2, 45.6, 44.9, 38.2, 31.6, 31.4, 29.6, 29.1, 28.5, 28.4, 27.8, 19.2,
18.9, 18.5, 18.4 ppm; IR (CHCl3): ñ=3416, 3025, 3016, 2966, 2934, 1672,
1510, 1441, 1383, 1368, 1154 cm�1; high-resolution MS (ES+): m/z calcd:
631.3108 [M+Na]+ ; found: 631.3106.


Compound (1R)-23 : Et3N (82.0 mL, 0.593 mmol) and MsCl (31.0 mL,
0.4 mmol) were added to a solution of compound (1S)-22 (60.0 mg,
99.0 mmol) in dry CH2Cl2 (5.0 mL) cooled to �15 8C. The reaction mix-
ture was stirred for 1 h, then concentrated under vacuum to yield the me-
sylated compound as a yellow solid. In a separate flask, PhSeSePh
(93.0 mg, 0.297 mmol) was dissolved in dry EtOH (2 mL), and NaBH4


(34.0 mg, 0.89 mmol) was added at 0 8C. The resulting suspension was
stirred at 0 8C until the yellow solution became colorless. The EtOH so-


lution (2.0 mL) of mesylated com-
pound was next added dropwise (very
slowly) at 0 8C to the solution of
PhSeNa. The reaction mixture was
stirred at 80 8C for 2 h, then cooled at
room temperature and concentrated
under vacuum. Water was added and
the mixture was extracted with
EtOAc. The organic layer was washed
with brine, dried over Na2SO4, filtered,
and concentrated under vacuum. The
crude solid was purified by preparative
TLC (silica gel, heptanes/EtOAc (1:2))
to afford compound (1R)-23 (55 mg,
74% yield). White solid; [a]D =�44.0
(c= 0.25 in CHCl3); 1H NMR
(300 MHz, CDCl3; mixture of two ro-
tamers (70:30)): d =7.45 (m, 2H; CH
arom), 7.29 (m, 1 H; CH arom), 7.00–
7.21 (m, 8H; CH arom), 6.88 (m, 2H;
CH arom), 6.80 (m, 1H; CH arom),
5.87 (d, J =8.7 Hz, 1H; NH), 5.12 (m,
1H; CH), 4.55 (m, 1 H; NH), 4.41 (d,
J =11.1 Hz, 1H; CH), 4.14–4.26 (m,
2H; CH, CH2), 3.91 (dd, J =12.2,
5.6 Hz, 1H; CH2), 3.72–3.79 (m+d,
J =6.8 Hz, 2H; CH), 3.53 (m, 1 H;
CH2), 2.97 (dd, J=12.2, 5.8 Hz, 1H;
CH2), 2.68–2.77 (m+ s, 5H; CH2,
CH3), 2.43 (m, 1H; CH2), 2.06–2.19
(m, 2H; CH, CH2), 1.43 (s, 2.7H;
CH3), 1.40 (s, 6.3 H; CH3), 0.73–
0.78 ppm (m, 6H; CH3); 13C NMR
(62.5 MHz, CDCl3): d =170.2 (2 C),
169.0, 157.6, 156.4, 136.6, 135.0 (3 C),
134.5, 131.5, 129.2 (4 C), 128.3 (3 C),
128.1, 126.5, 121.7, 117.8, 82.9, 79.9,
66.1, 59.8, 56.4, 45.8, 45.1 (2 C), 39.0,
31.4, 29.5, 28.3 (3 C), 27.7, 18.8,
18.4 ppm; IR (CHCl3): ñ =3429, 3016,
2964, 2930, 1673, 1508, 1454, 1440,
1383, 1368, 1227, 1215, 1154 cm�1;
high-resolution MS (ES+): m/z calcd:
771.2637 [M+Na]+ ; found: 771.2639.


Compound 24 : Pyridine (26 mL,
0.321 mmol) and H2O2 (39 mL, 30%,
0.382 mmol) were added successively
to a solution of compound (1R)-23
(22.6 mg, 0.0302 mmol) in dry CH2Cl2


(1.1 mL) cooled to 0 8C. The reaction mixture was stirred at 0 8C for
20 min, then at room temperature for 1 h. The solution was cooled at
0 8C and dimethyl sulfide (67.0 mL, 0.912 mmol) was added. The reaction
mixture was stirred at 0 8C for 1.5 h and concentrated under vacuum. The
crude product was dissolved in benzene (1.5 mL), heated at 60 8C for 2 h,
concentrated under vacuum, and purified by preparative TLC (silica gel,
CH2Cl2/MeOH (30:1)) to afford compound 24 (8.5 mg, 48 % yield). Col-
orless oil; [a]D =�266 (c=0.36 in CHCl3); 1H NMR (300 MHz, CD3OD;
mixture of two rotamers (60:40)): d=7.12–7.24 (m, 6 H; CH arom), 7.00–
7.03 (m, 3 H; CH arom), 6.67 (d, J =7.4 Hz, 1H; CH), 6.11 (d, J =7.4 Hz,
1H; CH), 5.25 (dt, J=10.3, 6.6 Hz, 1 H; CH), 4.46 (d, J= 11.0 Hz, 0.6 H;
CH), 4.28–4.34 (m, 1.4 H; CH), 4.21 (t, J =9.2 Hz, 0.6H; CH2), 4.00–4.08
(m+d, J =6.6 Hz, 1.4 H; CH, CH2), 3.53–3.67 (m, 1H; CH2), 2.77–2.85
(m+ s, 5 H; CH2, CH3), 2.49–2.62 (m, 1 H; CH2), 2.09–2.24 (m, 2H; CH,
CH2), 1.50 (s, 3.6 H; CH3), 1.48 (s, 5.4H; CH3), 0.79–0.86 ppm (m, 6 H;
CH3); 13C NMR (75 MHz, CD3OD; mixture of two rotamers): d=172.7,
171.4, 170.7, 158.9, 158.1, 157.1, 138.3, 133.4, 132.3, 130.8, 130.5, 129.4,
127.7, 126.8, 122.6, 119.9, 83.9, 83.8, 82.3, 81.6, 66.8, 62.9, 61.7, 56.4, 46.7,
46.5, 39.2, 32.7, 32.6, 30.8, 30.2, 29.2, 28.9, 28.7, 19.6, 19.1, 18.9 ppm; IR
(CHCl3): ñ= 3690, 3396, 3024, 3016, 2966, 2932, 1683, 1626, 1505, 1439,


Table 4. 1H NMR and 13C NMR assignments for mauritine F (10).[a]


d(1H) [ppm] Multiplicity No. of H atoms Assignment J [Hz] d(13C) [ppm] Assignment


7.74 d 1 H H24 8.9 175.1 C25


7.20–7.30 m 6 H H16, H32–36 171.4 C19


7.03 d 1 H H15 8.4 170.4 C7


7.00 dd 1 H H12 8.1, 2.1 166.4 C4


6.92 d 1 H H13 8.1 157.4 C11


6.67 dd 1 H H2 10.4, 7.8 135.6 C31


6.37 d 1 H H6 8.4 132.5 C14


6.30 d 1 H H3 10.4 132.4 C15


6.25 d 1 H H1 7.8 130.3 C13


5.47 dt 1 H H9 10.1, 6.7 130.1 C32, C36


4.53–4.59 m 2 H H5, H20 128.5 C33, C35


4.18 m 1 H H18 127.1 C34


4.12 d 1 H H8 5.7 125.4 C2


3.45 m 1 H H18’ 122.6 C12


3.38 dd 1 H H30 14.1, 3.9 122.4 C16


3.09 q 1 H H26 6.9 114.7 C1


2.64 dd 1 H H30’ 14.1, 5.3 83.6 C9


2.55 m 1 H H17 64.2 C8


2.46 s 3 H H29 60.5 C26


2.16 m 1 H H17’ 54.3 C20


1.95 m 1 H H21 54.0 C5


1.32 d 3 H H27 6.9 46.4 C18


0.83 d 3 H H22
[b] 6.8 36.0 C30


0.81 d 3 H H23
[b] 6.8 35.2 C29


31.9 C17


31.2 C21


19.9 C27


19.2 C22
[c]


17.6 C23
[c]


[a] The NMR spectra were recorded in CDCl3 on the Bruker Avance-600 (600 MHz) spectrometer. [b] The as-
signment of these two signals is interchangeable. [c] The assignment of these two signals is interchangeable.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 2668 – 26792676


J. Zhu et al.



www.chemeurj.org





1392, 1383, 1368, 1315, 1154 cm�1; high-resolution MS (ES+): m/z calcd:
613.3002 [M+Na]+ ; found: 613.3004.


Mauritine C (7): TFA (200.0 mL, 2.6 mmol) was added to a solution of
compound 24 (12.5 mg, 0.0212 mmol) in dry CH2Cl2 (2.0 mL) cooled to
0 8C. The reaction mixture was stirred at 0 8C for 20 min, then at room
temperature for 1 h. The solvent was removed under vacuum and the
crude residue was dissolved in EtOAc. The organic layer was washed
with a saturated solution of Na2CO3 and with brine, dried over Na2SO4,
filtered, and concentrated under vacuum. The crude oil was purified by
flash chromatography (silica gel, CH2Cl2/MeOH (20:1)) to afford mauri-
tine C (7; 8.1 mg, 78 % yield). White solid; m.p. 70–73 8C (literature
value:[13]: not measured); [a]D =�168.7 (c =0.11 in MeOH; literature
value:[13] �224, c =0.11 in MeOH); 1H NMR and 13C NMR data: see
Table 3; IR (CHCl3): ñ=3396, 3024, 3018, 2960, 2930, 2875, 2855, 1689,
1626, 1505, 1229, 1215, 1212, 1204, 1098, 1083, 863, 836 cm�1; high-resolu-
tion MS (ES+): m/z calcd: 491.2658 [M+H]+ ; found: 491.2640.


Compound (1R)-14 : A suspension of compound (1R)-21 (1.16 g,
2.39 mmol) and Pd/C (10 %, 580 mg) in dry MeOH (26 mL) was purged
three times with argon and hydrogen, successively. The reaction mixture
was stirred under a hydrogen atmosphere at room temperature for 24 h
during which time the system of purging was repeated twice. The suspen-
sion was filtered through celite, concentrated under vacuum, and purified
by flash chromatography (silica gel, CH2Cl2/MeOH (20:1)) to afford com-
pound (1R)-14 (736 mg, 78 % yield). White solid; [a]D =++39.5 (c =0.102
in DMSO); 1H NMR (250 MHz, CD3OD): d=7.38 (dd, J=8.8, 2.4 Hz,
1H; CH arom), 7.06–7.24 (m, 5 H; CH arom), 7.03 (dd, J =8.8, 2.4 Hz,
1H; CH arom), 6.95 (dd, J =8.5, 2.4 Hz, 1 H; CH arom), 6.79 (dd, J =8.5,
2.4 Hz, 1 H; CH arom), 5.05 (dd, J=16.4, 8.1 Hz, 1H; CH), 5.01 (m, 1H;
CH), 4.17 (dd, J= 9.1, 6.1 Hz, 1H; CH), 4.09 (dd, J=14.2, 4.6 Hz, 1H;
CH2), 3.28–3.35 (m under CD3OD, 1H; CH2), 3.12–3.25 (m+d, J=


7.8 Hz, 2H; CH, CH2), 2.79–3.05 (m, 1H; CH2), 2.75 (dd, J =13.2, 9.3 Hz,
1H; CH2), 2.62 (dd, J= 13.2, 6.1 Hz, 1H; CH2), 2.35–2.49 (m, 1 H; CH2),
1.97–2.08 ppm (m, 1 H; CH2); 13C NMR (75 MHz, [D6]DMSO): d=172.4,
169.7, 156.7, 137.2, 135.9, 129.0 (2 C), 127.8 (2 C), 127.4, 126.5, 126.0,
119.3, 116.6, 83.5, 70.6, 66.6, 53.3, 46.7, 44.0, (1 C under [D6]DMSO),
31.9 ppm; IR (KBr): ñ=3328, 3069, 3027, 2917, 2893, 2103, 1638, 1542,
1516, 1440, 1378, 1278, 1232, 1182, 1085, 1033, 854 cm�1; high-resolution
MS (ES+): m/z calcd: 396.1923 [M+H]+ ; found: 396.1906.


Compound (1R)-25 : N-Boc-l-valine (256 mg, 1.18 mmol), DIEA
(935.0 mL, 5.35 mmol), and HATU (630.0 mg, 1.66 mmol) were added
successively to a solution of compound (1R)-14 (423.0 mg, 1.07 mmol) in
dry DMF (15.0 mL) cooled at 0 8C. The reaction mixture was stirred at
room temperature for 17 h, then treated with a solution of NH4Cl and ex-
tracted with EtOAc. The organic layer was washed with brine, dried over
Na2SO4, filtered, and concentrated under vacuum. The crude oil was pu-
rified by flash chromatography (silica gel, CH2Cl2/MeOH (50:1!10:1))
to afford compound (1R)-25 (611 mg, 96 % yield). Pale-yellow solid;
[a]D =�121.1 (c= 0.19 in CHCl3); 1H NMR (300 MHz, CDCl3): d=7.39
(dd, J=8.7, 1.8 Hz, 1H; CH arom), 7.01–7.19 (m, 6 H; CH arom), 6.97
(dd, J =8.5, 2.1 Hz, 1H; CH arom), 6.85 (dd, J =8.4, 2.4 Hz, 1H; CH
arom), 6.01 (d, J =8.8 Hz, 1H; NH), 5.70 (m, 1 H; NH), 5.32 (d, J=


9.2 Hz, 1H; NH), 5.24 (m, 1H; CH), 5.04 (br s, 1H; CH), 4.06–4.25 (m,
3H; CH, CH2), 3.94 (m, 1H; CH), 3.82 (d, J=7.2 Hz, 1H; CH), 3.59 (m,
1H; CH2), 3.15 (m, 1 H; OH), 2.83 (m, 1 H; CH2), 2.65–2.72 (m, 2H;
CH2), 2.40 (m, 1 H; CH2), 2.21 (m, 1 H; CH2), 1.95 (m, 1H; CH), 1.43 (s,
9H; CH3), 0.93 (d, J=6.8 Hz, 3 H; CH3), 0.88 ppm (d, J=6.8 Hz, 3 H;
CH3); 13C NMR (75 MHz, CDCl3): d=171.7, 170.8, 169.2, 157.4, 155.9,
136.4, 135.5, 129.3 (2 C), 128.3 (2 C), 127.4, 127.0, 126.6, 119.9, 116.8, 80.9,
79.7, 72.1, 66.5, 56.3, 56.2, 46.9, 45.5, 39.2, 31.4 (2 C), 28.4 (3 C), 19.15,
17.7 ppm; IR (CHCl3): ñ=3413, 3307, 3028, 3013, 2983, 2933, 2876, 1702,
1661, 1508, 1435, 1368, 1169, 1085, 1049 cm�1; high-resolution MS (ES+):
m/z calcd: 617.2951 [M+Na]+ ; found: 617.2967.


Compound (1S)-26 : Following the procedure described for the synthesis
of compound (1R)-23, (1S)-26 was prepared starting from compound
(1R)-25 in 87 % yield (purification by flash chromatography: silica gel,
heptanes/EtOAc (1:1)). White solid; [a]D =�176.4 (c =0.62 in CHCl3);
1H NMR (300 MHz, CDCl3): d=7.42–7.45 (m, 2H; CH arom), 6.99–7.23
(m, 10 H; CH arom), 6.95 (dd, J =8.3, 2.1 Hz, 1 H; CH arom), 6.80 (dd,


J =8.1, 2.3 Hz, 1H; CH arom), 5.79 (d, J=8.7 Hz, 1 H; NH), 5.45 (dd, J=


7.5, 4.5 Hz, 1H; NH), 5.16 (m, 1 H; CH), 5.12 (d, J= 8.9 Hz, 1 H; NH),
4.71 (t, J=6.8 Hz, 1H; CH), 4.18 (dd, J =8.9, 6.2 Hz, 1H; CH), 3.99–4.09
(m, 3 H; CH, CH2), 3.87 (d, J =6.8 Hz, 1 H; CH), 3.52 (m, 1H; CH2), 2.99
(ddd, J =14.5, 6.8, 4.5 Hz, 1 H; CH2), 2.85 (dd, J=13.4, 10.2 Hz, 1 H;
CH2), 2.59 (dd, J =13.4, 4.3 Hz, 1 H; CH2), 2.46 (m, 1H; CH2), 2.16 (m,
1H; CH2), 1.81 (m, 1 H; CH), 1.36 (s, 9H; CH3), 0.74–0.83 ppm (m, 6 H;
CH3); 13C NMR (75 MHz, CDCl3): d=171.7, 170.0, 169.2, 157.2, 155.8,
136.5, 134.9 (2 C), 134.6, 131.0, 130.0, 129.2 (4 C), 128.4 (2 C), 128.3, 128.2,
126.6, 121.1, 119.6, 82.8, 79.7, 65.8, 56.2, 55.3, 45.8, 45.6, 44.3, 38.1, 31.5,
31.4, 28.4 (3 C), 19.1, 17.5 ppm; IR (CHCl3): ñ =3687, 3422, 3032, 3018,
3011, 2965, 2931, 2401, 2360, 2340, 1702, 1671, 1507, 1437, 1232, 1199,
1166, 1044, 927 cm�1; high-resolution MS (ES+): m/z calcd: 757.2480
[M+Na]+ ; found: 757.2451.


Compound 27: Pyridine (230 mL, 2.84 mmol) and an aqueous solution of
H2O2 (350.0 mL, 30%, 3.43 mmol) were added successively to a solution
of compound (1S)-26 (193.0 mg, 0.26 mmol) in dry CH2Cl2 (8.2 mL)
cooled at 0 8C. The reaction mixture was stirred for 1 h at 0 8C, then
Me2S (380.0 mL, 5.17 mmol) was added at 0 8C. The reaction mixture was
stirred at room temperature for 4 h, then a large volume of EtOAc was
added. The organic layer was washed with brine, dried over Na2SO4, fil-
tered, and concentrated under vacuum. The crude residue was purified
by flash chromatography (silica gel, heptanes/EtOAc (1:1)) and then by
preparative TLC (silica gel, CH2Cl2/MeOH (40:1)) to afford compound
27 (90.4 mg, 60 % yield). White solid; [a]D =�181.5 (c= 0.24 in CHCl3);
1H NMR (300 MHz, CDCl3): d=7.15–7.23 (m, 6H; CH arom), 6.86–7.02
(m, 3 H; CH arom), 6.62 (dd, J=10.3, 7.7 Hz, 1 H; CH), 6.36 (d, J=


8.1 Hz, 1H; NH), 6.25 (d, J=10.3 Hz, 1 H; NH), 6.22 (d, J= 7.7 Hz, 1H;
CH), 5.41 (td, J=10.3, 6.6 Hz, 1 H; CH), 5.05 (d, J =8.8 Hz, 1 H; NH),
4.51 (td, J =9.0, 5.0 Hz, 1H; CH), 4.20 (dd, J=8.8, 7.0 Hz, 1H; CH),
4.02–4.12 (m+d, J= 5.9 Hz, 2 H; CH, CH2), 3.38 (m, 1H; CH2), 3.28 (dd,
J =14.0, 4.4 Hz, 1H; CH2), 2.61 (dd, J =14.0, 5.1 Hz, 1H; CH2), 2.51 (m,
1H; CH2), 2.11 (m, 1H; CH2), 1.79 (m, 1 H; CH), 1.39 (s, 9H; CH3),
0.77 ppm (d, J=6.6 Hz, 6 H; CH3); 13C NMR (75 MHz, CDCl3): d=170.3,
169.4, 166.5, 157.4, 154.0, 135.6, 132.6, 132.4, 130.2, 129.9 (2 C), 128.6
(2 C), 127.1, 125.4, 122.6, 122.5, 114.8, 83.8, 75.9, 64.1, 56.2, 54.0, 46.4,
36.2, 31.9, 31.5, 28.4 (3 C), 19.2, 17.6 ppm; IR (CHCl3): ñ=3395, 3018,
2930, 1692, 1626, 1502, 1369, 1163, 908, 864 cm�1; high-resolution MS
(ES+): m/z calcd: 599.2846 [M+Na]+ ; found: 599.2850.


Mauritine A (5): TFA (200.0 mL, 2.6 mmol) was added to a solution of
compound 27 (70.0 mg, 0.12 mmol) in dry CH2Cl2 (1.5 mL) cooled to
0 8C. The reaction mixture was stirred at 0 8C for 20 min, then at room
temperature for 1 h. Solvent was removed under vacuum and the result-
ing crude oil was dissolved in dry DMF (1.5 mL). The solution was next
cooled to 0 8C and N,N-dimethyl-l-alanine (16.0 mg, 0.13 mmol), DIEA
(106.0 mL, 0.61 mmol), and HATU (71.0 mg, 0.19 mmol) were added suc-
cessively. The reaction mixture was stirred at room temperature for 2 h,
then treated with a solution of NH4Cl and extracted with EtOAc. The or-
ganic layer was washed with brine, dried over Na2SO4, filtered, and con-
centrated under vacuum. The resulting crude residue was purified by
flash chromatography (silica gel, CH2Cl2/MeOH (20:1)) to afford mauri-
tine A (5 ; 40.9 mg, 59% yield). White solid; m.p. 87–90 8C (literature
value:[13] 104 8C); [a]D =�287.7 (c=0.333 in MeOH; literature value:[13]


�315, c =0.33 in MeOH); 1H NMR and 13C NMR data: see Table 1; IR
(CHCl3): ñ= 3393, 3027, 3022, 3015, 2992, 2963, 2939, 2873, 2834, 2790,
1732, 1689, 1626, 1599, 1505, 1434, 1373, 1246, 1099 cm�1; high-resolution
MS (ES+): m/z calcd: 576.3186 [M+H]+ ; found: 576.3155.


Mauritine B (6): TFA (200.0 mL, 2.6 mmol) was added to a solution of
compound 27 (41.0 mg, 71.0 mmol) in dry CH2Cl2 (1.8 mL) cooled to 0 8C.
The reaction mixture was stirred at 0 8C for 20 min, then at room temper-
ature for 1 h. Solvent was removed under vacuum and the resulting crude
oil was dissolved in dry DMF (1.5 mL). The solution was next cooled at
0 8C and N,N-dimethyl-l-isoleucine (14.0 mg, 85.0 mmol), DIEA (62.0 mL,
35.5 mmol), and HATU (42.0 mg, 0.11 mmol) were added successively.
The reaction mixture was stirred at room temperature for 2 h, then treat-
ed with a solution of NH4Cl and extracted with EtOAc. The organic
layer was washed with brine, dried over Na2SO4, filtered, and concentrat-
ed under vacuum. The resulting crude residue was purified by flash chro-
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matography (silica gel, CH2Cl2/MeOH (20:1)) to afford mauritine B (6 ;
26.7 mg, 61 % yield). Colorless oil; [a]D =�229 (c=0.332 in MeOH; liter-
ature value:[13] �151, c=0.44 in MeOH); 1H NMR and 13C NMR data:
see Table 2; IR (CHCl3): ñ= 3691, 3390, 3017, 3013, 2965, 2931, 1730,
1688, 1626, 1505, 1433, 1374 cm�1; high-resolution MS (ES+): m/z calcd:
618.3655 [M+H]+ ; found: 618.3654.


Compound 29 : TFA (150.0 mL, 1.95 mmol) was added to a solution of
compound 27 (20.0 mg, 0.035 mmol) in dry CH2Cl2 (1.5 mL) cooled to
0 8C. The reaction mixture was stirred at 0 8C for 20 min, then at room
temperature for 1 h. Solvent was removed under vacuum and the result-
ing crude oil was dissolved in dry DMF (0.8 mL), then N-Boc-N-methyl-
l-alanine (8.0 mg, 0.038 mmol), DIEA (31.0 mL, 0.18 mmol), and HATU
(21.0 mg, 54.0 mmol) were added successively at 0 8C. The reaction mix-
ture was stirred at room temperature for 4 h, then treated with a solution
of NH4Cl and extracted with EtOAc. The organic layer was washed with
brine, dried over Na2SO4, filtered, and concentrated under vacuum. The
resulting crude residue was purified by preparative TLC (silica gel, hep-
tanes/EtOAc (1:1)) to afford compound 29 (18.1 mg; 79% yield). White
solid; [a]D =�161.2 (c=0.60 in CHCl3); 1H NMR (300 MHz, CDCl3): d=


7.15–7.28 (m, 6 H; CH arom), 6.87–7.01 (m, 3H; CH arom), 6.63 (dd, J=


10.3, 7.7 Hz, 1H; CH), 6.37 (m, 1H; NH), 6.25 (d, J =10.3 Hz, 1H; NH),
6.22 (d, J =7.7 Hz, 1H; CH), 5.40 (m, 1 H; CH), 4.67 (m, 1H; CH), 4.48
(m, 2 H; CH), 4.06–4.16 (m +d, J =5.5 Hz, 2H; CH, CH2), 3.38 (m, 1 H;
CH2), 3.30 (dd, J=14.0, 4.0 Hz, 1H; CH2), 2.74 (s, 3H; CH3), 2.60 (dd,
J =14.0, 5.1 Hz, 1H; CH2), 2.49 (m, 1 H; CH2), 2.11 (m, 1H; CH2), 1.83
(m, 1H; CH), 1.40 (s, 9H; CH3), 1.28 (d, J =7.0 Hz, 3H; CH3), 0.74 ppm
(d, J=6.6 Hz, 6 H; CH3); 13C NMR (75 MHz, CDCl3): d=171.6, 171.1,
170.3, 166.5, 157.4 (2 C), 135.4, 132.5, 132.4, 130.2, 129.9 (2 C), 128.6 (2 C),
127.1, 125.4, 122.5, 122.4, 114.9, 83.8, 80.7, 64.4, 64.2, 54.7, 54.0, 46.4, 36.2,
31.9, 31.5, 29.8, 28.4 (3 C), 19.2, 17.7, 13.4 ppm; IR (CHCl3): ñ =3395,
3017, 2969, 2933, 1685, 1626, 1505, 1436, 1392, 1369, 1324, 1221, 1205,
1160, 909 cm�1; high-resolution MS (ES+): m/z calcd: 684.3373 [M+Na]+;
found: 684.3391.


Mauritine F (10): Following the procedure described for the synthesis of
mauritine C (7), mauritine F (10) was prepared from compound 29 in
71% yield. White solid; m.p. 220–222 8C (literature value:[13] 222–225 8C);
[a]D =�234 (c= 0.149 in MeOH; literature value:[13] �285, c =0.15 in
MeOH); 1H NMR and 13C NMR data: see Table 4; IR (CHCl3): ñ =3651,
3394, 3024, 3018, 2991, 2966, 1689, 1626, 1505, 1227, 1208 cm�1; high-reso-
lution MS (ES+): m/z calcd: 584.2849 [M+Na]+ ; found: 584.2845.
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Efficient Solid-Phase Synthesis of Highly Functionalized 1,4-Benzodiazepin-
5-one Derivatives and Related Compounds by Intramolecular Aza–Wittig
Reactions**


Carmen Gil[a] and Stefan Br�se*[b]


Introduction


The discovery of new drugs often begins with the modifica-
tion of natural products[1] and commonly known privileged
structures.[2] One example of this is the modification of the
azepine class of drugs. This scaffold is a prototype of a privi-
leged structure and is able to provide ligands for diverse re-
ceptors, such as cholecystokinin, gastrin, and central benzo-
diazepine receptors.[3] Diazepam, triazolam, and midazolam,
which contain the benzodiazepine moiety, are well-known
anxiolytic,[4] sedative,[5] and anticonvulsant drugs .[6] Benzo-


diazepines represent an important class of molecules with a
broad range of biological activities. Many different types of
benzodiazepinones have been synthesized and their pharma-
cology has been extensively published.[7–9] In addition, the
1,4-benzodiazepin-2,5-dione core is found in a number of
natural products.[10, 11]


Due to their widespread biological activities and favor-
able pharmacokinetical properties,[12] benzodiazepines were
among the first classes of small molecules to be synthesized
on solid supports.[13–15] Since then, there have been numer-
ous reports of synthesis by using similar skeletons. The ini-
tial efforts to prepare libraries of this type focused on 1,4-
benzodiazepin-2-ones and 1,4-benzodiazepin-2,5-diones;[16]


however, there are also examples for the solid-supported
synthesis of 2,3-benzodiazepin-4-ones,[17] 1,4-benzodiazepin-
2,3-diones,[18] and pyrrolo[2,1-c][1,4]benzodiazepines.[19,20]


Substantial progress has been made in the field of hetero-
cyclic synthesis by use of the aza–Wittig methodology. This
has been utilized for the synthesis of five-, six-, and seven-
membered azaheterocycles. Several successful examples of
natural product synthesis, in which this cyclization reaction
was the key step, have been published.[21,22]


The use of commercially available polymer-bound triphe-
nylphosphine for Wittig reactions enables the principles of
solid-phase synthesis to be combined with the application of
polymer-supported reagents.[23–26] The byproduct triphenyl-
phosphine oxide, derived from Wittig reactions in the so-
lution phase, is often difficult to separate from the end-prod-
uct. Following the use of a polymer-supported Wittig re-
agent, the triarylphosphine oxide remains attached to the
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resin, and can be separated only by filtration. After reduc-
tion, the triarylphosphine oxide is recycled with trichlorosi-
lane to give the phosphine (Scheme 1).[27] A triphenylphos-
phine reagent linked to a linear polystyrene has also been
synthesized for this purpose.[28]


In this paper, we employed the methodology described
above to obtain 1,4-benzodiazepin-5-one derivatives by
solid-phase methods, the solution synthesis of which was re-
ported by Eguchi and co-workers[29] In addition, the exten-
sion to deoxyvasicinone, one of the secondary metabolites
identified in Isatis tinctoria, is demonstrated.[30]


Results and Discussion


We chose to focus on the 1,4-benzodiazepin-5-one structure
as our first target, because a majority of the biologically
active benzodiazepines identified to date fall within this sub-
class. Recently, we successfully completed a benzotriazinone
synthesis by using polymer-bound triazenes that were cou-
pled with different amino acids and amines.[31,32] By using
this process, o-azidobenzoylamides were prepared by a post-
cleavage modification of polymer-bound triazenes.


Triazene carboxylate resins 3{1–7} were prepared on a
multigram scale by diazotation of the anthranilic acids
1{1–7} (Figure 1) with isoamyl nitrite, and a subsequent cou-
pling to the benzylamine resin 2 (Scheme 2).


The triazene carboxylate resins 3{1–7} were then coupled
with the methyl ester hydrochloride of sarcosine (4{1}) by
using 2-chloro-1-methylpyridinium iodide as the coupling re-
agent[33,34] (Scheme 3). Triazene resin cleavage was achieved
by applying 5 % TFA in dichloromethane at room tempera-
ture to obtain the corresponding diazonium salts. These salts


were reacted immediately with the azide transfer reagent
trimethylsilyl azide[35] to achieve the aryl azides 6{1–7,1} in
moderate yields (21–62 %) (Scheme 4). Azide 6{1,2} was ob-
tained after the reaction of 3{1} with the methyl ester hydro-
chloride of l-proline 4{2} using the same method.


The 1,4-benzodiazepin-5-ones were obtained by cycliza-
tion of the azides 6{1–7,1} and 6{1,2} with polymer-supported
triphenylphosphine, via the corresponding iminophosphor-
anes, at room temperature in toluene. They were heated at
100 8C in the same solvent without further purification for 3
or 18 h to produce the intramolecular aza–Wittig products
7{1–7,1} and 7{1,2}, respectively. The desired benzodiaze-
pines were isolated in 68–99 % yield and 68–94 % purity
without any further purification (Scheme 5). The use of
polymer-supported triphenylphosphine provides a more sim-
plified purification procedure, relative to the corresponding
solution-phase method. The polymer-supported phosphine
oxides were easily removed through filtration.


Secondary amines were synthesized to introduce a variety
of products with the 1,4-benzodiazepin-5-one core
(Figure 2). Following a reductive amination procedure using
NaBH4 as the reducing reagent (see Experimental Sec-
tion),[36] the methyl esters of three amino acids were com-
bined with four different aromatic aldehydes to give amines
4{3–8}. With these unpurified six amines 4{3–8}, the aryl
azides 6{1,3–8} were used for the synthesis of benzodiaze-


Scheme 1. Aza–Wittig reaction employing polymer-supported triphenyl-
phosphine.


Figure 1. Anthranilic acids 1 used for library production.


Scheme 2. Synthesis of the triazene resins 3.


Scheme 3. Amide coupling on solid supports.


Scheme 4. Cleavage and azide 6{1–7,1} formation.
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pines, according to the procedure described above. For com-
pounds 7{1,3–8}, the cyclization by an aza–Wittig reaction
requires heating at 100 8C for 18 h (Scheme 6). A reduction
of polystyryldiphenylphos-
phine oxide to polystyryldiphe-
nylphosphine was attempted
using trichlorosilane and N,N-
dimethylaniline at 100 8C.[27]


This phosphine was later
reused for aza–Wittig synthe-
ses without producing a lower
yield. After reduction, the
resin was washed thoroughly
until trichlorosilane had been
completely eliminated. In this
way, the acid hydrolysis of 1,4-
benzodiazepin-5-ones to 1,4-benzodiazepin-2,5-(1 H)-dione
derivatives was avoided.[37]


We also applied this methodology to the synthesis of de-
oxyvasicinone and a few related compounds. This alkaloid
was isolated from Isatis tinctoria, and its synthesis by differ-
ent routes has already been described.[38] Amongst these, a
solution procedure published by Eguchi and co-workers em-
ployed a domino Staudinger/intramolecular aza–Wittig reac-


tion as the key step.[39] Until now, no solid-phase approach
has been reported. Here, we present the synthesis of deoxy-
vasicinone on solid supports by using the T1 triazene linker
to obtain the corresponding azides, and the subsequent
solid-phase, intramolecular aza–Wittig reaction.


Amides are less nucleophilic than amines. Therefore, the
Mukayama reagent 2-chloro-1-methylpyridinium iodide was
not efficient for the coupling of carboxylates to amides.
Moreover, the sensitivity of the triazene moiety to traces of
acid prevented the conventional transformation of carbox-
ylates into acid chlorides using sulfuryl chlorides, thionyl
chorides, or phosphoryl chlorides, due to trace amounts of
hydrogen chloride. The reagent combination of aryl phos-
phines/tetrachloromethane has been reported as an in situ
preparation of acyl chlorides.[40] Thus, the treatment of the
triazene carboxylate resin 3{1} with triphenylphosphine and
tetrachloromethane generated the acyl chlorides, which re-
acted in situ with the lactams 4{9–11} to obtain amides
5{1,9–11} (Scheme 7). The azides 6{1,9–11} were then ob-
tained in moderate yields (12–20%) by cleavage of the cor-
responding triazene resins 5{1,9–11} with TFA. Finally,
deoxyvasicinone 7{1,9} (n=1) and related heterocycles
7{1,10} (n= 2) and 7{1,11} (n=3) were obtained by treat-
ment with triphenylphosphine polystyrene at 100 8C for
132 h (Scheme 8).


Scheme 5. Intramolecular aza–Wittig reaction.


Figure 2. Secondary amines used for library synthesis.


Scheme 6. Intramolecular aza–Wittig reaction.


Scheme 7. Synthesis of the azides 6{1,9–11}.


Scheme 8. Synthesis of deoxyvasicinone (7{1,9}) and related heterocycles.
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Conclusion


We have employed the T1 triazene linker[41] to yield aryl
azides that subsequently reacted with triphenylphosphine
polystyrene to give the appropriately functionalized N-het-
erocycles. It was proven that the solid-phase aza–Wittig re-
action provides an effective method to create a variety of
1,4-benzodiazepin-5-one or quinazoline derivatives. The nat-
ural product deoxyvasicinone and related compounds were
prepared using this method.


Experimental Section


General : 1H NMR: Bruker DP 300 (300 MHz), Bruker DP 400
(400 MHz); d =7.19 ppm for CHCl3. Description of signals: s= singlet,
bs=broad singlet, d=doublet, t= triplet, q =quartet, m =multiplet, mc=


centered multiplet, ca=complex area, dd= doublet of doublet, ddd=


doublet of dd, dt=doublet of triplets, dq=doublet of quartets, tt = triplet
of triplets. The spectra were analyzed according to first order. All cou-
pling constants are absolute values. Abbreviations for signals: Ar-H =ar-
omatic, Aliph-H=aliphatic. 13C NMR: Bruker DP 300 (75 MHz), Bruker
DP 400 (100 MHz); d =77.00 ppm for deuterochloroform. IR (infrared
spectroscopy): The resins were measured as KBr pellets by using a
Bruker IFS88 instrument; ps=polystyrene. MS (mass spectroscopy): EI-
HRMS (electronic ionization-high resolution mass spectroscopy) was per-
formed by using Kratos MS 50 (70 eV) and Thermo Quest Finnegan
MAT 95 XL (70 eV) instruments. GC (gas chromatography) analytical
(achiral stationary-phase): Hewlett–Packard HP 5890 Serie II 12 m�
0.25 mm capillary column HP I (carrier gas N2). TLC (thin layer chroma-
tography): Silica gel-coated aluminium plates (Merck, silica gel 60, F254).
Detection under UV light at 254 nm. Elemental analysis: Elementar Var-
io EL analyzer at the Mikroanalytisches Labor des Instituts f�r Organi-
sche Chemie der Universit�t Bonn (Germany). Descriptions without
nominated temperature were conducted at room temperature (RT). Solid
materials (except resins) were powdered. Chemicals, solvents, reagents,
and chemicals were purchased from Aldrich, Fluka, Janssen, and Merck.
Merrifield resin (1–2 % cross-linked, 200–400 mesh) was obtained from
CalBioChem-NovaBioChem with loading =1.06 mmol g�1. To obtain the
molecular mass of the resin and to calculate the elemental analysis, the
following calculation must be performed, in which molar masssub is the
molecular mass of the fragment being substituted (e.g., Cl in the case of
Merrifield resin), and molar massadd is the molecular mass of the frag-
ment being added (e.g., HN�CH2Ph in case of resin 2):


molar massnew ¼
1000


loadingold
�ðmolar masssub�molar massaddÞ


All resins were washed sequentially by using a vacuum reservoir connect-
ed to a sintered glass frit. Cleavage was conducted using a glass pipette
filled with glass wool. Evaporation of the solvent was achieved by using a
rotary vaporizer and/or a high vacuum (ca. 0.1 mbar). All solvents were
dried by usual methods and distilled under argon.


General washing procedure : Three times with (methanol, THF, pentane,
dichloromethane), once with (methanol, DMF, pentane, THF), and twice
with (pentane, dichloromethane, pentane).


General procedure for the synthesis of triazene resin T1 (3):[31] The an-
thranilic acid derivatives 1 (26.5 mmol, 5 equiv) were dissolved in THF
(50 mL) and cooled to �10 8C. BF3·Et2O (13.2 mL, 53 mmol, 10 equiv)
and isoamyl nitrite (7.5 mL, 53 mmol, 10 equiv) were added dropwise
under stirring for 5–15 min. The reaction mixture was stirred at �10 8C
for 1 h and then diluted with pyridine (25 mL) and DMF (25 mL). Ben-
zylamine resin 2 (5.0 g, 4.5 mmol, 1 equiv) was added and the resulting
mixture stirred at RT for 1 h. Resin 3 was filtered off, washed sequential-
ly with pyridine/DMF (1:1), THF/NEt3 (1:1), MeOH/NEt3 (1:1), DMF,


THF, CH2Cl2, methanol, and pentane, and then dried under high
vacuum.


Triethylammonium 2-(3-benzyl-3-polystyrylmethyl-1-triazenyl)benzoate
3{1}: IR (KBr): ñ=3600 (w, br, ps), 3061 (s, ps), 3027 (s, ps), 2930 (s, ps),
2847 (s, ps), 1944 (m, ps), 1874 (m, ps), 1804 (m, ps), 1739 (s), 1600 (s,
ps), 1493 (s, ps), 1451 cm�1 (s, ps); elemental analysis calcd (%) for
C93H100N4O2: C 85.55, H 7.71, N 4.28; found: C 84.65, H 8.67, N 4.27;
loading: 0.764 mmol g�1.[42]


Triethylammonium 2-(3-benzyl-3-polystyrylmethyl-1-triazenyl)-5-bromo-
benzoate 3{2}: IR (KBr): ñ=3647 (w, br, ps), 3027 (s, ps), 2912 (s, ps),
2870 (s, ps), 1943 (m, ps), 1871 (m, ps), 1803 (m, ps), 1739 (s), 1601 (s,
ps), 1493 (s, ps), 1451 cm�1 (s, ps); elemental analysis calcd (%) for
C103H109N4O2Br: C 81.75, H 7.25, N 3.66; found: C 83.40, H 7.28, N 2.86;
loading: 0.629 mmol g�1.


Triethylammonium 2-(3-benzyl-3-polystyrylmethyl-1-triazenyl)-5-iodo-
benzoate 3{3}: IR (KBr): ñ=3464 (w, br, ps), 3060 (s, ps), 3026 (s, ps),
2913 (s, ps), 2846 (s, ps), 1944 (m, ps), 1874 (m, ps), 1804 (m, ps), 1743
(s), 1601 (s, ps), 1493 (s, ps), 1451 cm�1 (s, ps); elemental analysis calcd
(%) for C103H109N4O2I: C 79.31, H 7.03, N 3.55; found: C 81.77, H 7.19, N
2.70; loading: 0.611 mmol g�1.


Triethylammonium 2-(3-benzyl-3-polystyrylmethyl-1-triazenyl)-5-chloro-
benzoate 3{4}: IR (KBr): ñ=3456 (w, br, ps), 3026 (s, ps), 2923 (s, ps),
2870 (s, ps), 1943 (m, ps), 1872 (m, ps), 1803 (m, ps), 1741 (s), 1601 (s,
ps), 1493 (s, ps), 1452 cm�1 (s, ps); elemental analysis calcd (%) for
C95H101N4O2Cl: C 83.52, H 7.45, N 4.09; found: C 85.78, H 7.42, N 2.64;
loading: 0.555 mmol g�1.


Triethylammonium 2-(3-benzyl-3-polystyrylmethyl-1-triazenyl)-5-methyl-
benzoate 3{5}: IR (KBr): ñ=3465 (w, br, ps), 3026 (s, ps), 2916 (s, ps),
2850 (s, ps), 1943 (m, ps), 1872 (m, ps), 1803 (m, ps), 1737 (s), 1601 (s,
ps), 1493 (s, ps), 1452 cm�1 (s, ps); elemental analysis calcd (%) for
C96H104N4O2: C 85.74, H 7.71, N 4.15; found: C 87.70, H 7.59, N 2.33;
loading: 0.460 mmol g�1.


Triethylammonium 2-(3-benzyl-3-polystyrylmethyl-1-triazenyl)-3-methyl-
benzoate 3{6}: IR (KBr): ñ=3449 (w, br, ps), 3026 (s, ps), 2924 (s, ps),
2850 (s, ps), 1943 (m, ps), 1871 (m, ps), 1803 (m, ps), 1736 (s), 1602 (s,
ps), 1493 (s, ps), 1451 cm�1 (s, ps); elemental analysis calcd (%) for
C107H115N4O2: C 86.32, H 7.78, N 3.75; found: C 87.71, H 7.42, N 2.02;
loading: 0.390 mmol g�1.


Triethylammonium 2-(3-benzyl-3-polystyrylmethyl-1-triazenyl)-3,5-di-
chlorobenzoate 3{7}: IR (KBr): ñ =3450 (w, br, ps), 3025 (s, ps), 2914 (s,
ps), 2850 (s, ps), 1944 (m, ps), 1871 (m, ps), 1802 (m, ps), 1736 (s), 1601
(s, ps), 1493 (s, ps), 1450 cm�1 (s, ps); elemental analysis calcd (%) for
C106H111N4O2Cl2: C 82.48, H 7.24, N 3.62; found: C 83.62, H 6.85, N 2.87;
loading: 0.631 mmol g�1.


General procedure for amine coupling (5{1–7,1} and 5{1,2}): Resin 3{1–7}
(1 equiv) and 2-chloro-1-methylpyridinium iodide (2 equiv) were sus-
pended in CH2Cl2 (80 mL), and then 20 equiv of NEt3 were added. The
corresponding amine 4{1–2} (3 equiv) was added after 15 min. The result-
ing mixture was stirred overnight at RT. The resin 5 was filtered off,
washed sequentially with THF, Et2O, MeOH, DMF, THF, CH2Cl2, metha-
nol, and pentane, and then dried under high vacuum.


Methyl ester of (2-(3-benzyl-3-polystyrylmethyl-1-triazenyl)benzoylami-
nomethyl)acetic acid 5{1,1}: IR (KBr): ñ= 3647 (w, br, ps), 3467 (s, ps),
3025 (s, ps), 2934 (s, ps), 2800 (s, ps), 1944 (m, ps), 1872 (m, ps), 1804 (m,
ps), 1753 (s), 1650 (s), 1601 (s, ps), 1493 (s, ps), 1453 cm�1 (s, ps); elemen-
tal analysis calcd (%) for C115H116N4O3: C 86.25, H 7.30, N 3.74; found: C
85.49, H 7.71, N 2.62; loading: 0.537 mmol g�1.


Methyl ester of (2-(3-benzyl-3-polystyrylmethyl-1-triazenyl)-5-bromoben-
zoylaminomethyl)acetic acid 5{2,1}: IR (KBr): ñ =3647 (w, br, ps), 3479
(s, ps), 3024 (s, ps), 2921 (s, ps), 2790 (s, ps), 1944 (m, ps), 1874 (m, ps),
1804 (m, ps), 1753 (s), 1654 (s), 1601 (s, ps), 1492 (s, ps), 1451 cm�1 (s,
ps); elemental analysis calcd (%) for C137H137N4O3Br: C 83.65, H 7.02, N
2.84; found: C 82.48, H 7.03, N 3.35; loading: 0.772 mmol g�1.


Methyl ester of (2-(3-benzyl-3-polystyrylmethyl-1-triazenyl)-5-iodoben-
zoylaminomethyl)acetic acid 5{3,1}: IR (KBr): ñ =3646 (w, br, ps), 3465
(s, ps), 3026 (s, ps), 2923 (s, ps), 2849 (s, ps), 1944 (m, ps), 1873 (m, ps),
1803 (m, ps), 1754 (s), 1650 (s), 1602 (s, ps), 1493 (s, ps), 1451 cm�1 (s,
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ps); elemental analysis calcd (%) for C140H140N4O3I: C 81.94, H 6.87, N
2.71; found: C 80.70, H 7.29, N 3.17; loading: 0.744 mmol g�1.


Methyl ester of (2-(3-benzyl-3-polystyrylmethyl-1-triazenyl)-5-chloroben-
zoylaminomethyl)acetic acid 5{4,1}: IR (KBr): ñ =3646 (w, br, ps), 3026
(s, ps), 2924 (s, ps), 2800 (s, ps), 1944 (m, ps), 1873 (m, ps), 1804 (m, ps),
1754 (s), 1657 (s), 1601 (s, ps), 1493 (s, ps), 1451 cm�1 (s, ps); elemental
analysis calcd (%) for C153H153N4O3Cl: C 86.24, H 7.23, N 2.61; found: C
84.23, H 7.22, N 3.15; loading: 0.691 mmol g�1.


Methyl ester of (2-(3-benzyl-3-polystyrylmethyl-1-triazenyl)-5-methylben-
zoylaminomethyl)acetic acid 5{5,1}: IR (KBr): ñ =3650 (w, br, ps), 3465
(s, ps), 3024 (s, ps), 2923 (s, ps), 2850 (s, ps), 1944 (m, ps), 1873 (m, ps),
1803 (m, ps), 1754 (s), 1650 (s), 1601 (s, ps), 1493 (s, ps), 1451 cm�1 (s,
ps); elemental analysis calcd (%) for C183H185N4O3: C 88.33, H 7.49, N
2.24; found: C 87.70, H 7.59, N 2.33; loading: 0.460 mmol g�1.


Methyl ester of (2-(3-benzyl-3-polystyrylmethyl-1-triazenyl)-3-methylben-
zoylaminomethyl)acetic acid 5{6,1}: IR (KBr): ñ =3648 (w, br, ps), 3444
(s, ps), 3029 (s, ps), 2847 (s, ps), 1944 (m, ps), 1872 (m, ps), 1804 (m, ps),
1755 (s), 1651 (s), 1602 (s, ps), 1495 (s, ps), 1455 cm�1 (s, ps); elemental
analysis calcd (%) for C213H215N4O3: C 88.86, H 7.52, N 1.94; found: C
87.15, H 7.92, N 2.45; loading: 0.505 mmol g�1.


Methyl ester of (2-(3-benzyl-3-polystyrylmethyl-1-triazenyl)-3,5-dichloro-
benzoylaminomethyl)-acetic acid 5{7,1}: IR (KBr): ñ=3646 (w, br, ps),
3027 (s, ps), 2914 (s, ps), 2850 (s, ps), 1944 (m, ps), 1873 (m, ps), 1804 (m,
ps), 1755 (s), 1658 (s), 1602 (s, ps), 1494 (s, ps), 1452 cm�1 (s, ps); elemen-
tal analysis calcd (%) for C137H136N4O3 Cl2: C 84.06, H 7.00, N 2.86;
found: C 81.64, H 7.43, N 3.13; loading: 0.700 mmol g�1.


(2-(3-Benzyl-3-polystyrylmethyl-1-triazenyl)benzoyl-l-proline methyl
ester 5{1,2}: IR (KBr): ñ=3647 (w, br, ps), 3464 (s, ps), 3026 (s, ps), 2913
(s, ps), 2847 (s, ps), 1944 (m, ps), 1872 (m, ps), 1803 (m, ps), 1748 (s),
1644 (s), 1601 (s, ps), 1493 (s, ps), 1452 cm�1 (s, ps); elemental analysis
calcd (%) for C156H157N4O3: C 87.74, H 7.41, N 2.61; found: C 86.41, H
8.13, N 2.67; loading: 0.551 mmol g�1.


General procedure for the generation of azides (6{1–7,1} and 6{1,2}): The
corresponding resin 5 was suspended in 5% TFA/CH2Cl2 at RT. After 5–
10 min, the mixture was filtered and trimethylsilylazide was added. The
solvents and the remnants of TFA and trimethylsilylazide were removed
by evaporation. The residue was purified by using flash chromatography,
eluting with a 3:1 cyclohexane/AcOEt system.


N-(2-Azidobenzoyl)-N-methylglycine methyl ester 6{1,1}: Rf : 0.2 (Cyclo-
hexane/AcOEt 2:1); 1H NMR (400 MHz, CDCl3): d=2.84 (s, 2.0 H; syn-
NCH3), 3.08 (s, 1.0 H; anti-NCH3), 3.63 (s, 1.0H; anti-COOCH3), 3.72 (s,
2.0H; syn-COOCH3), 3.80 (m, 0.7H; anti-NCH2), 4.23 (br s, 1.3 H; syn-
NCH2), 7.50–7.12 ppm (m, 4Ar-H); 13C NMR (100 MHz, CDCl3): d=34.0
(anti-NCH3), 37.5 (syn-NCH3), 48.5 (syn-NCH2), 52.2 (syn-OCH3), 52.2
(anti-OCH3), 52.4 (anti-NCH2), 118.5, 125.1, 128.3, 130.6 (Ar-C), 127.7
(anti-C-2), 127.9 (syn-C-2), 136.3 (anti-C-1), 136.5 (syn-C-1), 169.1 (anti-
COOCH3), 169.2 ppm (syn-COOCH3); EI-HRMS: m/z calcd for
C11H12N4O3: 248.0909; found: 248.0915; MS (EI): m/z (%): 248 (12)
[M+], 147 (100); yield: 32 %.


N-(2-Azido-5-bromobenzoyl)-N-methylglycine methyl ester 6{2,1}: Rf : 0.2
(Cyclohexane/AcOEt 3:1); 1H NMR (400 MHz, CDCl3): d=2.85 (s,
2.0H; syn-NCH3), 3.06 (s, 1.0 H; anti-NCH3), 3.66 (s, 1.0 H; anti-
COOCH3), 3.72 (s, 2.0H; syn-COOCH3), 3.80 (m, 0.7H; anti-NCH2),
4.20 (br s, 1.3H; syn-NCH2), 6.96–7.48 ppm (m, 3Ar-H); 13C NMR
(100 MHz, CDCl3): d=34.1 (anti-NCH3), 37.0 (syn-NCH3), 48.5 (syn-
NCH2), 52.2 (syn-OCH3), 52.3 (anti-NCH2), 52.4 (anti-OCH3), 117.9 (syn-
C-5), 118.0 (anti-C-5) 120.1, 131.1, 133.5, (Ar-C), 129.3 (anti-C-2), 129.5
(syn-C-2), 135.5 (anti-C-1), 135.7 (syn-C-1), 167.1 (anti-CON), 167.4 (syn-
CON), 168.9 (anti-COOCH3), 169.0 ppm (syn-COOCH3); EI-HRMS:
m/z calcd for C11H11N4O3Br: 326.0015; found: 326.0016; MS (EI): m/z
(%): 326/328 (8) [M+], 224/226 (100); yield: 46 %.


N-(2-Azido-5-iodobenzoyl)-N-methylglycine methyl ester 6{3,1}: Rf : 0.3
(Cyclohexane/AcOEt 3:1); 1H NMR (400 MHz, CDCl3): d=2.85 (s,
2.0H; syn-NCH3), 3.07 (s, 1.0 H; anti-NCH3), 3.67 (s, 1.0 H; anti-
COOCH3), 3.72 (s, 2.0H; syn-COOCH3), 3.80 (m, 0.7H; anti-NCH2),
4.20 (br s, 1.3 H; syn-NCH2), 6.85 (d, J(H3,H4)= 8.3 Hz, 0.3H; anti-H-3),
6.88 (d, J(H3,H4)=8.3 Hz, 0.7H; syn-H-3), 7.50 (d, J(H6,H4) =2.0 Hz,


0.3H; anti-H-6), 7.56 (d, J(H6,H4)=2.0 Hz, 0.7 H; syn-H-6), 7.63 (dd,
0.3H; anti-H-4), 7.65 ppm (dd, 0.7H; syn-H-4); 13C NMR (100 MHz,
CDCl3): d =34.1 (anti-NCH3), 37.5 (syn-NCH3), 48.5 (syn-NCH2), 52.3
(syn-OCH3), 52.4 (anti-NCH2), 52.4 (anti-OCH3), 88.2 (C-5), 120.4, 137.0,
139.4, (Ar-C), 129.6 (anti-C-2), 129.8 (syn-C-2), 136.3 (anti-C-1), 136.4
(syn-C-1), 167.0 (anti-CON), 167.3 (syn-CON), 169.0 (anti-COOCH3),
169.0 ppm (syn-COOCH3); EI-HRMS: m/z calcd for C11H11N4O3I:
373.9876; found: 373.9876; MS (EI): m/z (%): 374 (12) [M+], 272 (100);
yield: 62 %.


N-(2-Azido-5-chlorobenzoyl)-N-methylglycine methyl ester 6{4,1}: Rf : 0.2
(Cyclohexane/AcOEt 3:1); 1H NMR (400 MHz, CDCl3): d=2.82 (s,
2.0H; syn-NCH3), 3.06 (s, 1.0 H; anti-NCH3), 3.65 (s, 1.0 H; anti-
COOCH3), 3.71 (s, 2.0H; syn-COOCH3), 3.80 (m, 0.7H; anti-NCH2),
4.21 (br s, 1.3 H; syn-NCH2), 7.03 (d, J(H3,H4)= 8.4 Hz, 0.3H; anti-H-3),
7.06 (d, J(H3,H4)=8.4 Hz, 0.7H; syn-H-3), 7.18 (d, J(H6,H4) =2.4 Hz,
0.3H; anti-H-6), 7.24 (d, J(H6,H4)=2.4 Hz, 0.7 H; syn-H-6), 7.30 (dd,
0.3H; anti-H-4), 7.32 ppm (dd, 0.7H; syn-H-4); 13C NMR (100 MHz,
CDCl3): d =34.1 (anti-NCH3), 37.4 (syn-NCH3), 48.5 (syn-NCH2), 52.2
(syn-OCH3), 52.3 (anti-NCH2), 52.4 (anti-OCH3), 119.9, 128.3, 130.7 (Ar-
C), 129.0 (anti-C-2), 129.2 (syn-C-2), 130.59 (syn-C-5), 130.61 (anti-C-5),
135.0 (anti-C-1), 135.1 (syn-C-1), 167.3 (anti-CON), 167.5 (syn-CON),
168.9 (anti-COOCH3), 169.0 ppm (syn-COOCH3); EI-HRMS: m/z calcd
for C11H11N4O3Cl: 282.0520; found: 282.0527; MS (EI): m/z (%): 282/284
(12) [M+], 180/182 (100); yield: 44%.


N-(2-Azido-5-methylbenzoyl)-N-methylglycine methyl ester 6{5,1}: Rf : 0.1
(Cyclohexane/AcOEt 3:1); 1H NMR (400 MHz, CDCl3): d=2.22 (s,
1.0H; anti-CH3), 2.26 (s, 2.0 H; syn-CH3), 2.48 (s, 2.0 H; syn-NCH3), 3.07
(s, 1.0 H; anti-NCH3), 3.63 (s, 1.0H; anti-COOCH3), 3.71 (s, 2.0 H; syn-
COOCH3), 3.82 (m, 0.7H; anti-NCH2), 4.22 (br s, 1.3H; syn-NCH2), 6.97–
7.17 ppm (m, 3Ar-H); 13C NMR (100 MHz, CDCl3): d=20.6 (syn-CH3),
20.6 (anti-CH3), 33.9 (anti-NCH3), 37.5 (syn-NCH3), 48.4 (syn-NCH2),
52.1 (syn-OCH3), 52.2 (anti-OCH3), 52.4 (anti-NCH2), 118.3, 128.7, 131.2
(Ar-C), 127.5 (anti-C-2), 127.7 (syn-C-2), 133.5 (anti-C-5), 133.6 (syn-
C-5), 135.1 (syn-C-1), 135.2 (anti-C-1), 169.0 (anti-CON), 169.2 (syn-
CON), 169.2 (anti-COOCH3), 169.3 ppm (syn-COOCH3); EI-HRMS:
m/z calcd for C12H14N4O3: 262.1066; found: 262.1067; MS (EI): m/z (%):
262 (12) [M+], 161 (100); yield: 25%.


N-(2-Azido-3-methylbenzoyl)-N-methylglycine methyl ester 6{6,1}: Rf : 0.3
(Cyclohexane/AcOEt 2:1); 1H NMR (400 MHz, CDCl3): d=2.25 (s,
1.0H; anti-CH3), 2.28 (s, 2.0 H; syn-CH3), 2.89 (s, 2.0 H; syn-NCH3), 3.08
(s, 1.0 H; anti-NCH3), 3.65 (s, 1.0H; anti-COOCH3), 3.72 (s, 2.0 H; syn-
COOCH3), 3.88 (m, 0.7H; anti-NCH2), 4.25 (br s, 1.3H; syn-NCH2), 6.98–
7.14 ppm (m, 3Ar-H); 13C NMR (100 MHz, CDCl3): d=17.9 (syn-CH3),
17.9 (anti-CH3), 33.8 (anti-NCH3), 37.7 (syn-NCH3), 48.4 (syn-NCH2),
52.2 (syn-OCH3), 52.3 (anti-OCH3), 52.6 (anti-NCH2), 125.6, 125.9, 132.1
(Ar-C), 129.3 (anti-C-2), 129.8 (syn-C-2), 132.4 (syn-C-5), 132.4 (anti-
C-5), 134.3 (anti-C-1), 134.4 (syn-C-1), 169.0 (anti-CON), 169.1 (syn-
CON), 169.2 (syn-COOCH3), 169.2 ppm (anti-COOCH3); EI-HRMS:
m/z calcd for C12H14N4O3: 262.1066; found: 262.1065; MS (EI): m/z (%):
262 (4), [M+], 161 (100); yield: 21%.


N-(2-Azido-3,5-dichlorobenzoyl)-N-methylglycine methyl ester 6{7,1}: Rf :
0.4 (Cyclohexane/AcOEt 2:1); 1H NMR (400 MHz, CDCl3): d=2.87 (s,
2.0H; syn-NCH3), 3.07 (s, 1.0 H; anti-NCH3), 3.67 (s, 1.0 H; anti-
COOCH3), 3.72 (s, 2.0H; syn-COOCH3), 3.82 (m, 0.7H; anti-NCH2),
4.20 (br s, 1.3H; syn-NCH2), 7.08 (d, J=2.4 Hz, 0.3H; anti-H-4), 7.15 (d,
J =2.4 Hz, 0.7 H; syn-H-4), 7.32 (d, 0.3H; anti-H-6), 7.35 ppm (d, J =


2.4 Hz, 0.7H; syn-H-6); 13C NMR (100 MHz, CDCl3): d=34.0 (anti-
NCH3), 37.5 (syn-NCH3), 48.5 (syn-NCH2), 52.3 (anti-NCH2), 52.3 (syn-
OCH3), 52.5 (anti-OCH3), 126.5, 131.1, 131.2, 131.5, 132.3 (Ar-C), 129.6
(anti-C-2), 129.7 (syn-C-2), 166.4 (anti-CON), 166.7 (syn-CON), 168.7
(anti-COOCH3), 168.8 ppm (syn-COOCH3); EI-HRMS: m/z calcd for
C11H10N4O3Cl2: 316.0130; found: 316.0129; MS (EI): m/z (%): 316/318 (4)
[M+], 215/217 (100); yield: 27 %.


N-(2-Azidobenzoyl)-l-proline methyl ester 6{1,2}: Rf : 0.1 (Cyclohexane/
AcOEt 2:1); [a]20 =�84.66 (CHCl3); 1H NMR (400 MHz, CDCl3): d=


1.78–2.30 (m, 4H; CH2CH2), 3.21–3.34 (m, 2 H; NCH2), 3.44 (s, 0.75 H;
anti-COOCH3), 3.72 (s, 2.25 H; syn-COOCH3), 4.12 (dd, J= 2.6, 8.2 Hz,
0.25 H; anti-NCH), 4.61 (dd, J=3.9, 8.2 Hz, 0.75 H; syn-NCH), 7.03–
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7.38 ppm (m, 4Ar-H); 13C NMR (100 MHz, CDCl3): d=22.9 (anti-CH2),
24.7 (syn-CH2), 29.5 (syn-CH2), 31.2 (anti-CH2), 46.3 (anti-NCH2), 48.3
(syn-NCH2), 52.1 (anti-OCH3), 52.2 (syn-OCH3), 58.4 (syn-NCH), 60.3
(anti-NCH), 118.5, 125.0, 128.2, 130.5 (Ar-C), 128.8 (anti-C-2), 129.1 (syn-
C-2), 136.3 (C-1), 166.9 (syn-CON), 167.1 (anti-CON), 172.4 ppm
(COOCH3); EI-HRMS: m/z calcd for C14H15N3O3: 274.0676; found:
274.1068; MS (EI): m/z (%): 274 (8) [M+], 187 (100); yield: 12%.


General procedure for the synthesis of 1,4-benzodiazepin-5-ones
(7{1–7,1} and 7{1,2}): The triphenylphosphine polystyrene (4 equiv) was
distended with dry toluene (8 mL) in a glass vial and was sealed under
argon. A solution of the corresponding azide 6 (1 equiv) in dry toluene
was injected into the suspension. The reaction mixture was shaken at RT
for 1 h, and then heated at 100 8C for 3 and 18 h for 6{1–7,1} and 6{1,2},
respectively. After cooling, the resin was separated by filtration and
washed with dichloromethane. The filtrate was concentrated until dry to
give the benzodiazepines 7{1–7,1} and 7{1,2}.


3,4-Dihydro-2-methoxy-4-methyl-1,4-benzodiazepin-5(5H)-one 7{1,1}: Rf :
0.02 (Cyclohexane/AcOEt 2:1); 1H NMR (400 MHz, CDCl3): d=3.20 (s,
3H, NCH3), 3.67 (s, 2 H; CH2), 3.84 (s, 3 H; OCH3), 6.90–7.87 ppm (m,
4Ar-H); 13C NMR (100 MHz, CDCl3): d=36.4 (NCH3), 48.3 (CH2), 54.4
(OCH3), 120.5 (C-5a), 124.3, 126.0, 130.7, 131.5 (Ar-C), 144.7 (C-9a),
162.8 (COCH3), 167.8 ppm (CO); MS (EI): m/z (%): 204 (8) [M+], 190
(100); purity: 68 % (by GC); yield: 68%.


3,4-Dihydro-2-methoxy-4-methyl-7-bromo-1,4-benzodiazepin-5(5 H)-one
7{2,1}: Rf : 0.2 (Cyclohexane/AcOEt 4:3); 1H NMR (400 MHz, CDCl3):
d=3.14 (s, 3H; NCH3), 3.67 (s, 2H; CH2), 3.83 (s, 3H; OCH3), 6.95 (d, J-
(H9,H8)=8.4 Hz, 1H; H-9), 7.45 (dd, 1 H; H-8), 7.98 ppm (d, J-
(H6,H8)=2.5 Hz, 1H; H-6); 13C NMR (100 MHz, CDCl3): d =36.5
(NCH3), 48.3 (CH2), 54.6 (OCH3), 117.4 (C-7), 128.0, 133.3, 134.5 (Ar-C),
129.0 (C-5a), 143.8 (C-9a), 163.0 (COCH3), 166.5 ppm (CO); MS (EI):
m/z (%): 282/284 (100) [M+]; purity: 83% (by GC); yield: 99 %.


3,4-Dihydro-2-methoxy-4-methyl-7-iodo-1,4-benzodiazepin-5(5 H)-one
7{3,1}: Rf : 0.3 (Cyclohexane/AcOEt 4:3); 1H NMR (400 MHz, CDCl3):
d=3.14 (s, 3H; NCH3), 3.66 (s, 2H; CH2), 3.83 (s, 3H; OCH3), 6.82 (d, J-
(H9,H8)=8.4 Hz, 1H; H-9), 7.64 (dd, 1 H; H-8), 8.16 ppm (d, J-
(H6,H8)=2.0 Hz, 1H; H-6); 13C NMR (100 MHz, CDCl3): d =36.5
(NCH3), 48.4 (CH2), 54.6 (OCH3), 88.1 (C-7), 128.1, 139.3, 140.3 (Ar-C),
129.3 (C-5a), 144.4 (C-9a), 163.1 (COCH3), 166.3 ppm (CO); MS (EI):
m/z (%): 330 (100) [M+]; purity: 88% (by GC); yield: 93 %.


3,4-Dihydro-2-methoxy-4-methyl-7-chloro-1,4-benzodiazepin-5(5H)-one
7{4,1}: Rf : 0.3 (Cyclohexane/AcOEt 4:3); 1H NMR (400 MHz, CDCl3):
d=3.14 (s, 3H; NCH3), 3.67 (s, 2H; CH2), 3.83 (s, 3H; OCH3), 7.02 (d, J-
(H9,H8)=8.4 Hz, 1H; H-9), 7.31 (dd, 1 H; H-8), 7.83 ppm (d, J-
(H6,H8)=2.4 Hz, 1H; H-6); 13C NMR (100 MHz, CDCl3): d =36.4
(NCH3), 48.3 (CH2), 54.6 (OCH3), 127.7, 130.6, 131.6 (Ar-C), 128.7 (C-7),
129.8 (C-5a), 143.3 (C-9a), 163.0 (COCH3), 166.6 ppm (CO); MS (EI):
m/z (%): 238/240 (90) [M+], 180/182 (100); purity: 83 % (by GC); yield:
99%.


3,4-Dihydro-2-methoxy-4,7-dimethyl-1,4-benzodiazepin-5(5H)-one 7{5,1}:
Rf : 0.2 (Cyclohexane/AcOEt 4:3); 1H NMR (400 MHz, CDCl3): d =2.29
(s, 3H; CH3), 3.14 (s, 3H; NCH3), 3.66 (s, 2 H; CH2), 3.82 (s, 3 H; OCH3),
6.97 (d, J(H9,H8) =8.0 Hz, 1H; H-9), 7.17 (dd, 1 H; H-8), 7.66 ppm (d, J-
(H6,H8)=1.7 Hz, 1H; H-6); 13C NMR (100 MHz, CDCl3): d =20.7
(CH3), 36.3 (NCH3), 48.4 (CH2), 54.3 (OCH3), 126.0, 130.7, 132.5 (Ar-C),
127.1 (C-5a), 134.0 (C-7), 142.4 (C-9a), 162.5 (COCH3), 168.0 ppm (CO);
MS (EI): m/z (%): 218 (68) [M+], 160 (100); purity: 72 % (by GC);
yield: 98 %.


3,4-Dihydro-2-methoxy-4,9-methyl-1,4-benzodiazepin-5(5H)-one 7{6,1}:
Rf : 0.04 (Cyclohexane/AcOEt 2:1); 1H NMR (400 MHz, CDCl3): d =2.26
(s, 3H; CH3), 3.15 (s, 3H; NCH3), 3.66 (s, 2 H; CH2), 3.85 (s, 3 H; OCH3),
7.02 (t, J =7.5 Hz, 1H; H-7), 7.24 (d, 1H; H-8), 7.69 ppm (d, 1H; H-6);
13C NMR (100 MHz, CDCl3): d =18.4 (CH3), 36.3 (NCH3), 48.3 (CH2),
54.2 (OCH3), 124.0, 128.4, 132.6 (Ar-C), 127.5 (C-5a), 133.4 (C-7), 143.1
(C-9a), 161.2 (COCH3), 168.2 ppm (CO); MS (EI): m/z (%): 218 (100)
[M+]; EI-HRMS: m/z calcd for C12H14N2O2: 218.1055; found: 218.1056;
purity: 74% (by GC); yield: 93%.


3,4-Dihydro-2-methoxy-4-methyl-5,9-dichloro-1,4-benzodiazepin-5(5 H)-
one 7{7,1}: Rf : 0.1 (Cyclohexane/AcOEt 2:1); 1H NMR (400 MHz,
CDCl3): d=3.15 (s, 3 H; NCH3), 3.69 (s, 2H; CH2), 3.91 (s, 3H; OCH3),
7.47 (d, J =2.5 Hz, 1 H; H-8), 7.75 ppm (d, 1H; H-6); 13C NMR
(100 MHz, CDCl3): d= 36.6 (NCH3), 48.4 (CH2), 55.0 (OCH3), 128.8,
129.1, 129.6, 129.8, 131.9 (Ar-C), 140.4 (C-9a), 163.0 (COCH3), 165.7 ppm
(CO); EI-HRMS: m/z calcd for C11H10N2O2Cl2: 272.0119; found:
272.0115; MS (EI): m/z (%): 272/274 (100), [M+]; purity: 94 % (by GC);
yield: 99 %.


11-Methoxy-1,2,3,11a-tetrahydro-benzo[e]pyrrolo[1,2-a][1,4]diazepin-5-
one 7{1,2}: Rf : 0.1 (Cyclohexane/AcOEt 2:1); [a]20 =++524 (CHCl3);
1H NMR (400 MHz, CDCl3): d=1.93–1.97 (m, 4 H; CH2CH2), 3.40–3.49
(m, 2H; NCH2), 3.82 (s, 3 H; OCH3), 3.90–3.92 (m, 1H; NCH), 7.07–7.14
(m, 2Ar-H), 7.37 (t, J= 1.6, 7.1 Hz, 1H), 7.92 ppm (dd, J =1.3, 7.9 Hz,
1H); 13C NMR (100 MHz, CDCl3): d=23.9, 26.5 (CH2CH2), 46.8
(NCH2), 54.4 (OCH3), 54.4 (NCH), 124.1, 126.4, 130.2, 131.5 (Ar-C),
127.4 (C-5a), 144.1 (C-9a), 162.3 (COCH3), 165.7 ppm (CO); EI-HRMS:
m/z calcd for C13H14N2O2: 230.1055; found: 230.1057; MS (EI): m/z (%):
230 (88) [M+], 145 (100); purity: 83% (by GC); yield: 99 %.


General procedure for the reductive amination (4{3–8}): The methyl
ester hydrochlorides of the amino acids (1.5 equiv) were dissolved in
MeOH and cooled to 0 8C. Triethylamine (1.5 equiv) was added to this
solution, then the reaction mixture was stirred for 10 min and allowed to
warm up to room temperature. The aldehydes (1 equiv) were added and
the reaction mixtures were stirred for 12 h at room temperature. The sol-
utions were cooled to 0 8C and NaBH4 (2 equiv) was added portionwise
to the reaction mixtures over a period of 30 min. After stirring for 2 h at
0 8C and for 1 h at room temperature, the reaction mixtures were acidi-
fied with 10% aqueous NaHSO4 and ether was added (25 mL). The
phases were then separated. The organic phases were washed with 10 %
aqueous NaHSO4 and the combined aqueous layers were carefully neu-
tralized with solid sodium carbonate. The latter were extracted with
ether (3 � 10 mL). The combined ether layers were dried over sodium sul-
fate and evaporated to achieve the amines 4{3–8}.


Methyl ester of (4-methoxybenzylamino)acetic acid 4{3}: Rf : 0.1 (Cyclo-
hexane/AcOEt 2:1); 1H NMR (400 MHz, CDCl3): d =2.97 (br s, 1H;
NH), 3.35 (s, 2 H; NCH2COOMe), 3.64 (s, 3H; OCH3), 3.70 (s, 2 H;
PhCH2N), 3.71 (s, 3H; COOCH3), 6.78 (d, J =8.7 Hz, 2 H; Ar-H),
7.17 ppm (d, 2 H; Ar-H); 13C NMR (100 MHz, CDCl3): d =49.2
(NCH2COOMe), 51.8 (COOCH3), 52.3 (PhCH2N), 55.2 (OCH3), 113.9,
129.6, 130.5, 158.9 (Ar-C), 172.6 ppm (COOCH3); EI-HRMS: m/z calcd
for C11H15NO3: 209.1052; found: 209.1047; MS (EI): m/z (%): 209 (4),
[M+], 121 (100); purity: 94% (by GC); yield: 85%.


Methyl ester of (3,4-dimethoxybenzylamino)acetic acid 4{4}: Rf : 0.1 (Cy-
clohexane/AcOEt 2:1); 1H NMR (400 MHz, CDCl3): d=1.77 (br s, 1H;
NH), 3.34 (s, 2 H; NCH2COOMe), 3.66 (s, 3 H; COOCH3), 3.67 (s, 2 H;
PhCH2N), 3.79 (s, 3 H; OCH3), 3.81 (s, 3H; OCH3), 6.73–6.83 ppm (m,
3H; Ar-H); 13C NMR (100 MHz, CDCl3): d=49.8 (NCH2COOMe), 51.7
(COOCH3), 53.1 (PhCH2N), 55.9 (OCH3), 55.9 (OCH3), 111.1, 111.5,
120.4, 132.0, 148.3, 149.1 (Ar-C), 172.9 ppm (COOCH3); EI-HRMS: m/z
calcd for C12H17NO4: 239.1158; found: 239.1159; MS (EI): m/z (%): 239
(12) [M+], 151 (100); purity: 93 % (by GC); yield: 33%.


Methyl ester of (4-phenylbenzylamino)acetic acid 4{5}: Rf : 0.1 (Cyclohex-
ane/AcOEt 2:1); 1H NMR (400 MHz, CDCl3): d=2.06 (br s, 1H; NH),
3.37 (s, 2 H; NCH2COOMe), 3.65 (s, 3 H; COOCH3), 3.76 (s, 2 H;
PhCH2N), 7.22–7.51 ppm (m, 9 H; Ar-H); 13C NMR (100 MHz, CDCl3):
d=49.9 (NCH2COOMe), 51.7 (COOCH3), 52.9 (PhCH2N), 127.0, 127.2,
128.7, 128.7, 138.5, 140.2, 140.9 (Ar-C), 172.8 ppm (COOCH3); EI-
HRMS: m/z calcd for C16H17NO2: 255.1259; found: 255.1256; MS (EI):
m/z (%): 255 (8) [M+], 167 (100); purity: 97 % (by GC); yield: 64%.


Methyl ester of benzylaminoacetic acid 4{6}: Rf : 0.2 (Cyclohexane/AcOEt
2:1); 1H NMR (400 MHz, CDCl3): d =2.34 (br s, 1H; NH), 3.35 (s, 2 H;
NCH2COOMe), 3.65 (s, 3H; COOCH3), 3.74 (s, 2 H; PhCH2N), 7.21–
7.36 ppm (m, 5H; Ar-H); 13C NMR (100 MHz, CDCl3): d =49.8
(NCH2COOMe), 51.7 (COOCH3), 53.2 (PhCH2N), 127.2, 128.3, 128.4,
139.2 (Ar-C), 172.7 ppm (COOCH3); MS (EI): m/z (%): 179 (4) [M+], 91
(100); EI-HRMS: m/z calcd for C10H13NO2: 179.0946; found: 179.0946;
purity: 53% (by GC), yield: 43%.
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Methyl ester of 2-(4-methoxybenzylamino)propionic acid 4{7}: Rf : 0.3
(Cyclohexane/AcOEt 2:1); [a]20 =�2.68 (CHCl3); 1H NMR (400 MHz,
CDCl3): d=1.23 (d, J =7.1 Hz, 3H; CH3), 2.33 (br s, 1 H; NH), 3.31 (c,
1H; CH), 3.64 (s, 3 H; OCH3), 3.64 (s, 2 H; PhCH2N), 3.70 (s, 3 H;
COOCH3), 6.76 (d, J= 8.7 Hz, 2 H; Ar-H), 7.16 ppm (d, 2 H; Ar-H);
13C NMR (100 MHz, CDCl3): d=18.96 (CH3), 51.2 (PhCH2N), 51.7
(COOCH3), 55.2 (CH), 55.7 (OCH3), 113.8, 129.5, 131.6, 158.8 (Ar-C),
176.0 ppm (COOCH3); EI-HRMS: m/z calcd for C12H17NO3: 223.12;
found: 223.12; MS (EI): m/z (%): 223 (4) [M+], 121 (100); purity: 97 %
(by GC); yield: 37%.


Methyl ester of 2-(4-methoxybenzylamino)-3-phenylpropionic acid 4{8}:
Rf : 0.2 (Cyclohexane/AcOEt 2:1); [a]20 =�0.07 (CHCl3); 1H NMR
(400 MHz, CDCl3): d=2.84 (br s, 1H; NH), 2.88 (d, J=6.9 Hz, 2H;
CHCH2Ph), 3.45 (t, 1H; CH), 3.52 (s, 3H; OCH3), 3.52 (s, 2H;
PhCH2N), 3.65 (s, 3H; COOCH3), 6.69–7.19 ppm (m, 9H; Ar-H);
13C NMR (100 MHz, CDCl3): d= 39.5 (CHCH2Ph), 51.3 (PhCH2N), 51.6
(COOCH3), 61.8 (CH), 55.2 (OCH3), 113.8, 126.7, 128.4, 129.2, 129.5,
131.1, 137.2, 158.8 (Ar-C), 174.6 ppm (COOCH3); EI-HRMS: m/z calcd
for C18H21NO3: 299.1521; found: 299.1506; MS (EI): m/z (%): 299 (4)
[M+], 121 (100); purity: 98% (by GC); yield: 64%.


General procedure for the amine coupling (5{1,3–8}): Resin 3{1}
(1 equiv) and 2-chloro-1-methylpyridinium iodide (2 equiv) were sus-
pended in 80 mL of CH2Cl2, after which NEt3 (20 equiv) was added. The
corresponding amine 4{3–8} (3 equiv) was added after 15 min. The result-
ing mixture was stirred overnight at RT. The resin 5{1,3–8} was filtered
off, washed sequentially with THF, Et2O, MeOH, DMF, THF, CH2Cl2,
methanol, and pentane, and was dried under high vacuum.


Methyl ester of [(2-(3-benzyl-3-polystyrylmethyl-1-triazenyl)benzoyl)(4-
methoxybenzyl)amino]acetic acid 5{1,3}: IR (KBr): ñ=3647 (w, br, ps),
3476 (s, ps), 3026 (s, ps), 2927 (s, ps), 2850 (s, ps), 1945 (m, ps), 1874 (m,
ps), 1805 (m, ps), 1754 (s), 1650 (s), 1601 (s, ps), 1493 (s, ps), 1452 cm�1


(s, ps); elemental analysis calcd (%) for C147H147N4O4: C 86.83, H 7.28, N
2.74; found: C 84.71, H 6.98, N 3.31; loading: 0.774 mmol g�1.


Methyl ester of [(2-(3-benzyl-3-polystyrylmethyl-1-triazenyl)benzoyl)(3,4-
dimethoxybenzyl)amino]acetic acid 5{1,4}: IR (KBr): ñ =3647 (w, br, ps),
3479 (s, ps), 3026 (s, ps), 2927 (s, ps), 2850 (s, ps), 1945 (m, ps), 1873 (m,
ps), 1803 (m, ps), 1751 (s), 1651 (s), 1601 (s, ps), 1493 (s, ps), 1454 cm�1


(s, ps); elemental analysis calcd (%) for C148H149N4O5: C 86.15, H 7.27, N
2.70; found: C 84.24, H 7.28, N 3.63; loading: 0.898 mmol g�1.


Methyl ester of [(2-(3-benzyl-3-polystyrylmethyl-1-triazenyl)benzoyl)(4-
phenylbenzyl)amino]acetic acid 5{1,5}: IR (KBr): ñ =3645 (w, br, ps),
3622 (s, ps), 3025 (s, ps), 2926 (s, ps), 2850 (s, ps), 1944 (m, ps), 1872 (m,
ps), 1802 (m, ps), 1748 (s), 1649 (s), 1601 (s, ps), 1493 (s, ps), 1452 cm�1


(s, ps); elemental analysis calcd (%) for C186H183N4O3: C 88.58, H 7.31, N
2.21; found: C 86.84, H 7.55, N 2.57; loading: 0.578 mmol g�1.


Methyl ester of [(2-(3-benzyl-3-polystyrylmethyl-1-triazenyl)benzoyl)ben-
zylamino]acetic acid 5{1,6}: IR (KBr): ñ=3648 (w, br, ps), 3026 (s, ps),
2922 (s, ps), 2847 (s, ps), 1944 (m, ps), 1871 (m, ps), 1803 (m, ps), 1753
(s), 1652 (s), 1601 (s, ps), 1493 (s, ps), 1453 cm�1 (s, ps); elemental analy-
sis calcd (%) for C185H184N4O3: C 88.48, H 7.38, N 2.22; found: C 85.92,
H 6.74, N 2.12; loading: 0.462 mmol g�1.


Methyl ester of 2-[(2-(3-benzyl-3-polystyrylmethyl-1-triazenyl)benzoyl)-
(4-methoxybenzyl)amino]propionic acid 5{1,7}: IR (KBr): ñ=3652 (w, br,
ps), 3466 (s, ps), 3026 (s, ps), 2928 (s, ps), 2850 (s, ps), 1944 (m, ps), 1873
(m, ps), 1796 (m, ps), 1743 (s), 1642 (s), 1601 (s, ps), 1493 (s, ps),
1453 cm�1 (s, ps); elemental analysis calcd (%) for C154H153N4O4: C 87.10,
H 7.26, N 2.62; found: C 86.54, H 7.35, N 3.57; loading: 0.923 mmol g�1.


Methyl ester of 2-[(2-(3-benzyl-3-polystyrylmethyl-1-triazenyl)benzoyl)-
(4-methoxybenzyl)amino]-3-phenylpropionic acid 5{1,8}: IR (KBr): ñ=


3646 (w, br, ps), 3458 (s, ps), 3026 (s, ps), 2928 (s, ps), 2851 (s, ps), 1944
(m, ps), 1872 (m, ps), 1796 (m, ps), 1741 (s), 1640 (s), 1601 (s, ps), 1493
(s, ps), 1453 cm�1 (s, ps); elemental analysis calcd (%) for C154H153N4O4:
C 87.10, H 7.26, N 2.62; found: C 85.96, H 7.44, N 3.55; loading:
0.900 mmol g�1.


General procedure for the generation of azides (6{1,3–8}): The resin
5{1,3–8} was suspended in 5 % TFA/CH2Cl2 at RT. After 5–10 min, the
mixture was filtered, and trimethylsilylazide was added. The solvents and


the remnants of TFA and trimethylsilylazide were removed by evapora-
tion. The residue was purified by performing flash chromatography, elut-
ing with a 3:1 cyclohexane/AcOEt system.


Methyl ester of [(2-azidobenzoyl)(4-methoxybenzyl)amino]acetic acid
6{1,3}: Rf : 0.3 (Cyclohexane/AcOEt 2:1); 1H NMR (400 MHz, CDCl3):
d=3.56, 3.68, 3.72, 3.74 (8Aliph-H), 4.30 (s, 2H; NCH2Ph), 6.77–
7.39 ppm (m, 8Ar-H); 13C NMR (100 MHz, CDCl3): d= 45.1 (syn-
NCH2Ph), 48.1 (anti-NCH2Ph), 48.7 (anti-CH2COOCH3), 52.1 (anti-
COOCH3), 52.2 (syn-COOCH3), 52.8 (syn-CH2COOCH3), 55.3 (OCH3),
114.1, 114.2, 118.4, 118.7, 125.1, 125.1, 128.2, 128.2, 129.1, 129.8, 130.6,
130.7, 136.3, 136.8, 159.3, 159.4 (Ar-C), 162.3 (syn-COOCH3), 169.0 (anti-
COOCH3), 169.3 (syn-NCO), 169.3 ppm (anti-NCO); yield: 55%.


Methyl ester of [(2-azidobenzoyl)(3,4-dimethoxybenzyl)amino]acetic acid
6{1,4}: Rf : 0.2 (Cyclohexane/AcOEt 2:1); 1H NMR (400 MHz, CDCl3):
d=3.56, 3.68, 3.78, 3.81, 3.83 (11Aliph-H), 4.30 (s, 2H; NCH2Ph), 6.64–
7.38 ppm (m, 7Ar-H); 13C NMR (100 MHz, CDCl3): d=48.4 (anti-
CH2COOCH3), 48.7 (syn-CH2COOCH3), 52.1 (syn-COOCH3), 52.2 (anti-
COOCH3), 53.2 (NCH2Ph), 55.8 (syn-OCH3), 55.8 (anti-OCH3), 55.9
(syn-OCH3), 55.9 (anti-OCH3), 110.7, 111,0, 111.2, 111.4, 118.5, 118.7,
120.2, 120.9, 125.1, 125.2, 127.8, 127.8, 127.8, 128.1, 128.2, 128.5, 130.6,
130.7, 136.2, 136.6, 148.7, 148.9, 149.4, 149.4 (Ar-C), 169.0 (anti-NCO),
169.3 (syn-NCO), 169.3 (syn-COOCH3), 169.4 ppm (anti-COOCH3); MS
(FAB): m/z (%): 385 (26) [M+], 307 (100); yield: 37%.


Methyl ester of [(2-azidobenzoyl)(4-phenylbenzyl)amino]acetic acid
6{1,5}: Rf : 0.5 (Cyclohexane/AcOEt 2:1); 1H NMR (400 MHz, CDCl3):
d=3.56, 3.68, 3.71 (5 Aliph-H), 4.41 (s, 2H; NCH2Ph), 7.07–7.53 ppm (m,
13Ar-H); 13C NMR (100 MHz, CDCl3): d =48.5 (anti-CH2COOCH3),
49.07 (syn-CH2COOCH3), 52.2 (syn-COOCH3), 52.2 (anti-COOCH3),
53.1 (NCH2Ph), 118.5, 118.7, 125.1, 125.2, 127.0, 127.0, 127.4, 127.5, 127.5,
128.1, 128.2, 128.3, 128.8, 130.7, 130.7, 134.4, 135.0, 136.3, 136.8, 140.4,
140.7, 140.7, 141.0 (Ar-C), 169.1 (anti-NCO), 169.3 (syn-NCO), 169.4
(anti-COOCH3), 169.5 ppm (syn-COOCH3); yield: 20%.


Methyl ester of [(2-azidobenzoyl)benzylamino]acetic acid 6{1,6}: Rf : 0.3
(Cyclohexane/AcOEt 2:1); 1H NMR (400 MHz, CDCl3): d =3.55 (s, 2H;
CH2COOCH3), 3.67 (s, 3H; COOCH3), 4.37 (s, 2 H; NCH2Ph), 7.07–
7.32 ppm (m, 9Ar-H); 13C NMR (100 MHz, CDCl3): d=48.7 (anti-
CH2COOCH3), 48.9 (syn-CH2COOCH3), 52.1 (anti-COOCH3), 52.1 (syn-
COOCH3), 53.3 (NCH2Ph), 118.4, 118,6, 125.0, 125.1, 126.9, 127.6, 127.7,
127.9, 127.9, 128.2, 128.3, 128.5, 128.7, 128.7, 128.8, 130.6, 130.6, 131.4,
135.4, 135.9, 136.3, 136.8 (Ar-C), 169.0 (anti-NCO), 169.2 (syn-NCO),
169.3 (anti-COOCH3), 169.4 ppm (syn-COOCH3); yield: 16%.


Methyl ester of 2-[(2-azidobenzoyl)(4-methoxybenzyl)amino]propionic
acid 6{1,7}: Rf : 0.3 (Cyclohexane/AcOEt 2:1); 1H NMR (400 MHz,
CDCl3): d=1.34 (d, 2 H, J =7.1 Hz; CH3), 3.75 (s, 3H; COOCH3), 3.76 (s,
3H; OCH3), 4.30 (NCH2Ph), 6.78–7.79 ppm (m, 8Ar-H); 13C NMR
(100 MHz, CDCl3): d=12.8 (syn-CH3), 14.0 (anti-CH3), 39.0 (syn-
NCH2Ph), 42.9 (anti-NCH2Ph), 52.2 (syn-COOCH3), 52.2 (anti-
COOCH3), 55.2 (OCH3), 57.0 (CH), 113.7, 113,9, 118.5, 125.0, 126.8,
127.6, 127.9, 128.4, 128.9, 130.4, 130.5, 136.2, 136.6, 158.7, 159.2 (Ar-C),
167.8 (syn-COOCH3), 169.4 (anti-COOCH3), 171.6 ppm (NCO); MS
(FAB): m/z (%): 369 (28) [M+], 219 (100); yield: 15%.


Methyl ester of 2-[(2-azidobenzoyl)(4-methoxybenzyl)amino]-3-phenyl-
propionic acid 6{1,8}: Rf : 0.3 (Cyclohexane/AcOEt 2:1); 1H NMR
(400 MHz, CDCl3): d =3.69 (s, 3H; COOCH3), 3.73 (s, 3H; OCH3), 6.66–
7.34 ppm (m, 13Ar-H); 13C NMR (100 MHz, CDCl3): d=39.0 (CHCH2),
42.9 (NCH2Ph), 52.2 (syn-COOCH3), 53.4 (anti-COOCH3), 55.2 (syn-
OCH3), 55.3 (anti-OCH3), 113.8, 118.5, 125.0, 126.7, 127.2, 127.6, 128.0,
128.3, 129.4, 129.8, 129.9, 130.4, 136.2, 159.3 (Ar-C), 167.8 (COOCH3),
168.7 (anti-NCO), 170.4 ppm (syn-NCO); yield: 5 %.


General procedure for the synthesis of 1,4-benzodiazepin-5-ones
(7{1,3–8}): The triphenylphosphine polystyrene (4 equiv) was distended
with dry toluene (8 mL) in a glass vial and was sealed under argon. A so-
lution of the azide 6{1,3–8} (1 equiv) in dry toluene was injected into the
suspension. The reaction mixture was shaken at RT for 1 h and then
heated at 100 8C for 18 h. After cooling, the resin was separated by filtra-
tion and washed with dichloromethane. The filtrate was concentrated
until dry to give the benzodiazepines 7{1,3–8}.
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2-Methoxy-4-(4-methoxybenzyl)-3,4-dihydrobenzo[e][1,4]diazepin-5-one
7{1,3}: Rf : 0.1 (Cyclohexane/AcOEt 2:1); 1H NMR (400 MHz, CDCl3):
d=3.68 (s, 2 H, NCH2), 3.71 (s, 3H, PhOCH3), 3.72 (s, 3 H, OCH3), 4.69
(s, 2 H, NCH2Ph), 6.78–7.96 ppm (m, 8Ar-H); 13C NMR (100 MHz,
CDCl3): d=45.8 (NCH2), 51.1 (NCH2Ph), 54.2 (OCH3), 55.3 (PhOCH3),
114.1, 124.4, 126.1, 128.8, 129.6, 131.0, 131.7, 135.8, 144.9, 159.3 (Ar-C),
163.3 (COCH3), 167.8 ppm (CO); EI-HRMS: m/z calcd for C18H18N2O3:
310.1317; found: 310.1315; MS (EI): m/z (%): 310 (24) [M+], 201 (100);
yield: 98 %.


4-(3,4-Dimethoxybenzyl)-2-methoxy-3,4-dihydrobenzo[e][1,4]diazepin-5-
one 7{1,4}: Rf : 0.03 (Cyclohexane/AcOEt 2:1); 1H NMR (400 MHz,
CDCl3): d =3.60 (s, 2 H; NCH2), 3.78 (s, 3H; PhOCH3), 3.79 (s, 3 H;
PhOCH3), 3.68 (s, 3 H; OCH3), 4.60 (s, 2H; NCH2Ph), 6.73–8.22 ppm (m,
7Ar-H); 13C NMR (100 MHz, CDCl3): d=45.7 (NCH2), 51.5 (NCH2Ph),
54.2 (OCH3), 55.9 (PhOCH3), 55.9 (PhOCH3), 111.1, 111.4, 120.8, 124.4,
126.2, 129.0, 132.5, 144.9, 148.8, 149.3 (Ar-C), 163.3 (COCH3), 167.9 ppm
(CO); EI-HRMS: m/z calcd for C19H20N2O4: 340.1423; found: 340.1426;
MS (EI): m/z (%): 340 (16) [M+], 201 (100).


2-Methoxy-4-(4-phenylbenzyl)-3,4-dihydrobenzo[e][1,4]diazepin-5-one
7{1,5}: Rf : 0.1 (Cyclohexane/AcOEt 2:1); 1H NMR (400 MHz, CDCl3):
d=3.64 (s, 2H; NCH2), 3.67 (s, 3H; OCH3), 4.79 (s, 2H; NCH2Ph), 6.89–
7.96 ppm (m, 13Ar-H); 13C NMR (100 MHz, CDCl3): d=46.1 (NCH2),
51.5 (NCH2Ph), 54.2 (OCH3), 124.5, 126.2, 127.0, 127.4, 128.6, 128.8,
131.0, 131.8, 135.8, 140.7, 145.0 (Ar-C), 163.2 (COCH3), 168.0 ppm (CO).


4-Benzyl-2-methoxy-3,4-dihydrobenzo[e][1,4]diazepin-5-one 7{1,6}: Rf :
0.1 (Cyclohexane/AcOEt 2:1); 1H NMR (400 MHz, CDCl3): d=3.61 (s,
2H; NCH2), 3.67 (s, 3 H; OCH3), 4.76 (s, 2 H; NCH2Ph), 6.86–7.73 ppm
(m, 9Ar-H); 13C NMR (100 MHz, CDCl3): d=46.0 (NCH2), 51.7
(NCH2Ph), 54.2 (OCH3), 1117.6, 124.4, 128.1, 128.5, 128.6, 131.0, 131.5,
136.1, 144.9 (Ar-C), 167.2 ppm (CO).


2-Methoxy-4-(4-methoxybenzyl)-3-methyl-3,4-dihydrobenzo[e]-
[1,4]diazepin-5-one 7{1,7}: Rf : 0.1 (Cyclohexane/AcOEt 2:1); [a]20 =


�3.61 (CHCl3); 1H NMR (400 MHz, CDCl3): d=1.38 (d, J=7.0 Hz, 3H,
CH3), 3.64 (s, 3H, PhOCH3), 3.72 (s, 3 H, OCH3), 4.45 (c, 1 H, CH), 6.65–
7.21 ppm (m, 8Ar-H).


3-Benzyl-2-methoxy-4-(4-methoxybenzyl)-3,4-dihydrobenzo[e]-
[1,4]diazepin-5-one 7{1,8}: Rf : 0.03 (Cyclohexane/AcOEt 2:1); [a]20 =


�0.05 (CHCl3); 1H NMR (400 MHz, CDCl3): d=3.51 (s, 3 H; PhOCH3),
3.72 (s, 3 H; OCH3), 6.72–8.03 ppm (m, 13Ar-H); 13C NMR (100 MHz,
CDCl3): d=34.5 (CH2Ph), 52.9 (NCH2Ph), 54.0 (OCH3), 55.2 (CH), 61.3
(PhOMe), 113.9, 120.7, 124.5, 126.9, 128.5, 128.7, 128.8, 129.8, 131.0,
136.1, 139.3, 143.3, 159.2 (Ar-C), 163.2 (COCH3), 166.8 ppm (CO); EI-
HRMS: m/z calcd for C25H24N3O3: 400.1787; found: 400.1787; MS (EI):
m/z (%): 400 (12) [M+], 201 (100).


General procedure for the coupling via acid chlorides (5{1,9–11}): A mix-
ture of triphenylphosphine (3 equiv), resin 3{1} (1 equiv), lactams 4{9–11}
(2 equiv), diisopropylethylamine (4 equiv), and carbon tetrachloride
(3 equiv) was heated at reflux in THF for 5 h. After cooling, the resin
5{1,9–11} was filtered off, washed sequentially with THF, Et2O, MeOH,
DMF, THF, CH2Cl2, methanol, and pentane, and was dried under high
vacuum.


(2-(3-Benzyl-3-polystyrylmethyl-1-triazenyl)benzoylpyrrolidin-2-one
5{1,9}: IR (KBr): ñ =3647 (s, ps), 3620 (w, ps), 3061 (w, br, ps), 2951 (w,
br, ps), 1944 (m, ps), 1872 (m, ps), 1800 (m, ps), 1751 (s), 1679 (s), 1601
(s, ps), 1494 (s, ps), 1461 cm�1 (s, ps); elemental analysis calcd (%) for
C181H180N4O2: C 88.98, H 7.42, N 2.28; found: C 87.34, H 7.86, N 2.46;
loading: 0.501 mmol g�1.


(2-(3-Benzyl-3-polystyrylmethyl-1-triazenyl)benzoylpiperidin-2-one
5{1,10}: IR (KBr): ñ=3649 (s, ps), 3621 (w, ps), 3026 (s, ps), 2926 (w, br,
ps), 1944 (m, ps), 1872 (m, ps), 1802 (m, ps), 1713 (s), 1679 (s), 1601 (s,
ps), 1493 (s, ps), 1452 cm�1 (s, ps); elemental analysis calcd (%) for
C182H182N4O2: C 88.96, H 7.46, N 2.27; found: C 86.33, H 8.02, N 2.32;
loading: 0.462 mmol g�1.


(2-(3-Benzyl-3-polystyrylmethyl-1-triazenyl)benzoylazepan-2-one 5{1,11}:
IR (KBr): ñ=3645 (s, ps), 3620 (w, ps), 3026 (s, ps), 2926 (w, br, ps), 1944
(m, ps), 1873 (m, ps), 1802 (m, ps), 1713 (s), 1679 (s), 1601 (s, ps), 1493
(s, ps), 1452 cm�1 (s, ps); elemental analysis calcd (%) for C183H184N4O2:


C 88.94, H 7.50, N 2.26; found: C 87.68, H 7.57, N 2.49; loading:
0.512 mmol g�1.


General procedure for the generation of azides (6{1,9–12}): The resin
5{1,9–12} was suspended in 5% TFA/CH2Cl2 at RT. After 5–10 min, the
mixture was filtered and trimethylsilylazide was added. The solvents and
the remnants of TFA and trimethylsilylazide were removed by evapora-
tion. The residue was purified by performing flash chromatography, elut-
ing with a 3:1 cyclohexane/AcOEt system.


1-(2-Azidobenzoyl)pyrrolidin-2-one 6{1,9}: Rf : 0.4 (Cyclohexane/AcOEt
2:1); 1H NMR (400 MHz, CDCl3): d=2.06 (q, 2H, CH2), 2.41 (t, J=


8.2 Hz, 2 H; COCH2), 3.90 (t, J =7.0 Hz, 2 H; NCH2), 7.11 (m, 2Ar-H),
7.21 (d, J= 7.5 Hz, 1Ar-H), 7.39 ppm (t, J =7.7 Hz, 1Ar-H); 13C NMR
(100 MHz, CDCl3): d =17.4 (CH2), 33.0 (COCH2), 45.5 (NCH2), 118.1,
124.7, 128.3, 131.2, 137.2 (Ar-C), 167.3 (CON), 174.1 ppm (COCH2); EI-
HRMS: m/z calcd for C11H10N4O2: 230.0804, found: 230.0802; MS (EI):
m/z (%): 230 (18) [M+], 116 (100); yield: 12%.


1-(2-Azidobenzoyl)piperidin-2-one 6{1,10}: Rf : 0.5 (Cyclohexane/AcOEt
2:1); 1H NMR (400 MHz, CDCl3): d= 1.79–1.91 (m, 4H; CH2CH2), 2.46
(t, J= 6.4 Hz, 2 H; COCH2), 3.78 (t, J=6.2 Hz, 2 H; NCH2), 7.04 (d, J=


8.1 Hz, 1Ar-H), 7.10 (t, J= 7.5 Hz, 1Ar-H), 7.26 (d, J =7.7 Hz, 1Ar-H),
7.34 ppm (t, J =7.3 Hz, 1Ar-H); 13C NMR (100 MHz, CDCl3): d=20.8,
22.5 (CH2), 34.3 (COCH2), 44.9 (NCH2), 118.1, 125.0, 128.4, 130.8, 135.9
(Ar-C), 170.2 (CON), 172.8 ppm (COCH2); EI-HRMS: m/z calcd for
C12H12N4O2: 244.0906, found: 244.0955; MS (EI): m/z (%): 244 (4) [M+],
117 (100); yield: 17%.


1-(2-Azidobenzoyl)azepan-2-one 6{1,11}: Rf : 0.5 (Cyclohexane/AcOEt
2:1); 1H NMR (400 MHz, CDCl3): d=1.77 (m, 6H; CH2CH2CH2), 2.59
(m, 2 H; COCH2), 3.94 (m, 2 H; NCH2), 7.04 (d, J=8.1 Hz, 1Ar-H), 7.09
(t, J =7.5 Hz, 1Ar-H), 7.21 (d, J =7.7 Hz, 1Ar-H), 7.32 ppm (t, J =8.1 Hz,
1Ar-H); 13C NMR (100 MHz, CDCl3): d=23.6, 28.6, 29.5 (CH2), 39.0
(COCH2), 43.8 (NCH2), 118.1, 124.9, 128.0, 130.5, 135.6 (Ar-C), 169.5
(CON), 176.9 ppm (COCH2); EI-HRMS: m/z calcd for C14H15N3O2:
258.1117, found: 258.1116; MS (EI): m/z (%): 258 (4) [M+], 230 (100);
yield: 20 %.


General procedure for the synthesis of 1,4-benzodiazepin-5-ones
(7{1,9–11}): The triphenylphosphine polystyrene (4 equiv) was distended
with dry toluene (8 mL) in a glass vial sealed under argon. A solution of
the azide 6{1,9–11} (1 equiv) in dry toluene was injected into the suspen-
sion. The reaction mixture was shaken at RT for 1 h and then heated at
100 8C for 132 h. After cooling, the resin was separated by filtration and
washed with dichloromethane. The filtrate was concentrated to dryness
to give the benzodiazepines 7{1,9–11}.


2,3-Dihydro-1 H-pyrrolo[2,1-b]quinazolin-9-one (deoxyvasicinone)
7{1,9}: Rf : 0.03 (Cyclohexane/AcOEt 2:1); 1H NMR (400 MHz, CDCl3):
d=2.21 (q, 2H; NCH2CH2CH2), 3.10 (t, J=7.8 Hz, 2 H; NCH2CH2CH2),
4.13 (t, J =7.1 Hz, 2H; NCH2CH2CH2), 7.35–8.22 ppm (m, 4Ar-H);
13C NMR (100 MHz, CDCl3): d=19.5 (NCH2CH2CH2), 32.5
(NCH2CH2CH2), 46.5 (NCH2CH2CH2), 120.5, 126.2, 126.4, 126.7, 134.1,
149.1 (Ar-C), 159.4 (CO), 160.9 ppm (N=C); EI-HRMS: m/z calcd for
C11H10N2O: calcd 186.0793; found: 186.0789; MS (EI): m/z (%): 186 (90)
[M+], 185 (100); purity: 82% (by GC); yield: 99%.


6,7,8,9-Tetrahydropyrido[2,1-b]quinazolin-11-one 7{1,10}: Rf : 0.1 (Cyclo-
hexane/AcOEt 2:1); 1H NMR (400 MHz, CDCl3): d=1.87 (q, 2H;
NCH2CH2CH2CH2), 1.93 (q, 2 H; NCH2CH2CH2CH2), 2.93 (t, J =6.6 Hz,
2H; NCH2CH2CH2CH2), 4.00 (t, J=6.0 Hz, 2 H; NCH2CH2CH2CH2),
7.25–8.19 ppm (m, 4Ar-H); 13C NMR (100 MHz, CDCl3): d=19.3
(NCH2CH2CH2CH2), 22.0 (NCH2CH2CH2CH2), 31.8
(NCH2CH2CH2CH2), 42.2 (NCH2CH2CH2CH2), 120.4, 126.0, 126.3, 126.6,
134.1, 147.3 (Ar-C), 154.9 (CO), 162.1 ppm (N=C); EI-HRMS: m/z calcd
for C12H12N2O: 200.095; found: 200.095; MS (EI): m/z (%): 200 (100)
[M+]; purity: 96% (by GC); yield: 99 %.


7,8,9,10-Tetrahydro-6 H-azepino[2,1-b]quinazolin-12-one 7{1,11}: Rf : 0.2
(Cyclohexane/AcOEt 2:1); 1H NMR (400 MHz, CDCl3): d= 1.77 (m, 6 H;
NCH2CH2CH2CH2CH2), 3.00 (m, 2H; NCH2CH2CH2CH2CH2), 4.31 (m,
2H; NCH2CH2CH2CH2CH2), 7.20–8.19 ppm (m, 4Ar-H); 13C NMR
(100 MHz, CDCl3): d=25.4, 28.1, 29.57 (NCH2CH2CH2CH2CH2), 37.7
(NCH2CH2CH2CH2CH2), 42.9 (NCH2CH2CH2CH2CH2), 120.2, 126.3,
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126.7, 127.0, 134.1, 147.4 (Ar-C), 159.7 (CO), 161.9 ppm (N=C); EI-
HRMS: m/z calcd for C13H14N2O: 214.1106; found: 214.1107; MS (EI)
m/z (%): 214 (100) [M+]; purity: 91% (by GC); yield: 99 %.
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Structural Analysis of Chiral Complexes of Palladium(0) with 15-Membered
Triolefinic Macrocyclic Ligands
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Introduction


Palladium(0) complexes with dienes and trienes have been
well characterized.[1] In addition, the advantages offered by
the binding abilities of olefins to palladium(0) have been ex-
ploited; for example, [Pd2(dba)4] and [Pd2(dba)3]·solvent are
commercial sources of palladium(0) and are useful as cata-
lysts or precatalysts in many chemical transformations. Sev-
eral structural studies have reported on palladium com-
plexes with alkenes that can exist as mixtures of isomers.[2]


Among them, only those described by Pçrschke and co-
workers[2a] and those concerning [Pd2(dba)3]


[2b] have no li-
gands other than olefins (Figure 1). This stereoiso-
merism is more apparent if the complex olefin–
palladium(0) is represented as palladacyclopropane.


Abstract: The complete structural anal-
ysis of the palladium complexes of the
triolefinic macrocycles (E,E,E)-1,6,11-
tris(arylsulfonyl)-1,6,11-triazacyclopen-
tadeca-3,8,13-trienes, which featured
from three identical to three different
aryl groups, was achieved by perform-
ing X-ray diffraction studies, NMR
spectroscopy, and other calculations.
The stereochemical complexity is de-


termined by the different isomers
formed through complexation of the
metal to one or other face of each of
the three olefins involved. The pallada-
cyclopropane formulation of the palla-


dium–olefin interaction offers a clear
picture of the stereogenicity of the
olefin carbon atoms that are com-
plexed to the metal. The energetically
favorable isomers were identified in
the solid-state and in solution by per-
forming X-ray diffraction and NMR
spectroscopic analysis, respectively.
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Figure 1. Palladium(0) complexes with olefins. For complex 1, see refer-
ence [2a]; for complex 2, see reference [2b].
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As well as having an interesting structure, these complexes
are also involved in several catalytic processes.[2d,3]


Some of us have previously described the preparation of
15-membered triolefinic macrocycles 3[4] and their com-
plexes with silver(i), platinum(0), and in particular,
palladium(0) 4 (Figure 2).[4,5] Moreover, complexes 4 have
been used as recoverable catalysts in Suzuki-type cross-cou-
plings,[4a,d,f,g,6] telomerization of butadiene with methanol,[7]


hydroarylation of alkynes in ionic liquids,[8] and the Mizoro-
ki–Heck reaction.[9]


The structure of palladium complexes 4 has intrigued us
since their serendipitous discovery.[10] As an example, signifi-
cant 13C and 1H NMR spectroscopy data for 4 a are summar-
ized in Figure 2. The two olefinic CH groups that are locat-
ed on opposite sides of one nitrogen atom in the ring (CHa


in Figure 2) give the same signals at d=83.7 and 2.80 ppm.
This also applies to the second set of olefinic CH groups
(CHb in Figure 2), which are directly linked to the previous
pair, and absorb at d=79.3 and 4.10 ppm. The CH groups of
the third pair (CHc in Figure 2) are magnetically equivalent
and give only one signal at d= 79.2 and 3.85 ppm. This pat-
tern was maintained for all the palladium(0) and platinum-
(0) complexes studied that featured three identical aryl
groups.[4f,g] These results indicated that the C3 axis in the
free macrocycle 3 a disappeared and that a new type of sym-
metry was present. Thus, NMR spectroscopic studies sug-
gested that this phenomenon was applicable to many other
macrocyclic complexes, and, in addition, X-ray diffraction
analysis again revealed loss of the C3 axis.[5,6]


This raised the possibility of isomers in 4, in which Ar1 =


Ar2¼6 Ar3, depending on whether the symmetry element can
be maintained or whether it is broken by the different aryl
substitutions. By addressing this problem,[5] we found for
compound 4 b a set of nine signals of equal intensity at d=


77.6–88.4 ppm for the olefinic carbon atoms, confirming the
existence of different isomers.


Based on the chirality introduced in an olefin upon coor-
dination to a metal,[11] we present here a complete structural
analysis of compounds 4 (4 c, 4 d), including those macrocy-
cles with three different substituents (4 e).


Results and Discussion


The general structure of all possible stereoisomers, resulting
from coordination of the metal center to the two olefin
faces of each double bond in the macrocycle, is depicted in
Figure 3. Because the six olefinic carbon atoms become ster-
eogenic upon coordination of the double bonds to the
palladium(0),[11] the whole complex is chiral. Theoretically,
64 stereoisomers should be possible because there are six
asymmetric carbon atoms; however, because all three
double bonds are trans, the stereochemistry of one of the
double-bond carbon atoms determines the stereochemistry
of its partner, with the result that only three independent
asymmetric centers can be considered. Therefore, only eight
possible stereoisomers are feasible and these are grouped
into four pairs of enantiomers (A1/A2, A3/A4, A5/A6, and
A7/A8 in Figure 3), in which each pair exhibits identical
NMR spectroscopic properties.


The incorporation of the palladium nucleus into these tri-
olefinic macrocyles introduces a high rigidity to the overall
structure. This is confirmed by the absence of substantial
chemical shift or line-shape variations, the absence of chemi-
cal exchange cross-peaks in NOESY spectra for a wide


Abstract in Catalan: Els complexos de pal·ladi de macroci-
cles triolef�nics de tipus (E,E,E)-1,6,11-tris(arilsulfonil)-
1,6,11-triazaciclopentadeca-3,8,13-tri�, contenint des de tres
unitats ar�liques iguals fins a tres de diferents han estat estu-
diats mitjanÅant difracci� de Raigs-X, espectrosc�pia de
RMN i c�lculs te�rics. La complexitat estereoqu�mica deriva
dels diferents isomers que es poden formar degut a la com-
plexaci� del metall amb cadascuna de les dues cares de les
tres olefines. La representaci� dels enllaÅos metall-olefina
com a pal·ladaciclopropans permet una visualitzaci� m�s sen-
zilla de l’estereoqu�mica dels �toms de carboni olef�nics des-
pr�s de la complexaci�. Els isomers energ�ticament possibles
han estat determinats en l’estat s�lid i en soluci� mitjanÅant
difracci� de Raigs-X i espectrosc�pia de RMN respectiva-
ment.


Figure 2. Structure of macrocyclic ligands 3 and their palladium com-
plexes 4. Data from preliminary NMR spectroscopy studies on the com-
plexes 4 a and 4 b are also shown.
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range of temperatures, and the well-defined chemical shifts
shown for the diastereotopic methylene protons. These ob-
servations do not support a process that exchanges the
olefin face coordinated to palladium, even though several
palladium(0) complexes with fluxional behavior have been
described.[2]


The conversion between stereoisomers would imply the
semirotation of a double bond, with an intermediate confor-
mation in which the palladium atom lies just in the p-bond
symmetry plane. To obtain a minimal estimation for such a
barrier, the complex Pd–C2H4 was studied. Table 1 gives the
energies calculated for different rotation angles with respect
to the equilibrium conformation. Thus, 908 represents the
maximal energy conformation, in which the palladium atom
is coplanar to the ethylene molecule.


The rotational barrier for the Pd–C2H4 complex is calcu-
lated to be 27.45 kcal mol�1, which is an inferior limit for the
energy required for the interconversion of stereoisomers.
Thus, such interconversion is energetically unfavorable.


The structure of these complexes can be regarded as alter-
nated and fusioned three- and six-membered rings, in which
the palladium belongs to all of these rings. Due to the trans


configuration of the original double bond and, therefore, the
corresponding three-membered ring, two different distribu-
tions should be possible: one with an energetically favoura-
ble chair–chair–twist (cct) conformation, and the other with
an unfavourable twist–twist–twist (ttt) conformation
(Figure 4), which has not been detected experimentally (see
below).


Calculations designed to enable modeling of this complex
[12] were performed on the simplified systems B and C, as ex-
perimental values of the energy required to change the con-
formations from B to C were not available. Density func-
tional theory (DFT) calculations provided estimates of free
energy differences, from which the conformational energies
could be determined. The sum of the electronic and thermal
free energies for each conformation revealed that structure
B was 10.04 kcal mol�1 more stable than C. This difference is
sufficient to indicate that only B would be detected experi-
mentally, and because it is unlikely that the difference in
free energies of the substituted structures would be less than
that of these simplified ones, this conclusion should also be
valid for the substituted species.


The substitution pattern at the nitrogen position in the
ligand moiety defines the equivalence and, therefore, the
symmetry of the various potential isomers. Thus, in the case
of different substituents, different stereoisomers with differ-
ent symmetry elements are possible (Table 2).


The nature of the palladium-containing three-membered
ring is confirmed by the upfield proton and carbon chemical
shift observed of the pseudo-olefinic centers (around d=


2.75–4 and 78–83 ppm, respectively). The rigidity of the pal-
ladium-containing six-membered rings is high enough to


Figure 3. Stereoisomers for palladium(0) complexes 4 displayed as pairs
of enantiomers.


Table 1. Energies calculated for different rotation angles with respect to
the equilibrium conformation in Pd–C2H4.


Rotation Energy UB+HF�LYP Energy excess Energy excess
angle [8][a] [Hartrees/particle] [Hartrees/particle] [kcal mol�1]


0 �205.3322946 0.00000000 0.00
15 �205.3249226 0.00737208 4.62
30 �205.3138673 0.01842731 11.56
45 �205.3021246 0.030170065 18.93
60 �205.2931904 0.039104217 24.54
75 �205.2893293 0.042965336 26.96
90 �205.2885465 0.043748125 27.45


[a] To obtain an estimate of the barrier of rotation of palladium around a
double bond, the simple system Pd–C2H4 was taken. Geometries were
minimized at B3 LYP/LanL2DZ level by forcing the rotation angle to be
0, 15, 30, 45, 60, 75, and 908, with respect to the equilibrium conforma-
tion.


Figure 4. Simplified model structures for cct (B) and ttt (C) conforma-
tions.
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avoid fluxional behavior and to permit easy differentiation
between axial and equatorial protons. The overall cct con-
formation is confirmed by the presence of downfield olefinic
resonances at d=82–83 ppm (d=2.80 ppm for proton), be-
longing to the twist conformation, and two similar upfield
resonances at around d= 78–79 ppm (d=4.10 and 3.9 ppm
for protons), belonging to the chair conformations. This is
also corroborated by the chemical shifts of the methylene
groups, for which clear differentiation is observed between
axial (d=1.5–1.6 ppm) and equatorial (d= 4.6–4.65 ppm) po-
sitions (d=48–49 ppm for carbon) in the case of the chair
conformation, whereas resonances at d= 3.05–3.07 and 4.5–
4.7 ppm (d= 45 ppm for carbon) in the corresponding pseu-
doaxial and equatorial positions, respectively, are observed


in the twist conformation (Figure 5). The trans stereochemis-
try in the palladacyclopropane ring is also confirmed by the
large (11–12.5 Hz) proton–proton coupling constant be-
tween the pseudo-olefinic protons.


As a general trend, we observed that the region d= 78–
83 ppm in the conventional 13C NMR spectra (Figure 6) is
the most useful in analysis of these compounds, because the
high degree of overlapping in the 1H NMR spectra
(Figure 7) or in other regions of the 13C NMR spectra makes
further analysis difficult. Complete 1H and 13C NMR chemi-
cal shift assignments are only possible by recording two-di-
mensional homonuclear and heteronuclear correlation spec-
tra (Figure 8), with accurate high resolution and good
signal-to-noise ratios, achieved by recording band-selective
experiments and processing using linear prediction. In this
way it was possible, for example, to distinguish between and
to assign the poorly dispersed carbon resonances that
appear in the interesting d=78–83 ppm region.


In the case of Ar1 =Ar2 = Ar3 (4 c in Figure 2), the com-
pound consists of a pair of spectroscopically identical enan-
tiomers with C2 symmetry. This is confirmed in the


13C NMR spectrum (spectrum A, Figure 6) by the presence
of one separate resonance at d= 82.5 ppm (twist conforma-
tion; 1H NMR: d=2.72 ppm) and two close upfield resonan-
ces at d=78.0 and 78.3 ppm (chair conformation; 1H NMR:
d= 3.65 and 3.88 ppm, respectively) of the same intensity. In
the 1H NMR spectrum (spectrum A in Figure 7), a total of
12 signals was expected. These are, however, only partially
resolved. The ttt isomer with D3 symmetry that should give
rise to one olefinic 13C NMR signal is clearly not present in
solution.


For Ar1 =Ar2¼6 Ar3 (4 d in Figure 2), the NMR spectra are
more complex. A1 and A4, as well as A2 and A3, have
become identical and represent the enantiomers of the same
molecule that does not have any symmetry element, where-
as the enantiomers A5/A6 have maintained their C2 symme-
try. The former isomer contributes six signals for olefinic
carbon atoms (all 24 protons are inequivalent), and the
latter furnishes three. In fact, a total of nine olefinic carbon
resonances is found experimentally (spectrum B in
Figure 6). The equal intensity of all signals indicates that the


Table 2. Symmetry elements of the different stereoisomers of Figure 3 as
a function of the substitution pattern.


Stereoisomers Ar1 = Ar2 =Ar3 Ar1 =Ar2¼6 Ar3 Ar1¼6 Ar2¼6 Ar3


A1/A2 C2 axis[a] none[b] none
A3/A4 C2 axis[a] none[b] none
A5/A6 C2 axis[a] C2 axis none
A7/A8[c] C3 axis+3C2 axes C2 axis none


[a] A1, A4, and A6 are the same molecule. [b] A1 and A4 are the same
molecule. [c] Never observed experimentally.


Figure 5. Averaged 1H and 13C NMR chemical shifts for palladium-com-
plexed macrocycles showing the cct conformation. The carbon chemical
shifts are shown in italics.


Figure 6. Expanded region of the 13C NMR spectra (125.6 MHz) of A)
4c, B) 4d, and C) 4e.


Figure 7. Aliphatic region of the 1H NMR spectra (500 MHz) of A) 4c,
B) 4 d, and C) 4 e.
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asymmetric isomer is present at twice the concentration of
the C2-symmetric isomer.[13]


For Ar1¼6 Ar2¼6 Ar3 (4 e in Figure 2), all three cct stereo-
isomers are present in equal proportions and, because they
lack a symmetry element, each stereoisomer contributes six
signals of equal intensity for olefinic carbon atoms. In prac-
tice, only 16 of the expected 18 signals are detected because
two signals are degenerate (spectrum C in Figure 6 and the
expanded d=77–78 ppm region of spectrum C in Figure 8).
In none of the cases were signals attributable to the hypo-
thetical ttt isomers detected.


In Table 3, 1H and 13C NMR
chemical shifts are given for
ring signals of the experimen-
tally observed stereoisomers of
the palladium(0) complexes 4 c,
4 d, and 4 e.


Crystal structures : The crystal
structures of the macrocyclic li-
gands 3 c, 3 d, and 3 e and their
corresponding palladium com-
plexes 4 c, 4 d, and 4 e were de-
termined by performing single-
crystal X-ray diffraction analy-
sis. The molecular structure and
the adopted numbering scheme
are presented in Figure 9. Crys-
tal data are listed in Tables 4
and 5, and selected bond
lengths are given in Table 6.


The macrocyclic ligands 3 c,
3 d, and 3 e show a folded struc-
ture, with the planes of the
three double bonds oriented
randomly in different direc-


tions. In all three complexes 4 c, 4 d, and 4 e, the olefinic
trans double bonds are coordinated to the palladium atom
in a trigonal planar coordination geometry. The main devia-
tions of the palladium atom from the plane defined by the
central points of the three olefinic bonds (main plane) are
0.0033 � for 4 c, 0.0009 � for 4 d and 0.0023 � for 4 e. By
considering the standard deviations, the distances from the
three double bonds to the palladium atom are identical for
each compound.


As a result of the attractive interactions with the palladi-
um atom, the planarity of the sp2-hybridized carbon atoms


Figure 8. Expanded region of the 1H–13C HSQC correlation spectra (500 MHz) of A) 4 c, B) 4d, and C) 4e.


Table 3. 1H and 13C NMR spectroscopy data for complexes 4 c, 4 d, and 4e.


Positions[a] 4c 4 d 4 e
A1/A2[b] A1/A2[c] A5/A6[b,d] A1/A2[e] A3/A4[f] A5/A6[g]


1H NMR 13C NMR 1H NMR 13C NMR 1H NMR 13C NMR 1H NMR 13C NMR 1H NMR 13C NMR 1H NMR 13C NMR


b 4.61, 2.29 45.13 4.78, 3.07 45.11 4.64, 3.02 45.09 4.77, 3.05 45.00 4.63, 3.00 45.01 4.76, 3.04 45.08
c 2.72, – 82.54 2.78, – 82.6 2.77, – 82.91 2.763, – 82.34 2.750, – 82.83 2.752, – 82.26
d 3.88, – 78.31 3.97, – 78.34 3.97, – 78.56 3.935, – 78.04 3.932, – 78.25 3.905, – 78.61
e 4.49, 1.56 49.36 4.61, 1.64 49.41 4.61, 1.64 49.41 4.60, 1.62 49.33 4.60, 1.62 49.33 4.49, 1.58 49.23
g 4.49, 1.60 48.14 4.63, 1.70 48.18 4.63, 1.70 48.18 4.63, 1.67 48.10 4.63, 1.67 48.10 4.51, 1.62 47.99
h 3.65, – 78.02 3.73, – 78.26 3.73, – 78.16 3.707, – 78.04 3.703, – 77.84 3.689, – 78.32
i 3.71, – 78.44 3.695, – 78.39 3.698, – 78.20 3.689, – 77.95
j 4.52, 1.65 48.08 4.51, 1.63 47.99 4.63, 1.67 48.10 4.63, 1.67 48.10
l 4.50, 1.59 49.32 4.49, 1.58 49.23 4.60, 1.62 49.33 4.60, 1.62 49.33
m 3.93, – 78.69 3.905, – 78.54 3.945, – 78.51 3.944, – 78.29
n 2.78, – 82.55 2.756, – 82.58 2.750, – 82.88 2.756, – 82.46
o 4.78, 3.07 45.11 4.76, 3.04 45.11 4.63, 3.00 45.01 4.76, 3.06 45.08


[a] Lettering is depicted in Figure 5, taking as a reference the conformation of the six-membered rings. [b] Symmetric isomers, the values missing can be
obtained by operating a C2 symmetry. [c] This pair of enantiomers have a (ferrocenyl)sulfonyl unit on nitrogen k, and two (4-methylphenyl)sulfonyl units
on nitrogens a and f. [d] This pair of enantiomers have a (ferrocenyl)sulfonyl unit on nitrogen a, and two equivalent (4-methylphenyl)sulfonyl units on ni-
trogens f and k. [e] This pair of enantiomers have a (4-methylphenyl)sulfonyl unit on nitrogen a, a (4-vinylphenyl)sulfonyl unit on nitrogen f, and a (fer-
rocenyl)sulfonyl unit on nitrogen k. [f] This pair of enantiomers have a (ferrocenyl)sulfonyl unit on nitrogen a, a (4-methylphenyl)sulfonyl unit on nitro-
gen f, and a (4-vinylphenyl)sulfonyl unit on nitrogen k. [g] This pair of enantiomers have a (4-vinylphenyl)sulfonyl unit on nitrogen a, a (ferrocenyl)sul-
fonyl unit on nitrogen f, and a (4-methylphenyl)sulfonyl unit on nitrogen k.
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observed in the free ligands 3 c, 3 d, and 3 e, is lost in the cor-
responding complexes. Therefore, the olefinic substituents
of the structures 4 c, 4 d, and 4 e are bent away from the pal-
ladium center by, on average, approximately 178. The C�C
bond lengths in the olefins are also elongated by an average
of 0.055 � upon coordination.


After complexation, the double bonds in 4 c, 4 d, and 4 e
have fixed orientations with the palladium–alkene bond that
are approximately perpendicular to the plane of the olefin.
The three palladacyclopropane rings in these complexes
create a three-paddled helix centered at the metal atom.
Each of these three-membered rings is rotated through the
palladium–alkene bond by approximately 208 with respect
to the plane defined by the palladium atom and the central
point of each olefin. The direction of this rotation cannot be
inverted because it would imply an olefin face exchange
and, consequently, breaking of the palladium–alkene coordi-
nation.


In the case of 4 c (Ar1 = Ar2 =Ar3), according to Table 2,
only two different pairs of enantiomers are possible (A1/A2
and A7/A8). Complex 4 c crystallizes in a chiral space group


in which one of the double bonds is disordered in two in-
verted positions in a 60:40 ratio. The two disordered posi-
tions correspond to the two different faces of the olefin co-
ordinated to the palladium(0) atom. Both enantiomers A1
and A2 are obtained by selecting each one of the two disor-
dered positions of the double bond, thus both compounds
crystallize in the same crystal. Therefore, interchange of the
disordered double bonds does not significantly modify the
external morphology of the molecule. The chirality of the
crystal is not derived from the palladacyclopropane rings,
but from the asymmetrically fixed positions of the ferrocene
substituents in the solid state. The C2 symmetry detected in
solution by using NMR spectroscopy is broken in the solid
state by the fixed positions of the nitrogen substituents.


Compound 4 d crystallizes from dichloromethane as the
main solvent, forming three different polymorphs/pseudopo-
lymorphs 4 d i, 4 d ii, and 4 d iii. These three crystal structures
are centrosymmetric and differ in the orientation of the aryl
substituents and, for 4 d iii, in the number of solvent mole-
cules in the crystal cell. Three different pairs of enantiomers
are expected for 4 d (Ar1 = Ar2¼6 Ar3), and only two of them


Figure 9. Ortep plots (50 %) obtained from the X-ray crystallographic structural analyses of 3c, 3 d, 3 e, 4c, 4d i, and 4 e.
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are detected by means of NMR spectroscopy (A1/A2 and
A5/A6). As in the former case (4 c), structures 4 d i and 4 d ii
crystallized so that one of the double bonds was disordered


in two inverted positions with a
50:50 ratio for 4d i and a 61:39
ratio for 4d ii. In both cases, the
disordered butene chain is situ-
ated next to Ar3 (ferrocenyl).
By selecting each one of the
two disordered positions, the
enantiomeric pair A1/A2 or
A5/A6 is obtained. The struc-
ture 4 d iii has no disorder at
the double bond and it corre-
sponds only to the enantiomeric
pair A5/A6.


Only one centrosymmetrical
crystalline form could be de-
tected for compound 4 e by
using dichloromethane as the
crystallizing solvent. With Ar1¼6
Ar2¼6 Ar3, there are three dif-
ferent pairs of favorable iso-
mers (A1/A2, A3/A4, and A5/
A6). Compound 4 e crystallizes
with two disordered double
bonds. The first one located be-
tween Ar1 (p-methylphenyl)
and Ar2 (ferrocenyl) refines to


a 50:50 ratio. The second disordered double bond located
between Ar2 (ferrocenyl) and Ar3 (p-vinylphenyl) refines to
a 90:10 ratio. By considering the refining ratios for both dis-


Table 4. Crystal data for compounds 3 c, 3d, and 3e.


Compound 3c 3d 3e


formula C42H45Fe3N3O6S3 C36H41FeN3O6S3 C37H41FeN3O6S3


Mr 951.54 763.75 775.76
crystal size [mm3] 4.0	 4.0 	 0.4 2.0	 1.0 	 0.5 0.04 	 0.08 	 0.10
crystal color yellow yellow yellow
T [K] 153(2) 153(2) 153(2)
crystal system monoclinic triclinic triclinic
space group P21/c (no. 14) P1̄ (no. 2) P1̄ (no. 2)
a [�] 27.3192(7) 11.4559(3) 11.6184(3)
b [�] 11.7145(3) 11.5887(3) 12.2852(3)
c [�] 12.5458(3) 15.5168(4) 13.2667(4)
a [8] 90 98.4770(10) 97.1460(10)
b [8] 99.4090(10) 111.2890(10) 98.1250(10)
g [8] 90 105.5290(10) 106.3160(10)
V [�3] 3961.03(17) 1779.38(8) 1772.07(8)
Z 4 2 2
1 [g cm�3] 1.596 1.425 1.454
m [mm�1] 1.296 0.650 0.654
qmax [8] 31.50 31.55 31.52
reflns. measured 57045 27172 27356
unique reflns. 12564 [Rint =0.0517] 10921 [Rint =0.0492] 10898 [Rint =0.0572]
absorption correction SADABS (Bruker) SADABS (Bruker) SADABS (Bruker)
transmission min/max 0.5590/1.0000 0.4635/1.0000 0.6976/1.0000
parameters 586 599 452
R1/wR2 [I>2s(I)] 0.0403/0.0993 0.0450/0.1136 0.0478/0.1336
R1/wR2 [all data] 0.0574/0.1097 0.0535/0.1185 0.0604/0.1410
goodness-of-fit (F2) 1.027 1.058 1.069
largest diff. peak/hole [e��3] 1.587/�1.587 0.557/�0.651 1.554/�0.851


Table 5. Crystal data for compounds 4 c, 4d, and 4e.


Compound 4 c 4d i 4d ii 4d iii 4e


formula C42H45Fe3N3O6PdS3·
2CH2Cl2·H2O


C36H41FeN3O6PdS3·
CH2Cl2


C36H41FeN3O6PdS3·
CH2Cl2


C36H41FeN3O6PdS3·
2.5CH2Cl2


C37H41FeN3O6PdS3·
CH2Cl2


Mr 1245.81 955.07 955.07 1082.46 663.80
crystal size [mm3] 0.4 	 0.2	 0.2 0.2	 0.2	 0.2 0.5	 0.2 	 0.1 0.3	 0.3 	 0.2 0.5	 0.3 	 0.3
crystal color yellow yellow yellow yellow yellow
T [K] 153(2) 153(2) 153(2) 153(2) 153(2)
crystal system orthorhombic triclinic orthorhombic monoclinic triclinic
space group P212121 (no. 19) P1̄ (no. 2) Pbca (no. 61) P1̄ (no. 2) P1̄ (no. 2)
a [�] 12.7092(3) 11.5144(3) 11.7532(4) 12.3845(2) 11.5284(3)
b [�] 14.1875(3) 12.6773(3) 24.6364(9) 13.1334(3) 12.8895(3)
c [�] 26.1318(6) 15.8112(4) 26.4924(10) 14.4093(3) 15.7731(4)
a [8] 90 93.5060(10) 90 94.040(1) 93.9930(10)
b [8] 90 105.4730(10) 90 105.666(1) 105.4510(10)
g [8] 90 115.0380(10) 90 103.240(1) 115.1160(10)
V [�3] 4711.87(18) 1974.86(9) 7671.0(5) 2174.64(8) 2000.17(9)
Z 4 2 8 2 2
1 [g cm�3] 1.756 1.606 1.645 1.653 1.606
m [mm�1] 1.695 1.165 1.200 1.247 1.152
qmax [8] 31.51 31.50 31.54 31.50 31.50
reflns. measured 67 564 29527 104 002 32618 30638
unique reflns. 14 948 [Rint =0.0701] 11932 [Rint =0.0616] 12509 [Rint =0.1025] 13318 [Rint =0.0438] 12256 [Rint =0.0606]
absorption correction SADABS (Bruker) SADABS (Bruker) SADABS (Bruker) SADABS (Bruker) SADABS (Bruker)
transmission min/max 0.5890/1.0000 0.6995/1.0000 0.6916/1.0000 0.6507/1.0000 0.5849/1.0000
parameters 675 512 517 617 581
Flack parameters 0.004(15) – – –
R1/wR2 [I>2s(I)] 0.0520/0.1052 0.0491/0.1157 0.0465/0.0969 0.0556/0.1479 0.0498/0.1287
R1/wR2 [all data] 0.0622/0.1094 0.0676/0.1232 0.0822/0.1125 0.0618/0.1551 0.0647/0.1392
goodness-of-fit (F2) 1.113 1.054 1.018 1.082 1.030
peak/hole [e��3] 0.900/�1.533 1.052/�1.640 0.737/�1.057 1.476/�1.743 0.909/�1.369
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ordered double bonds, 45 % of the molecules belong to the
enantiomeric pair A1/A2, 45 % belong to the enantiomeric
pair A3/A4, and 10 % belong to enantiomeric pairs A5/A6
and/or A7/A8 (Figure 10). In light of the NMR spectroscopy
data obtained, we hypothesize that the unfavorable ttt con-
formation is not formed, and that this 10 % corresponds to
the more favorable cct enantiomeric pair A5/A6.


Conclusion


The palladium complexes of the triolefinic macrocycles
(E,E,E)-1,6,11-tris(arylsulfonyl)-1,6,11-triazacyclopentadeca-
3,8,13-trienes, featuring from three identical to three differ-
ent aryl groups, exhibit a peculiar spectroscopic behavior.
This behavior is intimately linked to the stereochemical
complexity of the complexes. In turn, the stereochemical
complexity stems from the different isomers that can be
formed by complexation of the metal to one or other face of
each of the three olefins involved. The palladacyclopropane


formulation of the palladium–
olefin interaction offers a clear
picture of the stereogenicity of
the olefin carbon atoms that
are complexed to the metal.
The various potential isomers
have been determined in the
solid state and in solution by
performing X-ray diffraction
and NMR spectroscopy studies,
respectively. Calculations dem-
onstrated that some theoretical-


ly possible isomers are too high in energy to exist, and that
interconversions between existing isomers require transition
barriers that are too great. Therefore, such dynamic process-
es do not occur, as confirmed by NMR spectroscopy data.


Experimental Section


NMR spectroscopy: High field 1H and 13C NMR analyses were conducted
at the Servei de Ressonancia Magnetica Nuclear, Universitat Aut�noma
de Barcelona by using an AVANCE 500 BRUKER spectrometer for
CDCl3 solutions. Characterization of the compounds was performed by
using typical gradient-enhanced 2D experiments, such as COSY, NOESY,
HSQC, HSQC-TOCSY, and HMBC, recorded under routine conditions.
For high-demand applications, band-selective 2D HSQC and HSQC-
TOCSY experiments were carried out by applying a semiselective 1808
pulse using a REBURP shape, instead of the conventional hard 13C 1808
pulse during the carbon evolution period. The selective pulse of 3 ms was
implemented in a gradient spin-echo period to avoid the carbon evolu-
tion period during its application, and thus, achieves effective refocusing
over the desired bandwith. In these experiments, 256 increments with 8
scans were applied for each t1 value, and the spectral width was reduced
in both dimensions to include only the resonances of interest. Data were
finally processed by applying zero-filling and linear prediction to achieve
full separation of all resonances.


Crystal structure determination


Preparation of crystals : Yellow crystals of 3 c, 3 d, 3 e, 4e, 4d i, 4d ii, 4d iii,
and 4e were grown by the slow evaporation of dichloromethane/ethyla-
cetate/hexane (1:1:1) solution under room temperature conditions. The
crystals to be measured were prepared under inert conditions and im-
mersed in perfluoropolyether as protecting oil for manipulation.
CCDC 252093–252100 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.


Data collection : Measurements were taken by using a Siemens P4 diffrac-
tometer equipped with a SMART-CCD-1000 area detector, a MACS-
cience rotating anode with MoKa radiation, a graphite monochromator,
and a Siemens LT2 low-temperature device (T =�120 8C). Full-sphere
data collection was used with w and f scans. Programs used: data collec-
tion, Smart version 5.060 (Bruker AXS, 1999); data reduction, Saint+


version 6.02 (Bruker AXS, 1999); absorption correction, SADABS (Bru-
ker AXS, 1999).


Structure solution and refinement : SHELXTL version 5.10 (Sheldrick,
1998) was used.[14]


Synthesis of macrocyclic derivatives 3 and their palladium(0) complexes
4 : Compounds 3c,[4d,f] 3d,[4d,f, 9] 4a,[4a,f, 5, 8] 4b,[4f,5] 4 c,[4d,f] and 4d[4d,f, 9] were
prepared according to previously reported methods. Macrocycle 3 e and
palladium(0) complex 4 e were synthesized by using modifications of the
methods used for compounds 3 and 4, respectively. Preparation and ana-
lytical data for 3 e and 4 e are available as Supporting Information.


Table 6. Selected bond lengths [�] for compounds 3c, 3 d, 3 e, 4c, 4d i, 4d ii, 4d iii, and 4e. Average lengths
[�] for bonds between disordered atoms are written in italics.


3 c 3d 3e 4 c 4d i 4 d ii 4d iii 4e


C2�C3 1.320(3) 1.313(2) 1.321(3) 1.395(5) 1.381(4) 1.375(4) 1.393(4) 1.379(4)
C6�C7 1.326(3) 1.320(2) 1.313(3) 1.379(6) 1.376(4) 1.378(4) 1.385(4) 1.363(4)
C10�C11 1.325(3) 1.323(2) 1.311(3) 1.37(2) 1.38(2) 1.39(2) 1.384(4) 1.38(3)
Pd1�C2 – – – 2.192(4) 2.201(3) 2.196(3) 2.188(3) 2.200(3)
Pd1�C3 – – – 2.196(4) 2.206(3) 2.198(3) 2.199(3) 2.208(3)
Pd1�C6 – – – 2.206(4) 2.186(3) 2.197(3) 2.200(3) 2.17(2)
Pd1�C7 – – – 2.210(4) 2.181(3) 2.191(3) 2.203(3) 2.23(5)
Pd1�C10 – – – 2.214(12) 2.190(7) 2.20(4) 2.196(3) 2.196(10)
Pd1�C11 – – – 2.23(5) 2.192(15) 2.196(6) 2.165(3) 2.198(9)


Figure 10. Distribution of stereoisomers in 4 e.
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An OsII–Bisbipyridine–4-Picolinic Acid Complex Mediates the Biocatalytic
Growth of Au Nanoparticles: Optical Detection of Glucose and
Acetylcholine Esterase Inhibition


Yi Xiao, Valeri Pavlov, Bella Shlyahovsky, and Itamar Willner*[a]


Introduction


Metal nanoparticles (NPs) are used as active components
for the optical and electrical sensing of biorecognition pro-
cesses.[1] For example, the interparticle plasmon interactions
of Au NPs functionalized with nucleic acids were used to an-
alyze DNA and to detect single base mismatches.[2] Electro-
chemical detection of DNA was accomplished by the use of
nucleic acid-functionalized metal NPs as labels, that after
dissolution enable the electrochemical detection of the re-
leased ions.[3] Similarly, nucleic acid-modified Au NPs were
used as “weight labels” for the microgravimetric quartz crys-
tal microbalance analysis of DNA.[4] The catalytic properties
of metal NPs towards the deposition of metals were exten-
sively used for the amplified biosensing of antigen–antibody
complexes,[5] DNA hybridization processes[6] and aptamer–
protein binding.[7] For example, the catalytic enlargement of
Au NP-labeled DNA complexes between electrodes was


used for the biosensing of DNA by conductivity measure-
ments.[8] Also, the catalytic enlargement of Au NPs was re-
cently applied for the optical detection of aptamer–protein
interactions on surfaces.[7]


The integration of enzymes with metal NPs has attracted
recent scientific interest.[9] We have reported on the recon-
stitution of an apo-enzyme on cofactor-functionalized Au
NPs to yield an electrically contacted redox enzyme with
electrode supports.[9b] A different approach to couple en-
zymes and metal NPs has involved the use of the biocata-
lysts for growing NPs, and using the growth process to iden-
tify the substrate, the enzyme activity, or the enzyme inhibi-
tion.[10–12] For example, the catalytic enlargement of Au NPs
by the reduction of AuIII salts with NAD(P)H cofactors was
reported, and the optical detection of NAD+-dependent
biocatalytic transformations was accomplished.[10] Similarly,
the NADH-mediated growth of shaped Au NPs (in the form
of dipods, tripods and tetrapods) was used to develop an op-
tical biosensor for the detection of ethanol in the presence
of the NAD+/alcohol dehydrogenase system.[11] A related
approach was recently applied to analyze tyrosinase-gener-
ated neurotransmitters and to follow tyrosinase activity.[12]


The activation of redox enzymes by transition-metal com-
plexes that mediate electron transfer is a common practice


Abstract: The complex OsII–bisbipyri-
dine–4-picolinic acid, [Os-
(bpy)2PyCO2H]2+ (1), mediates the
biocatalyzed growth of Au nanoparti-
cles, Au NPs, and enables the spectro-
scopic assay of biocatalyzed transfor-
mations and enzyme inhibition by fol-
lowing the Au NP plasmon absorbance.
In one system, [Os(bpy)2PyCO2H]2+


mediates the biocatalyzed oxidation of
glucose and the growth of Au NPs in
the presence of glucose oxidase, GOx,
AuCl4


� , citrate and Au NP seeds. The
mechanism of the Au NPs growth in-


volves the oxidation of the [Os(bpy)2-
PyCO2H]2+ complex by AuCl4


� to
form [Os(bpy)2PyCO2H]3+ and AuI.
The [Os(bpy)2PyCO2H]3+ complex me-
diates the GOx biocatalyzed oxidation
of glucose and the regeneration of the
mediator 1. Citrate reduces AuI and
enlarges the Au seeds by the catalytic
deposition of gold on the Au NP seeds.
In the second system, the enzyme ace-


tylcholine esterase, AChE, is assayed
by the catalytic growth of the Au NPs.
The hydrolysis of acetylcholine (2) by
AChE to choline is followed by the
[Os(bpy)2PyCO2H]3+ mediated oxida-
tion of choline to betaine and the con-
comitant growth of the Au NPs. The
mediated growth of the Au NPs is in-
hibited by 1,5-bis(4-allyldimethylam-
monium-phenyl)pentane-3-one dibro-
mide (3). A competitive inhibition
process was demonstrated (KM =


0.13 mm, KI = 2.6 mm) by following the
growth of the Au NPs.
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in electrochemical biosensor design.[13,14] Specifically, OsII–
polypyridine complexes were extensively applied to activate
flavoenzymes such as glucose oxidase by providing electrical
contact between the redox-center of the enzyme and the
electrode support.[15] In the present study, we demonstrate
the novel use of a transition-metal complex as an electron-
transfer carrier between biocatalytic redox sites of enzymes
and Au NPs. We reveal that electron transfer mediates the
catalytic deposition of gold on Au-NP seeds and we apply
the optical imaging of the NPs growth to analyze the oxida-
tion of glucose and the inhibition of acetylcholine esterase.
In fact, in contrast to previous studies that used the mediat-
ed electron transfer to yield electrical current and to devel-
op amperometric biosensors,[15] the present system uses the
mediated electron transfer to grow NPs, and this enables the
optical assay of the respective bioprocesses. Besides the pos-
sible use of the NP growth for the optical imaging of sensing
processes, the systems have an important fundamental inter-
est, as they add a new facet for the synthesis of metallic
NPs.


Results and Discussion


The first system that will be described includes OsII–bisbi-
pyridine–4-picolinic acid (1), [Os(bpy)2PyCO2H]2+ , mediat-
ed growth of Au NPs in the presence of AuCl4


� , 1.5 � 10�3
m,


citrate, 7.5 � 10�3
m, GOx, glucose, and Au NP seeds, 2–3 nm,


2.5 � 10�8
m, that act as catalysts for the growth of the Au


NPs. Figure 1, curve a, shows the absorbance spectrum of
the Au NPs formed after 10 minutes of reaction in the pres-
ence of 5.9 �10�3


m glucose, when the system is under Ar.
An intense plasmon absorbance band of the formed Au NPs
is observed at 532 nm. Figure 1, curve b, shows the absorb-
ance spectrum of the same experiment, when performed
under air. Clearly, the Au NPs are also formed in this
system, but the intensity of the plasmon band at l=532 nm
is about 30 % lower, implying that oxygen results in the in-
hibition of the particle growth. Several control experiments
and complementary experiments were performed to eluci-
date the mechanism of formation of the particles. Figure 1
curves c–g depicts the absorption spectra of the system upon
the specific exclusion of the AuCl4


� , in the absence of [Os-
(bpy)2PyCO2H]2+ , but in the presence of O2, upon the ex-
clusion of citrate from the system, and upon the exclusion of
glucose or GOx from the system, respectively. The control
experiments reveal that in none of these systems Au NPs
are formed and that the effective formation of the Au NPs
depends on the presence of all of the components in the
system. The experiment where the OsII complex is excluded
from the system is particularly interesting. In the absence of
the OsII complex, the O2-mediated oxidation of glucose by
GOx proceeds to yield H2O2. Previous studies have suggest-
ed that H2O2 may act as a reducing agent for AuCl4


� to
form Au NPs.[16] Nonetheless, under the present experimen-
tal conditions the H2O2-stimulated growth of the particles is
excluded (cf. Figure 1, curve d). To understand the functions


of the OsII complex in the system, we added the comple-
mentary experiments shown in Figure 1, inset. An aqueous
buffer system of the OsII complex, 1 � 10�4


m, shows a spec-
trum consisting of a broad low absorbance band at about
670 nm and two bands of higher intensities at l=498 and
400 nm (cf. inset, curve a). The AuCl4


� buffer solution in-
cludes an absorbance increase towards the UV region (see
inset, curve b). Addition of AuCl4


� to the OsII solution
changes the structured OsII-complex spectrum; this indicates
that AuCl4


� oxidizes the OsII complex to the OsIII species,[17]


see Figure 1, inset, curve c. This set of experiments allows us
to formulate the mechanism of Au NPs growth in the com-
posite system (see Scheme 1). The OsII-complex 1, acts as
electron-transfer mediator for the catalytic growth of the
particles. The complex is reduced by AuCl4


� to form the
OsIII complex that mediates the oxidation of the FADH2 site
in GOx formed upon the oxidation of glucose to gluconic
acid; that is, the mediated biocatalytic oxidation of glucose
generates continuous formation of the OsII complex and the
reduction of the AuCl4


� salt. Also, the control experiments
allow us to define the detailed path for the growth of the
NPs. Specifically, we see that added citrate, as co-reducing
agent, is essential to stimulate the growth of the NPs. Thus,
the enlargement of the Au NPs proceeds in two steps: In
the first step, AuCl4


� is reduced by the OsII complex to AuI,
as in Equation (1). In the second step, the citrate-mediated


Figure 1. Absorbance spectra corresponding to: a) Au NPs formed in the
glucose/GOx system in the presence of [Os(bpy)2PyCO2H]2+ , AuCl4


� ,
citrate and 2.5� 10�8


m Au-NP seeds under Ar; b) Au NPs generated in
the glucose/GOx system in the presence of [Os(bpy)2PyCO2H]2+ ,
AuCl4


� , citrate and Au NP seeds, under air; c) as described in b) but
without AuCl4


� ; d) as described in b) but without [Os(bpy)2PyCO2H]2+ ;
e) as in b) but without citrate; f) and g) as described in b) but without
glucose or GOx, respectively. The concentration of the respective compo-
nents in the systems correspond to: 5.9� 10�3


m glucose, 4.7 U mL�1 GOx,
1.5� 10�3


m AuCl4
� , 7.5 � 10�3


m citrate, 1� 10�4
m [Os(bpy)2PyCO2H]2+ ,


2.5� 10�8
m Au-NP seeds. All spectra were recorded after a fixed time in-


terval of 10 minutes. Inset: Absorbance spectra of: a) 1�10�4
m [Os(bpy)2-


PyCO2H]2+ ; b) 1.5� 10�3
m AuCl4


� ; c) 1 � 10�4
m [Os(bpy)2PyCO2H]2+ ,


after the addition of 1.5� 10�3
m AuCl4


� .
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2 ½OsIIðbpyÞ2py-COOH� þ AuCl4
� !


2 ½OsIIIðbpyÞ2py-COOH� þ AuI þ 4Cl�
ð1Þ


reduction of AuI in the presence of the Au NP seeds as cata-
lytic sites takes place [Eq. (2)].


This stepwise formation of Au NPs with two reducing agents
has already been reported for the NADH-mediated growth
of Au NPs.[10] The elucidation of the mechanism for growing
the Au NPs explains also the effect of the inert atmosphere
on the growth of the NPs (cf. Figure 1 curve a vs b). The O2-
mediated oxidation of glucose to yield H2O2 competes with
the OsII-mediated growth of the particle. As a result, only a
part of the enzyme (ca. 70 %) is active in the mediated NPs
growth, resulting in a lower growth efficiency under O2 as
compared to the inert atmosphere. These results indicate,
however, that the formed H2O2 does not significantly affect
the enhancement process of the NPs. Thus, most of the re-
sults that are presented here were performed under air. It
should be noted that the concentration of the Au NP seeds
is 2.5 �10�8


m in all experiments shown in Figure 1. Al-
though, the seeds gave a plasmon band at about 520 nm (e=


6.5 � 105 cm�1
m
�1), they are not observed in the displayed


spectra due to their low concentration.
Figure 2 shows the time-dependent absorbance of the


GOx-generated Au NPs in the presence of two different
concentrations of glucose. It can be seen that the absorbance
of the Au NPs tends to saturate after a reaction time of
about 30 minutes. After �10 minutes the absorbance values
of the Au NPs reach about 50 % of the saturation value;
thus all biosensing experiments followed the formation of
the Au NPs after a time interval of 10 minutes.


Figure 3 shows the absorbance spectra of the Au NPs
formed in the system within a fixed time-interval of 10 mi-
nutes, upon introducing into the system different concentra-
tions of glucose under air. The plasmon bands of the Au


NPs are intensified and slightly red-shifted as the concentra-
tions of glucose in the system increase. Thus, the Au NPs in
the system increase in their dimensions as the concentration
of glucose is increased. This combination is nicely supported
by complementary TEM experiments. Figure 4a and b
shows the image of the Au NPs formed in the system upon
reaction with high (5.9� 10�3


m) and low (7.4 � 10�5
m) con-


centrations of glucose for 10 minutes, respectively (note that
the Au NP seeds have a diameter of 2–3 nm). At high con-
centrations of glucose, particles exhibiting dimensions of 90
to 110 nm are observed. For the lower concentration of glu-
cose substantially smaller particles are observed, with diam-
eters 10 to 30 nm, consistent with the spectral results.
Figure 3, inset, curve a, shows the derived calibration curve,
corresponding to the absorbance changes of the system
upon analyzing different concentrations of glucose. For com-
parison, we depict also the derived calibration curve under
an inert atmosphere, Figure 3, inset, curve b, to emphasize
that the catalytic growth of the Au NPs is more efficient in
the absence of O2 from the reasons discussed above. The de-
tection limit for analysis of glucose is about 7 � 10�5


m, a
value comparable to the electrochemical sensing of glucose.


The successful use of the OsII–bisbipyridine–4-picolinic
acid (1) mediated growth of Au NPs for the optical detec-


Scheme 1. Schematic [Os(bpy)2PyCO2H]2+-mediated growth of the Au NPs in the glucose/GOx/citrate/Au NP seeds system.


Figure 2. Time-dependent absorbance changes (l =530 nm) of the Au
NPs generated in the system that included 2.5 � 10�8


m Au-NP seeds, 1�
10�4


m [Os(bpy)2PyCO2H]2+ , 4.7 UmL�1 GOx, 1.5� 10�3
m AuCl4


� , 7.5�
10�3


m citrate and different concentrations of glucose: a) 1.5 � 10�3
m,


b) 3� 10�3
m.
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tion of glucose, suggests that the concept could be general-
ized for analyzing the substrates of other flavoenzymes such
as lactate oxidase, choline oxidase, cholesterol oxidase or bi-
lirubin oxidase. We decided, however, to apply the method
to follow a biocatalytic process of higher complexity, namely
the biocatalytic hydrolysis of acetylcholine by acetylcholine
esterase, AChE, followed by biocatalytic oxidation of chol-
ine to betaine by choline oxidase. We attempted to charac-
terize this enzyme cascade by the OsII-mediated catalytic
growth of the Au NPs and to follow the inhibition of the
process in the presence of AChE inhibitors. Besides the fun-
damental interest of such assembly that follows a biocatalyt-
ic cascade by the NPs enlargement, the development of a
system for sensing of AChE inhibitors could be of interest
for analyzing chemical warfare, and could demonstrate the
use of nanotechnology for homeland security applications.


Acetylcholine is a central neurotransmitter and its hydrol-
ysis by acetylcholine esterase, AChE, is the main regulating
process of the neural response system.[18] The inhibition of
AChE, for example, by nerve gases leads to perturbations in
nerve conduction process and the rapid paralysis of vital
functions of the living system.[19] Different methods to sense
the activity of AChE and to follow its inhibition were devel-
oped.[20] The most common method involves the activation
of the enzyme cascade where AChE hydrolyses acetylcho-
line to choline and acetate. The subsequent O2-mediated ox-
idation of choline in the presence of the flavoenzyme chol-
ine oxidase, ChOx, yields betaine and H2O2. The generated
H2O2 activates horseradish peroxidase, HRP, towards the
oxidation of organic substrates that enable the colorimet-
ric[21] or electrochemical[22] detection of the primary AChE
activity. Recently, CdS-semiconductor nanoparticles were
coupled with AChE to yield a hybrid system that enable the
photoelectrochemical detection of AChE activity and the in-
hibition of the enzyme.[23] In this system, thioacetylcholine
was used as the substrate of the enzyme. Upon hydrolysis of
the substrate, thiocholine, which shows electron-donor prop-
erties, was formed. The CdS–AChE hybrid system was im-
mobilized on an Au electrode and upon the photoexcitation
of the semiconductor NPs the conduction-band electrons
were transferred to the electrode while thiocholine was oxi-
dized by the valence-band holes. These processes gave rise
to a photocurrent which followed the AChE activity. Upon
inhibition of the enzyme the photocurrent in the system was
blocked.


Realizing that OsII complex 1 mediates the formation of
Au NPs, while activating the oxidative paths of flavoen-
zymes, we decided to develop an assay to follow the activity
and the inhibition of AChE by following the formation or
the blocking of the formation of Au NPs, respectively,
Scheme 2. In this system, the AChE hydrolyses acetylcho-
line (2), to choline and acetate. The OsII complex present in
the system in a catalytic amount is oxidized by AuCl4


� , and
the OsIII complex mediates the oxidation of choline to be-
taine in the presence of ChOx. The continuous regeneration
of the OsIII complex by AuCl4


� leads to the enlargement of
the Au seeds and to the formation of the Au NPs by a proc-
ess analogous to that discussed for the GOx system. Note,
that the enlargement of the Au NPs is controlled by the con-
tent of the choline in the system, and this is controlled by
the efficiency of hydrolysis of acetylcholine by AChE. Thus,
upon the inhibition of the enzyme, for example, by nerve
gases, the enlargement of the Au NP seeds is anticipated to
be slowed down and eventually blocked.


The system consists of AChE, acetylcholine chloride (2),
ChOx, AuCl4


� , 1.5 � 10�3
m, the OsII complex, 1 � 10�4


m, cit-
rate, 7.5 � 10�3


m, and Au NP seeds, 2.5 � 10�8
m. Figure 5,


curve a, shows the absorption spectrum observed after
10 minutes in the presence of acetylcholine, 7.6 � 10�5


m, and
AChE, 1.59 UmL�1, and ChOx, 0.49 U mL�1. The plasmon
band at l=550 nm indicates the formation of Au NPs in the
system. In a control experiment, where the OsII complex
was excluded from the system, a substantially smaller ab-


Figure 3. Absorbance spectra of the Au NPs formed in the system con-
sisting of 4.7 U mL�1 GOx, 1� 10�4


m [Os(bpy)2PyCO2H]2+ , 1.5 � 10�3
m


AuCl4
� , 7.5� 10�3


m citrate, 2.5� 10�8
m Au NP seeds, in the presence of


different concentrations of glucose: a) 0m, b) 7.4� 10�5
m, c) 3.7 � 10�4


m,
d) 7.4� 10�4


m, e) 1.5� 10�3
m, f) 3.0 � 10�3


m, g) 4.4� 10�3
m. Spectra record-


ed under air after a time-interval of 10 minutes. Inset: calibration curve
corresponding to the absorbance at l=530 nm of the Au NPs formed in
the presence of different concentrations of glucose: a) under air, b) under
Ar.


Figure 4. TEM images of: a) the Au NPs formed in the glucose/GOx
system described in the caption of Figure 1, b) by using 5.9� 10�3


m glu-
cose and growth time-intervals of 10 minutes; b) as described in a) but
7.4� 10�5


m glucose with 10 min growth time.
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sorbance band, which corresponds to Au NPs, is observed,
see Figure 5, curve b. This inefficient formation of Au NPs
in the absence of the OsII complex is attributed to the prog-
ress of the O2-mediated oxidation of choline by ChOx. The
generated H2O2 acts then as a reducing agent that reduces
AuCl4


� to the Au NPs. Indeed, in a further control experi-
ment the latter inefficient formation of the Au NPs was to-
tally blocked under an inert argon environment. In turn, the
very efficient formation of Au NPs was observed under an
inert atmosphere in the system that included the OsII com-
plex (a 25 % enhancement in the production of the Au NPs
was observed in the system which includes the OsII complex
under Ar as compared to the system under air). In addition-
al control experiments, exclusion of either AChE or citrate
or acetylcholine, no formation of Au NPs was detected in
the systems, Figure 5 curves c–e, respectively. Also, in the
absence of the Au NP seeds no enlarged Au NPs were
formed. These results allow us to formulate the mechanism
that leads to the formation of the Au NPs, Scheme 2. The
OsIII complex formed upon the reduction of AuCl4


� oxidizes
the redox center of ChOx, and mediates the oxidation of
choline to betaine. The formation of the Au NPs requires
the coexistence of two reducing agents in the system, the
OsII complex and citrate, and Au NP seeds that act as cata-
lysts for the formation of the enlarged particles. The en-
largement of the Au NPs proceeds in two steps: in the pri-
mary step, the OsII complex reduces the AuCl4


� salt to AuI


[Eq. (1)], (EOs
II


/Os
III =268 mV vs SCE). In the second step,


citrate reduces AuI to yield the enlarged particles. TEM
analyses confirm the formation of the enlarged Au NPs, and
while the Au NP seeds have a diameter of 2 to 3 nm, the en-
larged particles formed after 10 minutes in the presence of
acetylcholine, 2.4 � 10�4


m, have an average diameter of
about 90 nm.


Figure 6A shows the absorbance spectra of the resulting
enlarged Au NPs formed in the presence of a fixed concen-
tration of enzyme, 1.59 U mL�1, and variable concentrations
of acetylcholine. As the concentrations of acetylcholine in-
crease, the plasmon bands of the Au NPs intensify; this indi-
cates the formation of larger particles. These results are con-
sistent with the fact that as the concentrations of acetylcho-
line increase elevated amounts of choline are produced in
the system, and these enhance the OsIII-mediated ChOx oxi-


dation of choline. The latter process accelerated the regener-
ation of the OsII complex and the production of the enlarged
Au NPs. Figure 6B shows the absorbance spectra of the re-
sulting Au NPs in the presence of a fixed concentration of
acetylcholine, 3.8 � 10�5


m, but using different amounts of
AChE in the system. Clearly, as the amounts of AChE in-
crease the absorbance bands of the resulting Au NPs are in-
tensified. These results are consistent with the fact that as
the concentration of AChE increases the amount of generat-
ed choline is elevated. As the concentration of the AChE in-
creases the concentration of the product, choline, is higher,
and thus, the OsIII-mediated oxidation of choline by ChOx,
and the formation of the Au NPs are enhanced.


Accordingly, we have examined the growth of the Au NPs
by the composite system in the presence of different concen-
trations of 1,5-bis(4-allyldimethylammonium-phenyl)pen-


Scheme 2. Schematic [Os(bpy)2PyCO2H]2+-mediated growth of the Au NPs in the AChE/ChOx/acetylcholine/citrate/Au seeds NP system.


Figure 5. Absorbance spectra of a) The Au NPs generated in the system
consisting of AChE (1.59 U mL�1)/ChOx (0.49 U mL�1)/acetylcholine
(7.6 � 10�5


m), 1 � 10�4
m [Os(bpy)2PyCO2H]2+ , 1.5 � 10�3


m AuCl4
� , 7.5�


10�3
m citrate, 2.5� 10�8


m Au-NP seeds, under air; b) as described in a)
but without [Os(bpy)2PyCO2H]2+ ; c)–e) as described in a) upon the ex-
clusion of AChE, citrate or acetylcholine, respectively. All spectra were
recorded after a fixed time-interval of 10 minutes.
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tane-3-one dibromide (3), which is used as a common inhibi-
tor of AChE, and mimics the functions of nerve gases.[24]


Figure 7 shows the absorption spectra of the resulting Au
NPs in the system in the absence (curve a) of the inhibitor 3
and in the presence of increasing amounts of the inhibitor
(curves b–d). As the concentration of the inhibitor increases,
the absorbance of the resulting NPs decreases in its intensi-
ty, indicating the formation of smaller NPs. Indeed, TEM
analyses confirm this conclusion, and while after 10 minutes
of reactions, in the absence of the inhibitor, Au NPs with di-
ameters corresponding to 90–100 nm are formed. In the
presence of 3, 7.6 � 10�6


m, substantially smaller particles are
formed under the same conditions, exhibiting a diameter in
the range of 15 to 35 nm. Realizing that the plasmon absorb-
ance of the Au NP provides an optical signal that probes the
enzyme activity, we analyzed the mechanism of inhibition
by following the kinetics of Au NPs formation at different
concentrations of the inhibitor, and variable concentrations
of the substrate. The inset in Figure 7 shows the derived
Lineweaver–Burk plots. From the shape of the plot, we con-
clude that a competitive inhibition mechanism is operative,
and the values KI =2.6 mm and KM = 0.13 mm are derived for
the system. These values are in excellent agreement with the
reported values of KM =0.11 mm and KI (for 3).[25]


Conclusion


The present study has introduced a new method to couple
the biocatalytic functions of flavoenzymes and the catalytic
growth of Au NPs by the application of the OsII–bisbipyri-
dine–4-picolinic acid (1) as an electron transfer mediator.
The growth of the Au NPs enabled us to optically follow
biocatalytic reactions, and to sense glucose or to follow the


AChE activity and its inhibi-
tion. The method seems to be
very general and its further de-
velopment in different direc-
tions seems obvious. The appli-
cation of other transition-metal
complexes, the growth of other
metals, and the application of
the method to sense other sub-
strates (by using other flavoen-
zymes) or elucidate the activity
of other enzyme cascades are
reasonable directions to devel-
op. Of particular interest would
be the transformation of the so-
lution-based analyses reported
here into surface-confined
assays. Such systems would es-
tablish handy optical biosensing
strips. Furthermore, the mediat-
ed growth of the Au NPs on


surfaces might be extended to related assays that use other
readout signals such as conductivity or change in the fre-
quency of piezoelectric crystals.


Experimental Section


OsII–bisbipyridine–4-picolinic acid (1), [Os(bpy)2PyCO2H]2+ , was pre-
pared according to literature procedures.[26]


Figure 6. A) Absorbance spectra of the Au NPs formed in the system described in Figure 4a by using different
concentrations of acetylcholine: a) 0 m, b) 7.6� 10�6


m, c) 1.5 � 10�5
m, d) 2.3� 10�5


m, e) 3.8� 10�5
m, f) 7.6 �


10�5
m, g) 1.5 � 10�4


m, h) 2.4� 10�4
m. B) Absorbance spectra of the Au NPs generated in the system described


in Figure 4a by using a constant concentration of 3.8� 10�5
m acetylcholine, and variable concentrations of


AChE: a) 0 U mL�1, b) 0.27 U mL�1, c) 0.54 UmL�1, d) 0.81 U mL�1, e) 1.08 UmL�1, f) 1.35 UmL�1,
g) 1.62 UmL�1, h) 1.90 UmL�1, i) 2.16 UmL�1. For all systems the spectra were recorded after a fixed time-in-
terval of 10 minutes under air.


Figure 7. Absorbance spectra of the Au NPs formed in the system de-
scribed in Figure 4a in the presence of 2.4� 10�4


m acetylcholine, and vari-
able concentrations of the inhibitor (3): a) 0 m, b) 7.6� 10�7


m, c) 3.8�
10�6


m, d) 7.6� 10�6
m. Inset: Lineweaver–Burk plots corresponding to the


inhibition of the Au NPs growth in the presence of different concentra-
tions of 3 : a) 0m, b) 7.6� 10�7


m, c) 3.8� 10�6
m, d) 7.6 � 10�6


m.
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Glucose assay : Variable concentrations of b-glucose (Sigma) in 0.1 m Tris
buffer (80 mL, pH 7.4), 2.5 mm AuCl4


� (Aldrich) solution (800 mL),
0.33 mm Os II complex (400 mL), 1m trisodium citrate (Aldrich) (10 mL),
417 UmL�1 glucose oxidase from Aspergillus niger (Sigma) (15 mL) and
1.1� 10�6


m of 2–3 nm aqueous gold NP seeds (30 mL) were mixed to give
the final concentrations of AuCl4


� , 1.5� 10�3
m, OsII complex, 1 � 10�4


m,
trisodium citrate, 7.5� 10�3


m, glucose oxidase, 4.7 U mL�1, Au-NP seeds,
2.5� 10�8


m. The mixture was incubated for 10 minutes at 35 8C and the
absorbance spectra of the resulting solutions were measured.


Acetylcholine esterase assay : 0.1m acetylcholine chloride (2) in 0.1m Tris
buffer (80 mL, pH 8.0) and the varied concentrations of AChE solution
(from Electric Gel, Sigma) in 0.1m Tris buffer (4 mL) were incubated at
35 8C for 15 min. Afterwards, 2.5 mm AuCl4


� solution (800 mL), 0.33 mm


OsII complex (400 mL), 1m trisodium citrate (10 mL), 44 UmL�1 choline
oxidase (ChOx) solution (from Alcaligenes species, Sigma) (15 mL) and
1.1� 10�6


m of 2–3 nm aqueous Au-NP seeds (30 mL) were added to the
original solution to yield the final concentrations of acetylcholine, 3.8�
10�5


m, AuCl4
� , 1.5� 10�3


m, OsII complex, 1� 10�4
m, choline oxidase,


0.49 UmL�1, and gold NP seeds, 2.5� 10�8
m. The absorbance spectra of


the resulting solutions were measured after the mixtures were incubated
for 10 min at 35 8C.


Acetylcholine assay : The assay was performed by using the above-men-
tioned reaction mixture while adding 415 U mL�1 AChE solution (4 mL)
to obtain the final concentration of 1.59 UmL�1, and using variable con-
centrations of acetylcholine in the primary hydrolysis step.


Determination of the inhibition constant of 1,5-bis(4-allyldimethylammo-
nium-phenyl)pentan-3-one dibromide (3): The determination was per-
formed by the introduction of different concentrations of the inhibitor 3
to the above-mentioned AChE assay and performing the assay in the
presence of different concentrations of acetylcholine for each concentra-
tion of the inhibitor 3.
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Introduction


Phthalocyanine (PcH2) and its metal complexes (MPcs)
were accidentally discovered in the early 1900s.[1] Applica-
tions were quickly found for them, and the number of uses
have increased considerably since then.[2–11]


The size, charge, and ligand substitution of the metal in
MPcs,[11–21] which can be used as a template for the conden-
sation reaction by microwave or thermal irradiation,[22–34] de-
termine the number of oligomeric units, the final conforma-
tion of the macrocyclic system, and cis–trans isomerism.
These factors influence the chemisorption properties with
respect to the type of surface (Figure 1).


The discovery of the cis configuration and nanocap shape
in some axially substituted SnPcs (containing concave,
naked, p-electron rich, nanosurfaces) and collateral applica-
tion of simple MPcs to prevent corrosion[35] prompted our
multidisciplinary research efforts[36–41] to test the possibility
of using this kind of molecules as corrosion inhibitors.[42–44]


Herein we present two new approaches to cis-[bis-
(carboxylato)SnIV] complexes (3 a–h):[44] 1) thermal synthesis
and 2) a microwave (MW) procedure. Complexes 3 a–h were
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54 to 90 %. Compounds 3 a–h were
fully characterized by elemental analy-
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clear NMR), and seven X-ray diffrac-
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dination of the tin atoms with square-
antiprismatic geometry, and p-electron-
rich nanocap shapes. On account of the
latter characteristics, 3 a–h compounds
have anticorrosion properties. LPR and
Tafel electrochemical methods were
used to characterize the behavior of


these derivatives in naturally aerated
sour brine, which is a common environ-
ment in petroleum production and re-
finery operations. The measurement of
the corrosion rate of carbon steel
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characterized by elemental analyses, IR, UV/Vis, 1H, 13C,
119Sn NMR spectroscopy and X-ray single-crystal diffraction.
Complexes 3 a–h were tested as corrosion inhibitors for steel
in sour brine solutions, which simulates a commonly encoun-
tered environment in primary plants of the petroleum indus-
try. Preliminary results related to this study have been al-
ready published.[44]


Results and Discussion


Thermal and microwave syntheses : In the thermal protocol,
[PcSnIVCl2]


[44] (1) was allowed to react with the potassium


salts of eight fatty acids (2 a–h)
in a 1:2 molar ratio by refluxing
the mixtures in DMF for 2.5 h
to afford the corresponding cis-
[bis(carboxylato)SnIV] com-
plexes (3 a–h).


Complexes 3 a–h were also
obtained by microwave irradia-
tion of the starting materials in
DMF for 5 and 10 min. For pur-
poses of comparison, the power
was fixed to 300 and 600 W at a
setup temperature (ST) of
150 8C (Scheme 1).


When the reaction times
were increased, decomposition
to 1,2-dicyanobenzene occurred
to a greater extent, as demon-
strated by 1H and 13C NMR ex-
periments. Compounds 3 a–h
were separated from methanol/
water solvent mixtures to give
pure metallic blue powders in
yields ranging from 54 to 78 %
(thermal procedure) or from 49
to 90 % (microwave procedure,
Table 1). Both yields are better
than those of axial ligand sub-
stitution reactions in structural-


ly related MPcs.[4,10,11,16–19, 33,39,40, 44]


The microwave procedure gave higher yields and required
shorter reaction times (by a factor of at least 15) compared
to the thermal procedure. Furthermore, the yield improved
when the power supply was increased from 300 to 600 W.
There were only two cases in which the thermal procedure
gave equal or better yields, namely for 3 d and 3 f (see
Table 1). The reactions were repeated at least three times to
measure the reliability of the results and to unequivocally
determine the yields of the two procedures.


Spectroscopic trends : The IR data (see the Experimental
Section) provide useful information on the binding mode of


Figure 1. The molecular shape of the Pc ligand in MSubPc, MPc, and MSuperPc.


Scheme 1. Thermal and microwave procedures for the preparation of SnPcs 3a–h.
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the carboxylate ligands to the tin atoms. In previously re-
ported metalloporphyrin (Mporph) systems with s-bonded
CH3COO� fragments (M = Ge and Sn),[45] the nas(COO)
and ns(COO) bands appear at 1661–1678 cm�1 and at 1269–
1294 cm�1, respectively. In contrast, for MPorph systems
with isobidentate ligation (M = In and Tl),[45] the nas(COO)
and ns(COO) bands appear at 1556–1562 cm�1 and 1412–
1421 cm�1, respectively. The nas(COO) and ns(COO) bands
of compounds 3 a–h were displayed at almost constant
values of 1609 cm�1 and 1418–1422 cm�1, respectively. This
indicates bonding between a sigma (s) and an isobidentate
ligation, which is operative for all the COO� moieties and is
usually referred to as anisobidentate binding.


The signals in the NMR spectra correspond to a quarter
of the molecule for the Pc ligand, thus indicating a C4v local


symmetry in solution. The hydrocarbon tail signals are relat-
ed to only half of the molecule owing to a C2v local symme-
try.


A summary of the 1H, 13C, and 119Sn NMR data is given in
the Supporting Information. The aliphatic 1H signals appear
clearly separated on account of the anisotropic effect that
influences the -(CH2)n- protons which are placed within the
ring currents of the Pc macrocycle. Thus, five well-separated
-CH2- signals at d = 0.02–0.52 ppm are shown. A -CH3 trip-
let signal is shown at d = 0.36–1.25 ppm, and the remaining
signals overlap within d=1.52–1.64 ppm. The signals attrib-
uted to a-CH2 became broader with increasing hydrocarbon
tail length, which denotes a fixed orientation of this methyl-
ene group as well as an absence of the spin-rotational relax-
ation mechanism,[44] in addition to information about the
anisobidentate coordination character of the RCOO� group
towards the tin atom.


The 13C NMR spectra had to be measured with relaxation
times of at least 2.5 s because the signal for the carboxylate
group could not be quickly detected at shorter times. This
signal appeared at d = 176.5–177.0 ppm, and that of the
quaternary carbon atom at the azo bridge was at d= 152.6–
153.1 ppm, the ipso-carbon atom was at d= 135.6–
136.0 ppm, the Cout at d= 129.8–130.4 ppm, and finally the
Cin at d=122.7–123.4 ppm.


The 119Sn chemical shifts have almost constant values of
d��846 ppm,[44] which indicates that no important differen-
ces arise with respect to changes in the hydrocarbon tail
length.


Table 1. Comparison of yields (%) for the two procedures used for the
preparation of 3a–h compounds.


Compd Thermal procedure Microwave procedure
300 W 600 W


2.5 h 5 min 10min 5 min 10min


3 a 54 73 80 70 61
3b 55 56 70 80 86
3c 58 69 76 76 74
3d 78 59 49 69 79
3 e 63 72 75 83 74
3 f 78 60 69 76 73
3 g 66 75 77 90 84
3h 62 58 68 82 76


Table 2. Crystal data and experimental details for 3 a, 3a·CHCl3, 3 b, 3c-A, 3c-B, 3 e, and 3 f.


Compound 3 a[a] 3a·CHCl3
[a] 3b[a] 3 c-A[a, c] 3c-B[a] 3e[b,c] 3 f[a]


empirical formula C44H38N8O4Sn C44H38N8O4Sn·CHCl3 C48H46N8O4Sn C52H54N8O4Sn C52H54N8O4Sn C60H70N8O4Sn C64H78N8O4Sn
FW 861.51 980.88 917.62 973.72 973.72 1085.93 1142.03
crystal system triclinic triclinic triclinic triclinic triclinic triclinic triclinic
space group P1̄ P1̄ P1̄ P1̄ P1̄ P1̄ P1̄
crystal color metallic blue metallic blue metallic blue metallic blue metallic blue metallic blue metallic blue
cryst. size [mm3] 0.20 � 0.28 � 0.32 0.03 � 0.03 � 0.32 0.03 � 0.01 � 0.21 0.04 � 0.31 � 0.35 0.03 � 0.2·0 � 21 0.1� 0.1 � 0.05 0.02 � 0.21 � 0.35
a [�] 12.9079(8) 9.6123(8) 11.7235(11) 13.1764(9) 12.8084(17) 9.559(5) 12.2196(11)
b [�] 13.1978(8) 14.9210(13) 14.3479(14) 13.4184(9) 12.8325(17) 11.670(5) 13.1624(12)
c [�] 13.5263(9) 15.6757(13) 14.4524(14) 14.9293(10) 13.9470(19) 25.913(5) 18.0135(16)
a [8] 105.691(1) 69.445(2) 110.877(2) 65.399(1) 87.761(3) 81.983(5) 81.633(2)
b [8] 115.649(1) 78.625(2) 101.076(2) 71.356(1) 85.840(3) 89.708(5) 84.088(2)
g [8] 102.179(1) 79.257(2) 106.420(2) 78.930(1) 78.093(3) 73.359(5) 85.093(2)
V [�3] 1851.5(2) 2046.9(3) 2059.2(3) 2268.7(3) 2236.5(5) 2740.7(19) 2843.9(4)
Z 2 2 2 2 2 2 2
1calcd [mg m�3] 1.545 1.591 1.480 1.425 1.446 1.316 1.334
m [mm�1] 0.748 0.877 0.678 0.620 0.629 0.520 0.505
q [8] 1.73 to 25.00 1.47 to 25.00 1.60 to 25.00 1.56 to 25.00 1.46 to 25.00 3.20 to 25.39 1.15 to 25.00
coll. refln. 10376 14 913 20023 16 694 10 907 13839 13922
indep. reflns, [Rint] 6451 [0.031] 7177 [0.065] 7428 [0.056] 7978 [0.041] 7286 [0.075] 9026 [0.041] 9292 [0.062]
compl. to q (8) [%] 25.00 [99.0] 25.00 [99.3] 25.00 [99.8] 25.00 [99.7] 25.00 [92.4] 25.34 [89.4] 25.00 [92.6]
data/restr/param 6451/0/516 7177/0/574 7248/7/552 7978/0/588 7287/0/588 9026/0/658 9292/4/696
GOOF 1.066 1.133 1.052 1.037 0.949 1.162 1.070
R1 [I>2s(I)] 0.0375 0.0745 0.0525 0.0373 0.0726 0.0695 0.0804
R2w(all data) 0.0963 0.1444 0.1235 0.0864 0.1554 0.1580 0.1661
D1min [e��3] �0.914 �1.418 �1.380 �0.671 �1.250 �0.525 �1.466
D1max [e��3] 1.529 1.925 1.638 0.926 0.789 0.676 1.115


[a] Data collection on a Bruker-AXS APEX diffractometer. [b] Data collection on an Enraf-Bruker CCD diffractometer. [c] Taken from reference [44]
for comparison.
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X-ray diffraction analysis : The crystal data of the starting
material used for the reactions outlined in Scheme 1 are
summarized in reference [46]; however, this structure has al-
ready been described with similar parameters.[47,48] Five of
the eight studied compounds were crystallized and most of
the relevant crystallographic data is summarized in Table 2
(Figure 2 shows the numbering scheme for 3 a), and the
most important geometric variables are reported in Table 3.
Interestingly, two polymorphic crystals were obtained for 3 a
and 3 c, which thus permitted the analysis of different con-
formations of the Sn(OOCR)2 backbones.


All compounds crystallized in form of thin overlapping
sheets, as shown by SEM micrographs of 3 a·CHCl3, 3 b, and
3 c-A (see the Supporting Information).


In all compounds characterized by X-ray crystallography,
the tin atoms have a coordination number of eight with two
sets of O�Sn and O···Sn bonds. The interatomic distances
range from 2.080 to 2.117 � and from 2.484 to 2.858 �, re-
spectively (the van der Waals radius is 1.52 � and 2.17 � for


Figure 2. Molecular structure of 3a.


Table 3. Structural details for 3a, 3 a·CHCl3, 3b, 3 c-A, 3 c-B, 3e and 3 f.


Compound 3a 3a·CHCl3 3 b 3 c-A 3c-B 3e 3 f


bond lengths [�]
Sn�O 2.095(2)


2.137(2)
2.082(4)
2.117(5)


2.080(3)
2.092(3)


2.102(2)
2.104(2)


2.100(5)
2.109(5)


2.100(4)
2.101(5)


2.071(4)
2.125(4)


Sn···O 2.432(2)
2.692(2)


2.543(5)
2.757(5)


2.574(3)
2.830(4)


2.545(2),
2.627(2)


2.522(5)
2.677(5)


2.627(6)
2.691(6)


2.484(5)
2.858(5)


Sn�Ni 2.158(3)
2.162(2)


2.134(5)
2.155(5)


2.166(4)
2.181(4)


2.148(2)
2.158(2)


2.142(6)
2.146(6)


2.143(5)
2.154(5)


2.140(5)
2.161(5)


2.178(2)
2.200(3)


2.161(6)
2.189(5)


2.145(4)
2.180(4)


2.181(2)
2.186(2)


2.187(6)
2.188(6)


2.183(5)
2.206(5)


2.191(5)
2.205(5)


C�O 1.301(4)
1.289(4)


1.317(8)
1.301(8)


1.305(5)
1.296(5)


1.293(3)
1.295(3)


1.299(8)
1.261(8)


1.298(9)
1.285(10)


1.299(8)
1.314(8)


C=O 1.228(4)
1.253(4)


1.233(8)
1.239(8)


1.224(5)
1.228(6)


1.234(3)
1.236(3)


1.232(9)
1.265(9)


1.226(8)
1.222(10)


1.245(8)
1.232(8)


bond angles [8]
O-Sn-O 82.61(9) 82.89(17) 83.77(12) 85.66(7) 87.60(19) 84.17(18) 85.47(17)
O-Sn···Oanti 73.56(8) 72.35(16) 72.97(13) 74.33(7) 73.49(18) 71.28(19) 73.49(16)


72.25(8) 71.02(16) 70.24(12) 72.60(7) 73.39(18) 74.96(18) 72.10(15)
O-Sn···Osyn 56.59(8) 55.03(15) 54.95(13) 55.28(7) 55.17(18) 53.68(18) 56.24(16)


52.85(8) 51.89(15) 50.76(12) 54.14(7) 53.51(18) 52.41(19) 50.81(15)
O···Sn···O 106.66(8) 105.26(15) 103.67(10) 107.98(7) 106.06(17) 106.12(18) 105.29(14)
Ni-Sn-Ni 79.19(9) 79.5(2) 78.78(14) 79.30(8) 79.2(2) 79.20(18) 79.1(2)


79.09(9) 79.6(2) 79.66(14) 78.53(8) 78.4(2) 79.28(19) 80.0(2)
78.58(10) 79.6(2) 78.20(14) 78.88(8) 78.2(2) 79.12(19) 79.5(2)
77.72(9) 78.2(2) 79.74(14) 78.55(9) 78.9(2) 77.72(18) 78.1(2)


O�C=O 120.5(3) 119.46(1) 121.12(3) 120.3(3) 121.7(8) 119.9(7) 122.4(6)
118.2(3) 118.72(1) 121.59(2) 120.9(3) 118.9(7) 120.9(7) 119.3(6)


dihedral angles [8]
O=C-O-Sn 2.3(4), 1.4(3) �1.1(7), 8.7(8) 4.6(5), 13.4(5) 0.6(2), �1.4(3) �5.2(9), �0.9(7) �0.2(9), 6.4(8) 1.7(8), 1.8(6)
Ni-Ni-Ni-Ni 4.2(2) �4.4(2) �4.17(17) 4.4(1) 4.32(26) 5.12(21) �4.18(23)
2D dimensions [�]
Ni···Ni 3.877(3)


3.913(4)
3.876(2)
3.908(2)


3.881(7)
3.923(5)


3.873(3)
3.909(5)


3.878(8)
3.883(9)


3.886(8)
3.904(6)


3.913(8)
3.919(7)


Cout···Cout 13.043(10) 13.067(8) 13.089(6) 13.074(4) 13.102(12) 12.992(10) 13.079(10)
13.052(10) 13.086(9) 13.079(7) 13.070(4) 13.100(12) 13.011(10) 13.082(10)
13.029(10) 13.040(8) 13.048(10) 13.034(6) 13.089(13) 13.008(13) 13.046(10)
13.063(10) 13.061(8) 13.050(10) 12.997(6) 13.115(13) 13.016(13) 13.026(10)


N4–Sn deviation[�] �0.773 �0.748 �0.755 �0.765 �0.769 0.766 0.755
angle between tail planes [8] 76.73(13) 46.96(13) 171.44(36)[a] 162.71(13) 107.53(42)[b] 0.95(12) 170.16(10)[c]


[a] C36, C37, and C41 were omitted in the plane calculations. [b] C36 and C38 were omitted in the plane calculations. [c] C46, C47, and C48 were omitted
in the plane calculations.
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O and Sn).[49] The coordination geometries surrounding the
tin atoms are distorted square-antiprismatic.


The COOSn parameters obtained from the X-ray analysis
confirmed the m character of the carboxylate ligand. In pre-
vious s-bonded COOSn fragments with pentacoordinate tin
atoms,[36] the length of the C�O bond was 1.289–1.316 �,
while that of C=O bonds was 1.196–1.221 �. In previous m-
bonded COOSn fragments[37–38] with heptacoordinate tin
atoms, the length of the C=O bond was 1.227–1.241 �, while
that of C�O bonds was 1.282–1.301 �. For compounds of
type 3, the measured C�O bond lengths were 1.261–1.317 �,
while those for the C=O bond were 1.222–1.265 �; these
values are closer to the m-bonded COOSn fragments previ-
ously reported. The latter comparison suggests the presence
of octacoordinate tin atoms in all cases, which reinforces the
findings shown by the 119Sn NMR and IR data.[19]


The Pc2� conformations are shown in Figure 3 as follows:
3 a, 3 b and 3 e half-domed, 3 a·CHCl3 and 3 f skew half-
domed, and 3 c-A as well as 3 c-B ruffled.


With respect to the nanocap shape of compounds 3, the
average diameter of the Pc2� moiety should be smaller than
the external Pc diameter of PcH2


[50, 51] (13.06–13.14 �). An
analysis of the shape of other examples of nanocap SnPcs
for example, [Pc2Sn][52,53] and [PcSn],[54] shows that these
have averaged external Pc diameters of 12.95 and 13.06 �,
respectively. The smaller diameter of [Pc2SnIV] can be ex-
plained by the p···p repulsive interaction of Pc···Pc, which
bends the Pc ligand and makes the cavity deeper. Because
[PcSnII] has almost the same diameter as the 3 series, it is
proposed that the stereoelectronic influence of two anisobi-
dentate RCOO� moieties is comparable to the presence of a
lone pair (LP) of electrons.


The average deviation of the tin atoms from the N4 plane
in the 3 series is 0.761 �, while [Pc2SnIV] and [PcSnII] have
values of 1.041 and 0.903 �, respectively. This is attributed
to the high electronic repulsion between the two aromatic
Pc rings, in the first case, and the coplanar Pc ring with the
LP repulsive effect, in the second case.


The average Sn�Ni (i = isoindolic) bond length in the 3
series, with a SnIVO4N4 core, is 2.168 �, while that in [Pc2Sn]
is 2.338 �, which is also attributed to the p···p repulsive in-
teractions in the SnIVN8 core. [PcSnII] , with a LP-SnIIN4


core, has an averaged bond length of 2.266 �. The shorter
bond lengths found in the 3 series indicate that one Pc
ring and two RCOO� ligands relax the coordination sphere
of the tin atom more efficiently than two Pc rings and
a combination of one Pc ring and a LP. The average
C�Ni bond length is 1.385 � in the 3 series, 1.369 � for
[Pc2SnIV] and 1.369 � for [PcSnII] , indicating the same
relaxation effects. The average C�Nazo bond length is
1.323 � in the 3 series, 1.320 � for [Pc2SnIV] and 1.332 � for
[PcSnII] , denoting that the azo bridges are no longer de-
formed.


At the supramolecular level, there are significant changes.
They are mainly caused by solvent–Pc, Pc–Pc hydrogen
bonds, p···p and s···p interactions, and partial overlapping of
the Pc ligands. They are also affected by the conformations


of the hydrocarbon tails. The supramolecular arrays in the 3
series are discussed below.


Compound 3 a can crystallize as two allotropes, 3 a and
3 a·CHCl3, whereby the latter contains solvent. Polymorph
3 a presents a partial concave 2/3 overlap of the Pc ligands.
One hydrocarbon tail is positioned perpendicularly to the
Pc plane, while the other is parallel to it, resulting in a tail
plane–tail plane angle of 76.73(13)8. There are four, two-
fold symmetry-related, p···p contacts, exhibiting distances of
d(C2�C23) = 3.396, d(C1�C24) = 3.145, d(C8�C25) =


3.184 and d(C17�C32) = 3.234 �. There are three types of
hydrogen bonding, d(Car�Hinner···O�C=O) = 2.402 and two
d(Caliph�H···O�C=O) = 2.478, 2.661 �. These structural fac-
tors are combined into a partial cyclophane-type arrange-
ment. Polymorph 3 a·CHCl3 presents a hydrogen bond of the
type d(Cl3C�H···O···Sn) = 2.189 �, increasing the Sn···O
bond length (d(PcSn···O=C) = 2.757(5) �, normal d-
(PcSn···O=C) = 2.543(5) �). This compound presents a par-
tial concave 2/3 overlap of the Pc ligands. One hydrocarbon


Figure 3. Pc conformation for 3a (half-domed), 3 a·CHCl3(skewed half-
domed), 3b(half-domed), 3 c-A(ruffled), 3 c-B(ruffled), 3 e (half-domed),
and 3 f(skewed half-domed).
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tail is positioned perpendicularly to the Pc plane, while the
other is parallel to it and this results in a tail plane–tail
plane angle of 46.96(13)8. There are also four, twofold sym-
metry-related, p···p contacts, exhibiting distances of d(C25�
N1) = 3.191, d(C1�C24) = 3.271, d(C2�C23) = 3.281 and
d(C13�C16) = 3.281 �, and two hydrogen bonds of d(Car�
Hinner···O�C=O) = 2.402 and d(Car�Houter···O�C=O) =


2.517 � in magnitude, denoting a closed packing structure
for the inner hydrogen.


Compound 3 b presents a convex 1/3 overlap of the Pc in
one direction and a concave 2/3 overlap in the other. There
are four, twofold symmetry-related, p···p contacts, exhibiting
distances of d(C5�C13) = 3.277, d(C6�C12) = 3.284, d-
(C20�C29) = 3.255 and d(C32�C32) = 3.397 �, and two
hydrogen bonds of d(Car�Houter···O=C-O) = 2.425 and d-
(Car�Houter···O�C=O) = 2.591 �. The conformation of the
hydrocarbon tails is anti oriented, with a tail plane–tail
plane angle of 171.44(36)8. One chain is straight and the
other is helicoid because of the strain of a Pc neighbor.


Compound 3 c can also crystallize as two allotropes, but
without solvent co-crystallization, namely 3 c-A and 3 c-B.
DFT calculations were performed on both 3 c polymorphs at
the PW91/GGA level of theory.[55] The theoretical results
indicated that both conformers are almost isoenergetic
(DE(3c-A�3c-B) = 0.0033 eV, 0.076 kcal mol�1) taking into ac-
count the full 3D crystallographic cell and its contents, see
the Supporting Information for further details. Polymorph
3 c-A has a ruffled conformation on account of a convex 1/3
overlap of the Pc ligands in one direction and a concave 2/3
overlap in the other. There are five, twofold symmetry-relat-
ed, p···p contacts, exhibiting distances of d(C25�N1) = 3.335,
d(C1�C24) = 3.359, d(C17�C32) = 3.397, d(N1�C24) =


3.185, and d(C7�C26) = 3.308 �, and two hydrogen bonds of
d(Car�Houter···O�C=O) = 2.597 and d(Car�Houter···O=C-O)
= 2.697 �. These structural factors are combined into a cyclo-
phane-type arrangement. The hydrocarbon tails are anti ori-
ented, with a tail plane–tail plane angle of 162.71(13)8 ; this
phenomena results from the accommodation of hydrophobic
moieties. Another contact was encountered in a conforma-
tion analysis of the tail, namely, a hydrogen bond with d(C�
H···Nazo) = 2.689 �, which fixes the tail packing more rigid-
ly. Polymorph 3 c-B has a ruffled conformation on account
of a convex 1/3 overlap of the Pc ligands in one direction
and a concave 2/3 overlap in the other. In this case, there
are six, twofold symmetry-related, p···p contacts, exhibiting
distances of d(C20�C29) = 3.182, d(C5�C11) = 3.284, d-
(C5�C12) = 3.363, d(C12�C22) = 3.339, d(C4�C13) =


3.325. and d(C13�C21) = 3.365 �, and two hydrogen bonds
of d(Car�Houter···O=C-O) = 2.417 and d(Car�Houter···O�C=


O) = 2.515 �. The result of both H···O bonds is the con-
struction of an isoindoline-bridged moiety in the shape of a
fully overlapped cyclophane at the six carbon atoms of the
aromatic fragment. The hydrocarbon tails are anti oriented,
with a tail plane–tail plane angle of 107.53(43)8. Another
contact was encountered in a conformation analysis of the
tail, namely, a hydrogen bond with d(C�H···Nazo) = 2.719 �
is present, which rigidly fixes the tail.


Compound 3 e exhibits a convex 2/3 overlap of the Pc li-
gands in one direction and also a concave 2/3 overlap in the
other. In this case, there are four, twofold symmetry-related,
p···p contacts, exhibiting distances of d(C1�C13) = 3.178, d-
(C7�C14) = 3.376, d(C8�C14) = 3.349, and d(C10�C21) =


3.366 �, and one hydrogen bond of d(Car�Hinner···O�C=O)
= 2.358 �. The hydrocarbon tails are syn oriented, with a
tail plane–tail plane angle of 0.95(12)8.


Compound 3 g presents a convex 1/3 overlap of the Pc li-
gands in one direction and a concave 2/3 overlap in the
other. There are five, twofold symmetry-related, p···p con-
tacts, exhibiting distances of d(N1�C24) = 3.184, d(C8�
C24) = 3.364, d(C8�C25) = 3.384, d(C7�C25) = 3.293,
and d(C7�C26) = 3.342 �, and two hydrogen bonds of d-
(Car�Houter···O�C=O) = 2.616 and d(Car�Houter···O=C-O) =


2.633 � that improve the cyclophane shape. The hydrocar-
bon tails are anti oriented, with a tail plane–tail plane angle
of 170.16(10)8.


Figure 4 depicts samples of the supramolecular contacts
discussed above.


At this point, it is worth mentioning that, as in the case of
tin(iv) systems, soluble species are obtained from axial sub-
stitution reactions of [PcTi=O], [PcTiCl2], and [PcGaX] (X
= halogen) systems (also nanocap shaped).[56] The literature
cited for [PcTi] and [PcGa] moieties is directly related to
their use in nonlinear optic (NLO) properties.[56a] Hence, ac-
cording to the molecular design outlined for NLO applica-
tions, the [PcSn] systems may also be suitable for these ap-
plications and further work is under study.


Electrochemical testing and corrosion inhibitor measure-
ments : Compounds 3 a–h were tested as corrosion inhibitors
for carbon steel in naturally aerated brine saturated with
H2S, to measure the protection of steel against sour corro-
sion (see the Supporting Information for details). A corro-
sion rate of about 81.8 mpy was determined on carbon steel
AISI 1018 before iron sulfide formation. However, the
steady-state corrosion rate after 2–3 h in the sour environ-


Figure 4. Supramolecular interactions observed for 3 series.
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ment may decrease to about 50 mpy as derived from the sul-
fide film formation. Instantaneous and steady-state corro-
sion rates of the blank material were determined by the
Linear Polarization Resistance (LPR) technique to avoid
damaging the metallic surface. Polarization scans of
AISI 1018 in sour brine in the presence of inhibitors 3 a–h
displayed corrosion rates of 20–82 mpy, with corrosion inhib-
ition efficiencies ranging from 40–85 %.[57,58]


An example of the LPR results on steel blanks is depicted
in Figure 5. The polarization resistance increases as the test-
ing time increases, while a reduction in the testing current is
observed. This behavior is attributed to the formation of
iron sulfide over the metallic surface. However, the displace-
ment of the electrode potential to more anodic values with
increasing testing time indicates that there is a tendency for
the corrosion process to resume.


A corrosion rate of about 81.75 mpy was determined on a
clean blank surface after a period of 3 min, while the corro-
sion rate of about 50 mpy is related to the blank sample in
sour brine after 2–3 h of exposure. In both cases, the sample
was left to rest at the open circuit potential (OCP) before
electrochemical testing. The instantaneous corrosion rate on
the blank material agrees well with that reported for carbon
steel AISI 1017 in sour brine.[59]


Table 4 depicts the inhibition efficiency after 5 h obtained
from a comparison of a clean blank surface and those of in-
hibited ones. Compounds 3 a–h displayed an efficiency of
58.8–86.7 %, which suggests that the nanocap morphology
permits an effective absorption at the concentrations applied
for this study. However, the measured efficiencies do not
follow a defined pattern and this may be because of the lack
of film resistance and fluid aggressiveness. Although there is
no clear relationship between the inhibitor efficiency and
the hydrocarbon tail length, the evidence suggests that long
tails in combination with double bonds may result in an im-
proved inhibitor activity (e.g. stearic acid derivative 3 g


versus oleic acid derivative 3 h). The best results, are 85.3 %
(3 e) and 78.7 % (3 h) at a concentration of 1000 ppm, and
85.3 (3 e) and 86.71 (3 h) at 500 ppm.


The corrosion inhibitor efficiency found for compounds
3 a–h may be attributed to a parallel-oriented chemisorption
of the nanocap metal complexes at the steel surface, where-
by the absorption phenomena involve charge transfer from
the inhibitor molecule to the metallic surface, so that the ef-
ficiency of these compounds depends on the number of
active acidic centers that are covered by the nanocap sur-
face, which ranges from 1076 �2 (3 a) to 1769 �2 (3 g) for
the chemisorption.


The molecular design is understood in the sense that the
p-electron-rich nanocap surface permits adsorption, while
the length of the carbon tail promotes hydrophobic protec-
tion towards the deposition of contaminants over the steel
surface. On the other hand, inhibitors with a relatively short
carbon tail display a more uniform behavior in the absence
of a double bond at the carboxylic moiety, namely, an in-
crease in corrosion efficiency with carbon chain length,
which can be more clearly observed when these inhibitors
(C<12) are compared at different concentrations.


A summary of the relevant electrochemical data derived
from the use of 3 e and 3 h inhibitors is presented in Table 5.
Figure 6 provides an example of the effect of 3 h in sour
brine because it is the most soluble compound of the series.


As a general tendency, is worth noting that the current
density is decreased as the inhibitor concentration is in-
creased in the fluid. Additionally, it is observed that 3 h
abates both the anodic and the cathodic curve branches and
displaces the equilibrium potential to more cathodic values
thereby producing a considerable inhibitive effect.


Figure 5. Polarization curves of carbon steel AISI 1018 in sour brine with-
out inhibitor that show an increase in electrode potential to more anodic
values with testing time.


Table 4. Corrosion inhibitor efficiency[%] of 3 a–h tested in for carbon
steel in sour brine.


Compound Carbon length Efficiency[%]
1000 ppm 500 ppm 300 ppm


3a C6 74.5 73.9 [a]


3b C8 75.8 75.3 [a]


3c C10 58.8 74.1 [a]


3d C12 72.3 60.5 [a]


3e C14 85.7 85.3 [a]


3 f C16 67.6 65.5 [a]


3g C18 64.1 67.9 [a]


3h C18, double bond 78.7 86.7 64.67


[a] Not determined.


Table 5. Electrochemical data for 3e and 3h inhibitors at 500 ppm.


Corrosion inhibitor Blank material 3e 3h


Rp [ohm] 2.78 � 102 1.214 � 103 2.073 � 103


Icorr [A] 9.18 � 10�5 5.77 � 10�5 1.192 � 10�5


Ecorr [V versus SCE] �0.51 �0.69 �0.69
efficiency [%] 0.00 67.9 86.7
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Conclusion


trans-Phthalocyanine–tin(iv) dichloride can be transformed
in high yields to cis-phthalocyanine–tin(iv) dicarboxylates by
means of thermal and microwave treatments. The reaction
rates of the MW syntheses are about 15 times faster than
those of the thermal procedure. The optimized reaction con-
ditions for the MW process are 5 min of exposure and 600-
W microwave power.


The anisobidentate binding mode of the COOSn frag-
ments give rise to IR bands at lower wavenumbers than
those known for normal s-COOSn binding modes. The coor-
dination number was confirmed by the determination of
seven X-ray structures of cis-phthalocyanine–tin(iv) dicar-
boxylates, which revealed octacoordinated tin atoms with a
square-antiprismatic coordination geometry linked to the
asymmetrically bonded COOSn moieties.


The 1H and 13C NMR spectra revealed that the ring cur-
rents in the Pc2� ligands affect the chemical shift up to the
fifth methylenic position, while the spin rotational relaxation
mechanism is diminished mainly for the a-methylene posi-
tion. The 119Sn NMR chemical shift values were indicative
of octacoordinate tin(iv) atoms in solution.


The supramolecular contacts of the crystallographic latti-
ces consist of p···p, s···p, Nazo···H�Car, O�C=O···H�Car, and
O=C-O···H�Car interactions. As these intermolecular inter-
actions modify the conformations of the aliphatic backbones
and induce different types of deformation in the Pc ligands,
they have a significant effect on the molecular packing,
which in turn affects the inhibitor efficiency. Apparently,
long tails in conjunction with double bonds in the hydrocar-
bon tail have a faster and more efficient inhibition effect.


The measurements of the corrosion rate indicate that
compounds of type 3 can act as corrosion inhibitors at con-
centrations of about 500 ppm. The compounds 3 e and 3 h


exhibited the best performance with efficiencies ranging be-
tween 78.7 and 86.7 %. A full set of experiments performed
at different concentrations of 3 h indicates that the corrosion
inhibition efficiency is a function of inhibitor concentration.


Experimental Section


Fatty acids, dicyanobenzene, dichlorotin(ii) dihydrate, potassium bicar-
bonate and quinoline were purchased from Aldrich Co. DMF and chloro-
form solvents were purchased as reagent grade from Fermont Co. Quino-
line was distilled before use. All reactions and operations were carried
out under atmospheric conditions.


Instrumentation : NMR experiments were performed on VARIAN Mer-
cury 200 and VARIAN Mercury 200-BB spectrometers. 1H and 13C chemi-
cal shifts are relative to internal SiMe4 (TMS) and 119Sn chemical shifts
are relative to SnMe4. The microwave reactions were performed on a fo-
cused ESEV model Mic1 microwave reactor provided with digital control
and a power of 100–600 W. The IR spectra were recorded in the range of
400–4000 cm�1 on a Bruker Tensor-27 FT-IR spectrometer as KBr pellets.
UV/Vis spectra were obtained on a Lambda 35 Perkin–Elmer Spectrome-
ter. Elemental analyses were obtained on a CHNO/S Perkin–Elmer ana-
lyzer.


Preparation of the fatty acid salts : General procedure to prepare 2a : A
mixture of hexanoic acid (1a, 5.0 g, 43 mmol), potassium bicarbonate
(4.3095 g, 43 mmol), and reagent-grade methanol (50 mL) in a 100 mL
flask was refluxed for 2 h. The solvent then was removed under reduced
pressure and the remaining substance was washed (3 � 10 mL chloroform/
n-heptane) to afford 2a as a white amorphous solid. Yield: 6.5125 g
(42 mmol, 98.1 %).


Equimolecular quantities of starting materials gave compounds 2 b–h in
yields of 64% (2 b), 97% (2c), 86 % (2d), 81% (2 e), 83% (2 f), 99 %
(2g and 88% (2h).


Preparation of compounds 3a–h by the thermal procedure : General pro-
cedure for compound 3a : [Cl2SnPc] (1, 0.5 g, 7 mmol) and 2a (0.2198 g,
14 mmol) were added to DMF (25 mL) in a 100-mL reaction flask, and
the reaction mixture was refluxed 2.5 h. After completion of the reaction,
the product was filtered and washed with chloroform (3 � 20 mL) to ex-
tract the final compound. After removing the solvent under reduced
pressure, the remaining powder was washed with methanol (3 � 50 mL) to
afford 3a as a dark blue solid. Yield: 0.33 g (4 mmol, 54%). M.p.<
300 8C; IR (KBr): ñ = 2954, 2927, 2856, 1609, 1503, 1466, 1421, 1332,
1287 cm�1; UV (EtOH): l = 210, 252, 360, 616, 682 nm; elemental analy-
sis calcd (%) for C44H40N8O4Sn: C 61.20, H 4.67, N 12.98; found: C 61.30,
H 4.73, N 13.07. Crystals of 3 a were grown by slow cooling of the crude
reaction mixture. Crystals of 3 a·CHCl3 were obtained by dissolving 3a in
chloroform/hexane (1:2) and leaving for one week.


Compound 3b : Blue deep solid; yield: 55 %; m.p. 257–259 8C; IR (KBr):
ñ = 2924, 2854, 1608, 1502, 1466, 1421, 1332, 1287, 1118, 1079, 893,
727 cm�1; UV (EtOH): l = 212, 253, 360, 616, 682 nm; elemental analy-
sis calcd (%) for C48H48N8O4Sn: C 62.69, H 5.26, N 12.18; found: C 62.41,
H 5.18, N 12.34. Crystalline material was obtained after recrystallization
of 3 b from a 1:4 mixture of dichloromethane and hexane.


Compound 3c : Blue crystalline solid; yield: 58%; m.p. 246–247 8C; IR
(KBr): ñ = 2921, 2851, 1609, 1503, 1467, 1421, 1333, 1288, 1119, 1080,
873, 750, 727 cm�1; UV (EtOH): l = 213, 360, 616, 682 nm; elemental
analysis calcd (%) for C52H56N8O4Sn: C 64.01, H 4.67, N 12.98; found: C
64.24, H 4.78, N 13.07. Single crystals suitable for X-ray studies were
grown by slow evaporation of a saturated solution of 3c in chloroform.


Compound 3d : Deep blue crystalline solid; yield: 78%; m.p. 229–231 8C;
IR (KBr): ñ = 2922, 2852, 1609, 1586, 1502, 1467, 1422, 1333, 1289, 1119,
1080, 895, 728 cm�1; UV (EtOH): l = 205, 254, 360, 616, 682 nm; ele-
mental analysis calcd (%) for C56H64N8O4Sn: C 65.18, H 6.25, N 10.66;
found: C 65.00, H 6.18, N 10.50.


Compound 3e : Deep blue crystalline powder; yield: 63 %; m.p. 214–
215 8C; IR (KBr): ñ = 2916, 2849, 1609, 1499, 1463, 1418, 1328, 1294,


Figure 6. Polarization curves of carbon steel AISI 1018 in sour brine with
oleic inhibitor 3h at the concentrations indicated after one hour at OCP.
The current density decreases as the the inhibitor concentration increas-
es.
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1114, 1073, 719 cm�1; UV (EtOH): l = 212, 253, 360, 616, 682 nm; ele-
mental analysis calcd (%) for C60H72N8O4Sn: C 66.24, H 6.67, N 10.30;
found: C 66.02, H 6.54, N 10.18.


Compound 3 f : Blue powder; yield: 78%; m.p. 229–231 8C; IR (KBr): ñ


= 2921, 2851, 1609, 1503, 1467, 1422, 1333, 1288, 1119, 1080, 895, 775,
750, 728 cm�1; UV (EtOH): l = 212, 253, 360, 616, 682 nm; elemental
analysis calcd (%) for C64H80N8O4Sn: C 67.19, H 7.05, N 9.79; found: C
67.08, H 6.94, N 9.92.


Compound 3g : Blue powder; yield: 66%; m.p. 199–201 8C; IR (KBr): ñ


= 2919, 2850, 1609, 1503, 1467, 1422, 1333, 1289, 1078, 894, 726 cm�1; UV
(EtOH): l = 214, 359, 619, 682 nm; elemental analysis calcd (%) for
C68H88N8O4Sn: C 68.05, H 7.39, N 9.34; found: C 67.88, H 7.42, N 9.48.


Compound 3h : Blue powder; yield: 62%; m.p. 189–191 8C; IR (KBr): ñ


= 2919, 2850, 1609, 1503, 1467, 1422, 1333, 1289, 1078, 894, 726 cm�1; UV
(EtOH): l = 214, 359, 619, 682 nm; elemental analysis calcd (%) for
C68H84N8O4Sn: C 68.28, H 7.08, N 9.37; found: C 68.10, H 6.98, N 9.30.


Preparation of compounds 3a–h using a MW procedure : General proce-
dure for compound 3a : Compound 1 (0.5 g, 7 mmol) and compound 2 a
(0.2198 g, 14 mmol) were dissolved in DMF (20 mL) and the solution was
heated for 5 or 10 min in the microwave reactor with a power supply of
300 W or 600 W, respectively, at a set up temperature of 150 8C. The puri-
fication procedure followed was the same as that used in the thermal pro-
cedure. The resultant yields under the different operational conditions
are given in Table 1.


In the case of compounds 3 c and 3 f, single crystals suitable for X-ray
crystallography were grown by slow cooling of the MW reaction media.
In the case of 3 c, mixtures of two different polymorphs were obtained,
3c-A and 3 c-B.


X-ray crystallography : X-ray diffraction studies of 1, 3 a, 3 a·CHCl3, 3b,
3c-A, 3c-B, 3e, and 3 f were carried out on a Bruker-AXS APEX diffrac-
tometer with a CCD area detector (lMoKa = 0.71073 �, monochromator:
graphite). Frames were collected at T = 100 K or 298 K with w and f ro-
tation at 10 s per frame (SMART[60]). The measured intensities were re-
duced to F2 and corrected for absorption with SADABS (SAINT-NT[61]).
Structure solution, refinement, and data output were carried out with the
SHELXTL-NT program package.[62] Non-hydrogen atoms were refined
anisotropically. For the study of 3e, an Enraf-Nonius FR590 Kappa-CCD
diffractometer (lMoKa = 0.71073 �, monochromator: graphite, T =


298 K) was used. In this case, the SHELXS-97[63] program was applied
for the structure solution, while the SHELXL-97[63] was used for refine-
ment and data output. All data were corrected for Lorentz and polariza-
tion effects. All additional measurements were carried out with the WIN-
GX[64] program set with the PARST[65] utility; the corresponding molecu-
lar graphs were prepared with the ORTEP 3[66] and Mercury 1.2[67] pro-
grams.


CCDC-256307–CCDC-256311 contain the supplementary crystallograph-
ic data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.


Sour brine preparation : NaCl (60 g), CaCl2·2H2O (6.62 g), MgCl2·6H2O
(10.65 g), and Na2SO4 (3.5 g) were dissolved in distilled water (1 L) and
mixed with an external impeller until the salt had completely dissolved.
The mixture was poured into a double-wall reactor. The solution was
cooled to 5�1 8C in a recirculating bath, which continuously pumped tap
water through the outer wall of the reactor. Nitrogen was injected over a
period of 40 min at a rate of 5.5–7.0 L min�1 to remove oxygen. The nitro-
gen flow was stopped and hydrogen sulfide was injected at a rate of 0.4–
0.5 Lmin�1 for the period required (�30 min) to reach a pH of 4�0.3.
The sour brine was then deposited in the previously used vessel. On ac-
count of the harmfulness of H2S to human health, the sour brine was pre-
pared in an aerated hood; after every set of electrochemical tests, this so-
lution was put into an industrial freezer to avoid loss of H2S. Fresh sour
brine was prepared every day for the duration of the tests.


Preparation of the 3 a–h inhibitor solutions : For each inhibitor, a
10000 ppm solution was prepared from 1.00 g of inhibitor powder, which
was dissolved with chloroform and then stirred for a period of 10 min to
accomplish dissolution. Depending on the inhibitor concentration re-


quired, a proportional volume of inhibitor was calculated, and then de-
posited in a 100-mL volumetric flask that was filled up with sour brine.
Solutions with 300, 500, and 1000 ppm were prepared from each of the
reported corrosion inhibitors. The solutions were then poured into elec-
trochemical cells (100 mL) for electrical contact.


Electrode preparation : The specimens consisted of carbon steel of the
type AISI 1018 with the composition C = 0.14–0.20 %, Si = 0–40 to 0–
50%, Mn = 0.60–0.90 %, P = 0.030 % max., S = 0.035 % max, Fe = re-
mainder. Samples were machined from a round bar of 12.5 mm diameter
to obtain a 0.5 cm2 cross-sectional area. Carbon steel specimens were in-
serted into rigid Teflon caps; the metal/Teflon interface was sealed with
epoxy resin to avoid localized corrosion. Teflon caps were previously
threaded to adjust a metallic extension for electrochemical testing.


Working electrode samples were grounded with a 600# grit SiC paper sur-
face finish, washed with distilled water, rinsed in acetone, and dried
before being exposed to the aqueous test environments. The electrolyte
was the sour brine solution.[68] Electrochemical testing was performed at
room temperature (20–25 8C) in naturally aerated and inhibited sour
brine solutions.


Electrochemical corrosion measurements were performed with a poten-
tiostat-galvanostat Autolab 30 and monitored by the GPES[69] set of pro-
grams installed on a Pentium III computer. A three-electrode system was
employed, that consisted of an auxiliary graphite counterelectrode, a sa-
turated calomel reference electrode (SCE), and the test material as the
working electrode. The volume of the cell was 100 mL and no deaeration
was provided.


Linear polarization resistance tests were performed at a scan rate of
0.16 mV s�1 on clean sample surfaces, to determine the instantaneous cor-
rosion rate before ferrous sulfide formation. Testing was also performed
at intervals of 60 min during 24 h to define the steady state of the corro-
sion rate of steel in sour brine. These tests were made with a salt bridge
to avoid contamination by mercurous sulfide. Polarization curves were
performed within �250 mV (versus OCP) at a scan rate of 0.5 mV s�1.
Corrosion rates were determined by the Faraday law for the LPR techni-
que and by Tafel slope extrapolation analysis for the polarization
scans.[70]
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Introduction


The [2+2+1] cycloaddition of alkyne, alkene, and carbon
monoxide mediated or catalyzed by a transition metal, also
known as the Pauson–Khand (PK) reaction, has been widely
used in organic synthesis for the construction of biologically
active five-membered carbocycles in a convergent approach
(Scheme 1).[1] In contrast, the use of this successful reaction
has almost been neglected in materials science despite the
potential for the construction of complex modified mole-
cules that exhibit nonconventional properties. With this in


mind, we recently reported in a preliminary communication
the first example of a highly efficient and regioselective in-
tramolecular PK reaction in which fullerene C60 was used as
the alkene component in the [2+2+1] cycloaddition reac-
tion.[2]


Fullerenes are a class of molecule made up of carbon
atoms with an unusual hybridization (sp2,3)[3] that exhibit a
chemical reactivity similar to that of electron-deficient ole-
fins.[4] Although electron-poor alkenes are not suitable sub-
strates for PK reactions as a result of their low reactivity
and the competing elimination reaction that can take place
to afford 1,3-dienes, a wide variety of inter- and intramolec-
ular PK reactions involving alkenes with electron-withdraw-
ing substituents have been reported in recent years.[5] There-
fore, fullerenes have emerged as suitable new substrates for
the PK reaction provided that they have a spherical surface
with multiple reactive double bonds and, in addition, the
competing b-hydride elimination reaction has been over-


Abstract: Suitably functionalized fullero-
pyrrolidines endowed with one or two
propargyl groups at the C-2 position of
the pyrrolidine ring (1,6-enynes) react
efficiently and regioselectively with
[Co2(CO)8] to afford the respective
Pauson–Khand products with an unpre-
cedented three (5 a–d, 7, and 24) or
five (25) pentagonal rings, respectively,
fused onto the fullerene sphere. Fullero-
pyrrolidines with 1,7-, 1,9-, 1,10-, or
1,11-enyne moieties do not undergo
the PK reaction and, instead, the inter-


mediate dicobalt complexes formed
with the alkynyl group are isolated in
quantitative yields. These differences in
reactivity have been studied by DFT
calculations with a generalized gradient
approximation (GGA) functional and
several important energy and structural


differences were found for the inter-
mediates formed by the interaction be-
tween the coordinatively unsaturated
Co atom and the p system of C60 in
1,6- and 1,7-enynes. The different
lengths of the alkyne chains are re-
sponsible for the observed reactivities.
Cyclic voltammetry reveals that the
presence of the cyclopentenone�s car-
bonyl group connected directly to the
C60 core results in PK compounds with
remarkable electron-accepting ability.
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Scheme 1. General scheme for the Pauson–Khand reaction.
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come due to the absence of hydrogen atoms in their struc-
ture.


To carry out a systematic study of the PK reaction of the
fullerene sphere we have synthesized a wide variety of novel
suitably functionalized fulleropyrrolidines bearing one or
two alkyne units on the pyrrolidine ring. Thus, suitably de-
signed 1,6- and 1,7-enynes, as well as other enynes with a
larger separation between the alkene and the alkyne groups,
with one fullerene double bond as the alkene component,
have been prepared (see Scheme 2, Scheme 3, and
Scheme 4). Further, [2+2+1] cobalt-mediated carbonylative
cycloaddition of the starting enynes should afford new full-
erene cis-1 bisadducts endowed with unprecedented fused
cyclopentenone structures. An electrochemical study of the
novel modified fullerenes has been carried out by cyclic and
square-wave voltammetry at room temperature in order to
determine the redox behavior of the starting fulleropyrroli-
dines and the respective cis-1 bisadducts obtained in the PK
reaction. Finally, to gain a better understanding of the effect
of the curved fullerene surface as well as the length of the
chain connecting the alkene and the alkyne functional
groups on the PK reaction, theoretical calculations have
been carried out on 1,6- and 1,7-enynes by using density
functional theory (DFT) with a generalized gradient approx-
imation (GGA) functional (see the Computational Details
section).


Results and Discussion


Synthesis : The Pauson–Khand reaction has a broad scope; it
has proved successful with many functional groups (ethers,
alcohols, tertiary amines, acetals, esters, amides, and hetero-
cycles) as well as with different promoters, metal catalysts,
and experimental conditions.[1] An important disadvantage
of the PK reaction is, however, that the intermolecular pro-
cess is generally limited to strained olefins. Fullerenes are
known to have a strained spherical geometry and, therefore,
they appear to be suitable candidates for the PK reaction.
However, all attempts to carry out the intermolecular PK
reaction with C60, alkynes, and [Co2(CO)8] were unsuccess-
ful. Intramolecular PK reactions of fullerenes require the
design of new fullerene derivatives suitably functionalized
with an alkyne group. With this in mind, fulleropyrrolidines
endowed with an alkyne group at the C-2 position of the
pyrrolidine ring fulfil the requirements of appropriate geom-
etry and variable length between the fullerene double bond
and the alkyne.


Most of the intramolecular PK reactions reported have
been carried out with systems derived from hept-1-en-6-ynes
or propargyl allyl ethers or amines which afford cyclopent-
enones fused to a carbo- or heterocyclic pentagonal ring.
Enynes connected through aromatic rings have also been
successfully used in the PK reaction which has allowed the
synthesis of medium-sized rings (six- to eight-membered
rings).[6]


To carry out a thorough study of the scope of the PK re-
action using C60 as the alkene moiety, we synthesized a wide
variety of suitably functionalized fulleropyrrolidines. Since
hept-1-en-6-ynes are the most widely used substrates in the
PK reaction, we first prepared fulleropyrrolidine 2 which
contains the required 1,6-enyne moiety. Compound 2 was
synthesized by 1,3-cycloaddition of the azomethyne ylide
generated in situ from dl-propargylglycine (1) and formal-
dehyde to C60 in refluxing o-dichlorobenzene (o-DCB) fol-
lowing Prato�s procedure (Scheme 2).[7]


Fulleropyrrolidine 2 is suitably functionalized to undergo
the PK reaction provided that it contains the required 1,6-
enyne moiety. However, its reaction with [Co2(CO)8] in tolu-
ene at 60 8C (or in the presence of molecular sieves) did not
afford the PK product owing to the ability of the lone-pair
of the pyrrolidine�s nitrogen atom to coordinate to the
cobalt complex. Note that although secondary amines are
not compatible with the PK reaction, fulleropyrrolidines are
known to exhibit remarkably low basicity and nucleophili-
city owing to the through-space interactions of the nitro-
gen�s lone-pair and the fullerene p system. This results in a
basicity six orders of magnitude lower than that of pyrroli-
dine.[8] Therefore, we acylated fulleropyrrolidine 2 to pre-
vent the negative effect of the nitrogen�s lone-pair as well as
to increase the solubility of the resulting compound for use
in further chemical transformations. Thus, the reaction of 2
with different acyl chlorides afforded soluble N-acylfullero-
pyrrolidines (3 a–d) in excellent yields (90–95 %). In contrast
to fulleropyrrolidine 2, whose 1H NMR spectrum revealed a


Abstract in Spanish: Fulleropirrolidinas adecuadamente fun-
cionalizadas con uno o dos grupos propargilo en el C-2 del
anillo de pirrolidina (1,6-eninos), reaccionan con [Co2(CO)8]
proporcionando de manera regioselectiva y con altos rendi-
mientos los correspondientes productos Pauson-Khand (PK).
Estos compuestos presentan una estructura sin precedentes
con tres (5a–d, 7, 24) o cinco (25) anillos pentagonales fu-
sionados sobre la esfera del C60. Las fulleropirrolidinas que
contienen los grupos 1,7-, 1,9-, 1,10- o 1,11-enino no reaccio-
nan en las condiciones de PK, aisl�ndose fflnicamente los
complejos de cobalto intermedios con rendimientos cuantita-
tivos.Esta diferente reactividad ha sido estudiada mediante
c�lculos te�ricos realizados a nivel DFT, utilizando el funcio-
nal de la aproximaci�n del gradiente generalizado (GGA).
Dichos c�lculos muestran importantes diferencias energ�ticas
y estructurales entre los intermedios formados por el cobalto
coordinativamente insaturado y el sistema p del C60 en los
1,6- y 1,7-eninos. La diferente longitud de la cadena hidrocar-
bonada que soporta el grupo alquino, es la responsable de la
reactividad observada. El estudio de los productos de PK
mediante voltamperometr�a c�clica (CV) muestra que la pre-
sencia del grupo CO del anillo de ciclopentenona unido di-
rectamente al C60 es responsable de la notable capacidad
aceptora de estos nuevos compuestos.
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well-resolved set of signals, the 1H NMR spectra of com-
pounds 3 a–d showed unresolved broad signals at room tem-
perature due to the rotational barrier of the N�CO bond.
This dynamic behavior has been found in related systems[8]


and, recently, it has been observed that the presence of the
fullerene fragment close to the amide�s nitrogen atom accel-
erates the rotation of the amide by a factor of 103 at room
temperature owing to the strong electron-withdrawing effect
of the C60 unit, thus lowering the N�CO rotational barrier
(DH�


N�CO = 16.0�0.1 kcal mol�1).[9] Figure 1 shows the varia-
ble-temperature high-resolution (500 MHz) 1H NMR spec-
trum of compound 3 a. The signals were well resolved at
333 K; coalescence occurred at 295.12 K and therefore the
energy barrier was DH�


N�CO =14.2�0.1 kcal mol�1.
N-Acylfulleropyrrolidines (3 a–d) were treated with stoi-


chiometric amounts of [Co2(CO)8] in toluene at 60 8C in the
presence of previously activated molecular sieves (4 �)[10] to
afford the respective PK products 5 a–d in almost quantita-
tive yields (see the Experimental Section). Intermediate di-
cobalt carbonyl complexes (4 a–d) can be isolated by carry-
ing out the reaction at room temperature.[11]


The PK products 5 a–d were
unambiguously confirmed as
the cis-1 biscycloadducts with
an unprecedented structure that
contains three pentagonal rings
fused onto the fullerene sur-
face. The structures of the
novel compounds were estab-
lished by spectroscopy (UV/Vis,
FTIR, 1H, and 13C NMR, and
MS); the proton of the enone
moiety at d~6.8 ppm in the 1H
NMR spectra was used as a di-
agnostic signal. The structures
of 5 a–d were further confirmed
by HMQC and HMBC experi-
ments, comparison with UV/Vis
spectra,[12] and by high-resolu-
tion MS (see the Experimental
Section). Since the PK com-
pounds exhibit C1 symmetry,
they were obtained as race-
mates.


The reaction of fulleropyrro-
lidine 2 with allyl bromide
under basic conditions led to
compound 6 which is endowed
with a highly reactive allyl
group able to compete with the
fullerene double bond in the
PK reaction. Further reaction
of 6 with [Co2(CO)8] under the
same experimental conditions
(molecular sieves, toluene,
60 8C) afforded the PK product
7 (41 % yield), together with


compound 8 (41 %), which results from the PK reaction of
the allyl moiety. Compounds 7 and 8 are formed in the same


Scheme 2.


Figure 1. 1H NMR spectra (500 MHz, CDCl3/CS2) of compound 3a re-
corded at different temperatures: a) 333 K, b) 313 K, c) 303 K, d)
295.12 K.
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yields, thus showing that fullerene double bonds are as reac-
tive as those of the allyl moiety in the versatile PK reaction.


In the light of these results, we decided to expand the
scope of the PK reaction of the fullerenes to other deriva-
tives with larger enyne moieties. Thus, in addition to the ex-
pected cis-1 biscycloadducts, other regioisomeric bisadducts
may also be formed depending on the length of the chain
connecting the fullerene double bond and the alkyne group.
Thus, we have synthesized novel fulleropyrrolidines (10 and
14) with a 1,7-enyne moiety, which, under PK reaction con-
ditions, should lead to cyclopentenones fused to six-mem-
bered carbocyclic rings. Thus, by following Prato�s proce-
dure[7] we have synthesized fulleropyrrolidines 10 a–g from
different 4,5-disubstituted 2-alkynylbenzaldehydes (9 a and
9 c) by using glycine or sarcosine (N-methylglycine) and C60


(see the Experimental Section). Similarly, fulleropyrroli-
dines 14 a–c were synthesized from 4-pentynal (13), which
was generated in situ by oxidation of 4-pentynol (12) with
pyridinium chlorochromate (PCC) (Scheme 3).


Compounds 10 a–g and 14 a–c were fully characterized by
spectroscopic techniques. Further reaction with [Co2(CO)8]
under the experimental conditions used for the preparation
of 5 a–d, 7 and 8 did not afford, in any case, the correspond-
ing PK products. Thus, the reactions carried out with N-sub-
stituted (N�CH3, N�COPh) pyrrolidines or by activating the
alkynyl group by introducing electron-releasing methoxy
groups onto the benzene ring were futile. Instead, the inter-
mediate dicobalt complexes 11 and 15 were obtained in
almost quantitative yields. Further attempts to synthesize
the PK products from the intermediate complexes by raising
the temperature (RT!60 8C) either in the presence or ab-
sence of molecular sieves also failed. Note that at tempera-
tures higher than 60 8C, cobalt atoms were lost to give the
precursor fulleropyrrolidines 10 and 14, together with other
uncharacterized products resulting from extensive decompo-
sition.


Fulleropyrrolidines 18 a–c with 1,9-, 1,10-, and 1,11-enyne
moieties, respectively, were prepared in two steps; the rele-


vant propargyloxybenzaldehyde
was prepared from commercial-
ly available o-, m-, and p-hy-
droxybenzaldehyde and prop-
argyl bromide under basic con-
ditions and then treated with
C60 and sarcosine in o-DCB
under standard conditions. At-
tempts to form the PK products
by using the general conditions
described above led only to the
dicobalt complexes 19 a–c in
quantitative yield, which be-
haved similarly to the cobalt
complexes 11 and 15 under
thermal treatment (Scheme 3).


All the dicobalt complexes
studied were fully characterized
by spectroscopic techniques. As
a typical signature, three bands
at 2000–2100 cm�1, which corre-
spond to the CO groups of the
cobalt complex, were observed
in the FTIR spectra, as well as
a singlet at around d= 6.2 ppm,
which corresponds to the
proton of the carbon atom
linked to the cobalt atoms, in
the 1H NMR spectra of the
complexes.


Note that there are remarka-
ble differences in the reactivi-
ties of the fulleropyrrolidines
endowed with a 1,6-enyne
moiety, which led to PK prod-
ucts in almost quantitative
yields, and those with longer-
length enynes, which in anyScheme 3.
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case underwent the [2+2+1] cyclization reaction. In particu-
lar, fulleropyrrolidines 10 and 14 with the 1,7-enyne moiety
seemed to be suitably functionalized to undergo the PK re-
action. Since these experimental findings cannot be rational-
ized in terms of electronic factors, the additional methylene
group in the chain linking the olefin and the alkynyl groups
must introduce important geometrical differences that are
responsible for the observed reactivities.


In the light of the above results and as a result of the high
efficiency of the PK reaction of the 1,6-enynes, we decided
to explore the scope of the PK reaction of fulleropyrroli-
dines endowed with two propargyl groups at the same C-2
position of the pyrrolidine ring. According to the above re-
sults, the PK reaction of the fullerenes seems to be strongly
influenced by their geometry and a twofold cyclization reac-
tion should drastically increase the strain of the resulting
triscycloadduct. Thus, we synthesized fulleropyrrolidine 21
from dipropargyl glycine,[13] formaldehyde, and C60 in reflux-
ing chlorobenzene (Scheme 4).[14] To facilitate the subse-


quent PK reaction, the amino pyrrolidine ring was acylated
with benzoyl chloride in refluxing toluene and in the pres-
ence of triethylamine to form compound 22 in 95 % yield.
Compound 22 is suitably functionalized with two propargyl
groups able to undergo the PK reaction on treatment with
[Co2(CO)8] in the presence of activated molecular sieves in
toluene at 50 8C. Interestingly, cis-1 biscycloadduct 24, the
result of only one [2+2+1] cycloaddition reaction, was ob-
tained in 30 % yield as the main reaction product.
1,2,3,4,11,12-Triscycloadduct 25 formed from two PK reac-
tions was also obtained, although in a very poor yield (5 %),
probably as a result of the high strain of the resulting mole-
cule, an unprecedented structure with five pentagonal rings
fused onto the fullerene surface.[15]


Intermediate dicobalt complex 23 could be isolated in
95 % yield after 2 h reaction at 50 8C. When 23 was heated
at 60 8C in toluene for 18 h, the mono-PK compound 24 was
obtained in 30 % yield together with the double-PK product
25 in 5 % yield. Attempts to obtain compound 25 from 24
under the same PK experimental conditions afforded 25 in
trace amounts (TLC) along with other unidentified decom-
position compounds. The structures of compounds 21–25
were determined by means of a thorough spectroscopic
study (see the Experimental Section). Thus, the 1H NMR
spectrum of fulleropyrrolidine 21 shows the hydrogen atoms
of the alkyne at d=2.28 ppm and of the pyrrolidine rings at
d= 5.49 ppm. Compound 22 with a benzoyl moiety exhibited
similar dynamic behavior to that of the related compounds
3 a–d due to the presence of the amido group. Intermediate
dicobalt complex 23 shows, in addition to the features found
for the cyclopentenone ring, a proton at d= 6.11 ppm corre-
sponding to the CH group linked to the cobalt atoms. The
structures of 24 and 25 were established by using the meth-


ods used to identify the other
PK products (5 a–d, 7) and con-
firmed by HMQC and HMBC
experiments. Note that the
highly strained structure of 25,
in which the amido group
should be located on one of the
sides of the pyrrolidine ring,
should be responsible for the C1


symmetry observed in the
NMR spectra.


In the light of the above find-
ings, the Pauson–Khand reac-
tion of C60 emerges as a highly
efficient regioselective proce-
dure to obtain cis-1 biscycload-
ducts 5 a–d, 7, and 24 as well as
the rather unusual 1,2,3,4,11,12-
triscycloadduct 25, all of which
are endowed with cyclopente-
none moieties able to undergo
further chemical transforma-
tions.


Electrochemistry : The PK products as well as the precursor
fulleropyrrolidines are electroactive molecules that, similarly
to the pristine fullerene C60, should behave as electron-ac-
cepting species. Therefore, we have studied the electrochem-
ical properties of the novel compounds by cyclic voltamme-
try (CV) in o-DCB/MeCN (4:1) as solvent at room tempera-
ture and by using tetrabutylammonium perchlorate as the
supporting electrolyte. The characteristic shapes of the
redox waves and their unequivocal position on the potential
scale virtually fingerprint the individual electrochemical
properties of the different redox systems. For this reason,
CV has been labeled as an electrochemical spectroscopy.[18]


In our case, the saturation of one olefinic double bond in
the suitably functionalized precursor fulleropyrrolidines


Scheme 4.
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should lead, in principle, to different electrochemical behav-
ior to that shown by the related PK products in which two
fullerene double bonds are saturated. This should raise the
LUMO energy level and, therefore, the reduction waves
should be shifted towards more negative potentials, thus
slightly reducing their accepting ability.[19] Therefore, a vol-
tamperometric study of these compounds should allow us to
determine the electronic effect of the substitution pattern
on the electrochemical properties of the compounds ob-
tained and, simultaneously, to use CV as a useful characteri-
zation technique.


The redox potentials of some representative novel com-
pounds are collected in Table 1 together with those of C60 as
a reference. All the systems studied displayed electrochemi-
cally reversible behavior and, therefore, Table 1 gives the
half-wave reduction potential values.


All the compounds studied showed three of four reversi-
ble reduction waves that correspond to the reduction steps
of the fullerene moiety (Figure 2). A remarkable negative
shift in the redox potentials relative to the values for pris-
tine C60 was observed in all cases which can be attributed to
the saturation of one (2, 3 a, 3 b, and 8) or two (5 a–d and 7)
fullerene double bonds, which slightly reduces the electron-
accepting ability of the fullerene. Fulleropyrrolidine 2 with a
free secondary amino group showed the highest cathodic
shift relative to C60. Fulleropyrrolidines 3 a,b with an acyl
group linked to the pyrrolidine�s nitrogen atom showed a
significant anodic shift in comparison with 2 (DE1=2


red ~40 mV)
due to the presence of the carbonyl group and the subse-
quent delocalization of the nitrogen atom�s lone-pair
(Figure 2 and Table 1).


cis-1 Biscycloadducts 5 a–d and 7 resulting from the PK
reaction exhibit half-wave reduction potentials similar to
those observed for their precursor fulleropyrrolidines 3
(Figure 2). Although it is known that the reduction poten-
tials of biscycloadducts have a significant cathodic shift rela-


tive to related monocycloadducts,[19,20] in our case the values
observed are a result of the electron-withdrawing effect of
the carbonyl group of the cyclopentenone ring fused to the
fullerene cage. These experimental data are supported by
the BP86 LUMO energy levels calculated for 3 (�5.795 eV,
R=CH3) and the related PK product 5 (�5.791 eV, R =


CH3) which have almost identical energy values and similar
shapes (Figure 3). This finding is in full agreement with pre-
vious electrochemical studies carried out on the parent full-
erocyclopentenone which exhibited the same reduction po-
tential as pristine C60 despite the saturation of one of the
double bonds of the fullerene core.[21]


Figure 2 shows that the cyclic voltammograms of biscy-
cloadducts 5 a,b have three reversible reduction waves that
correspond to those of the C60 moiety. However, in addition


to these waves, another two very weak waves can also be
observed at around 1.50 and 2.00 V. These waves were
better observed in the square-wave voltammograms
(Figure 4) and have been assigned to the reduction of the
ketone and amido groups, respectively, present in the mole-
cules. These assignments were confirmed by CV of the used
solvent mixture (in order to discard the presence of impuri-
ties), as well as by the presence of a weak wave found at
about 1.50 V in the voltammograms of compounds 7 and 8
which only have the cyclopentenone moiety. The amido
group could also be observed as a very weak wave at about
2.00 V in the square-wave voltammograms of the precursor
fulleropyrrolidines (see the Supporting Information).


The above electrochemical data reveal that despite the
saturation of two of the double bonds of the fullerene cage
in biscycloadducts 5 a–d and 7, these adducts are remarkable
electron acceptors, like their fulleropyrrolidine precursors,


Table 1. Half-wave reduction potentials [V versus Ag/AgNO3] of com-
pounds 2, 3, 5, 7, 8, 24, 25, and C60.


[a]


Compound E1
1=2 ,red E2


1=2 ,red E3
1=2 ,red E4


1=2 ,red


C60 �0.800 �1.209 �1.673 �2.127
2 �0.894 �1.288 �1.818 �2.249


3a �0.860 �1.253 �1.791 �2.205
3b �0.852 �1.262 �1.784 �2.215
5a �0.864 �1.256 �1.908 –
5b �0.863 �1.265 �1.892 –
5c �0.857 �1.255 �1.885 –
5d �0.858 �1.252 �1.888 �2.232


7 �0.891 �1.289 �1.939 –
8 �0.875 �1.279 �1.818 �2.231


24 �0.838 �1.234 �1.865 –
25 �0.829 �1.222 �1.906 –


[a] Working electrode: GCE; reference electrode: Ag/Ag+ ; counter elec-
trode: Pt; supporting electrolyte: 0.1m Bu4NClO4; scan rate: 100 mV s�1;
sample concentrations: (0.5–2.0) � 10�3


m ; solvent: o-DCB/MeCN (4:1
v/v).


Figure 2. Cyclic voltammograms of compounds 2, 3a,b, 5a,b, and 25 mea-
sured in o-DCB/MeCN (4:1) at 100 mV s�1.
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as a result of the fused cyclopentenone ring and the elec-
tron-withdrawing effect of the carbonyl group directly
linked to the C60 sphere.


The half-wave reduction potentials of PK products 24 and
25 are also given in Table 1. The first reduction potential of
24 is quite similar to those observed for related PK products.
However, compound 25 with two cyclopentenone rings had
the strongest electron-accepting ability of the PK products,
slightly more negative than pristine C60, owing to the elec-
tron-withdrawing effect of the two carbonyl groups directly
attached to the C60 cage. Note that the cyclic voltammogram
of 25 clearly shows the presence of reduction waves arising
from the carbonyl and amido groups (Figure 2).


Theoretical calculations : Calculations at the BP86 level (see
the Computational Details section) were performed on the
PK-reactive complex 3 e (complex 3 in Scheme 2 with R=


CH3) and the PK-unreactive species 14 b (Scheme 3). From
a thermodynamic viewpoint, the reaction 3 e+CO!5 e and
the equivalent PK reaction for 14 b are exothermic by 73.9
and 64.0 kcal mol�1, respectively. Apparently, the final prod-
uct formed from 14 b is more strained than 5 e as indicated
by the fact that the fullerene C�C bond length of the cen-
trally formed ring is 1.643 � in the final product formed
from 14 b compared with 1.618 � in 5 e. However, although
the thermodynamics of the PK reaction is about
10 kcal mol�1 more favorable starting from 3 e than from
14 b, the reason for the lack of reactivity in 14 b should not
be ascribed to the thermodynamics of the process and must
have a kinetic basis.


Previous theoretical studies[22,23] have shown that the most
probable rate-determining step in PK reactions is the loss of
CO from intermediate dicobalt carbonyl complexes such as
complex 4. This finding is supported by the fact that these
are the only intermediates that can be experimentally ob-
served. For this reason we have analyzed the energies and
the molecular structures of species 4 e and 15 b obtained
from the reaction of 3 e and 14 b with [Co2(CO)8] and the
complexes formed when these intermediates lose a CO
ligand, hereafter labeled complexes 4 e�CO and 15 b�CO,
in which the coordinatively unsaturated Co atom interacts
with the p system of the fullerene. Unfortunately, the sizes
of these systems prevented the calculation of the full energy
profile.


Figure 5a and 5 b show the geometries of complexes 4 e
and 15 b, respectively. The differences between the two spe-
cies are not significant. The shortest distance between a Co
atom and the C=C bond on the fullerene to be attacked is
about 4.5–5 �. The lengths of the C=C double bonds being
attacked are almost the same as those of 3 e and 14 b (1.390
and 1.386 �, respectively, by calculation at the BP86 level of
theory). The molecular structures of complexes 4 e�CO and
15 b�CO depicted in Figures 6a and 6 b, respectively, are
more informative; a clear difference is observed. The distan-
ces between the coordinatively unsaturated Co atoms and
the C=C bond being attacked are 2.131 and 2.108 � for
complex 4 e�CO, about 0.1–0.2 � shorter than those found
for complex 15 b�CO. This is likely to be due to the fact
that the donation and back-donation interactions between
the coordinatively unsaturated Co atoms and the p system
of the fullerene are stronger in complex 4 e�CO than in
15 b�CO. The stronger p interaction in 4 e�CO is also re-
flected by the length of the C=C double bond attacked,
which increases by 0.064 � in the conversion of 4 e into
4 e�CO and by no more than 0.050 � in the conversion of
15 b into 15 b�CO. Therefore the C=C double bond that in-
teracts with the Co atom is sufficiently well activated in 4 e
to continue the PK process. Thus, the differences observed
in the two complexes can be attributed to the different
lengths of the organic chain containing the alkyne and
alkene functional groups. The alkynyl chain in 4 e�CO is of
an appropriate length to favor the metal–p interaction.


Interestingly, this has a relevant effect on the thermody-
namics of the formation of 4 e�CO and 15 b�CO by loss of


Figure 3. Three-dimensional representation of the LUMO of a) reactant
3 and b) product 5 with R= CH3 computed at the BP86 level. Isosurface
values are �0.05 and 0.05 a.u.


Figure 4. Square-wave voltammograms of compounds C60, 2, 3 b, and 5b
measured in o-DCB/MeCN (4:1).
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a CO molecule from 4 e and 15 b. While the loss of CO from
15 b (15 b!15 b�CO+CO) requires 25.3 kcal mol�1, the
same process starting from 4 e involves only 15.2 kcal mol�1.
Although the transition states of these processes have not
been identified owing to high computational costs, it is clear
that the loss of CO from 15 b needs more than 25.3 kcal -
mol�1 and for this reason 15 b does not react further when
the temperature is less than 60 8C. As explained before, an
increase in the reaction temperature leads to the decomposi-
tion of 15 b and so the reaction does not take place at
higher temperatures. On the other hand, the loss of CO
from 4 e is much more facile. In general terms, the differen-


ces in the strength of the inter-
actions between the coordina-
tively unsaturated Co atom and
the p system of the fullerene in
the 4 e�CO and 15 b�CO spe-
cies explain the different reac-
tivities of complexes 3 e and
14 b.


Conclusions


In summary, we have synthe-
sized a wide variety of novel
fulleropyrrolidines endowed
with one or two propargyl
groups which efficiently and re-
gioselectively undergo the PK
reaction with [Co2(CO)8] to
afford the unprecedented cis-1
biscycloadduct and
1,2,3,4,11,12-triscycloadduct
fullerene structures with three
(5 a–d, 7, and 24) or five (25)
pentagonal rings, respectively,
fused onto the fullerene sur-
face. Cyclic voltammetry re-
veals that the novel biscycload-
ducts that result from the PK
reaction have the same elec-
tron-accepting ability as the
precursor fulleropyrrolidines
owing to the electron-withdraw-
ing effect of the carbonyl group
of the cyclopentenone moiety
directly linked to the fullerene
sphere. Remarkably, triscy-
cloadduct 25 with two cyclopen-
tenone rings has a better elec-
tron-accepting ability with a
first reduction potential value
close to that of pristine C60.


In an attempt to expand the
scope of the PK reaction to
other fullerene derivatives,


novel fulleropyrrolidines endowed with 1,7- to 1,11-enynes
were synthesized. However, no PK products were obtained
and, instead, the intermediate dicobalt complexes were iso-
lated in almost quantitative yields. The remarkably different
reactivities exhibited by the fulleropyrrolidines endowed
with the 1,6-enyne moiety and those with the 1,7-enyne frag-
ment have been rationalized by means of DFT theoretical
calculations. The energies and the molecular structures of
the intermediates formed through the interaction between
the coordinatively unsaturated Co atom and the p system of
the fullerene (4 e�CO versus 15 b�CO) reveal important
differences between the two systems and clearly confirm


Figure 5. BP86-optimized geometry of complexes a) 4 e and b) 15 b with the most relevant distances given in
�.


Figure 6. BP86-optimized geometry of complexes a) 4e�CO and b) 15b�CO with the most relevant distances
given in �.
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that the interaction in the 1,6-enyne (4 e�CO) is stronger as
a consequence of the different length of the organic chain
linking the alkyne and alkene functional groups.


These results show that the highly versatile PK reaction
can be applied to the spherical molecular surfaces of C60


and other fullerenes, and that CO loss in longer 1,7-enynes
may be facilitated by photoirradiation. These possibilities
are currently being explored as is the chemical modification
of the reactive cyclopentenone ring formed in the PK reac-
tions of these systems.


Experimental Section


Computational details : The calculations were carried out by using the
2002.03 release of the Amsterdam density functional (ADF)[24] package
developed by Baerends and co-workers.[25, 26] The numerical integration
scheme of te Velde and Baerends was employed.[27] Both geometry opti-
mizations and energy evaluations of the neutral closed-shell singlet
ground-state structures were performed by using a generalized gradient
approximation (GGA) which includes Becke�s GGA exchange correc-
tion[28] and Perdew�s GGA correlation correction,[29] the so-called BP86
functional. For geometry optimizations we used an uncontracted double-&
basis set augmented by an extra polarization function to describe the 3s,
3p, 3d, and 4s orbitals of cobalt, while for the carbon (2s, 2p), nitrogen
(2s, 2p), oxygen (2s, 2p), and hydrogen (1s) atoms, double-& basis sets
were employed.[30, 31] Electrons in lower orbital shells were treated within
the frozen core approximation.[25] A set of auxiliary s, p, d, f, and g func-
tions, centered in all nuclei, was introduced in order to fit the molecular
density and Coulomb potential accurately in each SCF cycle.[32]


General : All reactions were carried out in dry, freshly distilled solvent
under anhydrous conditions: toluene and Et2O were distilled from
sodium benzophenone and o-dichlorobenzene (o-DCB) was used without
further purification. All reagents purchased were of the highest commer-
cial quality available and used without further purification.


NMR spectra were recorded with Bruker AC-200, Bruker Avance DPX-
300, and Bruker Avance AV-500 spectrometers. Chemical shifts are re-
ported in ppm downfield from tetramethylsilane (TMS). FTIR spectra
were recorded as KBr pellets with a Nicolet-Magna-IR 5550 spectrome-
ter. Electrospray ionization (ESI) mass spectra were recorded with a
HP1100MSD spectrometer.


Cyclic voltammograms were recorded with a potentiostat/galvanostat
AUTOLAB with PGSTAT30 equipped with GPES software for Windows
version 4.8 in a conventional three-compartment cell by using a GCE
(glassy carbon electrode) as the working electrode, Ag/AgNO3 as the ref-
erence electrode, Bu4NClO4 as the supporting electrolyte, o-dichloroben-
zene/acetonitrile as the solvent (4:1 v/v), and a scan rate of 100 mV s�1.


General procedure for the synthesis of fulleropyrrolidines 2, 10e, and
14a : The corresponding aldehyde (0.694 mmol) and dl-propargylglycine
(0.694 mmol for compound 2) or glycine (0.694 mmol for compounds 10 e
and 14a) were added to a solution of C60 (250 mg, 0.347 mmol) in o-DCB
(80 mL). The mixture was refluxed for 24 h and after cooling it was con-
centrated under reduce pressure. Flash chromatography over silica gel
eluting initially with CS2 (for the separation of C60) and then with CS2/tol-
uene gave the final product in 25–35 % yield (56–65 % based on con-
sumed C60).


Compound 2 : Yield 25% (56 %). 1H NMR (CDCl3/CS2, 298 K,
500 MHz): d=2.22 (t, J= 2.7 Hz, 1H; CH), 3.24 (ddd, J =16.7, 4.8,
2.7 Hz, 1H; CH2), 3.49 (ddd, J =16.7, 7.8, 2.7 Hz, 1H; CH2), 4.77 (d, J=


11.3 Hz, 1H; CH2N), 4.87 (dd, J=7.8, 4.8 Hz, 1H; CHN), 4.99 ppm (d,
J =11.3 Hz, 1H; CH2N); 13C NMR (CDCl3/CS2, 298 K, 75 MHz): d=


30.58, 62.6, 72.0, 72.7, 75.1, 77.0, 81.4, 136.11, 136.16, 136.4, 137.7, 140.4,
140.5, 140.7, 140.8, 142.2, 142.3, 142.4, 142.5, 142.53, 142.64, 142.67, 142.7,
142.9, 143.0, 143.14, 143.15, 143.2, 143.5, 143.7, 143.79, 144.8, 144.9, 145.1,
145.66, 145.69, 145.7, 145.72, 145.78, 145.8, 145.82, 145.86, 145.9, 145.96,


145.97, 146.0, 146.4, 146.5, 146.54, 146.57, 146.6, 146.7, 146.71, 146.76,
146.8, 146.9, 147.1, 147.53, 147.54, 147.56, 147.6, 151.9, 154.0, 154.5,
156.0 ppm; FTIR (KBr): ñ =1508, 1461, 1425, 526 cm�1; MS (ESI): m/z :
802.1 [M+H]+ .


Compound 10 e : Yield 35 % (65 %). 1H NMR (CDCl3/CS2, 298 K,
300 MHz): d= 0.28 (s, 9H; (CH3)3Si), 4.94 (d, J= 10.3 Hz, 1H; CH2N),
5.15 (d, J =10.3, 1H; CH2N), 6.43 ( s, 1H; CHN), 7.28–7.33 (m, 1H; H�
Ar), 7.42–7.47 (m, 1H; H�Ar), 7.51–7.54 (m, 1H; H�Ar), 8.03–8.06 ppm
(m, 1H; H�Ar); 13C NMR (CDCl3/CS2, 298 K, 75 MHz): d =0.57, 61.9,
73.0, 74.6, 76.5, 101.4, 104.2, 123.7, 128.5, 128.9, 129.5, 134.0, 135.4, 136.4,
136.7, 137.1, 139.6, 140.1, 140.3, 140.6, 142.1, 142.2, 142.3, 142.4, 142.5,
142.6, 142.64, 142.7, 142.8, 142.9, 143.0, 143.1, 143.4, 143.5, 144.7, 144.8,
144.9, 145.5, 145.65, 145.67, 145.7, 145.75, 145.8, 145.9, 146.1, 146.37,
146.39, 146.4, 146.5, 146.6, 146.66, 146.7, 146.9, 147.3, 147.5, 147.6, 153.1,
154.0, 154.9, 156.5 ppm; FTIR (KBr): ñ= 2850, 2343, 526 cm�1; MS (ESI):
m/z : 936 [M+H]+ .


Compound 14 a : Yield 25 % (60 %). 1H NMR (CDCl3/CS2, 298 K,
200 MHz): d=2.12 (t, J =2.4 Hz, 1H; CH), 2.80–2.96 (m, 4 H; 2CH2),
4.76 (d, J =11.9 Hz, 1 H; CH2N), 4.87 (dd, J =1.2, 2.7 Hz, 1 H; CHN),
4.99 ppm (d, J =11.9 Hz, 1H; CH2N); 13C NMR (CDCl3/CS2, 50 MHz):
d=17.5, 32.4, 62.4, 69.8, 72.9, 74.9, 83.1, 135.3, 135.5, 135.6, 136.5, 139.7,
140.0, 141.1, 141.58, 141.6, 141.7, 141.8, 141.9, 141.98, 142.1, 142.3, 142.4,
142.43, 142.48, 142.5, 142.8, 143.0, 144.1, 144.2, 144.3, 144.9, 144.99, 145.0,
145.08, 145.1, 145.13, 145.18, 145.2, 145.21, 145.4, 145.43, 145.7, 145.75,
145.8, 145.83, 145.9, 145.94, 145.98, 146.0, 146.1, 146.8, 151.9, 153.5, 154.0,
155.2 ppm; FTIR (KBr): ñ= 526.5, 632.6, 1423 cm�1; MS (ESI): m/z :
815.9 [M+H]+ .


General procedure for the synthesis of N-acylfulleropyrrolidines 3a–d,
10 f, and 14c : NEt3 (0.30 mmol) was added to a solution of fulleropyrroli-
dines 2, 10 e or 14 a (0.15 mmol) in toluene (50 mL). After 5 minutes, the
corresponding acyl chloride (0.30 mmol) was added and the mixture stir-
red at room temperature for 1 h (for compound 14 c heating was necessa-
ry). When the reaction was complete, the solvent was removed in vacuo.
The crude product was purified by flash chromatography over neutral
alumina (eluent: toluene/ethyl acetate 4:1) to afford the final product
(90–95 % yield).


Compound 3 a : Yield 95%. 1H NMR (CDCl3, 333 K, 500 MHz): d=2.32
(t, J=2.6 Hz, 1H; CH), 3.58 (dd, J =6.4, 2.6 Hz, 2 H; CH2), 5.54 (d, J =


12 Hz, 1H; CH2N), 5.71 (d, J =12 Hz, 1 H; CH2N), 6.41 (br t, 1 H; CHN),
7.57–7.56 (m, 3H; Ar�H), 7.91–7.89 ppm (m, 2 H; Ar�H); 13C NMR
(CDCl3, 298 K, 75 MHz): d=29.9, 65.4, 70.6, 73.5, 80.2, 125.3, 128.2,
128.3, 128.8, 129.0, 130.9, 135.3, 136.9, 138.1, 139.9, 140.3, 140.33, 141.7,
141.8, 141.9, 142.1, 142.12, 142.17, 142.2, 142.3, 142.4, 142.7, 142.77, 142.8,
143.1, 143.2, 144.4, 144.44, 144.5, 144.6, 144.65, 145.3, 145.4, 145.44, 145.5,
145.6, 145.68, 145.7, 145.76, 146.1, 146.2, 146.38, 146.39, 146.4, 147.4,
147.42, 150.1, 152.4, 154.2, 154.7, 170.1 ppm; FTIR (KBr): ñ=1641, 1400,
526 cm�1; MS (ESI): m/z : 906 [M+H]+ .


Compound 3 b : Yield 95%. 1H NMR (CDCl3, 298 K, 500 MHz, mixture
of rotamers, 1:1): d=2.44, 2.25 (br s, br s, 1 H), 3.54, 3.37 (br m, br m, 2 H),
4.17, 3.93 (br s, br m, 1 H), 4.43, 4.21 (d, d, J =14.6 Hz, 1 H), 5.49 (br s,
2H), 6.27, 4.93 (d, d, J=12.4 Hz, 1 H), 6.39, 5.98 ppm (br t, br m, 1H); 13C
NMR (CDCl3, 298 K, 125 MHz, mixture of rotamers, 1:1): d= 25.7, 29.7,
42.4, 42.8, 58.3, 64.4, 66.4, 69.5, 70.3, 72.6, 73.0, 73.7, 74.2, 96.1, 127.5,
127.7, 129.1, 134.9, 135.1, 139.8, 140.2, 141.7, 141.8, 142.0, 142.1, 142.2,
142.7, 143.0, 143.1, 144.4, 144.5, 144.6, 145.2, 145.3, 145.37, 145.4, 145.6,
145.66, 146.0, 146.1, 146.2, 146.3, 146.36, 147.4, 149.5, 169.6, 170.2 ppm;
FTIR (KBr): ñ =1641, 1400, 526 cm�1; MS (ESI): m/z : 920 [M+H]+ .


Compound 3c : Yield 90 %. 1H NMR (CDCl3, 323 K, 500 MHz): d=2.34
(t, J= 2.5 Hz, 1 H; CH=C), 3.67–3.35 (br m, 2H; CH2), 5.46 (br m, 1H),
6.05 (br m, 1 H), 6.34 (br m, 1 H), 7.32 (d, J=15.4 Hz, 1 H; CH=CH),
7.48–7.42 (m, 3H; Ar�H), 7.72–7.69 (m, 2 H; Ar�H), 8.04 ppm (d, J=


15.4 Hz, 1H; CH=CH); 13C NMR (CDCl3, 298 K, 50 MHz): d =29.9,
65.8, 69.7, 73.6, 77.2, 80.1, 117.1, 128.1, 128.9, 130.1, 134.9, 139.7, 140.1,
140.2, 141.6, 141.7, 141.97, 142.0, 142.02, 142.03, 142.05, 142.1, 142.14,
142.3, 142.6, 142.7, 143.0, 143.1, 144.2, 144.3, 144.4, 144.5, 144.6, 145.2,
145.25, 145.3, 145.35, 145.4, 145.5, 145.6, 146.0, 146.08, 146.1, 146.2,
146.27, 146.3, 147.2, 147.3, 149.8, 152.5, 154.2, 165.0 ppm; FTIR (KBr):
ñ= 1652, 1400, 526 cm�1; MS (ESI): m/z : 932 [M+H]+ .
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Compound 3 d : Yield 95%. 1H NMR (CDCl3, 298 K, 500 MHz, mixture
or rotamers): d= 2.79 (m, 1H), 2.95 (m, 1 H), 3.42, 3.35 (br d, br d, 1H),
3.89, 3.61 (m, br m, 1H), 5.69, 5.49 (d, d, J =11.5 Hz, 1 H), 6.19, 4.96 (d,
d, J=12.6 Hz, 1H), 6.37, 5.94 ppm (br t, br m, 1 H); 13C NMR (CDCl3,
298 K, 125 MHz, mixture of rotamers): d=14.0, 22.6, 29.6, 31.6, 66.4,
70.3, 72.5, 72.7, 72.9, 73.1, 73.5, 74.4, 96.1, 139.8, 140.3, 141.7, 141.9, 142.1,
142.7, 142.77, 143.1, 143.2, 144.4, 144.48, 144.5, 144.57, 144.6, 144.7,
144.73, 145.3, 145.37, 145.4, 145.44, 145.5, 144.53, 145.6, 145.66, 145.7,
146.1, 146.2, 146.3, 146.35, 146.4, 146.45, 146.6, 147.39, 147.4, 147.44,
149.5, 150.3, 152.3, 164.2 ppm; FTIR (KBr): ñ=1655, 1410, 526 cm�1; MS
(ESI): m/z : 900 [M+H]+ .


Compound 10 f : Yield 90%. 1H NMR (CDCl3/CS2, 298 K, 300 MHz): d=


0.03 (s, 9H; (CH3)3Si), 5.83 (d, J= 12.7 Hz, 1 H; CH2N), 6.36 (br d, 1H;
CH2N), 7.32–7.37 (m, 1 H; H�Ar), 7.45–7.54 (m, 5H; H�Ar), 7.60 (s, 1 H;
CHN), 7.62–7.68 (m, 2H; H�Ar), 8.12–8.14 ppm (m, 1H; H�Ar); 13C
NMR (CDCl3/CS2, 298 K, 75 MHz): d=�0.2, 62.0, 66.3, 69.5, 71.5, 76.4,
101.8, 103.7, 123.4, 125.5, 127.9, 128.6, 129.2, 130.3, 131.0, 133.8, 134.9,
135.4, 136.0, 136.4, 136.6, 139.64, 139.7, 140.5, 140.8, 142.05, 142.06, 142.1,
142.3, 142.4, 142.44, 142.46, 142.5, 142.7, 143.0, 143.07, 143.1, 143.13,
143.45, 144.7, 144.8, 144.9, 145.0, 145.5, 145.6, 145.7, 145.75, 145.8, 145.9,
146.0, 146.06, 146.2, 146.4, 146.5, 146.6, 146.66, 146.7, 146.76, 146.8,
146.82, 146.84, 147.7, 147.9, 151.9, 154.0, 154.7, 155.8, 171.7 ppm; FTIR
(KBr): ñ =526, 840, 866, 1388, 1654 cm�1; MS (ESI): m/z : 1063.0
[M+Na]+ , 1077.9 [M+K]+ .


Compound 14c : Yield 90%. 1H NMR (CDCl3/CS2, 298 K, 500 MHz): d=


2.07 (s, 1 H; CH), 2.76–2.83 (m, 3H; CH2), 2.93–3.06 (m, 1H; CH2), 5.31
(d, J =11.8 Hz, 1H; CH2N), 5.64 (br s, 1 H; CH2N), 6,46 (br s, 1 H; CHN),
7.52–7.56 (m, 3H; H�Ar), 7.82–7.86 ppm (m, 2 H; H�Ar); 13C NMR
(CDCl3/CS2, 298 K, 125 MHz): d =17.2, 35.0, 58.7, 66.2, 70.3, 71.5, 74.6,
83.7, 128.7, 129.3, 131.3, 135.3, 135.5, 135.8, 137.2, 137.7, 140.5, 140.6,
140.7, 140.8, 142.1, 142.12, 142.4, 142.47, 142.5, 142.57, 142.6, 142.64,
142.7, 142.8, 142.9, 143.1, 143.16, 143.19, 143.2, 143.6, 143.7, 144.7, 144.8,
144.9, 145.0, 145.1, 145.3, 145.7, 145.8, 145.82, 145.85, 145.9, 146.0, 146.02,
146.1, 146.2, 146.4, 146.6, 146.7, 146.8, 147.8, 151.2, 152.8, 154.4, 155.3,
170.7 ppm; FTIR (KBr): ñ =526.5, 1637 cm�1; MS (ESI): m/z : 919.8
[M+1].


Synthesis of N-allylfulleropyrrolidine 6 : NaH (0.625 mmol) was added to
a solution of fulleropyrrolidine 2 (100 mg; 0.125 mmol) in o-DCB
(40 mL). After 5 min allyl bromide was added (0.375 mmol). The solution
was stirred for 18 h at 60 8C. The reaction was quenched with water
(20 mL). The organic layer was dried (MgSO4) and, after solvent remov-
al, the crude product was purified by flash chromatography over silica gel
(eluent: toluene/CS2 8:2) to give pure 6 in 55% yield. 1H NMR (CDCl3/
CS2, 298 K, 200 MHz): d =2.19 (t, J= 2.7 Hz, 1 H; CH), 3.24 (ddd, J=


17.3, 6.1, 2.7 Hz, 1H; CH2), 3.51 (ddd, J=17.3, 5.3, 2.7 Hz, 1 H; CH2),
3.56 (br dd, 1 H; N�CH2�C=), 4.14 (d, J=9.7 Hz, 1H; CH2N), 4.30 (br t,
1H; CHN), 4.36 (ddt, J =13.7, 5.1, 1.6 Hz, 1 H; N�CH2�C=), 4.86 (d, J=


9.7 Hz, 1H; CH2N), 5.43 (br d, 1H; C=CH2), 5.59 (ddd, J=17.09, 2.9,
1.6 Hz, 1 H; CH=CH2), 6.35 ppm (m, 1H; CH=CH2); 13C NMR (CDCl3/
CS2, 298 K, 50 MHz): d =29.9, 66.5, 69.1, 72.6, 73.5, 75.0, 81.7, 118.8,
135.5, 135.6, 135.9, 136.2, 137.2, 137.7, 139.6, 140.1, 140.2, 140.9, 141.6,
141.8, 141.9, 142.07, 142.1, 142.5, 142.57, 142.6, 142.9, 143.9, 144.0, 144.3,
144.33, 144.5, 144.7, 145.1, 145.28, 145.2, 145.3, 145.4, 145.46, 145.5, 145.6,
145.8, 145.88, 145.9, 145.96, 146.0, 146.06, 146.1, 146.16, 146.2, 146.26,
146.3, 146.5, 146.9, 147.1, 147.2, 151.7, 153.8, 154.1, 155.9 ppm; FTIR
(KBr): ñ =1558, 1508, 1458, 1419, 526 cm�1; MS (ESI): m/z : 842.3
[M+H]+ .


General procedure for the synthesis of N-methylfulleropyrrolidines 10a,
10c, 14b and 18a–c : A mixture of the corresponding aldehyde
(0.694 mmol), C60 (250 mg, 0.347 mmol), and sarcosine (0.694 mmol) in o-
DCB (80 mL) was refluxed for 24 h. After cooling to room temperature,
the solvent was removed in vacuo and the crude product was purified by
flash chromatography over silica gel initially with CS2 as eluent (to sepa-
rate the unreacted fullerene) and then with toluene/CS2 (4:1) [for com-
pound 10a cyclohexane/CH2Cl2 (4:1) was used] to yield the correspond-
ing products.


Compound 10 a : Yield 24 % (35 %). 1H NMR (CDCl3/CS2, 298 K,
200 MHz): d=0.25 (2, 9 H; (CH3)3Si), 2.81 (s, 3 H; CH3), 4.35 (d, J=


9.5 Hz, 1 H; CH2N), 5.01 (d, J=9.5 Hz, 1H; CH2N), 5.37 (s, 1 H; CHN),
7.23–7.31 (m, 1H; Ar�H), 7.42–7.54 (m, 2 H; Ar�H), 8.09 ppm (m, 1H;
Ar�H); 13C NMR (CDCl3/CS2, 298 K, 50 MHz): d=0.05, 39.8, 69.2, 69.7,
79.6, 100.8, 103.4, 124.0, 127.8, 129.0, 120.3, 132.3, 133.1, 134.8, 135.7,
136.5, 139.4, 139.7, 140.06, 140.1, 141.6, 141.63, 141.64, 141.87, 141.9,
142.0, 142.06, 142.07, 142.12, 142.15, 142.2, 142.4, 142.45, 142.5, 142.9,
143.0, 144.2, 144.4, 144.49, 144.5, 145.0, 145.1, 145.13, 145.16, 145.2, 145.3,
145.35, 145.4, 145.5, 145.6, 145.8, 145.85, 145.9, 145.97, 146.0, 146.1,
146.15, 146.2, 146.4, 146.8, 147.2, 153.3, 153.7, 154.5, 156.3 ppm; FTIR
(KBr): ñ =526, 760, 842, 866, 1230, 1247, 1463, 1506 cm�1; MS (ESI): m/z :
950.3 [M+H]+ .


Compound 10 c : Yield 43 % (55 %). 1H NMR (CDCl3/CS2, 298 K,
300 MHz): d=0.25 (s, 9H; (CH3)3Si), 2.80 (s, 3H; CH3), 3.88 (s, 3 H;
OCH3), 3.96 (s, 3 H; OCH3), 4.33 (d, J= 9.5 Hz, 1 H; CH2N), 4.99 (d, J=


9.5 Hz, 1H; CH2N), 5.63 (s, 1 H; CHN), 6.99 (s, 1 H; Ar�H), 7.60 ppm (s,
1H; Ar�H); 13C NMR (CDCl3/CS2, 298 K, 75 MHz): d =0.5, 40.5, 56.3,
56.7, 69.7, 70.2, 80.1, 99.5, 103.9, 112.0, 113.1, 116.6, 125.7, 128.6, 132.7,
133.0, 135.3, 136.3, 136.6, 136.8, 140.1, 140.3, 140.5, 140.6, 142.0, 142.1,
142.13, 142.2, 142.4, 142.5, 142.53, 142.55, 142.6, 142.66, 142.7, 143.0,
143.1, 143.4, 143.5, 144.8, 144.9, 145.0, 145.05, 145.5, 145.6, 145.7, 145.72,
145.8, 145.9, 145.96, 146.1, 146.4, 146.5, 146.51, 146.6, 146.7, 146.9, 147.4,
147.7, 147.72, 148.6, 150.5, 154.3, 155.1, 156.8 ppm; FTIR (KBr): ñ =526,
840, 1247, 1267, 1460, 1508 cm�1; MS (ESI): m/z : 1009.9 [M+1]+ .


Compound 14b : Yield 33% (56 %). 1H NMR (CDCl3/CS2, 298 K,
200 MHz): d=2.05 (t, J =2.4 Hz, 1H; CH), 2.64–2.82 (m, 4 H; 2CH2),
3.44 (s, 3 H; CH3), 4.14 (br t, J=4.8 Hz, 1H; CHN), 4.24 (d, J =9.8 Hz,
1H; CH2N), 4.83 ppm (d, J =9.8 Hz, 1 H; CH2N); 13C NMR (CDCl3/CS2,
298 K, 50 MHz): d =16.5, 29.9, 39.7, 69.7, 69.8, 70.0, 70.9, 75.7, 83.4,
135.3, 135.7, 136.0, 136.1, 137.1, 139.6, 139.8, 140.0, 140.05, 140.1, 141.6,
141.7, 141.8, 141.9, 141.96, 141.99, 142.0, 142.45, 142.47, 142.5, 142.51,
142.8, 142.9, 143.0, 144.1, 144.2, 144.3, 144.5, 145.0, 145.03, 145.09, 145.1,
145.2, 145.23, 145.26, 145.3, 145.5, 145.7, 145.8, 145.86, 145.9, 145.96,
145.99, 146.0, 146.06, 146.1, 146.14, 146.9, 147.0, 152.5, 153.8, 154.1, 154.5,
156.0 ppm; FTIR (KBr): ñ =526.5, 1508.2, 2360 cm�1; MS (ESI): m/z :
830.0 [M+1]+ .


Compound 18 a : Yield 55 % (70 %). 1H NMR (CDCl3/CS2, 298 K,
200 MHz): d=2.42 (t, J =2.38 Hz, 1 H; CH), 2.86 (s, 3H; CH3N), 4.34 (d,
J =9.33 Hz, 1H; CH2N), 4.58 (AB syst., 2H; CH2O), 4.99 (d, J =9.33 Hz,
1H; CH2N), 5.61 (s, 1 H; CHN), 6.87–7.33 (m, 3H; Ar�H), 8.04 ppm (m,
1H; Ar�H); 13C NMR (CDCl3/CS2, 298 K, 50 MHz): d=40.1, 56.1, 69.2,
69.7, 75.3, 75.6, 76.3, 78.1, 112.2, 122.2, 125.3, 128.2, 129.1, 130.1, 134.8,
136.1, 136.6, 139.5, 139.6, 140.1, 140.2, 141.5, 141.7, 141.8, 142.0, 142.1,
142.21, 142.26, 142.3, 142.35, 142.57, 142.58, 142.65, 142.68, 143.0, 143.07,
144.3, 144.4, 144.6, 145.1, 145.24, 145.27, 145.32, 145.35, 145.4, 145.6,
145.7, 145.95, 145.97, 146.0, 146.13, 146.17, 146.21, 146.26, 146.27, 146.6,
146.7, 147.2, 147.3, 156.3 ppm.


Compound 18b : Yield 50% (65 %). 1H NMR (CDCl3/CS2, 298 K,
200 MHz): d=2.38 (t, J =2.3 Hz, 1 H; CH), 2.78 (s, 3H; CH3N), 4.22 (d,
J =9.3 Hz, 1 H; CH2N), 4.64 (d, J=2.3 Hz, 2H; CH2O), 4.86 (s, 1 H;
CHN), 4.92 (d, J =9.3 Hz, 1 H; CH2N), 6.82–6.88 (m, 1 H; Ar�H), 7.20–
7.36 ppm (m, 3 H; Ar�H); 13C NMR (CDCl3/CS2, 298 K, 50 MHz): d=


40.1, 55.8, 69.0, 70.1, 75.7, 76.6, 78.8, 83.4, 115.5, 122.1, 125.0, 128.2, 128.6,
129.8, 135.0, 135.9, 136.6, 138.6, 139.6, 140.0, 141.6, 141.7, 141.8, 142.10,
142.11, 142.16, 142.3, 142.6, 143.7, 144.43, 144.69, 145.0, 145.2, 145.3,
145.4, 145.56, 145.59, 145.65, 146.0, 146.1, 146.2, 146.3, 146.4, 146.45,
146.6, 146.9, 147.3, 147.4, 147.63, 147.65, 147.7, 147.75, 147.8, 147.9, 148.1,
148.15, 153.3 ppm.


Compound 18 c : Yield 55 % (70 %). 1H NMR (CDCl3/CS2, 298 K,
200 MHz): d=2.49 (t, J =2.3 Hz, 1 H; CH), 2.79 (s, 3H; CH3N), 4.25 (d,
J =9.2 Hz, 1 H; CH2N), 4.67 (d, J=2.3 Hz, 2H; CH2O), 4.89 (s, 1 H;
CHN), 4.97 (d, J =9.2 Hz, 1 H; CH2N), 7.00 (d, J =8.4 Hz, 2H; Ar�H),
7.71 ppm (br s, 2H; Ar�H); 13C NMR (CDCl3/CS2, 298 K, 50 MHz): d=


40.5, 56.3, 69.2, 70.1, 76.1, 79.0, 83.5, 115.5, 125.8, 127.8, 129.7, 136.2,
136.7, 137.0, 142.0, 142.1, 142.3, 142.4, 142.5, 142.52, 142.55, 142.58, 142.6,
142.7, 142.74, 143.0, 143.01, 143.04, 143.1, 143.4, 143.6, 144.8, 145.1, 145.2,
145.6, 145.7, 145.74, 145.8, 145.87, 145.9, 145.99, 146.0, 146.1, 146.2, 146.4,
146.42, 146.5, 146.62, 146.66, 146.7, 146.78, 146.8, 146.9, 147.1, 147.7,
157.8 ppm.
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Synthesis of fulleropyrrolidines 10 b, 10 d, and 10 g : Anhydrous nBu4NF
(0.099 mmol) dissolved in dry CH2Cl2 (10 mL) was added to a solution of
fulleropyrrolidines 10 a, 10 c, or 10 f (0.099 mmol) in dry CH2Cl2 under
argon at 0 8C. After 10 minutes, the reaction mixture was allowed to
warm to room temperature and stirred for 2 h. The solution was washed
with water. The organic layer was dried (MgSO4) and the solvent was re-
moved in vacuo. The crude reaction was purified by flash chromatogra-
phy over silica gel with toluene/ethyl acetate (9:1) as eluent for com-
pounds 10d and 10 g and cyclohexane/CH2Cl2 (9:1) as eluent for com-
pound 10b (85–95 % yield).


Compound 10 b : Yield 85%. 1H NMR (CDCl3/CS2, 298 K, 300 MHz): d=


2.81 (s, 3H; CH3), 3.32 (s, 1H; CH), 4.37 (d, J =9.4 Hz, 1H; CH2N), 5.00
(d, J=9.4 Hz, 1 H; CH2N), 5.73 (s, 1 H; CHN), 7.26–7.33 (m, 1 H; Ar�H),
7.47–7.57 (m, 2H; Ar�H), 8.11–8.13 ppm (m, 1 H; Ar�H); 13C NMR
(CDCl3/CS2, 298 K, 75 MHz): d =40.3, 66.4, 69.6, 70.0, 75.9, 79.9, 84.2,
123.5, 128.5, 129.9, 130.0, 133.9, 135.3, 136.5, 140.0, 140.2, 140.6, 142.2,
142.36, 142.38, 142.4, 142.6, 143.0, 143.1, 143.5, 143.52, 144.8, 144.9, 145.0,
145.6, 145.7, 145.8, 145.9, 146.15, 146.17, 146.4, 146.5, 146.67, 146.7, 146.9,
147.7 ppm; FTIR (KBr): ñ =526, 759, 1508 cm�1; MS (ESI): m/z : 878.1
[M+1]+ .


Compound 10 d : Yield 92%. 1H NMR (CDCl3/CS2, 298 K, 300 MHz): d=


2.79 (s, 3H; CH3), 3.26 (s, 1 H; CH), 3.89 (s, 3H; OCH3), 3.96 (s, 3 H;
OCH3), 4.36 (d, J =9.4 Hz, 1H; CH2N), 4.98 (d, J =9.4 Hz, 1H; CH2N),
5.64 (s, 1 H; CHN), 6.99 (s, 1H; Ar�H), 7.69 ppm (s, 1H; Ar�H); 13C
NMR (CDCl3/CS2, 298 K, 75 MHz): d=40.3, 56.2, 56.3, 68.9, 76.6, 79.2,
80.0, 82.7, 113.0, 115.4, 115.8, 144.72, 144.78, 144.8, 144.9, 145.0, 145.07,
145.1, 145.15, 145.2, 145.4, 145.5, 145.6, 145.65, 145.68, 145.7, 145.8, 145.9,
146.0, 146.2, 146.4, 146.5, 146.53, 146.6, 146.7, 146.75, 146.8, 147.7, 147.8,
147.9, 151.1 ppm; FTIR (KBr): ñ=526, 1267, 1458, 1508, 1650 cm�1; MS
(ESI): m/z : 938.1 [M+1]+ .


Compound 10 g : Yield 95 %. 1H NMR (CDCl3/CS2, 298 K, 300 MHz): d=


3.15 (br, 1 H; CH), 5.89 (d, J=12.6 Hz, 1H; CH2N), 6.13 (br, 1 H;
CH2N), 7.34–7.38 (m, 1H; Ar�H), 7.50–7.55 (m, 4H; Ar�H, CHN), 7.61–
7.70 (m, 4H; Ar�H), 8.13–8.15 ppm (m, 1 H; H�Ar); 13C NMR (CDCl3/
CS2, 298 K, 75 MHz): d=69.0, 75.0, 75.4, 75.9, 82.2, 84.2, 121.9, 125.4,
127.5, 128.1, 128.6, 130.0, 130.7, 133.8, 135.4, 139.18, 139.2, 140.0, 140.2,
140.6, 141.5, 141.6, 141.7, 141.8, 141.9, 141.94, 142.0, 142.03, 142.1, 142.15,
142.2, 142.3, 142.5, 142.6, 142.8, 142.9, 142.95, 143.1, 143.12, 143.3, 143.4,
143.6, 143.7, 143.77, 143.8, 143.9, 144.2, 144.3, 144.4, 144.5, 144.7, 144.9,
145.1, 145.17, 145.2, 145.3, 145.45, 145.5, 145.53, 145.6, 145.9, 146.0,
146.06, 146.1, 146.2, 146.3, 146.32, 146.4, 147.3, 147.35, 151.4, 153.4, 153.9,
155.0, 170.8 ppm; FTIR (KBr): ñ=526, 1541, 1560, 1654 cm�1; MS (ESI):
m/z : 967.7 [M]+ .


General procedure for the synthesis of metal complexes: The respective
enyne (0.055 mmol) was dissolved in toluene (25 mL) at room tempera-
ture under argon in a flask containing powdered molecular sieves (eight
times the mass of the enyne, oven-dried for 4 h at 120 8C in a vacuum).
[Co2(CO)8] (0.055 mmol) was added to this solution and the resulting
mixture was stirred for 30 min until total complexation of the enyne
(TLC). The reaction was then filtered over Celite and purified by flash
chromatography over silica gel using cyclohexane/toluene (1:1) as eluent
(80–90 % yield).


Compound 11 a : Yield 80 %. 1H NMR (CDCl3/CS2, 298 K, 300 MHz): d=


0.51 (s, 9H; (CH3)3Si), 2.84 (s, 3 H; CH3), 4.55 (d, J =9.3 Hz, 1 H; CH2N),
4.93 (d, J=9.3 Hz, 1H; CH2N), 7.34–7.48 (m, 2H; H�Ar), 7.65–7.68 (m,
1H; Ar�H), 8.27–8.29 ppm (m, 1 H; Ar�H); 13C NMR (CDCl3/CS2,
298 K, 75 MHz): d=0.0, 36.6, 67.2, 68.1, 73.2, 84.8, 99.2, 123.8, 126.5,
126.7, 126.8, 127.5, 131.2, 132.3, 134.7, 135.9, 136.9, 137.8, 138.6, 138.7,
140.0, 140.1, 140.2, 140.5, 140.6, 140.8, 141.0, 141.1, 141.4, 141.7, 142.7,
142.9, 143.0, 143.2, 143.6, 143.7, 143.8, 143.85, 143.9, 144.2, 144.3, 144.4,
144.5, 144.6, 144.7, 144.75, 144.8, 144.9, 145.1, 145.7, 151.0, 152.3, 152.6,
155.5, 198.2, 198.7 ppm; MS (ESI): m/z : 950 [M�[Co2(CO)6]].


Compound 11 d : Yield 80%. 1H NMR (CDCl3/CS2, 298 K, 200 MHz): d=


2.64 (s, 3H; CH3), 3.84 (s, 3H; OCH3), 3.88 (s, 3H; OCH3), 4.24 (d, J=


9.3 Hz, 1 H; CH2N), 4.92 (d, J=9.3 Hz, 1H; CH2N), 5.51 (s, 1 H; CHN),
6.54 (s, 1H; CH-Cobalt), 7.16 (s, 1 H; Ar�H), 7.63 ppm (s, 1H; Ar�H);
FTIR (KBr): ñ=526.5, 2017.4, 2048.3, 2086.8 cm�1; MS (ESI): m/z :
1223.5 [M]+ , 1139.7 [M�3CO], 721.4 [M+1]C60, 285.2 [M�2 Co(CO)3].


Compound 15 b : Yield 90%. 1H NMR (CDCl3/CS2, 298 K, 500 MHz): d=


2.76–2.84 (m, 2H; CH2), 3.00 (s, 3H CH3), 3.39–3.63 (m, 2H CH2), 4.05
(br t, 1 H; CHN), 4.19 (d, J=9.5 Hz, 1 H; CH2N), 4.86 (d, J=9.5 Hz, 1 H;
CH2N), 6.06 ppm (s, 1H; CH); 13C NMR (CDCl3/CS2, 298 K, 125 MHz):
d=30.4, 33.3, 40.4, 70.3, 70.8, 73.7, 76.3, 97.0, 125.3, 134.9, 135.9, 136.4,
136.7, 137.6, 137.7, 138.5, 140.3, 140.4, 140.7, 140.8, 141.1, 142.2, 142.3,
142.4, 142.6, 142.62, 142.64, 142.9, 143.1, 143.2, 143.3, 143.5, 143.7, 144.2,
144.8, 144.9, 145.0, 145.2, 145.7, 145.74, 145.8, 145.87, 145.9, 145.93, 146.0,
146.2, 146.3, 146.4, 146.5, 146.54, 146.6, 146.63, 146.66, 146.7, 146.75,
146.8, 147.7, 147.72, 153.1, 154.4, 154.7, 156.5, 200.1, 200.2 ppm; FTIR
(KBr): ñ =526.5, 2013.5, 2046.3, 2090.7 cm�1; MS (ESI): m/z : 1114.4
[M+1]+ .


Compound 19 a : Yield 90 %. 1H NMR (CDCl3/CS2, 298 K, 500 MHz): d=


2.78 (s, 3H; CH3), 4.25 (d, J=9.03 Hz, 1 H; CH2N), 4.96 (d, J =9.03 Hz,
1H; CH2N), 4.97 (d, J =12.9 Hz, 1 H; CH2O), 5.33 (d, J=12.9 Hz, 1H;
CH2O), 5.67 (s, 1 H; CHN), 6.03 (s, 1H; CH�Cobalt), 7.03 (d, J =7.8 Hz,
1H; Ar�H), 7.15–7.21 (m, 2 H; Ar�H), 8.09 ppm (d, J =7.8 Hz, 1H; Ar�
H); 13C NMR (CDCl3/CS2, 298 K, 125 MHz): d =40.2, 68.9, 69.8, 70.2,
73.6, 75.2, 77.0, 88.7, 112.1, 122.2, 125.7, 126.2, 128.6, 129.4, 131.0, 135.6,
136.5, 136.7, 137.0, 139.9, 139.94, 140.5, 140.6, 142.0, 142.1, 142.16, 142.2,
142.44, 142.45, 142.52, 142.54, 142.57, 142.6, 142.7, 142.98, 143.0, 143.02,
143.07, 143.4, 143.5, 144.8, 144.86, 145.0, 145.02, 145.5, 145.56, 145.6,
145.7, 145.8, 145.94, 145.98, 146.0, 146.1, 146.3, 146.37, 146.47, 146.5,
146.51, 146.54, 146.6, 146.65, 146.67, 147.12, 146.15, 147.7, 147.73, 154.4,
154.6, 155.4, 157.2, 199.54 ppm.


Compound 19 b : Yield 90%. 1H NMR (CDCl3/CS2, 298 K, 300 MHz): d=


2.85 (s, 3 H; CH3), 4.28 (d, J =9.3 Hz, 1 H; CH2N), 4.93 (s, 1 H; CHN),
4.99 (d, J =9.3 Hz, 1H; CH2N), 5.18–5.28 (AB syst. , 2H; CH2O), 5.99 (s,
1H; CH�Cobalt), 6.89–6.93 (m, 1H; Ar�H), 7.33–7.51 ppm (m, 3H; Ar�
H); 13C NMR (CDCl3/CS2, 298 K, 75 MHz): d =39.8, 68.1, 68.7, 69.8,
71.9, 76.5, 83.2, 89.0, 114.7, 122.2, 129.6, 135.5, 135.6, 136.3, 136.4, 138.6,
139.3, 139.6, 139.9, 140.0, 141.3, 141.4, 141.61, 141.69, 141.7, 141.83,
141.89, 141.93, 141.95, 142.0, 142.3, 142.4, 142.48, 142.8, 142.9, 144.16,
144.17, 144.41, 144.49, 144.9, 144.99, 145.0, 145.04, 145.08, 145.1, 145.19,
145.2, 145.3, 145.4, 145.5, 145.7, 145.8, 145.88, 145.9, 145.96, 146.0, 146.05,
146.1, 146.18, 146.5, 147.0, 153.0, 153.06, 154.6, 155.8, 157.1, 198.2 ppm.


Compound 19c : Yield 90%. 1H NMR (CDCl3/CS2, 298 K, 300 MHz): d=


2.81 (s, 3 H; CH3), 4.26 (d, J =9.5 Hz, 1 H; CH2N), 4.91 (s, 1 H; CHN),
4.99 (d, J= 9.5 Hz, 1H; CH2N), 5.22 (s, 2H; CH2O), 5.98 (s, 1H; CH�
cobalt), 7.02 (d, J =8.5 Hz, 2H; Ar�H), 7.75 ppm (br s, 2 H; Ar�H); 13C
NMR (CDCl3/CS2, 298 K, 75 MHz): d=40.4, 68.5, 69.3, 70.4, 72.4, 77.7,
83.5, 89.6, 115.3, 130.0, 130.9, 136.22, 136.29, 137.0, 137.3, 140.0, 140.4,
140.61, 140.65, 142.0, 142.1, 142.2, 142.45, 142.48, 142.5, 142.6, 142.7,
143.0, 143.1, 143.4, 143.6, 144.8, 145.0, 145.1, 145.5, 145.6, 145.7, 145.74,
145.82, 145.88, 145.9, 146.0, 146.2, 146.3, 146.5, 146.6, 146.65, 146.7, 146.9,
147.1, 147.7, 153.8, 153.9, 154.4, 156.7, 158.5, 199.6 ppm.


General procedure for the PK reaction—the formation of compounds
5a–d, 7, and 8 : Powdered 4 � molecular sieves (7 g per mmol of propar-
gylglycine, oven dried for 4 h at 120 8C) were added to a solution of 3a–d
or 6 (0.05 mmol) in dry toluene (45 mL) at room temperature and the
mixture was stirred for 15 min under argon. Then [Co2(CO)8]
(0.05 mmol) was added in one portion and the mixture was stirred at
60 8C. After 2–3 h, the reaction mixture was filtered through Celite and
the solvent was evaporated under vacuum. Flash chromatography over
neutral silica gel (eluent: CH2Cl2/cyclohexane 1:1) afforded the pure
product (5a–d in 95–98 % yield; 7 and 8 in 41 % yield).


Compound 5 a : Yield 98%. 1H NMR (CDCl3, 298 K, 500 MHz): d=3.76
(dd, J=14.6, 5.6 Hz, 1H; CH2), 4.64 (d, J= 14.6 Hz, 1H; CH2), 4.87 (d,
J =11.5 Hz, 1H; CH2N), 5.28 (d, J =11.5 Hz, 1H; CH2N), 5.34 (d, J=


5.6 Hz, 1H; CHN), 6.92 (s, 1 H; CH=C), 7.59–7.55 (m, 3H; Ar�H), 7.75–
7.74 ppm (m, 2 H; Ar�H); 13C NMR (CDCl3, 298 K, 125 MHz): d=33.68
(CH2), 62.99 (CH2�N), 64.26 (Csp3�C60), 70.10 (Csp3�C60), 72.08 (CH�N),
73.56 (Csp3�C60), 73.95 (Csp3�C60), 126.05 (C=CH), 127.91 (2C, Ar�C),
129.17 (2C, Ar�C), 131.65 (Ar�C), 135.0, 135.3, 135.6, 135.7, 138.5, 138.7,
140.7, 141.1, 141.6, 141.7, 141.9, 142.4, 142.5, 142.6, 142.8, 143.0, 143.63,
143.65, 143.67, 143.7, 143.76, 143.8, 144.1, 144.3 (2C), 144.33, 144.4, 144.5
(2C), 144.6, 144.7, 144.84, 144.85, 145.03, 145.05, 145.3, 145.4, 145.5,
145.7, 146.0, 146.3, 146.5, 146.6, 146.7, 146.9, 147.4, 147.5, 147.62, 147.63,
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148.33, 148.34, 148.4, 149.08, 149.09, 149.13, 149.15, 150.6, 173.7 (CO�N),
184.5 (C=CH), 202.2 ppm (CO); FTIR (KBr): ñ=1718, 1637, 526 cm�1;
UV/Vis (CH2Cl2): l (e) =692 (176), 425 (3932), 322 (22 810), 252 nm
(76 727 dm3 mol�1 cm�1); HRMS (MALDI-TOF): calcd. for [C73H11NO2]


+ :
933.07892; found: 933.07811.


Compound 5 b : Yield 95 %. 1H NMR (CDCl3, 298 K, 500 MHz): d=3.67
(ddd, J =14.9, 6.3, 1.5 Hz, 1H; CH2), 3.99 (AB syst., 2 H; CH2�CO), 4.82
(d, J =14.9 Hz, 1H; CH2), 5.02 (d, J= 11.0 Hz, 1H; CH2N), 5.25 (d, J=


6.3 Hz, 1 H; CHN), 5.28 (d, J= 11.0 Hz, 1H; CH2N), 6.81 (d, J =1.5 Hz,
1H; CH=C), 7.37–7.34 (m, 1 H; Ar�H), 7.47–7.41 ppm (m, 4 H; Ar�H);
13C NMR (CDCl3, 298 K, 125 MHz): d=33.8 (CH2), 43.7 (CH2�CO), 60.6
(CH2�N), 63.9 (Csp3�C60), 69.8 (Csp3�C60), 73.0 (CH�N), 73.7 (Csp3�C60),
74.0 (Csp3�C60), 126.1 (C=CH), 127.5 (Ar�C), 128.2, 128.96 (2C, Ar�C),
129.0, 129.1 (2C, Ar�C), 133.6, 134.9, 135.2, 135.3, 138.5, 138.6, 140.8,
140.9, 141.7, 141.9, 142.4, 142.6, 142.7, 142.8, 143.1, 143.6, 143.61, 143.65,
143.67, 143.7, 143.8, 144.2, 144.25, 144.3, 144.34, 144.5, 144.6, 144.63,
144.7, 144.8, 144.84, 145.0, 145.06, 145.3, 145.4, 145.45, 145.9, 146.1, 146.4,
146.5, 146.7, 146.9, 147.1, 147.44, 147.46, 147.6, 148.3, 148.37, 148.4, 149.1,
149.14, 149.15, 149.2, 150.5, 172.9 (CO�N), 184.2 (C=CH), 201.9 ppm
(CO); FTIR (KBr): ñ=1718, 1637, 524 cm�1; UV/Vis (CH2Cl2): l (e)=


632 (183), 425 (3553), 323 (20 230), 252 nm (66 941 dm3 mol�1 cm�1); MS
(FAB): m/z : 947 [M]+ .


Compound 5c : Yield 95 %. 1H NMR (CDCl3, 298 K, 500 MHz): d=3.77
(ddd, J =15.1, 6.5, 1.5 Hz, 1 H; CH2), 4.67 (d, J= 15.1 Hz, 1 H; CH2), 5.20
(d, J =10.9 Hz, 1H; CH2N), 5.42 (d, J= 6.5 Hz, 1 H; CHN), 5.50 (d, J=


10.9 Hz, 1H; CH2N), 6.87 (d, J =1.5 Hz, 1H; CH=C), 7.02 (d, J=


15.4 Hz, 1H; CH=CH), 7.46–7.44 (m 3 H; Ar�H), 7.67–7.65 (m, 2 H; Ar�
H), 7.93 ppm (d, J= 15.4 Hz, 1 H; CH=CH); 13C NMR (CDCl3, 298 K,
125 MHz): d=34.5 (CH2), 60.8 (CH2�N), 63.8 (Csp3�C60), 69.5 (Csp3�C60),
73.3 (CH�N), 74.0 (Csp3�C60), 74.2 (Csp3�C60), 118.3 (CH=CH), 126.3 (C=


CH), 128.3, 129.0, 130.5, 134.5, 134.8, 134.9, 135.4, 138.7, 140.8, 140.9,
141.6, 141.8, 141.9, 142.4, 142.6, 142.7, 142.8, 143.1, 143.6, 143.67, 143.7,
143.9, 144.2, 144.24, 144.3, 144.35, 144.4, 144.5, 144.6, 144.7, 144.8, 144.83,
144.9, 145.0, 145.1, 145.4, 145.45, 145.5, 146.2, 146.3, 146.4, 146.5, 146.6,
146.7, 146.9, 147.3, 147.5, 147.7, 148.37, 148.4, 148.42, 149.1, 149.13, 149.2,
149.23, 150.7, 168.4 (CO�N), 184.4 (C=CH), 202.0 ppm (CO); FTIR
(KBr): ñ =1716, 1654, 1375, 524 cm�1; UV/Vis (CH2Cl2): l (e) =693
(408), 631 (605), 422 (4066), 323 ( 23560), 253 nm
(78 290 dm3 mol�1 cm�1); MS (FAB): m/z : 960 [M+1]+ , 959 [M]+ .


Compound 5 d : Yield 98 %. 1H NMR (CDCl3, 298 K, 500 MHz): d=1.01–
0.97 (m, 3 H; CH3), 1.51–1.45 (m, 4H; 2CH2), 1.86–1.81 (m, 2H; CH2),
2.74–2.49 (m, 2 H; CH2�CO), 3.68 (ddd, J =14.8, 6.3, 1.5 Hz, 1H; CH2),
4.72 (d, J=14.8 Hz, 1H; CH2), 5.06 (d, J =11.1 Hz, 1H; CH2N), 5.23 (d,
J =6.3 Hz, 1 H; CHN), 5.24 (d, J=11.1 Hz, 1 H; CH2N), 6.84 ppm (d, J=


1.5 Hz, 1 H; CH=C); 13C NMR (CDCl3, 298 K, 125 MHz): d=14.02
(CH3), 22.55 (CH2), 24.51 (CH2), 31.55 (CH2), 34.24 (CH2), 36.34 (CH2�
CO), 60.64 (CH2�N), 63.88 (Csp3�C60), 69.71 (Csp3�C60), 72.96 (CH�N),
73.87 (Csp3�C60), 74.1 (Csp3�C60), 126.1 (C=CH), 134.9, 135.0, 135.3, 138.6,
138.7, 140.8, 141.0, 141.6, 141.8, 141.9, 142.4, 142.6, 142.7, 142.8, 143.1,
143.58, 143.6, 143.65, 143.7, 143.73, 144.0, 144.2, 144.26, 144.3, 144.34,
144.4, 144.5, 144.6, 144.7, 144.8, 144.84, 144.85, 145.0, 145.1, 145.3, 145.5
(2C), 146.1, 146.2, 146.4, 146.5, 146.6, 146.7, 146.9, 147.0, 147.4, 147.5,
147.7, 148.3, 148.4, 148.5, 149.1, 149.14, 149.17, 149.2, 150.7, 175.4 (CO�
N), 184.4 (C=CH), 202.0 ppm (CO); FTIR (KBr): ñ=1718, 1637,
524 cm�1; UV/Vis (CH2Cl2): l (e)= 425 (9152), 292 (103 491), 259 nm
(164 778 dm3 mol�1 cm�1); MS (FAB): m/z : 927 [M]+ .


Compound 7: Yield 41 %. 1H NMR (CDCl3, 298 K, 500 MHz): d=3.29
(br dd, J=13.9, 7.4 Hz, 1 H; CH2�CH=), 3.54 (ddd, J =13.9, 4.6, 1.6 Hz,
1H; CH2), 3.72 (d, J =13.9 Hz, 1 H; CH2), 3.86 (ddt, J =13.9, 5.0, 1.6 Hz,
1H; CH2�CH=), 3.89 (d, J =9.6 Hz, 1 H; CH2N), 4.06 (d, J=4.6 Hz, 1 H;
CHN), 4.58 (d, J =9.6 Hz, 1H; CH2N), 5.36 (ddd, J=10.0, 2.6, 1.6 Hz,
1H; CH=CH2), 5.48 (ddd, J= 17.1, 2.6, 1.7 Hz, 1 H; CH=CH2), 6.15 (m,
1H; CH=CH2), 6.81 ppm (d, J =1.6 Hz, 1 H; CO�CH=); 13C NMR
(CDCl3/CS2, 298 K, 125 MHz): d=33.4 (CH2), 55.0 (CH2�CH=), 64.9
(Csp3�C60), 66.5 (CH2�N), 71.1 (Csp3�C60), 73.0 (Csp3�C60), 73.9 (CH�N),
77.3 (Csp3�C60), 118.5 (CH=CH2), 125.3, 126.5 (C=CH), 128.2, 129.0,
130.8, 134.2, 134.5, 134.7, 135.5, 136.3, 137.7, 138.2, 138.5, 140.9, 141.7,
141.8, 141.9, 142.3, 142.6, 142.7, 142.8, 143.0, 143.5, 143.6, 143.65, 144.1,


144.16, 144.2, 144.3, 144.4, 144.5, 144.6, 144.7, 144.8, 144.85, 144.9, 145.0,
145.1, 145.3, 145.4, 145.9, 146.2, 146.4, 146.45, 146.6, 146.9, 147.3, 147.9,
148.1, 148.3, 148.34, 148.6, 149.0, 149.1, 149.2, 149.6, 150.3, 152.6, 184.1
(C=CH), 202.2 ppm (CO); FTIR (KBr): ñ =1712, 524 cm�1; UV/Vis
(CH2Cl2): l (e) =555 (1113), 424 (3686), 323 (20 294), 253 nm
(66 769 dm3 mol�1 cm�1); HRMS (MALDI-TOF): calcd. for [C69H12NO]+


([M+1]+): 870.09134; found: 870.09094.


Compound 8 : Aleatory numbering is used for the spectroscopic assign-
ment of compound 8.


Yield 41%. 1H NMR (CDCl3/CS2, 298 K, 500 MHz): d =2.27 (dd, J=


18.5, 2.5 Hz, 1H; 8-H), 2.47 (br t, 1H; 6-H), 2.78 (dd, J=18.5, 6.6 Hz,
1H; 8-H), 3.25 (br t, 1H; 12-H), 3.47 (m, 1 H; 7-H), 3.81 (dd, J =13.0,
3.1 Hz, 1 H; 12-H), 3.89 (dd, J =11.5, 3.1 Hz, 1H; 2-H), 4.04 (dd, J =10.5,
6.0 Hz, 1H; 6-H), 4.12 (d, J =9.1 Hz, 1H; 5-H), 4.86 (d, J= 9.1 Hz, 1 H;
5-H), 6.19 ppm (s, 1H; 10-H); 13C NMR (CDCl3/CS2, 298 K, 125 MHz):
d=35.6 (CH2), 39.8 (C-8), 40.9 (C-7), 59.1 (C-6), 67.8 (C-5), 70.3 (Csp3�
C60), 74.7 (Csp3�C60), 75.4 (C-2), 128.7, 129.7 (2C), 136.2, 136.6, 136.8,
138.1, 140.4, 140.7, 140.74, 140.8, 142.2, 142.24, 142.4, 142.44, 142.48,
142.5, 142.54, 142.6 (2C), 142.64, 143.1, 143.14, 143.2, 143.22, 143.5, 143.6,


144.8, 144.85, 145.0, 145.2, 145.7, 145.73, 145.8, 145.82 (2C), 145.85, 145.9,
146.0, 146.03, 146.1, 146.14, 146.5 (2C), 146.52, 146.6, 146.61, 146.68,
146.7, 146.75, 146.77, 146.83, 146.86, 147.7, 147.8, 152.2, 153.1, 153.7,
156.0, 179.1 (C=CH), 207.7 ppm (CO); IR (KBr): ñ =1706, 1624,
526 cm�1; UV/Vis (CH2Cl2): l (e)=696 (1215), 428 (4219), 307 (29 631),
252 nm (86 782 dm3 mol�1 cm�1); HRMS (MALDI-TOF): calcd. for
[C69H12NO]+ ([M+1]+): 870.09134; found: 870.09117.


Synthesis of fulleropyrrolidine 21: Compound 20[13] (2 mmol) and formal-
dehyde (1 mmol) were added to a solution of C60 (720 mg, 1 mmol) in
chlorobenzene (200 mL) under argon. The mixture was refluxed for 1 h
and, after cooling, it was concentrated under reduced pressure. The crude
product was purified by flash chromatography over silica gel eluting ini-
tially with CS2 (to separate C60) and then with toluene to yield the final
product in 30 % yield. 1H NMR (CDCl3/CS2, 298 K, 500 MHz): d=2.29
(t, J= 2.6 Hz, 2 H; CH), 3.64 (dq, J=17.1, 2.6 Hz, 4H; CH2), 4.90 ppm (s,
2H; CH2N); MS (ESI): m/z : 840 [M+1]+.


Synthesis of N-acylfulleropyrrolidine 22 : NEt3 (0.15 mmol) was added to
a solution of fulleropyrrolidine 21 (840 mg, 0.1 mmol) in toluene
(100 mL). After 5 min, benzoyl chloride (0.15 mmol) was added and the
mixture refluxed for 18 h. When the reaction was complete, the solvent
was removed in vacuo. The crude product was purified by flash chroma-
tography over neutral alumina, with toluene as the eluent, to afford the
final product in 95% yield. 1H NMR (CDCl3, 298 K, 500 MHz): d=2.28
(t, J=2.5 Hz, 2 H; CH), 4.18 (t, J=2.5 Hz, 4 H; CH2), 5.49 (s, 2 H;
CH2N), 7.60 (m, 3H; Ar�H), 7.93 ppm (m, 2H; Ar-H); 13C NMR
(CDCl3, 298 K, 125 MHz) d =28.6, 62.4, 68.4, 73.4, 74.5, 79.1, 81.0, 115.5,
127.9, 129.4, 131.2, 136.4, 137.7, 137.8, 139.5, 140.7, 141.8, 142.2, 142.3,
142.5, 142.8, 143.2, 143.6, 144.9, 145.0, 145.6, 145.7, 145.8, 145.9, 146.0,
146.2, 146.5, 146.8, 146.9, 147.2, 147.8, 147.9, 151.7, 154.5, 173.0 ppm;
FTIR (KBr): ñ =526, 1961, 2119, 2350, 1922 cm�1; MS (ESI): m/z : 944
[M+H]+ .


Synthesis of metal complex 23 : [Co2(CO)8] (0.3 mmol) was added to a so-
lution of N-acylfulleropyrrolidine 22 (94 mg, 0.1 mmol) in toluene
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(100 mL) at room temperature under argon and the resulting mixture
was stirred at 50 8C for 1 h until total complexation of the enyne (TLC).
The reaction was then purified by flash chromatography over silica gel
using toluene as eluent (95 % yield). 1H NMR (CDCl3, 298 K, 300 MHz):
d=3.58 (d, J=13.5, 1H; CH2), 4.11 (d, J=17.13 Hz, 1 H; CH2), 4.57 (d,
J =17.3 Hz, 1H; CH2), 4.97 (d, J= 12.5 Hz, 1H; CH2N), 5.27 (d, J=


12.5 Hz, 1 H; CH2N), 5.50 (d, J =13.5 Hz, 1 H; CH2), 6.11 (s, 1 H; CH�
cobalt), 6.92 (s, 1H; CH=C), 7.60 ppn (m, 5 H; Ar�H); 13C NMR
(CDCl3, 298 K, 125 MHz): d =37.0, 42.0, 60.9, 65.1, 69.6, 73.9, 74.2, 75.4,
77.9, 79.8, 87.7, 126.4, 127.2, 129.7, 131.3, 135.3, 136.6, 137.0, 137.9, 138.9,
141.0, 141.3, 142.0, 142.3, 142.4, 142.9, 143.0, 143.1, 143.5, 143.6, 143.7,
143.9, 144.0, 144.1, 144.2, 144.6, 144.7, 144.78, 144.8, 144.9, 145.0, 145.07,
145.1, 145.2, 145.5, 145.9, 146.9, 147.2, 147.3, 147.4, 148.2, 148.3, 148.8,
149.5, 149.6, 150.8, 171.4, 183.9, 199.9, 202.3 ppm; FTIR (KBr): ñ =1641,
1718, 2017, 2350, 2922 cm�1.


Synthesis of compounds 24 and 25: A solution of compound 23 (60 mg,
0.047 mmol) in toluene (80 mL) was stirred at 60 8C for 18 h under argon.
The solvent was evaporated under reduced pressure and the crude prod-
uct was purified by flash chromatography over silica gel eluting with tolu-
ene/ethyl acetate (9:1) to yield compounds 24 (30 % yield) and 25 (5 %
yield).


Compound 24 : 1H NMR (CDCl3, 298 K, 500 MHz): d =2.22 (t, J=


2.6 Hz, 1 H; CH), 3.47 (dd, J =17.3, 2.6 Hz, 1H; CH2), 3.87 (dd, J =14.5,
1.3 Hz, 1 H; CH2�C=C), 3.88 (dd, J =17.3, 2.6 Hz, 1 H; CH2), 5.14 (d, J=


11.9 Hz, 1H; CH2N), 5.24 (d, J =14.5 Hz, 1H; CH2�C=C), 5.28 (d, J=


11.9 Hz, 1 H; CH2N), 6.97 (d, J =1.3 Hz, 1 H; CH�CO), 7.57–7.67 ppm
(m, 5H; Ar�H); 13C NMR (CDCl3, 298 K, 125 MHz): d =24.7 (CH2),
36.7 (CH2�C=C), 62.0 (CH2N), 64.1, 74.1, 74.4, 74.6, 75.0, 78.8, 80.0,
125.7, 127.0, 129.2, 130.9, 134.9, 136.7, 137.1, 137.5, 138.2, 138.4, 140.6,
140.7, 141.5, 141.8, 142.0, 142.4, 142.6, 142.7, 142.75, 143.1, 143.3, 143.4,
143.5, 143.69, 143.7, 143.73, 144.2, 144.3, 144.37, 144.4, 144.5, 144.58,
144.6, 144.8, 144.9, 145.0, 145.1, 145.3, 145.4, 145.5, 146.2, 146.3, 146.4,
146.5, 146.7, 146.8, 146.9, 147.4, 148.0, 148.02, 148.3, 148.35, 148.4, 149.0,
149.1, 150.6, 172.0, 183.8, 202.0 ppm; FTIR (KBr): ñ =526, 1365, 1647,
1718 cm�1; MS (ESI): m/z : 972 [M+H]; UV/Vis (CH2Cl2): l (e)=551
(693), 429 (3048), 325 (17 976), 254 nm (70 866 dm3 mol�1 cm�1).


Compound 25 : 1H NMR (CDCl3, 298 K, 500 MHz): d=3.45 (d, J=


8.5 Hz, 1 H; CH2), 3.75 (d, J =8.5 Hz, 1 H; CH2), 3.96 (d, J=8.4 Hz, 1 H;
CH2), 5.09 (d, J =7.1 Hz, 1H; CH2N), 5.20 (d, J =7.1 Hz, 1 H; CH2N),
5.55 (d, J=8.4 Hz, 1 H; CH2), 6.92 (s, 1 H), 6.98 (s, 1 H), 7.53–7.57 ppm
(m, 5H; Ar�H); 13C NMR (CDCl3, 298 K, 125 MHz): d =32.4 (CH2),
37.3 (CH2), 47.9 (CH2N), 60.8, 64.4, 73.8, 76.3, 125.6, 126.7, 129.2, 130.7,
134.9, 136.1, 136.6, 137.2, 137.4, 137.7, 137.8, 138.0, 138.4, 138.5, 139.1,
139.5, 139.8, 140.6, 140.9, 141.5, 141.6, 141.9, 141.92, 142.0, 142.5, 142.6,
142.7, 142.8, 143.0, 143.1, 143.2, 143.4, 143.5, 143.6, 143.64, 143.7, 143.71,
143.8, 144.3, 144.36, 144.4, 144.5, 144.56, 144.6, 144.7, 144.8, 145.1, 145.4,
145.5, 146.2, 146.46, 146.5, 146.55, 146.8, 146.9, 147.4, 147.8, 148.0, 148.4,
148.5, 148.6, 149.1, 149.2, 150.5, 171.9, 183.5, 201.9, 105.4 ppm; UV/Vis
(CH2Cl2): l (e)=428 (2838), 338 (15 165), 323 (19 017), 256 nm
(93 789 dm3 mol�1 cm�1); MS (ESI): m/z : 1022 [M+Na]+ .
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Prediction of Heterofullerene Stabilities: A Combined DFT and
Chemometric Study of C56Pt2, C57Pt2 and C81Pt2


Josep M. Campanera,[a] Carles Bo,[a, b] Alan L. Balch,[c] Joan Ferr�,[d] and
Josep M. Poblet*[a]


Introduction


Heterofullerenes are the third fundamental group of modi-
fied fullerenes, which also includes the more commonly
studied exohedral and endohedral fullerene derivatives.[1]


These heterofullerenes incorporate dopant atoms into the
fullerene network by the replacement of certain carbon
atoms with a variety of other atoms: nitrogen[2] and boron[3]


incorporated into C60, and arsenic,[4] phosphorus,[5] nitro-
gen[6] and boron[7] into the C70 framework. The development
of heterofullerene isomerism has recently been described in
a paper by Jiao et al. and references therein.[8] In recent
years, several groups have identified fullerene clusters with
metallic heteroatoms incorporated into the carbon frame-
work. Branz and co-workers reported heterofullerenes with
the compositions C59�2nM and C69�nM, where M=Si, Fe, Co,
Ni, Rh, and Ir and n= 0, 1, and 2.[9] Fullerenes with transi-
tion-metal atoms substituted into the carbon framework
have also been observed in laser ablation studies:[10] [C59Pt]+ ,
the result of replacing a carbon atom with a platinum
atom, and [C58Pt]� , the result of the substitution of two
carbon atoms by a platinum atom within a C60 molecule. In
addition, the [C57Pt2]


� and [C56Pt2]
� ions, which incorporate


two platinum atoms into the cage, have been detected.[10]


Abstract: A systematic search of the
regioisomers of the heterofullerenes,
C57Pt2 and C56Pt2, has been carried out
by means of density functional calcula-
tions to find the most stable structures.
Both heterofullerenes incorporate two
metal atoms into the fullerene surface.
In the case of C57Pt2, one platinum
atom substitutes one carbon atom of
C60 and the other platinum atom repla-
ces a C�C bond, whereas in C56Pt2


each platinum atom replaces one C�C
bond. Several geometric factors were
studied, three of which have particular-


ly important effects on the relative sta-
bilities of the regioisomers: the Pt�Pt
separation, the number of C�C bonds
remaining after substitution, and the
type of C�C bond that is substituted.
All these factors indicate that the de-
formation of the carbon framework is a
general factor that governs the relative


stabilities of the regioisomers. Because
a high number of factors affect the sta-
bility of the heterofullerenes we also
used chemometric techniques in this
study. Partial least-squares (PLS) re-
gression was used to establish the
structure–energy relationships of C57Pt2
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standing gained of the factors that
affect the relative isomers stabilities
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of larger disubstituted carbon cages, for
example, C81Pt2 heterofullerene.
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Laser ablation of a C60/Ir(CO)2 film produces a number of
products, [C59Ir]� , [C58Ir]� , [C57Ir]� , and [C56Ir]� , in which
an iridium atom has replaced one or two carbon atoms
within the fullerene cage. The ability of the metal atoms to
bind added ligands has been demonstrated in laser ablation
studies in the presence of 2-butene. In these cases, adducts
such as [C59Ir(2-butene)]� , [C58Ir(2-butene)]� , [C57Ir(2-
butene)]� , and [C56Ir(2-butene)]� have been observed.[11]


As far as theory is concerned, semiempirical methods
have been used to study the regioisomerism of nitrogen-
and boron-doped fullerenes[12,13] and C60 doped with other
atoms including oxygen, sulfur[14] and aluminium.[15] Density
functional theory (DFT)-based calculations have been per-
formed to study the structure and the electronic properties
of C59M (M =Si,[16] Pt, Ir,[17] Fe, Co, Ni, and Rh[18]) and C69M
(M= Co, Rh and Ir)[19] heterofullerenes. In C59M, the metal
atom is bonded to three carbon atoms; since the M�C
bonds are longer than C�C bonds, the metal atoms protrude
outward from the fullerene surface. The electronic structure
of C59M varies with the metal and can be described in terms
of the defect levels in the free fullerene host, C60.


[18] Compu-
tational studies performed on C69M, where M=Co, Rh, and
Ir, have shown that substitution at the more highly pyrami-
dalized poles of the fullerene is energetically preferred.[19] In
C58M, the metal atom is linked to four carbon atoms and is
positioned near the surface of the carbon cage. DFT calcula-
tions have proved that the isomer in which the metal atom
replaces a C2 unit at a [6:6] ring junction of the fullerene
(C58M:66) is significantly more stable than the isomer in
which the metal replaces a C2 unit at a [6:5] ring junction
(C58M:65).[11]


The substitution of two C2 units or one C2 unit and one
carbon atom in C60 produces a very large number of re-
gioisomers, which complicates the theoretical analysis of
these dimetallic compounds. Herein, we report a detailed
DFT study of the factors that govern the relative stabilities
of the regioisomers of the C56Pt2 and C57Pt2 heterofullerenes.
Based on these results, a multivariate regression model al-
lowed a structure–energy relationship to be established. Fur-
thermore, we used this information to develop a predictive
model.


Computational Details


The calculations were carried out with the ADF2000 program using DFT
methods.[20] The local density approximation (LDA), characterized by the
electron-gas exchange, was used together with the Vosko–Wilk–Nusair[21]


(VWN) parametrisation for correlation. Gradients were corrected by
means of Becke[22] and Perdew[23] nonlocal corrections to the exchange
and correlation energy, respectively. Triple-z and polarisation Slater basis
sets were used to describe the valence electrons of the carbon and titani-
um atoms. A frozen core consisting of 1s and 1s,2p shells was described
by means of single Slater functions for the carbon and titanium atoms, re-
spectively. For platinum atoms, the inner electrons (from 1s to 4spd)
were considered frozen and were described by means of single Slater
functions, the 5s and 5p electrons by double-z Slater functions, 5d and 6s
electrons by triple-z functions and 6p electrons by a single orbital.[24] The
ZORA formalism with corrected core potentials was used to make qua-
sirelativistic corrections to the core electrons. The quasirelativistic frozen
core shells were generated with the auxiliary program DIRAC.[20] Open-
shell electronic configurations were computed by using unrestricted
methods. The Xaim program was used to investigate the topological
properties of the electronic charge density between metal atoms.[25] Parti-
al least-squares (PLS)[26] regression with full cross-validation was carried
out by using the Unscrambler 8.0 software package.[26c]


Results


Regioisomers of C57Pt2 : All the carbon atoms in C60 are
equivalent. As a result, the C59Pt heterofullerene exists as a
single isomer in which the metal center is tricoordinate. The
C57Pt2 heterofullerene may be viewed as a derivative of
C59Pt in which one of the C�C bonds has been substituted
by a second platinum atom. There are 43 different re-
gioisomers of C57Pt2. One of the platinum atoms in these re-
gioisomers is tricoordinate, while the other is tetracoordi-
nate. Owing to the high number of regioisomers it was nec-
essary to select the isomers to be computed. Figure 1 a
shows the Schlegel diagram of C60 with the systematic num-
bering system recommended by IUPAC.[27] We considered
first the series of regioisomers with Cs symmetry [C57Pt2:1–
7]. In these regioisomers, one platinum atom replaces the
C1 atom and the second platinum atom successively repla-
ces the C25�C26, C44�C45, C57�C58, C52�C60, C35�C36,
C16�C17, and C3�C4 bonds. These regioisomers are repre-
sented schematically by the Schlegel diagram in Figure 1b as
follows: the first platinum atom is represented by a black
dot and the position of the second by the position of the
isomer number. All the regioisomers of C57Pt2 are also tabu-


Abstract in Catalan: En aquest treball portem a terme una
cerca sistem�tica dels regiois�mers dels heteroful·lerens
C57Pt2 i C56Pt2 amb l’objectiu de trobar les estructures m�s es-
tables per cada estequiometria. Ambd�s heteroful·lerens in-
corporen dos metalls a l’estructura del C60. En el cas del
C57Pt2 un Pt substitueix un carboni i l’altre un enllaÅ C�C,
mentre que en el cas del C56Pt2, cadascun dels dos Pt substi-
tueix un enllaÅ C�C. S’han estudiat diversos factors geom�-
trics, per� nom�s tres tenen efectes importants sobre l’estabi-
litat relativa dels regiois�mers: la separaci� Pt�Pt, el nombre
d’enllaÅos C�C restants despr�s de la substituci� i el tipus
d’enllaÅ C�C substitu�t. No obstant, tots els factors apunten
que la deformaci� de l’estructura de la caixa carb�nica gover-
na l’estabilitat relativa dels regiois�mers. Degut al gran
nombre de factors que poden intervenir en l’estabilitat s’usen
t�cniques d’an�lisi multivariant de dades. Aix�, la regressi�
per m�nims quadrats parcials (PLS) facilit� i sistematitz� la
cerca de relacions entre l’estructura i l’estabilitat dels diferents
regiois�mers pels heteroful·lerens C56Pt2 i C57Pt2. L’entesa
dels factors que afecten l’estabilitat relativa d’aquests regiois�-
mers permet� la predicci� de l’estabilitat de regiois�mers
d’heteroful·lerens majors, com ara el C81Pt2.
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lated in Table S1 of the Supporting Information together
with the symmetry, the substituted C�C bond and the type
of C�C bond. Figure 2 shows a plot of the computed relative
energies of these regioisomers against the Pt�Pt separation
in each isomer. The squares in Figure 2 represent the set of
seven regioisomers with Cs symmetry; a dependence be-


tween the separation of the heteroatoms and the isomer sta-
bility is evident. Semiempirical studies on heterofullerenes
C60�nXn (X=N and B, n= 2–8)[12] and C70�nXn (X=N and B,
n= 2–10)[13] have also shown that the stabilities of the re-
gioisomers decrease as the distance between the hetero-
atoms increases.


In the second series of regioisomers, each of the C�C
bonds in the hemisphere in which the first substitution
occurs was replaced by a second platinum atom to give the
regioisomers [C57Pt2:8–22] (see Figure 1b). These regioisom-
ers have no symmetry elements. The assumption that substi-
tution of sites neighbouring the original substituted atom
yields stable structures is confirmed. The new regioisomers
[C57Pt2:8, 11, and 12] have the lowest relative energies. The
most stable regioisomer corresponds to the substitution of
the [6:6] C�C bond nearest to the previously substituted C1
atom (C6�C5), regioisomer [C57Pt2:11], whereas the next
two regioisomers, [C57Pt2:8 and 12], correspond to the sub-
stitution of [6:5] C�C bonds nearest to the previously substi-
tuted C1 atom, C8�C9 and C4�C5, respectively. All the re-
gioisomers of C57Pt2 are fully described in Table S1 in the
Supporting Information. The correlation between Pt�Pt sep-
aration and the relative energies of the regioisomers shown
in Figure 2 indicates that Pt�Pt separation is one of the
main factors that govern the stability of the different re-
gioisomers. However, there is no direct correlation between
the two variables. The relatively short Pt�Pt distances in the
three most stable regioisomers (2.708 � for [C57Pt2:11],
2.626 � for [C57Pt2:8] and 2.643 � for [C57Pt2:12], see
Figure 2) suggest the presence of some metal–metal interac-
tions (see the section Metal–metal coupling below).


Figure 3 shows two views of the optimized structure of re-
gioisomer [C57Pt2:11]. Like C59Pt, the tricoordinate platinum


Figure 1. Schlegel diagrams showing the numbering system for a) C60 and b) the regioisomers of C57Pt2. The small numbers represent the numbering of
C60. The tricoordinate platinum atom is indicated by the black dot. The larger bold numbers represent the position of the tetracoordinate platinum atom
and the regioisomer number. For instance, the regioisomer [C57Pt2:1] is constructed after the substitution of the C1 atom by the first metal atom and the
substitution of the C25�C26 bond by the second metal atom.


Figure 2. Relationship between Pt�Pt separation and the stability of the
different regioisomers of C57Pt2. The first series of regioisomers,
[C57Pt2:1–7], are represented by squared dots and the rest of the re-
gioisomers, [C57Pt2:8–22], by circles. All the regioisomers of the first
series are shown in the plot to determine the relationship between Pt�Pt
separation and isomer stability. [C57Pt2:11] is the most stable regioisomer
with a Pt�Pt distance of 2.708 � and the least stable is [C57Pt2:5] with a
distance of 7.998 � between the two metal atoms. The linear correlation
was performed by using the values for the regioisomers [C57Pt2:1–7]. The
Pt�Pt separations and the relative energies of all the regioisomers of
C57Pt2 are listed in Table 4.
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atom with Pt�C bond lengths of 1.956 � sticks out from the
fullerene surface. The tetracoordinate platinum atom has a
somewhat longer Pt�C distance (2.025 �) and is located
near the fullerene surface in the same way as in C58Pt. Het-
eroatoms such as nitrogen or boron, which replace a single
carbon atom, do not cause such a large deformation since
the B�C and N�C bond lengths[15] (1.54 � in C59B and
1.44 � in C59N) are more similar to the C�C bond lengths
(1.398 � for the [6:6] C�C bond and 1.453 � for the [6:5]
C�C bond) than are the Pt�C bond lengths. The position of
the tricoordinate platinum atom in the C57Pt2 heterofuller-
ene can be compared with the situation in C59M (M=Fe,
Co, Ni, Rh, Ir and Pt). The large deformation of the carbon
cage in regioisomer [C57Pt2:11] can be clearly seen in
Figure 3.


Regioisomers of C56Pt2 : We followed a similar strategy to
construct the regioisomers of C56Pt2. When two C2 units are
substituted by two metal atoms the number of possible re-
gioisomers is even larger than for the C57Pt2 heterofullerene.
Consequently, we began by exploring the dependence of the
isomer stability on the separation of the two tetracoordinate
platinum atoms. The first nine regioisomers [C56Pt2:1–9] in-
corporate both platinum atoms into the main symmetry
plane of C60. These nine structures can be formally separat-
ed into two subsets: in the first, one platinum replaces the
[6:6] C1�C9 bond and the second platinum atom successive-
ly replaces the C2 units at C3�C4, C16�C17, C35�C36, and
C52�C60 to produce regioisomers [C56Pt2:1–4]. In the
second subset, the first heteroatom replaces the [6:5] C3�C4
bond and the second metal atom successively substitutes the
C�C bonds in the symmetry plane (but not the previously
substituted sites) to form regioisomers [C56Pt2:5–9]. A sche-
matic representation of all these regioisomers is shown in
Figure 4 and they are fully described in Table S2 in the Sup-
porting Information. As in C57Pt2, there is no strict relation-
ship between Pt�Pt separation and isomer stability, although
in general the cluster is less stable when the two metal
atoms occupy opposite hemispheres of the fullerene. Since
the regioisomers are more stable when the two heteroatoms
of the fullerene are in the same hemisphere, those re-
gioisomers of C56Pt2 which have a Pt�Pt separation less than
5 � were constructed and computed. With this restriction,
12 additional structures, regioisomers [C56Pt2:10–21], corre-
sponding to substitutions of neighboring C2 units were creat-
ed, nine of which were nonsymmetric. The two most stable,
[C56Pt2:10 and 11], are separated by only 0.037 eV. Figure 5


Figure 3. Different views of the optimized structure of the most stable re-
gioisomer [C57Pt2:11].


Figure 4. Schlegel diagrams showing the numbering system for regioisomers of C56Pt2. The small numbers represent the numbering of C60. The first plati-
num atom is represented by the black dot. In a) the first platinum atom replaces the [6:6] C1�C9 bond whereas in b) the first platinum atom replaces
the [6:5] C3�C4 bond. The larger bold numbers represent the position of the second metal atom, with respect to the first one, and also the regioisomer
number. For instance, the regioisomer [C57Pt2:10] is constructed by substitution of the C1�C9 and C10�C26 bonds by two platinum atoms.
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shows the optimized structure of the most stable regioisom-
er, [C56Pt2:10].


Stability and electronic structure : At the level of theory
used in this work, the binding energy (BE) per atom of C60


is �7.36 eV. In general, the substitution of a carbon atom in
C60 by a metal atom is a highly endothermic process. The
substitution energy (SE) for this process is computed to be
6.20 eV and the BE per atom of C59Pt is reduced to
�7.25 eV. The SEs and BEs for mono- and diheterofuller-
enes are listed in Table S3 in the Supporting Information.
The SE is corrected by using the energy of the true atomic
ground state of the platinum and carbon atoms.[28] When the
metal atom replaces a [6:6] C2 bond to give C58Pt and C2,
the SE involved is 7.35 eV. A subsequent C2 substitution in
C58Pt to give the C56Pt2 diheterofullerene requires a similar
amount of energy, more than 6 eV. The analogous process
that converts C59Pt to C57Pt2 is less endothermic (4.88 eV).
Hence, in the disubstituted cluster the BE per atom is re-
duced to �7.16 and �7.19 eV for C56Pt2 and C57Pt2, respec-
tively. Semiempirical studies of boron and nitrogen hetero-
fullerenes of C60


[12] and C70,
[13] and DFT calculations on


C59M (M=Fe, Co, Ni, and Rh),[18] also confirm that when
the number of heteroatoms increases the stability is serious-
ly affected.


The ground states of the two most stable regioisomers,
[C56Pt2:10 and 11], are both singlets with relatively large
HOMO–LUMO gaps of approximately 0.5 eV. As in C59Pt
and C58Pt, the highest occupied orbitals of regioisomers
[C56Pt2:10] and [C57Pt2:11] are formally metal d orbitals.
However, in the disubstituted heterofullerenes, the metal d
orbitals are spread over several molecular orbitals. Specifi-
cally, in [C56Pt2:10] the contribution of the platinum d orbi-
tals is 26 % to the HOMO and 13 % to the LUMO. In
[C57Pt2:11], the metal contributions to the HOMO and
LUMO are 15 and 12 %, respectively. Ding et al.[18] de-
scribed these metal-related orbitals in C59M heterofullerenes
as defect levels in C60. This means that heterofullerene orbi-
tals can be seen as free C60 orbitals with a percentage contri-
bution from the metal atoms and, as a result, the electronic
structure depends on the incorporated metal atom. Never-
theless, it is interesting to note that the C-HOMO (the high-
est carbon-derived occupied orbital)–C-LUMO (the lowest
carbon-derived unoccupied orbital) gap changes very little


from one cluster to another and is very close to 1.65 eV, the
gap of pure C60. Similar behavior was observed for all the
regioisomers of these diheterofullerenes since the C-
HOMO–C-LUMO gap appears to be constant at ~1.6 eV.


Physical properties : Table 1 lists the ionisation potentials
(IPs) and the electron affinities (EAs) of C60, C59Pt, C58Pt,


[C56Pt2:10], and [C57Pt2:11] together with the corresponding
HOMO and LUMO energies. The computed IP and EA of
free C60 (7.56 eV and 2.89 eV, respectively) are in good
agreement with the experimental values (7.6 eV[29] and
2.7 eV[30]). In general, the incorporation of metal atoms into
the carbon cage results in a reduction in the IP and EA of
the cluster. For regioisomers [C56Pt2:10] and [C57Pt2:11], the
computed IPs are 7.04 and 6.78 eV, respectively, and the cor-
responding EA values are 3.64 and 3.44 eV. Therefore,
doping with platinum atoms enhances the redox properties
of C60. This observation has already been described for the
monosubstituted clusters C58Pt and C59Pt. However, the in-
corporation of new metal atoms into the fullerene skeleton
of the monoheterofullerenes has little effect on the physical
properties of the cluster. The same behavior was reported
for C60�nNn and C60�nBn heterofullerenes.[12]


Metal–metal coupling : The short metal–metal distances
found in the most stable regioisomers of C57Pt2 and C56Pt2


heterofullerenes suggest that significant metal–metal cou-
pling occurs. Pt�Pt bond lengths smaller than 2.6 � usually
occur in platinum complexes in which the metal atoms are
in low oxidation states. The mean Pt�Pt distance in the 53
examples held in the Cambridge Structural Database
(CSD)[31] in which the platinum atom is tetracoordinate or
tricoordinate with a 0 oxidation state is 2.643�0.045 �, and
the shortest distance is 2.554 �, which is found in the [Pt2(m-
OPPh2)(PMePh2)2] complex (Refcode JEMLOC[32]). The
Pt�Pt distances of the regioisomers considered here span a
wide range, from 2.626 to 8.358 � in C57Pt2 and from 2.683
to 7.750 � in the C56Pt2 heterofullerene. Pt�Pt coupling has
been investigated only in regioisomers with metal–metal dis-
tances shorter than 3 �. Molecular orbital (MO) analysis
does not allow conclusions about the nature of the metal–


Figure 5. Different views of the optimized structure of the most stable re-
gioisomer [C56Pt2:10].


Table 1. Computed ionisation potentials (IP), electron affinities (EA)
and HOMO and LUMO energies [all in eV] for several optimized heter-
ofullerenes.


Molecule Symmetry IP EA E(HOMO) E(LUMO) HOMO–
LUMO
gap


C60 Ih 7.56 2.89 �6.25 �4.59 1.66
C58Pt:66 C2v 7.37 3.67 �5.91 �5.37 0.54
C59Pt Cs 6.68 3.05 �5.38 �4.68 0.70
[C56Pt2:10] C1 7.04 3.64 �5.69 �5.20 0.49
[C57Pt2:11] C1 6.78 3.44 �5.53 �5.03 0.50
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metal interaction to be drawn because the d orbitals of plati-
num are spread across multiple MOs. The topological analy-
sis of the total charge density function has proved to be a
powerful tool in determining the bonding character of sever-
al kinds of bonds.[33,34] Our experience with transition-metal
compounds shows that the lack of a bond critical point
(bcp) linking two transition-metal atoms does not exclude
the existence of metal–metal interactions. For example, a
bcp was not detected between the titanium atoms in Ti8C12


although there is a clear metal–metal interaction.[35] On the
other hand, the presence of a bcp between two transition-
metal atoms is strong evidence for coupling. The bonding
and charge properties of these regioisomers and some
others are given in Table 2.


In C57Pt2, the platinum atoms in the three regioisomers
with the shortest Pt�Pt separation, [C57Pt2:8, 11 and 12] (see
Table 2), were linked by bcps. In these clusters, the presence
of a bcp coincides with platinum atoms with low coordina-
tion numbers. As seen in Figure 6, one of the metal atoms is
coordinated to three carbon atoms and the other to two
carbon atoms (coordination 3,2 in Figure 6). In all the other
regioisomers, the platinum atoms are coordinated to four
and three carbon atoms (coordination 4,3) and the result is
a lack of any metal–metal interaction. The presence of a
(3,+1) cycle critical point in the region between the two
metal atoms in [C57Pt2:7], a cluster with a relatively short
Pt�Pt distance of 2.905 �, denotes the presence of direct
metal–metal interactions. Mulliken net charges can also pro-


vide some clues about the metal–metal coupling. According
to the sum of the net charges on both metals, there are two
groups of heteroatoms: one group has a positive charge of
approximately +1.2e and corresponds to the metal atoms
for which a bcp was characterized. The metal atoms in the
other isomers have somewhat larger net charges, between
+1.5e and +1.6e. The low depopulation of the platinum or-
bitals in regioisomers [C57Pt2:8, 11 and 12] permits a concen-
tration of electron density in the intermetallic region, and
this also indicates that metal–metal interactions occur in
these clusters.


The situation in C56Pt2 is not so simple. C56Pt2 has 10 re-
gioisomers that have a Pt�Pt distance of less than 3 �. In
five of them, [C56Pt2:10–13 and 16], both of the platinum
atoms are surrounded by three carbon atoms (coordination
3,3 in Figure 6), whereas in the other structures the metal is
coordinated to four carbon atoms (coordination 4,4). The
presence of a direct Pt�Pt interaction is only expected in
the structures that have a 3,3 coordination. Indeed, bcp are
only characterized for isomers with this low coordination,
[C56Pt2:10, 11, 12 and 13] (Table 2). In all these structures,
the trends in the Mulliken charges are the same as those ob-
served for C57Pt2.


Discussion


Topological and structural factors that govern isomer stabili-
ty : The substitution of several carbon atoms in a fullerene
results in a high number of possible regioisomers and com-
putation of all of these becomes unrealistic as the size of the
fullerene increases. Therefore, it is necessary to know which
factors determine the isomer stability and to have some in-
formation about how to carry out a search for the most


Table 2. Parameters for determining the bonding character of the plati-
num–platinum bond.


Isomer
number


Pt�Pt[a]


[�]
Bond
critical
point


No. of
Pt�C
bonds[b]


Sum of
net Mulliken
charges for both
Pt atoms [e]


C57Pt2


8 2.626 (3,�1) 2,3 1.168
12 2.643 (3,�1) 2,3 1.132
11 2.708 (3,�1) 2,3 1.189
7 2.905 (3,1) 3,4 1.608
9 3.171 (3,1) 3,4 1.564
3 7.408 – 3,4 1.588
C56Pt2


1 2.683 (3,1) 4,4 1.583
16 2.683 [c] 3,3 1.301
5 2.700 (3,1) 4,4 1.583
13 2.714 (3,�1) 3,3 1.240
10 2.739 (3,�1) 3,3 1.249
11 2.836 (3,�1) 3,3 1.162
12 2.847 (3,�1) 3,3 1.124
18 2.856 (3,1) 4,4 1.514
14 2.863 (3,1) 4,4 1.469
15 2.866 (3,1) 4,4 1.526
3 7.071 – 4,4 1.654


[a] Pt�Pt separation. [b] Number of Pt�C bonds with a distance shorter
than 2.212 �. In the regioisomers of C57Pt2, the first number refers to the
tricoordinate platinum atom and the second number to the tetracoordi-
nate atom. In the regioisomers of C56Pt2, both platinum atoms are tetra-
coordinate. [c] No critical point was localized in regioisomer [C56Pt2:16],
but a (3,�1) bcp is expected.


Figure 6. Schematic representation of the coordination of platinum atoms
in the regioisomers of C57Pt2 and C56Pt2 in which the platinum�platinum
distance is less than 3 �. a) One platinum atom surrounded by three
carbon atoms and the other by two (3,2 coordination), corresponding to
regioisomers [C57Pt2:8, 11, and 12], b) 4,3 coordination corresponding to
regioisomers [C57Pt2:7 and 9], c) 3,3 coordination corresponding to re-
gioisomers [C56Pt2:10–13] and d) 4,4 coordination corresponding to re-
gioisomers [C56Pt2:1, 5, 14, 15 and 18].
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stable structures in any substituted fullerene. Kurita and co-
workers[36] have already pointed out that the electronic
properties of C58X2 (X=B and N) largely depend on the rel-
ative positions of the heteroatoms in the heterofullerenes.
Furthermore, Chen et al. have presented a systematic search
in which the most stable isomer of C58X2 was found by using
semiempirical methods.[37] If we know a priori where to look
for the most stable structures of heterofullerenes, we will be
able to save a huge amount of the computational effort in-
volved in predicting electronic properties.


The most important factors that affect the stability of
C57Pt2 and C56Pt2 are listed in Table 3 and Table 4, respec-
tively. We classified these as topological and structural fac-
tors. The topological factors are those which provide constit-
utive information about each regioisomer and can be deter-
mined or estimated a priori without any calculation: the Pt�
Pt separation,[38] the number of C�C bonds,[39] the type of
substituted C�C bond[40] and the number of heterorings.[41]


The structural factors characterise the geometry of each re-
gioisomer in detail and can be determined once the geome-
try of the molecules is fully known. The structural factors
considered here are the cage radius,[42] average bond lengths
(Pt�C, [6:6] C�C and [6:5] C�C) and one geometric param-
eter of aromaticity, the harmonic oscillator model of aroma-
ticity (HOMA).[43,44,45]


Structure–energy relationship : In fact, none of the nine fac-
tors by itself can satisfactorily explain the order of the rela-
tive energy or the groups of regioisomers observed accord-
ing to their structure–energy relationship. Hence we decided
to investigate the simultaneous (multivariate) relationship of
the nine factors and the relative energy by using partial
least-squares (PLS) regression analysis. This multivariate
data analysis technique, which has become very popular in
chemometrics in recent years,[46] can be used to search for
combinations of the topological/structural factors (x varia-
bles) that best explain the relative energy (y variable). Each
combination is called a latent variable (LV). The first latent
variable (LV1) describes the largest part of the x variables
that have the highest correlation with the relative energy.
The second latent variable (LV2) describes the largest part
of the variability left over by LV1, and so on. Hence, by con-
sidering only the first few latent variables we can study
trends between the nine original factors/x variables and the
relative energy without being blurred by the redundancy of
the data.


An exploratory analysis using PLS regression was first ap-
plied to the data in Table 3.[47] Figure 7 shows the two-di-
mensional biplot (LV1 versus LV2) for the regioisomers of
C57Pt2. The plot shows 60 % of the original x data which are
correlated to 95 % of the y data. This means that 40 % of


Table 3. Geometric factors affecting the stabilities of regioisomers of C57Pt2.


Isomer Relative Topological factors Structural factors
number energy Pt�Pt no. C�C


bonds
C�C bond
type


no. hetero-
rings


cage
radius


Pt�C [6:6]
C�C


[6:5]
C�C


HOMA[a]


C60 – 90 – – 3.551 – 1.398 1.453 0.274
C59Pt – 87 – 3 3.580 1.982 1.400 1.452 0.268
C58Pt 0.000 – 85 [6:6] 4 3.562 2.034 1.403 1.451 0.279


0.630 – 85 [6:5] 4 3.569 2.031 1.400 1.453 0.240
11 0.000 2.708 83 [6:6] 5 3.587 1.997 1.400 1.451 0.279


8 0.237 2.626 83 [6:5] 5 3.592 1.999 1.400 1.452 0.263
12 0.426 2.643 83 [6:5] 5 3.592 2.007 1.399 1.452 0.259


9 0.692 3.171 82 [6:6] 6 3.591 2.028 1.400 1.451 0.285
13 1.368 3.289 82 [6:6] 7 3.598 2.030 1.403 1.451 0.313
17 1.531 4.806 82 [6:6] 7 3.593 2.025 1.401 1.450 0.287
18 1.562 4.809 82 [6:6] 7 3.590 2.020 1.403 1.450 0.304


10 1.696 3.280 82 [6:5] 6 3.595 2.020 1.399 1.452 0.265
7 1.708 2.905 82 [6:5] 7 3.595 2.005 1.401 1.452 0.237
1 1.787 4.493 82 [6:5] 7 3.596 2.024 1.399 1.452 0.263
15 1.808 3.792 82 [6:5] 6 3.606 2.034 1.398 1.452 0.271
14 1.866 3.376 82 [6:5] 6 3.602 2.024 1.401 1.451 0.283
16 1.917 3.327 82 [6:5] 6 3.605 2.022 1.402 1.451 0.276


2 2.126 5.566 82 [6:6] 7 3.590 2.012 1.405 1.450 0.276
6 2.230 6.614 82 [6:6] 7 3.590 2.012 1.404 1.449 0.284
4 2.456 8.358 82 [6:6] 7 3.591 2.011 1.405 1.451 0.273


19 2.303 4.903 82 [6:5] 7 3.598 2.021 1.399 1.450 0.269
21 2.624 4.837 82 [6:5] 7 3.599 2.019 1.404 1.451 0.271
20 2.765 4.762 82 [6:5] 7 3.598 2.015 1.401 1.452 0.257
22 2.912 5.193 82 [6:5] 7 3.600 2.010 1.403 1.452 0.241
3 3.014 7.408 82 [6:5] 7 3.599 2.012 1.402 1.452 0.238
5 3.094 7.998 82 [6:5] 7 3.599 2.012 1.402 1.452 0.243


[a] Taking into account only C�C bonds. For these bonds, HOMA was calculated with a=257.7 and Ropt =1.388 according to reference [43].
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the x data is not relevant for describing the relative energy.
Each regioisomer is indicated by a dot. Its position depends


on the values of the x variables. Two regioisomers are close
to each other when the values of their original x variables


are similar. Their separation is
large when the values of their x
variables are very different.
Each x variable is indicated by
an arrow, which points in the
direction of increasing values of
that variable.


By considering the re-
gioisomers and original varia-
bles together, we can visually
find similarities and differences
between the regioisomers and
study what variables are re-
sponsible for such interdepen-
dencies, thus obtaining chemi-
cal/structural information. The
relative-energy arrow points in
the direction of LV1 positive
values (abscissa axis). Hence,
LV1 can be used to determine
the stabilities of the regioisom-
ers, which decrease from left to
right: [C57Pt2:8, 11 and 12], on
the far left, are the most stable
and [C57Pt2:3, 5 and 22], on the
far right, are the least stable.
By considering the arrows of


Table 4. Geometric factors affecting the stabilities of regioisomers of C56Pt2.


Isomer Relative Topological factors Structural factors
number energy Pt�Pt no. C�C


bonds
C�C bond
type


no. hetero-
rings


cage
radius


Pt�C [6:6]
C�C


[6:5]
C�C


HOMA[a]


10 0.000 2.739 81 [6:6]/[6:5] 4 3.575 2.042 1.401 1.451 0.287
11 0.037 2.836 81 [6:6]/[6:6] 4 3.568 2.046 1.401 1.450 0.310


13 0.200 2.714 81 [6:5]/[6:5] 4 3.583 2.041 1.400 1.452 0.278
16 0.789 2.683 81 [6:5]/[6:5] 4 3.573 2.010 1.399 1.453 0.230
12 1.083 2.847 81 [6:5]/[6:5] 4 3.581 2.032 1.400 1.452 0.288


5 0.123 2.700 80 [6:6]/[6:5] 6 3.573 2.042 1.403 1.451 0.296
1 0.911 2.683 80 [6:6]/[6:5] 6 3.578 2.058 1.402 1.451 0.298
2 0.943 5.488 80 [6:6]/[6:6] 8 3.571 2.038 1.405 1.449 0.310
17 1.048 3.429 80 [6:6]/[6:6] 6 3.582 2.054 1.403 1.449 0.304
14 1.123 2.863 80 [6:5]/[6:6] 6 3.582 2.074 1.399 1.449 0.318
4 1.267 7.750 80 [6:6]/[6:6] 8 3.575 2.038 1.408 1.451 0.281


15 1.584 2.866 80 [6:5]/[6:5] 6 3.587 2.066 1.400 1.451 0.300
18 1.589 2.856 80 [6:5]/[6:5] 6 3.587 2.068 1.400 1.451 0.294


3 1.776 7.071 80 [6:6]/[6:5] 8 3.581 2.036 1.406 1.453 0.247
8 1.887 7.290 80 [6:5]/[6:6] 8 3.581 2.036 1.405 1.452 0.241


6 2.152 5.395 80 [6:5]/[6:5] 8 3.582 2.038 1.401 1.452 0.238
19 2.156 3.667 80 [6:5]/[6:5] 6 3.594 2.051 1.401 1.452 0.243
21 2.271 3.664 80 [6:5]/[6:5] 6 3.579 2.050 1.401 1.453 0.231
9 2.399 5.959 80 [6:5]/[6:5] 8 3.584 2.034 1.401 1.453 0.214
7 2.481 7.729 80 [6:5]/[6:5] 8 3.590 2.033 1.402 1.454 0.205
20 2.723 4.135 80 [6:5]/[6:5] 6 3.598 2.059 1.400 1.451 0.268


[a] Taking into account only C�C bonds. For these bonds, HOMA was calculated with a=257.7 and Ropt =1.388 according to reference [43].


Figure 7. Biplot for the regioisomers of C57Pt2 obtained after PLS regression on the nine factors affecting the
stability of the regioisomers. Dots represent regioisomers and arrows represent factors. The plot shows 60% of
the x data, which are correlated to 95% of the y data.
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the x variables that are most parallel to LV1, we note that
the stability is mainly characterized by the combined effect
of a short Pt�Pt separation, a small number of heterorings
and a large number of retained C�C bonds. Regioisomers
[C57Pt2:8, 11, and 12] have 83 C�C bonds, five heterorings
and the shortest Pt�Pt separation. The regioisomers with
fewer C�C bonds, a longer Pt�Pt separation and more het-
erorings are on the right. The other six variables contribute
to the stability to a smaller extent. HOMA, C�C bond type
and [6:5] C�C bond lengths are responsible for the position
of the regioisomers at the top and bottom of the plot. As we
move down-left, the regioisomers have higher HOMA
values and [6:6] C�C substitution and a low [6:5] C�C dis-
tance. The combined effect of these three factors also makes
the regioisomers more stable. For example, regioisomer
[C57Pt2:11] is down-left relative to regioisomers [C57Pt2:8
and 12], which have smaller HOMA values, less [6:5] C�C
bond substitution and larger [6:5] C�C distances. The same
trend can also be observed with regioisomers [C57Pt2:9, 13,
17, and 18] relative to [C57Pt2:1, 7, 10, 14, 15, and 16], and
regioisomers [C57Pt2:2, 4 and 6] relative to [C57Pt2:3, 5, 19,
20, 21, and 22]. An important conclusion can be drawn form
this which will be studied later: the removal of [6:6] C�C
bonds has less effect on the aromaticity of the cage than the
removal of [6:5] C�C bonds. As far the cage radius, Pt�C
distance and [6:6] C�C bond lengths are concerned, high
values increase the instability of the regioisomers. This is to
be expected for the cage radius since a high value indicates
greater distortion.


The regression coefficients of the PLS model (Table 5)
give a quantitative measure of the relative importance of
each x variable in defining the stability of the regioisomers.


A positive sign indicates that an increase in the value of the
x variable increases the relative energy. A negative sign indi-
cates the opposite effect. The sign agrees with the trends ob-
served in the biplot. Based on the magnitude of these coeffi-
cients we can distinguish three groups. The largest regres-
sion coefficients correspond to those of the topological fac-
tors: Pt�Pt separation, the number of heterorings and the
number of retained C�C bonds. The Pt�C and [6:5] C�C
bond lengths are the two least important factors and the rest
of the factors have an intermediate impact on the relative
stability decreasing in the order: cage radius > HOMA >


[6:6] C�C bond lengths. This result is quite significant since
it suggests that the topological factors by themselves can
provide an estimate of the relative energies of the re-
gioisomers of C57Pt2. In fact we can judge the ability of the
PLS model to predict the relative energy from the average
error of the predictions. This value is given by the root-
mean-squared error of prediction (RMSEP) calculated by
cross-validation.[46] The model calculated with the nine x var-
iables has a RMSEP of 0.233 eV, whereas the model calcu-
lated by considering only the four topological factors has a
RMSEP of 0.288 eV. This result suggests that consideration
of the remaining factors only slightly improves the predic-
tion. In both cases, an average error of 0.233 or 0.288 eV is
low enough relative to the range of relative energies (0–
3.094 eV) to enable trends to be observed just from the pre-
dictions made using the geometric parameters of the mole-
cule. A visual inspection of the quality of the prediction is
shown in the plot of DFT-calculated relative energies versus
PLS-predicted relative energies given in the Supporting In-
formation (Figure S1).


The PLS analysis was also applied to the data for C56Pt2


in Table 4.[48] The trends observed in the structure–energy
relationship are similar to those seen for the regioisomers of
C57Pt2 although the difference between topological and
structural factors is not so marked and the prediction of the
relative stabilities for the regioisomers of C56Pt2 is less accu-
rate (the PLS model of two latent variables yields a RMSEP
of 0.379 eV). The numbers of C�C bonds and heterorings
still have a significant impact on the relative energy but, in
this case, the Pt�Pt distance has less impact on the stability
while the cage radius and HOMA have a strong correlation
with the stability of the heterofullerenes, see Table 5. We
also realize that the Pt�C, [6:6] C�C and [6:5] C�C bond
lengths have an ambiguous and weak correlation with the
stability of the heterofullerenes and thus these factors are
not important for describing the stability of heterofullerenes.
This trend was also found in the analysis of C57Pt2.


Stability of the carbon skeleton is the principal factor that
determines isomer stability : Without a doubt, the PLS tech-
nique has enabled us to determine structure–energy rela-
tionships and it has proved to be valid for analysing multi-
variate data. Apart from the stabilisation produced by the
weak metal coupling detected in some regioisomers, the fac-
tors that dominate the structure–energy relationship are
practically independent of the metal. In fact, the relative
energy seems to be a measure of the distortion of the cage
skeleton from the free equilibrium geometry produced by
the inclusion of the two metal atoms. So the Pt�Pt separa-
tion, the number of C�C bonds, the type of substituted C�C
bond, the number of heterorings, cage radius, the different
bond lengths and the HOMA index are closely related and
interdependent simply because they are all indirect meas-
urements of this distortion. To confirm that the relative en-
ergies of the various regioisomers are independent of the in-
corporated metal atom, first we changed the number of elec-
trons in several of the regioisomers of C56Pt2, performing


Table 5. Regression coefficients of the PLS model considering two latent
variables.


Factor C57Pt2 C56Pt2


topological Pt�Pt 0.258 0.150
no. C�C bonds �0.218 �0.247
C�C bond type �0.134 �0.183
no. heterorings 0.258 0.201


astructural cage radius 0.179 0.307
Pt�C 0.024 0.106


[6:6] C�C 0.152 �0.055
[6:5] C�C 0.023 0.104
HOMA �0.159 �0.200
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calculations on the cationic, [C56Pt2]
+ , and anionic, [C56Pt2]


�


species (see Table 6). The regioisomers selected for the test
are some of the most symmetric regioisomers from the


groups with high, [C56Pt2:10 and 11], intermediate, [C56Pt2: 2
and 4], and low, [C56Pt2:6, 7, and 9], stability. In the cations,
the positive charge is basically localized in both platinum
atoms rather than in the carbon framework: for instance,
the sum of the Mulliken net charge on both platinum atoms
in [C56Pt2:10] was computed to be 1.249e and 1.333e in the
corresponding cation. Despite the repulsion between the
charges, the relative stabilities of the various regioisomers
does not change (see Table 6). In the anion, all the addition-
al charge is spread over the carbon framework and the rela-
tive energies of the regioisomers follows the same trend as
shown by the neutral platinum analogue. Second, the incor-
poration of a different metal atom such as titanium was also
tested; the order of the relative energy of the regioisomers
was unchanged but their relative energies were higher. A ti-
tanium atom behaves like a platinum atom in the C56Pt2 het-
erofullerene because the computed Ti�C bond length is
very similar to the Pt�C bond length in C56M2 heterofuller-
enes (2.098 � versus 2.042 � for [C56M2:10]). Finally, single
point calculations were carried out by extracting platinum
atoms from the optimized C56Pt2 structures. In this case we
analyze the effect of a hole on the stability of the rest of the
carbon skeleton. Determination of the electronic state of
fullerenes with holes is not easy because of the presence of
dangling bonds. The lowest electronic state of holed C58 full-
erene formed from C60 by removal of a [6:6] C�C bond is a
triplet but when two C2 units are removed to form C56 the
singlet competes with the triplet for the most stable elec-
tronic state, which is governed by the type of hole produced
in C60. As can be seen in Table 6, the order of the relative
energies of the regioisomers follows the same trend as that
shown by the regioisomers of C56Pt2, which confirms the
general idea that the most important factor that governs the
relative energies is the destabilisation of the carbon cage
produced by the incorporation of a metal atom into the free
carbon framework.


Prediction of the isomer stability of the C81Pt2 heterofuller-
ene, a doped fullerene from the D2d-(C84:23) fullerene : In
the previous sections, we have combined quantum chemistry


(DFT) and chemometrics (PLS regression) to analyse and
understand the stabilities of the computed regioisomers of
C57Pt2 and C56Pt2. The low prediction error of 0.288 eV ob-
tained for the PLS model of C57Pt2 calculated by using only
topological factors encouraged us to go further. Since the
four topological factors can be estimated a priori, we used
PLS regression analysis to predict the trends in the stability
of noncomputed structures of the same heterofullerenes or
of larger clusters.


In larger fullerenes the complexity may be enormous.
Consider for example C84. This fullerene has 24 IPR isomers
of which isomer 23 with D2d symmetry has one of the lowest
energies, similar to that of isomer 22 with D2 symmetry.[49]


In this section, we will show that we can use data from the
heterofullerenes of C60 to determine the relative stabilities
of other carbon cages. In particular, we have analysed the
substitution of a C2 unit and a carbon atom in the D2d-
(C84:23) isomer.[50] The resulting C81Pt2 heterofullerene con-
tains a tetracoordinate and tricoordinate platinum atom
which is similar to the situation in C57Pt2. Pyramidalisation
angles[51,52] and bond lengths of all the different C�C bonds


Table 6. Relative energies for different clusters.


Isomer
number


Relative energy [eV]


C56Pt2 [C56Pt2]
+ [C56Pt2]


� C56Ti2 C56


10 0.00 0.00 0.00 0.00 0.00
11 0.04 �0.09 0.15 0.57 �1.06
2 0.94 1.07 0.75 1.06 2.27
4 1.27 1.27 1.04 1.40 2.58
6 2.15 2.27 2.17 2.35 4.07
9 2.40 2.38 2.57 2.58 4.14
7 2.48 2.59 2.58 3.08 4.25


Figure 8. Schlegel diagram showing the numbering system for D2d


[C84:23] fullerene (from ref. [50]) and regioisomers of C81Pt2. The small
numbers represent the numbering of C84. The tricoordinate heteroatom,
which substitutes the C5 atom, is situated at the black dot. The larger
bold numbers represent the position of the tetracoordinate heteroatom
substituting the C�C bond and also the regioisomer number. For in-
stance, the regioisomer [C81Pt2:1] is constructed after the substitution of
the C5 atom by the first heteroatom and the substitution of the C2�C3
bond by the second heteroatom.
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of D2d-(C84:23) are tabulated in Table S4 in the Supporting
Information. Eighteen hypothetical regioisomers of C81Pt2


were built in which the tricoordinate heteroatom substitutes
the most pyramidalized carbon atom (C5, qp =10.988). The
second heteroatom substitutes all C�C bonds through the
C5�C6 symmetry plane, regioisomers [C81Pt2:1--9], and all
the C�C bonds which would result in Pt�Pt separations of
less than 3 �, regioisomers [C81Pt2:10--18] (see Table 7 and
Figure 8).


The values of the four factors used in the prediction are
shown in Table 7. Since the geometries of the regioisomers
of C81Pt2 were not optimized, the Pt�Pt separation was esti-
mated from the free C60 and C84 structures: the tricoordinate
heteroatom was placed 0.8 � above the fullerene surface
(like in C59Pt) and the tetracoordinate heteroatom in the
middle of the substituted C�C bond. Also, for C84, the sub-
stituted C�C bond lengths were used instead of the type of
C�C bond as a result of the higher variability in the bond
lengths of this higher fullerene compared with C60. Because
of the different range of values of the factors for C57Pt2 and
C81Pt2 we could not use the previously calculated regression
model. Hence, a PLS model was calculated again by using
the data for C57Pt2 with different preprocessing.[53]


The predicted relative energies are listed in Table 7. Their
reliability was tested by comparing the predictions for repre-
sentative regioisomers [C81Pt2:2, 4, 9, 10 and 18] with the rel-
ative energies calculated from the fully optimized DFT geo-
metries. Reliable relative energies were predicted by PLS
analysis except for [C81Pt2:4] which has a longer Pt�Pt sepa-


ration and is an extrapolation
of the C57Pt2 PLS model. The
mean difference between the
calculated and predicted values
for the first three calculated re-
gioisomers was 0.375 eV, which
is close to the prediction error
expected for this model
(0.283 eV), so we can consider
the PLS predictions to be a
good indication of the trends in
the relative energies to be ex-
pected for regioisomers of
C81Pt2. All the predictions are
consistent with the knowledge
acquired about the C56Pt2 and
C57Pt2 heterofullerenes. Re-
gioisomers [C81Pt2:18, 14, 17,
12, 15, and 11] appear to be the
most stable regioisomers of
C81Pt2 because of short Pt�Pt
distances, high numbers of re-
tained C�C bonds and fewer
heterorings in their structures.
As for C57Pt2 the most stable
substitutions are those that
least distort the carbon frame-
work of the D2d–(C84:23) fuller-


ene. It is quite probable that the isomer [C81Pt2:18] is not
the most stable of all the possible structures with formula
C81Pt2 but this analysis shows that the present computational
approach, DFT combined with PLS, is a powerful tool that
may help in the study of multiple substitutions in a carbon
cage.


Conclusions


When two platinum atoms replace two C2 units, or one C2


unit and one carbon atom in C60, a priori, multiple isomers
are possible. DFT calculations carried out on a high number
of regioisomers of C57Pt2 and C56Pt2 clearly show that in the
most stable structures the metal atoms occupy neighboring
positions. Metal substitution produces deformation of the
carbon framework and partial destruction of the fullerene
aromaticity. This is the key factor determining the stability
of these disubstituted clusters. Indeed, it is much easier to
make a big hole that permits the incorporation of two plati-
num atoms in the carbon cage than two smaller holes on op-
posite hemispheres of the fullerene. The structures that have
two neighbouring platinum atoms retain the greatest
number of C�C bonds; this aspect is another important
factor determining the stability of the cluster. In addition,
clusters with short Pt�Pt contacts may contain weak metal–
metal interactions, which also increase the stability of the
cluster but are not a fundamental element of stability. This
behavior is clearly different from that found in exohedral


Table 7. Prediction by PLS analysis of the isomer stability of C81Pt2, a doped heterofullerene from isomer D2d


[C84:23].[a]


Isomer
number


Substituted
C�C bonds[b]


Predicted
relative
energy[c]


Calculated
relative
energy


Pt�Pt[d] no. C�C
bonds


C�C
bond
length


no. hetero-
rings


18 C20�C21 0.000 0.000 2.280 119 1.416 5
14 C3�C4 0.041 2.298 119 1.419 5
17 C19�C20 0.117 2.164 119 1.428 5
12 C1�C6 0.162 2.192 119 1.431 5
15 C4�C18 0.317 2.130 119 1.445 5
11 C6�C7 0.434 2.200 119 1.453 5
10 C7�C22 1.127 0.583 2.952 118 1.416 6
13 C1�C2 1.165 2.959 118 1.419 6
16 C18�C19 1.368 2.556 118 1.444 6
8 C42�C43 1.665 5.371 118 1.375 7
1 C2�C3 1.693 3.008 118 1.461 6
9 C21�C22 1.771 1.935 2.975 118 1.468 6
3 C32�C53 2.254 7.653 118 1.375 7
6 C79�C80 2.629 8.731 118 1.377 7
2 C13�C14 2.667 2.250 5.401 118 1.456 7
7 C63�C64 3.305 7.304 118 1.468 7
4 C71�C72 3.554 2.473 8.839 118 1.456 7
5 C82�C83 3.670 9.051 118 1.461 7


[a] The first platinum atom replaces the most pyramidalized carbon atom (C5, qp =10.988) and thus it is tri-
coordinate. The second platinum atom substitutes a C2 unit and is consequently the tetracoordinate one.
Hence the C81Pt2 heterofullerene shares the same topology as C57Pt2. [b] The substituted C�C bond. See
Figure 8 for the numbering system of D2d [C84:23]. [c] Predicted by using the PLS regression model for the
four topological factors of C57Pt2. [d] Non-optimized Pt�Pt separation. The tricoordinate platinum atom is lo-
cated 0.80 � above the fullerene surface as platinum is in C59Pt, whereas the tetracoordinate platinum atom is
in the middle of the substituted C�C bond.
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metallofullerenes such as [(h2-C60){Pt(PH3)2}2] in which the
double-metal addition occurs at opposite ends of the fuller-
ene.[54]


In our opinion, the significance of these results extends
beyond the particular cases of the C57Pt2 and C56Pt2 re-
gioisomers; we believe that the conclusions drawn from this
work can be extended to any transition-metal heterofuller-
ene derivative. Calculations performed on the ionic species
of the platinum derivatives and on some titanium homo-
logues confirm the hypothesis that disubstituted C60 fuller-
enes should contain heteroatoms at adjacent sites. For larger
fullerenes such as C70, the behavior should be similar al-
though in this case the curvature of the fullerene could also
be important, as previously shown in monosubstituted spe-
cies. Partial least-squares (PLS) regression analysis was used
to analyse the interdependencies of all the factors that
govern the stability of these clusters. We conclude that no
factor by itself is capable of explaining the relative stabilities
of the regioisomers but the combination of topological fac-
tors such as Pt�Pt separation, the number of C�C bonds,
the type of C�C bond substitution and the number of hetero-
rings are sufficient to identify satisfactorily the general
trends of relative stability. Although curvature and an in-
crease in the size of the cage can affect isomer stability, we
have been able to predict the trends in the relative energies
of the regioisomers of C81Pt2, a doped fullerene derived
from the free D2d-(C84:23) fullerene, through a PLS regres-
sion model calculated by using the data for the analogous
C57Pt2.
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Introduction


Can we turn Group 12 of the periodic table into a true tran-
sition-metal group in which the valence d orbitals are in-


volved in bonding? Mainly due to relativistic effects, this be-
comes most likely for the heaviest group member, mercury[1]


(and even more so for eka-mercury, element 112[2]). Indeed,
the possible existence of mercury in higher oxidation states
than + ii has fascinated both experimental and theoretical
chemists for years. In 1976 Deming et al.[3] reported the
spectroscopic characterization of an electrochemically gen-
erated, short-lived [HgIII(cyclam)]3+ species, which unfortu-
nately has never been confirmed to date.[4] Based on that
report, Jørgensen[5] speculated about the possible existence
of HgIV as HgF4. In analogy with the experimentally known
higher stability of 5d8 AuIII versus 5d9 AuII species, the 5d8


HgIV oxidation state should be more stable than 5d9 HgIII.
The first quantum-chemical study of this problem,[1,6]


using coupled-cluster methods, predicted square-planar D4h


HgF4 to be thermochemically stable in the gas phase with
respect to the principal decomposition pathway HgF4!
HgF2 +F2. It was shown[1] that this stability is mainly due to


Abstract: While the thermochemical
stability of gas-phase HgF4 against F2


elimination was predicted by accurate
quantum chemical calculations more
than a decade ago, experimental verifi-
cation of “truly transition-metal”
mercury(iv) chemistry is still lacking.
This work uses detailed density func-
tional calculations to explore alterna-
tive species that might provide access
to condensed-phase HgIV chemistry.
The structures and thermochemical sta-
bilities of complexes HgIVX4 and
HgIVF2X2 (X�=AlF4


� , Al2F7
� , AsF6


� ,
SbF6


� , As2F11
� , Sb2F11


� , OSeF5
� ,


OTeF5
�) have been assessed and are


compared with each other, with smaller
gas-phase HgX4 complexes, and with
known related noble gas compounds.


Most species eliminate F2 exothermi-
cally, with energies ranging from only
about �60 kJ mol�1 to appreciable
�180 kJ mol�1. The lower stability of
these species compared to gas-phase
HgF4 is due to relatively high coordina-
tion numbers of six in the resulting
HgII complexes that stabilize the elimi-
nation products. Complexes with AsF6


ligands appear more promising than
their SbF6 analogues, due to differen-
tial aggregation effects in the HgII and
HgIV states. HgF2X2 complexes with


X�=OSeF5
� or OTeF5


� exhibit endo-
thermic fluorine elimination and rela-
tively weak interactions in the HgII


products. However, elimination of the
peroxidic (OEF5)2 coupling products of
these ligands provides an alternative
exothermic elimination pathway with
energies between �120 and
�130 kJ mol�1. While all of the com-
plexes investigated here thus have one
exothermic decomposition channel,
there is indirect evidence that the reac-
tions should exhibit nonnegligible acti-
vation barriers. A number of possible
synthetic pathways towards the most
interesting condensed-phase HgIV


target complexes are proposed.
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relativistic destabilization of the HgII species[7] (see also ref-
erence [8] for the analogous destabilization of AuI halides).
Subsequent high-level calculations confirmed the positive
reaction energy of F2 elimination, whereas HgCl4 was found
to be thermochemically unstable with respect to Cl2 elimina-
tion.[9,10] The gas-phase hydride species HgIVH4 and HgVIH6


were computed to be appreciably endothermic but to have
modest barriers for H2 elimination.[10, 11]


In spite of its computed favorable gas-phase thermochem-
istry, HgF4 has not yet been confirmed experimentally. Mo-
lecular-beam experiments with fluorine and mercury are not
attractive to experimentalists, and matrix-isolation spectro-
scopy has not yet produced evidence for HgF4 either.[12] In
the condensed bulk phase, elimination of F2 is strongly fa-
vored by the much higher aggregation energy of solid HgF2


in its ionic, high-coordinate fluorite structure compared to
aggregation of more covalent square-planar HgF4.


[1] While
we consider the matrix-isolation route towards HgF4 to still
be insufficiently investigated, it is appropriate at this point
to explore alternative HgIV targets that might offer easier
experimental access.


As the major obstacle to condensed-phase HgIV chemistry
is the energy gain of the corresponding HgII compounds by
aggregation, it seems natural to consider ligands that will
not allow high-coordinate HgII aggregation. One option is to
use certain oxidation-stable macrocyclic ligands, on which
we will report elsewhere.[13] The other viable option involves
weakly coordinating anions, several of which are well known
to stabilize high oxidation states as well as unusual and oth-
erwise unstable cations.[14,15] In weakly coordinating anions
(WCA), the negative charge is typically delocalized over
several centers, and the nucleophilicity of individual con-
necting ligand atoms is thus low. The idea is that aggrega-
tion of HgII complexes existing in superacid environments
that produce WCAs should be considerably less pronounced
than that of HgF2 itself.


Here we explore by quantum-chemical methods the struc-
tures and thermochemical stabilities of HgIV complexes with
a variety of WCAs. The aim is to identify appropriate tar-
gets for experimental access. We investigate in particular
HgX4 as well as cis- and trans-HgF2X2 complexes, where X�


is one of the following WCAs: AlF4
� , AsF6


� , SbF6
� , the di-


nuclear anions Al2F7
� , As2F11


� , Sb2F11
� , and the pentafluor-


ooxotellurate and -selenate anions OEF5
� (E=Te, Se). For


comparison, a number of noble gas compounds are also in-
vestigated.


Computational Details


Previous quantum chemical studies on the stability of HgIV


have involved mainly high-level coupled-cluster ab initio
calculations.[1,6, 9] These computationally demanding post-
Hartree–Fock methods are currently not applicable to sys-
tems of the size envisioned here. We thus resort to density
functional theory (DFT). To provide a sound methodologi-
cal basis for our exploration, we recently calibrated different


DFT methods in detail against accurate coupled-cluster data
for the smaller complexes HgX4 (X= F, Cl, H).[10] In the ab-
sence of experimental data, this theory-against-theory com-
parison has enabled us to identify exchange-correlation
functionals and basis sets that are expected to faithfully re-
produce the structures and stabilities of HgIV complexes.
While the structural parameters of HgIV complexes were
best reproduced by the local SVWN and hybrid BHandH-
LYP functionals, the thermochemistry was best described by
hybrid functionals such as B3LYP, B1LYP, and MPW1PW91
that incorporate about 20 % Hartree–Fock exchange.[10]


Here we use the popular B3LYP functional[16,17] (implemen-
tation as in the Gaussian program package,[18] as requested
by the keyword b3-lyp Gaussian in the Turbomole program
suite[19] used in this study). The comparison in Table 1[10]


shows that B3LYP with the basis used in the present work
(see below) provides only slightly more endothermic elimi-
nation energies than the much more involved CCSD(T) cal-
culations. Similar results were noted for decomposition reac-
tions of high oxidation state compounds in the neighboring
Group 11.[20] Note that basis-set convergence for the cou-
pled-cluster results is slower than for DFT, and even larger
basis sets than those employed in reference [10] will proba-
bly bring the CCSD(T) energetics even closer to the B3LYP
data.


We use a pseudopotential/basis set combination based on
that labeled basis-B in reference [10]. This basis set was
found to provide excellent structures and energetics. In par-
ticular, it exhibited very small basis-set superposition errors
in DFT calculations (cf. Table 1). A quasirelativistic small-
core 20-valence-electron pseudopotential[21] (effective core
potential, ECP) was used for Hg, with a (8s8p7d2f)/
[6s6p4d2f] valence basis set including two uncontracted f
functions with exponents a= 1.5, 0.5. Quasirelativistic large-
core ECPs were used for Al, As, Sb, Se, and Te.[22] The
(4s4p)/[2s2p] valence basis sets[22] for Al, As, and Sb were
augmented by one polarization d function (see refer-


Table 1. Comparison of DFT and coupled-cluster elimination, fragmenta-
tion and atomization energies [kJ mol�1] for small HgX4 and HgX2 (X=


F, Cl, H) complexes.[a]


System B3LYP[b] CCSD(T)


HgF4!HgF2 +F2 +44.0 (+36.3) + 34.0 (+22.7)[c]


HgCl4!HgCl2 +Cl2 �133.1 (�134.2) �156.4 (�165.5)[c]


HgH4!HgH2 +H2 �195.5 (�199.4) �181.4 (�195.6)[b]


HgF4!Hg+4 F +779.7 (+761.4) +719.8 (+693.0)[c]


HgCl4!Hg+4Cl +530.4 (+521.2) +522.8 (+501.6)[c]


HgH4!Hg+4H +651.6 (+644.1) +648.4 (+619.8)[b]


HgF2!Hg+2 F +583.6 (+574.1) +528.1 (+515.1)[b]


HgCl2!Hg+2Cl +461.1 (+454.1) +442.0 (+431.6)[b]


HgH2!Hg+2H +387.2 (+383.7) +373.0 (+358.7)[b]


HgF4!HgF2 +2F +196.0 (+187.2) +191.6 (+179.1)[c]


HgCl4!HgCl2 +2Cl +69.4 (+63.9) + 80.8 (+78.8)[c]


HgH4!HgH2 +2H +295.6 (+264.9) +275.4 (+261.2)[b]


[a] See reference [10]. B3LYP/basis-B and CCSD(T)/basis-A results.
[b] Results with CP corrections in parentheses. [c] Results with CCSD/
basis-A CP corrections in parentheses.
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ence [23] for Al and reference [24] for the other atoms) to
arrive at basis sets of DZP valence quality. For Se and Te,
(4s5p)/[2s3p] valence basis sets[22] were augmented by one
diffuse s function (obtained by dividing the smallest s expo-
nent in the 4s set by a factor of three) and one d function,[24]


resulting in a DZ+ P-quality (5s5p1d)/[3s3p1d] valence
basis. In comparative calculations on noble gas compounds,
quasirelativistic 8-valence-electron ECPs and (6s6p3d1f)/
[4s4p3d1f] valence basis sets were used for Xe and Kr.[25]


Fluorine and oxygen were treated at the all-electron level
by using Dunning�s DZP basis augmented by a diffuse sp
set[26] (DZ+ P) to give a (10s6p1d)/[5s3p1d] basis. While the
valence basis sets on Al, As, Sb, Se, and Te are of slightly
lower quality than those for the other atoms, the basis-set
incompleteness errors for these “inner” atoms are expected
to cancel for the reaction energies studied here. Our previ-
ous experience[10] (see Table 1) suggests that the basis sets
used exhibit small basis-set superposition errors at the DFT
level. Energies will thus be reported without counterpoise
(CP) corrections.


All calculations were done with Turbomole 5.6.[19] Structures
were fully optimized without symmetry restrictions. Except
for a few of the largest systems (complexes of E2F11 ligands
and dimers of Hg(OTeF5)2 and Hg(OTeF5)4), for which this
turned out to be computationally too demanding, minima
on the potential energy surface were characterized by har-
monic vibrational frequency analyses using numerical
second derivatives based on energies and analytical gradi-
ents. We provide relative energies without zero-point vibra-
tional corrections, as these do not alter the thermochemistry
significantly.[10] Spin–orbit effects were also previously found
to be almost negligible for the elimination reactions.[1] Car-
tesian coordinates of optimized structures and computed vi-
brational frequencies are available as Supporting Informa-
tion (Tables S1, S2). Natural population analyses (NPA)[27]


were performed with a standalone version of the NBO4.M
program,[28] interfaced to Turbomole in our group.[29]


Choice of Ligands


Basically, the idea of using WCAs is equivalent to creating
an environment of the metal in the condensed phase that is
as close as possible to the gas-phase situation.[14] In particu-
lar, we want to avoid high coordination numbers of the HgII


elimination products. Our choice of WCAs was based on
1) their known abilities to stabilize high oxidation states,
2) their experimental availability, and 3) a reasonably mod-
erate size to allow calculation of the complexes at an appro-
priate theoretical level.


AlF4
� was chosen as a very small WCA which is expected


to provide less stabilization than the larger ligands. It serves
mainly for comparison purposes. During the optimizations
we saw in some cases formation of the dinuclear Al2F7


ligand and therefore include a few complexes of this anion
as well. AsF6


� and SbF6
� are WCAs that are well known to


stabilize unusual cations and high oxidation states, including
noble gas species.[14, 15] These anions are furthermore known
to condense exothermically to the dinuclear anions Sb2F11


�


and As2F11
� ,[30] which are supposed to be even more weakly


coordinating, as their negative charge is even more delocal-
ized (the trinuclear [Sb3F16]


� and tetranuclear [Sb4F21]
� ions


are also known[30]), and we included them for comparison.
Furthermore, it was interesting to compare Sb2F11


� with
As2F11


� , as the latter tends to be less stable relative to the
corresponding mononuclear ligand EF6


� .
The very potent WCAs [E(OTeF5)6]


� (E=As, Sb, Bi,
Nb)[14,15, 31] were too large for our purposes, given our availa-
ble computational resources. However, the experimentally
known pentafluorooxotellurate (“teflate”) anion OTeF5


�


and its selenium homologue OSeF5
� appeared to be promis-


ing ligands. They are often discussed as “bulky fluoride ana-
logues” and are well known to stabilize high oxidation
states[31] and unusual cations.[15,31] Their group electronega-
tivities are thought to be comparable to that of fluorine, and
they are unlikely to favor high coordination numbers in the
HgII product complexes.[31] These OEF5


� ligands are also un-
likely to favor elimination reactions by condensing to larger
units, and they are stable to fluoride abstraction.[15]


In the following section we report structures of the HgX4


and cis- and trans-HgF2X2 complexes and of their HgII elimi-
nation products, their thermochemical stabilities, and a brief
analysis of interrelations between bonding and stability.


Results


Structures


X�=AlF4
� , Al2F7


� : The computed structures of cis- and
trans-HgF2[AlF4]2 exhibit the expected square-planar pri-
mary coordination of low-spin 5d8 HgIV, with slightly shorter
Hg�F(F) than Hg�F(AlF4) distances (Figure 1 b,c). In con-
trast, the coordination is distorted for Hg[AlF4]4, with devia-
tions from planarity and unequal primary Hg�F distances
(Figure 1 a). The primary coordination is in all three cases
augmented by one weaker axial fluorine contact from each
AlF4 ligand (for Hg[AlF4]4 the primary distances are some-
what longer and the secondary distances shorter than for
the other two species). The optimized structures exhibit C1


symmetry for Hg[AlF4]4, C2 symmetry for cis-HgF2[AlF4]2,
and D2h symmetry for trans-HgF2[AlF4]2. During one struc-
ture optimization of the cis isomer, an AlF3 unit was trans-
ferred from one of the coordinated AlF4 ligands to the other
to form a coordinated Al2F7 ligand. The resulting C1-sym-
metrical HgF3[Al2F7] has one weak axial contact from a flu-
orine atom of the Al2F7 ligand in form of a six-membered
chelate ring (Figure 1 d). This complex is about 62.3 kJ mol�1


more stable than cis-HgF2[AlF4]2, which in turn is
5.4 kJ mol�1 more stable than its trans isomer. The con-
densed binuclear ligand thus appears to provide an energy
sink in these systems. This led us to consider also HgF2-
[Al2F7]2. In the optimized, nonsymmetric structure (Fig-


Chem. Eur. J. 2005, 11, 2743 – 2755 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2745


FULL PAPERStability of HgIV Compounds



www.chemeurj.org





ure 1 e), each [Al2F7]
� ligand coordinates to two equatorial


positions in a compressed octahedron, and the terminal
fluoro ligands occupy the axial positions.


Possible elimination products for these systems include
the HgII complex Hg(AlF4)2, which exhibits D2d symmetry
and tetrahedral mercury coordination due to bidentate bind-
ing of both ligands (Figure 2 a). The most stable structure
found for Hg(Al2F7)2 (C2 symmetry) exhibits a bidentate
chelate binding mode of the dinuclear ligand and also tetra-
hedral coordination of Hg (Figure 2 b).


X�=EF6
� (E=As, Sb): Figure 3 shows square-planar pri-


mary coordination to mercury in all HgIV complexes, aug-
mented by two further, weaker axial contacts (four in the
case of Hg(SbF6)4; Figure 3 b). Primary Hg�F distances to
the EF6 ligands tend to be in the 1.95–1.96 � range, shorter
than the 2.05–2.06 � for AlF4 ligands (cf. Figure 1) but
slightly longer than the distances to fluoride. In contrast, the
secondary contacts range from 2.59 to 2.77 �, considerably
longer than the 2.38–2.39 � of the aluminum systems. This
indicates a lower tendency towards bidentate bonding.


In all bound octahedral EF6 ligands, the E�F bond to the
coordinating fluorine atom is lengthened substantially com-


pared to the other bonds in the ligand, and the equatorial
fluorine atoms are bent towards the fluorine atom that coor-
dinates to mercury. This indicates substantial weakening of


Figure 1. Optimized structures for HgIV complexes with AlF4 or Al2F7 li-
gands: a) Hg(AlF4)4; b) cis-HgF2(AlF4)2; c) trans-HgF2(AlF4)2; d) HgF3-
(Al2F7); e) HgF2(Al2F7)2.


Figure 2. Optimized structures for HgII complexes with AlF4 or Al2F7 li-
gands: a) Hg(AlF4)2; b) Hg(Al2F7)2; c) HgF(Al2F7).


Figure 3. Optimized structures for HgIV complexes with AsF6 or SbF6 li-
gands. a) Hg(AsF6)4; b) Hg(SbF6)4; c) cis-HgF2(AsF6)2; d) trans-HgF2-
(AsF6)2; e) cis-HgF2(SbF6)2; f) trans-HgF2(SbF6)2.
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the metal-coordinated E�F bond in all cases (as a conse-
quence, the E�F bond in the trans position is shortened).
Indeed, optimization of Hg(AsF6)4 led to dissociation of two
AsF5 molecules from two AsF6 ligands in cis position, lead-
ing to cis-HgF2(AsF6)2 with two loosely attached AsF5 mole-
cules (Figure 3 a, cf. the very similar structural parameters of
free cis-HgF2(AsF6)2, Figure 3 c). This seems to be a relative-
ly general observation for the arsenium-based systems (see
below). In contrast, all four SbF6 ligands stay intact in Hg-
(SbF6)4 (Figure 3 b; the structure has C2 symmetry), but the
F�Sb bond of the coordinated fluorine is lengthened sub-
stantially.


The greater resistance of the SbF6 ligands towards loss of
SbF5 (see below for the associated energetics) may also be
discerned in the other cases from the somewhat less pro-
nounced lengthening of the E�F bonds involved in metal
coordination (see Figure 3 c versus 3 e for trans-HgF2(EF6)2


and Figure 3 d versus 3 f for the cis complexes). In general,
equatorial E�F bonds involved in secondary coordination to
mercury are lengthened more moderately, as one might
expect. Owing to the less pronounced extension of the E�F
bond to the coordinated fluorine atom in the HgF2(EF6)2


systems compared to Hg(EF6)4, we can consider the AsF6 li-
gands to still be intact in these complexes (Figure 3 c,d). The
cis isomers of HgF2(AsF6)2 and HgF2(SbF6)2 are more stable
than the trans isomers by about 4 and about 10 kJ mol�1, re-
spectively. This may be interpreted as a slightly larger trans
influence of free fluoride compared to EF6


� .
In view of the discussion in the introduction regarding ag-


gregation of the HgII elimination products, the structures of
the Hg(EF6)2 complexes are of particular interest. As shown
in Figure 4, these both exhibit almost regular octahedral co-
ordination to mercury (the complexes have D3d symmetry),
whereby three fluorine atoms on one face of each EF6 unit
bind to the metal in a tridentate fashion. While the comput-
ed Hg�F distances are significantly longer than that of a full
single bond (ca. 2.0 �), the relatively high coordination
number is notable (see below). The E�F bond lengths of the
coordinated fluorine atoms are significantly elongated, but
much less so than the single coordinating E�F bond in the
HgIV complexes (cf. Figure 3). The AsF6 ligand is much less
distorted than in the HgIV case. Together, these observations
indicate three moderate Hg�F bonding interactions to each
ligand.


X�=E2F11
� (E= As, Sb): Optimized structures of HgIV com-


plexes with the dinuclear E2F11 ligands are shown in
Figure 5. Optimization of Hg(As2F11)4 leads to dissociation
of AsF5 from all four ligands to form a system best de-
scribed as Hg(AsF6)4·4 AsF5 (Figure 5 a; cf. the structure of
Hg(AsF6)4 in Figure 3 a), or maybe even as HgF4·8 AsF5. We
were not able to locate a stable minimum for Hg(Sb2F11)4.
In one optimization, spontaneous reductive elimination of
F2 occurred with formation of Hg(Sb2F11)2 + 2 SbF5. In an-
other optimization, Sb2F10 was extruded with formation of
HgF(Sb2F11)3 (Figure 5 b). This does not necessarily mean
that Hg(Sb2F11)4 does not exist, but the size of the system
prevented us from more extensive searches for a minimum
structure. In any case it seems that there is not much gain in
stability on going from the SbF6 to the Sb2F11 ligand, or
from HgF2(Sb2F11)2 to Hg(Sb2F11)4 (see below).


Minima were found for the HgF2[E2F11]2 complexes. The
structures also differ appreciably between E= As and E=


Figure 4. Optimized structures for HgII complexes with AsF6 or SbF6 li-
gands: a) Hg(AsF6)2; b) Hg(SbF6)2.


Figure 5. Optimized structures for HgIV complexes with As2F11 or Sb2F11


ligands: a) HgF4·8 AsF5; b) HgF(Sb2F11)3; c) cis-HgF2(AsF6)2·2AsF5;
d) trans-HgF2(AsF6)2·2AsF5; e) cis-HgF2(Sb2F11)2; f) trans-HgF2(Sb2F11)2.
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Sb (Figure 5 c–f). In the case of E= As, again two AsF5 units
dissociate and are only loosely connected to the remaining
AsF6 ligand, so that both cis and trans complexes essentially
become HgF2(AsF6)2·2 AsF5 (Figure 5 c,e), similar to the
result of structure optimization of Hg[AsF6]4 (see above),
and with the same stoichiometric composition. In contrast to
the latter case, where the AsF5 units are closest to metal-
bound fluoride (cf. Figure 3 a), here they are bound very
weakly to an axial fluorine atom of the AsF6 ligand (trans to
mercury). While the two structures are also minima, the
binding is slightly less favorable in the latter case, and the
cis complex in Figure 5 c is about 8 kJ mol�1 less stable than
the arrangement in Figure 3 a. The trans complex (Fig-
ure 5 e) is a further 4 kJ mol�1 less stable. For HgF2[Sb2F11]2,
the cis isomer is also about 8 kJ mol�1 more stable than the
trans isomer (see also above). Here the dinuclear ligands
remain intact (but with unsymmetrical F-E-F bridges), and
the Sb2F11 ligands bend around to allow secondary contacts
to mercury by the “remote” SbF5 groups (this appears to be
preferable to bidentate bonding from fluorine atoms attach-
ed to the same Sb center, as found for the SbF6 complexes;
cf. Figure 3). The somewhat unsymmetrical bridges are simi-
lar to those found in the solid state or, for example, in ab
initio molecular dynamics studies on liquid SbF5 or HF·SbF5


solutions.[32]


The HgII products of reductive F2 elimination, Hg(E2F11)2,
have Ci symmetry (Figure 6). As for the complexes Hg-
(EF6)2 above, the coordination of mercury is distorted octa-


hedral. However, now only two of the three bonding con-
tacts of each ligand derive from one chelate-bonded EF6


unit, whereas the second EF5 unit bends around to provide
a third, slightly shorter contact in a chelating fashion (six-
membered ring). Notably, the As2F11 ligands remain intact
in this case, in contrast to the HgIV species in Figure 5 (Sb-
F-Sb bridges in the Sb2F11 ligands are also somewhat more
symmetrical than in the HgIV case).


X�=OEF5
� (E=Se, Te): The optimizations produce struc-


tures of relatively high symmetry (D2d) for Hg(OEF5)4 (Fig-
ure 7 a, b). The trans-HgF2(OEF5)2 complexes exhibit C2h


symmetry (Figure 7 d, f), and the cis complexes C2 symmetry


(Figure 7 c,e). As expected,[31] the OEF5 ligands coordinate
primarily through their oxygen atom (Hg�O 2.01–2.04 �)
and thus form square-planar HgO4- or HgF2O2-type primary
coordination. Secondary interactions again involve one
equatorial fluorine atom of each ligand. Distances of these
secondary interactions tend to be between 2.74 and 2.88 �,
longer than in the previously discussed systems (similar
weak axial secondary M···F contacts were found by X-ray
crystallography in dimeric square-planar Au(OTeF5)3


[33]).
The Hg-O-E angles are similar in all complexes, close to
118.08. This is smaller than the typical values of about 125–
1358 found for other coordinated OEF5 anions[15,31] but simi-
lar to the values found for [Au(OTeF5)3]2,


[33] consistent with
the presence of secondary M···F contacts. The computed D2d


structure for Hg(OTeF5)4 is similar to the experimentally de-
termined X-ray structure of Xe(OTeF5)4,


[34] except for a few
details: 1) the secondary axial Xe···F contacts are much
longer (ca. 3.2 �, Xe-O-Te angles are ca. 1308) than the op-
timized Hg···F contacts; 2) the orientation of the OTeF5 li-
gands in Xe(OTeF5)4 was found to be up-up-down-down


Figure 6. Optimized structures for HgII complexes with As2F11 or Sb2F11


ligands: a) Hg(As2F11)2; b) Hg(Sb2F11)2.


Figure 7. Optimized structures for HgIV complexes with OEF5 ligands:
a) Hg(OTeF5)4; b) Hg(OSeF5)4; c) cis-HgF2(OTeF5)2; d) trans-HgF2-
(OTeF5)2; e) cis-HgF2(OSeF5)2; f) trans-HgF2(OSeF5)2.
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(C2h), in contrast to the more intuitive up-down-up-down al-
ternating structure favored for the mercury complex (cf. Fig-
ure 7 a). The latter point appears to be due to packing ef-
fects in the solid for the xenon compound.[34] Our optimiza-
tions of Xe(OTeF5)4 (see Table S1 in Supporting Informa-
tion for optimized coordinates) favor the alternating D2d ar-
rangement over the nonalternating C2h one by about
10 kJ mol�1.


The somewhat longer primary Hg�F bonds in the cis-
compared to the trans-HgF2(OEF5)2 complexes reflect a
slightly larger trans influence of the OEF5 ligand compared
to fluoride (whereas the Hg�O distances are somewhat
longer in the trans complexes). The cis isomer of HgF2-
(OTeF5)2 is slightly (ca. 6 kJ mol�1) more stable than the
trans complex, in contrast to the other systems discussed
above. The trans isomer of the OSeF5 complex is favored
marginally (by ca. 1.1 kJ mol�1). These results confirm that
electronegativity and trans influence of the OEF5 anions are
similar to those of the fluoride ion[31] (but see below for dif-
ferences). This makes these ligands particularly attractive.


In contrast to the EF6 ligands, the angles in the OEF5 li-
gands are all close to ideal octahedral, as is well known for
the coordinated ligand[31] (in the free anions, the O-E-Feq


angles tend to be closer to 958[35]). A slight lengthening of
E�F distances for equatorial fluorine atoms involved in sec-
ondary coordination to mercury is again apparent (see
above). The other equatorial E�F bond lengths are similar
to that of the axial bond trans to oxygen. This reflects a re-
duction of the trans influence of the oxygen atom within the
ligand, due to its involvement in bonding to mercury. Struc-
tures of the OSeF5 and OTeF5 complexes are very similar,
apart from the naturally shorter E�F and E�O bonds in the
selenium systems. Dimensions within the ligands agree well
with those of known structures.[15, 31]


Computed structures for the C2h-symmetrical HgII com-
plexes obtained after F2 elimination are shown in Figure 8.
Notably, the coordination of mercury is not sixfold as with


EF6 or E2F11 ligands, but effectively fourfold: two primary
bonds from the oxygen atoms of the two OEF5 ligands are
supplemented by substantially weaker secondary bonds
from equatorial fluorine atoms of the ligands (the two sec-
ondary bonds are oriented mutually trans and thus render
the overall metal coordination planar). Notably, the primary
bond is slightly shorter for E=Te, whereas the secondary


contact is appreciably longer. Interestingly, the secondary
HgII···F interactions have distances that do not differ much
from those seen in the HgIV complexes (cf. Figure 7).


The other primary products of X2 elimination from HgX4


or of F2 elimination from HgF2X2 are the peroxidic dimers
(OEF5)2, shown in Figure 9. They exhibit C2 symmetry with


an E-O-O-E dihedral angle of 118.58, similar to the parent
compound hydrogen peroxide. The O�O bond is somewhat
shorter for the selenium system. The O�O distances in both
systems are shorter than the computed O�O bond length of
H2O2 at the same level (1.453 �). Experimental O�O bond
lengths are 1.45�4 and 1.48�0.01 � for F5TeOOTeF5


[36]


and H2O2,
[37] respectively. It has been argued that the O�O


bonds in the F5EO�OEF5 derivatives are made particularly
strong by the electron-withdrawing nature of the EF5 sub-
stituents.[31] However, as we will show below, this is not the
case.


Thermochemical stability of HgIV versus HgII complexes


The most important decomposition channels towards which
the HgIV complexes may be unstable are 1) elimination of
F2, and 2) elimination of X2 (where possible). Elimination of
FX was not explicitly considered, as the energies of this re-
action are expected to be intermediate between those of the
other two routes. We thus investigated energies of the reac-
tions HgF2X2!HgX2 +F2 and HgF2X2!HgF2 + X2. The
latter pathway is only viable for X=OEF5 (E=Se, Te), as
the X2 elimination products are unfavorable in the other
cases. Elimination of F2 may in some cases be followed in
principle by subsequent reactions, for example, Hg(EF6)2!
HgF2 +2 EF5 (E= As, Sb). As these reactions are relevant to
the overall competitiveness of a given set of ligands, we also
consider them. For the HgX4 complexes, the reaction
HgX4!HgX2 +X2 is expected to be competitive only for
OEF5 ligands. In all other cases, F2 elimination with ligand
fragmentation is expected to be the dominant decomposi-
tion channel, for example, as Hg(EF6)4!Hg(EF6)2 +


(EF5)2 + F2 (E=As, Sb).


X�=AlF4
� , Al2F7


� : As shown in Table 2, Hg(AlF4)4 is
rather unfavorable thermochemically. In addition to exo-


Figure 8. Optimized structures for HgII complexes with OEF5 ligands:
a) Hg(OSeF5)2; b) Hg(OTeF5)2.


Figure 9. Optimized structures for peroxide species (OTeF5)2 and
(OSeF5)2: a) (OTeF5)2; b) (OSeF5)2.


Chem. Eur. J. 2005, 11, 2743 – 2755 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2749


FULL PAPERStability of HgIV Compounds



www.chemeurj.org





thermic F2 elimination accompanied by ligand fragmenta-
tion, an even more exothermic channel involves attachment
of intermediately formed AlF3 entities to the initial elimina-
tion product Hg(AlF4)2 to form the more stable Hg(Al2F7)2.
We have not identified such extremely exothermic decom-
position pathways for the HgF2(AlF4)2 isomers. Interestingly,
the rearrangement product HgF3(Al2F7) is about 60–
70 kJ mol�1 more stable than the latter complexes (see
above and Figure 1). However, it appears an unlikely species
to be formed in a superacidic condensed-phase environment.
HgF2(Al2F7)2 also decomposes exothermically.


X�=EF6
� (M=As, Sb): Table 3 summarizes reaction ener-


gies for the Hg(EF6)4 and HgF2(EF6)2 complexes. While all
species are again thermochemically unstable towards elimi-
nation of F2, the reaction energies are in the range from
�60 to �120 kJ mol�1. The more favorable cases are thus
less endothermic than the AlF4 or Al2F7 complexes. The cis-
HgF2(EF6)2 complexes are marginally more stable than their


trans isomers (see above). Interestingly, the AsF6 complexes
tend to be less endothermic than their SbF6 analogues, in
spite of the ready removal of AsF5 from AsF6 ligands bound
to HgIV. This has to do with the fact that the strongly endo-
thermic fragmentation of the Hg(EF6)2 elimination product
into HgF2 and EF5 is energetically much more costly for E=


Sb than for E=As. Indeed, the less favorable thermochem-
istry relative to gas-phase HgF4 may also be viewed as a
consequence of the stronger binding of EF5 in the HgII spe-
cies compared to the HgIV complexes. As this differential
effect (Table 3) is more pronounced with SbF6 ligands, the
HgIV complexes with AsF6 ligands exhibit a more favorable
thermochemistry. This becomes even more pronounced
when we consider that SbF5 has a much larger tendency to
aggregate than AsF5 (cf. dimerization energies for EF5 in
Table 3). Indeed, SbF5 is an oil at room temperature (m.p.
8.3 8C, b.p. 141 8C), with polymeric zigzag chains of cis-inter-
linked octahedra.[30] It forms tetramers in the solid-state. In
the gas phase at 252 8C, dimers dominate.[30] Already when
we take into account the dimerization energy of SbF5 in
computing the elimination energies (values in parentheses
in Table 3), the HgIV complexes with SbF6 ligands become
still more unfavorable. Many of them are probably not com-
petitive in the condensed phase.


In contrast, AsF5 shows little tendency to aggregate. At
the B3LYP level, As2F10 is unbound. This may arise from a
poor description of dispersion interactions by the DFT
method used. MP2 calculations provide larger binding ener-
gies for both As2F10 and Sb2F10 (cf. Table 3) but confirm that
the aggregation energy of AsF5 is indeed very small. At
room temperature, AsF5 is a monomeric gas (m.p. �79.8 8C,
b.p. �52.8 8C).[30] This lack of aggregation is favorable for
the stability of the HgIV complexes with AsF6 ligands. While
AsF5 is split off relatively easily from the HgIV complexes,
and less so for Hg(AsF6)2, the associated differential energy
effect is less pronounced than for SbF6 ligands (Table 3).
Moreover, there is little extra energetic penalty provided by
aggregation of the elimination products. This makes com-
plexes like HgF2(AsF6)2 or Hg(AsF6)4 good candidates for
mercury(iv) chemistry.


X�=E2F11
� (E=As, Sb): The trends discussed for the EF6


ligands become even more pronounced for the dinuclear
E2F11 ligands (Table 4). We did not find a stable minimum
for Hg(Sb2F11)4, and Hg(As2F11)4 is essentially HgF4 with
only loosely connected AsF5 units (cf. Figure 5 a). The ready
extrusion of AsF5 from As2F11 ligands bound to HgIV is ap-
parent (Table 4). Table 4 also contains data for the free
E2F11 anions. Together, these data indicate that the energy
cost of removing an AsF5 ligand from an As2F11 unit is
about +20–25 kJ mol�1 when the ligand is bound to HgIV,
about + 55–60 kJ mol�1 in HgII(As2F11)2, and about
+78 kJ mol�1 in the free anion. The corresponding values
for Sb2F11 ligands are about +107, about +167, and about
+130 kJ mol�1, respectively (Table 4). This indicates on the
one hand that the antimony systems are held together more
tightly, consistent with the higher Lewis acidity of SbF5 com-


Table 2. Computed reaction energies [kJ mol�1] for complexes with AlF4


and Al2F7 ligands.


Reaction Structure DE


Hg(AlF4)4!Hg(AlF4)2 + (AlF3)2 +F2 �180.5
Hg(AlF4)4!Hg(Al2F7)2 +F2 �307.0
HgF2(AlF4)2!Hg(AlF4)2 +F2 trans �106.3
HgF2(AlF4)2!Hg(AlF4)2 +F2 cis �100.9
HgF2(AlF4)2!HgF(Al2F7) +F2 trans �93.4
HgF2(AlF4)2!HgF(Al2F7) +F2 cis �88.0
HgF3(Al2F7)!HgF(Al2F7) +F2 �25.6
HgF3(Al2F7)!Hg(AlF4)2 +F2 �38.5
HgF2(Al2F7)2!Hg(Al2F7)2 +F2 �126.0
Hg(AlF4)2!HgF2 + (AlF3)2 +129.2
Hg(Al2F7)2!HgF2 +2 (AlF3)2 +255.7
HgF(Al2F7)!HgF2 + (AlF3)2 +116.3
(AlF3)2!2 AlF3 +188.7


Table 3. Computed reaction energies [kJ mol�1] for complexes with EF6


ligands (E=As, Sb).


Reaction Structure DE


Hg(AsF6)4!Hg(AsF6)2 +2 AsF5 +F2 �61.4[a]


Hg(SbF6)4!Hg(SbF6)2 +2 SbF5 +F2 �85.9 (�160.9)[b]


HgF2(AsF6)2!Hg(AsF6)2 +F2 cis �76.1
trans �76.8


HgF2(SbF6)2!Hg(SbF6)2 +F2 cis �110.5
trans �120.0


Hg(AsF6)4!HgF4 +4 AsF5 + 44.0[a]


Hg(SbF6)4!HgF4 +4 SbF5 +115.5 (�34.5)[b]


HgF2(AsF6)2!HgF4 +2 AsF5 cis + 29.3
trans + 25.2


HgF2(SbF6)2!HgF4 +2SbF5 cis + 91.5 (+16.5)[b]


trans + 82.0 (+6.0)[b]


Hg(AsF6)2!HgF2 +2 AsF5 +150.6
Hg(SbF6)2!HgF2 +2 SbF5 +247.2 (+172.2)[b]


As2F10!2AsF5 �19.6[c]


Sb2F10!2SbF5 + 75.0[c]


[a] See HgF2(AsF6)2·2AsF5-type structure for Hg(AsF6)4 in Figure 3 a.
[b] Values in parentheses obtained after taking into account dimerization
of SbF5. [c] MP2 values are +13.2 kJ mol�1 and +109.9 kJ mol�1 for
As2F10 and Sb2F10, respectively.
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pared to AsF5
[14] (cf. also dimerization energies of EF5 in


Table 3). Indeed, the As2F11 unit is less well known and char-
acterized than its Sb analogue.[38] On the other hand, differ-
ential binding effects within the E2F11 ligands will particular-
ly favor the HgII complexes and thus disfavor the HgIV com-
plexes (Table 4). This has to do with the more ionic bonding
in the HgII compared to the HgIV complexes, which gives
rise to less destabilization of the trans E�F bonds in the co-
ordinated ligands (see bonding analysis below).


As EF5 units are thus bound much more loosely in Hg-
(E2F11)4 or HgF2(E2F11)2 than in Hg(E2F11)2 (cf. Figures 5
and 6), aggregation of the ligands to multinuclear entities
shifts the F2 elimination reactions to the HgII side and is
thus actually unfavorable for the stability of the HgIV com-
plexes. However, the additional exothermicity is only about
�20 and about �30 kJ mol�1 for Hg(As2F11)4 and HgF2-
(As2F11)2, respectively (Tables 3 and 4). In contrast, fluorine
elimination from HgF2(Sb2F11)2 is about 60 kJ mol�1 more
exothermic than from HgF2(SbF6)2 (Tables 3 and 4), consis-
tent with the above discussion of more pronounced differen-
tial aggregation effects for the antimony species. Once we
consider also aggregation of formed SbF5 (see above), the
HgIV complexes with Sb2F11 ligands exhibit rather unfavora-
ble thermochemistry. In contrast, the As2F11 complexes are
only marginally less favorable than their respective AsF6 an-
alogues, and not much further energy penalty from aggrega-
tion of AsF5 must be paid.


X�=OEF5
� (E= Se, Te): Of the systems studied in this


work, the complexes HgF2(OEF5)2 (E= Se, Te) are the only
ones that are thermochemically stable towards elimination
of F2. The reaction energies (Table 5) are about + 15–
20 kJ mol�1, not far below the + 44 kJ mol�1 computed previ-


ously at the same theoretical level for the gas-phase reaction
HgF4!HgF2 + F2


[10] (cf. Table 1). This is consistent with the
similar trans influence of OEF5 and fluorine ligands.[31]


However, the OEF5 complexes have another pathway of
elimination, namely, HgF2(OEF5)2!HgF2 + (OEF5)2 and
Hg(OEF5)4!Hg(OEF5)2 + (OEF5)2, respectively (see
above). Reaction energies for the former reaction range
from about �100 to about �110 kJ mol�1 (without aggrega-
tion of HgF2), and those for the latter reaction are between
about �120 and about �130 kJ mol�1. One might expect,[31]


that this is due to the relatively strong O�O bonds in the
peroxides F5EOOEF5 compared to the weaker F�F bond in
F2.


[39,40] However, the peroxide O�O bonds are only about
15–20 kJ mol�1 more stable than the F�F bond (Table 5).
This is clearly not enough to explain the much more facile
elimination of X2 compared to F2. Notably, the O�O bonds
in the substituted peroxides (OEF5)2 are actually 30–
40 kJ mol�1 weaker than in parent H2O2 (Table 5), in spite of
the smaller bond length[41] (the bond is slightly stronger with
E=Te than with E=Se). Thus, significantly weaker Hg�O
than Hg�F bonds in the HgIV complexes must be the main
reason for the more facile elimination of (OEF5)2 compared
to fluorine. This is confirmed by fragmentation energies in
Table 5: breaking of the two Hg�OTeF5 bonds costs only
about 60 kJ mol�1 (40 kJ mol�1 for Hg�OSeF5), compared to
about 190 kJ mol�1 for two Hg�F bonds in HgF4 (cf.


Table 4. Computed reaction energies [kJ mol�1] for complexes with E2F11


ligands (E=As, Sb).


Reaction Structure DE


Hg(As2F11)4!
Hg(As2F11)2 +4 AsF5 +F2


�83.6[a]


HgF(Sb2F11)3!Hg(Sb2F11)2 +F2 +2SbF5 �128.5 (�203.5)[b]


HgF2(As2F11)2!Hg(As2F11)2 +F2 cis �109.7[c]


trans �111.4[c]


HgF2(Sb2F11)2!Hg(Sb2F11)2 +F2 cis �171.1
trans �180.3


Hg(As2F11)4!HgF2(As2F11)2 +4 AsF5 cis +26.1[a],[c]


trans +27.8[a],[c]


Hg(As2F11)4!HgF4 +8AsF5 +78.5[a]


HgF2(As2F11)2!HgF2(AsF6)2 + 2 AsF5 cis +23.1[c]


trans +25.5[c]


HgF2(Sb2F11)2!HgF2(SbF6)2 +2 SbF5 cis +107.0 (+32.0)[b]


trans +107.3 (+32.3)[b]


Hg(As2F11)2!Hg(AsF6)2 +2AsF5 +56.8
Hg(Sb2F11)2!Hg(SbF6)2 +2SbF5 +167.6 (+92.8)[b]


As2F11
�!AsF6


�+AsF5 +78.5
Sb2F11


�!SbF6
�+ SbF5 +130.5


[a] See Figure 5a for the “HgF4·8 AsF5-type” structure of Hg(As2F11)4.
[b] Values in parentheses obtained after taking into account dimerization
of SbF5 (cf. Table 3). [c] See Figure 5 c,d for the “Hg(AsF6)2·2AsF5-type”
structure of HgF2(As2F11)2.


Table 5. Computed reaction energies [kJ mol�1] for complexes with OEF5


ligands (E=Se, Te).


Reaction Structure DE


Hg(OSeF5)4!Hg(OSeF5)2 + (OSeF5)2 �131.8
Hg(OTeF5)4!Hg(OTeF5)2 + (OTeF5)2 �121.7
HgF2(OSeF5)2!(OSeF5)2 +HgF2 cis �111.3


trans �110.5
HgF2(OTeF5)2!(OTeF5)2 +HgF2 cis �98.4


trans �103.4
HgF2(OSeF5)2!Hg(OSeF5)2 +F2 cis +21.5


trans +22.3
HgF2(OTeF5)2!Hg(OTeF5)2 +F2 cis +21.4


trans +16.5
(OSeF5)2!2 COSeF5 +170.8
(OTeF5)2!2 COTeF5 +182.2
H2O2!2 ·OH +212.4[a]


F2!2 CF +154.1[b]


Hg(OSeF5)4!Hg(OSeF5)2 +2 COSeF5 +39.0
Hg(OTeF5)4!Hg(OTeF5)2 +2 COTeF5 +60.4
Hg(OSeF5)4!Hg+4 COSeF5 +507.5
Hg(OTeF5)4!Hg+4 COTeF5 +553.2
HgF2(OSeF5)2!Hg(OSeF5)2 +2 CF cis +175.7


trans +176.5
HgF2(OTeF5)2!Hg(OTeF5)2 +2 CF cis +175.7


trans +170.7
HgF2(OSeF5)2!HgF2 +2 COSeF5 cis +59.5


trans +60.3
HgF2(OTeF5)2!HgF2 +2 COTeF5 cis +83.7


trans +78.8


[a] Experimental value 199.8 kJ mol�1, cf. L. P. Lindeman, J. C. Guffy, J.
Chem. Phys. 1958, 29, 247. [b] Experimental value 154.2 kJ mol�1, see:
K. P. Huber, G. Herzberg, Molecular Spectra and Molecular Structure. IV.
Constants of Diatomic Molecules, Van Nostrand Reinhold, New York,
1979.
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Table 1). Similar values apply to Hg�F and Hg�OEF5 bonds
in mixed complexes (Table 5). The overall fragmentation en-
ergies HgX4!Hg+ 4 X are more than 200 kJ mol�1 lower for
X=OEF5 than for X= F (Tables 1 and 5; but they are even
larger than for X=Cl, at least in the case of teflate).


An expected advantage of the OEF5 ligands is the volatili-
ty of their HgII complexes. To estimate the tendency towards
aggregation, we computed the dimers of Hg(OTeF5)4 and
Hg(OTeF5)2 (see Table S1 in Supporting Information for op-
timized coordinates). Both feature relatively weak intermo-
lecular interactions and small distortions within the mono-
meric units. Dimerization energies are about �18.4 and
about �47.0 kJ mol�1 for the HgIV and HgII systems, respec-
tively (without CP corrections). This should be compared to
dimerization energies of about �33.3 and about
�60.7 kJ mol�1 computed for HgF4 and HgF2, respectively,
at the same computational level (see refs. [1,42] for ab initio
results). This suggests appreciably lower energies of aggre-
gation. In particular, Hg(OTeF5)2 is not expected to aggre-
gate to large units,[15,31] whereas HgF2 forms an ionic fluo-
rite-type lattice. We note in passing that dispersion effects
are expected to be of minor importance for the aggregation
of these particular fluorine-based systems,[42] and thus the
DFT methods employed should provide reasonable esti-
mates of the dimerization energies.


Bonding analyses : The role of relativistic effects in stabiliz-
ing HgIVF4 against reductive elimination was found to arise
mainly from a relativistic destabilization of HgIIF2, due to
the relativistic contraction of the mercury 6s orbital.[1] The
corresponding loss of ionic bonding contributions on the
HgII side and the resulting relative stabilization of HgIV thus
depend on the presence of very electronegative ligands like
fluorine. This explains partly why HgCl4 and HgH4 are pre-
dicted to be strongly endothermic compounds.[9,10,11] Electro-
negativity considerations were thus important for the choice
of weakly coordinating anions as ligands in the present
work.


Table 6 shows that the EF6 ligands provide appreciably
larger positive metal charge in the HgII complexes, but only
slightly more for the HgIV systems. This may partly be due
to the tridentate bonding mode in the Hg(EF6)2 complexes
(see Figure 4), but even in the HgIV complexes the EF6 li-


gands can be considered more electronegative than fluorine.
From this point of view, they are a reasonable choice in the
present context. We think that the less favorable thermo-
chemistry compared to (gas-phase) HgF4 is mainly due to
the coordination number of six in the HgII complexes. Indi-
vidual atomic charges within the ligands (Table S3 in Sup-
porting Information) provide further interesting insights
into the bonding. For example, they show a much larger ion-
icity of Sb�F compared to As�F bonds. This is responsible
for the more pronounced tendency of the antimony systems
to aggregate (see above).


There has been appreciable discussion whether the OEF5


ligands (E= Se, Te) exhibit higher or lower electronegativity
than fluorine. Different experimental measures gave rise to
opposite conclusions.[31] The charges for the mercury com-
plexes in Table 7 show a mixed situation: metal charges of
the HgII(OEF5)2 complexes are somewhat more positive
than in HgF2. This would suggest slightly larger electronega-
tivity. The situation is reversed for the HgIV complexes, with
slightly lower negative charges for OEF5 compared to F.
This confirms the “soft” nature of the electronegativity con-
cept. In any case, the NPA charges confirm the similarity of
the electronegativities of OEF5 and F.


Why are the Hg�OEF5 bonds much weaker than the Hg�
F bonds in the HgIV species (see Table 5)? Local charge dif-
ferences around the donating atoms (Table S3c,d in Sup-
porting Information) provide an explanation: Owing to the
bonding of the oxygen atom in the OEF5 complexes to two
relatively electropositive centers (Hg and E), it aquires
much higher negative charge (ca. �1.0) than the fluorine
atoms (ca. �0.5) in HgF4 or HgF2X2. This leads to apprecia-
bly larger antibonding interactions with the formally non-
bonding d electrons in the 5d8 complex. This can be seen,
for example, from inspection of the highest occupied MOs
of the HgF2(OTeF5)2 systems (not shown), which exhibit
much more pronounced Hg�O than Hg�F antibonding in-
teractions. In consequence, the Hg�O bonds are weakened
relative to Hg�F bonds due to the relatively high negative
local charge on oxygen.


Table 6. Computed NPA fragment charges for EF6 complexes (E=As,
Sb).


Hg F EF6


HgF2 1.460 �0.730
HgF4 2.113 �0.528
Hg(AsF6)2 1.721 �0.860
Hg(SbF6)2 1.729 �0.865
trans-HgF2(AsF6)2 2.162 �0.492 �0.589
cis-HgF2(AsF6)2 2.161 �0.470 �0.611
trans-HgF2(SbF6)2 2.190 �0.465 �0.630
cis-HgF2(SbF6)2 2.180 �0.436 �0.654
Hg(AsF6)4 2.164 �0.485[a] �0.597[a]


Hg(SbF6)4 2.204 �0.551


[a] Only two intact AsF6 ligands, see Figure 3a.


Table 7. Computed NPA fragment charges for OEF5 complexes (E=Se,
Te).


Hg F OEF5


HgF2 1.460 �0.730
HgF4 2.113 �0.528
Hg(OSeF5)2 1.519 �0.760
Hg(OTeF5)2 1.521 �0.760
trans-HgF2(OSeF5)2 2.051 �0.533 �0.492
cis-HgF2(OSeF5)2 2.053 �0.528 �0.499
trans-HgF2(OTeF5)2 2.059 �0.529 �0.500
cis-HgF2(OTeF5)2 2.061 �0.527 �0.503
Hg(OSeF5)4 1.970 �0.493
Hg(OTeF5)4 1.979 �0.495
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Discussion and Suggestions for Experimental
Investigation


None of the HgIV complexes investigated here is thermo-
chemically stable, as they all exhibit one exothermic path-
way for reductive elimination. In the case of AlF4, Al2F7,
EF6, and E2F11 ligands (E=As, Sb), elimination of F2 is exo-
thermic with reaction energies varying between �60 and
�180 kJ mol�1. In this sense, the systems are clearly inferior
to gas-phase HgF4, which eliminates F2 endothermical-
ly.[1,6,9,10] However, based on previous estimates and the rela-
tively high sublimation energy of HgF2,


[1] we think that sev-
eral of these complexes may provide a more favorable envi-
ronment for HgIV than HgF4 itself in the condensed phase.
Indeed, the relatively high sixfold coordination of many of
the HgX2 elimination products (Figures 2, 4, and 6) indicates
that even these weakly coordinating anions are able to stabi-
lize the more ionic HgII better than the more covalent HgIV.
The situation is thus indeed intermediate between those of
gas- and condensed-phase HgF4. We note also that the more
stable of the systems studied here are predicted to be less
endothermic than (gas-phase) HgCl4 or HgH4 (see
Table 1).[9–11]


Are the systems investigated here promising targets for
experimental study? In view of the computed endothermici-
ty of all complexes with respect to F2 or X2 elimination, the
answer to this question depends on the presence of suffi-
ciently high activation barriers for the reductive elimination
reactions. Unfortunately, the complicated electronic struc-
ture of the transition state does not allow us at this point to
provide these activation barriers quantitatively. The transi-
tion state for H2 elimination from HgH4 in the gas phase is
comparably easy to locate.[10,11] It exhibits C2v symmetry and
is about 50 kJ mol�1 above HgH4 (about 250 kJ mol�1 above
HgH2 +H2). Unfortunately, we found that the barriers for F2


elimination from HgF4 and for Cl2 elimination from HgCl4


are much more difficult to compute, due to large nondynam-
ic correlation effects.[10] These seem to be related to repul-
sions between lone-pair electrons on the halide ligands and
the semicore 5p shell on the metal atom. The transition
state has in both cases appreciable multireference character
and is not described correctly by single-reference coupled-
cluster approaches or by DFT methods. As the active space
for a multiconfiguration self-consistent field (CASSCF)
wavefunction must include the metal d orbitals and several
orbitals from the ligands, the required expansions for a mul-
tireference configuration interaction (MRCI) calculation are
expected to be large. We currently perform such calculations
for HgF4 itself. However, there is no realistic chance to
obtain reliable activation barriers for the larger systems
studied here with currently available computational resour-
ces. The DFT and CCSD(T) calculations, although certainly
unreliable quantitatively, provided considerably larger barri-
ers for X2 elimination from HgX4 (X= F, Cl) than for X=


H.[10] Intuitively, this appears reasonable, as the electronic
reorganization on splitting two Hg�X bonds with formation
of the X�X bond and rearrangement of the HgX2 frame-


work is expected to be much more pronounced for the
halide complexes than for their hydride analogue. This
should hold largely also for the related larger HgX4 and
HgF2X2 systems studied here. It is therefore quite likely that
most of the HgIV systems investigated in this work will have
appreciable barriers for F2 and X2 elimination. As the exo-
thermicity of most elimination reactions computed is much
more moderate than, for example, that of HgH4!HgH2 +


H2 (see Tables 1–5), the chances of observing some of the
computed HgIV minima appear quite realistic.


Thermochemically, the AsF6 and As2F11 complexes are al-
ready more favorable than their SbF6 and Sb2F11 analogues
when we consider only small molecular complexes as prod-
ucts. The computed thermochemistry of HgIV complexes
with SbF6 or Sb2F11 ligands turned out to be somewhat dis-
appointing. This became even clearer when the much more
pronounced aggregation of SbF5 compared to AsF5 was
taken into account. The exothermicity of F2 elimination
from Hg(AsF6)4 or from HgF2(AsF6)2 may be considered
very moderate indeed. Moreover, we also do not expect
much further stabilization of the elimination products
HgIIX2 (X�=AsF6


� , As2F11
�) by aggregation. This may


indeed leave appreciable room for finding suitable reaction
conditions. The obvious practical disadvantage of an AsF5


(m.p. �79.8 8C, b.p. �52.8 8C) compared to an SbF5 (m.p.
8.3 8C, b.p. 141 8C) matrix environment is the need to work
at low temperatures. On the other hand, in view of the en-
dothermicity of the target complexes, and in the absence of
reliable reaction barriers, low-temperature reaction condi-
tions are in any case recommended. The high volatility of
AsF5 might prove favorable for product isolation. Possible
oxidizing agents are elemental fluorine (possibly with irradi-
ation to create fluorine atoms) or, for example, KrF2.


Complexes with the OEF5 anions (E=Se, Te) are distin-
guished by their preference to bind primarily in a monoden-
tate fashion through their single oxygen atom, even for the
HgII elimination products (see Figure 8). Weak additional
secondary bonding is present but appears both for the HgII


and HgIV systems. Consequently, the complexes HgF2-
(OEF5)2 are the only systems studied here that exhibit endo-
thermic elimination of F2 with energetics that are almost
competitive with those of gas-phase HgF4 (see Table 5). No-
tably, aggregation of the HgII complexes is expected to pro-
vide only relatively little further stabilization relative to
HgIV in these systems (cf. dimerization energies above). This
agrees with the fact that the well-known Hg(OEF5)2 com-
plexes are essentially molecular. In contrast to HgF2 (but
more like HgCl2), they are volatile and have a high vapor
pressure even at room temperature. They thus sublime
easily and they dissolve molecularly in nonpolar sol-
vents.[15,31] Notably, the secondary Hg···F contacts in the op-
timized structures appear to be comparable for the HgIV and
HgII species (see Figures 7 and 8, respectively). We have
thus come very close to our goal of an almost gas-phase-like
environment in the condensed phase.


Unfortunately, the complexes of OEF5 ligands are not un-
challenged champions either, as they eliminate (OEF5)2 exo-
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thermically, with energies that are similar to those of F2


elimination from some of the other systems studied here. As
shown above, this is only in small part due to the stronger
O�O than F�F bond. It reflects mainly the destabilization
of the Hg�O bonds in the HgIV complexes by larger anti-
bonding interactions. Another reaction pathway known for
teflate complexes of transition metals in high oxidation
states is elimination of TeF6 and F5TeOTeF5 (e.g., to give
O=Re(OTeF5)5 from Re(OTeF5)7).[31] This is very unlikely to
occur in the present case, as steric crowding is not a problem
for the HgIV complexes (anyway, the reaction would retain
HgIV).


In any case, the Hg(OTeF5)4 and HgF2(OTeF5)2 complexes
appear to be interesting targets for synthetic work. How
could they be prepared? The HgII complexes Hg(OEF5)2


(E=Se, Te) are well known.[31,40] They might be a good
starting point. A variety of suitable reagents for oxidations
are available, including Xe(OTeF5)2,


[31,40] Xe(OTeF5)4,
[34] or


the recently reported [XeOTeF5][Sb(OTeF5)6].[43] B(OTeF5)3


is also a well-known reagent for transferring the OTeF5


ligand.[31] It could be supplemented by a suitable oxidizing
agent. Moreover, the backreaction of exothermic X2 elimi-
nation in Table 5 appears attractive: photolytic cleavage of
the peroxidic bond in (OTeF5)2 would create the reactive
COTeF5 radical, which should add exothermically to Hg-
(OTeF5)2 (cf. Table 5). The HgIV complexes could be charac-
terized by IR spectroscopy (see computed vibrational fre-
quencies in Table S2 in the Supporting Information) or by
NMR spectroscopy for various nuclei (19F, 17O, 199Hg, 125Te;
we currently compute NMR parameters for many com-
plexes).[31]


Comparison with noble-gas teflate complexes provides
further support for our optimistic view on the possible prep-
aration of HgIV teflate systems: Xe(OTeF5)2 exhibits surpris-
ingly high thermal stability and decomposes only above
about 130 8C (Xe(OSeF5)2 is only slightly less stable).[31,40]


Nevertheless, our computations show that Xe(OTeF5)2 is en-
dothermic with respect to elimination of (OTeF5)2, with a re-
action energy in a similar range as computed for the HgIV


complexes (Table 8). Similarly, Xe(OTeF5)4 is well known
but computed to eliminate (OTeF5)2 with even slightly
higher exothermicity than Hg(OTeF5)4 (cf. Tables 5 and 8).
There is even some NMR evidence for the formation of Kr-
(OTeF5)2, the first compound with a Kr�O bond, in cocon-
densation reactions between KrF2 and B(OTeF5)3, although
the compound could not be isolated in pure form.[44] Ac-
cording to our computations, Kr(OTeF5)2 is more endother-
mic than any of our HgIV teflate candidates. In fact, our cal-
culations even give a slightly negative energy for fragmenta-
tion into Kr+ 2 COTeF5 (Table 8). For this rather unstable
system, the DFT results are probably too low (our validation
did not include such noble gas systems). The MP2 calcula-
tions provide more positive fragmentation energies, which in
turn are probably far too high (MP2 and B3LYP agree
much better with each other and with available experimen-
tal data for more stable noble gas/fluoride systems; see
Table 8). In any case, the thermochemical viability of many


of the HgIV complexes studied here appears superior to that
of Xe(OTeF5)4 or Kr(OTeF5)2. As in the HgIV case (see
above), elimination of (OTeF5)2 from the noble gas (NG) te-
flate complexes is much more facile than that of F2 from the
fluorides (Table 8), which reflects appreciably weaker NG�
OTeF5 than NG�F bonds. We finally quote the well-known
KrF2 (Table 8), which exhibits an endothermicity that is not
much lower than that discussed for several of our more
promising target systems.


Conclusion


The quest for HgIV continues. Promising avenues exist which
have not yet been pursued experimentally. On the one hand,
the matrix-isolation route to HgF4 deserves more attention
than it has received hitherto. On the other hand, the present
work provides a quantum-chemical study of species that
might be obtainable in the bulk condensed phase and could
thus open a true HgIV chemistry. While all HgIV complexes
discussed here exhibit one pathway of exothermic reductive
elimination, we have reason to believe that many systems
will have nonnegligible activation barriers along the way
and might thus be observable, at least at low temperatures.
This holds in particular for complexes like Hg(OTeF5)4 or
Hg(AsF6)4. We have furthermore suggested a number of
possible synthetic routes towards such systems. However, we
are convinced that the ingenuity of our experimental collea-
gues will come up with further options that we were not
able to envision. The chances to finally enter experimentally
into HgIV chemistry are therefore good, and we hope that
the present computational study will provide additional mo-
tivation for further experimental research.


Table 8. Reaction energies [kJ mol�1] for noble gas complexes.


Reaction DEcalcd
[a] DHexptl


[b]


Xe(OTeF5)4!
Xe(OTeF5)2 + (OTeF5)2 (D2d)


[c]
�139.2


Xe(OTeF5)4!
Xe(OTeF5)2 + (OTeF5)2 (C2h)


[d]
�149.0


Xe(TeOF5)2!Xe + (OTeF5)2 �80.7 (�66.4)
Kr(TeOF5)2!Kr + (OTeF5)2 �194.3 (�96.5)
Xe(TeOF5)2!Xe +2 COTeF5 +101.5 (+181.4)
Kr(TeOF5)2!Kr +2 COTeF5 �12.2 (+151.3)
(OTeF5)2!2 COTeF5 +182.2 (+247.8)
XeF4!XeF2 +F2 +72.5 (+86.5) +119.5
XeF2!Xe+F2 +93.6 (+86.7) +117.9
KrF2!Kr+F2 �46.6 (�65.7) �60.2
XeF2!Xe+2 CF +247.8 +267.5
KrF2!Kr+2 CF +107.5 +97.8


[a] B3LYP results with MP2 values in parentheses. [b] See N. Bartlett,
F. O. Sladky in Comprehensive Inorganic Chemistry, Vol. 1, Pergamon,
Oxford, 1973, Chap 6. Note that the reported experimental energies are
not completely consistent with the binding energy of F2 (cf. footnote b to
Table 5). [c] More stable alternating structure of Xe(OTeF5)4. [d] Less
stable nonalternating arrangement of Xe(OTeF5)4 as found in the solid-
state structure.[34]
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Synthesis of Functionalized Rab GTPases by a Combination of Solution- or
Solid-Phase Lipopeptide Synthesis with Expressed Protein Ligation**


Luc Brunsveld,[a, b] Anja Watzke,[a, b] Thomas Durek,[c] Kirill Alexandrov,[c]


Roger S. Goody,[b, c] and Herbert Waldmann*[a, b]


Introduction


Progress in protein-ligation methods has introduced new
possibilities in the field of semisynthetic proteins, by ena-


bling the synthesis of post-translationally modified proteins
that were previously not accessible to organic synthesis.[1–4]


One of the post-translational modifications that recently
became amenable to targeted modification by a combina-
tion of organic synthesis and in vitro protein ligation is pro-
tein prenylation.[5–7] Prenylation of proteins with farnesyl or
geranylgeranyl moieties commonly occurs in eukaryotic
cells and was shown to be critical for various cellular pro-
cesses, such as maintenance of the nuclear envelope, signal
transduction and membrane transport. The proteins that
bear the most diverse and complex prenyl modifications
belong to the Rab guanosine triphosphatase (GTPase)
family. These proteins play an important role in regulating
membrane transport by acting as molecular switches alter-
nating between active (guanosine triphosphate bound) and
inactive (guanosine diphosphate (GDP) bound) conforma-
tions. They control vesicular docking, fusion and possibly
transport at multiple steps of intracellular vesicular trans-
port.[8,9] More than 60 Rab proteins have been identified in


Abstract: Prenylated proteins with
non-native functionalities are generally
very difficult to obtain by recombinant
or enzymatic means. The semisynthesis
of preparative amounts of prenylated
Rab guanosine triphosphatases
(GTPases) from recombinant proteins
and synthetic prenylated peptides de-
pends largely on the availability of
functionalised prenylated peptides cor-
responding to the proteins� native
structure or modifications thereof.
Here, we describe and compare so-
lution-phase and solid-phase strategies
for the generation of peptides corre-
sponding to the prenylated C terminus
of Rab7 GTPase. The solid-phase with
utilisation of a hydrazide linker emerg-
es as the more favourable approach. It


allows a fast and practical synthesis of
pure peptides and gives a high degree
of flexibility in their modification. To
facilitate the analysis of semisynthetic
proteins, the synthesised peptides were
equipped with a fluorescent group.
Using the described approach, we in-
troduced fluorophores at several differ-
ent positions of the Rab7 C terminus.
The position of the incorporated fluo-
rescent groups in the peptides did not
influence the protein-ligation reaction,
as the generated peptides could be li-
gated onto thioester-tagged Rab7.


However, it was found that the posi-
tioning of the fluorescent group had an
influence on the functionality of the
Rab7 proteins; analysis of the interac-
tion of the semisynthetic Rab7 proteins
with REP (Rab escort protein) and
GDI (guanosine diphosphate dissocia-
tion inhibitor) molecules revealed that
modification of the peptide side chains
or of the C-terminal isoprenoid did not
significantly interfere with complex for-
mation. However, functionalisation of
the C terminus was found to have an
adverse effect on complex formation
and stability, possibly reflecting low
structural flexibility of the Rab GDI/
REP molecules in the vicinity of the
lipid-binding site.
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mammalian cells, a fact making them the largest family
within the Ras-like GTPase superfamily.[10] Rab proteins are
post-translationally geranylgeranylated on one or two C-ter-
minal cysteine residues and in some cases are also C-termi-
nally methylated.[11] These modifications allow them to re-
versibly associate with the cytoplasmic leaflet of intracellu-
lar membranes and are critical for their activity. Prenylation
of Rab proteins is a complex process requiring the interac-
tion of the GTPase with Rab geranylgeranyltransferase
(Rab GGTase) and its accessory protein REP (Rab escort
protein). All prenylated Rab proteins are transported be-
tween the intracellular membranes and the cytosol by a reg-
ulatory protein termed the GDP-dissociation inhibitor
(GDI) that associates exclusively with the GDP-bound form
of the proteins, thereby maintaining them in the inactive
state. Due to the central role of the Rab GTPases in cellular
biogenesis, it is not surprising that a number of human dis-
eases were shown to be a consequence of mutations either
in Rab GTPases themselves or in their interaction partners,
including the Rab GGTase, REP and GDI proteins.[12]


Despite considerable efforts, the elucidation of the biolog-
ical function of Rab GTPases on the molecular level re-
mains fragmentary. To a large extent this is caused by the
difficulties associated with the production and analysis of
prenylated proteins and the construction of protein probes
for use in in vitro and in vivo assays. This problem, for ex-
ample, has hampered the elucidation of the mechanism of
protein-assisted Rab shuttling between membranes and the
cytosol. Such studies require the generation of Rab mole-
cules with functionalised or non-native prenyl structures.


In order to create versatile molecular tools for such stud-
ies, we recently developed an intein-mediated synthesis of
monogeranylgeranylated Rab7.[7] In this case, a hexapeptide
mimicking the last six amino acids of the Rab7 C terminus
and containing a geranylgeranylated cysteine methyl ester, a
dansyl fluorophore and an N-terminal cysteine for ligation
was synthesised and ligated to thioester-tagged Rab7DC6.
The monoprenylated protein was functionally active and
represented a genuine intermediate of the Rab prenylation
reaction.


For further studies of the function of Rab, proteins with
other functionalities, such as fluorophores displaying envi-
ronment-dependent spectral characteristics, spin-labels or
photoreactive groups, would be highly desirable. Apart from
their obvious utility for studies of protein–protein interac-
tions and structure analysis, such proteins are expected to
become invaluable tools for in vivo studies of the function
of Rab. Such precisely modified proteins, as well as native
ones, should be accessible in substantial amounts (that is, on
a multimilligram scale) in order to facilitate their application
in protein-consuming methods such as protein crystallogra-
phy, where semisynthetic proteins have already demonstrat-
ed their excellent potential.[6] It is therefore crucial that a re-
liable and efficient method is developed for the fast and
flexible synthesis of functionalised prenylated peptides for
use in protein-ligation applications.


In our previous reports,[6,7] C-terminal Rab7 peptides
were obtained by using solution-phase synthesis. Even
though this approach can be used with other peptide modifi-
cations, it has major drawbacks, mainly related to speed and
flexibility. In order to circumvent these problems, an effi-
cient solid-phase method is needed. Here we describe the
development of such a solid-phase method, its comparison
with a solution-phase method and its application to the syn-
thesis of fully functional prenylated Rab proteins.


Considerations for the synthesis of functionalised Rab7 pro-
teins : The modification of Rab7 proteins can be performed
at different positions on the protein. A prerequisite of these
modifications is that the functionalised Rab7 should still be
biologically active. It is therefore important to preserve its
native functional elements as much as possible. In the con-
siderations described below, we discuss the possible posi-
tions where the Rab7 C-terminus could be modified.


1) The generated peptides should be closely related to the
C-terminal amino acid sequence (Ala202-Glu-Ser-Cys-
Ser-Cys; A in Scheme 1) of the original Rab7 protein.
Replacement of Ala202 with an N-terminal cysteine (B in
Scheme 1) was chosen to provide a site for ligation be-
cause such a replacement is known to preserve Rab
function.[13]


2) The C terminus should possibly terminate with a methyl
ester since Rab7 is post-translationally modified with a
methyl ester that might influence its interaction with
other proteins.


3) The nature of the isoprenoid groups should be kept un-
changed as much as possible.


In order to identify biologically tolerable positions for in-
corporation of functional groups, the following sites on the
C terminus were selected (Scheme 1):


a) replacement of glutamic acid residue 203 by a fluores-
cently labelled amino acid (C),[7]


b) replacement of a C-terminal methyl group with a fluo-
rescently labelled amide (D), and


c) replacement of the geranylgeranyl moiety of the C-ter-
minal cysteine residue with a functionalised prenyl deriv-
ative of similar length and size (E).


In order to develop the optimal protocol for the synthesis
of Rab7 peptides, we decided to synthesise the modified
peptides bearing fluorophores at different positions by both
solution-phase and solid-phase methods. The fluorophores
represent model functional groups that should allow deter-
mination of the biological consequences of protein modifica-
tion at a given position and the generation of biophysical
data on their influence on the characterised interactions of
Rab GTPases with regulatory proteins.
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Results and Discussion


Solution-phase synthesis : The synthesis of peptides mimick-
ing the Rab7 C terminus and carrying different functional
groups must take into account the pronounced acid lability
and intrinsic instability of the geranylgeranyl moieties; these
factors limit the number of applicable methods. Upon intro-
duction of the lipid moiety, the number of possible orthogo-
nal protecting groups is dramatically reduced. Furthermore,
the bivalent character of the peptides, featuring both highly
hydrophobic lipid groups and polar amino acids, makes
them difficult to handle. Moreover, transesterification and
diketopiperazine side reactions caused by the labile C-termi-
nal methyl ester limit the choice of synthetic strategies. We
found that undesired cyclisation does not allow assembly of
the hexapeptide by N-terminal linear elongation. Therefore,
a block-coupling method was chosen, with dipeptide 3 as a
general building block for all the designed peptides
(Scheme 2). Coupling of building blocks with C-terminal
cysteines in the presence of serines with free side-chain OH
groups may lead to racemisation and modification of the un-
protected alcohol functionalities of the serines. To circum-
vent this problem, these couplings were performed by using


EDC/HOBt. In most cases the amines were protected with
the Fmoc group, although the allyloxycarbonyl (Aloc) group
could also be used.


Dipeptide 3 was synthesised by initial S-alkylation of cys-
teine with freshly prepared geranylgeranyl chloride 1 in 2 n


NH3 in methanol as described before.[14] For solubility rea-
sons, the resulting H-Cys(GerGer)-OH was treated with the
preactivated Fmoc-Ser-OSu (2) in a 1:1 mixture of methanol
and dichloromethane. Dipeptide 3 was treated with freshly
prepared dansyl-ethylenediamine 4[15] to yield dipeptide 5,
the C-terminus for hexapeptide 18 (see Scheme 4 later). Di-
peptide 5 was Fmoc-deprotected by using the volatile base
diethylamine and the amino acid chain was subsequently
elongated with dipeptide 3 to give tetrapeptide 10. For the
synthesis of tetrapeptides 11 and 12, dipeptide 3 was first
elongated to tripeptide 7 by using TFA·H-Ser-OAll (6).[16]


After deprotection of the allyl ester, tripeptide 7 was ob-
tained with a yield of 50 % over two steps. From this tripep-
tide, the syntheses towards tetrapeptides 11 and 12 diverged,
by coupling 7 either to a cysteine methyl ester featuring a
geranyl-dansyl thioether 8 or a farnesyl-dansyl thioether 9.
These cysteines were synthesised by following procedures
established earlier.[17]


Scheme 1. Planned modifications of Rab peptides as targets for synthesis. A : Native C-terminal hexapeptide sequence of Rab 7; B : Exchange of alanine
for cysteine to enable ligation to a thioester; C : Functional group (for example, a fluorophore) incorporated into the peptide sequence at lysine; D :
Functional group incorporated at the C terminus; E : Functional group incorporated into one of the prenyl residues. FG= functional group.
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For elongation of the tetrapeptides to the desired hexa-
peptides, dipeptide 15 was devised to feature both the
native glutamic acid and a non-native cysteine required for
ligation to the protein (Scheme 3). By employment of the
Fmoc protecting group for the N-terminal amine and the
Fm protecting group for the side-chain carboxylic acid func-
tionality of glutamic acid, a system was generated that al-
lowed simultaneous cleavage of both protecting groups in
one final step under basic conditions. First, glutamic acid g-
Fm ester 14 was prepared by following a described proce-
dure.[18] This intermediate was condensed with preactivated
Fmoc-Cys(StBu)-OH to yield the dipeptide 15 in 33 % over-
all yield based on the starting material Fmoc-Cys(StBu)-
OH. In order to explore the use of palladium-labile amine


and carboxylic acid protecting groups, we also synthesised
dipeptide 17, which has the amine and acid functionalities
protected with an allyl carbamate and an allyl ester, respec-
tively. To this end, the amine functionality of H-Cys-
(StBu)OH was Aloc-protected to yield 16, and this cysteine
was subsequently preactivated and coupled to H-Glu(OAll)-
OH to give dipeptide 17 in 47 % overall yield.


For the synthesis of hexapeptides 18–20 (Scheme 4), the
N terminus of the corresponding tetrapeptides 10–12 was
deprotected by using an Et2NH/dichloromethane mixture
(1:3). Each deprotection reaction reached completion within
30 minutes and showed clean conversion. The reaction mix-
ture was co-evaporated with toluene to remove the base. A
large excess of toluene with respect to the base had to be


Scheme 2. Synthetic pathway for the solution-phase synthesis of tetrapeptides 10, 11 and 12. a) GerGerCl (1), 2n NH3/MeOH, 86%; b) Fmoc-Ser-OSu
(2), Et3N, CH2Cl2/MeOH, 44–75 %; c) HBTU/HOBt, Et3N, Dansyl-NH-(CH2)2NH2 (4); d) TFA·H-Ser-OAll (6), EDC/HOBt, Et3N, 51%; e) [Pd(PPh3)4],
DMBA, 97%; f) Et2NH, CH2Cl2; g) Fmoc-Ser-Cys(GerGer)-OH (3), HBTU/HOBt, 61 %; h) H-Cys(GerDansyl)-OMe (8), EDC/HOBt, 40%; i) H-Cys-
(FarDansyl)-OMe (9), EDC/HOBt, 40 %. All= allyl, Dansyl=5-(dimethylamino)naphthalene-1-sulfonyl, DMBA= N,N-dimethyl barbituric acid, EDC =


3-(3-dimethylaminopropyl)-1-ethylcarbodiimide, Fmoc=9-fluorenylmethoxycarbonyl, Ger =geranyl, HBTU = O-(benzotriazole-1-yl)-N,N,N’,N’-tetrame-
thyluronium hexafluorophosphate, HOBt =1-hydroxy-1H-benzotriazole, Su= succinimididyl, TFA = trifluoroacetic acid.
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used (50 equivalents) to avoid degradation of the peptide.
Without dilution with toluene, the dansyl fluorophore ap-
peared to be susceptible to side reactions with the amine.
After drying of the amine under high vacuum, the crude
product could be used without further purification. Chroma-
tographic purification is possible; however, the tetrapeptides
exhibit significant tailing on silica columns and this leads to
product loss. The tetrapeptides were treated with dipeptide
15 or 17 to result in the hexapeptides 18–20 in acceptable
yields (�40 %, based on 10–12).


Solid-phase synthesis : For the development of a solid-phase
synthesis of Rab7 peptides, similar synthetic considerations


as for the solution-phase were
used. An essential point to be
considered was the choice of a
linker for connecting the pep-
tide to the solid phase that
would allow cleavage of the
resin under very mild condi-
tions and with generation of a
functional C terminus. In the
case of approaches C and E
(Scheme 1), the latter would
be a methyl ester as in the
native protein. Approach D re-
quires the peptide to be
cleaved as a functionalised
amide. The linker of choice
should permit both approaches
and should preferably also
allow cleavage of the free acid,


since Rab proteins are post-translationally modified as
methyl esters and also as free acids. All these requirements
are fulfilled by the oxidation-sensitive hydrazide linker. 4-
Fmoc-hydrazinobenzoyl AM NovaGel (Novabiochem) was
therefore employed for the synthesis, based on previous ex-
periences in our group on the synthesis of Ras peptides.[19]


We decided not to perform the prenylation of the cysteines
on the resin, but instead to rely on a new approach making
use of presynthesised Fmoc-protected prenylated cysteines.
The reasons for this are threefold. First of all, on-resin pre-
nylation requires large excesses of prenyl halide in order to
achieve complete conversion. With regard to geranylgera-
niol- or fluorescent-marker-modified prenyl reagents, this


Scheme 3. Solution-phase synthesis of N-terminal dipeptides 15 and 17. a) DCC, SuOH, DME, quantitative;
b) FmOH, HBF4Et2O, Na2SO4, THF, 58%; c) ET3N, CH2Cl2, 56%; d) allylchloroformate, EtOAc, 72%;
e) 1. DCC, SuOH, DME; 2. H2N-Glu(OAll)-OH·HCl, Et3N, CH2Cl2, 65%. DCC =N,N’-dicyclohexylcarbodi-
imide, DME =1,2-dimethoxyethane, Fm= 9-fluorenylmethyl, THF = tetrahydrofuran.


Scheme 4. Solution-phase synthesis of hexapeptides 18, 19 and 20. a) 1. Et2NH, CH2Cl2; 2. Aloc-Cys(StBu)-Glu(All)OH (17), HOBt, HBTU, Et3N, 61 %;
b) 1. Et2NH, CH2Cl2; 2. Fmoc-Cys(StBu)-Glu(Fm)OH (15), EDC, HOBt, 42 % (based on 11)/35 % (based on 12). HBTU =O-(benzotriazole-1-yl)-
N,N,N’,N’-tetramethyluronium hexafluorophosphate.
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approach becomes unpractical because of the challenging
and laborious preparation of the expensive building blocks.
Secondly, two cysteines need to be consecutively prenylated
in the case of Rab7. Performing a stepwise prenylation of
the cysteines on the resin would require an extensive pro-
tecting-group strategy, thereby rendering the approach unat-
tractive. Finally, the use of preprenylated building blocks
allows the insertion of the prenylated cysteines at the posi-
tion of choice without modification of the protecting-group
strategy, thus providing a highly flexible and generic ap-
proach applicable to other types of prenylated peptides.


The synthesis of the preprenylated Fmoc-protected cys-
teines 21–23 is displayed in Scheme 5, together with the syn-
thesis of the other required building blocks for the solid-
phase peptide synthesis. The synthesis of the prenylated cys-
teines is based on the S-alkylation of cysteine with the ap-
propriate prenyl chloride followed by Fmoc protection of
the amine function with Fmoc-OSu. Direct prenylation of
Fmoc-Cys-OH is not possible as it results in removal of the
Fmoc group, due to the basic conditions required for the
prenylation reaction. The prenyl chlorides were synthesised
according to established procedures.[14] Optimal conditions


for the S-alkylation were found with the use of Cys·HCl,
since it readily dissolves in methanol, in contrast to Cys or
Cys·H2O·HCl. The prenylated cysteines could be purified,
but overall yields were usually better when the Fmoc pro-
tection was performed directly on the crude reaction mix-
ture, due to the problems associated with chromatography
of the amphiphilic intermediates. The Fmoc protection was
performed in a mixture of methanol and dichloromethane
that solubilises prenyl cysteines. The final products could
easily be purified by standard column chromatography, with
satisfactory yields.


To investigate the scope of different protecting-group
strategies, we not only opted for the use of dipeptide 15 for
the N terminus of the hexapeptides, but decided also to ex-
amine the use of a palladium-labile protecting group. For
this purpose, glutamic acid ester 24 was synthesised; this
compound allows its g-carboxylic acid to be liberated with
[Pd0(PPh3)]4, while the Fmoc-protected N terminus is left
intact. Glutamic acid ester 24 was synthesised by protecting
TFA·H-Glu(All)-OH[20] to give Fmoc-Glu(All)-OH in a sim-
ilar fashion to the prenylated cysteines 21–23. The use of
glutamic acid ester 24 requires additional condensation with


Scheme 5. Building blocks for solid-phase synthesis of Rab7 peptides. The synthetic strategies towards prenylated cysteines 21–23 and Fmoc-Glu(All)-
OH 24 are displayed. The synthesis of dipeptide 15 is shown in Scheme 3 and building blocks 25 and 26 can be purchased from commercial suppliers.
a) H-Cys-OH·HCl, NH3/MeOH, 0 8C; b) Fmoc-Su, Et3N, MeOH/CH2Cl2, 0 8C, 60 %; c) Fmoc-Su, Et3N, MeOH/CH2Cl2, 0 8C, n =1: 75%; n= 2: 45%.
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cysteine 26 for termination of the sequence. The trityl group
was selected as the protecting group for the serines since it
can be removed under acidic conditions (1% TFA in di-
chloromethane) that are mild enough to leave the geranyl-
geranyl groups intact.


The solid-phase synthesis of hexapeptides 33 and 34 is
shown in Scheme 6. The Fmoc group was removed from 4-
Fmoc-hydrazinobenzoyl AM NovaGel (27) by agitating
twice with a solution of 30 % piperidine in DMF for 10 min.
Fmoc-Cys(GerGer)-OH (21) was coupled to the resin after
preactivation for 5 min with DIC/HOBt as the coupling re-
agent in DMF/dichloromethane (1:1), in order to suppress
racemisation; this treatment yielded resin 28 after 4 h of agi-
tation. In general, 3 equivalents of cysteine derivative 21
were used, but in cases of poorly accessible amino acids this


amount can be reduced to 2 equivalents. The second amino
acid, Fmoc-Ser(Trt)-OH, was coupled by using the more re-
active HBTU/HOBt combination and with agitation for 2 h.
Subsequently, both coupling steps were repeated to yield im-
mobilised tetrapetide 30. The last two amino acids 24 and 26
were coupled by using a similar technology to that described
before to yield the fully protected hexapeptide 31. The trityl
protecting groups and the allyl ester were subsequently re-
moved on the resin to leave only the N-terminal amine and
the thiol masked (32).


The functionality of the C terminus could be introduced
through the cleavage nucleophile. Proper selection of the
used nucleophile thus allowed for the combinatorial synthe-
sis of different C termini. Hexapeptide 34 features the
native methyl ester at its terminus and was cleaved from the


Scheme 6. Solid-phase peptide synthesis of Rab7 peptides featuring a cysteine instead of Ala202 (33) and with an additional fluorescent marker connected
at the C terminus (34). a) 1. Piperidine/DMF; b) Fmoc-Cys(GerGer)-OH (21), DIC, HOBt, CH2Cl2/DMF (1:1); c) Fmoc-Ser(Trt)-OH (25), HBTU,
HOBt, DIPEA, CH2Cl2/DMF (1:1); d) Fmoc-Glu(OAll)-OH (24), HBTU, HOBt, DIPEA, CH2Cl2/DMF (1:1); e) Fmoc-Cys(StBu)-OH (26), DIC,
HOBt, CH2Cl2/DMF (1:1); f) 1% TFA, 2% TES, CH2Cl2; g) [Pd(PPh3)4] (0.1 equiv), PhSiH3; h) Cu(OAc)2, pyridine, Dansyl-NH-Et-NH2, THF, O2,
40%; i) Cu(OAc)2, pyridine, CH2Cl2, O2, MeOH, 50%. DIC =diisopropylcarbodiimide, DIPEA= diisopropylethylamine, DMF =N,N-dimethylform-
amide, TES = triethylsilane, Trt= trityl= triphenylmethyl.
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resin by using methanol in dichloromethane. Copper acetate
and oxygen were used to oxidise the hydrazide to the acyl-
diazene. After cleavage, the copper salts could be removed
by column chromatography, but this was also achieved by
simple extraction into a dichloromethane/aqueous acid mix-
ture. Hexapeptide 34 actually constitutes the native se-
quence of Rab7 with a cysteine replacing the native alanine
at position 202. For the synthesis of hexapeptide 33, dans-
ylated ethylenediamine 4 was used as the nucleophile. In
contrast to the usually employed dichloromethane solvent,
THF had to be used here; the absence of methanol makes
the copper acetate insoluble in dichloromethane. The cleav-
age proceeds smoothly, although the excess of amine 4
cannot be removed by straightforward evaporation or ex-
traction, in contrast to the case with methanol. However,
simple column chromatography sufficed to purify the pep-
tide. Overall yields were in the range of 40–50 % based on
the original Fmoc loading of the resin. In general, cleavage
with methanol gave somewhat higher yields than with amine
4. Another method commonly applied to oxidise the hydra-
zine linker relies on the use of N-bromosuccinimide
(NBS).[21,22] For the peptides required here, however, this
oxidation is not suitable, since NBS is not compatible with
the geranylgeranyl groups and leads to addition products.


Peptides 33 and 34 are synthesised by a solid-phase ap-
proach that diverges at the final cleavage step from the
resin. This feature makes this approach to C-terminal func-
tionalisation highly flexible.


For the solid-phase synthesis of hexapeptides 19 and 20
we decided to investigate the use of dipeptide 15 as the N-
terminal part (Scheme 7), an approach also used for the so-
lution-phase synthesis. After removal of the Fmoc group
from resin 27, either Fmoc-Cys(Ger-Dansyl)-OH (22) or
Fmoc-Cys(Far-Dansyl)-OH (23) was coupled to the resin
after preactivation for 5 min with DIC and HOBt in DMF
and dichloromethane. The resulting resins 35 and 36 were
next individually subjected to the same synthetic transfor-
mations up to the cleavage step. The tetrapeptides 37 and 38
were built up as for tetrapeptide 30. After cleavage of the
Fmoc group, hexapeptides 39 and 40 were formed in one
coupling step with dipeptide 15. After deprotection of the
trityl groups, the hexapeptides were cleaved from the resin
by using methanol as the nucleophile. This approach leaves
the N-terminal cysteine and glutamic acid protected with
Fmoc and Fm groups, respectively. We also performed de-
protection of the Fmoc and Fm group on the resin, but this
approach was less successful. First of all, the free amine of
the peptide can undergo cyclisation or oligomerisation with


Scheme 7. Solid-phase peptide synthesis of Rab7 peptides featuring a fluorophore in the membrane-binding geranylgeranyl groups. Hexapeptide 19 con-
tains a geranyl-dansyl prenyl group, while hexapeptide 20 contains a farnesyl-dansyl prenyl group. a) Piperidine/DMF; b) Fmoc-Cys(GerDansyl)-OH
(22), DIC, HOBt, CH2Cl2/DMF (1:1); c) Fmoc-Cys(FarDansyl)-OH (23), DIC, HOBt, CH2Cl2/DMF (1:1); d) Fmoc-Ser(Trt)-OH (25), HBTU, HOBt,
DIPEA, CH2Cl2/DMF (1:1); e) Fmoc-Cys(GerGer)-OH (21), DIC, HOBt, CH2Cl2/DMF (1:1); f) Fmoc-Cys(SStBu)-Glu(OFm)-OH (15), DIC, HOBt,
CH2Cl2/DMF (1:1); g) 1 % TFA, 2 % TES, CH2Cl2; h) Cu(OAc)2, pyridine, THF, O2, MeOH, 50 %.
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the C termini during cleavage.[22] Secondly, the unprotected
peptide was found to be difficult to purify; it showed tailing
on both normal- and reversed-phase columns. Together with
the side products that occurred upon cleavage of the unpro-
tected peptide, this resulted in a mixture that could not be
purified. We therefore chose to perform the final deprotec-
tion in solution (see below). The overall yields based on the
Fmoc loading of 27 are very high, especially when a some-
what larger batch of resin is used (>50 mg). The peptides
could be synthesised and purified within two days. Figure 1
shows the LC/MS trace of the lipidated and fluorescently la-
belled hexapeptide 19 synthesised by solid-phase peptide
chemistry and after cleavage from the resin.


Divergence in the solid-phase synthesis of hexapeptides
19 and 20 is brought in directly by the coupling of the first
amino acid to the resin. This is in contrast to the synthetic
approach applied for hexapeptides 33 and 34 and makes the
synthesis of peptides modified at the lipophilic geranylger-
anyl groups somewhat less flexible for fast structure varia-
tion. However, application of parallel synthesis techniques
avoids these limitations.


A direct comparison of the solution-phase (Scheme 4)
and solid-phase techniques (Scheme 7) for the synthesis of
fluorescently labelled peptides 19 and 20 reveals that, in
terms of speed, efficiency and flexibility, the solid-phase


technique is clearly superior. Thus, by means of the solid-
phase method, 19 and 20 are obtained in multimilligram
amounts within two days in pure form with overall yields of
50 and 30 % respectively, whereas the corresponding synthe-
sis in solution requires several weeks and proceeds with
overall yields of 8 and 6 %, respectively. In the solid-phase
method, only one purification step at the end is needed,
while the solution-phase method requires chromatographic
separation of the intermediates. Both synthesis strategies
allow the flexible introduction of different fluorescent mark-
ers and prenyl groups. Notably, the solid-phase method also
allows flexible modification of the C terminus upon cleavage
from the solid support. If larger amounts (that is, 100 mg) of
lipidated peptides are required, application of the solid-
phase method will lead to substantial consumption of the
lipidated building blocks due to the multiple couplings per-
formed. In such cases, the solution-phase method or a com-
bination of both may be superior. A comparison between
the solution- and solid-phase approaches is depicted in
Table 1.


Expressed protein ligation with Rab7DC6 thioester : In
order to ascertain that functionalised Rab7 C-terminal pep-
tides could be coupled to thioester-tagged polypeptides by
in vitro protein ligation, we performed a series of analytical
reactions. The thioester-tagged Rab7DC6 protein was mixed
with a tenfold molar excess of Fmoc-deprotected peptide 44
or 45 and incubated for 12 h at room temperature under
conditions described previously.[23] The reaction mixtures
were resolved by sodium dodecylsulfate PAGE and the gels
were examined under UV light. As can be seen in Figure 2,
in all cases a fluorescent product could be detected at the
position corresponding to semisynthetic Rab protein. This
indicates that the differently positioned fluorescent groups
did not interfere with the ligation reaction. No fluorescent
product was observed when the reaction was performed
with wild-type Rab protein, a result indicating that the reac-
tion was specific (not shown). As in previously reported
cases, the reaction was dependent on the presence of a de-
tergent.[23]


To analyse the ability of the functionalised semisynthetic
proteins to form complexes with their interacting proteins,
we performed preparative in vitro ligations and purified the
ligation products (Figures 2 and 3).[23] At the last stage of
purification, the proteins were mixed with Rab GDI or


Figure 1. LC/MS trace of hexapeptide 19 after cleavage from the resin.


Table 1. Comparison and characteristics of solid-phase and solution-phase syntheses of lipidated Rab7 C-terminal peptides featuring fluorophores.


Solution-phase synthesis Solid-phase synthesis


purification purification of each individual product required,
lowers overall yield


only the final product needs to be purified,
simple extraction and column chromatography


yield individual reactions have moderate
to good coupling yields


individual reactions go with
almost complete conversion


overall yield: 7–8 % overall yield: 40–50 %
synthesis time 2–8 weeks 2 days
combinatorial aspects not suited for library synthesis; new synthetic strategies required


for each desired compound and long synthetic pathway
library synthesis possible; depending on point
of divergence, synthetic efforts moderate


areas of cost geranylgeranyl group, lower yields resin and prelipidated cysteine building blocks
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REP-1, concentrated and separated from detergent by size-
exclusion chromatography on a Superdex 200 gel-filtration
column. At this stage we observed a dramatic difference in
the behaviour of the generated proteins. Rab7 proteins con-
taining fluorescent groups on the C terminus failed to form
a complex with their molecular chaperones and were re-
tained on the column. The Rab7 protein functionalised with
the geranyldansyl group on cysteine residue 207 formed a
stoichiometric complex with REP-1 and eluted at the ex-
pected position corresponding to approximately 100 kDa
(Figure 4).


These results indicate that the introduction of bulky
groups directly at the C terminus interferes with complex
formation. This finding can be rationalised in the light of


recent structure data on the interaction of the lipidated C
terminus of Rab GTPases with the lipid-binding site of the
GDI molecule.[6,23]


The structure of the Ypt1:GDI complex revealed that the
C-terminally attached geranylgeranyl group deeply pene-
trates the hydrophobic cavity formed by domain II of GDI.


In addition, the C-terminal a-
carboxyl group of the terminal
cysteine residue was found to
point towards domain II. The
presence of interpretable elec-
tron density for this residue
suggests that its position is
quite fixed. We hypothesise
that coordination of the lipid
in the cavity largely restricts
the conformational freedom of
the C-terminal cysteine residue
and that bulky C-terminal sub-
stituents would clash with resi-
dues of domain II; this would
explain the observed inability
of GDI or REP to interact
with Rab proteins modified in
such a way (Figure 5). This
could help to explain the ob-
served instability of the afore-
mentioned protein complexes.


Figure 2. Sodiumdodecyl sulfate PAGE gel of Rab7DC6-MESNA thioest-
er before (lane 1) and after (lane 2) ligation to peptide H-Cys-Glu-Ser-
Cys(GerGer)-Ser-Cys(Ger-dansysl)-OMe, after removal of unligated pep-
tide (lane 3) and after complex formation with REP-1 and Superdex 200
gel-filtration purification (lane 4). The gel was photographed either in
UV light (A) or in visible light after staining with Coomassie blue (B).
MESNA=2-mercaptoethanesulfonic acid.


Figure 3. Deconvoluted ESI MS spectra of Rab7DC6-CESC(GerGer)SC(Ger-dansyl)-OMe separated from
Rep-1 by reversed phase chromatography on a Jupiter C4 reversed-phase column (HPLC–ESI MS). Calculat-
ed mass: 24 091.69 [M+H]+ . Inset: original data.


Figure 4. Superdex 200 gel-filtration chromatogram (A) of Rab7DC6-
CESC(GerGer)SC(Ger-dansyl)-OMe:REP-1 complex and sodiumdodec-
yl sulfate PAGE gel (B,C) of individual fractions. The gel was photo-
graphed either in UV light (C) or in visible light after staining with Coo-
massie blue (B).
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Conclusion


We have developed efficient solution-phase and solid-phase
methods for the syntheses of lipid-modified peptides repre-
senting the characteristic parts of Rab GTPases. Both syn-
theses employ readily accessible building blocks and allow
the flexible and straightforward introduction of reporter
groups into both the peptide chain and the lipid residues. In
terms of efficiency and flexibility, the solid-phase method is
superior to the solution-phase synthesis in the majority of
the cases. It gives pure peptides in multimilligram amounts
within a much shorter time and with superior overall yields
and it allows flexible modification of the C terminus upon
release from the solid support.


All generated peptides could be ligated onto thioester-
tagged Rab7, a result indicating that the described methods
could be used for the production of proteins with a broad
array of functionalities incorporated into the C terminus.


Analysis of the interaction of the semisynthetic Rab7 pro-
teins with REP and GDI molecules revealed that modifica-
tion of various peptide side chains, including the C-terminal
isoprenoid moiety, do not significantly interfere with com-
plex formation. This is not entirely unexpected since REP
and GDI must have evolved mechanisms to accommodate a
number of very heterogeneous Rab C termini. In contrast,
derivatisation of the C terminus itself was found to have an
adverse effect on complex formation and stability, a fact
possibly reflecting low structural flexibility of the Rab GDI/
REP molecules in the vicinity of the lipid-binding site.


Experimental Section


General : Chemicals were obtained from Acros, Advanced Chemtech, Al-
drich, Biosolve, Fluka or Novabiochem and used without further purifica-
tion. Analytical chromatography was performed on Merck silica gel
60 F254 aluminium sheets and Merck aluminium oxide 60 F254 aluminium
sheets. Chromatography was performed by using Merck silica gel 60 and
Fluka aluminium oxide. Dichloromethane (CH2Cl2), triethylamine, diiso-
propylethylamine and piperidine were refluxed under argon over CaH2,
THF was refluxed under argon over Na/K and methanol (CH3OH) was
refluxed under argon over magnesium; all solvents were freshly distilled
prior to usage. 1H and 13C NMR spectroscopy data were recorded on a
Bruker DRX 500 spectrometer at room temperature. NMR spectra were
calibrated to the solvent signals of CDCl3 (7.26 and 77.00 ppm). ESI MS
was performed on an Agilent 1100 series binary pump together with a re-
versed-phase HPLC column (Macherey-Nagel) and a Finnigan Thermo-
quest LCQ apparatus. FAB MS measurements were taken with a Jeol
SX 102 A spectrometer with 3-nitrobenzyl alcohol (3-NBA) as the
matrix. MALDI-TOF mass spectra were recorded with a Voyager-DE
Pro BioSpectrometer from PerSeptive Biosystems with 2,5-dihydroxyben-
zoic acid (DHB) as the matrix. Optical rotations were measured by using
a Schmidt +Haensch Polartronic HH8 apparatus. The yield and scale of
the solid-phase reactions are given with respect to the Fmoc loading as
supplied by Novabiochem. All reactions were carried out under an argon
atmosphere in dry solvents unless otherwise noted.


General procedures for the solid-phase synthesis of Rab7 peptides by
using the phenylhydrazide linker : For all peptides, commercially available
Fmoc-4-hydrazinobenzoyl NovaGel resin from Novabiochem, with an
Fmoc loading of 0.56 mm g�1, was used. All reactions were carried out
under an argon atmosphere in polyethylene syringe reactors equipped
with a fritted disc. Agitation was achieved by using an orbital shaker.


Fmoc cleavage was achieved by using a degassed solution of 35% piperi-
dine in DMF twice for 7 min. The resin was subsequently washed six
times with DMF and three times with dichloromethane.


Amino acids were coupled by using an HBTU/HOBt strategy. Typically,
amino acid (4 equiv) was prereacted for 5 min with HBTU (3.6 equiv),
HOBt (4 equiv) and (DIPEA; 8 equiv) in DMF/CH2Cl2 (1:1). The so-
lution was added to the resin and agitated for 2 h at room temperature.
Cysteine derivatives and dipeptides were coupled by using a DIC/HOBt
strategy in order to suppress racemisation. Typically, amino acid or dipep-
tide (4 equiv) was prereacted for 5 min with DIC (3 equiv) and HOBt
(6 equiv) in DMF/CH2Cl2 (1:1). Formation of the active ester of the cys-
teine was confirmed by TLC. The solution was added to the resin and
agitated for at least 4 h at room temperature. The resin was subsequently
washed six times with dichloromethane and three times with DMF.


Cleavage of the trityl protecting groups from serine was achieved by agi-
tating twice for 30 min with a solution of 1 % TFA and 2 % TES in di-
chloromethane. The resin was subsequently washed five times with di-
chloromethane.


Cleavage of the allyl ester from glutamic acid was achieved by agitating
twice for 1 h with a solution of [Pd(PPh3)4] (0.1 equiv) and PhSiH3


(10 equiv) in THF. The resin was subsequently washed five times with di-
chloromethane.


In vitro protein ligation : In the ligation reaction, 450 mm Rab7DC6-
MESNA thioester was mixed with 4 mm peptide in 20mm Na2HPO4/
NaH2PO4 (pH 7.5), 0.1mm MgCl2, 2 mm GDP, 100 mm MESNA and 50mm


cetyltrimethylammonium bromide (CTAB) and the mixture was allowed
to react overnight at room temperature with vigorous agitation. The reac-
tion mixture was centrifuged to remove protein and peptide precipitate
and the pellet was washed with methanol, dichloromethane (four times),
methanol (four times) and distilled water (four times).


Solubilisation and refolding conditions : The protein pellet was dissolved
in 100 mm tris(hydroxymethyl)aminomethane–HCl (Tris–HCL; pH 8.0),
6m guanidinium hydrochloride, 1mm ethylenediaminetetraacetate
(EDTA), 100 mm dithioerythritol (DTE) and 1% 3-[3-(cholamidopro-
pyl)dimethylammonio]propanesulfonate (CHAPS) to a final concentra-
tion of 0.5 mg mL�1 for ligated protein. This solution was diluted approxi-


Figure 5. Model showing the potential interaction of the peptide Cys-Cys-
(GerGer)-NH-(CH2)2-NH-Dansyl (ball-and-stick representation) with do-
main II of Rab GDI (ribbon representation). The lipid (displayed in
atomic colours) was superimposed with the geranylgeranyl lipid (green)
identified in the crystal structure of Ypt1:GDI complex. Binding of the
isoprenoid group in the hydrophobic cavity brings the C-terminal a-car-
boxyl group into close contact with residues of GDI. This results in steric
conflicts between bulky substituents linked to the C terminus of the Rab
proteins and the GDI domain II. The model was generated and dispayed
by using ICM Pro v3.0–28g (MolSoft LLC).
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mately 25-fold by adding it dropwise into a buffer containing 50mm 2-[4-
(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid (HEPES; pH 7.5),
2.5mm DTE, 2mm MgCl2, 10mm GDP, 1% CHAPS, 400 mm arginine·HCl,
400 mm trehalose, 0.5 mm phenylmethylsulfonyl fluoride (PMSF) and
1mm EDTA that was being stirred gently at room temperature. After ad-
dition of REP-1 or GDI protein (1 equiv), the solution was incubated on
ice for 1 h and subsequently dialysed overnight against 25 mm HEPES
(pH 7.5) containing 100 mm (NH4)2SO4, 10% glycerol, 0.5mm PMSF,
2mm MgCl2, 2mm GDP, 1mm EDTA and 2.5mm DTE. The protein com-
plex was concentrated by using a size-exclusion concentrator (Amicon)
to a final concentration of approximately 4 mg mL�1. Insoluble material
was removed by centrifugation and the supernatant was loaded onto a
Superdex 200 gel-filtration column (Pharmacia) equilibrated with buffer
containing 25 mm HEPES (pH 7.5), 2mm MgCl2, 10 mm GDP, 2.5 mm


DTE, 100 mm (NH4)2SO4 and 10% glycerol. Fractions containing both
REP and Rab7 were collected, concentrated to approximately
10 mg mL�1 and stored in multiple aliquots at �80 8C.


Synthesis of Fmoc-Ser-Cys(GerGer)-NH-CH2-CH2-NHDansyl (5):
Dansyl-NH(CH2)2NH2 (23 mg, 0.156 mmol) was added to an ice-cooled
solution of Fmoc-Ser-Cys(GerGer)-OH (50 mg, 0.071 mmol), HOBt
(12 mg, 0.171 mmol), HBTU (27 mg, 0.171 mmol) and triethylamine
(20 mL, 0.285 mmol) in dichloromethane (5 mL). The solution was stirred
for 1 h and was subsequently allowed to warm to RT. After being stirred
for 3 h at RT, the solvent was co-evaporated with toluene under reduced
pressure. The crude reaction mixture was purified by column chromatog-
raphy (silica, CH2Cl2!CH2Cl2/CH3OH (10:2.5)) to yield the pure title
compound 5 as a yellow solid (53 mg, 0.054 mmol, 76%). TLC: Rf =0.56
(CH2Cl2/CH3OH (10:0.5)); [a]20


D =�9.6 (c =1.2, CHCl3); m.p. 155–157 8C;
1H NMR (CDCl3, 400 MHz, 300 K): d =8.45 (d, J=8.5 Hz, 1H; H-4
Dansyl); 8.25 (d, J=8.5 Hz, 1H; H-8 Dansyl); 8.12 (d, J= 7.3 Hz, 1H; H-
2 Dansyl); 7.70 (d, J =7.7 Hz, 2 H; Fmoc); 7.58 (br s, 1H; NH); 7.54 (t,
J =7.6 Hz, 1H; Fmoc); 7.52 (t, J =7.4 Hz, 1 H; Fmoc); 7.42 (t, J =8.0 Hz,
1H; H-3, Dansyl); 7.32 (t, J=8.3 Hz, 1H; H-7 Dansyl); 7.22 (t, J=


7.5 Hz, 2H; Fmoc); 7.20 (d, J =7.7 Hz, 2H; Fmoc); 7.10 (d, J =7.5 Hz,
1H; H-6 Dansyl); 6.51 (t, J =7.1 Hz, 1H; NH); 6.28 (d, J =7.0 Hz, 1H;
NH); 5.13 (t, J=7.2 Hz, 1 H; SCH3CH=GerGer); 5.05 (m, 3 H; C=CH,
GerGer); 4.56 (m, 1 H; a-CH Cys); 4.39 (m, 1 H; a-CH Ser); 4.34 (d, J =


7.2 Hz, 2 H; Fmoc); 4.14 (t, J=7.2 Hz, 1H; Fmoc); 4.01 (m, 1H; CH2a


Ser); 3.82 (m, 1 H; CH2b Ser); 3.33 (m, 1 H; CH2a Cys); 3.29 (m, 1H;
CH2b Cys); 3.08 (d, J=5.5 Hz, 2H; SCH2 GerGer); 2.93 (m, 2 H;
NHCH2CH2NH); 2.80 (m, 8H; NHCH2CH2NH, N(CH3)2 Dansyl); 2.02–
1.92 (m, 12H; =C(CH3)CH2CH2, CH2CH2CH=); 1.63 (s, 3H; =C-
(CH3)CH3 trans); 1.57 (s, 3H; =C(CH3)CH3 cis); 1.55 (s, 3 H; =C-
(CH3)CH3 cis); 1.55 (s, 3H; =C(CH3)CH3 cis); 1.53 (s, 3 H; =C(CH3)CH3


cis) ppm; 13C NMR (CDCl3, 100 MHz, 300 K): d=171.1 (CH2NHC=O);
170.8 (CONH); 154.4 (CH2OCNH); 151.8 (C-5 Dansyl); 143.6, 143.5,
141.1, 140.0 (C-8a, C-9a, C-4a, C-4b Fmoc); 135.2, 134.8 (2 � C=CH);
134.7, 131.1 (C=CH, C-1 Dansyl); 130.3 (C-8 Dansyl); 129.8, 129.4, 129.0
(C-2, C-4a, C-8a Dansyl); 128.4 (C=CH, C-3 Dansyl); 128.2 (C-3, C-6
Fmoc); 127.6 (C-2 Fmoc); 127.0 (C-7 Fmoc); 125.1, 125.0 (C-1, C-8
Fmoc); 124.3 (2 � C=CH); 124.1 (C=CH); 123.7 (C-7 Dansyl); 123.0 (C=


CH); 119.8, 119.1 (C-4, C-5 Fmoc); 118.8 (C-4 Dansyl); 115.1 (C-6
Dansyl); 67.3 (C-10 Fmoc); 62.9 (b-CH2 Ser); 56.2 (a-CH Cys); 53.1 (a-
CH Ser); 46.9 (C-9 Fmoc); 45.3 (N(CH3)2); 42.2 (NHCH2CH2NH); 39.8,
39.6 (2 �=C(CH3)CH2CH2); 39.5 (=C(CH3)CH2CH2); 32.5 (b-CH2 Cys);
29.6 (SCH2C=); 26.6, 26.5 (2 � CH2CH2CH=); 26.4 (=C(CH3)CH3 trans);
25.6 (CH2CH2CH=); 17.6 (=C(CH3)CH3 cis); 16.0, 15.9, 15.9 (3 �=


(CH2)CH3 cis) ppm; HR FAB MS (3-NBA): calcd for C55H72N5O7S2


[M+H]: 978.4864; found: 978.4863.


Synthesis of Fmoc-Ser-Cys(GerGer)-Ser-Cys(GerGer)NH-CH2-CH2-
NHDansyl (10): Diethylamine (200 mL) was added to an ice-cooled so-
lution of Fmoc-Ser-Cys(GerGer)-NH-(CH2)2-NHDansyl (23 mg,
0.024 mmol) in dichloromethane (800 mL). After the mixture had been
stirred for 1 h at 0 8C, the product H2N-Ser-Cys(GerGer)-NH-(CH2)2-
NHDansyl had built up quantitatively (TLC control). The solvent was
then co-evaporated with toluene to get the crude product, which was dis-
solved in dichloromethane (1 mL) and cooled in an ice bath. Fmoc-Ser-
Cys(GerGer)-OH (16.5 mg, 0.024 mmol), HOBt (3.8 mg, 0.028 mmol),
HBTU (9 mg, 0.028 mmol) and triethylamine (6.5 mL, 0.047 mmol) were


added to this ice-cooled solution. The solution was stirred for 1 h and
was subsequently allowed to warm to RT. After the mixture was stirred
for 3 h at RT, the solvent was co-evaporated with toluene under reduced
pressure. The crude reaction mixture was purified by column chromatog-
raphy (silica, CH2Cl2!CH2Cl2/CH3OH (10:0.2)) to yield the pure title
compound 10 as a pale-yellow solid (18.7 mg, 0.013 mmol, 54%). TLC:
Rf = 0.73 (CH2Cl2/CH3OH (10:0.5)); [a]20


D =�18.5 (c=1.0, CHCl3); m.p.
160–162 8C; 1H NMR (CDCl3, 400 MHz, 300 K): d=8.53 (d, J =8.5 Hz,
1H; H-4 Dansyl); 8.28 (d, J =8.5 Hz, 1 H; H-8 Dansyl); 8.22 (d, J=


7.2 Hz, 1H; H-2 Dansyl); 7.76 (d, J= 7.5 Hz, 2 H; Fmoc); 7.59 (br s, 1 H;
NH); 7.58–7.51 (m, 4H; H-3, H-7 Dansyl, 2� H Fmoc); 7.41 (t, J=


7.5 Hz, 2H; Fmoc); 7.38 (br s, 1 H; NH); 7.34–7.30 (m, 2H; Fmoc); 7.21
(d, J =7.5 Hz, 1H; H-6 Dansyl); 7.28 (br s, 1 H; NH); 6.56 (br s, 1H;
NH); 6.34 (br s, 1H; NH); 5.69 (br s, 1 H; NH); 5.28–5.18 (m, 2 H;
SCH3CH=GerGer); 5.09 (m, 6H; C=CH, GerGer); 4.48–4.35 (m, 4H; 2�
a-CH Cys, 2� H Fmoc); 4.25–4.15 (m, 3H; 2 � a-CH Ser, 1 � H Fmoc);
3.67 (m, 4H; 2� b-CH2 Ser); 3.21–3.08 (m, 8H; 2 � b-CH2 Cys, 2� SCH2


GerGer); 3.01 (m, 2 H; NHCH2CH2NH); 2.91 (s, 6 H; N(CH3)2 Dansyl);
2.84 (m, 2H; NHCH2CH2NH); 2.10–1.85 (m, 24 H; =C(CH3)CH2CH2,
CH2CH2CH=); 1.67 (s, 6 H; =C(CH3)CH3 trans); 1.59 (s, 30H; =C-
(CH3)CH3 cis) ppm; 13C NMR (CDCl3, 100 MHz, 300 K): d =170.7
(CH2NHCO); 167.0, 166.8, 165.3 (3 � C=O); 157.3 (CH2OCNH); 151.8
(C-5 Dansyl); 143.5 (C-8a, C-9a Fmoc); 141.2, 140.3 (C-4a, C-4b Fmoc);
135.4, 135.3 (2 � C=CH); 134.9 (2 � C=CH); 134.9 (C-1 Dansyl); 131.3,
131.2 (4 � C=CH), 130.6 (C-8 Dansyl); 129.8 (C-2, C-4a Dansyl); 129.2
(C-8a Dansyl); 128.3 (C-3 Dansyl); 127.8 (2 � C=CH); 127.7 (C-3, C-6
Fmoc); 127.1 (C-2 Fmoc); 127.0 (C-7 Fmoc); 126.6, 126.1 (C-1, C-8
Fmoc); 124.4, 124.2 (2 � C=CH); 124.1 (2 � C=CH); 123.8 (C-7 Dansyl);
123.6, 123.1 (2 � C=CH); 119.9 (C-4, C-5 Fmoc); 117.4 (C-4 Dansyl);
111.1 (C-6 Dansyl); 67.7 (C-10 Fmoc); 62.0 (b-CH2 Ser); 46.8 (C-9
Fmoc); 45.3 (N(CH3)2); 42.4 (NHCH2CH2NH); 39.7 (6 �=C-
(CH3)CH2CH2); 39.6 (2 � b-CH2 Cys); 29.6 (2 � SCH2C=); 26.7, 26.6, 26.5
(6 � CH2CH2CH=); 25.7 (2 �=C(CH3)CH3 trans); 17.6 (2 �=C(CH3)CH3


cis); 16.2, 16.0, 16.0 (6 �=(CH2)CH3 cis) ppm (signals for 4� a-CH were
not detectable); ESI MS (+ve): m/z calcd for C81H114N7O10S3 [M+H]:
1440.8; found: 1440.7; MALDI-TOF MS (DHB): calcd for
C81H113N7O10S3Na [M+Na]: 1462.7; found: 1462.4.


Synthesis of Fmoc-Ser-Cys(GerGer)-Ser-Cys(GerDansyl)-OMe (11):
HOBt (8.9 mg, 66 mmol), EDC·HCl (9.5 mg, 49 mmol) and triethylamine
(7.0 mL, 49 mmol) were added to an ice-cooled solution of Fmoc-Ser-Cys-
(GerGer)-Ser-OH (7; 26 mg, 33 mmol) and NH2-Cys(Ger-Dansyl)-OMe
(8 ; 15.4 mg, 30 mmol) in dichloromethane (5 mL). The reaction was stir-
red for an additional 1 h at 0 8C and 5 h at RT. Subsequently, the organic
layer was diluted with dichloromethane (50 mL) and extracted with aque-
ous ammonium chloride. The organic layer was dried over Na2SO4, the
solvent was evaporated under reduced pressure and the crude reaction
mixture was purified by column chromatography (firstly on silica, ethyl
acetate!CH2Cl2!CH2Cl2/CH3OH (20:1); secondly on alumina(iii),
CH2Cl2!CH2Cl2/CH3OH (17:1)) to yield the pure title compound 11 as
an off-white solid (15 mg, 12 mmol, 40 %). TLC: Rf =0.10 (alumina,
CH2Cl2/CH3OH (25:1)); [a]20


D =�15.6 (c =0.25, CHCl3); 1H NMR
(CDCl3, 500 MHz, 300 K): d= 8.62 (br s, 1H; H-4 Dansyl); 8.39 (br s, 1 H;
H-8 Dansyl); 8.24 (d, J =7.2 Hz, 1 H; H-2 Dansyl); 7.8–7.2 (br s, 2H;
NH); 7.75 (d, J =7.7 Hz, 2H; Fmoc); 7.58 (m, 4H; H-3 Dansyl, H-7
Dansyl, 2� H Fmoc); 7.39 (t, J =7.5 Hz, 2 H; Fmoc); 7.30 (m, 3H; 2 � H
Fmoc, H-6 Dansyl); 7.1 (br s, 1H; NH); 5.90 (d, J=7.0 Hz, 1 H; NH
Fmoc); 5.50 (t, J =5.5 Hz, 1 H; NH-Dansyl); 5.19 (t, J =7.6 Hz, 1 H; C=


CH); 5.15 (t, J =7.3 Hz, 1H; C=CH); 5.11 (m, 4H; C=CH); 4.79 (m, 1H;
a-CH Cys); 4.62 (m, 2H; a-CH Cys, a-CH Ser); 4.41 (m, 1H; a-CH
Ser); 4.35 (m, 2 H; H-10 Fmoc); 4.17 (m, 1 H; H-9 Fmoc); 4.13 (m, 1H;
b-CH2a Ser); 4.03 (m, 1 H; b-CH2a Ser); 3.76 (m, 2H; 2 � b-CH2b Ser);
3.75 (s, 3H; OCH3); 3.39 (d, 2H; CH2NH-Dansyl); 3.17 (m, 4 H; SCH2


GerGer, SCH2 Ger-Dansyl); 3.01–2.84 (m, 10 H; N(CH3)2, 2� b-CH2


Cys); 2.09–1.84 (m, 16H; =C(CH3)CH2CH2, CH2CH2CH=); 1.67 (s, 3H;
=C(CH3)CH3 trans); 1.64, 1.60, 1.59, 1.59, 1.58 (5 � s, 15H; 5� CH3 cis);
1.40 (s, 3 H; CH3CCH2-Dansyl) ppm; 13C NMR (CDCl3, 150 MHz,
300 K): d=170.4 (CH3OC=O); 152.2 (C-5 Dansyl); 143.6 (C-8a, C-9a
Fmoc); 140.8 (C-4a, C-4b Fmoc); 140.2 (C=CH); 138.9 (C=CH); 136.7
(C=CH); 135.2 (C-1 Dansyl); 134.8 (C=CH); 130.8 (C=CH); 130.7 (C=
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CH); 130.1 (C-8 Dansyl); 130.0 (C-2 Dansyl); 129.7, 129.3 (C-4a, C-8a
Dansyl); 127.6 (C-3 Dansyl); 127.3 (C=CH); 127.5 (C-3, C-6 Fmoc);
126.9 (C-2, C-7 Fmoc); 124.8 (C-1, C-8 Fmoc); 124.1, 124.0, 124.0, 123.9
(4 � C=CH); 124.2 (C-7 Dansyl); 119.7 (C-4, C-5 Fmoc); 120.4 (C-4
Dansyl); 118.9 (C=CH); 115.8 (C-6 Dansyl); 67.3 (C-10 Fmoc); 62.9, 62.8
(2 � b-CH2 Ser); 55.9, 55.0, 54.8, 51.5 (4 � a-CH); 52.7 (OCH3); 50.8 (C=


CHCH2NH); 47.1 (C-9 Fmoc); 46.4 (N(CH3)2); 40.1, 29.9, 29.5, 29.5 (2 �
b-CH2 Cys, 2 � SCH2CH=); 39.7, 39.4, 39.4, 39.3 (4 �=C(CH3)CH2CH2);
26.9, 26.7, 26.5, 25.6 (3 � CH2CH2CH=); 25.6 (=C(CH3)CH3 trans); 17.8
(=C(CH3)CH3 cis), 16.4, 16.0, 15.8, 15.8 (4 �=C(CH2)CH3 cis); 14.2 (=C-
(CH3)CH2NH) ppm; ESI MS (+ve): m/z calcd for C70H95N6O11S3


[M+H]: 1291.6; found: 1291.5; calcd for C70H94N6NaO11S3 [M+Na]:
1313.6; found: 1313.6; MALDI-TOF MS (DHB): calcd for [M+Na]:
1313.6; found: 1314.3; calcd for [M+K]: 1329.6; found: 1330.3.


Synthesis of Fmoc-Ser-Cys(GerGer)-Ser-Cys(FarDansyl)-OMe (12):
HOBt (18 mg, 133 mmol), EDC·HCl (26 mg, 133 mmol) and triethylamine
(12.5 mL, 89 mmol) were added to an ice-cooled solution of Fmoc-Ser-
Cys(GerGer)-Ser-OH (7; 70 mg, 89 mmol) and NH2-Cys(Far-Dansyl)-
OMe (9 ; 52 mg, 89 mmol) in dichloromethane (5 mL) and DMF (5 mL).
The reaction mixture was stirred for an additional 1 h at 0 8C and 5 h at
RT. Subsequently, the organic layer was diluted with dichloromethane
(100 mL) and extracted with aqueous ammonium chloride. The organic
layer was dried over Na2SO4, the solvent was evaporated under reduced
pressure and the crude reaction mixture was purified by column chroma-
tography (silica, CH2Cl2!CH2Cl2/CH3OH (9:1)), to yield the pure title
compound 12 as an off-white solid (15 mg, 12 mmol, 40 %). TLC: 0.35
(CH2Cl2/CH3OH (19:1)); [a]20


D =�17.7 (c =1.00, CHCl3); 1H NMR
(CDCl3, 500 MHz, 300 K): d= 8.56 (br s, 1H; H-4 Dansyl); 8.34 (br s, 1 H;
H-8 Dansyl); 8.23 (d, J=7.2 Hz, 1H; H-2 Dansyl); 7.74 (d, J =7.2 Hz,
2H; Fmoc); 7.55 (m, 4 H; H-3 Dansyl, H-7 Dansyl, 2� H Fmoc); 7.4–7.2
(br s, 3 H; NH); 7.38 (t, J =7.5 Hz, 2H; Fmoc); 7.29 (t, J=6.9 Hz, 2 H;
Fmoc) 7.21 (br s, 1H; H-6 Dansyl); 5.90 (d, J =6.5 Hz, 1 H; NH Fmoc);
5.20 (br s, 1H; NH-Dansyl); 5.17 (m, 3H; C=CH); 5.09 (m, 3H; C=CH);
5.00 (t, J =6.6 Hz, 1 H; C=CH); 4.75 (m, 1H; ¥-CH Cys); 4.68 (m, 2 H;
¥-CH Cys, a-CH Ser); 4.43 (m, 1 H; a-CH Ser); 4.37 (d, J =6.7 Hz, 2H;
H-10 Fmoc); 4.19 (t, J=6.7 Hz, 1H; H-9 Fmoc); 4.09 (m, 1H; b-CH2a


Ser); 4.00 (m, 1H; b-CH2a Ser); 3.75 (m, 2 H; 2 � b-CH2b Ser); 3.74 (s,
3H; OCH3); 3.39 (d, 2 H; CH2NH-Dansyl); 3.16 (m, 4 H; SCH2 GerGer,
SCH2 Ger-Dansyl,); 2.99–2.84 (m, 4H; 2 � b-CH2 Cys); 2.90 (br s, 6 H; N-
(CH3)2); 2.07–1.82 (m, 20H; =C(CH3)CH2CH2, CH2CH2CH=); 1.67 (s,
3H; =C(CH3)CH3 trans); 1.64, 1.63, 1.59, 1.58, 1.58, 1.52 (6 � s, 15H; 5�
CH3 cis); 1.40 (s, 3H; CH3CCH2-Dansyl) ppm; 13C NMR (CDCl3,
125 MHz, 300 K): d=170.4 (CH3OC=O); 152.4 (C-5 Dansyl); 143.6 (C-
8a, C-9a Fmoc); 140.7 (C-4a, C-4b Fmoc); 140.1 (C=CH); 138.8 (C=CH);
135.7 (C=CH); 134.6 (C=CH); 131.7 (C=CH); 130.7 (C=CH); 130.1 (C-8
Dansyl); 130.1 (C-2 Dansyl); 129.5, 129.0 (C-4a, C-8a Dansyl); 127.8 (C-3
Dansyl); 128.7 (C=CH); 128.3 (C-3, C-6 Fmoc); 127.6 (C-2, C-7 Fmoc);
125.4 (C-1, C-8 Fmoc); 125.2, 124.8, 124.3, 124.3, 124.2 (5 � C=CH); 123.8
(C-7 Dansyl); 120.4 (C-4, C-5 Fmoc); 120.3 (C-4 Dansyl); 119.8 (C=CH);
115.6 (C-6 Dansyl); 67.7 (C-10 Fmoc); 63.3, 63.2 (2 � b-CH2 Ser); 56.1,
55.1, 53.7, 52.0 (4 � a-CH); 53.2 (OCH3); 51.8 (C=CHCH2NH); 47.4 (C-9
Fmoc); 45.7 (N(CH3)2); 33.1, 33.0, (2 � b-CH2); 29.9, 29.9 (2 � SCH2CH=);
39.8, 39.8, 39.7, 39.5, 39.4 (5 �=C(CH3)CH2CH2); 27.2, 26.9, 26.6, 26.6,
26.1 (5 � CH2CH2CH=); 26.2 (=C(CH3)CH3 trans); 17.7 (=C(CH3)CH3


cis), 16.5, 16.0, 16.0, 15.9, 15.0 (5 �=C(CH2)CH3 cis); 14.3 (=C-
(CH3)CH2NH) ppm; ESI MS (+ve): m/z calcd for C75H103N6O11S3


[M+H]: 1359.7; found: 1359.6; calcd for C75H102N6NaO11S3 [M+Na]:
1381.7; found: 1381.7; MALDI-TOF MS (DHB): calcd for [M+Na]:
1381.7; found: 1382.5; calcd for [M+K]: 1397.6; found: 1398.4.


Synthesis of Fmoc-Cys(StBu)-Glu(Fm)-OH (15): DCC (376 mg,
1.82 mmol) was added to an ice-cooled solution of Fmoc-Cys(StBu)
(750 mg, 1.74 mmol) and N-hydroxysuccinimide (200 mg, 1.74 mmol) in
DME (10 mL). The solution was stirred for 1 h and subsequently allowed
to warm to RT and stirred for an additional hour. The solution was then
cooled in an ice bath and the precipitated dicyclohexylurea (DCU) was
removed by filtration. The solvent was evaporated under reduced pres-
sure and the crude product (Fmoc-Cys(StBu)-Osu (13)) was used without
further purification. The activated acid and NH2-Glu(Fm)-OH (14 ;
678 mg, 2.09 mmol) were dissolved in dichloromethane (20 mL) and the


solution was cooled in an ice bath. Subsequently, triethylamine (293 mL,
2.09 mmol) was added dropwise and the reaction mixture was allowed to
warm to RT and stirred overnight. The reaction mixture was diluted with
dichloromethane (100 mL) and subsequently extracted twice with 1m


HCl. The organic layer was dried over MgSO4 and the solvent was
evaporated under reduced pressure. The crude reaction mixture was puri-
fied by column chromatography (silica, CH2Cl2!CH2Cl2/formic acid
(9:1)) to yield the pure title compound 15 as an off-white solid (720 mg,
0.974 mmol, 56%). TLC: Rf =0.25 (CH2Cl2/formic acid (20:1)); 1H NMR
(CDCl3, 500 MHz, 300 K): d=8.50 (br s, 1H; NH amide); 7.72 (d, 2 H;
Fmoc); 7.72 (d, 2 H; Fm); 7.54 (d, 2 H; Fmoc); 7.54 (d, 2H; Fm); 7.37 (t,
2H; Fmoc); 7.37 (t, 2H; Fm); 7.27 (t, 2 H; Fmoc); 7.27 (t, 2H; Fm); 5.92
(br d, 1 H; NH carbamate); 4.60 (m, 1H; a-CH Cys); 4.41–4.31 (m, 5 H;
H-10 Fmoc, H-10 Fm, a-CH Glu); 4.19, 4.17 (2 � t, 2 H; H-9 Fmoc, H-9
Fm); 3.11 (m, 1 H; b-CH2a Cys); 3.07 (m, 1 H; b-CH2b Cys); 2.58 (m, 1 H;
g-CH2a Glu); 2.53 (m, 1H; g-CH2b Glu); 2.29 (m, 1H; b-CH2a Glu); 2.11
(m, 1 H; b-CH2b Glu); 1.31 (s, 9 H; SC(CH3)3) ppm; 13C NMR (CDCl3,
125 MHz, 300 K): d =174.0, 173.2, 170.6 (COOH, C=O Fm, C=O Cys);
156.3 (C=O Fmoc); 143.6, 143.5 (C-8a, C-9a Fmoc; C-8a, C-9a Fm);
141.1, 141.1 (C-4a, C-4b Fmoc; C-4a, C-4b Fm); 127.8, 127.7 (C-3, C-6
Fmoc; C-3, C-6 Fm); 127.1, 127.1 (C-2, C-7 Fmoc; C-2, C-7 Fm); 125.1,
125.0 (C-1, C-8 Fmoc; C-1, C-8 Fm); 120.0, 120.0 (C-4, C-5 Fmoc; C-4,
C-5 Fm); 67.6, 66.9 (C-10 Fmoc, C-10 Fm); 54.6 (a-CH Cys); 52.1 (a-CH
Glu); 48.5 (SC(CH3)3); 46.9, 46.6 (C-9 Fmoc, C-9 Fm); 42.1 (b-CH2 Cys);
30.3 (g-CH2 Glu); 29.8 (SC(CH3)3); 26.6 (b-CH2 Glu) ppm; ESI MS
(+ve): m/z calcd for C41H43N2O7S2 [M+H]: 739.2; found: 739.1; HR FAB
MS (3-NBA): calcd for C41H43N2O7S2 [M+H]: 739.2433; found: 739.2491.


Synthesis of Aloc-Cys(StBu)-OH (16): Allyl chloroformate (487 mL,
4.57 mmol) was added dropwise to a solution of H2N-Cys(StBu)-OH
(500 mg, 2.61 mmol) in ethylacetate (50 mL). The reaction mixture was
stirred under reflux for 12 h. The solvent was then evaporated under re-
duced pressure and the crude reaction mixture was purified by column
chromatography (silica, CH2Cl2!CH2Cl2/acetic acid (10:1)) to yield the
pure title compound 16 as a colourless oil (551 mg, 1.88 mmol, 72%).
TLC: Rf =0.44 (CH2Cl2/acetic acid (20:1)); [a]RT


D =++66.0 (c =1.0,
CHCl3); 1H NMR (CDCl3, 400 MHz, 300 K): d= 8.60 (br s, 1 H; COOH);
7.89 (d, J=8.3 Hz, 1H; NH); 6.30–6.24 (ddd, J1 = 17.1, J2 =11.8, J3 =


5.3 Hz, 1 H; CH2CH=); 5.70–5.54 (dd, J1 =13.6, J2 = 1.0 Hz, 2H; CH=


CH2); 4.85 (d, J =5.0 Hz, 2H; CH2CH=); 4.59–4.54 (m, 1H; a-CH);
3.49–3.45 (dd, J1 =9.0, J2 = 4.1 Hz, 1H, b-CH2a); 3.37–3.31 (dd, J1 =9.8,
J2 =3.3 Hz, 1H, b-CH2b); 1.68 (s, 9H; SC(CH3)3) ppm; 13C NMR (CDCl3,
100 MHz, 300 K): d=173.1 (COOH); 156.5 (OCONH); 134.3 (=
CHCH2); 117.7 (CH2=CH); 54.3 (a-CH); 48.5 (OCH2CH=, C(CH3)3);
42.3 (b-CH2); 29.9 (C(CH3)3) ppm; HR FAB MS (3-NBA): calcd for
C11H19NO4S2 [M+H]: 294.0834; found: 294.0842.


Synthesis of Aloc-Cys(StBu)-Glu(All)-OH (17): DCC (348 mg,
1.69 mmol) was added to an ice-cooled solution of Aloc-Cys(StBu)-OH
(16 ; 450 mg, 1.53 mmol) and N-hydroxysuccinimide (176 mg, 1.53 mmol)
in dimethoxyethane (10 mL). The solution was stirred for 2 h and subse-
quently allowed to warm to RT and stirred for an additional hour. The
solution was then cooled in an ice bath and the precipitated DCU was re-
moved by filtration. The solvent was evaporated under reduced pressure.
The crude product Aloc-Cys(StBu)-OSu and H2N-Glu(All)-OH·HCl
(443 mg, 1.53 mmol) were dissolved in dichloromethane (20 mL) and the
solution was cooled in an ice bath. Subsequently, triethylamine (425 mL,
3.07 mmol) was added dropwise and the reaction mixture was allowed to
come to RT and stirred overnight. The reaction mixture was diluted with
dichloromethane (100 mL) and extracted with 1m HCl and half-saturated
sodium carbonate solution. The organic layer was dried over MgSO4 and
the solvent was evaporated under reduced pressure. The reaction mixture
was purified by column chromatography (silica, CH2Cl2!CH2Cl2/acetic
acid (10:1)) to yield the pure title compound as a white solid (461 mg,
0.997 mmol, 65%). TLC: Rf =0.15 (CH2Cl2/acetic acid (20:1)); [a]20


D =


�30.2 (c=1.1, CHCl3); m.p. 83–85 8C; 1H NMR (CDCl3, 400 MHz,
300 K): d =9.66 (br s, 1H; COOH); 7.36 (d, J =7.8 Hz, 1 H; NH); 6.00 (d,
J =8.5 Hz, 1 H; NH); 5.99–5.79 (ddd, J1 = 17.0, J2 =10.6, J3 =5.3 Hz, 2H;
2� CH2CH=); 5.26–5.12 (m, 4H; 2� CH=CH2); 4.60–4.40 (m, 2H; a-CH
Glu, a-CH Cys); 4.50 (d, J =5.5 Hz, 4H; 2 � CH2CH=); 3.02 (m, 2H; b-
CH2 Cys); 2.41–2.39 (m, 2 H; g-CH2 Glu); 2.21–2.18 (m, 1H; b-CH2a
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Glu); 2.08–1.99 (m, 1H; b-CH2b Glu); 1.24 (s, 9 H; SC(CH3)3) ppm;
13C NMR (CDCl3, 100 MHz, 300 K): d= 173.9 (CHCONH); 172.7
(COOH); 171.3 (CH2CO2); 156.0 (CH2OCO); 132.4, 131.8 (2 � CH=


CH2); 118.3, 117.7 (2 � CH2=CH); 65.3 (a-CH Cys); 51.9 (a-CH Glu);
48.2, 48.1 (2 � OCH2CH=, C(CH3)3); 42.1 (b-CH2 Cys); 30.2 (g-CH2 Glu);
29.6 (C(CH3)3); 26.8 (b-CH2 Glu) ppm; HR FAB MS (3-NBA): calcd for
C19H30N2O7S2Na [M+Na]: 485.1392; found: 485.1409.


Synthesis of Aloc-Cys(StBu)-Glu(All)-Ser-Cys(GerGer)-Ser-Cys-
(GerGer)NH-CH2-CH2-NHDansyl (18): Diethylamine (400 mL) was
added to an ice-cooled solution of Fmoc-Ser-Cys(GerGer)-Ser-Cys-
(GerGer)-NH-(CH2)2-NHDansyl (35 mg, 0.024 mmol) in dichlorome-
thane (1.6 mL). After the mixture had been stirred for 1 h at 0 8C and 1 h
at RT, the product H2N-Ser-Cys(GerGer)-Ser-Cys(GerGer)-NH-(CH2)2-
NHDansyl had built up quantitatively (TLC control). The solvent was
then co-evaporated with toluene and the crude product was dissolved in
dichloromethane (1 mL) and cooled in an ice bath. Aloc-Cys(StBu)-Glu-
(All)-OH (17; 11.2 mg, 0.024 mmol), HOBt (3.9 mg, 0.029 mmol), HBTU
(9.2 mg, 0.029 mmol) and triethylamine (6.6 mL, 0.048 mmol) were added
to this ice-cooled solution. The solution was stirred for 1 h and was subse-
quently allowed to warm to RT. After the mixture was stirred for 12 h at
RT, the solvent was co-evapporated with toluene under reduced pressure.
The crude reaction mixture was purified by column chromatography
(silica, CH2Cl2!CH2Cl2/CH3OH (10:0.2)) to yield the title compound 18
as a pale-yellow oil (24 mg, 0.015 mmol, 61%). TLC: Rf =0.16 (CH2Cl2/
CH3OH (10:0.5)); [a]20


D =�23.7 (c =1.0, CHCl3); m.p. 170–173 8C;
1H NMR (CDCl3, 400 MHz, 300 K): d =8.50 (d, J=8.3 Hz, 1H; H-4
Dansyl); 8.24 (d, J=8.5 Hz, 1H; H-8 Dansyl); 8.15 (d, J= 7.2 Hz, 1H; H-
2 Dansyl); 7.49–7.46 (m, 2H; H-3, H-7 Dansyl); 7.15 (d, J= 7.5 Hz, 1H;
H-6 Dansyl); 5.92–5.82 (m, 2 H; 2� OCH2CH=); 5.30–5.18 (m, 4 H; 2�
OCH2CH=CH2); 5.06 (m, 8 H; 2� SCH3CH=, 6� C=CH GerGer); 4.60–
4.30 (m, 11 H; 3 � a-CH Cys, 2� a-CH Ser, 2� CH2a Ser, 2 � OCH2CH=);
3.60 (m, 2H; b-CH2b Ser); 3.35 (m, 3 H; 3 � b-CH2b Cys); 3.25–2.95 (m,
10H; 3� b-CH2b Cys, a-CH Glu, 2 � SCH2 GerGer, NHCH2CH2NH); 2.85
(s, 6H; N(CH3)2 Dansyl); 2.78 (m, 2 H; NHCH2CH2NH); 2.47 (t, J=


5.8 Hz, 2H; g-CH2 Glu); 2.03–1.93 (m, 24H; =C(CH3)CH2CH2,
CH2CH2CH=); 1.75 (m, 2 H; b-CH2 Glu); 1.65 (s, 6H; =C(CH3)CH3


trans); 1.57 (s, 30H; =C(CH3)CH3 cis); 1.30 (s, 9H; SC(CH3)3) ppm;
13C NMR (CDCl3, 150 MHz, 300 K): d=157.2 (C-5 Dansyl); 135.3, 134.9
(2 � CH=CH2 Aloc, All); 131.2 (C-8 Dansyl); 129.9, 129.8 (2 � SC=CH);
129.4 (C-2 Dansyl); 128.5 (C-3 Dansyl); 124.3, 124.1 (6 � C=CH); 123.9
(C-7 Dansyl); 118.4 (C-4 Dansyl); 117.9, 117.8 (2 � CH2=CH, Aloc, All);
115.8 (C-6 Dansyl); 55.3 (2 � OCH2CH=, 2� b-CH2 Ser); 43.3 (N(CH3)2);
42.3 (NHCH2CH2NH); 39.7 (6 �=C(CH3)CH2CH2); 38.6
(NHCH2CH2NH); 36.6 (3 � b-CH2 Cys); 31.4 (g-CH2 Glu); 29.6 (SC-
(CH3)3); 29.2 (2 � SCH2C); 27.1 (b-CH2 Glu); 26.7, 25.6 (6 � CH2-
CH2CH=); 23.2 (2 �=C(CH3)CH3 trans); 18.4 (2 �=C(CH3)CH3 cis); 16.9,
17.0 (6 �=C(CH2)CH3 cis); ESI MS (+ve): m/z calcd for C85H132N9O14S5


[M+H]: 1662.8; found: 1662.7; MALDI-TOF MS (DHB): calcd
for C85H131N9O14S5Na [M+ Na]: 1684.8; found: 1684.5.


Synthesis of Fmoc-Cys(StBu)-Glu(Fm)-Ser-Cys(GerGer)-Ser-Cys-
(GerDansyl)-OMe (19)


Solution-phase synthesis : Diethylamine (0.5 mL) was added to a solution
of 11 (15 mg, 11.0 mmol) in dichloromethane (1.5 mL). The solution was
stirred for 45 min and subsequently poured into a flask containing tolu-
ene (60 mL). The solvents were removed under reduced pressure, while
the temperature was not allowed to exceed 40 8C. The solid was taken up
in toluene again (60 mL) and the solvent was again removed under re-
duced pressure. After drying under high vacuum, the crude product was
used without further purification. Deprotected 11 was dissolved in a mix-
ture (2 mL) of DMF and dichloromethane (1:1) and 15 (16.3 mg,
22.0 mmol), HOBt·H2O (6.7 mg, 44 mmol) and EDC·HCl (4.2 mg,
22.0 mmol) were added at 0 8C. After the mixture had been stirred for
2 h, the reaction was stopped and the solvent was then removed under re-
duced pressure. The crude reaction mixture was purified by column chro-
matography (silica, CH2Cl2!CH2Cl2/CH3OH (20:1)) to yield the pure
title compound 19 as an off-white solid (8.3 mg, 4.6 mmol, 42%).


Solid-phase synthesis : Fmoc-Cys(Ger-Dansyl)-OH (22) was coupled by
use of DIC/HOBt to deprotected Fmoc-4-hydrazineobenzoyl NovaGel


resin 27 (100 mg, 0.56 mmol g�1, 56 mmol). After removal of the Fmoc
group, Fmoc-Ser(Trt)-OH (25), Fmoc-Cys(GerGer)-OH (21), Fmoc-Ser-
(Trt)-OH (25) and Fmoc-Cys(StBu)-Glu(Fm)-OH (15) were consecutive-
ly coupled by using either HBTU/HOBt or DIC/HOBt. The Trt groups
were removed and the resin was treated with a solution of Cu(OAc)2


(5.4 mg, 29 mmol), pyridine (48 mL, 588 mmol) and methanol (240 mL,
5.9 mmol) in dichloromethane (7 mL) under an oxygen atmosphere for
2 h. The resin was filtered off, the solvent was evaporated under reduced
pressure and the crude reaction mixture was purified by column chroma-
tography (silica, ethyl acetate/CH2Cl2 (1:1)!ethyl acetate) to yield the
pure title compound 19 as an off-white solid (50 mg, 28 mmol, 50%).


19 : TLC: Rf =0.19 (CH2Cl2/ethyl acetate (1:1)); [a]20
D =�25.3 (c =0.3,


CHCl3); 1H NMR (CDCl3, 500 MHz, 300 K): d=8.82 (br s, 1H; H-4
Dansyl); 8.59 (br s, 1 H; H-8 Dansyl); 8.33 (br s, 1 H; NH); 8.28 (d, J=


7.2 Hz, 1H; H-2 Dansyl); 7.8–7.2 (br s, 4 H; NH); 7.74 (d, J =7.7 Hz, 2H;
Fmoc or Fm); 7.70 (d, J =7.5 Hz, 2H; Fmoc or Fm); 7.65 (br m, 2 H; H-3
Dansyl, H-7 Dansyl); 7.56 (t, J =7.6 Hz, 2 H; Fmoc or Fm); 7.50 (t, J=


7.4 Hz, 2 H; Fmoc or Fm); 7.39 (t, J =7.5 Hz, 2 H; Fmoc or Fm); 7.35 (t,
J =7.5 Hz, 2H; Fmoc or Fm); 7.27 (m, 4 H; 2� H Fmoc, 2 � H Fm); 7.22
(br s, 1H; H-6 Dansyl); 5.97 (br s, 1H; NH); 5.55 (br s, 1H; NH-Dansyl);
5.19 (t, J =7.2 Hz, 1H; SCH2CH=GerGer); 5.13 (t, J= 7.3 Hz, 1 H; C=


CH); 5.09 (m, 4H; C=CH); 4.71 (m, 1 H; a-CH Cys); 4.60 (m, 1 H; a-CH
Cys); 4.55 (m, 1H; a-CH Ser); 4.46 (m, 1H; a-CH Ser); 4.37 (m, 4 H; H-
10 Fmoc, H-10 Fm); 4.31 (m, 1 H; a-CH Cys-SStBu); 4.27 (m, 1 H; a-CH
Glu); 4.17 (m, 2 H; H-9 Fmoc, H-9 Fm); 4.06 (m, 2 H; 2 � b-CH2a Ser);
3.82 (m, 2 H; 2� b-CH2b Ser); 3.72 (s, 3 H; OCH3); 3.41 (d, J =5.7 Hz,
2H; CH2NH-Dansyl); 3.25–2.99 (m, 14H; SCH2 GerGer, SCH2 Ger-
Dansyl, N(CH3)2, 2� b-CH2a Cys, b-CH2 Cys-SStBu); 2.93 (m, 1H; b-
CH2b Cys); 2.86 (m, 1H; b-CH2b Cys); 2.67 (m, 1H; g-CH2a Glu); 2.56
(m, 1 H; g-CH2b Glu); 2.12 (br m, 2H; b-CH2 Glu); 2.10–1.85 (m, 16 H; =


C(CH3)CH2CH2, CH2CH2CH=); 1.67 (s, 3H; =C(CH3)CH3 trans); 1.66 (s,
3H; =C(CH2)CH3 cis); 1.59 (s, 3H; =C(CH3)CH3 cis); 1.58–1.57 (3 � s,
9H; =C(CH2)CH3 cis); 1.41 (s, 3H; CH3CCH2-Dansyl); 1.30 (s, 9 H; SC-
(CH3)3) ppm; 13C NMR (CDCl3, 150 MHz, 300 K) d =171.4 (CH3OC=O);
152.5 (C-5 Dansyl); 143.8 (C-8a, C-9a Fmoc; C-8a, C-9a Fm); 141.5 (C-
4a, C-4b Fmoc; C-4a, C-4b Fm); 140.6 (C=CH); 139.3 (C=CH); 135.7
(C=CH); 135.4 (C-1 Dansyl); 135.3 (C=CH); 131.5 (C=CH); 131.0 (C=


CH); 130.2 (C-8 Dansyl); 129.9 (C-2 Dansyl); 129.9, 129.5 (C-4a, C-8a
Dansyl); 128.3 (C-3 Dansyl); 128.1 (C=CH); 128.1, 128.0 (C-3, C-6
Fmoc; C-3, C-6 Fm); 127.4, 127.4 (C-2, C-7 Fmoc; C-2, C-7 Fm); 125.4,
125.2 (C-1, C-8 Fmoc; C-1, C-8 Fm); 124.6 (2 � C=CH); 124.1 (C=CH);
123.9 (C-7 Dansyl); 120.7 (C=CH); 120.4, 120.3 (C-4, C-5 Fmoc; C-4, C-5
Fm); 120.3 (C-4 Dansyl); 119.7 (C=CH); 115.9 (C-6 Dansyl); 68.2, 67.6
(C-10 Fmoc, C-10 Fm); 63.0, 62.2 (2 � b-CH2 Ser); 57.7, 56.3, 56.1, 55.9,
53.9, 52.4 (6 � a-CH); 53.0 (OCH3); 51.3 (C=CHCH2NH); 49.3 (SC-
(CH3)3); 47.4, 47.0 (C-9 Fmoc, C-9 Fm); 46.8 (N(CH3)2); 41.0, 33.1, 33.3,
33.0, 29.9 (3 � b-CH2 Cys, 2 � SCH2CH=); 40.1 (3 �=C(CH3)CH2CH2);
38.9 (=C(CH3)CH2CH2); 31.5 (g-CH2 Glu); 30.0 (SC(CH3)3); 27.1 (3 �
CH2CH2CH=); 26.0 (=C(CH3)CH3 trans); 25.9 (CH2CH2CH=); 25.8 (b-
CH2 Glu); 18.1 (=C(CH3)CH3 cis), 16.5, 16.3, 16.3, 16.3 (4 �=C(CH2)CH3


cis); 14.7 (=C(CH3)CH2NH) ppm; ESI MS (+ve): m/z calcd for
C96H125N8O15S5 [M+H]: 1789.8; found: 1789.4; calcd for
C96H125N8NaO15S5 [M+Na]: 1811.8; found: 1811.5; MALDI-TOF MS
(DHB): calcd for [M+Na]: 1811.8; found: 1811.8; calcd for [M+K]:
1827.7; found: 1828.1.


Synthesis of Fmoc-Cys(StBu)-Glu(Fm)-Ser-Cys(GerGer)-Ser-Cys-
(FarDansyl)-OMe (20)


Solution-phase synthesis : Diethylamine (0.5 mL) was added to a solution
of 12 (20 mg, 14.7 mmol) in dichloromethane (1.5 mL). The solution was
stirred for 45 min and subsequently poured into a flask containing tolu-
ene (60 mL). The solvents were removed under reduced pressure, while
the temperature was not allowed to exceed 40 8C. The solid was taken up
in toluene again (60 mL) and the solvent was again removed under re-
duced pressure. After drying under high vacuum, the crude product was
used without further purification. Deprotected 12 was dissolved in a mix-
ture (2 mL) of DMF and dichloromethane (1:1), then 15 (22.2 mg,
30.0 mmol), HOBt·H2O (9.2 mg, 60 mmol) and EDC·HCl (5.7 mg,
30.0 mmol) were added at 0 8C. After the mixture had been stirred for
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2 h, the reaction was stopped and the solvent was removed under re-
duced pressure. The crude mixture was purified by column chromatogra-
phy (silica, CH2Cl2!CH2Cl2/CH3OH (20:1)) to yield the pure title com-
pound 20 as an off-white solid (9.6 mg, 5.1 mmol, 35%).


Solid-phase synthesis : Fmoc-Cys(Far-Dansyl)-OH (23) was coupled by
using DIC/HOBt to deprotected Fmoc-4-hydrazineobenzoyl NovaGel
resin 27 (25 mg, 0.56 mmol g�1, 14 mmol). After removal of the Fmoc
group, Fmoc-Ser(Trt)-OH (25), Fmoc-Cys(GerGer)-OH (21), Fmoc-Ser-
(Trt)-OH (25) and Fmoc-Cys(StBu)-Glu(Fm)-OH (15) were consecutive-
ly coupled by using either HBTU/HOBt or DIC/HOBt. The Trt groups
were removed and the resin was treated with a solution of Cu(OAc)2


(1.4 mg, 7.3 mmol), pyridine (12 mL, 147 mmol) and methanol (60 mL,
1.5 mmol) in dichloromethane (2 mL) under an oxygen atmosphere for
2 h. The resin was filtered off, the solvent was evaporated under reduced
pressure and the crude reaction mixture was purified by column chroma-
tography (silica, ethyl acetate/CH2Cl2 (1:1)!ethyl acetate) to yield the
pure title compound 20 as an off-white solid (9.1 mg, 4.9 mmol, 35%).


20 : TLC: Rf =0.21 (CH2Cl2/ethyl acetate (1:1)); [a]20
D =�24.7 (c =0.25,


CHCl3); 1H NMR (CDCl3, 500 MHz, 300 K): d=9.15 (br s, 1H; NH);
8.90 (br s, 1H; H-4 Dansyl); 8.38 (br s, 1 H; H-8 Dansyl); 7.85 (d, J=


7.2 Hz, 1H; H-2 Dansyl); 7.8–7.4 (br s, 4 H; NH); 7.75–7.65 (m, 6H; 2 � H
Fmoc, 2� H Fm, H-3 Dansyl, H-7 Dansyl); 7.58 (m, 4 H; 2� H Fmoc, 2�
H Fm); 7.37 (m, 4H; 2� H Fmoc, 2 � H Fm); 7.27 (m, 5 H; 2 � H Fmoc,
2� H Fm, H-6 Dansyl); 6.18 (br s, 1H; NH); 5.40 (br s, 1H; NH-Dansyl);
5.22 (m, 2H; C=CH); 5.10 (m, 4H; C=CH); 4.99 (m, 1 H; C=CH); 4.75–
4.00 (m, 14H; 3� a-CH Cys, 2� a-CH Ser, H-10 Fmoc, H-10 Fm, a-CH
Glu, H-9 Fmoc, H-9 Fm, 2� b-CH2a Ser); 3.85–3.50 (m, 7H; 2� b-CH2b


Ser, OCH3 CH2NH-Dansyl); 3.45–2.85 (m, 16H; SCH2 GerGer, SCH2


Ger-Dansyl, N(CH3)2, 2� b-CH2 Cys, b-CH2 Cys-SStBu); 2.66–2.10 (m,
4H; g-CH Glu, b-CH2 Glu); 2.15–1.80 (m, 20 H; =C(CH3)CH2CH2,
CH2CH2CH=); 1.68 (s, 3 H; =C(CH3)CH3 trans); 1.62 (s, 3H; =C-
(CH2)CH3 cis); 1.59 (s, 3 H; =C(CH3)CH3 cis); 1.58–1.57 (3 � s, 9H; =C-
(CH2)CH3 cis); 1.33 (s, 3 H; CH3CCH2-Dansyl); 1.28 (s, 9 H; SC-
(CH3)3) ppm; ESI MS (+ve): m/z calcd for C101H133N8O15S5 [M+H]:
1857.9; found: 1857.6; calcd for C96H132N8NaO15S5 [M+Na]: 1879.8;
found: 1879.6; MALDI-TOF MS (DHB): calcd for [M+Na]: 1879.8;
found: 1879.8.


Synthesis of Fmoc-Cys(GerGer)-OH (21): Triethylamine (206 mL,
1.47 mmol) was added dropwise to an ice-cooled solution of Fmoc-OSu
(596 mg, 1.77 mmol) and NH2-Cys(GerGer)-OH (580 mg, 1.47 mmol) in
a mixture of methanol (30 mL) and dichloromethane (30 mL). After the
reaction mixture had been stirred for an additional 4 h at 0 8C, the sol-
vent was evaporated under reduced pressure and the crude reaction mix-
ture was purified by column chromatography (silica, CH2Cl2!CH2Cl2/
CH3OH (9:1)) to yield the pure title compound 21 as a white solid
(720 mg, 1.17 mmol, 80%). TLC: Rf =0.14 (CH2Cl2/CH3OH (20:1));
1H NMR (CDCl3, 500 MHz, 300 K): d =7.74 (d, J =7.5 Hz, 2H; Fmoc);
7.60 (d, J=7.2 Hz, 2 H; Fmoc); 7.38 (t, J =7.5 Hz, 2H; Fmoc); 7.29 (t,
J =7.4 Hz, 2 H; Fmoc); 5.80 (br s, 1H; NH carbamate); 5.21 (t, J =7.7 Hz,
1H; C=CH); 5.08 (m, 3H; C=CH); 4.55 (m, 1H; a-CH Cys); 4.38 (d, J=


7.0 Hz, 2H; H-10 Fmoc); 4.22 (t, J =7.1 Hz, 1 H; H-9 Fmoc); 3.19 (m,
2H; SCH2CH=); 2.99 (m, 1 H; b-CH2a Cys); 2.92 (m, 1H; b-CH2b Cys);
2.10–1.95 (m, 12 H; =C(CH3)CH2CH2CH=); 1.67, 1.64, 1.59, 1.58, 1.58
(5 � s, 15 H; CH3) ppm; 13C NMR (CDCl3, 125 MHz, 300 K): d=173.2
(COOH); 156.1 (C=O Fmoc); 143.8 (C-8a, C-9a Fmoc); 141.1 (C-4a, C-
4b Fmoc); 139.6 (C=CH); 135.0 (C=CH); 134.6 (C=CH); 130.9 (C=CH);
127.4 (C-3, C-6 Fmoc); 126.8 (C-2, C-7 Fmoc); 124.8 (C-1, C-8 Fmoc);
124.1 (C=CH); 123.9 (C=CH); 123.5 (C=CH); 119.6 (C-4, C-5 Fmoc);
119.4 (C=CH); 66.8 (C-10 Fmoc); 53.5 (a-CH); 46.8 (C-9 Fmoc); 39.4,
39.4, 39.3 (3 �=C(CH3)CH2CH2); 33.1 (b-CH2 Cys); 29.7 (SCH2CH=);
26.4, 26.3, 26.2 (3 � CH2CH2CH=); 25.3 (=C(CH2)CH3 trans); 17.2, 15.7,
15.6, 15.6 (4 � CH3) ppm; HR-FAB MS (3-NBA): calcd for
C38H49NO4SNa [M]: 638.3280; found: 638.3302.


Synthesis of Fmoc-Cys(Ger-Dansyl)-OH (22): Triethylamine (51 mL,
0.366 mmol) was added dropwise to an ice-cooled solution of Fmoc-OSu
(148 mg, 0.439 mmol) and NH2-Cys(Ger-Dansyl)-OH (185 mg,
0.366 mmol) in a mixture of methanol (8 mL) and dichloromethane
(8 mL). After the reaction mixture had been stirred for an additional 2 h


at 0 8C and 1 h at RT, the solvent was evaporated under reduced pressure
and the crude reaction mixture was purified by column chromatography
(silica, CH2Cl2!CH2Cl2/CH3OH (12.5:1)) to yield the pure title com-
pound 22 as a yellow oil (260 mg, 0.357 mmol, 97%). TLC: Rf =0.20
(CH2Cl2/CH3OH (17:1)); 1H NMR (CDCl3, 500 MHz, 300 K): d=8.47 (d,
J =8.2 Hz, 1 H; H-4 Dansyl); 8.31 (d, J =8.5 Hz, 1 H; H-8 Dansyl); 8.19
(d, J =7.2 Hz, 1 H; H-2 Dansyl); 7.70 (br d, 2 H; Fmoc); 7.57 (br d, 2 H;
Fmoc); 7.52–7.44 (2 � t, J =8.0, J= 7.7 Hz, 2 H; H-3 Dansyl, H-7 Dansyl);
7.33 (br t, 2 H; Fmoc); 7.23 (br t, 2 H; Fmoc); 7.12 (d, J=7.2 Hz, 1 H; H-6
Dansyl); 5.95 (br s, 1H; NH carbamate); 5.37 (br s, 1 H; NH-Dansyl);
5.06 (m, 2H; C=CH); 4.50 (m, 1 H; a-CH Cys); 4.32 (m, 2 H; H-10
Fmoc); 4.17 (m, 1 H; H-9 Fmoc); 3.36 (d, J=5.6 Hz, 2H; CH2NH-
Dansyl); 3.19–3.01 (m, 3H; SCH2CH=, b-CH2a Cys); 2.92–2.78 (m, 1 H;
b-CH2b Cys); 2.83 (s, 6H; N(CH3)2) 1.84 (m, 4H; =C(CH3)CH2CH2CH=);
1.50 (s, 3 H; =C(CH2)CH3 cis); 1.33 (s, 3 H; CH3CCH2-Dansyl) ppm;
13C NMR (CDCl3, 125 MHz, 300 K): d=174.3 (COOH); 153.3 (C=O car-
bamate) 151.7 (C-5 Dansyl); 143.8 (C-8a, C-9a Fmoc); 141.1 (C-4a, C-4b
Fmoc); 139.4 (C=CH); 135.2 (C-1 Dansyl); 130.5 (C=CH); 130.1 (C-8
Dansyl); 129.9, 129.5 (C-4a, C-8a Dansyl); 129.4 (C-2 Dansyl); 128.2 (C-3
Dansyl); 127.6 (C-3, C-6 Fmoc); 127.0 (C=CH); 127.0 (C-2, C-7 Fmoc);
125.2 (C-1, C-8 Fmoc); 123.1 (C-7 Dansyl); 120.4, 119.8 (C-4 Dansyl, C-4,
C-5 Fmoc); 119.0 (C=CH); 115.1 (C-6 Dansyl); 67.0 (C-10 Fmoc); 52.8
(a-CH); 50.9 (C=CHCH2NH); 47.0 (C-9 Fmoc); 45.3 (N(CH3)2); 39.7,
38.6 (b-CH2 Cys, =C(CH3)CH2CH2); 29.8 (SCH2CH=); 25.7
(CH2CH2CH=); 15.9 (=C(CH2)CH3 cis); 14.1 (=C(CH3)CH2NH) ppm;
HR FAB MS (3-NBA): calcd for C40H45N3O6S2 [M]: 727.2750; found:
727.2762.


Synthesis of Fmoc-Cys(Far-Dansyl)-OH (23): Triethylamine (51 mL,
0.366 mmol) was added dropwise to an ice-cooled solution of Fmoc-OSu
(8.2 mg, 24 mmol) and NH2-Cys(Far-Dansyl)-OH (11.5 mg, 20 mmol) in a
mixture of methanol (1 mL) and dichloromethane (1 mL). After the reac-
tion mixture had been stirred for an additional 2 h at 0 8C and 1 h at RT,
the solvent was evaporated under reduced pressure and the crude reac-
tion mixture was purified by column chromatography (silica, CH2Cl2!
CH2Cl2/CH3OH (20:1)) to yield the pure title compound 23 as a yellow
oil (12 mg, 15 mmol, 75%). TLC: Rf =0.24 (CH2Cl2/CH3OH (17:1));
1H NMR (CDCl3+CD3OD, 500 MHz, 300 K): d =8.52 (br s, 1H; H-4
Dansyl); 8.30 (br s, 1 H; H-8 Dansyl); 8.15 (d, J=6.8 Hz, 1 H; H-2
Dansyl); 7.70 (d, J= 7.5 Hz, 2H; Fmoc); 7.55–7.46 (m, 4 H; 2 � Fmoc, H-3
Dansyl, H-7 Dansyl); 7.33 (t, J=7.2 Hz, 2 H; Fmoc); 7.24 (t, J =7.5 Hz,
2H; Fmoc); 7.18 (br s, 1 H; H-6 Dansyl); 5.10 (m, 2H; C=CH); 4.95 (m,
1H; C=CH); 4.46 (m, 1H; a-CH Cys); 4.32 (d, J=7.2 Hz, 2 H; H-10
Fmoc); 4.17 (t, J =6.7 Hz, 1H; H-9 Fmoc); 3.32 (br d, 2 H; CH2NH-
Dansyl); 3.28–3.06 (m, 3H; SCH2CH=, b-CH2a Cys); 2.92–2.78 (m, 1 H;
b-CH2b Cys); 2.87 (s, 6 H; N(CH3)2); 2.05–1.72 (m, 8H; =C-
(CH3)CH2CH2CH=); 1.57 (s, 3H; =C(CH2)CH3 cis); 1.46 (s, 3H; =C-
(CH2)CH3 cis); 1.33 (s, 3 H; CH3CCH2-Dansyl) ppm; MALDI-TOF MS
(DHB): calcd for [M+H]: 796.3; found: 796.3; calcd for [M+Na]: 818.3;
found: 818.4; HR FAB MS (3-NBA): calcd for C45H53N3O6S2 [M+H]:
796.3454; found: 796.3480.


Synthesis of Fmoc-Glu(OAll)-OH (24): Triethylamine (414 mL,
2.99 mmol) was added dropwise to an ice-cooled solution of Fmoc-OSu
(500 mg, 1.49 mmol) and H2N-Glu(All)-OH·HCl (334 mg, 2.99 mmol) in
a mixture of methanol (1 mL) and dichloromethane (3 mL). After the re-
action mixture had been stirred for an additional 2 h at 0 8C and 1 h at
RT, the solvent was evaporated under reduced pressure and the crude re-
action mixture was purified by column chromatography (silica, CH2Cl2!
CH2Cl2/CH3OH (10:1)) to yield the pure title compound 24 as a white oil
(318 mg, 0.775 mmol, 52%). TLC: Rf =0.2 (CH2Cl2/CH3OH (10:1));
[a]20


D =++66.0 (c =1.0, CHCl3); 1H NMR (CDCl3, 500 MHz, 300 K): d=


7.75 (d, J=7.2 Hz, 2 H; Fmoc); 7.57 (t, J =7.5 Hz, 2H; Fmoc); 7.38 (t,
J =7.3 Hz, 2 H; Fmoc); 7.30 (t, J=7.5 Hz, 2 H; Fmoc); 5.89–5.86 (ddd,
J1 =17.0, J2 =11.5, J3 =5.2 Hz, 1H; CH2CH=); 5.63 (d, J=7.5 Hz, 1H;
NH); 5.31–5.21 (dd, J1 =13.6, J2 =1.0 Hz, 2 H; CH=CH2); 4.56 (d, J =


5.2 Hz, 2 H; H-10 Fmoc); 4.40–4.39 (m, 3H; H-9 Fmoc, OCH2CH=); 4.20
(t, J =7.0 Hz, 1H; a-CH); 2.51–2.44 (m, 2H; g-CH2); 2.29–2.26 (m, 1 H;
b-CH2a); 2.06–2.04 (m, 1H; b-CH2b) ppm; 13C NMR (CDCl3, 125 MHz,
300 K): d=170.4 (COOH); 160.8 (CH2OCNH); 143.6, 141.3 (C-8a, C-9a,
C-4a, C-4b Fmoc); 131.8 (=CHCH2); 127.7 (C-2 Fmoc); 127.1 (C-7
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Fmoc); 125.1 (C-1, C-8 Fmoc); 120.0 (C-4, C-5 Fmoc); 118.5 (CH2=CH);
67.1 (C-10 Fmoc); 65.5 (a-CH); 50.7 (COCH2C=); 47.1 (C-9 Fmoc), 30.9
(b-CH2); 27.2 (g-CH2) ppm; HR FAB MS (3-NBA): calcd for C23H232NO6


[M+H]: 410.1603; found: 410.1613.


Synthesis of Fmoc-Cys(StBu)-Glu-Ser-Cys(GerGer)-Ser-Cys(GerGer)-
NHCH2-CH2NH-Dansyl (33): The resin-bound hexapeptide 31 was syn-
thesised as described for the resin-bound hexapeptides 41 and 42 (see
Scheme 7) Cleavage from the resin: The resin was treated with 0.005 m


Cu(OAc)2 solution in THF and H2N-CH2-CH2-NH-Dansyl (3 equiv) for
3 h under an oxygen atmosphere at room temperature. The solution was
co-evaporated with toluene and the residue was dissolved in DCM. The
organic phase was washed with 1n HCl and dried over MgSO4. The sol-
vent was evaporated under reduced pressure and the residue was purified
by column chromatography (silica, CH2Cl2!CH2Cl2/CH3OH (10:1)) to
yield the title compound 33 as a pale-yellow solid (overall yield referring
to the loading of the resin: 40 %). TLC: Rf =0.46 (CH2Cl2/CH3OH
(10:1)); [a]20


D =�23.7 (c= 1.0, CHCl3); 1H NMR (CDCl3, 500 MHz,
300 K): d =8.45 (br d, J =10.5 Hz, 1 H; H-4 Dansyl); 8.23 (d, J =10.5 Hz,
1H; H-8 Dansyl); 8.11 (d, J =7.5 Hz, 1H; H-2 Dansyl); 7.71 (t, J=


6.4 Hz, 2H; Fmoc); 7.57–7.45 (m, 4 H; 2� H Fmoc, H-3 Dansyl, H-7
Dansyl); 7.34 (m, 4H; Fmoc); 7.11 (m, 2 H; H-6 Dansyl, NH); 6.76 (br d,
1H; NH); 5.26 (m, 2 H; 2� SCH2=CH); 5.15 (m, 6H; C=CH); 4.63–4.18
(m, 9 H; 3 � a-CH Cys, 2 � a-CH Ser, a-CH Glu, 3H Fmoc); 3.64–3.50 (m,
4H; 2 � b-CH2 Ser); 3.50 (m, 10 H; SCH2 GerGer, 3� b-CH2 Cys); 2.80
(m, 10H; CH2CH2NHDansyl, N(CH3)2); 2.26 (m, 4H; g-CH2 Glu, b-CH2


Glu); 2.05–1.85 (m, 24H; 6�=C(CH3)CH2CH2, 6 � CH2CH2CH=); 1.60 (s,
6H; 2 �=C(CH3)CH3 trans); 1.52 (s, 6H; 2 �=C(CH2)CH3 cis); 1.24–1.18
(m, 27H; 6 �=C(CH2)CH3 cis, SC(CH3)3) ppm; ESI MS (+ve): m/z calcd
for C93H134N9O14S5 [M+H]: 1760.9; found: 1761.5; calcd for
C93H133N9NaO14S5 [M+Na]: 1782.8; found: 1783.9.


Synthesis of Fmoc-Cys(StBu)-Glu-Ser-Cys(GerGer)-Ser-Cys(GerGer)-
OMe (34): The resin-bound hexapeptide 31 was synthesised as described
for the resin-bound hexapeptides 41 and 42 (see scheme 7) Cleavage
from the resin: The resin was treated with MeOH (100 equiv) in 0.005 m


Cu(OAc)2/0.01 m pyridine solution in THF twice for 3 h under an oxygen
atmosphere at room temperature. The solution was co-evaporated with
toluene and the residue was dissolved in DCM. The organic phase was
washed with 1n HCl and dried over MgSO4. The solvent was evaporated
under reduced pressure and the residue was purified by column chroma-
tography (silica, CH2Cl2!CH2Cl2/CH3OH (10:1)) to yield the title com-
pound 34 as a pale-yellow solid (overall yield referring to the loading of
the resin: 50 %). TLC: Rf =0.48 (CH2Cl2/CH3OH (10:1)); [a]20


D =�58.0
(c= 1.0, CHCl3); m.p. 169–171 8C; 1H NMR (CDCl3, 500 MHz, 300 K):
d=7.67 (d, J =10.0 Hz, 2H; Fmoc); 7.57–7.54 (m, 4H; Fmoc); 7.35 (m,
2H; Fmoc); 5.25 (m, 1 H; NH); 5.13 (m, 2H; SCH2CH=GerGer); 5.02
(m, 6H; C=CH); 4.63–4.58 (m, 3H; 3 � a-CH Cys); 4.35–4.45 (m, 5 H; 2�
a-CH Ser, 3� H Fmoc); 4.14 (m, 1H; a-CH Glu); 3.65 (m, 4 H; 2� b-CH2


Ser); 3.57 (s, 3H; OCH3); 3.50 (m, 6 H; 3� b-CH2 Cys); 3.32 (m, 4H; 2�
SCH2 GerGer); 3.09 (m, 2H; g-CH2 Glu); 2.00–1.87 (br m, 26H; b-CH2


Glu, 6 �=C(CH3)CH2CH2, 6� CH2CH2CH=); 1.60 (s, 6H; =C(CH3)CH3


trans); 1.55 (s, 6H; =C(CH3)CH3 cis); 1.24–1.18 (2 � s, 27 H; 6�=C-
(CH2)CH3 cis, SC(CH3)3) ppm; ESI MS: (+ve): m/z calcd for
C80H119N6O13S4 [M+H]: 1499.7; found: 1499.5; MALDI-TOF MS (DHB):
calcd for C80H118N6O13S4Na [M+Na]: 1521.8; found: 1521.6.


Synthesis of H-Cys(StBu)-Glu-Ser-Cys(GerGer)-Ser-Cys(GerDansyl)-
OMe (44): Diethylamine (0.5 mL) was added to a solution of 19 (12 mg,
6.7 mmol) in dichloromethane (1.5 mL). The solution was stirred for
45 min and subsequently poured into a flask containing toluene (60 mL).
The solvents were removed under reduced pressure, while the tempera-
ture was not allowed to exceed 40 8C. The solid was taken up in toluene
again (60 mL) and the solvent was again removed under reduced pres-
sure. After drying of the crude product under high vacuum, the com-
pound was purified by column chromatography (silica, ethyl acetate!
CH3OH/ethyl acetate (1:1)) to yield the product as a light-yellow waxy
solid (7.8 mg, 5.6 mmol, 84 %). TLC: Rf =0.48 (CH3OH/ethyl acetate
(1:4)); 1H NMR (CDCl3, 500 MHz, 300 K): d=8.51 (br s, 1 H; H-4
Dansyl); 8.32 (br s, 1 H; H-8 Dansyl); 8.19 (br s, 1 H; H-2 Dansyl); 7.54,
7.49 (2 � br s, 2 H; H-3 Dansyl, H-7 Dansyl); 7.18 (br s, 1 H; H-6 Dansyl);


5.09 (m, 6 H; C=CH); 4.75–4.45 (m, 1 H; 2� a-CH Cys, 2 � a-CH Ser);
4.28 (m, 1 H; a-CH Cys-SStBu); 4.25 (m, 1 H; a-CH Glu); 4.05 (m, 2 H;
2� b-CH2a Ser); 3.83 (m, 2 H; 2 � b-CH2b Ser); 3.72 (br s, 3H; OCH3); 3.38
(br s, 2H; CH2NH-Dansyl); 3.18–2.80 (m, 14H; 2 � SCH2, N(CH3)2, 3� b-
CH2); 2.65–1.85 (m, 20H; g-CH2 Glu, b-CH2 Glu, =C(CH3)CH2CH2,
CH2CH2CH=); 1.70 (s, 3 H; =C(CH3)CH3 trans); 1.65 (s, 3H; =C-
(CH2)CH3 cis); 1.60 (br s, 12H; 4�=C(CH3)CH3 cis); 1.41 (br s, 3H;
CH3CCH2-Dansyl); 1.30 (br s, 9H; SC(CH3)3) ppm; ESI MS (+ve): m/z
calcd for C67H104N8O13S5 [M]: 1388.6; found: 1388.5; calcd for
C67H103N8NaO13S5 [M+Na�H]: 1410.6; found: 1410.5; MALDI-TOF MS
(DHB): calcd for [M+Na�H]: 1410.6; found: 1410.6; calcd for
[M+K�H]: 1426.6; found: 1426.5.


Synthesis of H-Cys(StBu)-Glu-Ser-Cys(GerGer)-Ser-Cys(GerGer)NH-
CH2-CH2-NHDansyl (45): Hexapeptide 18 (4 mg, 2.41 � 10�3 mmol) was
dissolved in THF (1 mL). Morpholine (2.4 equiv, 0.5 mL, 5.78 �
10�3 mmol) and [Pd(Ph3)4] (0.1 equiv, 0.28 mg, 0.24 � 10�3 mmol) were
added to the solution under an argon atmosphere. The solution was stir-
red for two hours in the dark at room temperature. After evaporation of
the solvent under reduced pressure, the residue was purified by column
chromatography (silica, CH2Cl2!CH2Cl2/CH3OH (10:1)) to yield the
title compound as a white solid (3 mg, 1.95 � 10�3 mmol, 81%). TLC: Rf =


0.48 (CH2Cl2/CH3OH (10:1)); 1H NMR (CDCl3+1 % MeOD, 500 MHz,
300 K): d= 8.56 (br s, 1 H; H-4 Dansyl); 8.24 (br s, 1H; H-8 Dansyl); 7.67
(m, 1H; H-2 Dansyl); 7.55, 7.48 (2 � m, 2H; H-3 Dansyl, H-7 Dansyl);
7.19 (br s, 1 H; H-6 Dansyl); 5.35 (t, J =4.9 Hz, 2H; SCH2CH GerGer);
5.30 (br s, 6H; C=CH); 5.06 (m, 3 H; 3 � a-CH Cys); 4.69 (weak signal,
2H; 2� a-CH Ser); 4.08 (weak signal, 1H; a-CH Glu); 3.65 (m, 4H; 2�
b-CH2 Ser); 3.65, 3.57–3.49 (2 � m, 6H; 3� b-CH2 Cys); 3.40–3.35 (m, 4H;
2� SCH2 GerGer); 3.04 (m, 2 H; g-CH2 Glu); 2.89 (br s; 10H; N(CH3)2,
CH2CH2NHDansyl); 2.35 (t, J=9.5 Hz, 2 H; b-CH2 Glu); 2.03–1.99 (br m,
12H; 6�=C(CH3)CH2CH2); 1.67–1.59 (m, 24 H; 2 �=C(CH3)CH3 trans,
2�=C(CH2)CH3 cis, 6� CH2CH2CH=); 1.30–1.25 (br s, 27H; 6�=C-
(CH3)CH3 cis, SC(CH3)3) ppm; ESI MS (+ve): m/z calcd for
C78H124N9O12S2 [M+H]: 1538.8; found: 1538.7; MALDI-TOF MS (DHB):
calcd for C78H124N9NaO12S2 [M+Na+H]: 1561.8; found: 1561.9.
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Understanding the Conformational Dependence of Spin–Spin Coupling
Constants: Through-Bond and Through-Space J(31P,31P) Coupling in
Tetraphosphane-1,4-diides [M(L)x]2[P4R4]


Martin Kaupp,*[a] Alexander Patrakov,[a] Roman Reviakine,[a] and Olga L. Malkina[b]


Introduction


The pathways of nuclear spin–spin coupling are of substan-
tial interest for the interpretation of NMR spectra.[1] Topics
of current discussion include “through-space” versus
“through-bond” couplings,[1–3] couplings across hydrogen
bonds in proteins (this touches the question of covalency of
hydrogen bonds),[4–6] or coupling pathways in multicyclic or-
ganic or organometallic compounds (e.g. questions of
“through-metal” or “through-backbone” coupling in chelate
complexes[1,2,7]). In the case of contact ion pairs in solution,
the question frequently arises to what extent a metal cation
is involved in the coupling between different nuclei of the
counteranion, and to which extent “through-space” and
“through-bond” couplings dominate.[8] In the case of poly-
phosphanes,[9] polyphosphanides,[10] or polyphosphenides,[11]


an influence of the relative orientation of phosphorus lone


pairs on two- or three-bond couplings has long been as-
sumed but was not substantiated theoretically. It is these
types of questions that we address in this work, using quan-
tum chemical calculations of spin–spin coupling constants,
together with a recently developed approach of visualizing
coupling pathways by real-space functions.


We will concentrate our analyses on a series of four alkali
metal tetraphosphane-1,4-diides, which were recently stud-
ied by Wolf et al.,[12] including improved syntheses, crystal
structure analyses, and solution NMR spectra. Interestingly,
the crystal structures indicated two different types of coordi-
nation of the alkali metal cations to the anions: [K(thf)3]2-
[P4Mes4] and [Na(thf)2]2[P4Mes4] exhibit a coordination of
the cations by all four phosphorus atoms in a bicyclic ar-
rangement, dominated by the formation of four-membered
chelate rings of the alkali metal with the (P4R4)


2� ligand
(type I in Figure 1).[12] In contrast, [Na(thf)2,5]2[P4Ph4] and
[Na(thf)2]2[P4tBu4] crystallize in a structurally distinct form
(type II in Figure 1), with coordination only to the terminal
phosphorus atoms of the tetraphosphane-1,4-diide anion.
The most characteristic structural feature of this arrange-
ment, which was already proposed by Baudler and co-work-
ers for these species in solution,[13] is the formation of five-
membered chelate rings between the tetraphosphanediide
ligand and the alkali metal cations. The structures of [Na2-
(thf)4(tmu)]2[P4Ph4], [Na2(tmeda)]2[P4Ph4], and [Na2(dme)]3-


Abstract: The characteristic depend-
ence of J(31P,31P) spin–spin coupling
constants of alkali metal tetraphos-
phane-1,4-diides on structure and com-
position has been analyzed by density
functional methods. The computations
confirm that the structure of the con-
tact ion pairs is conserved in solution.
Calculations on model systems M2P4H4,
on naked P4H4


2� anions, and on models
including point charges, show that the
role of the cations is mainly structural


and to a smaller extent electrostatic.
Three of the four J(P,P) coupling con-
stants depend characteristically on the
conformation of the anion, which in
turn is determined by the substituents
R and by cation–anion interactions.


Several couplings exhibit a large
through-space component and are thus
strongly dependent on the relative ori-
entation of nonbonding electron pairs
on the phosphorus atoms involved.
This is shown by visualization of cou-
pling pathways using the recently intro-
duced coupling energy density (CED),
in combination with the electron locali-
zation function (ELF).
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[P4Ph4] found by another group[14] are very similar to that
found for [Na(thf)2,5]2[P4Ph4]. Most interestingly, the so-
lution 31P NMR spectra of these two classes of compounds
exhibited similar chemical shifts but notably different spin–
spin coupling constants.[12] The remarkable trends in the
coupling constants of these species and comparison of these
values with those of related five-membered heterocycles
P4R4X (X = CH2 or a heteroatom) suggested that these
contact ion pairs are preserved in their solid-state arrange-
ments upon dissolution. The “type I” compounds exhibited
relatively small negative 1J(PB,PB’) near �120 Hz, apprecia-
bly positive 2J(PA,PB’) of about +107 to 120 Hz, and very
small 3J(PA,PA’). In contrast, the “type II” complexes were
found to have larger negative 1J(PB,PB’) near �310 Hz, very
small negative 2J(PA,PB’), and strongly positive 3J(PA,PA’)
near +200 to 310 Hz.[12] The origin of these differences in
coupling constants is unclear. In general, coupling pathways
are not well understood in many related cases, where alkali
or alkaline earth cations bridge different atoms in anionic
compounds. There has been speculation about direct in-
volvement of the cations in the coupling pathways.[8,12] Alter-
natively, the main role of the cation coordination for the
spin–spin coupling could be the enforcement of a certain nu-
clear arrangement in the anion (or between separate
anions). We will show here by suitable quantum chemical
analyses that the latter explanation is closer to reality. The
results may also have bearing on the question of spin–spin
coupling constants across hydrogen bonds in proteins, where
a structural role of the bridging protons appears more im-
portant than any covalent bonding through them.[5,6, 15]


Computational Details


To reduce the computational effort of the individual calcula-
tions and thus to be able to carry out a systematic study of
various effects, we limited our study to truncated model sys-
tems. These were designed to incorporate the main structur-
al and electronic features that determine the spin–spin cou-
plings of interest. Starting from the X-ray structures of the
four compounds, we removed the coordinating THF solvent
molecules from the metal cations and replaced the organic


substituents by hydrogen atoms (a standard P�H bond
length of 1.43 � was assumed) to arrive at model complexes
M2[P4H4] (M = K, Na). The model structures obtained in
this way will be denoted by, e.g., “Na2P4Mes4”, and so on
(cf. Tables 1 and 2).


Initially, all remaining structural parameters were kept at
the values taken from the X-ray structure analyses.[12] The
role of the cations was studied a) by calculations on the free
P4H4


2� anions, and b) by replacing the cations with unit
point charges. Additional calculations on the free anions
studied the dependence of the coupling constants on various
conformational degrees of freedom, in particular on the di-
hedral angle a (PA-PB-PB’-PA’). In this case, a was varied in
steps of 108, and the other dihedral angles b (H[PA]-PA-PB-
PB’) and g (H[PB]-PB-PA-PB’), as well as the H-P-P bond
angles were allowed to relax to different conformers (P–P
and P–H distances, as well as P-P-P bond angles were kept
at average values: PA–PB 2.170 �, PB–PB’ 2.235 �, PA-PB-PB’


105.08). These partial structure optimizations were carried
out with the Gaussian03 program,[16] the B3PW91 function-
al,[17,18] a pseudopotential and DZP valence basis set on P,[19]


and a DZP basis on H.[20] We note that the isolated free
anions are not expected to be stable entities in the gas
phase or even in solvent-separated ion pair triples.[14] They
are nevertheless useful models to understand conformation-
al effects on the coupling constants. Except for the
“Na2P4Ph4” structure, which arises from a C2 symmetrical
site in the crystal structure of the substituted compound,[12]


the experimental structures are only approximately symmet-
rical. We report nevertheless couplings always just for one
of two “almost” equivalent pairs of nuclei, as the slight dif-
ferences between pairs are insignificant. Note that the ex-
perimentally determined structures correspond to the PB(R)/
PB’(R) stereoisomers for all systems except for “Na2P4Ph4”,
which represents the S,S enantiomer.


Calculations of spin–spin coupling constants were per-
formed both with the Gaussian03[16] and ReSpect[21] pro-
grams. While we will focus mainly on the Fermi contact
(FC) contributions to the couplings, the analytical linear re-
sponse calculations with Gaussian03 provide also the dia-
magnetic spin-orbit (DSO), paramagnetic spin-orbit (PSO)
and spin-dipolar (SD) contributions to the nonrelativistc
couplings (see Table 1). Calculations with ReSpect neglected
the SD contribution and used a single finite perturbation
theory approach[22] (SFPT) to compute the FC contribution
(the PSO and DSO contributions are obtained analytical-
ly[22]). The Gaussian03 calculations employed the exchange-
correlation functionals BP86[23,24] or B3PW91,[17,18] calcula-
tions with Respect used the same functionals and additional-
ly the PP86[24,25] gradient-corrected functional. In all cases
we used a DZVP basis[26] on the metal atoms (where pres-
ent) and Huzinaga–Kutzelnigg IGLO-III basis sets[27] on the
P and H atoms.


In the SFPT calculations with ReSpect, the Fermi-contact
operator was included in the Hamiltonian as a finite pertur-
bation on the PA atoms [on PB for 1J(PB,PB’)] with perturba-
tion parameter l= 0.001. To avoid numerical errors in the


Figure 1. Connectivity and structure of the two types of alkali metal tet-
raphosphane-1,4-diides.[12] Type I, found for [Na(thf)2]2[P4Mes4] and
[K(thf)3]2[P4Mes4]. Type II, found for [Na(thf)2,5]2[P4Ph4] and [Na(thf)2]2-
[P4tBu4].
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finite perturbation calculations from inaccurate molecular
orbitals, these computations employed EXTRAFINE inte-
gration grids with 128 radial shells (corresponding to ca.
22 000–24 000 points per atom). Calculations in Gaussian03
used the default “finegrid” option, as test calculations with
larger grids did not change the results appreciably. Most in-
terpretations of the spin–spin couplings will be based on FC
contributions obtained by the SFPT approach with ReSpect.


To visualize coupling pathways, the double finite pertur-
bation theory (DFPT) approach of Malkina and Malkin[28]


was used, with finite perturbation parameters jl1 j = jl2 j
= 0.01 on the two P atoms coupled, and all other computa-
tional parameters as described above. The ReSpect imple-
mentation[21] was used. From these calculations, we extracted
the coupling energy density (CED),[1,28] eMN(r). The CED is
the difference of two energy densities for DFPT calculations
with parallel and antiparallel nuclear spins on the two nuclei
N and M, defined such that the space integral of eMN(r) pro-
vides the reduced coupling constant KMN [Eq. (1)].


JMN ¼
�h


2p
gMgN �KMN


¼ 1
2


Z
½e""ðrÞ� e"#ðrÞ�dV ¼ �h


2p
gMgN


Z
eMNðrÞdV


ð1Þ


Here, JMN is the coupling constant, and gM/gN are the nucle-
ar gyromagnetic ratios of nuclei N and M. The CED is dis-
played in isosurface plots with the Molekel visualization
program.[29] Similarly, isosurface plots of the electron locali-
zation function (ELF[30]) are displayed with Molekel (the
ELF was calculated using TopMod[31]). Natural atomic
charges from natural population analyses (NPA)[32] were ob-
tained with the built-in NBO3.0 routines of Gaussian03.


Results and Discussion


Comparison of methods and models : Table 1 provides both
Gaussian03 and ReSpect results for the individual contribu-
tions to the coupling constants for the M2P4H4 model sys-
tems and compares the total computed couplings to the ex-
perimental data for the “real systems” in solution. Apart
from the missing SD contributions in the ReSpect calcula-
tions, results with the different programs and methodologies
agree very well with each other. The couplings are almost
invariably dominated by the FC term, whereas the DSO
term is negligible. The PSO and SD terms are smaller than
the FC contribution but contribute nonnegligibly to the
short-range couplings J(PA,PB) and J(PB,PB’). Notably, the
PSO term is of similar magnitude and negative for both of
these couplings for the structures with small dihedral angle
a (type II, “Na2P4Ph4” and “Na2P4tBu4”), whereas it is more
negative for J(PA,PB) but very small and positive for J-
(PB,PB’) for the remaining two cases with a near 758 (type I,
“Na2P4Mes4” and “K2P4Mes4”; Table 1). The SD term is pos-
itive for both couplings (of similar magnitude for both cou-
plings with type II structures, larger for J(PA,PB) with type I).


Given the drastic simplifications of the gas-phase models
compared with the real systems in solution, agreement of
the total computed couplings is remarkably good for both
type I systems, where deviations of the overall results (in-
cluding the SD term from Gaussian03) from experiment are
mostly below 35 Hz except for J(PB,PB’) in “Na2P4Mes4”
which is 60 Hz too positive after inclusion of the (positive)
SD contribution. The agreement is still reasonable for the
type II systems, but deviations from experiment are +130 Hz
for J(PA,PA’) in “Na2P4Ph4” and +90 Hz for J(PA,PB) in
“Na2P4tBu4”. In these cases, the influence of the counterions
appears also to be particularly large (see below), and thus
the removal of the solvent sphere from the cation in our
models may be a more severe approximation. In any case,
however, the calculations reproduce faithfully the major dif-
ferences in all couplings between the type I and II systems.
This holds already when we consider only the FC contribu-
tions. We may thus base our following analyses and inter-
pretations on the FC contributions alone. As the SFPT re-
sults with ReSpect-MAG agree excellently with the CPKS
Gaussian03 data (Table 1), we will use the computationally
more expedient SFPT calculations for further analysis.


Table 2 evaluates the influence of the exchange-correla-
tion functional, and of further simplifications of our model
systems on the FC contributions to the couplings. Spin–spin
coupling constants are known to depend appreciably on the
exchange-correlation functional used in DFT calculations.[22]


Indeed, the present results depend somewhat on the func-
tional, but the differences are not sufficiently large to affect
any of the main trends. In particular, all relevant differences
in the most interesting J(PA,PA’), J(PA,PB’) and J(PB,PB’) cou-
pling constants are reproduced by all functionals. We will in
the following concentrate on results obtained with the
B3PW91 hybrid functional.


Replacement of the metal cations by point charges is an
acceptable further approximation that may introduce errors
up to 30–40 Hz for the largest couplings but still retains the
important trends (Table 2). The complete removal of the
counterions is a more drastical approximation and leads to
larger deviations. Interestingly, these differences appear to
be by far most pronounced for the J(PA,PA’) coupling con-
stants of the type II systems “Na2P4Ph4” and “Na2P4tBu4”,
where removal of the cations reduces the couplings by
about 200 Hz and by about 100 Hz, respectively. In absolute
values, the very small J(PA,PA’) couplings in the type I sys-
tems appear to be affected much less by removal of the
metal cations (due to the small absolute values, percentage
changes are nevertheless large). This may reflect stronger in-
teractions between cations and terminal phosphorus atoms
in the anions in the type II systems (cf. Figure 1). To test
this assumption, we have computed NPA charges for the dif-
ferent structural arrangements of the M2P4H4 models
(Table 3): In going from the “K2P4Mes4” to “Na2P4Mes4” to
“Na2P4Ph4” to “Na2P4tBu4” structures, the charge transfer to
the metal cations increases. Most notably, however, delocali-
zation of the negative charge from the terminal PA atoms
(the formal bearers of the negative charge) towards the cen-
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tral PB atoms (and to the associated hydrogen atoms) is
much more pronounced in the type I than in the type II sys-
tems. This confirms roughly the structure-based “bond top-
ology” indicated in Figure 1,[12] even though the distinction
in the drawing may be exaggerated. In any case, interactions
between metal cations and PA


atoms are more pronounced for
the type II structures, in keep-
ing with the larger influence of
the cations on the spin–spin
couplings. We conclude at this
point that the influence of the
cations on the couplings for a


given structure may in some cases be nonnegligible, and that
the nature of the cation effect is largely electrostatic.


But even the free anions reproduce the main structural
dependences to be discussed: The coupling constants reflect
in particular the dihedral angle a = d(PA-PB-PB’-PA’) and are


Table 1. Comparison of computed J(P,P) spin–spin coupling constants [Hz] for M2[P4H4] molecular models of solid-state [M(thf)x]2[P4R4]
[a] with experi-


ment, and break down into different contributions.[b]


Model structure FC SD[c] PSO DSO Sum[d] Exptl[e]


“K2P4Mes4”
1J(PA,PB) �275.7 (�275.9) +18.1 (�) �63.2 (�63.3) + 0.2 (+0.2) �320.6 �328.5(2)
1J(PB,PB’) �132.3 (�132.2) +36.0 (�) +4.8 (+4.8) + 0.2 (+0.3) �91.3 �127.6(2)


a =75[f] J(PA,PB’) +121.7 (+122.6) +2.7 (�) +3.1 (+3.1) 0.0 (0.0) + 127.5 +107.2(1)
J(PA,PA’) +6.5 (+6.7) �1.7 (�) �0.4 (�0.4) 0.0 (0.0) +4.4 +1.5(2)


“Na2P4Mes” 1J(PA,PB) �251.3 (�252.1) +23.1 (�) �52.8 (�52.9) + 0.2 (+0.2) �280.8 �309.8(1)
1J(PB,PB’) �101.3 (�101.4) +38.2 (�) +4.1 (+4.1) + 0.2 (+0.2) �58.8 �118.3(1)


a =73[f] J(PA,PB’) +127.8 (+126.3) +1.4 (�) +0.9 (+0.9) 0.0 (0.0) + 130.1 +120.3(1)
J(PA,PA’) +8.6 (+8.8) �3.0 (�) �1.2 (�1.2) 0.0 (0.0) +4.4 +3.3(1)


“Na2P4Ph4”
1J(PA,PB) �311.1 (�311.8) +28.3 (�) �21.5 (�21.5) + 0.2 (+0.2) �304.1 �323.1(6)
1J(PB,PB’) �338.3 (�339.0) +30.5 (�) �15.8 (�15.8) + 0.2 (+0.2) �323.4 �310.2(6)


a =32[f] J(PA,PB’) �15.3 (�15.2) �1.8 (�) �3.6 (�3.7) 0.0 (0.0) �20.7 �12.3(6)
J(PA,PA’) +409.2 (+409.9) +9.3 (�) +13.5 (+13.5) + 0.1 (+0.1) + 432.1 +310.6(7)


“Na2P4tBu” 1J(PA,PB) �249.2 (�250.0) +25.3 (�) �29.7 (�29.7) + 0.2 (+0.2) �253.4 �341.1(2)
1J(PB,PB’) �316.9 (�317.9) +27.2 (�) �10.6 (�10.6) + 0.2 (+0.2) �300.1 �305.5(2)


a =9[f] J(PA,PB’) �8.5 (�8.8) �0.4 (�) �2.3 (�2.3) 0.0 (0.0) �11.2 �12.6(1)
J(PA,PA’) +233.8 (+236.0) +5.8 (�) +6.6 (+6.6) + 0.1 (+0.1) + 246.3 +200.9(2)


[a] “K2P4Mes4” refers to a K2P4H4 model, which was constructed from the corresponding structure parameters of [K(thf)3]2[P4Mes4]. Similarly,
“Na2P4Mes” is Na2P4H4 constructed from [Na(thf)2]2[P4Mes4], “Na2P4Ph4” is Na2P4H4 corresponding to [Na(thf)2,5]2[P4Ph4], and “Na2P4tBu” is Na2P4H4


constructed from [Na(thf)2]2[P4tBu4]. Structure parameters adapted from ref. [12]. [b] Gaussian03 results at B3PW91/IGLO-III level with corresponding
ReSpect-MAG results in parentheses. [c] SD term not available with MAG-ReSpect. [d] Sum of all contributions, provided only for the Gaussian03
CPKS results. [e] Ref. [12]. [f] Dihedral angle a (PA-PB-PB’-PA’) in degrees.


Table 2. Dependence of the Fermi-contact contribution to spin–spin coupling constants [Hz] on exchange-correlation functional and molecular model.[a]


Functional: BP86 PP86 B3PW91
model: complex[b] complex[b] complex[b] free +point
structure[a] coupling anion[c] charges[d] exptl[e]


“K2P4Mes4”
1J(PA,PB) �294.2 �319.6 �275.9 �291.8 �251.4 �328.5(2)
1J(PB,PB’) �152.9 �170.1 �132.2 �97.6 �100.2 �127.6(2)


a =75[b] J(PA,PB’) +121.1 +123.2 +122.6 +171.6 +114.7 +107.2(1)
J(PA,PA’) +5.7 +5.2 +6.7 +3.4 + 4.0 +1.5(2)


“Na2P4Mes” 1J(PA,PB) �269.1 �292.1 �252.1 �298.1 �220.2 �309.8(1)
1J(PB,PB’) �114.4 �131.4 �101.4 �78.1 �71.8 �118.3(1)


a =73[b] J(PA,PB’) +128.0 +136.1 +126.3 +181.7 +119.3 +120.3(1)
J(PA,PA’) +5.7 +3.6 +8.8 +6.1 + 5.6 +3.3(1)


“Na2P4Ph4”
1J(PA,PB) �338.5 �361.9 �311.8 �344.3 �309.1 �323.1(6)
1J(PB,PB’) �360.0 �376.4 �339.0 �322.0 �339.4 �310.2(6)


a =32[b] J(PA,PB’) �10.3 �11.5 �15.2 �27.9 �20.6 �12.3(6)
J(PA,PA’) +431.8 +468.3 +409.9 +213.1 +446.8 +310.6(7)


“Na2P4tBu” 1J(PA,PB) �270.4 �293.2 �250.0 �322.5 �241.1 �341.1(2)
1J(PB,PB’) �344.7 �361.0 �317.9 �263.8 �312.2 �305.5(2)


a =9[b] J(PA,PB’) �4.6 �3.0 �8.8 �0.9 �15.7 �12.6(1)
J(PA,PA’) +223.4 +219.9 +236.0 +133.5 +254.9 +200.9(2)


[a] See footnote a to Table 1. SFPT results with ReSpect-MAG. [b] M2P4H4 models. [c] Metal cations removed completely. [d] Metal cations replaced by
positive unit charges. [e] See ref. [12].


Table 3. NPA charges for different structural arrangements of M2P4H4 model complexes.[a]


Structure atom: M PA PB H(PA) H(PB)


“K2P4Mes4” +0.887 �0.671 �0.139 �0.045 �0.034
“Na2P4Mes” +0.847 �0.678 �0.114 �0.025 �0.016
“Na2P4Ph4” +0.831 �0.810 �0.018 +0.012 �0.051
“Na2P4tBu” +0.825 �0.789 �0.014 +0.016 �0.037


[a] B3PW91/IGLO-III level (DZVP basis for M). Average values for almost symmetry-equivalent positions.
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thus determined mainly by the structure in solution and/or
the solid state. As our calculations, which are based on pa-
rameters taken from the solid-state structures, reproduce
well the principal trends in J(PA,PB’), J(PB,PB’), and J(PA,PA’)
from NMR in solution, it is very likely that the solution
structures are similar to the solid-state ones. This suggests
contact-ion pairs in solution, as had already been pre-
sumed.[12,13] A dihedral angle a near 08 (syn-periplanar ar-
rangement, type II) gives large negative J(PB,PB’) (ca.
�300 Hz), very small negative J(PA,PB’), and relatively large,
positive J(PA,PA’) (ca. +200 to +300 Hz). Dihedral angles a


near 758 (type I) provide less negative J(PB,PB’) (ca.
�125 Hz), positive J(PA,PB’) near 100 Hz but very small J-
(PA,PA’). Note that we avoid designations 2J(PA,PB’) or 3J-
(PA,PA’), due to the fact that both of these couplings involve
appreciable through-space coupling contributions (see
below). The only coupling that appears to be relatively inde-
pendent of structure is 1J(PA,PB). It tends to be in the
�310 Hz to �340 Hz range for all systems.


Conformational study : Given that the main structural effects
on the couplings appear to be preserved in calculations for
the free P4H4


2� anion (Table 2), we could utilize the free
anion models for further investigations of the conformation-
al dependence of the couplings. We have carried out a scan
of dihedral angle a by varying it in steps of 108 and allowing
b and g to relax. Energies for these partially relaxed scans
are shown in Figure 2a. Depending on the sign of a we
chose initially, we identified two conformationally different
series of arrangements we will call conformer C1 and C2, re-
spectively. Conformer C1 was obtained initially for negative
a values of the RR enantiomer. However, the S,S enantio-
mer with positive a will have identical energies and coupling
constants. When starting with positive a of the R,R isomer,
we obtained a different series, called conformer C2 (no
meso isomers were studied). We noted that there was a dis-
continuity in energies (Figure 2a) and coupling constants
(see below) for this series near a= 208. When scanning b for
fixed values of a between 0 and 308, we noted a change of
conformational preferences in b with increasing a (Fig-
ure 2b): While a minimum of b near �1408 is preferred ini-
tially, a second minimum with b near �1008 develops gradu-
ally. It is developed and is lower than the initial conformer
at a =208, and the first minimum vanishes at a= 308. We
will call the initial structures with b near �1408 conformer
C2’ in the following (cf. Figure 2a).


Preferred values of b and g as functions of a are shown
for the different series in Figure 3a and b, respectively. We
also provide the corresponding values extracted from the
four experimental structures discussed above for compari-
son. Looking at b first (Figure 3a), we note that, at their re-
spective a values three of the four structures exhibit b


values near our conformational curves C2’ (“Na2P4tBu4”) or
C1 (“Na2P4Mes4” and “K2P4Mes4”), whereas the b value of
the “Na2P4Ph4” structure is more negative than obtained for
any of the curves. The g values for all experimental struc-
tures are about 108 larger than found for any of the curves.


These deviations of our computed conformational curves for
the small P4H4


2� model from experiment reflect most likely
the steric influence of the organic substituents, as well as
some environmental effects for the “real systems”. This is of
course also expected to influence the coupling constants as
discussed below. On the potential energy surface of our
small model anion, we expect more minima, in particular
with b values below 908. However, these arrangements are
unlikely to get realized for the true systems, due to the
steric requirements of the substituents.


Turning now to the “Karplus-type” curves of coupling
constants as functions of a (Figure 4), we note a relatively
small dependence on a for J(PA,PB), with values mostly in
the range between �180 and �280 Hz, as one might have
expected for this one-bond coupling (Figure 4a; in the range
below a =408, curve C2 is probably not a very realistic
model). Similarly, the range of J(PB,PB’) is restricted between
�150 and �300 Hz (Figure 4b). The “experimental” confor-
mations (cf. free anion results in Table 2) all led to apprecia-
bly more negative J(PA,PB) (Figure 4a), probably due to the
more positive g (cf. Figure 3b). In contrast, the J(PB,PB’)


Figure 2. Conformational energy dependence of the P4H4
2� anion. a) As


function of dihedral angle a =d(PA-PB-PB’-PA’). b) Additional minimum in
b=d(H[PA]-PA-PB-PB’) for a =208. Distances and angles were kept fixed
during changes of dihedral angles.


Chem. Eur. J. 2005, 11, 2773 – 2782 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2777


FULL PAPERSpin–Spin Coupling Constants



www.chemeurj.org





values of the “experimental” conformations give couplings
either somewhat too negative for type II or somewhat too
positive for type I.


The J(PA,PB’) couplings (Figure 4c) exhibit very large con-
formational dependencies, not only on a, but obviously also
on b. The “experimental” structures give either values close
to the conformer C1 curve (type II, “Na2P4tBu4” and
“Na2P4Ph4”; cf. the very small couplings) or much too large
positive ones (type I, “Na2P4Mes4” and “K2P4Mes4”). It ap-
pears that for small a, these J(PA,PB’) couplings are generally
small, without much dependence on the substituent confor-


Figure 3. Interdependence of different dihedral angles. Squares and cir-
cles connected by lines represent partial optimizations of free P4H4


2�. For
comparison, the corresponding values from the experimental structures
are shown (open triangles). Conformer C1 was initially obtained for an
enantiomer with negative a, conformer C2 for positive a. A second mini-
mum in b (conformer C2’, b ��1408 compared to b ��1008 for con-
former C2) develops at a =208 (cf. Figure 2b). This leads to discontinui-
ties in both curves. a) b as function of a. b) g as function of a. Note that
further conformers, that are unrealistic for substituted species, have been
omitted.


Figure 4. Computed Karplus-type relations for P–P coupling constants
with respect to dihedral angle a (PA-PB-PB’-PA’). Circles and squares con-
nected by lines represent results for partially optimized free anions
P4H4


2�. Results at experimental dihedral angles shown for comparison as
open triangles. a) J(PA,PB). b) J(PB,PB’). c) J(PA,PB’). d) J(PA,PA’).
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mation. For larger a values, the substituent conformation (in
this case probably g ; cf. Figure 3b) plays a larger role.


Finally, the J(PA,PA’) couplings (Figure 4d) exhibit appreci-
able variation for small a values but decrease quickly to
values near 0 Hz above a =408 and remain relatively con-
stant for larger a values. The results for the type I “experi-
mental” structures (“Na2P4Mes4” and “K2P4Mes4”) are in
this range of small couplings and do not seem to be influ-
enced much by deviations of b or g from our conformational
curves. In contrast, the coupling for the “Na2P4tBu4” struc-
ture is too low, and that for the “Na2P4Ph4” structure is
above the curve of conformer C1 (Figure 4d).


These results indicate that the couplings are predominant-
ly determined by the structure of the P4R4


2� unit. While the
dihedral angle a of the phosphorus framework is the most
important parameter, the substituent conformation influen-
ces some of the couplings via the dihedral angles b and g. In
cases where a renders the couplings very small, the values
of b and g play only a minor role for the coupling constants.
The different formal bond topologies of type I versus type
II systems (Figure 1) are only of indirect importance. They
influence the couplings mainly by tuning the conformation
of the anion, together with steric interactions between the
substituents. Additional electrostatic influences from the
metal cations are in most cases only of secondary impor-
tance for the predominant Fermi-contact mechanism of
spin–spin coupling [but note J(PA,PA’) in the type II struc-
tures, cf. Table 2].


ELF analyses : To rationalize the observed trends, we have
carried out further analyses of real space functions. Isosur-
face plots of the electron localization function (ELF[30]) in
Figure 5 indicate particularly the relative positions of the
“free electron pairs” on the phosphorus atoms. We expected
that the orientation of the two lone pairs on PA relative to
the single lone pair on PB’ will be important for the confor-
mational dependence of J(PA,PB’), due to “through-space”
interactions between these free electron pairs (see
refs. [1, 28]). The relative orientation of the two lone pairs
on PB and PB’ may influence possible through-space contri-
butions to the one-bond coupling J(PB,PB’). Similarly, the rel-
ative orientations of the overall four lone pairs on PA and
PA’ may determine the conformational dependence of the
through-space component of J(PA,PA’). These expectations
fit very nicely with the actual positions of the lone-pair ELF
domains in Figure 5: In the “gauche” conformation of the
“Na2P4Mes4” structure (a =738), the alignment of the PA


and PA’ lone pairs is unfavorable for through-space interac-
tions, whereas the PA and PB’ lone pairs are more or less
aligned. In the almost syn-periplanar “Na2P4Ph4” structure
(a=3218), matters are opposite, with good PA–PB’ and poor
PA–PA’ lone-pair alignment. This fits the experimental and
computational observation of large J(PA,PB’) and small J-
(PA,PA’) in the “Na2P4Mes4” structure, as well as small J-
(PA,PB’) and large J(PA,PA’) in the “Na2P4Ph4” structure
(Table 2). The syn-periplanar arrangement of the two lone
pairs on PB and PB’ in the type II structures (Figure 5b) may


lead to appreciable through-space interactions between
these lone pairs for J(PB,PB’), whereas the two lone pairs are
aligned unfavorably for the type I structures (Figure 5a).
Consequently, the B,B’ couplings are considerably more neg-
ative for the former systems (Table 2).


Visualization of coupling pathways by CED : To further sup-
port these interpretations via through-space lone-pair contri-
butions to the coupling constants, we have computed the
coupling energy densities for these two systems. The cou-
pling energy density (CED) introduced by Malkina and
Malkin[28] is a real-space function in the sense of property
densities discussed by Buckingham and Jameson[33] (see also
ref. [34]). It integrates to the reduced coupling constant
when taken over all of space [cf. Eq. (1)]. CED provides a
powerful first-principles tool for the visualization of cou-
pling pathways, independent of unitary transformations of
the orbital basis. In particular, it has already been shown
that through-space and through-bond contributions to cou-
plings may be distinguished nicely in displays of CED.[1,28]


Consistent with the above discussion of the ELF isosur-
face plots, the CED isosurface plots for J(PA,PB’), J(PA,PA’),
and J(PB,PB’) in Figure 6 confirm appreciable contributions
from through-space interactions between the respective
phosphorus lone pairs for J(PA,PA’) in the “Na2P4Ph4” struc-
ture (Figure 6d, a= 328) and equally pronounced through-
space contributions to J(PA,PB’) in the “Na2P4Mes4” structure
(Figure 6a, a=738). The CED exhibits an oscillatory behav-
ior as observed previously. The CED plots for J(PA,PA’) in


Figure 5. Isosurface plots of electron localization function (ELF =


0.9406). a) “Na2P4Mes”. b) “Na2P4Ph4”.
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the syn-periplanar “Na2P4Ph4” structure in Figure 6d resem-
ble very much analogous plots for an organic cis-bisphos-
phine (Figure 3 in ref. [28]), where appreciable through-
space contributions to J(P,P) were identified. When taking
the same CED isosurface values for the corresponding “un-
favorable” conformations [J(PA,PA’) in the “Na2P4Mes4”


structure, Figure 6c; and J(PA,PB’) in the “Na2P4Ph4” struc-
ture, Figure 6b], the magnitudes of the CED peaks are obvi-
ously dramatically diminished, consistent with the small cou-
pling constants in these cases (recall that the space integral
of CED gives the reduced coupling constant). In Figure 7a,
the smaller isosurface value for J(PA,PA’) in the gauche ori-


Figure 6. Isosurface plots of Coupling Energy Density (blue and red isosurfaces indicate positive and negative CED, respectively). a) “Na2P4Mes”, J-
(PA,PB’) (isosurface =++ /�1.0); b) “Na2P4Ph4”, J(PA,PB’) (isosurface =++ /�1.0); c) “Na2P4Mes” J(PA,PA’) (isosurface = ++ /�0.5); d) “Na2P4Ph4”, J(PA,PA’)
(isosurface = ++ /�0.5); e) “Na2P4Mes4” J(PB,PB’) (isosurface =++ /�1.0); f) “Na2P4Ph4” J(PB,PB’) (isosurface = ++ /�1.0).
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entation gives a “blow-up” of the CED and allows the un-
favorable through-space pathway to be observed more clear-
ly (cf. also Figure 6c). The remaining very small coupling
constant (cf. Table 2) may be viewed as a composite from
small through-space and equally small through-bond contri-
butions. Figure 7b uses a larger CED isosurface value to de-
convolute the very large oscillations for the syn-periplanar
case in Figure 6d. This visualization suggests that through-
space coupling dominates but through-bond 3J coupling con-
tributes also to J(PA,PA’).


CED isosurfaces for J(PB,PB’) are shown in Figure 6e for
the “Na2P4Mes4” structure (type I) and in Figure 6f for the
“Na2P4Ph4” structure (type II). In both cases, we may clearly
distinguish a positive through-bond contribution (blue iso-
surface) and a negative through-space contribution (red iso-
surface). For the syn-periplanar arrangement of the two
phosphorus lone pairs in the type II arrangement (cf. Fig-
ure 5b), the negative through-space contribution is obviously
enhanced considerably, leading to an overall more negative
coupling constant (Figure 6f; cf. Table 2).


Through the combination of ELF and CED visualization,
the structural dependence of the J(PA,PA’), J(PA,PB’) and J-
(PB,PB’) coupling constants may thus be rationalized mainly
by an orientational dependence of through-space interac-
tions between appropriate phosphorus lone pairs.


Conclusions


Spin–spin coupling constants obtained from NMR experi-
ments can provide deep insights into molecular and elec-
tronic structure, but their detailed interpretation may be dif-
ficult without support from quantum chemical calculations.[1]


In the present work, we have chosen the very interesting ex-
perimental coupling constants for four structurally charac-
terized alkali metal tetraphosphane-1,4-diides as a basis for
detailed analyses by state-of-the-art quantum chemical
methods. Our main conclusions may be summarized as fol-
lows:


a) The experimentally characterized structures of the con-
tact ion pairs between alkali metal cations and P4R4


2�


anions are apparently preserved in solution. This is sup-
ported by the good agreement of computed J(P,P) cou-
plings based on experimental solid-state structures and
the solution NMR data.


b) The influence of the metal cations on the J(P,P) cou-
plings is mainly due to a structural role, as the conforma-
tion within the anion depends partly on interactions with
the cation. Additional electrostatic effects of the cations
on the couplings are notable but of secondary impor-
tance. Contributions to the couplings through covalent
P�M bonding have not been identified. This is an impor-
tant result that will bear also on many other contact ion
pair arrangements. Similar arguments pertain to the in-
terrelations between spin–spin coupling across hydrogen
bonds and the covalency of these hydrogen bonds.[5,6]


c) The significant, characteristic conformational depend-
ence of J(PB,PB’), J(PA,PB’), and J(PA,PA’) is due to
through-space coupling, which depends on the relative
orientation of appropriate free electron pairs on phos-
phorus. This has been shown graphically, by using a com-
bination of real-space functions, the coupling energy
density (CED) and the electron localization function
(ELF). In the area of oligophosphanes and oligophos-
phanides, this is to our knowledge the first clear verifica-
tion of the frequent implicit assumption[9,10] that the free
electron pairs on phosphorus are involved in the spin–
spin couplings.


We expect that similar analyses will help to shed light also
on coupling pathways and conformational dependences of
spin–spin couplings in many other cases.
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Stereoselective Synthesis of cis-p-Menth-8-ene-1,7-diol, cis-p-Menthane-1,7-
diol, and cis-p-Menthane-1,7,8-triol**


Christoph Kobler and Franz Effenberger*[a]


Introduction


The monoterpene cis-p-menthane-1,7,8-triol (cis-II) was first
isolated, but not completely characterized, in 1992 by
Konda et al., from the roots of Cynanchum hancockianum
in addition to the antitumor active Antofin.[1] In 1998 the
isolation and characterization of both the cis- and the trans-
isomer of p-menthane-1,7,8-triol (II) from the methanolic
extract of Foeniculum vulgare was achieved by Ishikawa
et al.[2] The dehydration product of cis-II, cis-p-menth-8-ene-
1,7-diol (cis-I) was isolated from urine of rats after treat-
ment with b-Myrcen.[3]


The acetonide of cis-I, the farnesyl protein transferase in-
hibitor XR3054 (cis-III), is a promising antitumor candidate
and, therefore, stereoselective chemical syntheses have been
developed.[4] Carman and Garner[4a] obtained II as a side
product in 10–20 % yield after oxymercuration and reduc-
tion of (S)-(�)-perillylalcohol. A straightforward synthesis
of both I and III was achieved by Donaldson et al.[4b] start-
ing from (S)-(�)-perillylalcohol; Sharpless epoxidation and
subsequent hydrogenation with LiAlH4 gave I, which easily
can be treated with acetone to give III. The only known syn-
thesis of a cis/trans-mixture of triol II was published in 1993,
starting from d-terpineol.[5] The direct oxidation of d-terpi-
neol with alkaline KMnO4 gives only trans-p-menthane-1,8-
diol.


A structural analogue of the monoterpenes I–III is the
monoterpenediol IV, which was obtained as a byproduct in
the stereoselective hydroxylation of cis/trans-p-menthane by
Pseudomonas mandocina-SF.[6]


The natural products discussed so far (I, II, and IV) are 4-
alkyl-1-hydroxymethyl cyclohexanols, all of which can be
retro-synthetically derived from cyanohydrins of the corre-
sponding 4-alkylcyclohexanones. Recently, we have publish-
ed hydroxynitrile lyase (HNL)-catalyzed additions of HCN
to 4-substituated cyclohexanones.[7] In nonenzymatic-cata-
lyzed chemical additions the cis/trans-ratio of the HCN addi-
tion to 4-alkylcyclohexanones is roughly 13:87.[7b] Therefore,
chemical syntheses of compounds I–IV via the correspond-
ing cyanohydrins, all with cis-configuration, would be very
unfavourable, because of the very high trans-ratio. In our
methodically oriented investigations of applications of hy-


Abstract: The natural products cis-p-
menthane-1,7-diol (cis-IV), cis-p-
menth-8-ene-1,7-diol (cis-I) and cis-p-
menthane-1,7,8-triol (cis-II) are ob-
tained starting from the corresponding
cis-cyanohydrins, cis-2 and cis-7, re-
spectively, by chemical transformation
of the cyano into the hydroxymethyl
group. The key step of the synthesis is


the very high cis-selectivity (� 96 %)
of the MeHNL-catalyzed HCN addi-
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hydrin cis-2 and from 4-(1-methylvi-
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structure determinations of the final
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droxynitrile lyases (HNL) we observed very high cis/trans-
selectivity in the HNL-catalyzed cyanohydrin formations of
4-alkylcyclohexanones.[7] We obtained trans-selectivity with
(R)-PaHNL from almonds and cis-selectivity with (S)-
MeHNL from cassava as catalysts.[7]


Since the transformation of a cyano function into a hy-
droxymethyl group is well known, the stereoselective syn-
thesis of the natural products I, II, and IV starting from cis-
4-alkylcyclohexanone cyanohydrins should be possible.


Results and Discussion


Synthesis of cis-p-methane-1,7-diol (cis-IV): In Scheme 1
the synthesis of cis-IV, starting from 4-isopropylcyclohexa-
none (1) is illustrated.


The MeHNL-catalyzed addition of HCN to 1 was per-
formed under the optimized conditions described earlier.[7b]


The cyanohydrin 2 was obtained almost quantitatively in a
cis/trans-ratio of 96:4. After recrystallization from diisoprop-
yl ether (iPr2O) pure cis-2 results as colorless needles. By
dissolving cis-2 in a saturated solution of HCl in absolute
ethanol and heating for 16 h in a glass autoclave at 95 8C,
the corresponding imidate hydrochloride separates as amor-
phous solid, which was not isolated. Workup in ice water re-
sulted in the ester cis-3, which was isolated and purified by
extraction with diethyl ether and vacuum distillation. The
hydrogenation of cis-3 with LiAlH4 was performed in THF
at room temperature. The final product, cis-IV, was obtained
as a colorless powder and after recrystallization from iPr2O
gave colorless, rhombic crystals with a melting point of
89 8C.


Since the crystals of cis-IV were not suitable for an X-ray
structure determination, it was transformed to the p-nitro-
benzoyl derivative cis-5 by reaction with p-nitrobenzoyl
chloride in pyridine (Scheme 1). The X-ray structure of cis-5
in Figure 1 demonstrates unambiguously the cis-configura-


tion not only for cis-5, but also for cis-IV, cis-3, and cis-2
(Scheme 1).[9]


Syntheses of cis-p-menth-8-ene-1,7-diol (cis-I) and cis-p-
menthane-1,7,8-triol (cis-II): In Scheme 2 the synthesis of
cis-I and cis-II is summarized.


4-(1-Methylvinyl)cyclohexanone (4-isopropenylcyclohexa-
none) (6) was prepared as described in the literature.[8] The
MeHNL-catalyzed addition of HCN to 6 was carried out as
described earlier.[7b] The cyanohydrin 7 was obtained in
99 % yield with a cis/trans-ratio of 96:4. After recrystalliza-
tion from n-hexane/methylenechloride pure cis-7 was ob-
tained as colorless, cuboid crystals.[7a, 9] Before the reduction
of the nitrile function with DIBAL-H, the hydroxyl group of
cis-7 was protected with a trimethylsilyl group to give cis-
8.[10] The reduction of cis-8 with DIBAL-H was performed
in n-hexane at �45 8C. The resulting “aminoalane” as an in-
termediate was transformed to the aldehyde cis-9 in a two-
phase system (CH2Cl2/H2O) by careful treatment with dilut-
ed sulfuric acid. The hydrogenation of the O-protected alde-
hyde cis-9 to the corresponding hydroxymethyl derivative
cis-10 was performed in absolute ethanol at 0 8C.[11] Depro-
tection of cis-10 with TBAF in THF yielded cis-I, the pre-
cursor of the farnesylprotein transferase inhibitor XR3054.[4]


Compound cis-I was recrystallized from iPr2O to give color-
less crystals suitable for X-ray structure analysis.[9]


Scheme 1. Synthesis of cis-p-menthane-1,7-diol (cis-IV) from 4-isopropyl-
cyclohexanone (1).


Figure 1. ORTEP view of cis-(1-hydroxy-4-isopropylcyclohexyl)-methyl-
4-nitrobenzoate (cis-5).


Scheme 2. Synthesis of cis-p-menth-8-ene-1,7-diol (cis-I) and cis-p-men-
thane-1,7,8-triol (cis-II) from 4-isopropenylcyclohexanone (6).
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The X-ray structure of the synthesized compound I in
Figure 2 clearly demonstrates the cis-configuration of the
diol I, which is also evidence for the cis-configurations of
compounds 7, 8, 9, and 10.


The regioselective hydroxylation of the olefinic double
bond of cis-I was performed with mercury(ii) acetate and
subsequent demercuration with an alkaline sodium borohy-
dride solution.[12] The natural product cis-II was recrystal-
lized from a mixture of CHCl3/iPr2O/EtOH as colorless,
crystalline needles. The X-ray structure analysis of these
crystals proves the cis-configuration of II unambiguously, as
shown in Figure 3.


Conclusion


The very high cis-selectivity (�96 %) of MeHNL-catalyzed
HCN additions to 4-alkylcyclohexanones, resulting in the
corresponding cis-cyanohydrins, is an excellent starting basis
for the stereoselective synthesis of cis-4-alkly-hydroxyme-
thylcyclohexanols, which are interesting monoterpenes in
natural products. Starting from 4-isopropylcyclohexanone
(1) the corresponding cis-cyanohydrin (cis-2) is obtained
almost quantitatively. The chemical transformations of cis-2
to the final product, cis-p-methane-1,7-diol (cis-IV) is
straightforward and can be performed without problems in
only two steps. Starting from 4-(1-methylvinyl)cyclohexa-


none (6) the MeHNL-catalyzed HCN addition results in the
almost quantitative formation of the cis-cyanohydrin, cis-7.
The stereoselective transformation of the cyano group of
cis-7 to the hydroxymethyl group in the final product cis-p-
menth-8-ene-1,7-diol (cis-I) can be performed easily by
known chemical procedures. Cis-p-menthane-1,7,8-triol (cis-
II) is obtained by regioselective hydroxylation of cis-I. The
cis-configuration of all synthesized natural products, that is
cis-I, cis-II, and cis-IV, was assured by X-ray crystal struc-
ture analysis. The farnesyl transferase inhibitor XR3054 (cis-
III) is now conveniently available through the novel synthe-
sis of cis-I.


Experimental Section


General : Melting points were determined on a B�chi SMP-20 and are
uncorrected. Unless otherwise stated, 1H and 13C NMR spectra were re-
corded on a Bruker AC 250 F (250 MHz) and ARX 500 (500 MHz) in
CDCl3 with TMS as internal standard. 13C NMR multiplicities were deter-
mined with DEPT experiments. Chromatography was performed using
silica gel, grain size 0.040–0.063 mm (Fluka). Cis/trans-ratios: GC separa-
tions were conducted by using: 1) capillary glass columns (20 m) with OV
1701, carrier gas 0.4–0.6 bar hydrogen; 2) a Chiraldex B-TA and G-TA
column (30 m� 0.32 mm), carrier gas hydrogen. Details of the X-ray crys-
tallographic measurements are given in Table 1. 4-Isopropylcyclohexa-
none (1) is commercially available. 4-(1-Methylvinyl)cyclohexanone (4-
isopropenylcyclohexanone; 6) was prepared according to known litera-
ture procedures.[8] All solvents were dried and distilled. All yields are not
optimized.


cis-1-Hydroxy-4-isopropylcyclohexanecarbonitrile (cis-2):[7b] A solution
of (S)-MeHNL (7990 U, 2.88 mL, Pw =40.8 mg mL�1) was added to nitro-
cellulose (2.20 g) [Pro-Celloidin (Fluka): 1 g (dry), soaked in a 0.02 m


sodium citrate buffer (50 mL), pH 3.3, for 0.5 h; the buffer was decanted
and nitrocellulose centrifuged (5700 � g for 30 min) and dried under high
vacuum for 5 h], followed after 15 min by addition of diisopropyl ether
(75 mL), compound 1 (2.31 g, 16.47 mmol) and anhydrous HCN[13]


(2.5 mL, 63.6 mmol). After stirring at room temperature for 5 h, the sup-
port was removed by filtration and was washed twice with diethyl ether;
the combined filtrates were concentrated under vacuum. The white resi-
due (2.68 g, 97%, cis/trans-ratio =96:4) was recrystallized from iPr2O to
give colorless crystals of pure cis-2. M.p. 52 8C; 1H NMR (250 MHz,
CDCl3): d= 0.87 (d, 3J=6.8 Hz, 6 H; CH(CH3)2), 1.04–1.18 (m, 1 H; C4H),
1.33–1.51 (m, 3H; C3Hax, C5Hax, CH(CH3)2), 1.56–1.64 (m, 2H; C3Heq,
C5Heq), 1.81 (ddd, 3J(C2Hax,C


3Heq)=4.2 Hz, 2J(C2Hax,C
2Heq)�


3J(C2Hax,C
3Hax)=13.2 Hz, 2H; C2Hax, C6Hax), 2.07–2.14 (m, 2H; C2Heq,


C6Heq), 3.57 ppm (br s, 1 H; OH); 13C NMR (62.9 MHz, CDCl3): d=19.73
(CH(CH3)2), 23.24 (C3H2, C5H2), 32.03 (CH(CH3)2), 36.50 (C2H2, C6H2),
42.27 (C4H), 66.87 (C1), 123.04 ppm (CN).


cis-Ethyl-1-hydroxy-4-isopropylcyclohexanecarboxylate (cis-3):[7b] A so-
lution of cis-2 (2.47 g, 14.77 mmol) in ethanolic HCl (30 mL) was stirred
at 95 8C for 18 h in a pressure vessel. To open the vessel, it was cooled
with ice water. The reaction mixture was diluted with diethyl ether
(50 mL), and ice water was added until the white precipitate dissolved.
The layers were separated, and the aqueous layer was extracted three
times with diethyl ether. The combined organic layers were washed with
saturated NaHCO3 solution, dried (Na2SO4), and concentrated. The resi-
due was distilled under vacuum to give cis-3 (2.09 g, 66 %) as a colorless
oil. B.p. 71 8C, 0.01 Torr; IR (neat): ñmax =2954, 2937, 1724, 1367, 1255,
1223, 1152, 1094, 1052, 1022, 987 cm�1; 1H NMR (500 MHz, CDCl3): d=


0.89 (d, 3J =6.9 Hz, 6H; CH(CH3)2), 1.07–1.17 (m, 1 H; C4H), 1.29 (t, 3J =


7.1 Hz, 3H; CH2CH3), 1.38–1.49 (m, 3H; C3Hax, C5Hax, CH(CH3)2), 1.58–
1.61 (m, 2 H; C3Heq, C5Heq), 1.69–1.81 (m, 4H; C2Hax, C6Hax, C2Heq,
C6Heq), 2.89 (br s, 1H; OH), 4.22 ppm (q, 3J=7.1 Hz, 2H; CH2CH3);
13C NMR (62.9 MHz, CDCl3): d=14.24 (CH2CH3), 19.84 (CH(CH3)2),


Figure 2. ORTEP view of cis-p-menth-8-ene-1,7-diol (cis-I).


Figure 3. ORTEP view of cis-p-menthane-1,7,8-triol (cis-II).
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24.31 (C3H2, C5H2), 32.82 (CH(CH3)2), 34.90 (C2H2, C6H2), 43.17 (C4H),
61.71 (CH2CH3), 73.36 (C1), 177.84 ppm (COO); elemental analysis calcd
(%) for C12H22O3 (214.30): C 67.26, H 10.35; found: C 67.18, H 10.13.


cis-1-(Hydroxymethyl)-4-isopropylcyclohexane-1-ol (cis-IV): A solution
of cis-3 (1.0 g, 4.67 mmol) in THF (10 mL) at 0 8C was added dropwise to
a stirred suspension of LiAlH4 (231.0 mg, 6.07 mmol) in THF (5 mL).
After stirring for 15 min, the reaction mixture was allowed to warm
slowly to room temperature and stirred for a further 1 h. After cooling
down to 0 8C, the mixture was hydrolyzed with brine (5 mL) and extract-
ed with CH2Cl2 (3 � 10 mL). The combined organic layers were dried
(MgSO4) and concentrated under reduced pressure. The pure white resi-
due recrystallized from iPr2O to afford cis-IV (0.71 g, 88%) as colorless,
rhombic crystals. M.p. 89 8C; IR (neat): ñmax = 3276, 2936, 2865, 1228,
1175, 1074, 1050, 1025, 992, 976, 900, 739, 671, 643 cm�1; 1H NMR
(500 MHz, CDCl3): d=0.88 (d, 3J=6.8 Hz, 6H; CH(CH3)2), 0.99–1.06 (m,
1H; C4H), 1.21–1.37 (m, 4H; C2Hax, C6Hax, C3Hax, C5Hax), 1.43–1.50 (m,
1H; CH(CH3)2), 1.56–1.59 (m, 2H; C3Heq, C5Heq), 1.72–1.75 (m, 2 H;
C2Heq, C6Heq), 2.28 (br s, 1 H; OH), 2.75 (t, 3J =5.9 Hz, 1H; CH2OH),
3.39 ppm (d, 3J=5.6 Hz, 2 H; CH2OH); 13C NMR (125.8 MHz, CDCl3):
d=20.01 (CH(CH3)2), 24.47 (C3H2, C5H2), 32.03 (CH(CH3)2), 33.84
(C2H2, C6H2), 44.09 (C4H), 71.57 (C1), 71.86 ppm (CH2OH); elemental
analysis calcd (%) for C10H20O2 (172.27): C 69.72, H 11.70; found: C
69.87, H 11.71.


cis-(1-Hydroxy-4-isopropylcyclohexyl)methyl-4-nitrobenzoate (cis-5):[7b]


DMAP (15 mg) and p-nitrobenzoyl chloride (0.23 g, 1.24 mmol) were
added to a vigorously stirred solution of cis-IV (0.18 g, 1.04 mmol) in pyr-
idine (4 mL), and the reaction mixture was stirred for 14 d at room tem-
perature. Then water (5 mL) was added, the layers were separated, and
the aqueous layer was extracted with diethyl ether (3 � 20 mL). The com-
bined extracts were washed with diluted HCl until neutral, dried
(Na2SO4), and concentrated. The residue was subjected to chromatogra-
phy on SiO2 with petroleum ether/EtOAc (7:1) and recrystallized from
iPr2O to afford pure cis-5 (0.31 g, 92%) as colorless crystals.[9] M.p.
103 8C; 1H NMR (250 MHz, CDCl3): d= 0.90 (d, 3J=6.8 Hz, 6 H; CH-


(CH3)2), 0.99–1.16 (m, 1H; C4H),
1.31–1.55 (m, 5H; C2Hax, C6Hax,
C3Hax, C5Hax, CH(CH3)2), 1.60–1.64
(m, 2 H; C3Heq, C5Heq), 1.72 (br s, 1 H;
OH), 1.80–1.84 (m, 2H; C2Heq,
C6Heq), 4.42 (s, 2H; CH2O), 8.21–
8.32 ppm (m, 4 H; HPh); 13C NMR
(62.9 MHz, CDCl3): d =19.84 (CH-
(CH3)2), 24.08 (C3H2, C5H2), 32.64
(CH(CH3)2), 34.13 (C2H2, C6H2),
43.67 (C4H), 70.44 (C1), 73.88
(CH2O), 123.61, 130.78, 135.46, 150.62
(CPh), 164.72 ppm (OCO); elemental
analysis calcd (%) for C17H23NO5


(321.37): C 63.54, H 7.21, N 4.36;
found: C 63.46, H 7.06, N 4.37.


cis-1-Hydroxy-4-isopropenylcyclohex-
anecarbonitrile (cis-7):[7b] Reaction
conditions and workup as for cis-2.
(S)-MeHNL (10 000 U, 3.61 mL, Pw =


40.8 mg mL�1), nitrocellulose (2.70 g),
diisopropyl ether (125 mL), com-
pound 6 (4.11 g, 29.73 mmol), and an-
hydrous HCN[13] (4.5 mL,
114.4 mmol), reaction time 5 h. The
white residue (4.71 g, 96 %, cis/trans-
ratio=96:4) was recrystallized from
n-hexane/CH2Cl2 to afford cis-7 as
colorless crystals.[9] M.p. 65 8C; IR
(neat): ñmax =3420, 2939, 1645, 1434,
1399, 1373, 1230, 1140, 1060, 972, 932,
893 cm�1; 1H NMR (500 MHz,
CDCl3): d=1.60–1.68 (m, 4 H; C3Hax,
C5Hax, C3Heq, C5Heq), 1.72 (s, 3H;


CH3), 1.85–1.99 (m, 3 H; C2Hax, C6Hax, C4H), 2.15–2.18 (m, 2 H; C2Heq,
C6Heq), 2.86 (br s, 1H; OH), 4.71–4.74 ppm (m, 2 H;=CH2); 13C NMR
(125.8 MHz, CDCl3): d=20.89 (CH3), 25.00 (C3H2, C5H2), 36.49 (C2H2,
C6H2), 43.26 (C4H), 66.59 (C1), 109.44 (=CH2), 122.89 (CN), 148.76 ppm
(C=); elemental analysis calcd (%) for C10H15NO (165.24): C 72.69, H
9.15, N 8.48; found: C 72.65, H 9.05, N 8.55.


cis-4-Isopropenyl-1-trimethylsilyloxycyclohexanecarbonitrile (cis-8):[10]


Chlorotrimethylsilane was added (3.11 g, 28.63 mmol) to a stirred so-
lution of imidazole (3.43 g, 49.62 mmol) in DMF (65 mL) at 0 8C under
an atmosphere of nitrogen. After stirring for 15 min, a solution of cis-7
(4.10 g, 24.81 mmol) in DMF (15 mL) was added dropwise and allowed
to warm slowly to room temperature and stirred for a further 1 h. Then
water (125 mL) was added, and the resulting mixture was extracted with
diethyl ether (3 � 25 mL). The combined extracts were dried (Na2SO4)
and concentrated under reduced pressure. The crude product was puri-
fied by chromatography on SiO2 using a short column eluting with petro-
leum ether/EtOAc (7:1) (Rf =0.60) to afford cis-8 (5.14 g, 87 %) as color-
less oil. IR (neat): ñmax =1645 (w), 1252, 1079, 1054, 1030, 889, 840,
754 cm�1; 1H NMR (250 MHz, CDCl3): d=0.26 (Si(CH3)3), 1.56–1.64 (m,
4H; C3Hax, C5Hax, C3Heq, C5Heq), 1.71 (s, 3H; CH3), 1.72–1.99 (m, 3H;
C2Hax, C6Hax, C4H), 2.06–2.15 (m, 2H; C2Heq, C6Heq), 4.70–4.73 ppm (m,
2H; =CH2); 13C NMR (62.9 MHz, CDCl3): d=1.18 (Si(CH3)3), 20.80
(CH3), 25.16 (C3H2, C5H2), 37.96 (C2H2, C6H2), 43.19 (C4H), 67.39 (C1),
109.17 (=CH2), 122.86 (CN), 149.00 ppm (C=); elemental analysis calcd
(%) for C13H23NOSi (237.42): C 65.77, H 9.76, N 5.90; found: C 65.76, H
9.74, N 5.70.


cis-4-Isopropenyl-1-trimethylsilyloxycyclohexanecarbaldehyde (cis-9): A
DIBAL-H solution (1 m in n-hexane, 25 mL) at �45 8C was added drop-
wise to a vigorously stirred solution of cis-8 (3.57 g, 15.0 mmol) in n-
hexane (25 mL) under an inert atmosphere. The reaction mixture then
was allowed to warm up slowly to 15 8C and stirred at this temperature
for 15 h. The mixture was diluted with CH2Cl2 (50 mL) and quenched
with 0.5 m aqueous H2SO4 (75 mL). After vigorous stirring for 0.5 h at
room temperature, the organic layer was separated and the aqueous


Table 1. X-ray crystal data collection and refinement for cis-5, cis-I, and cis-II.


cis-5 cis-I cis-II


formula C17H23NO5 C10H18O2 C10H20O3


Mr 321.37 170.25 188.27
crystal system monoclinic monoclinic monoclinic
space group P21/n P21/c P21/n
a [�] 14.9154(8) 16.201(4) 6.3415(3)
b [�] 5.6903(4) 17.239(5) 13.8270(7)
c [�] 20.9257(17) 11.766(5) 12.1563(4)
a [8] 90 90 90
b [8] 107.691(5) 107.67(2) 99.665(4)
g [8] 90 90 90
V [�3] 1692.0(2) 3132.8(18) 1050.78(8)
Z 4 12 4
1calcd [mg m�3] 1.262 1.083 1.190
F(000) 688 1128 416
m [mm�1] 0.765 0.073 0.694
q range [8] 3.22–64.99 1.77–22.49 4.88–67.95
data collection[a]


reflections collected/unique 3818/2788 4263/4096 2607/1857
data/restraints/parameters 2788/0/213 4096/0/332 1857/0/131
goodness-of-fit on F2 1.068 1.047 1.070
final R indices [I>2s(I)]
R1 0.0801 0.1225 0.0539
wR2 0.2089 0.2157 0.1501
R indices (all data)
R1 0.1027 0.2379 0.0639
wR2 0.2630 0.2545 0.1642
largest diff. peak/hole [e��3] 0.416/�0.357 0.220/�0.172 0.192/�0.217


[a] T=293 K, Nicolet P3 diffractometer, MoKa (l= 0.71073 �) or Siemens P4 diffractometer, CuKa (l=


1.54178 �) radiation.
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layer was extracted with CH2Cl2 (3 � 20 mL). The combined organic layer
was dried (Na2SO4) and concentrated under reduced pressure. The crude
product was purified by chromatography on SiO2 using a short column
eluting with petroleum ether/EtOAc (10:1) (Rf = 0.54) to afford cis-9
(2.53 g, 70 %) as a colorless oil. IR (neat): ñmax = 1713, 1645 (w), 1164,
888, 813 cm�1; 1H NMR (500 MHz, CDCl3): d =0.16 (Si(CH3)3), 1.51–1.77
(m, 8 H; 8 CH), 1.73 (s, 3 H; CH3), 1.86–1.93 (m, 1H; C4H), 4.72 (s, 2H;
=CH2), 9.56 ppm (s, 1H; CHO); 13C NMR (62.9 MHz, CDCl3): d =2.26
(Si(CH3)3), 20.70 (CH3), 25.50 (C3H2, C5H2), 32.13 (C2H2, C6H2), 44.24
(C4H), 80.10 (C1), 108.73 (=CH2), 149.96 (C=), 204.25 ppm (CHO); ele-
mental analysis calcd (%) for C17H24O2Si (240.42): C 64.95, H 10.06;
found: C 64.86, H 10.05.


cis-(4-Isopropenyl-1-trimethylsilyloxycyclohexyl)methanol (cis-10):[11]


NaBH4 (60.0 mg, 1.58 mmol) was added slowly to a stirred solution of
cis-9 (250.0 mg, 1.04 mmol) in absolute EtOH (2.5 mL) at 0 8C under an
atmosphere of nitrogen. After stirring for 30 min, concentrated
CH3COOH (35 mL) was added. The mixture was concentrated under re-
duced pressure, and the residue was extracted with CH2Cl2. The com-
bined organic layer was washed with brine, dried (Na2SO4), and concen-
trated under reduced pressure. The crude product was purified by chro-
matography on SiO2 with a short column eluting with petroleum ether/
EtOAc (7:1) (Rf =0.47) to afford cis-10 (229.5 mg, 91 %) as a colorless
oil, which after some time began to crystallize. M.p. 81 8C; IR (neat):
ñmax =1643 (w), 1250, 1067, 869, 837, 747 cm�1; 1H NMR (500 MHz,
CDCl3): d=0.12 (s, 9H; Si(CH3)3), 1.25 (ddd, 3J(C2Hax,C


3Heq)=4.7 Hz,
2J(C2Hax,C


2Heq)� 3J(C2Hax,C
3Hax)= 13.1 Hz, 2H; C2Hax, C6Hax), 1.58–1.74


(m, 6 H; C3Hax, C5Hax, C2Heq, C6Heq, C3Heq, C5Heq), 1.74 (s, 3 H; CH3),
1.85 (tt, 3J(C4Hax,C


3Heq)=4.0 Hz, 3J(C4Hax,C
3Hax)=11.3 Hz, 1H; C4H),


2.12 (s, 1H; OH), 3.34 (s, 2 H; CH2OH), 4.69–4.72 ppm (m, 2 H; =CH2);
13C NMR (125.8 MHz, CDCl3): d=�0.56 (Si(CH3)3), 20.88 (CH3), 26.47
(C3H2, C5H2), 33.94 (C2H2, C6H2), 45.47 (C4H), 70.26 (C1), 71.37
(CH2OH), 108.35 (=CH2), 150.58 ppm (C=); HRMS (70 eV, EI) calcd for
C13H26O2Si+: 242.1702; found 242.1702.


cis-1-(Hydroxymethyl)-4-isopropenylcyclohexane-1-ol (cis-I): A solution
of nBu4NF (359.7 mg, 1.14 mmol) in THF (1.2 mL) was added slowly to a
stirred solution of cis-10 (229.5 mg, 0.95 mmol) in THF (5 mL) at 0 8C.
The reaction was stirred for 0.5 h. Then H2O (6.0 mL) and CH2Cl2


(8.0 mL) were added, and the organic layer was separated, reextracting
with CH2Cl2 (3 � 8 mL). The combined organic layers were dried
(Na2SO4) and concentrated under reduced pressure. The residue was pu-
rified by chromatography on SiO2 with petroleum ether/EtOAc (1:1)
(Rf =0.21) to give cis-I (120.0 mg, 74 %) as a white solid. Recrystalliza-
tion from iPr2O afforded colorless crystals.[9] M.p. 76 8C; IR (neat): ñmax =


3290, 2926, 2856, 1644 (w), 1434, 1222, 1158, 1051, 992, 959, 883, 736,
642 cm�1; 1H NMR (500 MHz, CDCl3): d= 1.25–1.34 (m, 2H; C2Hax,
C6Hax), 1.53–1.65 (m, 4 H; C3Hax, C5Hax, C3Heq, C5Heq), 1.71–1.79 (m, 2 H;
C2Heq, C6Heq), 1.74 (s, 3H; CH3), 1.87 (tt, 3J(C4Hax,C


3Heq)= 3.4 Hz, 3J
(C4Hax, C3Hax)=11.7 Hz, 1H; C4Hax), 2.45 (br s, 1H; OH), 2.72 (br s, 1 H;
OH), 3.42 (s, CH2OH), 4.70–4.71 ppm (m, 2 H; =CH2); 13C NMR
(125.8 MHz, CDCl3): d=20.93 (CH3), 26.29 (C3H2, C5H2), 33.66 (C2H2,
C6H2), 45.18 (C4H), 71.12 (C1), 71.70 (CH2OH), 108.50 (=CH2),
150.22 ppm (C=); elemental analysis calcd (%) for C10H18O2 (170.25): C
70.55, H 10.66; found: C 70.38, H 10.71.


cis-1-Hydroxymethyl-4-(1-hydroxy-1-methylethyl)cyclohexane-1-ol) (cis-
II):[12] A solution of cis-I (364.6 mg, 2.14 mmol) in THF (0.8 mL) was
added to a stirred suspension of mercuric acetate (732.0 mg, 2.27 mmol)
in a 1:1 mixture of THF/H2O (4.6 mL). The yellow color disappeared
after 2 min. The reaction mixture was stirred for 40 min at room temper-
ature and then an aqueous solution of NaOH (3.0 m, 2.3 mL) and a so-
lution of NaBH4 (0.5 m) in NaOH (3 m, 2.3 mL) were added. The gray
mixture was stirred until it clarified and mercury settled out. The reaction
mixture was neutralized with citrus acid monohydrate and extracted with
Et2O in a perforator. After the extraction the organic solution was con-
centrated under reduced pressure. Traces of AcOH were removed under


high vacuum. The white residue (mp 131–133 8C) was recrystallized from
a mixture of CHCl3/iPr2O/EtOH to yield cis-II (290.6 mg, 72%) as color-
less, crystalline needles.[9] M.p. 133–135 8C; IR (neat): ñmax =3269, 2934,
1367, 1173, 1130, 1043, 1026, 1006, 952, 927, 913, 900, 736, 641 cm�1;
1H NMR (500 MHz, [D4]methanol):[2] d= 1.15 (s, 6 H; CH3), 1.22–1.27
(m, 1H; C4H), 1.34–1.49 (m, 4 H; C3Hax, C5Hax, C2Hax, C6Hax,), 1.64–1.66
(m, 4H; C3Heq, C5Heq, C2Heq, C6Heq), 3.30 ppm (br s, 2 H; CH2OH);
13C NMR (125.8 MHz, [D4]methanol): d =23.21 (C3H2, C5H2), 26.88
(CH3), 34.44 (C2H2, C6H2), 50.24 (C4H), 72.05 (C), 72.23 (CH2OH),
73.42 ppm (C); 1H NMR (500 MHz, [D5]pyridine): d=1.40 (s, 6H; CH3),
1.58–1.76 (m, 3H; 2 CHax, C4H), 2.00–2.16 (m, 6 H; 2 CHax, C3Heq, C5Heq,
C2Heq, C6Heq), 3.84 ppm (br s, 2H; CH2OH); 13C NMR (125.8 MHz,
[D5]pyridine): d=23.08 (C3H2, C5H2), 27.77 (CH3), 34.92 (C2H2, C6H2),
50.17 (C4H), 71.08 (C), 71.61 (C), 72.39 ppm (CH2OH); elemental analy-
sis calcd (%) for C10H20O3 (188.27): C 63.80, H 10.71; found: C 63.79, H
10.69.
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Introduction


Polar metal–metal bonds have attracted increasing atten-
tion,[1] because they are expected to display unique structur-
al and reaction features based on a cooperative action of
the two metal centers with different characters. Early–late
heterobimetallic (ELHB) complexes have been studied ex-
tensively as typical examples of such compounds.[2] In addi-
tion to this category, a unique class of polynuclear com-
plexes called “xenophilic complexes” is known.[3] A xeno-
philic complex is defined as a polynulcear complex, in which
a hard open-shell metal center (frequently paramagnetic)[4]


and a coordinatively saturated soft metal–carbonyl fragment
are connected only through a metal–metal bond (Scheme 1),
and the metal fragments with different electronic properties
should form a polar metal–metal bond. In addition, xeno-
philic complex belongs to a family of coordinatively unsatu-


Abstract: A series of dinuclear com-
plexes, [TpRM�M’Ln] [TpiPr2M�
Co(CO)4 (1; M=Ni, Co, Fe, Mn);
Tp#M�Co(CO)4 (1’; M=Ni, Co);
Tp#Ni�RuCp(CO)2 (3’)] (TpiPr2 =hy-
drotris(3,5-diisopropylpyrazolyl)borato;
Tp# (TpMe2,4-Br)=hydrotris(3,5-dimeth-
yl-4-bromopyrazolyl)borato), has been
prepared by treatment of the cationic
complexes [TpiPr2M(NCMe)3]PF6 or the
halo complexes [Tp#M�X] with the ap-
propriate metalates. Spectroscopic and
crystallographic characterization of 1–
3’ reveals that the tetrahedral, high-
spin TpRM fragment and the coordina-
tively saturated carbonyl–metal frag-
ment (M’Ln) are connected only by a
metal–metal interaction and, thus, the
dinuclear complexes belong to a


unique class of xenophilic complexes.
The metal–metal interaction in the
xenophilic complexes is polarized, as
revealed by their nCO vibrations and
structural features, which fall between
those of reference complexes: cova-
lently bonded species [R�M’Ln] and
ionic species [M’Ln]


� . Unrestricted
DFT calculations for the model com-
plexes [TpH2Ni�Co(CO)4], [TpH2Ni�
Co(CO)3(PH3)], and [TpH2Ni�
RuCp(CO)2] prove that the two metal


centers are held together not by cova-
lent interactions, but by electrostatic
attractions. In other words, the ob-
tained xenophilic complexes can be re-
garded as carbonylmetalates, in which
the cationic counterpart interacts with
the metal center rather than the
oxygen atom of the carbonyl ligand.
The xenophilic complexes show diver-
gent reactivity dependent on the prop-
erties of donor molecules. Hard (N and
O donors) and soft donors (P and C
donors) attack the TpRM part and the
MLn moiety, respectively. The selectivi-
ty has been interpreted in terms of the
hard–soft theory, and the reactions of
the high-spin species 1–3’ with singlet
donor molecules should involve a spin-
crossover process.
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rated species,[5] which plays a key role in transformations
mediated by organometallic species. The first examples of
xenophilic complexes, including [(py)3Co�Co(CO)4]


+


[Co(CO)4]
� (A1[Co(CO)4]), were formed by means of


redox disproportionation of metal–carbonyl complexes by
the action of pyridine as reported by Fachinetti
(Scheme 1).[3b,c] Several examples of such compounds (A),[3]


including a pentadecanuclear complex A6,[3f] have been re-
ported so far, but all previously reported xenophilic com-
plexes were formed through unpredictable redox dispropor-
tionation reactions of the metal centers. Furthermore their
structure and reactivities, in particular the properties of the
unique metal–metal bonds, have remained to be explored in
a systematic manner.


In our laboratory inorganic and organometallic chemistry
based on hydrotrispyrazolylborato (TpR) ligands has been a
recent research subject.[6] The TpR ligand,[7] which is a facial-
ly coordinating tridentate N3 ligand, is regarded as a tetrahe-
dral enforcer, because the TpR ligand frequently forms a tet-
rahedral species, [(k3-TpR)M�X]. In the case of first-row
transition metal complexes, a small ligand-field splitting
brought about by the tetrahedral geometry often leads to a
high-spin electronic configuration. Taking into account the
unique properties of the TpR ligand, we carried out the sys-
tematic synthetic study of dioxygen complexes, which was
followed by extension to organometallic systems. As a
result, we succeeded in the preparation of highly coordina-
tively unsaturated hydrocarbyl complexes, [TpRM�R’], with
14 (Fe) and 15 (Co) valence electrons; these complexes did
not undergo b-hydride elimination.[8] The successful synthe-
sis of the hydrocarbyl complexes prompted us to introduce a
metal fragment to obtain dinuclear complexes, [TpRM�
M’Ln], which should be “xenophilic”. A number of polynuc-
lear complexes bearing a TpR ligand have been prepared,
but none of them is xenophilic as their metal–metal bonds
are supported by bridging ligands (e.g., m-CO) or the TpRM
moiety is coordinatively saturated due to coordination of ad-
ditional auxiliaries (e.g., h1-CO).[9] When we initiated the
present study, no xenophilic complex with a TpR ligand was
known.[9g] The first rational synthetic method reported
herein provided a series of xenophilic complexes and ena-


bled us to perform a systematic
study on them. Herein we wish
to report results of the study on
synthesis, structure, and chemi-
cal properties of the [TpRM�
M’Ln]-type xenophilic com-
plexes containing the
Co(CO)3L and RuCp(CO)2


fragments: [TpRM�Co(CO)4]
(1/1’), [TpRM�Co(CO)3(PPh3)]
(2) [TpR =TpiPr2, Tp#; M= Ni,
Co, Fe, Mn], and [Tp#Ni�
RuCp(CO)2] (3’).[10,11] It is re-
vealed that the two metal cen-
ters in the xenophilic complexes
are held together not by cova-


lent interaction, but by electrostatic attraction.


Results


Synthesis of xenophilic complexes 1–3’


Synthesis of [TpiPr2M�Co(CO)4] (1; M=Ni, Co, Fe, Mn) by
treatment of [TpiPr2M(NCMe)3]PF6 with PPN[Co(CO)4]: We
first attempted preparation of [TpRM�Co(CO)4]-type com-
plexes by metalation of the chloro precursors bearing the
TpiPr2 and TpPh,Me ligand[10] ([TpRM�Cl] M= Co, Ni) with the
cobaltate (X+[Co(CO)4]


� X= Na, K, PPN; PPN= bis(tri-
phenylphosphine)iminium) in THF. However, the desired
products could not be obtained.[12] Then in order to activate
the TpiPr2M fragments toward nucleophiles, the chloro com-
plexes were converted to the labile, cationic, solvated com-
plexes, [TpiPr2M(NCMe)3]


+PF6
� (4·PF6)


[14] by means of Cl�


abstraction with a silver salt in acetonitrile. Treatment of the
resultant 4·PF6 with PPN[Co(CO)4] in CH2Cl2 afforded the
desired dinuclear complexes, [TpiPr2M�Co(CO)4] (1; M= Ni,
Co, Fe, Mn) (Table 1; entries 1–4).[15] Complexes 1 are sen-
sitive to the air and moisture, but no apparent deteriora-
tion was observed if they were kept under an inert atmos-
phere.


Synthesis of [Tp#M�Co(CO)3(L)] (Tp# =hydrotris(4-bromo-
3,5-dimethylpyrazolyl)borato; M=Ni, Co; L= CO (1’), PPh3


(2’)) by treatment of [Tp#M�X] with K[Co(CO)3(L)]: In
contrast to the reactions of the bulky TpR derivatives, syn-
thesis of derivatives with the less bulky Tp# ligand (Tp#: 3,5-
dimethyl-4-bromo derivative; Table 1)[10] did not require
prior conversion to the cationic precursors. Reaction of the
halo complexes with K[Co(CO)4] in THF gave the dinuclear
complexes 1’Ni,Co in moderate yields (Table 1; entries 5 and
6). Furthermore the bulkier cobaltate, [Co(CO)3(PPh3)]� ,
could be introduced into the Tp#Ni system to afford 2’Ni


(entry 7).


Synthesis of [Tp#Ni�RuCp(CO)2] (3’)—the first example of a
xenophilic complex containing a second-row metal : The suc-


Scheme 1.
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cessful direct synthesis of the Tp# derivatives encouraged us
to examine reactions with other metalates.


Reaction of [Tp#Ni�Br] with K[RuCp(CO)2] in THF did
not afford any characterizable product, but sonication of
[Tp#Ni�Br] and K[RuCp(CO)2] suspended in toluene gave
the dinuclear complex [Tp#Ni�RuCp(CO)2] (3’; Table 1;
entry 8). The obtained dark red complex 3’ is the first exam-
ple of a xenophilic complex containing a second-row metal
fragment. Reaction of [Tp#Co�Cl] gave a product that
showed spectroscopic features different from those of 3’, but
could not be isolated in a pure form despite many attempts.
Analogous reactions of [Tp#Ni�Br] with Na/K[FeCp(CO)2]
gave a product that showed two CO vibrations characteristic
of the FeCp(CO)2 fragment, but was too unstable to be iso-
lated and characterized.


Reaction of [Tp#Ni�Br] with K[Mn(CO)5] in THF over-
night gave an anionic product, which was characterized after
salt exchange (5’: NEt4 salt) (Table 1; entry 9). The product
5’, however, was not the desired product [Tp#Ni�Mn(CO)5],
but the trinuclear complex with a linear Ni-Mn-Ni linkage
as revealed by X-ray crystallography (SI 27[13]). The anionic
part sits on a crystallographic centrosymmetric site (Ni-Mn-
Ni: 1808 ; Ni1�Mn1: 2.419(1) �) and each Mn�Ni bond is
bridged by three CO ligands.


Through the synthetic methods mentioned above, eight
examples of xenophilic complexes containing the TpRM
fragments (1Ni,Co,Fe,Mn, 1’Ni,Co, 2’Ni, and 3’) were prepared suc-
cessfully.


Characterization of xenophilic complexes : The obtained
xenophilic complexes were characterized by spectroscopic
and crystallographic methods. Because the phosphine-substi-
tuted products [TpRM�Co(CO)3(PPh3)] (2/2’) obtained from


1/1’ and PPh3 (see below), also
belong to the class of xenophilic
complexes, their characteriza-
tion is described together.


X-ray crystallographic charac-
terization : All twelve xenophil-
ic complexes that appear in this
paper (1Ni,Co,Fe,Mn, 1’Ni,Co,
2Ni,Co,Fe,Mn, 2’Ni, and 3’) were
characterized by X-ray crystal-
lography. Their selected struc-
tural parameters are summar-
ized in Table 2 (see also
SI 12[13]) and, as typical exam-
ples, molecular structures of 1Ni,
1’Ni, 2Ni, 2’Ni, and 3’ are shown in
Figure 1.


[TpiPr2M�Co(CO)4] (1) and
[Tp#M�Co(CO)4] (1’): The six
complexes 1 and 1’ with the vir-
tually C3v-symmetrical core
structures with respect to the


M�Co axis are isostructural, as shown by the molecular
structures of 1Ni and 1’Ni (Figure 1; for the other complexes,
see SI 16–18, and 20[13]), and their structural parameters are
compared in Table 2.


The M�Co distances of about 2.5 � are slightly longer
than the sum of the covalent radii of M and Co (2.32 � for
Co�Co). In the case of the Co complexes 1Co/1’Co, the Co�
Co distances are comparable to those in [Co2(CO)8]
(2.522 �),[16a,17] and [Co2(m-CH2)(h5-C5H4Me)2(CO)2]
(2.497(1) �)[16b] with bridging ligands (m-CO, m-CH2), but
substantially shorter than that in [{Co(CO)3{PPh2(C6H4-
CH2NMe2-o)}}2] (2.702 �),[16c] in which the two cobalt cen-
ters are connected by the covalent metal–metal bond only.
The increase of the M�Co and M�N distances for the 1/1’
series is associated with the increase of the atomic radius of
M, and replacement of TpiPr2 by the Tp# ligand causes a
slight shortening of the M�Co bond [1/1’: D= 0.05 � (M=


Ni), 0.07 � (M= Co)].[18] No apparent systematic change is
observed for other structural parameters. The partial struc-
tures of the TpRM and Co(CO)4 moieties are similar to the
structures of related mononuclear tetrahedral TpRM�X spe-
cies and trigonal-bipyramidal X�Co(CO)4 species, respec-
tively. The TpR ligands are k3-coordinated to the metal
center; the differences in the three M�N distances for each
complex are less than 0.045 � and the aCo-M-N angles are
in the range of 119–1308 indicating C3v-symmetrical struc-
tures. The equatorial CO ligands of the trigonal bipyramidal
Co centers are tilted toward the nickel center as judged by
the M-Co-CO angles (74.3–85.48), but the linear Co-C-O
linkage (>174.18) and the M···CO distances longer than
2.6 � reveal that the CO ligands are virtually h1-bonded to
Co without any substantial bonding interaction with M,
leaving the TpRM moiety electron-deficient as in the hydro-


Table 1. Reactions of 4·PF6 or [TpRM�X] with [M’Ln].


Entry TpR Precursor M [M’Ln]
� Product Yield [%]


1 TpiPr2 4·PF6 Ni PPN[Co(CO)4] [TpiPr2Ni�Co(CO)4] (1Ni) 55
2 TpiPr2 4·PF6 Co PPN[Co(CO)4] [TpiPr2Co�Co(CO)4] (1Co) 42
3 TpiPr2 4·PF6 Fe PPN[Co(CO)4] [TpiPr2Fe�Co(CO)4] (1Fe) 35
4 TpiPr2 4·PF6 Mn PPN[Co(CO)4] [TpiPr2Mn�Co(CO)4] (1Mn) 27
5 Tp# Tp#Ni�Br Ni K[Co(CO)4] [Tp#Ni�Co(CO)4] (1’Ni) 58
6 Tp# Tp#Co�Cl Co K[Co(CO)4] [Tp#Co�Co(CO)4] (1’Co) 53
7 Tp# Tp#Ni�Br Ni K[Co(CO)3PPh3] [Tp#Ni�Co(CO)3PPh3] (2’Ni) 36
8 Tp# Tp#Ni�Br Ni K[RuCp(CO)2] [Tp#Ni�RuCp(CO)2] (3’) 41


9 Tp# Tp#Ni�Br Ni K[Mn(CO)5] 41
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carbyl complexes.[8] Thus the two metal fragments in 1/1’ are
connected solely by the metal–metal interaction. The M�Co
vector is superimposed on the threefold axis of the TpRNi
moiety as judged by the B1···M�Co1 angle (175.18–179.558),
and the staggered conformation of the three pzR rings and
the three equatorial CO ligands is evident from the N11-M-
Co-CO dihedral angles close to 608 and can also been clear-
ly seen in the bottom view of 1Ni (Figure 1).


[TpiPr2M�Co(CO)3(PPh3)] (2) and [Tp#M�Co(CO)3(PPh3)]
(2’): Structural features similar to those noted for the CO
derivatives 1/1’ are observed for the PPh3-substituted prod-
ucts 2/2’. ORTEP views for 2Ni and 2’Ni are shown in
Figure 1 (For the other PPh3-complexes, see the SI 22–24[13]).


Replacement of the axial CO ligand by PPh3 causes a
slight shortening of the M�Co lengths: 1/2 [D=0.05 � (M=


Ni), 0.07 � (M =Co), 0.04 � (M= Fe), 0.07 � (M= Mn)]. It
is notable that the core structures are slightly distorted from
a C3v-symmetrical structures to an apparent Cs-symmetrical
structure as indicated by 1) bending of the M-Co-P linkage
[160.06–172.238 (av 166.58); cf. 1: 172.4–176.88 (av 174.48),
1’: 173.1–177.78 (av 175.48)], 2) the M-Co-C3 angles being
more acute than the M-Co-C1,2 angles, 3) deviation of the
M1-C3-O3 moiety from a linear structure (173.4–175.58 ; cf.
1, 1’: 175.7–177.38), and 4) the unsymmetrical M···CO distan-


ces (M···C3<M···C1, M···C2).
This distortion will be analyzed
by DFT calculations (see
below).


[Tp#M�RuCp(CO)2] (3’): The
tetrahedral Tp#Ni fragment and
the RuCp(CO)2 fragment with
a three-legged piano-stool
structure are connected by the
Ni�Ru bond. As is evident
from a view along the Ru�Ni
axis (Figure 1), the three li-
gands on Ru (2 CO, Cp) and
the three pzR rings on Ni are ar-
ranged in a staggered confor-
mation to avoid steric repul-
sions among them, leading to a
pseudo-C3-symmetrical struc-
ture. The length of the unsup-
ported Ni�Ru bond
(2.512(1) �) is slightly shorter
than those in the coordinatively
saturated adducts with addition-
al bridging ligands (2.56–2.57 �
(18’, 19’); see below). The CO
ligands are h1-bonded to the Ru
center with no bridging interac-
tion with the Ni center as is
also evident from the linear
Ru-C-O linkage (Ru-C1-O1:
175.9(8)8 ; Ru-C2-O2: 176.5(8)8)


and the Ni···CO separations (Ni1···C1: 2.866(9) �; Ni1···C2:
2.761(8) �).


Spectroscopic characterization : Spectroscopic data for the
xenophilic complexes 1–2’ are summarized in Table 3 and
the data for 3’ is shown in the experimental part.


IR spectra : IR data is useful in discussing geometrical fea-
tures and electronic structures of xenophilic complexes. For
complexes 1/1’ and 2/2’, 1) the nCO patterns[19] (KBr, CH2Cl2)
peculiar to C3v-symmetrical, trigonal-bipyramidal structures
(X-Co(CO)4: three intense vibrations; X-Co(CO)3(L): two
intense vibrations) and 2) the nBH bands above 2500 cm�1 in-
dicative of k3-TpR coordination[20] are in accord with the de-
sired C3v-symmetrical structures consisting of the
Co(CO)3(L) and (k3-TpR)M fragments. An IR spectrum for
3’, containing two CO vibrations characteristic of the
RuCp(CO)2 fragment (1953, 1891 cm�1 (KBr)) in addition
to the nBH band at 2553 cm�1 (k3-Tp#),[20] is also consistent
with the structure characterized by X-ray crystallography
(Figure 1). It is notable that 1) no CO vibration below
1900 cm�1 (KBr, CH2Cl2) is detected, indicating lack of a
bridging CO ligand; and 2) for a certain series of complexes,
the nCO absorptions are very similar irrespective of M (e.g.,
1M series: nCO 2051�1, 1980�2, 1934�3 cm�1).


Table 2. Selected structural parameters for xenophilic complexes [TpRM�M’Ln] 1–3’.[a]


1Ni[b] 1Co[b] 1Fe 1Mn 1’Ni 1’Co


M�M’ 2.4640(8) 2.4969(8) 2.504(1) 2.582(1) 2.4190(9) 2.4467(9)
M�N [c] 2.002(4) 2.030(3) 2.057(5) 2.120(4) 2.011(4) 2.049(4)
M’-CO [c] 1.760(6) 1.764(5) 1.777(7) 1.767(7) 1.766(7) 1.784(7)
M’-C4(P1) 1.786(6) 1.793(5) 1.795(7) 1.783(7) 1.790(6) 1.773(5)
M···C1 2.826(6) 2.843(5) 2.954(6) 2.978(7) 2.859(6) 2.764(7)
M···C2 2.661(4) 2.684(3) 2.671(7) 2.707(7) 2.608(6) 2.745(6)
M···C3 2.661(4) 2.684(3) 2.667(6) 2.716(6) 2.594(6) 2.678(5)


M-M’-C1 82.2(2) 81.8(2) 85.4(2) 84.3(2) 84.5(2) 80.2(2)
M-M’-C2 76.1(1) 75.9(1) 75.0(2) 74.3(2) 75.3(2) 79.2(2)
M-M’-C3 76.1(1) 75.9(1) 75.1(2) 74.7(2) 74.9(2) 77.0(2)
M-M’-C4(P1) 176.1(2) 176.8(2) 172.4(2) 172.4(2) 173.1(2) 177.7(2)
B···M-Co 179.2(1) 179.55(9) 177.2(1) 177.2(1) 175.1(8) 179.03(9)
N11-M-M’-CO [c] 60.4(1) 59.6(1) 63.0(3) 62.8(3) 64.1(2) 59.3(2)
C1-M’-P-C(Ph) [c] – – – – – –


2Ni 2Co 2Fe 2Mn 2’Ni 3’


M�M’ 2.4138(9) 2.4236(7) 2.4465(6) 2.5113(6) 2.3768(9) 2.512(1)
M�N[c] 2.006(6) 2.063(4) 2.081(3) 2.126(3) 2.019(5) 2.039(6)
M’-CO[c] 1.75(1) 1.763(5) 1.761(5) 1.756(4) 1.769(7) 1.855(8)
M’-C4(P1) 2.198(2) 2.194(1) 2.1854(9) 2.1864(8) 2.195(2) –
M···C1 2.860(8) 2.927(5) 2.926(4) 2.962(4) 2.964(6) 2.866(9)
M···C2 2.751(8) 2.788(5) 2.811(4) 2.829(3) 2.663(6) 2.761(8)
M···C3 2.622(9) 2.537(4) 2.552(4) 2.613(3) 2.479(6) –


M-M’-C1 85.0(2) 87.0(1) 86.4(1) 85.8(1) 90.0(2) 80.4(3)
M-M’-C2 80.9(2) 81.9(1) 82.2(1) 81.0(1) 78.4(2) 76.8(3)
M-M’-C3 76.3(2) 72.8(1) 72.7(1) 73.2(1) 71.8(2) –
M-M’-C4(P1) 172.23(7) 166.48(5) 166.44(4) 167.11(4) 160.06(6) –
B···M-Co 177.5(1) 175.8(1) 175.60(9) 174.70(8) 174.2(1) 172.4(1)[d]


N11-M-M’-CO[c] 61.1(4) 61.9(2) 61.7(2) 61.9(1) 64.0(3) 47.0(3)
C1-M’-P-C(Ph)[c] 61.5(4) 60.2(3) 60.3(2) 60.2(2) 63.7(3) –


[a] Interatomic distances in � and bond angles and dihedral angles in degrees. [b] Mirror-symmetrical struc-
tures. [c] Averaged values. [d] aB···Ni�Ru.
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A significant solvent effect was noted. The results are
summarized in Table 3 and typical IR spectra for 1Ni are
shown in Figure 2. Solution IR spectra of 1/1’ observed in
CH2Cl2 were similar to those recorded as KBr pellets. In
sharp contrast to these IR spectra, those observed in MeCN
showed completely different features; no absorption was ob-
served above 1900 cm�1 and instead a single intense band
appeared at 1892 cm�1. This drastic change in the IR spec-
trum was accompanied by color change from purple red
(solid and in CH2Cl2) to blue (in MeCN); for results of the
UV-visible measurements, see below. The lower energy nCO


band observed in MeCN suggested formation of an anionic
species, which was characterized as the [Co(CO)4]


� ion and
was confirmed by comparison with an authentic sample of
the isolable PPN[Co(CO)4].[21] It should be noted that re-


moval of MeCN under reduced pressure regenerated the IR
absorptions of 1Ni (KBr), although partial decomposition
was evident. These observations revealed that dissolution of
1/1’ in MeCN caused heterolysis of the M�Co bonds to give
the ion pairs 4/4’[Co(CO)4] (Scheme 2). The IR spectra of 1/
1’ observed in THF contained two sets of signals attribut-
able to 1/1’ and [4/4’(thf)][Co(CO)4], suggesting that the two
species were present as an equilibrated mixture.


The PPh3-substituted derivatives 2/2’ exhibited IR features
similar to those of 1/1’. Dissolution in a 1:1 MeCN/CH2Cl2


mixture (CH2Cl2 was added to dissolve 2/2’) caused hetero-
lytic cleavage of the M�Co bonds as judged by the appear-
ance of the absorptions assignable to [Co(CO)3(PPh3)]� , but
dissolution in CH2Cl2 or THF did not cause any spectral
change. Retention of the M�Co bond in THF should result
from the relative instability (pKb) of [Co(CO)3(PPh3)]�[22]


with respect to [Co(CO)4]
� .


The Ru�Ni complex 3’ showed two CO vibrations charac-
teristic of the RuCp(CO)2 fragment when observed as a
KBr pellet or in CH2Cl2, but decomposed upon dissolution
in MeCN as judged by IR. Complex [RuCp(CO)2]2 (D),
which was detected as the only characterizable component,
might be formed through oxidative dimerization of
[RuCp(CO)2]


� resulting from a Ni�Ru bond heterolysis.
The significant solvent effects observed for 1/1’ and 2/2’


suggest a polar nature of the M�Co bonds in them.


UV-visible and 1H NMR spectra, and magnetic susceptibility :
UV-visible data for 1/1’ and 2/2’ are summarized in Table 3
and, as typical examples, UV-visible spectra for the series of
the TpRNi complexes are shown in the Supporting Informa-
tion (SI 1[13]). The absorptions below about 500 nm, which
are common for the TpRNi�X-series complexes including
TpiPr2Ni�Cl, are assigned to d–d transitions of tetrahedral,
high-spin TpRNi�X species.[23]


Introduction of the PPh3 ligand (2/2’) causes appearance
of new absorptions around 400 nm, which could be ascribed
either to ligand–metal charge-transfer (LMCT) bands of the
Co�P moiety or to metal–metal charge-transfer (MMCT)
bands.[24] The replacement of CO with PPh3 in complexes of
Fe and Mn (1Fe,Mn), which are virtually transparent in the
lower energy region (> 350 nm), causes appearance of new
bands in the same region (Table 3). Therefore, the bands
around 400 nm can be assigned to LMCT bands of the
Co(CO)3(PPh3) fragment.


A dramatic change was observed upon replacing the sol-
vent from CH2Cl2 to MeCN in accord with the change ob-
served by IR (Figure 2). The weakening of the d–d transi-
tions was consistent with the conversion into an octahedral
species (Scheme 2) and the spectra observed in MeCN were
essentially identical to those of 4·PF6, the starting com-
pounds. Complex PPN[Co(CO)4] did not show any intense
absorption in this region.


All xenophilic complexes obtained are paramagnetic, and
paramagnetically shifted 1H NMR spectra consistent with
the composition of the xenophilic complexes were obtained
(see the Experimental Section).


Figure 1. Molecular structures of the xenophilic complexes drawn with
thermal ellipsoids at the 30% probability level.
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The effective magnetic moments (meff) of 1Ni (2.75 mB), 1’Ni


(3.06 mB), 2Ni (3.16 mB), 2’Ni (2.97 mB), 1’Co (3.89 mB), and 2Co


(4.47 mB) indicate high-spin electronic configurations (S= 3/2
(Co), 1 (Ni)) as reported for the alkyl complexes,[8] but that
of 1Co (2.37 mB) is smaller than the expected spin-only value,
although other spectroscopic features of 1Co are very similar
to those of 1’Co.[25] The reason is not clear at present. The
Ni�Ru complex 3’ also turns out to be a triplet species
(meff =2.92).


The crystallographic and spectroscopic analyses reveal
that in the dinuclear complexes 1/1’, 2/2’, and 3’, the tetrahe-


dral, hard open-shell, high-spin metal fragment (MTpR) and
the coordinatively saturated metal carbonyl fragment (M’Ln)
with the trigonal-bipyramidal structures [Co(CO)3(L)] or
the three-legged piano-stool structure [RuCp(CO)2] are con-
nected by a metal–metal bond, leading to the characteriza-
tion as “xenophilic complexes”. The cobalt complexes 1Co


and 1’Co are isoelectronic with A 1 (Scheme 1). It is worth
noting that for a certain series of complexes, their core
structures and their CO vibrations are very similar irrespec-
tive of M.


Divergent reactivity of xenophilic complexes toward nucleo-
philes : In order to characterize the reactivity of the xeno-
philic complexes, as typical examples, complexes 1Ni,Co,
1’Ni,Co, and 3’ were subjected to reactions with donor mole-
cules.[25] As a result, the xenophilic complexes showed diver-
gent reactivity, which was dependent on the properties of
the donor molecules: hard versus soft.


Reactivity of [TpRM�Co(CO)4] (1 and 1’): The results will
be described with the emphasis on the Tp# system (1’), be-
cause the TpiPr2 complexes (1) were sluggish, presumably
due to the bulky TpiPr2 ligand and frequently gave a mixture
of products.


Reaction with hard donors—heterolytic cleavage of the M�M
interaction giving ion pairs : Reaction of the NiTp# complex
1’Ni with hard N- and O-donors (D) in CH2Cl2 caused Ni�Co
bond heterolysis to give the ion pairs (Table 4) in a manner
similar to the phenomenon observed upon dissolution of 1/1’


in MeCN (Scheme 2). The products were fully characterized
by spectroscopic and crystallographic methods. The anionic
part was readily determined to be [Co(CO)4]


� on the basis
of the strong nCO vibration around 1890 cm�1. The drastic
color change suggested a change of the coordination geome-
try of the Tp#Ni moiety, which was confirmed by X-ray crys-


Table 3. Selected spectroscopic data for xenophilic complexes 1–2’.


IR [cm�1] UV/Vis: l [nm] (e [cm�1 mol�1])[b]


KBr CH2Cl2 THF CH3CN [a]


nBH nCO nCO nCO nCO


1Ni 2534 2052 (s), 1982 (vs), 1937 (vs) 2051, 1980, 1947 2051, 1980, 1941, 1885 1892 488 (230), 544 (460),
867 (90), 922 (100)


1Co 2537 2052 (s), 1982 (s), 1935 (vs) 2052, 1979, 1946 2052, 1979, 1943, 1885 1892 459 (410), 640 (380),
666 (460), 690 (sh, 340), 913 (60)


1Fe 2536 2051 (s), 1980 (s), 1932 (vs) 2051, 1978, 1944 2051, 1978, 1941, 1885 1892 [c]


1Mn 2539 2052 (s), 1979 (vs), 1935 (vs) 2052, 1977, 1941 2051 1977, 1938, 1885 1892 [c]


1’Ni 2546 2062 (vs), 1993 (vs),
1951 (vs), 1934 (vs)


2057, 1986, 1948 2057, 1987, 1945,[d] 1885 1893 337 (1143), 400 (741),
543 (835), 852 (135), 941 (162)


1’Co 2544 2062 (s), 1993 (s),
1953 (vs), 1935 (vs)


2056, 1987, 1947 2069, 2038,[d] 1885 1893 366 (2625), 466 (759), 666 (500)


2Ni 2534 1979 (m), 1907 (vs), 1896 (vs) 1978, 1905, 1892 1978, 1956, 1905, 1897 1927, 1892, 1838 404 (720), 520 (630), 955 (130)
2Co 2544 1973 (m), 1899 (vs), 1884 (vs) 1978, 1954, 1905, 1889 1978, 1956, 1905, 1897 1927, 1840, 1837 386 (1200), 508 (390),


678 (540), 901 (30)
2Fe 2545 1970 (m), 1894 (vs), 1879 (vs) 1975, 1956, 1903, 1885 1975, 1956, 1903, 1890 [e] 391 (3980), 653 (49)
2Mn 2549 1970 (m), 1893 (vs), 1878 (vs) 1975, 1899, 1881 1974, 1956, 1887 [e] 393 (3940), 678 (260)
2’Ni 2544 1979 (m), 1905 (vs), 1882 (vs) 1979, 1906 1979, 1957, 1906 1927, 1894, 1837 417 (983), 514 (1051), 983 (179)


[a] PPh3 complexes 2 were recorded in CH2Cl2/CH3CN (1:1), because they were sparingly soluble in MeCN. [b] Recorded in CH2Cl2. [c] No characteristic
absorption. [d] Very weak signals. [e] Decomposed.


Figure 2. IR and UV spectra of 1Ni observed in CH2Cl2 and CH3CN.


Scheme 2.
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tallography (SI 28–32[13]). The cationic parts of the products
obtained from 4-tert-butylpyridine (6’Ni), diphenylcyclopro-
penone (7’Ni),[26] and 4-methylpyridine oxide (8’Ni) are octa-
hedral tris(ligand)-coordinated species, whereas those ob-
tained from DMSO (9’Ni ; O-coordinated), 2,2’-bipyridyl
(10’aNi), and 4,4’-dimethyl-2,2’-bipyridyl (10’bNi) contain an-
other donor molecule, that is, the aquo ligand in 9’Ni and the
isocarbonyl ligand in 10’a,bNi[27] to furnish the octahedral
2+1 adducts.


The products 6’Co–9’Co obtained from the cobalt complex
1’Co are isostructural with the corresponding nickel deriva-
tives, as their IR spectra are virtually identical to those of
6’Ni–9’Ni. The reaction of 1’Co with bipy gave an intractable
mixture of products.


Reaction with soft donors—ligand substitution and addition
at the Co(CO)4 moiety : Soft donors gave different types of
products as summarized in Table 4.


Addition of PPh3 to a solution of 1/1’ in toluene caused
vigorous gas evolution (CO), and the products were isolated
by crystallization from toluene/pentane. Characterization of
the PPh3-substituted derivatives 2/2’ is described above.


Reaction of the NiTp# complex 1’Ni with diphosphines
gave the chelated products 11’a,b, and an analogous product
13’ was obtained from tBu�NC. The diamagnetic products


11’ and 13’ were characterized
on the basis of their spectros-
copic features: 1) k3-Tp# (nBH


> 2500 cm�1),[20] 2) shift of CO
ligands to the bridging sites (n-
(m-CO)), and 3) elimination of
one of the CO ligands. Reac-
tion with Ph�C�C�Ph gave the
m-h2 :h2-adduct 15’. X-ray crys-
tallography of 11’a, 13’, and 15’
(SI 33, 34, and 36[13]) reveals
that the Tp# complexes are iso-
structural with the correspond-
ing Cp derivatives, [CpNi�
Co(CO)(D)2(m-CO)2].[28] The
reaction of the TpiPr2 complex
1Ni with diphosphines, however,
gave a complicated mixture of
products, from which no charac-
terizable compound could be
isolated.


In contrast to the reactions of
the Tp#Ni complex 1’Ni, those of
the cobalt derivative 1’Co afford-
ed very complicated mixtures,
except for the reaction with
PPh3. Products isolated in low
yields did not contain the Tp#


ligand. The reactions with 1,2-
bis(diphenylphosphino)ethane
(dppe) and tBu�NC gave the
ion pair 12 and the tetranuclear


cluster compound 14 (SI 35[13]), respectively, which were ap-
parently formed through the redox disproportionation of
the Co(CO)4 fragment in 1’Co induced by the added donors.


Reactivity of [Tp#Ni�RuCp(CO)2] (3’)


Stability of 3’: Complex 3’ was much less stable toward the
air and moisture than the Co(CO)4 derivatives 1/1’. Addition
of water to 3’ gave a mixture of the dinuclear m-pyrazolato
complex, [(m-pz#)(m-OH)(NiTp#)2] (16’) (SI 37[13]) and
[RuCp(CO)2]2 (D), which should be formed through hydrol-
ysis of the metal–metal bond followed by condensation of
the resultant [(Tp#Ni)2(m-OH)2] with pyrazole and oxidative
dehydrogenation of [H�RuCp(CO)2], respectively. Partial
hydrolysis of the TpR ligand giving pyrazole was frequently
observed during chemical reactions of TpRM complexes.[29]


The difference in the stability of 1/1’ and 3’ toward moisture
should result from the properties of the M’Ln moiety;
[RuCp(CO)2]


� is much more basic than [Co(CO)4]
� .[30] Dis-


solution of 3’ in MeCN and acetone caused decomposition
and no product other than D could be characterized.


Reactions with hard donors : Treatment of 3’ with hard
donors (4-tert-butylpyridine, bipyridine, pyridine oxide, and
diphenylcyclopropenone) in CH2Cl2 gave a mixture of the


Table 4. Reaction of [TpRM�Co(CO)4] with donors (D) in CH2Cl2.


TpR M D Product Yield


Tp# Ni 4-tert-butylpyridine [Tp#Ni(D)3][Co(CO)4] (6’Ni) 78
Tp# Co 4-tert-butylpyridine [Tp#Co(D)3][Co(CO)4] (6’Co) 39
Tp# Ni diphenylcyclopropenone [Tp#Ni(D)3][Co(CO)4] (7’Ni) 69
Tp# Co diphenylcyclopropenone [Tp#Co(D)3][Co(CO)4] (7’Co) 38
Tp# Ni 4-methylpyridine oxide [Tp#Ni(D)3][Co(CO)4] (8’Ni) 83
Tp# Co 4-methylpyridine oxide [Tp#Co(D)3][Co(CO)4] (8’Co) 56
Tp# Ni DMSO [Tp#Ni(dmso)2(OH2)][Co(CO)4] (9’Ni) 66
Tp# Co DMSO [Tp#Co(dmso)2(OH2)][Co(CO)4] (9’Co) 47
Tp# Ni 2,2’-bipyridyl [Tp#Ni(D)�Co(CO)4] (10’aNi) 83[a]


Tp# Ni 4,4’-dimethyl-2,2’-bipyridyl [Tp#Ni(D)�Co(CO)4] (10’bNi) 62[a]


TpiPr2 Ni PPh3 [TpiPr2Ni�Co(CO)4(PPh3)] (2Ni) 35
TpiPr2 CO PPh3 [TpiPr2Co�Co(CO)4(PPh3)] (2Co) 51
TpiPr2 Fe PPh3 [TpiPr2Fe�Co(CO)4(PPh3)] (2Fe) 12
TpiPr2 Mn PPh3 [TpiPr2Mn�Co(CO)4(PPh3)] (2Mn) 17
Tp# Ni PPh3 [Tp#Ni�Co(CO)4(PPh3)] (2’Ni) 36
TpiPr2 Ni/Co dppe/deppene[b] decomposition


Tp#


Tp#
Ni
Ni


dppe
deppene[b]


48
45


Tp# Co dppe [Co(CO)(dppe)2][Co(CO)4]2 (12) 11


Tp# Ni tBuNC 77


Tp# Co tBuNC [Co4(CNtBu)6(CO)6] (14) trace


Tp# Ni PhC�CPh 9


[a] M=Co; decomposition. [b] dppene =cis-1,2-bis(diphenylphosphino)ethene.
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octahedral chloronickel species coordinated by two donor
molecules, [Tp#NiCl(D)2] (17’), and [RuCp(CO)2]2 (D)
(Table 5).[31] Simple crystallization of a reaction mixture ob-
tained from 3’ and bipy gave co-crystals consisting of 17’b
and [RuCp(CO)2]2 (D) (SI 38[13]).[32] The molecular structure
of the pyridine oxide adduct 17’c was determined by X-ray
crystallography (SI 39[13]), and the other products 17’a,d
were characterized on the basis of their IR spectra and ele-
mental analysis.


Reactions with soft donors : In contrast to the reactions with
hard donors, soft donors (CO, isonitriles, PPh3, Ph�C�C�H)
readily reacted with 3’ to give the corresponding diamagnet-
ic adducts 18’ and 19’ (Table 5).[33]


IR spectra of 18’a–c and 19’ contain nBH absorptions
above 2500 cm�1 indicative of a k3-Tp# ligand, whereas the
PPh3-adduct 18’d shows the nBH band at 2472 cm�1, which is
indicative of a k2-Tp# ligand.[20] The changes of the nCO pat-
terns, that is, 1) appearance of n(m-CO) vibrations and 2) re-
placement of the n(h1-CO) vibrations by the bands charac-
teristic of the added donors
(e.g., nCN for isonitriles), reveal
coordination of the donors to
the Ru center, because
[(D)nTp#Ni�RuCp(h1-CO)2] re-
sulting from coordination to the
Ni center is not consistent with
these IR features. The CN�R
(18’b,c) and vinylidene com-
plexes (19’) show the CN and
C=C stretching vibrations
around 2150 and 1550 cm�1, re-
spectively. The functional
groups are also characterized
by 13C or 31P NMR [dC(CN�
R)=140–160 ppm (18’b,c);[34]


dC(>C=C)=251.8 ppm (19’);[35]


dP(PPh3)=46.5 ppm (18’d)].


The core parts of complexes 18’a,b revealed by X-ray
crystallography (SI 40 and 41[13]) are isostructural; coordina-
tion of the added donor to the Ru center causes the shift of
two h1-CO ligands to the bridging sites to form the coordi-
natively saturated diamagnetic species. The coordination
mode of the Tp# ligand in 18’d (SI 43[13]) is changed to k2 so
as to release steric repulsion with the bulky PPh3 ligand. In
the case of 19’ the vinylidene ligand resulting from a 1,2-hy-
drogen shift of phenylacetylene bridges the two metal cen-
ters.[35]


Thus the reaction of 3’ with
soft two-electron donors results
in coordination to the Ru
center rather than CO substitu-
tion as observed for the
Co(CO)4 derivatives 1/1’.


Reaction with isothiocyanate :
To examine the possibility of
insertion of an unsaturated or-
ganic substrate into the Ni�Ru
bond in 3’ a variety of heterocu-
mulenes were treated with
3’.[2,26] Reaction with isothiocya-
nates proceeded smoothly
(Scheme 3), whereas CO2, CS2,
and carbodiimide (Me3Si�N=


C=N�SiMe3) gave intractable
mixtures of products as ob-


served for the reaction with MeCN and acetone. Fractional
crystallization of the reaction mixtures gave the iminodithio-
carbonato complexes 20’ in addition to the isonitrile com-
plexes 18’ (Table 5). X-ray crystallography of 20’b,e revealed
the m-k1(S;Ru):k2(N,S;Ni)-iminodithiocarbonato structure
(SI 44 and 45[13]).


The compositions of the two products, that is, 20’ and 18’,
suggest that these products arise from disproportionation of
two molecules of R�N=C=S into the iminodithiocarbonato
ligand [(R�NCS2)


2�] and isocyanide (R�NC); this reaction


Table 5. Reaction of [Tp#Ni�RuCp(CO)2] with donors (D) in CH2Cl2.


D Product Yield


4-tert-butylpyridine [Tp#Ni(D)2Cl] (17’a) + [{RuCp(CO)2}2] (D) 34
bipyridine [Tp#Ni(D)2Cl] (17’b) + [{RuCp(CO)2}2] (D) 37
pyridine oxide [Tp#Ni(D)2Cl] (17’c) + [{RuCp(CO)2}2] (D) 13
diphenylcyclopropenone [Tp#Ni(D)2Cl] (17’d) + [{RuCp(CO)2}2] (D) 36
CO [Tp#Ni(m-CO)2RuCp(D)] (18’a) 34
CyNC [Tp#Ni(m-CO)2RuCp(D)] (18’b) 39
tBuNC [Tp#Ni(m-CO)2RuCp(D)] (18’c) 47
PPh3 [Tp#Ni(m-CO)2RuCp(D)] (18’d) 24


PhC�CPh 20


Scheme 3.
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is associated not only with C=S bond cleavage,[36] but also
with oxidation of the metal centers in 20’ ([Tp#NiII�m-
S2CNR�RuIICp(CO)2]; cf. [Tp#NiI�RuICp(CO)2] (3’)). A
plausible formation mechanism is summarized in Scheme 3.
Initial coordination of R�N=C=S to 3’ should form the N-
coordinated intermediate. The coordination makes the cen-
tral carbon atom of the coordinated R�N=C=S more elec-
trophilic so as to be susceptible to nucleophilic addition of a
second molecule of the substrate and form the zwitterionic
intermediate. Concomitant R�NC elimination and Ru�S
bond formation may release the m-k1(S;Ru):k1(N;Ni)-imino-
dithiocarbonato intermediate, and subsequent intramolecu-
lar S-coordination should furnish 20’. The released R�NC
molecule will be trapped by another molecule of 3’ to give
18’. While C�S cleavage reaction of S-containing heterocu-
mulenes is known,[36] the present one is a new type of trans-
formation on a transition-metal system.


Discussion


Rational and systematic synthesis of the [TpRM�M’Ln]-type
xenophilic complexes : The preparative procedures described
herein serve as the first rational and systematic synthetic
methods for homo- and heterodinuclear xenophilic com-
plexes, which are in sharp contrast to the previous unpre-
dictable and accidental redox disproportionation reactions
described in the Introduction.[3] The modified synthesis of
the diiron complex A2 through the reaction of
FeCl2·1.5 THF with Na2Fe(CO)4 in the presence of pyridine
was the only example that did not involve a redox pro-
cess.[3g]


Notable features of the present system (1–3’) are as fol-
lows.


1) Xenophilic complexes containing a TpR ligand are pre-
pared by the two methods. Direct metalation of a halide
precursor is viable, when the TpR ligand is less bulky
(e.g., Tp#). On the other hand, cationic activation of the
TpRM fragment is essential for a bulky ligand system
(e.g., TpiPr2). A less bulky TpR ligand, however, is associ-
ated with another problem in preparation of the halo
precursor, [TpRM�X].[37] While [TpRM�X] (TpR: bulky)
is readily obtained by reaction of a TpR anion with MX2,
similar reaction of a less bulky TpR anion (e.g., Tp#) fre-
quently produces the sandwich adduct [M(TpR)2], which
is inert toward subsequent nucleophilic functionalization.


2) The carbonyl–metal fragment to be introduced should
be of C3-symmetry with respect to the M�M’ axis so as
to fit the C3v-symmetrical, three wedge-shaped spaces
made by the three pzR rings of the TpR ligand. It is nota-
ble that even the rather bulky RuCp(CO)2 fragment of
pseudo-C3 symmetry can be introduced, but reaction of
the C4v-symmetrical [Mn(CO)4]


� ion gives a different
type of product (5’) with threefold symmetry (D3d).


3) On the basis of the crystallographic and spectroscopic
data the dinuclear complexes thus obtained are conclud-
ed to be “xenophilic complexes”.


4) The similar stability of the TpiPr2 and Tp# derivatives in-
dicates that kinetic stabilization by bulky substituents is
not essential for the xenophilic complexes 1–3’.


5) TpR ligands are regarded as equivalents for cyclopenta-
dienyls (h5-C5R5), because both are mono-negative six-
electron donors.[7] As for transition-metal organometal-
lics, although many isoelectronic coordinatively saturat-
ed complexes containing TpR and h5-C5R5 ligands are
known, coordinatively unsaturated, low-coordinate [(h5-
C5R5)M�X] species are very few and, in many cases, ki-
netic stabilization by bulky R substituents is essential.[38]


In contrast to the h5-C5R5 system, kinetic stabilization is
not always essential for coordinatively unsaturated orga-
nometallics with a TpR ligand, as observed for the pres-
ent dinuclear complexes as well as the hydrocarbyl com-
plexes.[8] The difference could be interpreted in terms of
ligand-field splitting. The N-based TpR ligand causes a
small ligand-field splitting, which leads to a high-spin
electronic configuration with all frontier orbitals being
occupied either by electron pairs or by unpaired elec-
trons (see below), whereas the C-based h5-C5R5 ligand
causes a large splitting, which leads to a low-spin species
with vacant frontier orbital(s) that should undergo fur-
ther reactions including decomposition.


Properties of the metal–metal bond in the xenophilic com-
plexes : The metal–metal bond in the xenophilic complexes
1--3’ is expected to be polarized. Their properties will be dis-
cussed by comparing their structural and spectroscopic fea-
tures with those of reference complexes with and without a
covalent M�X bond.


For the Co(CO)4 complexes 1, alkylcobalt complex
([R�Co(CO)4]; R=phthalimodoylmethyl)[39a] and
[Co2(CO)8]


[16a, 17] were selected as references for the cova-
lently bonded structure, and [Co(CO)4]


� was chosen as a
reference for the ionic structure. The X�Co, Co�CO, and
C�O distances and nCO values for the xenophilic complexes
and the references are summarized in Table 6. The extent of
the covalent X�M interaction in [X�M’Ln] can also be esti-
mated from a structural parameter for the M’Ln part
(Scheme 4). As for [X-Co(CO)3(L)] type complexes, as co-
valent X�M bonding interaction increases, the structure of
the Co moiety changes from a tetrahedral one to a trigonal-
bipyramidal one.[40] The distortion can be estimated by the
X-Co-CO(equatorial) angle q1 (averaged values; Table 6).
The structural and vibrational data for 1Co/1’Co are between
those of the two references (Co�CO, q1 and nCO: [R�
Co(CO)4]>1Co/1’Co> [Co(CO)4]


� ; C�O: [R�Co(CO)4]<1Co/
1’Co< [Co(CO)4]


�), and the xenophilic complexes 1Co, 1’Co,
and A1 show very similar characteristics. These features
reveal development of substantial negative charge on the
Co(CO)4 fragment in 1Co/1’Co with respect to the covalent
species. When the q1 values are normalized according to the
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two reference structures [k1:0 ([Co(CO)4]
�)�100([R�


Co(CO)4])], k1 values for the xenophilic complexes fall in
the range between 40 and 50.


Similar trends were suggested for A3 by Whittlesey[3g]


and are also evident for the [Co(CO)3(PPh3)] derivative 2
(Table 7). The parameters for the xenophilic complex 2Co


fall between those for the covalently bonded species ([R�
Co(CO)3(PPh3)] and [{Co(CO)3(PAr3)}2]) and the ionic spe-
cies (PPN[Co(CO)3(PPh2OMe)]).


For the [X�RuCp(CO)2] system, covalent and ionic struc-
tures may be characterized by the dihedral angles made by


the two cp-M-CO planes (q2; cp: the centroid of a Cp ring;
Scheme 4 and Table 8). The ionic species, [MCp(CO)2]


� ,
should have a Cs structure (q2 =180), whereas a covalent
species should assume a three-legged piano stool structure.
Because the structure of [RuCp(CO)2]


� is not reported, that
of the Fe analogue, K[FeCp(CO)2],[41] was considered in-
stead. Trends similar to the [Co(CO)3(L)] complexes are
noted (Ru�CO: [R�RuCp(CO)2]>3’; C�O: [R�
RuCp(CO)2]<3’; q2 : [R�RuCp(CO)2]<3’< [MCp(CO)2]


�).
The k2 value for 3’ is 62. (The k2 values are normalized with
respect to [R�RuCp(CO)2] (R=Cp(CO)2RuCH2CH2; k2 =


100) and [MCp(CO)2]
� (k2 =0).)


These structural and IR data reveal development of sub-
stantial negative charge on the M’Ln part, in other words,
the metal–metal bond in the xenophilic complexes is polar-
ized to a significant extent (Scheme 5). Whittlesey referred


to a shift of nCO vibrations to lower frequencies and a short
M�M distance as diagnostic for xenophilic complexes.[3a,f,g]


A substantial shortening of the Co�Co bond lengths in 1Co


and 2Co relative to that in [Co(CO)3(PAr3)]2 (by ca. 0.3 �)
should result from electrostatic attraction of the oppositely
charged metal centers. This argument is also supported by
1) the Co�Co distances of 2Co (with the more negatively
charged Co(CO)3L part) and 1’Co (with the more positively
charged NiTpR part) being slightly shorter than that in 1Co


(by 0.02–0.05 �) and 2) the DFT calculations described
below.


Table 6. Comparison of structural parameters and n(CO) values of [X�Co(CO)4] species.[a]


[X�Co(CO)4] X X�Co Co�COeq C�Oeq Co�COax C�Oax q1 (k1) n(CO) M�X


[R�Co(CO)4]
[b] phthalimidoyl-


methyl
2.075(3) 1.802 1.133 1.818(4) 1.126(4) 87.4 (100) 2107, 2040, 2029, 2020[b] covalent


[Co2(CO)8]
[c] Co(CO)4 2.522 [c] – – – – 2069, 2042, 2022 [d] covalent


[(tBuO)3Ti-Co(CO)4]
[e] Ti(OtBu)3 2.565(2) 1.75 1.17 1.77(1) 1.17(1) 79.5 (52) 2062, 1998, 1962[e] ELHB


[TpiPr2Co�Co(CO)4] (1Co)[f] CoTpiPr2 2.4696(8) 1.764 1.153 1.793(5) 1.138(6) 77.9 (43) 2052, 1979, 1946 [f] xenophilic
[Tp#Co�Co(CO)4] (1’Co)[f] CoTp# 2.4467(9) 1.777 1.139 1.77(3) 1.13(1) 78.8 (48) 2056, 1987, 1947[f] xenophilic
[(py)3Co�Co(CO)4]


+ (A1)[g] [Co(py)3]
+ 2.490(2) 1.74 1.14 [l] 1.816(13) 1.121 77.9 (43) 2050, 1992, 1943, 1933[g] xenophilic


[Co(CO)4]
�[h] none – 1.745 1.156 – – 70.8 (0) 1880[h] ionic


[a] Distances in � and n(CO) in cm�1. Structural parameters for COeq are averaged values. For q1, q2, k1, and k2, see the text. [b] Reference [39a]. IR in
hexane/toluene. [c] References [16a, 17]. An isomer with bridging CO ligands [(OC)3Co(m-CO)2Co(CO)3] was characterized by X-ray crystallography.
[d] In hexane. [e] Reference [39b]. IR in toluene. [f] Present study. IR in CH2Cl2. [g] Reference [3b]. IR as KBr disk. [h] Structural data for 8’Ni and IR
data for the PPN salt. IR in THF.


Scheme 4.


Table 7. Comparison of structural parameters and n(CO) values of [X�Co(CO)3(PPh3)] species.[a]


[X�Co(CO)3(PR3)] X X�Co Co�COeq C�Oeq Co�P q1 (k1) n(CO) M�X


[R�Co(CO)3(PPh3)][b] p-tBu-benzyl 2.120(4) 1.779 1.139 2.2497(13) 87.2 (98) 2049, 1983, 1957 [b] covalent
[{Co(CO)3(PAr3)}2]


[c] Co(CO)3(PAr3) 2.702(2) 1.788 1.155 2.218(2) 85.0 (86) 1977, 1957 [c] covalent
[TpiPr2Co�Co(CO)3(PPh3)] (2Co)[d] CoTpiPr2 2.4234(7) 1.763 1.172 2.194(1) 78.8 (48) 1978, 1954, 1905, 1889[d] xenophilic
PPN[Co(CO)3(PPh2OMe)][e] none – 1.732 1.167 2.127(2) 74.2 (�) 1943, 1847 [e] ionic


[a] Distances in � and n(CO) in cm�1. Structural parameters for COeq are averaged values. For q1, q2, k1, and k2, see the text. [b] Reference [39c]. IR in
hexane. [c] PAr3 =PPh2(C6H4-o-CH2NMe2) derivative, reference [39c]. IR in CHCl3. [d] Present study. IR in CH2Cl2. [e] Reference [39d]. IR in MeCN.


Scheme 5.
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Comparison with early–late heterobimetallic (ELHB)
complexes provides interesting insights into the electronic
structures of the metal–metal bonds. The structural parame-
ters including the q1/q2 values for the M’Ln moieties in
[(tBuO)3Ti�Co(CO)4]


[39b] and [Cp2(thf)Lu�RuCp(CO)2]
[39f]


(Table 6) are comparable to those of the corresponding xe-
nophilic complexes 1Co/1’Co and 3’, respectively. But the nCO


vibrations for the ELHB complexes appear in a higher
energy region. The most intense nCO band of [(tBuO)3Ti�
Co(CO)4] (1962 cm�1) is higher in energy than that of 1Co


(1946 cm�1) by approximately 15 cm�1 and, in particular, the
nCO vibrations of [Cp2(thf)Lu�RuCp(CO)2] are much higher
than those of 3’ and are comparable to those of covalent
species, indicating a metal–metal interaction with more co-
valent character for ELHB complexes. These IR data sug-
gest different electronic structures for the metal–metal inter-
actions in the xenophilic complexes and dinuclear com-
plexes with a covalent metal–metal bond such as ELHB
complexes.


DFT analysis of xenophilic complexes :[42] To elucidate the
electronic structures of the paramagnetic xenophilic com-
plexes unrestricted DFT calculations were performed for
the model nickel complexes bearing a simplified TpH2


ligand,[9] [TpH2Ni�Co(CO)4] (E), [TpH2Ni�Co(CO)3(PH3)]
(F), and [TpH2Ni�RuCp(CO)2] (G). The standard complex E
with singlet and triplet configurations was subjected to ge-
ometry optimization and MO calculation. As a result, the
triplet species gave a solution of lower energy in accord
with the magnetic susceptibility of 1Ni/1’Ni. The singlet spe-
cies (E’: see below) was distorted and higher in energy than
E by 34.4 kcal mol�1. Then the other model complexes F and
G were also examined with triplet configurations on the
basis of the magnetic susceptibility of 2Ni/2’Ni and 3’. The re-
sults are summarized in the Supporting Information (SI 2–
8[13]). The optimized structures for the triplet species are in
good agreement with the structures determined by X-ray
crystallography, as compared in the Supporting Information
(SI 2[13]). The substitution of the alkyl and bromo groups on
the TpR ligand by hydrogen atoms (TpH2) does not affect the
overall structures. The differences in bond lengths are less
than 0.1 �, mostly less than 0.05 �, which are comparable
to the magnitude of substituent effects. For example, re-
placement of the TpiPr2 ligand in 1Ni by the Tp# ligand (1’Ni)
causes shortening of the Ni�Co distance by 0.045 � as de-


termined by X-ray crystallography (Table 2). The following
discussion will focus on the triplet species.


TpH2Ni�Co(CO)4 (E): Geometry optimization and MO cal-
culations were performed under two conditions: within C3


symmetry and without any geometrical constraint (C1 sym-
metry). The results of the calculations under the former con-
dition will be discussed in more detail and are given in the
Supporting Information (SI 2 and 3[13]), because 1) the calcu-
lation within C3 symmetry gave a structure of a lower
energy, 2) an essentially C3 symmetrical structure was ob-
tained even under the C1 conditions, and 3) the structures of
1Ni and 1’Ni are virtually C3 symmetrical as described above.
In addition, a symmetric structure makes analysis of orbital
interactions easier.


An MO diagram for E is shown in Figure 3 together with
those of F and G. The energy levels for metal-based orbitals
and metal–ligand mixed orbitals are indicated with bold
lines and normal lines, respectively. The dotted lines are for
ligand-based orbitals and many of them are omitted for the
clarity. The metal-based orbitals are shown in Figure 4.[43]


Orbitals up to a102 and b100 are filled with unpaired
electrons leading to a 202 electron system. The twenty
metal-based orbitals shown in Figure 4 are divided into the
Co(CO)4-based orbitals (a102–100,95,94, b100–98,93,92) and
the NiTpH2-based orbitals (a88–86,64,63, b102,101,89–87). It
is notable that eight pairs of orbitals (a102-b100, a101-b99,
a100-b98, a95-b93, a94-b92, a88-b88, a87-b89, a86-b87) are
very similar in their energies and shapes. From a simplified
MO viewpoint, this electronic configuration corresponds to
the situation in which all cobalt d orbitals and a part of the
Ni d orbitals (a88-b88, a87-b89, a86-b87) are occupied by
electron pairs. In sharp contrast to these orbitals, the other
Ni-based orbitals (a64,63, b102,101) are different in energy
by about 10 eV, but very similar in their shapes. Because the
a64,63 orbitals are filled and the b102,101 orbitals are
vacant, the two unpaired electrons on a64,63 lead to the
triplet electronic configuration. The large energy separation
between the a64,63 and b102,101 orbitals should be due to
Coulombic repulsion of the d electrons. Thus this MO pic-
ture is in good agreement with the xenophilic structure con-
sisting of the coordinatively saturated Co(CO)4 fragment
and the NiTpR fragment with a high-spin (triplet) electronic
configuration. Figure 3 clearly shows that all frontier orbitals
are occupied by electrons, and the stability of the coordina-


Table 8. Comparison of structural parameters and n(CO) values of [X�RuCp(CO)2] species.[a]


[X�RuCp(CO)2] X X�Ru Ru�CO C�O q2 (k2) n(CO) M�X


(m-CH2CH2)[RuCp(CO)2]2
[b] CH2CH2RuCp(CO)2 2.189(3) 1.88 1.12 132.7 (100) 2077, 1953 [c] covalent


[{RuCp(CO)2}2] (D)[d] RuCp(CO)2 2.791(2) 1.81 1.15 133.3 (99) 2018, 1959 [c] covalent
[(thf)Cp2Lu�RuCp(CO)2]


[e] LuCp2(thf) 2.955(2) 1.84 1.16 148.9 (66) 2027, 1965[f] ELHB
[Tp#Ni�RuCp(CO)2] (3’)[g] NiTp# 2.512(1) 1.855 1.16 150.6 (62) 1953, 1891 [g] xenophilic
K[RuCp(CO)2] none – – – 180 (0)[h] 1896, 1811[f] ionic


[a] Distances in � and n(CO) in cm�1. Structural parameters for COeq are averaged values. For q1, q2, k1, and k2, see the text. [b] Reference [39e]. [c] In
hexane. [d] The isomer without m-CO ligands, reference [32]. [e] Reference [39f]. [f] In THF. [g] Present study. IR as KBr disk. [h] For K[FeCp(CO)2],
reference [41].
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tively unsaturated species E should be ascribed to the lack
of a vacant frontier orbital. This type of stabilization of an
electron-deficient species is regarded as “spin block”, al-
though such a phenomenon is still a matter of debate.[44]


Of the twenty metal-based orbitals, four dz2-type orbitals
(a100, b98, a86, and b87; Ni�Co axis: z axis) are responsible
for a M�M s interaction. While, in these orbitals, contribu-
tion of one of the two metal dz2-type orbitals is predominant
(Co: a100, b98; Ni: a86, b87), the orbitals a100 and b98
with out-of-phase combinations take part in anti-bonding
M�M s-interactions and orbitals a86 and b87 with in-phase
combination take part in bonding M�M s-interactions. Ac-
commodation of four electrons in these four orbitals leads
to virtually zero bond order for the Ni�Co s interactions, in-
dicating that covalent s-bonding interactions are virtually
negligible. Very weak dp–dp interactions are found for
a95,94 and b93,92, but they are based on anti-bonding com-
binations.


Slight bending of the Co-C-O(equatorial) linkages from
linear structures (~1748) could be related to attractive inter-
action between the Ni center and the CO carbon atoms, in
which the electron density is increased by the action of the
negatively charged Co center. The bending is observed irre-
spective of X in [X�Co(CO)4], and the orbital interaction
dominating the bending is the in-phase interaction of the dz2


orbital-like lone pair electrons (or the Co�C s-bonding elec-
trons in the case of I) with p orbitals of the carbon atoms of
the equatorial CO ligands, as indicated by the contour plot
for a100 of E (shown here).[43]


However, this back-donating interaction from the Co
center to the equatorial CO ligands is anti-bonding in char-


acter with respect to the Ni···CO interaction. Ni···CO attrac-
tive interactions are found for a64,63, which should contrib-
ute not only to the bending but also to connection of the
two metal fragments. A contour plot of a63 is shown above.
However, because 1) the Ni···CO interaction is very weak
and 2) very weak anti-bonding counterparts are also found
for metal–ligand mixed orbitals with energy around
�11.5 eV, the net Ni···CO bonding effect is not significant.


An attractive interaction between the two metal centers,
alternative to the covalent interaction, is an electrostatic
one between the positively charged NiTpH2 fragment and
the negatively charged Co(CO)4 fragment. To evaluate the
ionic interaction, comparison is made with the putative com-
plex [Li···Co(CO)4] (H ; SI 6[13]), in which the lithium cation
interacts with the cobalt center. (In the actual Li salt of
[Co(CO)4]


� , the Li cation weakly interacts with the oxygen
atom of the CO ligand, [Li···OC�Co(CO)3].[45]) Comparison
is also made with the methyl cobalt complex, [CH3�
Co(CO)4] (I), a reference compound with a covalent X�Co


Figure 3. MO diagrams for [TpH2Ni�MLn] [MLn =Co(CO)4 (E), Co(CO)3(PH3) (F) and RuCp(CO)2 (G)]. Bold, normal, and dotted lines are for metal-
based orbitals, metal–ligand mixed orbitals, and ligand-based orbitals, respectively.
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bond (SI 7[13]). The results are summarized in Table 9;[43] for
the simplicity only a spin orbitals are shown for E.


The Li···Co separation (2.284 �) is slightly shorter than
the sum of covalent radii of Li and Co (2.39 �=1.23+1.16).
At a first glance, the Co-based d orbitals of E (E 102–100,
95,94) and H (H 38–34) are very similar in the energy levels
and the shapes, but the Co d-orbital levels of I are substan-
tially lower in energy than those of E and H. In particular,
the dz2-type orbital of the covalent species I (I 39) (CH3�Co
axis: z axis) is strongly stabilized relative to the correspond-
ing orbitals (E a100 and H 36) owing to the covalent Co�
CH3 interaction, while the energy gaps between the dxy and
dx2�y2 orbitals and the dxz and dyz orbitals are comparable
(H38,37–H 35,34: 1.36 eV; I41,40–I38,37: 1.53 eV). These
data clearly indicate that the metal–metal interaction in E
resembles the electrostatic Lid+ ···Cod� interaction in H
rather than the covalent bond in I. Furthermore such an in-
teraction is supported by the total atomic charges on Ni
(0.840) and Co (�0.386) in E.


Results of frequency analysis of the CO stretchings are
also shown in Table 9. First of all, the values calculated for


E are in good agreement with those observed for 1Ni and
1’Ni. In addition, when the CO vibrations of E are compared
with those of the references H and I, 1) the nCO patterns for
E and H are very similar with each other and 2) the CO vi-
brations of I are shifted to higher frequencies by approxi-
mately 50 cm�1, due to a decreased back-donation that re-
sults from localization of Co d electrons onto the covalent
Co�CH3 bond.


Thus the present DFT calculation leads to a conclusion
that the interaction between the two metal centers in
[TpH2Ni�Co(CO)4] (E) is not so covalent as in [CH3�
Co(CO)4] (I), but is as ionic as in [LiCo(CO)4] (H). The vir-
tually negligible covalent interaction is supported by the
constant nCO vibrations and the isostructural features for a
certain series of [TpRM�Co(CO)3(L)]-type complexes irre-
spective of M.


Two modes are feasible for interaction of carbonylmeta-
lates with a cation, that is, oxygen- (J) and metal-atom inter-
actions (K ; Scheme 6), because the anionic charge is delo-
calized over the M-C-O linkage. In principle, hard and soft
cationic species would form O- and M-interacting structures,
respectively. In the case of the interaction of [Co(CO)4]


�


Figure 4. Metal-based molecular orbitals of E.


Table 9. Comparison of the features of occupied molecular orbitals of
[X�Co(CO)4] species (X =NiTpH2 (E), Li (H), Me (I)).


[TpH2Ni�Co(CO)4] (E) [Li�Co(CO)4] (H) [Me�Co(CO)4] (I)


n(CO) vibrations [cm�1] (intensity)
2034.6 (497) 2035.4 (317) 2080.3 (165)
1985.5 (378) 1978.0 (364) 2038.6 (362)
1950.4 (887) 1943.3 (1046) 2021.7 (800)
1950.3 (889) 1942.8 (1047) 2021.6 (800)


Scheme 6.
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with alkali metals, which are typical hard cations, the O in-
teraction (J) has been confirmed by X-ray crystallogra-
phy,[45] whereas interaction with soft metal fragments is not
terminated at the stage of K, but further leads to a covalent
species (L). To the best of our knowledge, no Co-interacting
ionic species (K) has been reported so far. Trialkylammoni-
um salts, [R3NH···Co(CO)4],[46] may be the most relevant
system, but they are not ionic species; rather they are hy-
brids of ammonium cobaltate and an amine adduct of hy-
dride [R3N···HCo(CO)4].


The TpR complexes 1/1’ (E) and A 1 (Scheme 1) are re-
garded as tetracarbonylcobaltates, in which the cation inter-
acts with the cobalt center (K ; Scheme 6). It should be
noted that the M�M distances in the ionic species 1/1’ and
A1 are substantially shorter than the covalent M�M bond.
While the ionic picture of the metal–metal interaction was
suggested previously,[3a,g] the present study verifies the pre-
dominant electrostatic interaction on the basis of the unre-
stricted DFT calculations. In accord with such an ionic inter-
action, the metal–metal interaction in 1/1’ and 2/2’ is readily
cleaved in a polar medium such as MeCN as described
above. Although structural drawings with a bond between
the two metal centers may not be correct, such expressions
are used for the sake of convenience.


[TpH2Ni�Co(CO)3(PH3)] (F): For the PH3-substituted deriv-
ative F, structure optimization was carried out without geo-
metrical constraint to examine the bending of the Ni-Co-P
linkage. As a result, an MO diagram very similar to that of
E is obtained (Figure 3; SI 4[13]), although the calculation
with no geometrical constraint causes mixing of the metal-
and ligand-based orbitals as well as separation of the degen-
erate orbitals. All the cobalt d orbitals (a99–97,95,94, b97–
93) and a part of the Ni orbitals (a84–82 and b85–83) are
occupied by electron pairs, whereas accommodation of each
one electron in a64,63 leads to a triplet configuration (cf.
b99,98: vacant).


The bending of the Ni-Co-P linkage (172.78 ; cf. 2Ni :
172.23(7)8, 2’Ni : 160.06(6)8) can be interpreted in terms of
orbital interactions found in Fa64,63, which are essentially
the same as those in E a64,63 (responsible for the weak O!
Ni donating interaction). Replacement by the PPh3 ligand
increases the electron density at the Co center to promote
back-donation to the CO ligands, which further enhances
the donating interaction from the CO ligands to Ni. The do-
nating interaction should become much more effective by
approach of the CO carbon atom to the Ni center (i.e. fold-
ing of the Ni-Co-CO(equatorial) angle), which consequently
brings about bending of the Ni-Co-L(axial) linkage. Al-
though such a bending causes a loss in the similar donating
interactions from the other two equatorial CO ligands to Ni,
the effective interaction with the more folded CO ligand
would compensate the loss. However, the Ni···CO interac-
tion is so weak as to be fluxional, because the three pyrazol-
yl rings are equivalent at RT, as observed by 1H NMR spec-
troscopy (methyl signals for the pz# groups of 2’Ni : dH = 2.1
(9 H), �7.1 ppm (9 H)).


[TpH2Ni�RuCp(CO)2] (G): Structure optimization of G was
carried out under no geometrical constraint. The MO dia-
gram for the resultant virtually Cs symmetrical structure G
(Figure 3; SI 5[13]) consists of orbital interactions similar to
those of E and F, although, of course, orbitals of different
characters arising from the RuCp(CO)2 fragment are includ-
ed. All Ru-based d orbitals (a105–103,101,96, b103–
101,99,94) and a part of the Ni-based orbitals (a90–88, b91–
89) have their counterparts of similar energies and shapes to
form pairs of orbitals as noted for E, whereas the Ni-based
orbitals (a70,69) do not have their counterparts in the simi-
lar energy region and, instead, the Ni-based orbitals of b-
spin (b105,104) are found in the higher energy region
(Figure 3). The shapes of the two pairs of orbitals, a70-b105
and a69-b104 (shown here), are similar as also noted for E
and F. Accommodation of 208 electrons leaves the higher
energy orbitals (b105,104) vacant to form the triplet elec-
tronic configuration with two unpaired electrons on a70,69
on Ni; on the other hand, the RuCp(CO)2 moiety is coordi-
natively saturated.


The orbitals responsible for the Ru�Ni s interaction are
also shown here.[43] The a88-b89 and a104-b102 orbitals are
bonding and anti-bonding orbitals, respectively, and accom-
modation of four electrons leads to virtually zero Ni�Ru s-
bond order, suggesting that the dinuclear structure is based
on ionic interaction between the two metal fragments as
concluded for E. Let us point out that the shapes and
energy levels of the Ni-based orbitals of G are very similar
to those of the corresponding orbitals of E and F, that is, the
TpH2Ni orbitals are not much affected by the organometallic
M’Ln fragment, owing to the very weak covalent interaction
between the two metal centers.


Divergent reactivity of the xenophilic complexes : The xeno-
philic complexes 1, 1’, and 3’ show divergent reactivity de-
pendent on the properties of the donor molecules to be re-
acted. Roughly speaking, hard nucleophiles (N- and O-
donors) attack the TpRM moiety, in the case of 1/1’, to give
the ion pairs, whereas soft nucleophiles attack the organo-
metallic moiety (e.g.,Co(CO)3(L), RuCp(CO)2) to give the
substituted products or addition products. Plausible reaction
mechanisms are summarized in Scheme 7, in which mecha-
nisms for the TpRNi systems are shown for convenience.
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Reaction with hard donors : Two mechanisms are plausible
for the heterolytic cleavage of the metal–metal interaction
in 1/1’ and 2/2’, which is clear evidence for its polar nature.
One involves a spontaneous dissociation equilibrium
(step a) and the other involves a bond cleavage process in-
duced by interaction with the donor (steps e–g).


The former mechanism may be supported by the structure
of 10’ (Table 4), which is apparently formed by way of 1)
trapping of the ionized form N by bipy (step c) or 2) coordi-
nation of bipy to the m-isocarbonyl intermediate O (step d).
Although neither N nor O (steps a and b) has been detected
in non-coordinating solvents (e.g., CH2Cl2), this possibility
cannot be excluded completely as the DFT calculations sug-
gest the Co-interacting form N with a short metal–metal dis-
tance as the dominant resonance contributor.


The other mechanism is associated with spin-crossover
(step e). Metal –metal bond heterolysis is not unique for
xenophilic complexes. For example, Geoffroy reported that
treatment of [(OC)(Ph3P)Rh�Co(CO)4] with MeCN caused
Rh�Co bond heterolysis to give the ion pair, [(OC)-
(Ph3P)2Rh(NCMe)]+[Co(CO)4]


� , which reverted to the
starting complex upon evaporation.[47] The electron-with-
drawing Co(CO)4 part enhances the electrophilicity at the
coordinatively unsaturated Rh center, which is susceptible
to nucleophilic attack by the donor. Furthermore the
[Co(CO)4]


� ion resulting from the heterolysis is stable, and
the cationic metal residue is stabilized by coordination of


the donor to furnish the square-
planar adduct. The xenophilic
complexes 1–3’ are also elec-
tron-deficient species, but no
vacant frontier orbital for coor-
dination of a donor molecule is
available owing to the high-spin
configuration. A vacant site,
however, could be generated
through flipping and pairing of
the unpaired electrons in the
frontier orbitals, that is, spin-
crossover (step e). In addition,
the adduct formation with soft
donors (see below) should also
involve an analogous high-spin
to low-spin conversion, because
the reactants (triplet) and the
products (singlet) differ in spin
states. Spin crossover is a new
idea for understanding the be-
havior of paramagnetic transi-
tion-metal complexes.[48]


The singlet species resulting
from the spin-crossover was ex-
amined by a DFT calculation.
Geometry optimization was
performed starting from the op-
timized structure of E (triplet;
see above) by simply changing


the spin state from triplet to singlet. An optimized structure
for the coordinatively unsaturated 32e species (E’: singlet;
SI 8[13]) and its LUMO are shown here.[43]


The shifting of two of the four CO ligands to the semi-
bridging sites leads to a distorted Cs-symmetrical structure.
The core structure resembles those of 11’a and 13. The


LUMO is developed over the two metal centers with more
contribution of the Ni orbital and consists of an anti-bond-
ing p-interaction of the d orbitals of Ni and Co. Therefore
donor molecules can interact with either of the metal cen-
ters, and coordination of a hard donor to the hard Ni center
(step f) followed by elimination of [ML(CO)2]


� (step g) pro-
duces the ion pair R when [ML(CO)2=Co(CO)4].


These two mechanisms cannot be differentiated by the ex-
perimental results obtained so far. An intermediate N(O), P,
or T generated as a very minor component of the equilibria
(not enough for a spectroscopic detection) may be trapped
by the donor to finally furnish the ion pair R.


Scheme 7.
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Reactions involving insertion of organic carbonyl groups
(>C=O) into a M�M bonds were reported by Gade for
ELHB complexes, [LZr�MCp(CO)2] (L= tripodal amido
ligand; M= Fe, Ru).[26] While we expected a similar reaction
for 1’, only ligand replacement was observed for the reaction
with diphenylcyclopropenone to form 7’ (R) (Table 1). Nu-
cleophilic addition of the liberated [Co(CO)4]


� ion to the
acyl carbon atom of the coordinated ketone in 7’ would
afford an insertion product, but the insufficient electrophilic
activation by the MTp#+ fragment as well as the very weak
nucleophilic cobaltate may terminate the reaction at the
stage of the ionized form 7’ (R). The reaction with R-NCS
(Scheme 3) is the only indication of an insertion reaction.


Reactions of the Ru�Ni complex 3’ are complicated. Dis-
solution in polar solvents such as MeCN, acetone, and THF
gives intractable mixtures of products, and reaction in
CH2Cl2 described above produces mixtures of the chloro
complex, [Tp#Ni(D)2�Cl] (17’), and [{RuCp(CO)2}2] (D),
which are apparently formed by means of an unknown radi-
cal mechanism. Because 3’ is stable in CH2Cl2, a radical in-
termediate should be formed upon interaction of 3’ with
hard donors [N (step h) or Q (step i)]. The different reaction
pathways observed for the Co(CO)4 and RuCp(CO)2 com-
plexes should be attributed to the large difference in their
acid–base properties, that is, pKa = 8.3 [H�Co(CO)4] versus
20.2 [H�RuCp(CO)2].[30] The much more stable [Co(CO)4]


�


ion, in other words, a good leaving group, should be readily
dissociated from the dinuclear entity to give N (from M) or
R (from Q).


Reaction with soft donors : Reaction of the Co(CO)4 com-
plexes 1/1’ (M) with PPh3 results in CO-replacement to give
the PPh3 derivative 2/2’ (U), whereas the NiTp# complex 1’Ni


undergoes addition reactions with diphosphines and isoni-
triles to give the diamagnetic 1:2 adducts (V). Reaction of
the Ru complex 3’ with soft donors results in coordination
to the Ru center to give the adducts 18’ and 19’ (U).


First of all, the conversion of the triplet species 1 and 3’
into the singlet products should involve a spin-crossover
process (step e) to make the conversion spin-allowed. Fur-
thermore, taking into account the structures of the reaction
products having bridging CO ligands, the subsequent reac-
tion mechanism should also involve isomerization from a h1-
CO form to a m-CO form, which is frequently observed for
polynuclear carbonyl complexes.[49] The regiochemistry
seems to be determined by the soft–hard theory.[50] Soft
donors should prefer the soft metal–carbonyl fragment in S
(in equilibrium with P) or the delocalized intermediate T
(E’ when M’L= Co(CO)2). While the contribution of the Co
orbital to the LUMO in E’ is less than that of the Ni orbital,
the open space over the Co center may make the addition
to the Co center kinetically favorable. Addition of a soft
donor to the M’ site in S or T gives the coordinatively satu-
rated 34-electron species (U : step k). The reactions of 3’ are
terminated at this stage, but those of the Co(CO)4 deriva-
tives 1/1’ eliminate a CO ligand to furnish the substituted
xenophilic complex V (2/2’) (step l). The robust Ru�CO


bond in U (from 3’) relative to the Co�CO bond in U (from
1/1’) should hinder CO elimination causing the ligand re-
placement.


In the case of the reactions of 1’Ni with isonitrile or di-
phosphine, a repeated nucleophilic addition of the donor to
the Co moiety in V (steps l,m) forms the product W with
two bridging CO ligands, but further ligand elimination pro-
ducing a new disubstituted xenophilic complex X (step n)
does not occur.


Another key point of the present addition reactions is the
electron counting of the adducts. The adducts W formed
from the nickel complex 1’Ni are coordinatively saturated di-
nuclear species with a 34-electron configuration and, accord-
ingly, the products are stable and diamagnetic. If it is as-
sumed that the reaction pathways for the Ni and Co com-
plexes are similar, the reactions of the Co derivative 1’Co


should form paramagnetic, coordinatively unsaturated 33-
electron species W(Co), which should further undergo frag-
mentation of the dinuclear structure accompanied by redox
disproportionation to give the final products without the Tp#


ligand (12, 14).


Conclusion


This paper describes the results of the first systematic study
of synthesis, characterization, and chemical properties of a
series of xenophilic complexes containing a MTpR fragment,
[TpRM�M’Ln] 1/1’, 2/2’, and 3. It is revealed that 1) their
metal–metal bonds are polarized [TpRMd+ d�M’Ln], 2) the
stability of coordinatively unsaturated xenophilic complexes
arises from the lack of a vacant frontier orbital due to a
high spin configuration (spin block),[44] 3) the metal–metal s


interaction is not covalent with virtually zero s-bond order,
4) the two metal centers are held together mainly by elec-
trostatic attraction between the oppositely charged metal
fragments, and 5) xenophilic complexes 1–3’ are regarded as
carbonylmetalates, in which the cation interacts with the
metal center rather than with the hard CO oxygen atom.
The simple dinuclear structures of 1–3’ lead to the successful
analysis of their electronic structures and chemical proper-
ties, and the insights obtained by the present study could be
extended to interpretation of the more complicated systems
A (Scheme 1).


Critical differences between the M�M interactions in xen-
ophilic complexes and polar M�M bonds (e.g., ELHB com-
plexes) can be interpreted in terms of Scheme 8, which illus-
trates qualitative s-bonding interactions. The metal–metal
bond in homodinuclear complexes is a pure covalent s


bond. Heterodinuclear complexes consisting of different
metal fragments contain a covalent bond, but, owing to the
different orbital energies, contribution of the lower energy
metal component (M) to the M�M’ s bond is larger than
that of the other metal fragment (M’). The resultant elec-
tronic structure is best described as a resonance hybrid of
the covalent form and the ionized form, in which the M and
M’ parts are, to some extent, negatively and positively
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charged, respectively. The unequal electron distribution
makes the M�M’ bond polar, but the basic interaction is still
a covalent interaction, although contribution of the ionic
resonance structure is variable depending on the properties
of the metal fragments and, in some cases, dp–dp interac-
tions may participate in the bonding interaction. There may
be some electrostatic interaction, but it is not so significant
as in the case of xenophilic complexes. In contrast to these
situations, both bonding and anti-bonding M�M s-bonding
orbitals of the particular [TpRM�ML’n] series of xenophilic
complexes are occupied by electron pairs leading to virtually
no covalent s-bonding interactions. Instead electrostatic at-
traction between the oppositely charged metal centers holds
the two metal fragments together. The development of the
charges on the two metal fragments does not originate from
the s orbitals, but from electronic configurations of the
metal components, which are not associated with the s inter-
action. One may be surprised to find that the metal frag-
ment of a higher orbital energy (the M’Ln part) is negatively
charged in contrast to heterodinuclear complexes, although,
at the moment, we have no idea whether this tendency is a
general one or not. The lack of a s-bonding interaction is
strongly supported by 1) no dependence of the nCO vibra-
tions and the core structures of a certain [TpRM�
Co(CO)3(L)] series of complexes on M and 2) the very simi-
lar TpH2Ni-based orbitals in the three molecules (E, F, and
G) irrespective of the M’Ln fragments (Figure 3).


Reactions of 1–3’ with hard and soft donors afford prod-
ucts resulting from interaction with the MTpR and M’Ln


parts, respectively. Despite the lack of a vacant site, the xen-
ophilic complexes readily react with singlet donor molecules
by means of spin-crossover. The electronic structures of the
xenophilic complexes are so flexible that their spin state
should be changed to singlet through spin-crossover to
render the chemical transformation spin-allowed. The xeno-
philic species, therefore, can be viewed as a masked form of
a reactive, coordinatively unsaturated intermediate. The
unique xenophilic complexes described herein should result
from the unique coordination properties of the TpR ligand,
in particular, as a tetrahedral enforcer.[7]


Experimental Section


General methods : All manipulations were carried out under an inert at-
mosphere by using standard Schlenk tube techniques. THF, diethyl ether,
hexanes, toluene (Na-K alloy), CH2Cl2, MeCN (P2O5), and MeOH (Mg-
(OMe)2) were treated with appropriate drying agents, distilled, and
stored under argon. 1H, 13C, and 31P NMR spectra were recorded on
JEOL GX-270, Lambda-300, and Lambda-500 spectrometers. Solvents
for NMR measurements containing 0.5% TMS were dried over molecu-
lar sieves, degassed, distilled under reduced pressure, and stored under
Ar. IR spectra were recorded on a JASCO FT/IR 5300 spectrometer as
KBr pellets unless otherwise stated and reported in cm�1. Magnetic sus-
ceptibility was measured on a Sherwood Scientific MSB-AUTO.
[TpiPr2M�Cl],[51a] [TpPh,MeM�Cl],[51b] KTp#,[51c] 4·PF6,


[14] PPN[Co(CO)4],[21]


and K[RuCp(CO)2]
[52] were prepared according to the published meth-


ods. Preparation of [Tp#Ni�Br] and [Tp#Co�Cl] is described in the Sup-
porting Information (SI 9[13]). Other chemicals were purchased and used
as received.


Synthesis of 1: As a typical example, the synthetic procedures for 1Ni is
described below. Complexes 1Mn,Fe,Co were prepared in an analogous
manner. CH2Cl2 (10 mL) was added to a mixture of [TpiPr2Ni-
(NCMe)3]PF6 (4Ni·PF6; 300 mg, 0.379 mmol) and PPN[Co(CO)4] (403 mg,
0.568 mmol), and the resultant solution was stirred for 2 h at ambient
temperature. After removal of the volatiles under reduced pressure the
residue was extracted with ether and the deep purple crystal 1Ni (143 mg,
0.206 mmol, 55% yield) was obtained by crystallization at �20 8C.


Data for 1Ni : 1H NMR (300 MHz, [D6]benzene, 25 8C, TMS): d=82.43
(3 H), 6.16 (3 H), 3.15 (18 H), 1.84 (3 H), �0.64 (18 H), �10.30 ppm (1 H);
elemental analysis calcd (%) for C31H46BN6O4CoNi: C 53.56, H 6.67, N
12.09; found: C 53.34, H 6.91, N 12.19.


Data for 1Co : Dark green crystals; 1H NMR (300 MHz, [D6]benzene,
25 8C, TMS): d =80.1 (3 H), 8.0 (3 H), 3.3 (18 H), 2.5 (21 H), �25.1 ppm
(1 H); elemental analysis calcd (%) for C31H46BN6O4Co2: C 53.34, H 6.67,
N 12.08; found: C 53.48, H 6.68, N 11.77.


Data for 1Fe : Pale green crystals; 1H NMR (300 MHz, [D6]benzene, 25 8C,
TMS): d =66.9 (3 H), 14.7 (18 H), 3.3 (6 H), �1.1 (18 H), �6.1 ppm (1 H);
elemental analysis calcd (%) for C31H46BN6O4CoFe: C 53.78, H 6.70, N
12.14; found: C 53.78, H 6.91, N 10.88.


Data for 1Mn : Pale green crystals; 1H NMR (300 MHz, [D6]benzene,
25 8C, TMS): d =80.5 (3 H), 8.0 (6 H), 3.3 (18 H), 2.5 (18 H), �25.3 ppm
(1 H); elemental analysis calcd (%) for C31H48O5N6BCoMn (1Mn·H2O): C
52.48, H 6.82, N 11.85: found: C 52.43, H 7.05, N 11.91.


Synthesis of 1’: As a typical example, the synthetic procedures for 1’Ni is
described below; 1’Co was prepared in an analogous manner. A solution
of KCo(CO)4 in THF (10 mL) was prepared by treatment of [Co2(CO)8]
(100 mg, 0.29 mmol) with NaK2.8. [Tp#Ni�Br] (300 mg, 0.446 mmol) was
added to the resultant solution and the mixture was stirred overnight. Ex-
traction with hexane (20 mL), filtration through a Celite pad, removal of
the volatiles under reduced pressure and crystallization of the residue
from hexane at �20 8C gave 1’Ni as dark purple crystals (198 mg,
0.26 mmol, 58 % yield).


Data for 1’Ni : 1H NMR (300 MHz, [D6]benzene, 25 8C, TMS): d =4.8
(9 H), �6.9 (9 H), �11.4 ppm (1 H); elemental analysis calcd (%) for
C19H19O4N6BBr3CoNi: C 29.89, H 2.51, N 11.21, Br 31.39; found: C
29.82, H 2.81, N 10.96, Br 31.20.


Data for 1’Co :[53] A very broad 1H NMR signal (in [D6]benzene) centered
around 15 ppm was observed.


Synthesis of 2 and 2’: As a typical example, the synthetic procedures for
2Ni are described below and 2Mn,Fe,Co and 2’Ni,Co were prepared in an analo-
gous manner. A solution of 1Ni (300 mg, 0.432 mmol) and PPh3 (113 mg,
0.432 mmol) in toluene (10 mL) was stirred for 3 h at ambient tempera-
ture. Filtration through a Celite plug followed by concentration of the fil-
trate and crystallization from toluene/pentane gave 2Ni as dark red crys-
tals (95 mg, 0.102 mmol, 35 % yield).


Data for 2Ni : 1H NMR (300 MHz, [D6]benzene, 25 8C, TMS): d=76.8
(6 H), 8.9 (3 H), 7.6 (6 H), 7.0 (6 H), 3.9 (3 H), 2.8 (18 H), 1.8 (3 H), �0.1


Scheme 8.
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(18 H), �10.9 ppm (1 H); elemental analysis calcd (%) for
C48H62BN6O3PCoNi: C 62.33, H 6.62, N 9.04; found: C 61.88, H 6.76, N
8.99.


Data for 2Co : Brown crystal; 1H NMR (300 MHz, [D6]benzene, 25 8C,
TMS): d=70.5 (3 H), 26.9 (3 H), 21.7 (6 H), 10.2 (3 H), 10.0 (6 H), 9.3
(18 H), 2.1 (3 H), �15.6 (18 H), �37.4 ppm (1 H); elemental analysis calcd
(%) for C51.5H66BN6O3PCo2 (2Co·(toluene)0.5): C 63.39, H 6.71, N, 8.61;
found: C 63.18, H 6.74, N 8.21.


Data for 2Fe : Brown crystals;[53] 1H NMR (300 MHz, [D6]benzene, 25 8C,
TMS): d =63.2 (3 H), 9.2 (3 H), 8.0 (18 H), 7.7 (6 H), 6.42 (6 H), 6.0 (6 H),
1.5 (18 H), �12.0 ppm (1 H).


Data for 2Mn : Brown crystals;[53] 1H NMR (300 MHz, [D6]benzene, 25 8C,
TMS): d=70.4 (3 H), 26.8 (3 H), 21.6 (6 H), 10.2 (3 H), 10.0 (6 H), 9.2
(18 H), �12.1 (18 H), �37.3 ppm (1 H).


Syntheis of 2’Ni : A solution of K[Co(CO)3(PPh3)] in THF (10 mL) was
prepared by reduction of [Co(CO)3(PPh3)]2 (133 mg, 0.164 mmol)] with
Na-K alloy. [Tp#Ni�Br] (200 mg, 0.297 mmol) was added to the resultant
solution and the mixture was stirred overnight. Removal of the volatiles
under reduced pressure, extraction with toluene (20 mL), filtration
through a Celite pad, concentration, and crystallization of the resultant
residue from toluene/pentane at �20 8C gave 2’Ni as deep purple crystals
(106 mg, 0.107 mmol, 36% yield). 1H NMR (300 MHz, [D6]benzene,
25 8C, TMS): d=8.6 (6 H), 7.5 (3 H), 6.9 (3 H), 2.1 (9 H; pz#), �7.1 (9 H;
pz#), �12.2 ppm (1 H; BH); elemental analysis calcd (%) for
C39.5H38O3N6PBBr3CoNi (2’Ni·(toluene)0.5): C 45.45, H 3.67, N 8.05; found:
C 45.67, H 3.70, N 8.08.


Synthesis of 3’: Sonication of a suspension of [Tp#Ni�Br] (300 mg,
0.446 mmol) and K[RuCp(CO)2] [prepared by reduction of
[Ru2Cp2(CO)4] (149 mg, 0.335 mmol) with Na-K alloy in THF and dried
in vacuo] in toluene (10 mL) gave a brown precipitate, which was filtered
through a Celite pad, evaporated under reduced pressure, and extracted
with CH2Cl2. Concentration and crystallization from CH2Cl2/hexane gave
3’ as dark brown crystals (148 mg, 0.181 mmol, 41 % yield). IR: n =2553
(BH), 1953 (vs, CO), 1891 cm�1 (vs, CO); UV/Vis l (e)=988 (109), 859
(39), 649 (137), 505 (904), 388 nm (1089); 1H NMR (300 MHz, [D6]ben-
zene, 25 8C, TMS): d=8.7 (5 H), 1.9 ppm (9 H); the other Me signal could
not be located; elemental analysis calcd (%) for C24.1H28.8O2N6-
BBr3Cl0.6NiRu (3’·(CH2Cl2)0.3·(hexane)0.3): C 33.42, H 3.35, N 9.70, Br
27.68, Cl 2.46; found: C 33.05, H 3.50, N 9.34, Br 27.14, Cl 2.41.


Evaporation of the filtrate followed by crystallization from toluene/Et2O
gave 16’. IR: ñ =3703 (w, O�H), 2957 (w, O�H), 2925 (m, O�H), 2856
(w, O�H), 2518 cm�1 (m, BH); elemental analysis calcd (%) for
C39H55O2N14B2Br7Ni2 (16’·Et2O): C 32.30, H 3.82, N 13.52, Br 38.57;
found: C 32.30, H 3.82, N 12.89, Br 38.76.


Synthesis of 5’: [Tp#Ni�Br] (300 mg, 0.045 mmol) was added to a solution
of K[Mn(CO)4] in THF [0.05 mmol; generated in situ from NaK2.8 and
[Mn2(CO)10] in THF (10 mL)] and the resultant mixture was stirred over-
night. NEt4I (1 equiv) was added to the reaction mixture, which was fur-
ther stirred overnight. Addition of toluene (10 mL) was followed by re-
moval of the insoluble materials by filtration through a Celite pad. Addi-
tion of hexane followed by crystallization at �20 8C gave complex 5’
(48 mg, 0.0028 mmol, 13% yield). IR: ñ=3072 (w, CH), 2959 (m, CH),
2924 (m, CH), 2852 (w, CH), 2537 (m, BH), 1958 (s, CO), 1894 (s, CO),
1847 (vs, CO), 1793 cm�1 (v, CO).[53]


Reaction of 1 and 1’ with hard donors : As a typical example, the synthet-
ic procedures for 6’Ni are described below; other complexes were pre-
pared in an analogous manner. Addition of 4-tert-butylpyridine (60 mL,
0.485 mmol) to a solution of 1’Ni (0.100 g, 0.131 mmol) in CH2Cl2 (10 mL)
caused a color change to green. After the mixture was stirred for 1 h the
volatiles were removed under reduced pressure and the residue was crys-
tallized from THF/hexane to give 6’Ni as blue crystals (119 mg,
0.102 mmol, 78% yield).


Data for 6’Ni : IR: ñ= 3096 (w, CH), 2968 (m, CH), 2932 (m, CH), 2871
(m, CH), 2555 (m, BH), 2004 (w, CO), 1884 cm�1 (vs, CO); ESI-MS: m/z :
728.4 [Tp#Ni(Py�tBu)]; elemental analysis calcd (%) for C46.5H59O4N9-
BBr3ClCoNi (6’Ni·CH2Cl2): C 46.10, H 4.91, N 10.40; found: C 46.60, H
5.27, N 10.37.


Data for 6’Co : Red-purple crystals; IR: ñ =2967 (m, CH), 2871 (w, CH),
2554 (w, BH), 2003 (w, CO), 1884 (vs, CO), 1615 cm�1 (s, Py); ESI-MS:
m/z : 727.4 [Tp#Co(pytBu)]; elemental analysis calcd (%) for
C46.9H59.8O4N9BBr3Cl1.8Co2 (6’Co·(CH2Cl2)0.9): C 45.22, H 4.84, N 10.12;
found: C 44.88, H 5.12, N 10.66.


Data for 7’Ni : Yellow crystals (crystallized from CH2Cl2/toluene/Et2O);
IR: ñ =3060 (w, CH), 2953 (m, CH), 2929 (m, CH), 2862 (w, CH), 2545
(w, BH), 2004 (w, CO), 1884 cm�1 (vs, CO); ESI-MS: m/z : 799.3 [Tp#Ni-
(OCC2Ph2)]; elemental analysis calcd (%) for C64H49O7N6BBr3CoNi: C
55.61, H 3.57, N 6.08; found: C 54.97, H 3.37, N 5.98.


Data for 7’Co : Yellow crystals (crystallized from CH2Cl2/toluene/Et2O);
IR: ñ =3060 (m, CH), 2960 (m, CH), 2926 (m, CH), 2859 (w, CH), 2546
(m, BH), 1980 (w, CO), 1887 cm�1 (vs, CO); ESI-MS: m/z : 799.3 [Tp#Co-
(OCC2Ph2)]; elemental analysis calcd (%) for C64.5H50O7N6BBr3ClCo2


(7’Co·(CH2Cl2)0.5): C 54.37, H 3.54, N 5.90; found: C 54.83, H 3.73, N 5.73.


Data for 8’Ni : Pale green crystals (crystallized from CH2Cl2/hexane); IR:
ñ= 3107 (m, CH), 2961 (w, CH), 2926 (w, CH), 2545 (m, BH), 2002 (w,
CO), 1876 cm�1 (vs, CO); ESI-MS: m/z : 702.3 [Tp#Ni(PyOMe)]; elemental
analysis calcd (%) for C37H40O7N9BBr3CoNi: C 40.74, H 3.70, N 11.56;
found: C 40.92, H 3.75, N 11.28.


Data for 8’Co : Orange crystals (crystallized from CH2Cl2/hexane); IR: ñ=


3112 (w, CH), 3042 (w, CH), 2970 (w, CH), 2929 (w, CH), 2002 (w, CO),
1874 cm�1 (vs, CO); ESI-MS: m/z : 703.4 [Tp#Co(PyMeO)]; elemental
analysis calcd (%) for C41H49O7N9BBr3Cl2Co2 (8’Co·(CH2Cl2)(hexane)0.5):
C 40.39, H 4.05, N 10.34; found: C 40.47, H 3.65, N 10.62.


Data for 9’Ni : Yellow green crystals (reaction in toluene; crystallized
from toluene/hexane); IR: ñ=3006 (w, CH), 2961 (w, CH), 2918 (w, CH),
2552 (m, BH), 2006 (w, CO), 1876 cm�1 (vs, CO); elemental analysis
calcd (%) for C25H39O8N6S3BBr3CoNi (9’Ni·DMSO): C 29.56, H 3.87, N
8.27; S 9.47; found: C, 29.72; H, 3.93; N, 8.19; S, 9.58.


Data for 9’Co : Pink crystals (reaction in toluene; crystallized from tolu-
ene/hexane): IR: ñ =3006 (w, CH), 2957 (w, CH), 2918 (w, CH), 2548 (w,
BH), 2006 (m, CO), 1885 cm�1 (vs, CO).


Data for 10’aNi : Orange crystals (reaction in toluene; crystallized from
toluene/hexane). IR: ñ =3122 (w, CH), 3079 (w, CH), 3024 (w, CH), 2959
(m, CH), 2928 (m, CH), 2870 (w, CH), 2548 (m, BH), 2006 (w, CO),
1879 cm�1 (vs, CO); ESI-MS:m/z : 749.3 [Tp#Ni(bipy)]; elemental analysis
calcd (%) for C29H27O4N8BBr3CoNi: C 37.87, H 2.96, N, 12.18; found: C
37.42, H 4.06, N 11.17.


Data for 10bNi : Orange crystals (reaction in toluene; crystallized from
toluene): IR: ñ =2961 (w, CH), 2924 (w, CH), 2546 (w, BH), 2006 (w,
CO), 1887 (vs, CO), 1828 cm�1 (m, sh, CO); ESI-MS: m/z : 777.4 [Tp#Ni-
(bipyMe2)]; elemental analysis calcd (%) for C31H33O4N8BBr3CoNi: C
39.20, H 3.50, N 11.80; found: C 38.98, H 3.74, N 11.38.


Reaction of 1 and 1’ with soft donors—formation of 11’a : First, dppe
(53 mg, 0.131 mmol) was added to a solution of 1’Ni (100 mg, 0.131 mmol)
in CH2Cl2 (10 mL), and then the resultant mixture was stirred for 2 h.
Removal of the volatiles under reduced pressure followed by crystalliza-
tion from CH2Cl2/Et2O gave 11’a as brown crystals (71 mg, 0.062 mmol,
48% yield). 1H NMR (500 MHz, [D8]THF, 25 8C, TMS): d =7.67 (t, 3J-
(H,H) =8.5 Hz, 8 H; Ph), 7.46 (t, 3J(H,H) =7 Hz, Ph), 7.40 (t, 3J(H,H) =


7 Hz, Ph), 2.55 (d, 2J(H,P) =14.5 Hz, 4H; PCH2), 2.25 (s, 9H; Me),
1.89 ppm (br s, 9 H; Me); 13C NMR (125 MHz, [D8]THF, 25 8C, TMS): d=


147.9, 141.5 (2 s, pz), 135–120 (Ph signals), 95.4 (4-pz), 31.9 (t, 2J(C,P)=


22 Hz, PCH2), 13.0, 11.6 ppm (2 s, Me); 31P NMR (202 MHz, [D8]THF,
25 8C, H3PO4): d=62.1 ppm; IR: ñ=3053 (w, CH), 2964 (w, CH), 2932
(m, CH), 2856 (m, CH), 2534 (w, BH), 1960 (vs, CO), 1889 (m, CO),
1812 (s, CO), 1777 cm�1 (vs, CO); elemental analysis calcd (%) for
C46H48O3.5N6P2BBr3CoNi (11’a·(Et2O)0.5): C 47.18, H 4.13, N 7.18; found:
C 47.40, H 4.14, N 6.79.


Reaction of 1’Ni and 1’Co with soft donors : Reaction of 1’Ni with dppene
(dppene =cis-1,2-bis(diphenylphosphino)ethene)) and reaction of 1’Co


with dppe were carried out in a manner similar to the preparation of
11’a.


Data for 11’b : Brown crystals; 1H NMR (270 MHz, [D8]THF, 25 8C,
TMS): d= 7.70 (t, 3J(H,H) =8.4 Hz, 8H; Ph), 7.47–7.40 (m, 12H; Ph),
7.30–7.19 (m, 2H; =CH), 2.28 (s, 9H; Me), 1.91 ppm (br s, 9H; Me);


Chem. Eur. J. 2005, 11, 2788 – 2809 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2805


FULL PAPERXenophilic Complexes



www.chemeurj.org





13C NMR (67.8 MHz, [D8]THF, 25 8C, TMS): d =149.6 (d, 2J(C,P)=


150 Hz, P-CH), 148.2, 141.9 (s � 2, pz), 134.3 (d, 3J(C,P)=6 Hz, o-Ph),
134.0 (d, 2J(C,P)=2.4 Hz, ipso-Ph), 131.5 (p-Ph), 129.6 (t, 4J(C,P)=


10 Hz, m-Ph), 95.7 (4-pz), 13.8, 11.9 ppm (2 s, Me); 31P NMR (202 MHz,
[D8]THF, 25 8C, H3PO4): d=61.84 ppm (br); IR: ñ= 3075 (w, CH), 3065
(w, CH), 2967 (m, CH), 2923 (w, CH), 2853 (w, CH), 2528 (m, BH), 1965
(vs, CO), 1812 (vs, CO), 1775 cm�1 (vs, CO); elemental analysis calcd
(%) for C46H46O3.5N6P2BBr3CoNi (11’b·(Et2O)0.5): C 47.26, H 3.97, N
7.19; found: C 47.14, H 4.06, N 6.80.


Data for 12 : Identified on the basis of its IR feature (a hybrid of the
structurally characterized [Co(CO)(dppe)2]OTf[54] and PPN[Co(CO)4]
and the ESI-MS spectrum containing the peaks for the cationic part.


Formation of 13’: tert-Butylisonitrile (28 mL, 0.131 mmol)was added to a
solution of 1’Ni (100 mg, 0.131 mmol) in toluene (5 mL), and the resultant
mixture was stirred for 1 h. Removal of the volatiles under reduced pres-
sure followed by crystallization from toluene/hexane gave 13’ as deep red
crystals (91 mg, 0.10 mmol, 77% yield). 1H NMR (270 MHz, [D8]THF,
25 8C, TMS): d=2.41, 2.33 (2 s, 18 H; Me), 1.56, 1.50 ppm (2 s, 18 H (2:1);
Me); 13C NMR (67.8 MHz, [D8]THF, 25 8C, TMS): d =147.0, 140.9 (pz),
94.4 (4-pz), 57.3 (CMe3), 30.0, 29.7 (CMe3), 12.7, 10.6 (Me); (�90 8C)
239.2 (m-CO), 198.5 (br s, CO), 146.9 (3 or 5-pz), 145.6 (C�N), 144.5 (3 or
5-pz’), 94.4, 94.0 (4-pz), 57.5, 29.2 (CMe3), 14.1, 10.9, 10.8, 10.4 ppm
(Me(pz)); IR: ñ=2980 (m, CH), 2928 (w, CH), 2862 (w, CH), 2539 (w,
BH), 2169 (vs, CN), 2142 (vs, CN), 2003 (vs, CO), 1831 (vs, CO), 1801
(vs, CO), 1775 ppm (s, CO); elemental analysis calcd (%) for
C28H37O3N8BBr3CoNi: C 37.29, H 4.14; N 12.43; found: C 37.41, H 4.38,
N 12.22.


Formation of 14 : Because the reaction of 1’Co gave only a trace amount
of crystals, compound 14 was characterized only by X-ray crystallography
(SI 35[13]).


Formation of 15’: Diphenylacetylene (47 mg, 0.262 mmol) was added to a
solution of 2’Ni (100 mg, 0.131 mmol) in toluene (10 mL) and the resultant
mixture was stirred for 2 d. Concentration followed at �30 8C gave 15’ as
brown crystals (10 mg, 0.011 mmol, 9 % yield). IR: ñ=3053 (w, CH),
2961 (w, CH), 2922 (w, CH), 2526 (w, BH), 2057 (vs, CO), 2005 cm�1 (vs,
CO).[53]


Reaction of 3’ with hard donors : Upon addition of 3 equivalents of donor
to a solution of 3’ (100 mg, 0.123 mmol) in CH2Cl2 (10 mL), the solution
turned green. After concentration under reduced pressure hexane was
added and the mixture was cooled at �30 8C to give the green product.


Data for 17’a : IR: ñ=3082 (w, CH), 2961 (vs, CH), 2928 (vs, CH), 2869
(s, CH), 2526 (m, BH), 1614 ppm (vs, py); elemental analysis calcd (%)
for C33H45N8BBr3ClNi: C 44.12, H 5.05, N 12.47, Br 26.68, Cl 3.95; found:
C 44.48, H 5.05, N 12.47, Cl 3.95, Br 25.86.


Data for 17’b : IR: ñ= 3104 (w, CH), 3071 (w, CH), 3052 (w, CH), 3028
(m, CH), 2957 (m, CH), 2927 (m, CH), 2545 (m, BH), 1606 (s, py),
1601 cm�1 (s, py); elemental analysis calcd (%) for C25H27N8BBr3ClNi: C
38.29, H 3.47, N 14.29, Br 30.57, Cl 4.52; found: C 37.94, H 3.53, N 13.84,
Br 28.12, Cl 4.75.


Data for 17’c : IR: ñ =3101 (w, CH), 3073 (w, CH), 3039 (w, CH), 2959
(w, CH), 2924 (w, CH), 2514 (m, BH), 1637 (m, py), 1612 (m, py); ele-
mental analysis calcd (%) for C28.25H35.5O2N8BBr3Cl3.5Ni (17’c·
(CH2Cl2)1.25): C 35.63, H 3.76, N 11.76; found: C 35.95, H 4.21, N 11.39.


Data for 17’d : IR: ñ= 3109 (w, CH), 3070 (w, CH), 3041 (w, CH), 2955
(w, CH), 2925 (m, CH), 2855 (w, CH), 2511 (m, BH), 1861 (s, CO), 1602
(vs, C=C), 1585 (vs, C=C), 1572 cm�1 (s, C=C).[53]


Reaction of 3’ with soft donors—formation of 18’a : A solution of 3’ in
CH2Cl2 (10 mL) was stirred for 2 h under a CO atmosphere (1 atm). Con-
centration under reduced pressure and addition of hexane followed by
cooling �30 8C gave 18’a as deep brown crystals (35 mg, 12 mmol, 34 %
yield). 1H NMR (270 MHz, [D2]CH2Cl2, 25 8C, TMS): d= 5.61 (s, 5H;
Cp), 2.35 ppm (s, 18 H; Me); 13C NMR (67.8 MHz, [D2]CH2Cl2, 25 8C,
TMS): d=147.8, 142.7 (2 s, pz), 96.0 (4-pz), 88.5 (Cp), 11.9 ppm (Me);
IR: ñ =3119 (w, CH), 3107 (w, CH), 2963 (m, CH), 2926 (m, CH), 2533
(m, BH), 2013 (vs, CO), 2003 (vs, CO), 1858 (s, CO), 1846 (s, CO), 1815
(vs, CO), 1801 cm�1 (vs, CO); elemental analysis calcd (%) for


C23H24O3N6BBr3NiRu; C 32.78, H 2.87, N 9.97; found: C 32.73, H 3.02, N
10.06.


Formation for 18’b : Compound 18’b was prepared by a procedure similar
to that decribed for 18’a, and its analytically pure samples was obtained
by the reaction with Cy�N=C=S (see below).


Data of 18’c : 1H NMR (270 MHz, [D2]CH2Cl2, 25 8C, TMS): d=5.39 (s,
5H; Cp), 2.34 (br s, 15 H; Me), 1.54 (s, 3H; Me), 1.47 ppm (s, 9 H; tBu);
1H NMR (270 MHz, [D2]CH2Cl2, �90 8C, TMS): d=5.37 (s, 5H; Cp),
2.31, 2.24 (2 s, 12H; Me), 1.85 (s, 3 H; Me), 1.39 ppm (s, 12 H; Me, tBu);
13C NMR (67.8 MHz, [D2]CH2Cl2, 25 8C, TMS): d =244.9 (CO), 147.5,
142.1 (2 s, pz), 95.6 (4-pz), 86.3 (Cp), 32.0, 31.0 (s � 2, CMe3), 11.7 ppm
(Me); IR: ñ =3104 (w, CH), 2979 (m, CH), 2959 (m, CH), 2933 (m, CH),
2865 (w, CH), 2521 (m, BH), 2145 (s, CN), 1836 (m, CO), 1830 (m, CO),
1786 cm�1 (vs, CO); elemental analysis calcd (%) for C28H35O2N7-
BBr3Cl2NiRu (18’c·CH2Cl2): C 34.22, H 3.59, N 9.98; found: C 34.32; H
3.26; N 9.54.


Formation for 18’d : A suspension containing 3’ (100 mg, 0.123 mmol) and
PPh3 (32 mg, 0.184 mmol) in toluene (10 mL) was sonicated for 1 h with
an ultrasonic bath to get a homogeneous solution, which was further stir-
red for 2 h. Concentration under reduced pressure followed by crystalli-
zation after addition of hexane gave 18’d as orange crystals (34 mg,
0.032 mmol, 24% yield). 1H NMR (500 MHz, [D8]THF, 25 8C, TMS): d=


7.69 (t, 3J(H,H) =8 Hz, 6H; m-Ph), 7.43 (t, 3J(H,H) =7 Hz, 9 H; o-, p-
Ph), 4.92 (s, 5H; Cp), 2.22, 2.04 ppm (2 s, 18H; Me); 13C NMR (125 MHz,
[D8]THF, 25 8C, TMS): d=242.8 (d, 2J(C,P)=12.2 Hz, m-CO), 148.4 (3 or
5-pz), 142.8 (3 or 5-pz), 136.8 (d, 1J(C,P)=46.5 Hz, ipso-Ph), 135.4 (d, 2J-
(C,P)=11.3 Hz, Ph), 131.5 (p-Ph), 129.4 (d, 2J(C,P)=10.1 Hz, Ph), 96.4
(4-pz), 89.6 (Cp), 14.8, 14.3, 12.2 ppm (3 s, Me); 31P NMR (202 MHz,
[D8]THF, 25 8C, H3PO4): d=46.5 ppm; IR: ñ =3107 (w, CH), 3052 (w,
CH), 2956 (m, CH), 2925 (m, CH), 2865 (w, CH), 2472 (m, BH), 1962
(m, CO), 1821 (w, CO), 1772 cm�1 (vs, CO); satisfactory elemental analy-
sis results could not be obtained due to the extreme sensitivity of 18’d,
which decomposed upon exposure to the air to give a product formulated
as [Tp#Ni(k2-(O,O)O2C)RuCp(CO)(PPh3)]: IR: ñ= 3053 (w, CH), 2955
(m, CH), 2927 (m, CH), 2854 (w, CH), 2522 (m, BH), 1958 cm�1 (vs,
CO); elemental analysis calcd (%) for C40H39O3N6PBBr3NiRu: C 43.95,
H 3.60, N 7.69; found: C 43.58, H 3.88, N 7.14.


Formation of 19’: A solution of 3’ and phenylacetylene (100 mL,
0.91 mmol) in CH2Cl2 (10 mL) was stirred for 3 h. Concentration and
crystallization from CH2Cl2/hexane gave 19’ as deep purple crystals
(22 mg, 0.0245 mmol, 20% yield). 1H NMR (270 MHz, [D8]THF, 25 8C,
TMS): d =7.28 (d, 3J(H,H) =7.0 Hz, 2H; o-Ph), 7.19 (t, 3J(H,H) =


7.83 Hz, 2 H; m-Ph), 7.02 (t, 3J(H,H) =7.0 Hz, 1H; p-Ph), 5.86 (s, 5H;
Cp), 5.32 (s, 1 H; =CH), 2.46, 2.41, 2.36, 2.28, 1.94, 1.73 ppm (6 s, 18 H;
Me); 13C NMR (67.8 MHz, [D8]THF, 25 8C, TMS): d=251.7 (>C=), 148.9
(pz), 142.9 (pz), 137.0 (=CH), 135.0 (ipso-Ph), 129.5 (o-Ph), 126.6 (m-Ph),
126.4 (p-Ph), 96.5 (4-pz), 90.6 (Cp), 15.0, 12.4 ppm (2 s, Me); IR: ñ =3053
(w, CH), 3017 (w, CH), 2968 (m, CH), 2926 (m, CH), 2854 (m, CH), 2524
(m, BH), 2017 (vs, CO), 1843 (vs, CO), 1588 (s, C=C), 1568 (m, C=C); el-
emental analysis calcd (%) for C37H46O2N6BBr3Cl2NiRu (19’·CH2Cl2·hex-
ane): C 40.85, H 4.26, N 7.72; found: C 40.80, H 4.31, N 7.86.


Reaction of 3’ with isothiocyanate—reaction with Cy�N=C=S : Cyclohex-
ylisocyanide (30 mL, 0.123 mmol) was added to a solution of 3’ (100 mg,
0.123 mmol) in CH2Cl2 (10 mL) and the resultant mixture was stirred for
3 h. Concentration and crystallization from CH2Cl2/hexane gave 18’b as
deep red crystals (13 mg, 0.014 mmol, 23% yield). Concentration of the
supernatant solution and cooling gave 20’b as green crystals (24 % yield).


Data for 18’b : 1H NMR (270 MHz, [D2]CH2Cl2, 25 8C, TMS): d=5.40 (s,
5H; Cp), 3.84 (br, 1 H; Cy), 2.33 (s, 18H; Me), 1.91–1.40 ppm (m, 10H;
Cy); 13C NMR (67.8 MHz, [D2]CH2Cl2, 25 8C, TMS): d=147.6 (s, 3 or 5-
pz), 142.1 (s, 3 or 5-pz), 95.7 (s, 4-pz), 86.3 (s, Cp), 33.3, 25.3, 23.4 (s � 3,
CH2), 11.8 ppm (s, Me); IR: ñ =2934 (m, CH), 2852 (w, CH), 2519 (w,
CH), 2173 (s, CN), 1986 (w, CO), 1842 (s, CO), 1793 cm�1 (vs, CO); ele-
mental analysis calcd (%) for C29.5H36O2N7BBr3ClNiRu (18’b·(CH2Cl2)0.5):
C 36.66, H 3.75, N 10.15; found: C, 36.90; H, 3.81; N, 10.15.


Data for 20’b : IR: ñ=2959 (w, CH), 2923 (m, CH), 2851 (m, CH), 2532
(m, BH), 2039 (vs, CO), 1986 cm�1 (vs, CO); elemental analysis calcd
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(%) for C29.5H36O2N7S2BBr3ClNiRu (20’b·(CH2Cl2)0.5): C 34.38, H 3.52, N
9.51, S 6.22; found: C 34.59, H 3.55, N 9.65, S 5.83.


Reaction of 3’ with isothiocyanate—reaction with Ph�N=C=S : The reac-
tion was carried out in a manner similar to the reaction with Cy�NCS.


Data for 18’e : 1H NMR (270 MHz, [D2]CH2Cl2, 25 8C, TMS): d=7.31 (br,
5H; Ph), 5.55 (s, 5H; Cp), 2.35 ppm (s, 18H; Me); 13C NMR (67.8 MHz,
[D2]CH2Cl2, 25 8C, TMS): d =147.8 (pz), 142.3 (pz), 129.7 (br s, Ph), 95.8
(4-pz), 87.3 (s, Cp), 14.1, 11.8 ppm (2 s, Me); IR: ñ=3065 (w, CH), 2959
(m, CH), 2926 (m, CH), 2536 (m, BH), 2137 (vs, CN), 1994 (m, CO),
1832 (vs, CO), 1788 cm�1 (vs, CO); elemental analysis calcd (%) for
C29H29O2N7BBr3NiRu: C 37.95, H 3.18, N 10.68; found: C 37.75, H 3.51,
N 10.47.


Data for 20’e : ñ =3085 (w, CH), 2951 (m, CH), 2924 (m, CH), 2855 (w,
CH), 2521 (m, BH), 2045 (vs, CO), 1996 (vs, CO), 1986 cm�1 (vs, CO); el-
emental analysis calcd (%) for C30.5H32.5O2N7S2BBr3NiRu (20’e·-
(hexane)0.25): C 36.50, H 3.26, N 9.77, S 6.39; found; C 36.51, H 3.54, N
9.40, S 6.33.


X-ray crystallography : Thirty-three complexes were characterized by X-
ray crystallography. Diffraction measurements were made on a Rigaku
RAXIS IV imaging plate area detector with MoKa radiation (l=


0.71069 �). All data collections were carried out at �60 8C. Neutral scat-
tering factors were obtained from the standard source.[55a] In the reduc-
tion of data, Lorentz, polarization, and empirical absorption corrections
were made.[55b] The structures were solved by a combination of the direct
methods (SHELXL 86)[55c] and Fourier synthesis (DIRDIF).[55e] Least-
squares refinements were carried out using SHELEXL 97[55d] linked to
teXsan.[55f] For crystallographic data and details of structure refinements,
see the Supporting Information (SI 10 and 11[13]). CCDC-252176 (B),
CCDC-252177 (C), CCDC-164175 (1Ni), CCDC-164176 (1Co), CCDC-
252178 (1Fe), CCDC-175901 (1Mn), CCDC-175902 (1’Ni), CCDC-252179
(1’Co), CCDC-164178 (2Ni), CCDC-211846 (3’), CCDC-252180 (2Co),
CCDC-252181 (2Fe), CCDC-252182 (2Mn), CCDC-252183 (2’Ni), CCDC-
252184 (5’), CCDC-252185 (6’Ni), CCDC-252186 (7’Ni), CCDC-252187
(8’Ni), CCDC-252188 (9’Ni), CCDC-252189 (10’bNi), CCDC-252190 (11’a),
CCDC-252191 (13’), CCDC-252192 (14), CCDC-252193 (15’), CCDC-
252194 (16’), CCDC-252195 (17’b2·D1/2), CCDC-252196 (17’c), CCDC-
252197 (18’a), CCDC-252198 (18’b), CCDC-211848 (18’d), CCDC-211849
(19’), CCDC-252199 (20’b), and CCDC-252200 (20’c) contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


DFT calculations : Model complexes [TpH2Ni�Co(CO)4] (E ; triplet; C3


symmetry), [TpH2Ni�Co(CO)4] (E’; singlet), [TpH2Ni�Co(CO)3(PH3)] (F ;
triplet; C1 symmetry), [TpH2Ni�RuCp] (G ; triplet; C1 symmetry) (TpH2 =


hydrotris(pyrazolyl)borato) for the corresponding xenophilic complexes
were subjected to DFT calculations. Initial structures for the model com-
plexes were based on the coordinates obtained from the X-ray crystallo-
graphic data of [TpiPr2Ni�Co(CO)4] (1Ni), [Tp#Ni�Co(CO)3(PPh3)] (2’Ni),
and [Tp#Ni�RuCp(CO)2] (3’Ni). The structures were determined by gradi-
ent optimization using the Gaussian 98 package (Revision A.11)[56a] at
the B3 LYP density functional level.[56b,c] All metal centers (Ni, Co, and
Ru), three Tp nitrogen atoms coordinated to the metal, and the phospho-
rus atom in F were described with a lanl2dz basis set of valence double-z
quality including relativistic effective core potential of Hay and
Wadt.[56d–f] The 3–21 G split-valence basis set was used for the other
atoms. DFT calculations were also performed for the reference com-
plexes, [Li�Co(CO)4] (H) and [CH3�Co(CO)4] (I). C3 symmetry was as-
sumed for I.
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Binding Cooperativity of Two Different Lewis Acid Groups at the Edge of
Ferrocene


Ramez Boshra,[a] Anand Sundararaman,[a] Lev N. Zakharov,[b] Christopher D. Incarvito,[c]


Arnold L. Rheingold,[b] and Frieder J�kle*[a]


Introduction


Multifunctional Lewis acids are promising candidates for
chemo- and stereoselective Lewis acid catalysis and have
proven useful as activators in olefin polymerization, and as
substrates for selective anion recognition.[1–3] Among the
emerging class of bidentate Lewis acids, those with a metal-
locene backbone are particularly intriguing owing to the
unique geometric features and the opportunity to influence
the binding process through the oxidation state of the cen-
tral metal atom. The latter has, for example, been exploited
for the development of electrochemical fluoride and saccha-
ride sensors.[4] In general, two possibilities exist for the
design of a ferrocene-based bidentate Lewis acid. The Lewis
acidic groups may either be attached in the 1,1’-positions
with one Lewis acid group at each Cp ring (A), or, alterna-
tively, they may be placed at the 1,2-positions of the same
Cp ring (B). The ferrocene-based bifunctional Lewis acids
studied to date almost exclusively possess identical Lewis


Abstract: The binding properties of
heteronuclear bidentate Lewis acids, in
which an organoboron and an organo-
tin moiety are attached adjacent to
each other at one of the Cp rings of
ferrocene, have been studied. Treat-
ment of [1,2-fc(SnMe2Cl)(BClMe)] (1-
Cl) (fc = ferrocenediyl) with one
equivalent of pyridine or 4-dimethyl-
aminopyridine (DMAP) resulted in dia-
stereoselective complexation of boron.
Adducts 2 and 3 have been studied by
multinuclear NMR, and the stereose-
lectivity of complexation was further
confirmed by single crystal X-ray dif-
fraction of 2. The importance of coop-
erative effects that involve an intramo-
lecular B-Cl···Sn interaction on the dia-
stereoselectivity is evident from com-


parison with binding studies on the
phenyl-substituted analogue [1,2-
fc(SnMe2Cl)(BPhMe)] (1-Ph). Com-
plexation of 1-Ph led to diastereomeric
mixtures of adducts 4 and 5, respective-
ly, which were identified by multinu-
clear NMR including NOESY experi-
ments. The solid-state structure of one
of the diastereomers of 5 was con-
firmed by X-ray crystallography. Facile
isomerization was found in solution
and the barrier of activation was deter-
mined by VT NMR studies (4 : DG �


298


= 54.9�0.4 kJ mol�1; 5 : DG �
298 =


70.3�0.1 kJ mol�1). Competitive bind-
ing of pyridine to 1-Cl and
[FcB(Cl)Me] (Fc = ferrocenyl)
showed that cooperative effects be-
tween tin and boron lead to significant
Lewis acidity enhancement. Binding
of a second nucleophile in the presence
of excess of base occurred also at
boron. The novel zwitterionic com-
plexes [1,2-fc(BMe(py)2)(SnMe2Cl2)]
(6) and [1,2-fc(BMe(dmap)2)-
(SnMe2Cl2)] (7) formed, which consist
of boronium cation and stannate anion
moieties. The structure of 7 in the
solid-state was confirmed by X-ray
crystallography. Multinuclear NMR
data and competition experiments indi-
cate weak binding of chloride to tin in
7 and partial dissociation in solution.
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acidic groups that are attached in the 1,1’-positions of the
metallocene.[5] The scarcity of studies on the respective 1,2-
disubstituted ferrocenes of type B is primarily due to a lack
of convenient synthetic routes.[6]


A particularly intriguing aspect of bidentate Lewis acids
B is the planar chirality,[7] which arises if two different Lewis
acid groups LA1 and LA2 are attached at the edge of the fer-
rocene molecule. Since nucleophiles (Nu) are expected to
predominantly attack from the sterically more accessible
exo-side of ferrocene, unusual stereospecific binding phe-
nomena may be observed. Indeed, a lot of attention has re-
cently been devoted to the study of planar and central chiral
ferrocene ligands, in which two different donor groups D
are attached to the same Cp ring. These chiral ferrocene li-
gands play a major role in various catalysis applications.[8]


However, the Lewis acid analogues B are underdeveloped
and only few examples of planar chiral Lewis acids are
known. The latter are typically monofunctional Lewis acids
such as the (borabenzene)chromiumtricarbonyl species C re-
ported by Fu and co-workers.[9,10]


We have shown that heteronuclear bidentate Lewis acids
D, which are comprised of both Lewis acidic boron and tin
groups,[11] can readily be obtained with good selectivity
through a rearrangement reaction from 1,1’-bis(trimethyl-
stannyl)ferrocene and boron halides.[12–14] We also demon-
strated that the Lewis acidic organoboron moiety in species
D is stabilized by an interaction with the electron-rich ferro-
cene fragment leading to a significant bending of the boryl
group toward iron[15] and a strong red-shift and enhanced in-
tensity of the visible absorption bands relative to those of
ferrocene.[13] Moreover, we deduced from X-ray crystallog-
raphy and multinuclear NMR studies that the adjacent orga-
notin moiety adopts a pseudotrigonal bipyramidal structure
both in the solid state and in solution as a result of a weak
intramolecular interaction with the boron-bound substituent
X (X = Cl, Ph).[13, 16] In this paper, we describe our results
on the competition of external nucleophiles with the intra-
molecular interactions in D and the observation of unusual
cooperative and stereoselective binding processes.


Results and Discussion


Regio- and diastereoselective complexation of the heteronu-
clear bidentate Lewis acid 1-Cl with pyridine : The bidentate
Lewis acid 1-Cl readily reacts with equimolar amounts of
pyridine and 4-dimethylaminopyridine (DMAP), respective-
ly, to form the 1:1 complexes 2 and 3 (Scheme 1). The bind-
ing process can be monitored visually as the solution
changes from red to a less intense orange color. The red
color of ferrocenylboranes is generally associated with the
attachment of the electron withdrawing group.[13,17] The ob-
served color change is indicative of coordination of the nu-
cleophile to boron, which turns the boryl group into an elec-
tron-donating substituent.[18] The coordination of pyridine to
1-Cl is further confirmed by a strong upfield shift of the
11B NMR signal from d 61.5 in 1-Cl to d 9.5 in 2 and d 8.4 in
3, respectively, which is indicative of tetracoordination of
boron (Table 1).[19] At the same time the 119Sn NMR signal
is shifted upfield from d 95.0 for 1-Cl to d 68.8 in 2 and d


57.2 in 3, respectively, which suggests enhanced hypercoordi-
nation of tin (cf. [FcSnMe2Cl] d 130).[20] A strengthening of
the chloride bridge in 2 and 3 is further indicated by an in-
crease of the 119Sn–13C coupling constant for one of the two
diastereotopic methyl groups on tin from 473 Hz for 1-Cl to
502 Hz in 2 and 506 Hz in 3. The second methyl group
shows nearly identical coupling constants in 1-Cl (429 Hz), 2
(425 Hz), and 3 (431 Hz), which are similar to that for
[FcSnMe2Cl] (415 Hz).[13]


The observation of only one set of signals in the 1H, 13C,
and 119Sn NMR spectra of 2 and 3 is intriguing since diaster-
eomers are expected to form upon binding of a nucleophile
to the organoboron moieties of the racemic mixture of


Scheme 1. Formation of B-chiral complexes 2 and 3.
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planar chiral 1-Cl (see Scheme 1). While, for example, a B-
Cl···Sn bridge in the enantiomers (S,Sp)-2 and (R,Rp)-2
should lead to the experimentally observed upfield-shift of
the 119Sn NMR resonance, a hyper-coordination effect is not
expected if the boron-bound chlorine substituent pointed
away from the tin atom, which would be the case in the
other possible isomers (R,Sp)-2 and (S,Rp)-2 (see below).
The absence of a second 119Sn NMR signal in the spectra of
2 and 3 thus clearly indicates that only one enantiomer pair
is formed, the (S,Sp)-2/(S,Sp)-3 and (R,Rp)-2/(R,Rp)-3 iso-
mers. This conclusion is further supported by the fact that
only one set of Cp signals is observed in the 1H and
13C NMR spectra of 2 and 3.[21]


The X-ray crystal structure of 2 (Figure 1, Table 2) shows
that pyridine indeed is coordinated to the boron atom from
the sterically more accessible exo-side of the ferrocene. The
stereochemistry of the chiral tetracoordinate organoboron
moiety[22] thus generated is determined by both the steric re-
quirements of the ferrocene unit and an interaction between
the boron-bound chlorine and the electron-deficient organo-
tin moiety with a distance of Cl(2)···Sn(1) 3.144(1) �, which


is comparable to that in 1-Cl with Cl···Sn 3.138(1) �. This
interaction in turn results in a pyramidalization of tin as evi-
dent from the sum of the equatorial angles of 353.18 (78 %
TBPe


[23]), which is close to that of 1-Cl (350.68 ; 71 %
TBPe).[24,25] The Sn�Cl(1) bond length of 2.417(1) � for the
tin-bound chlorine in trans-position and the intramolecular
Sn···Cl(2) distance of 3.144(1) � are also similar to those
found for 1-Cl (2.403(1) � and 3.138(1) �). The most strik-


Table 1. 1H, 119Sn, and 11B NMR data of complexes 2–8 in comparison to the free acids 1 and model compounds.[a]


d(1H) d(119Sn)[b] d(11B)
C5H5 H3 H4 H5 Sn-Me


1-Cl 3.83 4.67 5.03 5.23 0.76 0.97 95.0 61.5
(11.0) (7.0) (15.0) (60/63) (63/66)


1-Ph 4.20 4.94 5.06 5.04 0.68 �0.07 102.3 67.5
(11.0) (nr) (15.0) (57/60) (61/64)


2 4.27 4.37 4.55 4.78 0.06 1.02 68.8 9.5
(14.0) (8.8) (12.8) (59/62) (65/68)


3 4.25 4.26 4.49 4.72 0.23 1.01 57.2 8.4
(14.0) (9.0) (13.0) (61) (68)


4 (+55 8C) 4.10 4.19 4.58 4.68 0.47 0.47 121.4 6.6
(br) (br) (br) (59) (59)


4a (�50 8C) 4.19 4.25 4.54 4.71 0.40 0.02 119.3 1.0
(nr) (nr) (nr) (57) (63)


4b (�50 8C) 4.00 3.91 4.44 4.50 0.90 0.44 135.9 1.0
(nr) (nr) (nr) (58) (58)


5a 4.17 4.12 4.46 4.67 0.25 0.42 121.0 �1.6
(nr) (nr) (nr) (56) (62)


5b 4.01 3.87 4.39 4.51 0.89 0.30 131.0 �1.6
(nr) (nr) (nr) (56) (58)


6 (+30 8C)[c] 4.53 3.44 4.55 5.15 1.36 61.6 3.9
(nr) (nr) (nr) (73/76)


7 4.08 3.58 4.47 4.51 0.70 100.9 3.3
(12.0) (7.2) (14.0) (59/61)


8 4.07 3.62 4.52 4.50 0.70/1.29 128.8/ 3.3
(12.5) (8.0) (14.0) (55/58)/(86/89) �106.8


C5H5 H2,5 H3,4 Sn-Me d(119Sn) d(11B)


[FcB(Cl)Me][d] 3.86 4.48 4.74 61.7
[FcB(Cl)Me]·Py 4.19 4.3–4.2 4.3–4.2 7.8
[FcB(Cl)Me]·DMAP 4.16 4.3–4.1 4.3–4.1 6.4
[FcB(Ph)Me] 4.08 4.48 4.73 63.0
[FcB(Ph)Me]·Py 3.94 4.02 4.27 2.9
[FcB(Ph)Me]·DMAP 3.92 3.94/3.86 4.16/4.15 �3.8
[FcBMe(dmap)2]Cl 3.91 3.82 4.27 3.5
[FcSnMe2Cl] 4.19 4.21 (11) 4.48 (8) 0.84 (58/61) 130.0
[FcSnMe2Cl]/[PPh4]Cl 4.19 4.54 (12) 4.28 (9) 0.89 (68/71) 3.1


[a] In CDCl3 at 25 8C unless noted otherwise; coupling constants J(117/119Sn,H) are given in brackets. [b] Concentrations for the 119Sn NMR spectra were
about 0.02 m. [c] In [D5]pyridine. [d] See ref. [33].
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ing difference between the structure of 2 and that of the
free acid 1-Cl is the bending of the boron atom away from
the iron atom by b= 1808�angle(centCp-C2-B1)= 4.0(2)8
(cent=center of gravity) in 2, which stands in sharp contrast
to the strong tilting of b=13.8(2)8 toward the iron atom in
1-Cl.[13] This effect is a result of the electronic saturation of
boron in 2, which is further reflected in significantly longer
B–C(2) and B–Cl(2) distances of 1.580(4) � (1-Cl :
1.523(7) �) and 1.923(3) � (1-Cl : 1.808(5) �), respectively.


Role of the chloride bridge in diastereoselective binding :
The X-ray crystallographic and solution NMR results sug-
gested that the stannyl group plays an important role in the
binding of nucleophiles to 1-Cl as a result of formation of a
halide bridge from boron to tin. In this context it is of inter-
est to note that low temperature NMR studies on the biden-
tate Lewis acid 1-Cl itself neither led to signal doubling of
the Cp resonances nor to a change in the 119Sn NMR shift.
By contrast, for the monofunctional ferrocenylborane
[FcB(Cl)Me] hindered rotation about the B�Cp bond gives
rise to signal splitting of the Cp-H2,5 and Cp-H3,4 resonan-
ces in the low temperature 1H NMR spectra (Tc =�54 and
Tc =�69 8C) and an activation barrier of DG�


298 = 46.6�
0.3 kJ mol�1 was determined.[26] This indicates that the ro-
tamer of 1-Cl with the chlorine substituent pointing toward


the tin atom is strongly favored over that with the boron-
bound methyl group adjacent to tin. The preference for this
rotamer would then in turn be responsible for the observed
diastereoselective binding of nucleophiles.


In order to unequivocally confirm the importance of the
chloride bridge on the stereochemical outcome of the bind-


Figure 1. Molecular structure of 2 with thermal ellipsoids at the 50 %
probability level. Hydrogen atoms are omitted for clarity.


Table 2. Selected bond lengths [�], interatomic distances [�] and angles [8] of 2, 5b, and 7.


2 5 b 7


Sn(1)�Cl(1) 2.4170(9) Sn(1)�Cl(l) 2.3841(7) Sn(1)�Cl(1) 2.5546(13)
Sn(1)�C(1) 2.097(3) Sn(1)�C(1) 2.108(3) Sn(1)�C(1) 2.129(5)
Sn(1)�C(11) 2.121(3) Sn(1)�C(11) 2.128(3) Sn(1)�C(11) 2.116(5)
Sn(1)-C(12) 2.122(3) Sn(1)�C(12) 2.138(3) Sn(1)�C(12) 2.119(5)
Sn(1)···Cl(2) 3.144(1) Sn(1)�Cl(2) 2.783(1)
B(1)�C(2) 1.580(4) B(1)�C(2) 1.626(4) B(1)�C(2) 1.604(7)
B(1)�C(13) 1.594(4) B(1)�C(13) 1.628(4) B(1)�C(13) 1.614(7)
B(1)�N(1) 1.635(3) B(1)�N(1) 1.644(3) B(1)�N(1) 1.591(6)
B(1)�Cl(2) 1.923(3) B(1)�C(14) 1.627(4) B(1)�N(3) 1.618(6)
C(1)-Sn(1)-C(11) 123.91(12) C(1)-Sn(1)-C(11) 119.94(12) C(1)-Sn(1)-C(11) 113.9(2)
C(11)-Sn(1)-C(12) 114.83(15) C(11)-Sn(1)-C(12) 112.54(15) C(11)-Sn(1)-C(12) 120.4(2)
C(1)-Sn(1)-C(12) 114.22(12) C(1)-Sn(1)-C(12) 115.09(12) C(1)-Sn(1)-C(12) 123.93(19)
C(1)-Sn(1)-Cl(1) 97.98(7) C(1)-Sn(1)-Cl(1) 101.47(7) C(1)-Sn(1)-Cl(1) 102.77(12)
C(11)-Sn(1)-Cl(1) 96.94(11) C(11)-Sn(1)-Cl(1) 101.40(11) C(11)-Sn(1)-Cl(1) 90.22(15)
C(12)-Sn(1)-Cl(1) 101.98(11) C(12)-Sn(1)-Cl(1) 102.88(10) C(12)-Sn(1)-Cl(1) 90.51(15)
C(12)-Sn(1)···Cl(2) 90.1 C(12)-Sn(1)-Cl(2) 87.80(15)
C(11)-Sn(1)···Cl(2) 79.9 C(11)-Sn(1)-Cl(2) 86.06(15)
C(1)-Sn(1)···Cl(2) 74.5 C(1)-Sn(1)-Cl(2) 82.55(12)
Cl(1)-Sn(1)···Cl(2) 167.7 Cl(1)-Sn(1)-Cl(2) 174.42(4)
C(2)-B(1)-Cl(2) 109.03(18) C(2)-B(1)-C(14) 111.2(2) C(2)-B(1)-N(3) 110.4(4)
C(2)-B(1)-C(13) 117.6(2) C(2)-B(1)-C(13) 114.9(2) C(2)-B(1)-C(13) 115.3(4)
C(2)-B(1)-N(1) 108.52(18) C(2)-B(1)-N(1) 103.7(2) C(2)-B(1)-N(1) 108.04(4)
C(13)-B(1)-N(1) 107.8(2) C(13)-B(1)-N(1) 108.1(2) C(13)-B(1)-N(1) 111.9(4)
C(13)-B(1)-Cl(2) 110.22(17) C(13)-B(1)-C(14) 111.3(2) C(13)-B(1)-N(3) 106.5(4)
N(1)-B(1)-Cl(2) 102.71(16) N(1)-B(1)-C(14) 107.0(2) N(1)-B(1)-N(3) 104.2(3)
C(1)-C(2)-B(1) 127.6(2) C(1)-C(2)-B(1) 127.1(2) C(1)-C(2)-B(1) 129.3(4)
C(2)-C(1)-Sn(1) 126.77(12) C(2)-C(1)-Sn(1) 126.8(2) C(2)-C(1)-Sn(1) 134.5(3)
Cp staggering angle 31.4 Cp staggering angle 17.2 Cp staggering angle 33.5
Cent-C(2)-B(1)[a] 176.0[b] Cent-C(2)-B(1) 169.5[b] Cent-C(2)-B(1)[a] 177.0[b]


Cent-C(1)-Sn(1)[a] 177.1 Cent-C(1)-Sn(1) 177.7 Cent-C(1)-Sn(1)[a] 168.3[b]


(Cl(1)Sn(1)Cl(2))//(C1-C5) 48.2 (Cl(1)Sn(1)C(13))//(C1-C5) 31.0 (Cl(1)Sn(1)Cl(2))//(C1-C5) 64.5
(C(1)Sn(1)C(11)C(12))//(C1-C5) 82.7 (C(1)Sn(1)C(11)C(12))//(C1-C5) 85.6 (C(1)Sn(1)C(11)C(12))//(C1-C5) 24.2
(C(2)B(1)N(1))//(C1-C5) 78.6 (C(2)B(1)N(1))//(C1-C5) 71.1 (C(2)B(1)N(3))//(C1-C5) 74.5


[a] Cent =centroid of substituted Cp ring. [b] The substituent is pointing away from the iron atom.
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ing of nucleophiles to boron, we decided to study the bind-
ing properties of the related heteronuclear bidentate Lewis
acid 1-Ph, in which the chloride substituent on boron is re-
placed with a phenyl group.[27] Treatment of 1-Ph with pyri-
dine and DMAP, respectively, led to the expected diastereo-
meric adducts 4 and 5 (see below; the Sp enantiomer of the
racemic mixture of 1-Ph forms the respective complexes
(S,Sp)-4 a, (R,Sp)-4 b, (S,Sp)-5 a, and (R,Sp)-5 b). The
11B NMR spectra showed signals characteristic of tetracoor-
dinate boron (4 : d 6.6; 5 : d �1.6; cf. 1-Ph : d 67.5) thus con-
firming the binding of the pyridine ligand to boron.[19] How-
ever, the 119Sn NMR spectra of
both 4 and 5 revealed two sig-
nals with slightly different
chemical shifts and intensities
at ambient temperature (4 : d


117.9, 128.8; 5 : d 121.0, 131.0;
cf. 1-Ph : d 102.3), which is indi-
cative of the formation of dia-
stereomers with different tin
environments. Two sets of sig-
nals with different intensities
were also found in the 1H and
13C NMR spectra of 5, whereas
broad signals were obtained in
the case of the pyridine com-
plex 4 at ambient temperature.
At �50 8C two distinct sets of
signals were observed for both
complexes.


Complete assignment of the
two sets of signals to the iso-
mers 5 a (56% by 1H NMR in-
tegration at 25 8C) and 5 b
(44 %) was possible through a
combination of low tempera-
ture 2D NMR correlation tech-


niques (DQF-COSY, HMQC, NOESY). Most notably, the
NOESY spectrum shows a strong cross-peak for the major
isomer (5 a) between the boron-bound methyl group and the
Cp-proton adjacent to boron (Cp-H3), whereas a similar
peak is not observed for the minor isomer (5 b) (Figure 2).
Weak cross-peaks between the boron-bound methyl groups


and the unsubstituted Cp ring confirm the positions of the
methyl groups pointing toward the iron atom in both iso-
mers. Similarly, the ortho-protons of the phenyl group of the
major isomer show cross-peaks with one of the methyl
groups on tin and with the protons on the unsubstituted Cp
ring. Importantly, all observed NOESY cross-peaks are con-
sistent with the assignment of the major isomer as 5 a and of
the minor isomer as 5 b. The two sets of signals for the pyri-
dine complex 4 at �50 8C are readily assigned to the respec-
tive isomers 4 a and 4 b by comparison with the data for 5 a
and 5 b (Table 1).


Crystallization of 5 by slow solvent evaporation from a
CH2Cl2/pentanes mixture gave yellow single crystals in
nearly quantitative yield. Surprisingly, the X-ray structure
analysis showed that the minor isomer 5 b had formed
(Figure 3, Table 2). Packing effects are likely responsible for
the preferred crystallization of the minor isomer. Indeed,
when crystals of 5 b are redissolved in CDCl3, immediate
isomerization occurs yielding a 56:44 mixture of 5 a :5 b.


The observation of signal broadening in the room temper-
ature spectra of 4 and the apparent formation of a mixture
of 5 a and 5 b from isolated crystals of 5 b indicated facile
isomerization in solution.[28] To probe the mechanism of this
process we performed variable temperature 1H NMR studies
on 4 and 5 (Figure 4).


As shown in Figure 4, two sets of sharp signals corre-
sponding to the two isomers 4 a and 4 b are observed at low
temperature. All resonances gradually undergo coalescence
within the temperature range from �10 to +35 8C. The


Figure 2. Methyl/Cp-region of the NOESY spectrum of 5 (CDCl3; �50 8C); signals for the major isomer 5a are
indicated in bold font, those for the minor isomer 5 b are in italics.
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spectrum at 65 8C represents
the fast exchange limit as only
one set of sharp signals is ob-
served. By contrast, two sets of
sharp signals are observed for
the DMAP complex 5 at room
temperature and only some of
the signals undergo coalescence
within the temperature range
accessible in CDCl3 solution.
Isomerization of the DMAP
complex 5 thus occurs much
more slowly than in the case of
the pyridine complex 4. Ther-
modynamic data for the isomerization processes of 4 and 5
were determined by using standard line shape analysis tech-
niques (see Supporting Information).[29] A significantly
lower average energy barrier for the two isomers of 4 of
DG �


298 = 54.9�0.4 kJ mol�1 relative to those of 5 with DG �
298


= 70.3�0.1 kJ mol�1 was deduced from the corresponding
Eyring plots (Figure 5, Table 3).[30, 31] These results are con-


sistent with the seminal work by Brown and co-workers,
who showed that the binding strength of organoborane ad-
ducts with substituted pyridine derivatives strongly depends
on both electronic and steric factors.[32] A comparison with
thermodynamic data for the monofunctional ferrocenylbor-
ane [FcB(Ph)Me] and the respective complexes
[FcB(Ph)Me]·Py and [FcB(Ph)Me]·DMAP is instructive:
The barrier of rotation about the Cp�B bond for
[FcB(Ph)Me] was found to be comparatively low (DG �


rot was
estimated to be <40 kJ mol�1; cf. for FcB(Cl)Me DG �


rotð298Þ
= 46.6�0.3 kJ mol�1).[26] The activation energies for isomer-
ization of the complexes [FcB(Ph)Me]·Py (DG �


298 = 51.4�
0.8 kJ mol�1) and [FcB(Ph)Me]·DMAP (DG �


303 = 65.3�
1.5 kJ mol�1) on the other hand are higher than the rotation-
al barrier for [FcB(Ph)Me] and similar to the barriers deter-
mined for our bifunctional Lewis acid complexes 4 and 5


(Table 3). They also follow the same trend with a significant-
ly larger barrier for [FcB(Ph)Me]·DMAP than
[FcB(Ph)Me]·Py, which is consistent with bond dissociation
as the rate-limiting step.


Based on the above considerations we propose the iso-
merization mechanism shown in Scheme 2. Dissociation of
the pyridine ligand from boron is the rate limiting step as in-


Figure 3. Molecular structure of the minor isomer 5b with thermal ellip-
soids at the 50% probability level; hydrogen atoms are omitted for clari-
ty.


Figure 4. Variable temperature 1H NMR spectra for 4 (methyl and Cp
region).


Figure 5. Eyring plots for the isomerization kinetics of 4 (^) and 5 (*) in
CDCl3; the Cp (4) and NMe protons (5) were used as the probe and data
were averaged for the two isomers.


Table 3. Thermodynamic parameters of the isomerization of 4 and 5 in comparison with data of monofunc-
tional ferrocenylboranes.


DG �


298 [kJ mol�1][a] DH � [kJ mol�1][a] DS � [Jmol�1 K�1][a]


4 54.9�0.4 76.3�2.7 72�10
5 70.3�0.1 82.4�2.4 41�8
[FcB(Ph)Me]·Py 51.4�0.8 64.5�4.9 44�19
[FcB(Ph)Me]·DMAP 65.3�1.5[b]


[FcB(Ph)Me[c] %40[b]


[FcB(Cl)Me][c] 46.6�0.3 37.3�0.8 �31�4


[a] Data were obtained in CDCl3 (4, 5, and FcB(Ph)Me·DMAP) or CD2Cl2 (FcB(Ph)Me·Py, FcB(Ph)Me,
FcB(Cl)Me) through full VT NMR line shape analysis unless noted otherwise; data for 4 and 5 are averaged
for the two isomers. [b] Estimated based on the coalescence temperature method.[36] [c] Data correspond to ro-
tation about the B�C(Cp) bond.
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dicated by the significant difference in the measured activa-
tion energies DG � for the DMAP and the pyridine complex,
respectively, and further supported by the increase in entro-
py DS �. Dissociation is followed by rotation about the B�
C(Cp) bond, which despite the partial double-bond charac-
ter[33,34] in the free acid 1-Ph is fast in comparison to the dis-
sociation step. The pyridine molecule then reattaches to
boron from the exo-side of the ferrocene.[35] The slightly
larger relative amount of isomers 4 a and 5 a is likely due to
more favorable steric interactions of the phenyl group with
the organotin moiety in comparison to the methyl group.


Lewis acidity enhancement of the heteronuclear bidentate
Lewis acid 1-Cl : In order to probe the Lewis acidity en-
hancement[37] of the organoboron moiety in the bidentate
Lewis acid 1-Cl we compared the binding propensity with
that of the monofunctional Lewis acid [FcB(Cl)Me],[33]


which does not feature an adjacent Lewis acidic organotin
group. In a competition experiment we treated a 1:1 mixture
of 1-Cl and [FcB(Cl)Me] with one equivalent of pyridine in
CDCl3 and allowed the mixture to equilibrate over a period
of 24 h. The 119Sn and 1H NMR spectra confirm that the
adduct 2 and the free acid [FcB(Cl)Me] are the predomi-
nant species (ca. 88 %), whereas only small amounts (ca.
12 %) of 1-Cl and the adduct [FcB(Cl)Me]·Py are present
(Scheme 3).[38] Coordination of pyridine to the bidentate
Lewis acid 1-Cl is thus slightly more favorable than com-
plexation of the monodentate Lewis acid [FcB(Cl)Me].
When a similar competition experiment was performed with
1-Ph and [FcB(Ph)Me], almost equal amounts of the mono-
and bidentate Lewis acids were complexed with pyridine
(ratio of [FcB(Ph)Me]·Py:4 60:40). These results are consis-
tent with the observation discussed above that the activation
energies DG � for isomerization of 4 and 5 are quite similar
to those for [FcB(Ph)Me]·Py and [FcB(Ph)Me]·DMAP, re-
spectively. We conclude that Lewis acidity enhancement in
1-Cl is unique and to a large extent due to the intramolecu-
lar chloride bridge in 1-Cl.


Thermoreversible binding of a second pyridine donor to 1-
Cl : One of the key questions with regard to the binding of
nucleophiles to a heteronuclear bidentate Lewis acid is
whether both Lewis acidic groups are indeed readily accessi-


ble. In order to address this issue we decided to study the
reaction of 1-Cl with two equivalents of the pyridine donors.
The second pyridine molecule may either coordinate to the
Lewis acidic tin group or to boron thus replacing chloride
under formation of a boronium cation. Coordination of pyri-
dine to tin has, for example, been recently reported by
Gabba� and co-workers for a heteronuclear bifunctional
Lewis acid featuring tin and gallium atoms adjacent to each
other.[39] Formation of boronium cations from organoboron
halides on the other hand is a common process,[40] and we
indeed found that the monofunctional Lewis acid
[FcB(Cl)Me] readily forms a boronium cation with two
equivalents of pyridine (see vide infra). Surprisingly, coordi-
nation of a second pyridine molecule to 2 under formation
of a boronium cation 6 was not detected in CDCl3. Treat-
ment of 1-Cl with an excess of the more electron-rich base
DMAP on the other hand led to formation of a new species
7 as evident from a shift of the 11B NMR signal relative to
that of the 1:1 DMAP adduct 3 from d 8.4 to 3.3 and of the
119Sn NMR signal from d 57.2 to 100.9 (Scheme 4). Two sets


Scheme 2. Proposed isomerization pathway for 4 and 5.


Scheme 3. Competitive binding of pyridine to 1-Cl and [FcB(Cl)Me].
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of DMAP signals are observed in the 1H NMR spectrum of
7, because the two DMAP ligands at the tetrahedral boroni-
um moiety are diastereotopic. Integration of the DMAP sig-
nals relative to those of the ferrocene moiety further con-
firms that two molecules of DMAP are coordinated to 1-Cl.
Moreover, a characteristic shielding of the proton adjacent
to the boronium cation (Cp-H3, d 3.58) may be attributed to
the anisotropy effect of the DMAP ligands. The methyl
groups on tin, which are diastereotopic in 1-Cl and also in
the complexes 2 and 3, give rise to only one signal in the
pentacoordinate tin environment in 7.


To gain further insight into the structural features of spe-
cies 7 we performed an X-ray analysis on single crystals ob-
tained by recrystallization from hot chloroform. The X-ray
structure of 7 (Figure 6, Table 2) confirmed that not a bis-
adduct, but a novel zwitterionic species had formed. Coordi-
nation of both DMAP molecules to boron yielded a cationic
boronium moiety[41] and transfer of the chloride substituent
to tin led to formation of a pentacoordinate stannate
anion[42,43] (Scheme 4). While the chlorine atoms in species
1-Cl and 2 show only a weak interaction with the tin atom,
attack of a second molecule of DMAP apparently triggers
the transfer of the chloride substituent to tin.[44] Steric con-
gestion around tin results in rotation of the stannyl moiety
thereby providing maximum space for the two axial chloride
ligands. However, significant steric strain in the zwitterion 7
is still encountered as reflected in a strong upward tilt of the
stannyl group of 11.78 relative to the Cp plane as well as
strong distortions of the angles C(2)-C(1)-Sn(1) of 134.5(3)8
and C(5)-C(1)-Sn(1) of 117.0(3)8 between tin and the Cp
ring (undistorted angle: 1268).[45] The Sn–Cl(2) distance of
2.7827(12) � is significantly longer than that observed for
Sn–Cl(1) of 2.5549(13) �. Both bonds are elongated in com-
parison to the ones for 1-Cl and 2 (ca. 2.4 �), but much
shorter than the intramolecular distances between the
boron-bound chlorine and the tin atom in 1-Cl and 2 (ca.
3.1 �). The preference of chloride substituents for the axial
positions is well-documented in the literature and dissimilar
Sn–Cl distances have been reported for several other orga-
nostannate anions of type [R3SnCl2]


� , although this feature
is not observed in all cases.[46] A closely related system is
that of [tmpH2]


+[Me3SnCl2]
� with Sn–Cl distances of


2.454(2) and 3.043(3) � reported by Johnson and Nçth.[47]


The authors concluded that hydrogen-bonding interactions
between one of the axial chlorine substituents and the
[tmpH2]


+ counterion are likely responsible for the elonga-
tion of the Sn–Cl bond. Inspection of the extended solid
state structure of 7 indeed showed a short distance between
the chlorine atom Sn–Cl(2) and the deuterium atom of a
CDCl3 solvent molecule. The Cl···D distance of 2.420 � is
well below the sum of the van der Waals radii (3.0 �).


We found that the zwitterion formation upon coordina-
tion of a second molecule of DMAP to 3 is a reversible
process in CDCl3 solution, which is strongly temperature
and concentration dependent. Thermodynamic parameters
for the coordination of DMAP to 3 were obtained through
variable temperature 1H NMR spectroscopy. The results
from the van�t Hoff plot shown in Figure 7 confirm that the


binding of the second DMAP molecule is an exothermic
process with DHas =�75�15 kJ mol�1, while the negative
value of DSas =�170�50 J mol�1 K�1 is consistent with the
associative nature of the binding of a DMAP molecule to
boron (see Scheme 4).[48] Formation of a zwitterionic pyri-


Scheme 4. Reversible binding of a second pyridine donor.


Figure 6. Molecular structure of 7 with thermal ellipsoids at the 30 %
probability level. Cocrystallized solvent molecules (CDCl3) and hydrogen
atoms are omitted for clarity.


Figure 7. van�t Hoff plot for the equilibrium between 3 and 7.
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dine complex 6 analogous to 7 is unfavorable in CDCl3 as
pointed out above, but could be observed in neat [D5]pyri-
dine. The binding constant K298 = (1.7�0.4) � 10�1


m
�1 for


formation of 6 is several magnitudes smaller than that for 7
(K298 = (2.0�0.5) �104


m
�1), and even in neat pyridine com-


plex 6 dissociates into 2 and pyridine at RT (6 :2 62:38).[49]


Competition of external Lewis acids for the chloride ion in
7: The comparatively long Sn–Cl distances in the crystal
structure of 7 in combination with the surprisingly large
119Sn NMR shift of d 100.9 in solution suggested that the
chloride ion is relatively weakly bound to the organotin
moiety.[50] Indeed, the 119Sn NMR signal is only shifted
slightly upfield relative to the monofunctional species
[FcSnMe2Cl] (d 130), which does not display any Sn···Cl in-
teractions. Treatment of 7 with an equimolar amount of the
stronger Lewis acid Me2SnCl2 in CDCl3 resulted in chloride
abstraction under formation of the salt [1,2-fc(BMe(dmap)2)-
(SnMe2Cl)]+[Me2SnCl3]


� (8) (Scheme 5). Formation of the
stannate anion [Me2SnCl3]


� was evident from a signal at
�106.8 ppm in the 119Sn NMR spectrum, which is in a simi-
lar region as reported previously in the literature for the salt
[Ph4P]+[Me2SnCl3]


� .[51] A second resonance at a chemical
shift of d(119Sn)= 128.8 is assigned to the “decomplexed”
boronium cation [1,2-fc(BMe(dmap)2)(SnMe2Cl)]+ . The
coupling constant for the Sn-Me group J(119Sn,H)= 58 Hz is
slightly lower than that found for 7 (J(119Sn,H) =61 Hz),
which is consistent with decomplexation of the tin atom.


The relative Lewis acidity of the tin atom in the boronium
cation [1,2-fc(BMe(dmap)2)(SnMe2Cl)]+ can be assessed
through a competition experiment with the related mono-
functional Lewis acid [FcSnMe2Cl] (Scheme 5). An equimo-
lar amount of [FcSnMe2Cl] was added to a solution of 7,
and the resulting mixture was studied by multinuclear NMR
spectroscopy. As in the case of Me2SnCl2 addition, two dif-
ferent signals are observed in the 119Sn NMR spectrum, one
at d(119Sn)= 27 (broad) and another at d(119Sn)=120
(sharp). However, none of the signals correlates with the
119Sn NMR shifts for either 7 (d(119Sn)= 100.9), 8 (d(119Sn)=


128.8), or FcSnMe2Cl (d(119Sn)= 130). This indicates that the
external Lewis acid FcSnMe2Cl does compete with 7 for the


chloride ion, though less effectively than Me2SnCl2. The fast
dynamics of complexation apparently results in an averaged
chemical shift of d(119Sn)=27, which is between the limits of
d(119Sn)= 130 for free FcSnMe2Cl and of about d(119Sn)=


�73 for the fully complexed stannate [FcSnMe2Cl2]
� . The


latter was determined by extrapolation from a titration
study with [Ph4P]Cl (Figure 8). Correlation of the chemical


shift with the amount of chloride available, using the bind-
ing curve in Figure 8, indicates that about 0.7 equivalents of
chloride from 7 are available for coordination to


[FcSnMe2Cl]. The second signal
in the 119Sn spectrum at d-
(119Sn) =120 may be interpreted
as an averaged signal for the
zwitterion 7 (d(119Sn)= 100.9
with 1 equiv chloride) and the
decomplexed species [1,2-fc-
(BMe(dmap)2)(SnMe2Cl)]+ (d-
(119Sn) =128.8). Thus only a
small fraction of the chloride
produced through boronium
cation formation still contrib-
utes to the binding in 7. These
results clearly show that
[FcSnMe2Cl] is indeed a stron-
ger Lewis acid toward chloride


than the organotin moiety in the boronium cation [1,2-fc-
(BMe(dmap)2)(SnMe2Cl)]+ .


Comparison with monofunctional Lewis acids : To directly
assess the consequences of the arrangement with a tin and a
boron atom adjacent to each other in 1-Cl on the ability to
form boronium stannate complexes, we also compared our
results with the binding of DMAP to the respective mono-
functional Lewis acids [FcSnMe2Cl] and [FcB(Cl)Me]
(Scheme 6). Mixing of a solution of [FcB(Cl)Me] with two
equivalents of DMAP resulted in facile formation of
[FcBMe(dmap)2]Cl. The boronium cation was confirmed by
the observed upfield shift in the 11B NMR spectrum to d 3.3,


Scheme 5. Chloride abstraction from 7 with Me2SnCl2 and [FcSnMe2Cl].


Figure 8. Titration of [FcSnMe2Cl] with [PPh4]Cl in CDCl3 at ca. 0.02 m


concentration. a) [FcSnMe2Cl]+7, b) [FcSnMe2Cl]+[FcBMe(dmap)2]Cl,
c) [FcSnMe2Cl]+[PPh4]Cl.
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which correlates well with that for 7 (d 3.3). Moreover, a
characteristic shielding of the protons in 2,5-position of the
substituted Cp ring (d 3.82) results from the presence of two
DMAP ligands attached to boron, an effect that was also
observed for 7. However, in contrast to the dynamic equili-
brium between 3 and 7 described above, full complexation
under formation of [FcBMe(dmap)2]Cl was observed in
CDCl3 without any evidence of dissociation into free
DMAP and the mono-adduct [FcB(Cl)Me]·DMAP even at
elevated temperature.


To the resulting solution was added one equivalent of the
“external” Lewis acid FcSnMe2Cl, and the mixture was stud-
ied by multinuclear NMR spectroscopy. Most notably, a
strong upfield shift was observed in the 119Sn NMR spectrum
(d(119Sn) =8.6) relative to the free Lewis acid FcSnMe2Cl (d-
(119Sn) =130). Again, the fast dynamics of complexation
result in an averaged chemical shift between the limits of (d-
(119Sn) =130 for free FcSnMe2Cl and of ca. (d(119Sn) �73
for the fully complexed species [FcSnMe2Cl2]


� . A high
degree of chloride complexation to FcSnMe2Cl is evident
from the large upfield shift (Dd(119Sn) =121 ppm) of the
119Sn NMR signal relative to the free acid FcSnMe2Cl.


Correlation of the 119Sn NMR shift with the degree of
chloride binding using the titration curve in Figure 8 con-
firms that chloride binding in the intermolecular complex
[FcBMe(dmap)2]


+[FcSnMe2Cl2]
� is of the same magnitude


as found for the phosphonium chloride complex [PPh4]
+


[FcSnMe2Cl2]
� . This stands in sharp contrast to the strongly


diminished affinity of 7 for chloride ion binding. The latter
is most likely due to severe steric strain as apparent from
the crystal structure of 7.


Summary and Conclusions


We have shown that intermolecular coordination of neutral
monodentate donors such as pyridine to the bidentate Lewis
acid 1-Cl occurs regio- and stereoselectively at boron there-
by compensating for the Fe–B interaction observed in the
free acid 1-Cl. The stannyl group not only enhances the
Lewis acidity of 1-Cl through a chloride bridge to boron,
but also is responsible for the diastereoselectivity of the
binding process. In the absence of such an intramolecular
chloride interaction, two diastereomers are formed as shown


for the complexation of 1-Ph with pyridine and DMAP, re-
spectively.


Binding of a second pyridine donor also occurs at boron
rather than tin. This thermally reversible process involves
the transfer of the chlorine substituent from boron to tin
with generation of an unusual zwitterionic boronium–stan-
nate complex. Zwitterion formation is favorable in the case
of the strong base DMAP, but dissolution of 1-Cl in neat
pyridine is required in order to form a significant amount of
a boronium species. While the presence of the organotin
moiety enhances the Lewis acidity of boron in 1-Cl towards
binding of pyridine, severe steric crowding leads to diminish-
ed Lewis acidity of the tin atom itself, which only weakly co-
ordinates chloride ions. Thus chloride binding in the inter-
molecular boronium-stannate complex [Fc(BMe(dmap)2)]+


[FcSnMe2Cl2]
� is stronger than in the boronium-stannate


zwitterion 7.
In conclusion, our results clearly show that adjacent Lewis


acid groups may act in a cooperative fashion even in the
binding of monofunctional nucleophiles. The mutual interac-
tions between Lewis acid groups attached to the same Cp
ring in ferrocenes in particular are intriguing due to the pos-
sibility for stereoselective binding processes. Both bridging
interactions and steric effects have to be taken into consid-
eration when assessing the affinity of the individual Lewis
acid groups for binding of nucleophiles.


Experimental Section


Materials and general methods : BCl3 (1 m in hexanes), pyridine (anhy-
drous grade), 4-dimethylaminopyridine (DMAP), and [PPh4]Cl were pur-
chased from Acros; PhBCl2 and [D5]pyridine were obtained from Al-
drich; Me3SnCl from Strem Chemicals; and CDCl3 (>99.7 %) from Cam-
bridge Isotope Laboratories (CIL). The deuterated solvents were de-
gassed via several freeze-pump-thaw cycles and stored over 3 � molecu-
lar sieves. PhBCl2 was distilled under vacuum prior to use, [PPh4]Cl was
carefully dried under high vacuum at 150 8C, and all other chemicals
were used as received. The compounds 1,2-fc(SnMe2Cl)(BClMe),[13] 1,2-
fc(SnMe2Cl)(BMePh),[13] FcB(Cl)Me,[33] FcB(Cl)Ph,[33] and FcSnMe2Cl[52]


were prepared according to literature procedures. All reactions and ma-
nipulations were carried out under an atmosphere of prepurified nitrogen
by using either Schlenk techniques or an inert-atmosphere glove box (In-
novative Technologies). Ether solvents were distilled from Na/benzophe-
none prior to use. Hydrocarbon and chlorinated solvents were purified
by using a solvent purification system (Innovative Technologies; alumina/


Scheme 6. Formation of an intermolecular boronium–stannate complex (R = H, NMe2).
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copper columns for hydrocarbon solvents) and the chlorinated solvents
were subsequently degassed via several freeze-pump-thaw cycles.


All 499.9 MHz 1H NMR, 125.7 MHz 13C NMR, 186.4 MHz 119Sn NMR,
and 160.3 11B NMR spectra were recorded on a Varian INOVA NMR
spectrometer (Varian Inc., Palo Alto, CA) equipped with a 5 mm dual
broadband gradient probe (Nalorac, Varian Inc., Martinez, CA). The
400 MHz 1H NMR spectra and 100.5 MHz 13C NMR spectra were record-
ed on a Varian VXR-S spectrometer. Two-dimensional NMR spectra
were acquired on the Varian INOVA NMR spectrometer. All solution
1H and 13C NMR spectra were referenced internally to the solvent sig-
nals. 119Sn and 11B NMR spectra were referenced externally to SnMe4


(d=0) and BF3·Et2O (d= 0) in C6D6, respectively.


2D Proton correlation spectroscopy, COSY,[53] proton NOE spectroscopy,
NOESY,[54] and one bond proton–carbon correlation spectroscopy,
HMQC,[55] measurements were recorded in the absolute value mode
(COSY) or the phase sensitive mode (NOESY, HMQC) by employing
the TPPI improvement[56] of the States-Haberkorn-Ruben hypercomplex
method.[57] Selection of desirable coherences and artifact suppression
were accomplished by z gradients (COSY, echo N-type coherence selec-
tion[58]), or phase cycles of 32 (NOESY) or 16 (HMQC) steps. The
NOESY data set was acquired by using a 500 ms mixing time. The
HMQC pulse sequence included the BIRD filter to suppress signals from
C12-attached protons[59] and C13-decoupling during proton acquisition,
using a 3.6 kHz field strength and the GARP decoupling scheme.[60] Typi-
cally, 256 t1 increments of 2 K complex data points over 5.5 kHz (proton)
and 22.5 kHz (carbon) spectral widths were collected with 1 (COSY), 32
(NOESY) or 16 (HMQC) scans per t1 increment, preceded by 16 or 32
dummy scans, and a relaxation delay of 2 s. Baseline distortion was ad-
dressed by properly adjusting the sampling delay and the signal phase.[61]


Data sets were processed on a Sun Blade 100 workstation (Sun Microsys-
tems Inc., Palo Alto, CA) by using the VNMR software package (Varian
Inc., Palo Alto, CA). In order to decrease t1 ridges arising from incorrect
treatment of the first data point in the discrete Fourier transform (FT) al-
gorithm, the spectrum corresponding to the first t1 value was divided by
2 prior to FT along t1.[62] Shifted (COSY) or unshifted (NOESY, HMQC)
Gaussian window functions were used in both dimensions. Data sets were
zero-filled in the t1 dimension yielding 1 K� 1 K final matrices that have
not been symmetrized. NMR signals; pst: pseudo-triplet, dpst: doublet of
pseudo-triplet, nr: not resolved.


UV/Vis absorption data were acquired on a Varian Cary 500 UV/Vis-
NIR spectrophotometer. Solutions (10�3 and 10�4


m) were prepared using
a microbalance (�0.1 mg) and volumetric glassware and then charged
into quartz cuvettes with sealing screw caps (Starna) inside the glove
box. Elemental analyses were performed by Quantitative Technologies
Inc. Whitehouse, NJ.


Treatment of 1-Cl with 1 equiv of pyridine—Synthesis of 2 : Neat pyridine
(60 mg, 0.76 mmol) was added dropwise to solution of 1-Cl (300 mg,
0.70 mmol) in chloroform (2 mL). Pentanes (6 mL) were added and the
reaction mixture was kept at �37 8C overnight. The yellow crystals
formed overnight were washed successively with a mixture of pentanes
and chloroform (2:1) and dried under high vacuum overnight to yield
adduct 2 (180 mg, 51%). 1H NMR (400 MHz, CDCl3, 20 8C): d =8.65 (d,
J =6.8 Hz, 2H, Py-Ho), 8.00 (t, J =7.8 Hz, 1 H, Py-Hp), 7.57 (pst, J=


7.2 Hz, 2 H, Py-Hm), 4.78 (dd/ddd, J =1.2 Hz, 2.4 Hz, J(117/119Sn,H)=


12.8 Hz, 1 H, Cp-H5), 4.55 (pst/dpst, J=2.4 Hz, J(117/119Sn,H) =8.8 Hz,
1H, Cp-H4), 4.37 (dd/ddd, J= 1.2 Hz, 2.4 Hz, J(117/119Sn,H) =14.0 Hz, 1H,
Cp-H3), 4.27 (s, 5 H, Cp), 1.02 (s/d, J(117/119Sn,H)=65/68 Hz, 3H, Sn-Me),
0.70 (s, 3H, B-Me), 0.06 (s/d, J(117/119Sn,H)=59/62 Hz, 3H, Sn-Me);
13C NMR (100.5 MHz, CDCl3, 20 8C): d =145.3 (Py-Co), 141.4 (Py-Cp),
125.3 (Py-Cm), 90.0 (br, ipso-CpB), 77.1 (s/d, J(117/119Sn, C)=704/736 Hz,
ipso-CpSn), 77.0 (overlapping, Cp-C5), 76.2 (s/d, J(117/119Sn, C)=65 Hz,
Cp-C4), 73.1 (s/d, J(117/119Sn, C)=57 Hz, Cp-C3), 69.2 (Cp), 12.1 (br, B-
Me), 4.5 (s/d, J(117/119Sn, C)=476/502 Hz, Sn-Me), 2.5 (s/d, J(117/119Sn, C)=


405/425 Hz, Sn-Me); 11B NMR (128.3 MHz, CDCl3, 20 8C): d =9.5 (w1=2
=


400 Hz); 119Sn NMR (149.1 MHz, CDCl3, 20 8C): d=68.8; UV/Vis
(CH2Cl2): lmax (e) = 442 (190), 312 nm (sh, 310); elemental analysis calcd
(%) for: C 42.42, H 4.55, N 2.75; found C 42.44, H 4.27, N 2.60.


Treatment of 1-Cl with 1 equiv of DMAP—Synthesis of 3 : Neat 4-dime-
thylaminopyridine (DMAP) (14.2 mg, 0.116 mmol) was added to a so-
lution of 1-Cl (50 mg, 0.116 mmol) in chloroform (3 mL). The reaction
mixture was layered with pentanes (3 mL) and left to stand overnight at
room temperature. The yellow crystals formed overnight were washed
successively with a mixture of pentanes and chloroform (2:1) and dried
under high vacuum overnight to yield adduct 3 (30 mg, 47%). 1H NMR
(400 MHz, CDCl3, 20 8C): d =7.97 (d, J =7.6 Hz, 2H, DMAP-Ho), 6.46
(d, J= 7.6 Hz, 2H, DMAP-Hm), 4.72 (dd/ddd, J=1.2 Hz, 2.4 Hz, J(117/


119Sn,H)=13 Hz, 1H, Cp-H5), 4.49 (pst/dpst, J =2.4 Hz, J(117/119Sn,H)=


9 Hz, 1 H, Cp-H4), 4.26 (dd/ddd, J=1.2 Hz, 2.4 Hz, J(117/119Sn,H)=14 Hz,
1H, Cp-H3), 4.25 (s, 5 H, Cp), 3.11 (s, 6 H, NMe2), 1.01 (s/d, J(117/


119Sn,H)=68 Hz, 3H, Sn-Me), 0.63 (s, 3 H, B-Me), 0.23 (s/d, J(117/


119Sn,H)=61 Hz, 3 H, Sn-Me); 13C NMR (125.7 MHz, CDCl3, 20 8C): d=


155.3 (DMAP-Co), 143.9 (DMAP-Cp), 105.8 (DMAP-Cm), 91.0 (br, ipso-
CpB), 77.3 (s/d, J(117/119Sn, C)=690/722 Hz, ipso-CpSn), 76.2 (s/d, J(117/


119Sn, C)=72 Hz, Cp-C5), 72.5 (s/d, J(117/119Sn, C)=59 Hz, Cp-C3), 75.5
(s/d, J(117/119Sn, C)= 67 Hz, Cp-C4), 68.8 (Cp), 39.5 (N-Me), 11.1 (br, B-
Me), 4.6 (s/d, J(117/119Sn, C)=483/506 Hz, Sn-Me), 3.0 (s/d, J(117/119Sn, C)=


413/431 Hz, Sn-Me); 11B NMR (128.3 MHz, CDCl3, 20 8C): d =8.4 (w1=2
=


400 Hz); 119Sn NMR (149.1 MHz, CDCl3, 20 8C): d=57.2; UV/Vis
(CH2Cl2): lmax (e) =448 (290), 339 nm (sh, 550 L mol�1 cm�1); elemental
analysis calcd (%) for: C 43.54, H 4.93, N 5.08; found C 43.34, H 4.79, N
4.88.


Treatment of 1-Ph with 1 equiv of pyridine—Synthesis of 4 : Neat pyri-
dine (16.7 mg, 0.212 mmol) was added to a solution of 1-Ph (100 mg,
0.212 mmol) in CH2Cl2 (2 mL) via syringe. Pentanes (1 mL) were added
and the reaction mixture was kept at �36 8C for 2 d. Light yellow crystals
(102 mg, 87 %) of the desired complex were obtained and dried under
vacuum for several hours. For 4a (major isomer, ca. 60% at �50 8C):
1H NMR (500 MHz, CDCl3, �50 8C): d=8.30–8.29 (overlapping, 2H, Py-
Ho), 8.01–7.96 (overlapping, 1H, Py-Hp), 7.52 (pst, J= 7 Hz, 2H, Py-Hm),
7.19–7.29 (m, 3H, Ph-Hp, Ph-Hm), 7.04 (d, 2H, J =7.0 Hz, Ph-Ho), 4.71
(nr, 1 H, Cp-H5), 4.54 (nr, 1 H, Cp-H4), 4.25 (nr, 1 H, Cp-H3), 4.19 (s,
5H, Cp), 0.68 (s, 3 H, B-Me), 0.40 (s/d, J(117/119Sn,H) =57 Hz, 3 H, Sn-
Me), 0.02 (s/d, J(117/119Sn,H)=63 Hz, 3 H, Sn-Me); 119Sn NMR
(186.4 MHz, CDCl3, �50 8C): d = 119.3; for 4b (minor isomer, ca. 40%):
1H NMR (500 MHz, CDCl3, �50 8C): d=8.30–8.29 (nr, 2H, Py-Ho), 8.01–
7.96 (nr, 1 H, Py-Hp), 7.50 (pst, J=7 Hz, 2H, Py-Hm), 7.29–7.19 (m, 3 H,
Ph-Hp, Ph-Hm), 7.16 (d, 2H, J =7.0 Hz, Ph-Ho), 4.50 (nr, 1H, Cp-H5),
4.44 (nr, 1 H, Cp-H4), 4.00 (s, 5 H, Cp), 3.91 (nr, 1H, Cp-H3), 0.90 (s/d,
J(117/119Sn,H)=58 Hz, 3 H, Sn-Me), 0.63 (s, 3H, B-Me), 0.44 (s/d, J(117/


119Sn,H)=58 Hz, 3H, Sn-Me); 119Sn NMR (186.4 MHz, CDCl3, �50 8C):
d = 135.9.


For 4a/4b (fast exchange limit): 1H NMR (500 MHz, CDCl3, 55 8C): d=


8.46 (br, 2 H, Py-Ho), 7.88 (t, J =7.0 Hz, 1H, Py-Hp), 7.43 (br, 2 H, Py-
Hm), 7.69–7.22 (m, 5 H, Ph-Ho,m,p), 4.67 (br, 1H, Cp-H5), 4.58 (br, 1 H,
Cp-H4), 4.19 (br, 1 H, Cp-H3), 4.11 (s, 5 H, Cp), 0.79 (s, 3H, B-Me), 0.47
(s/d, J(117/119Sn,H)=59 Hz, 6 H, Sn-Me); 13C NMR (125.7 MHz, CDCl3,
60 8C): d = 147.2 (Py-Co), 139.5 (Py-Cp), 132.8 (Ph-Co), 127.9 (Ph-Cm),
126.2 (Ph-Cp), 124.9 (Py-Cm), 78.3, 77.4 (Cp-C3,5), 74.8 (ipso-CpSn), 72.8
(Cp-C4), 68.8 (C5H5), 12.7 (br, B-Me), 2.7 (nr, Sn-Me), 1.01 (nr, Sn-Me),
not observed ipso-CpB, ipso-PhB; 11B NMR (160.3 MHz, CDCl3, 55 8C):
d = 6.6 (w1=2


=450 Hz); 11B NMR (160.3 MHz, CDCl3, �50 8C): d =1.0
(w1=2


= 830 Hz); 119Sn NMR (186.4 MHz, CDCl3, 55 8C): d=121.4; elemen-
tal analysis calcd (%) for 4 : C 52.38, H 4.95, N 2.54; found C 51.40, H
4.57, N 2.40.


Treatment of 1-Ph with 1 equiv of DMAP—Synthesis of 5 : DMAP
(13.0 mg, 0.106 mmol) was added to (50 mg, 0.106 mmol) of 1-Ph in
CH2Cl2 (1 mL) and pentanes (1 mL). Yellow crystals (61 mg, 97 %) were
obtained upon slow evaporation of the solvents and found by X-ray crys-
tallography to correspond to the minor isomer 5b ; however, fast equili-
bration occurred in solution. For 5a (major isomer ca. 56 % at +25 8C):
1H NMR (500 MHz, CDCl3, 25 8C): d =7.84 (d, J=7 Hz, 2 H, DMAP-
Ho), 7.25–7.17 (m, 3 H, Ph-Hp, Ph-Hm), 7.10 (d, J =7.0 Hz, 2H, Ph-Ho),
6.45 (d, 2 H, J=7 Hz, DMAP-Hm), 4.67 (nr, 1 H, Cp-H5), 4.46 (nr, 1H,
Cp-H4), 4.17 (s, 5H, Cp), 4.12 (nr, 1H, Cp-H3), 3.09 (s, 6 H, NMe2), 0.59
(s, 3 H, B-Me), 0.42 (s/d, J(117/119Sn,H)=62 Hz, 3 H, Sn-Me), 0.25 (s/d,
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J(117/119Sn,H)=56 Hz, 3H, Sn-Me); 13C NMR (125.7 MHz, CDCl3,
�50 8C): d=158.5 (Ph-Ci), 154.7 (overlapping, DMAP-CP), 145.3 (over-
lapping, DMAP-Co), 132.9 (Ph-Co), 128.6 (Ph-Cm), 126.3 (Ph-Cp), 106.2
(overlapping, DMAP-Cm), 98.5 (br, ipso-CpB), 76.7 (s/d, J(117/119Sn,C)=


73 Hz, Cp-C5), 76.5 (s/d, J(117/119Sn, C) =67 Hz, Cp-C3), 75.4 (s/d, J(117/


119Sn,C)=615/641 Hz, ipso-CpSn), 72.3 (s/d, J(117/119Sn,C)=54 Hz, Cp-
C4), 68.8 (s, Cp), 40.2 (overlapping, N-Me), 11.8 (br, B-Me), 4.2 (nr, Sn-
Me), 1.1 (s/d, J(117/119Sn,C)=416/423 Hz, Sn-Me); 119Sn NMR (186.4 MHz,
CDCl3, 25 8C): d = 121.0; 119Sn NMR (186.4 MHz, CDCl3, 60 8C): d =


120.9; 119Sn NMR (186.4 MHz, CDCl3, �50 8C): d = 122.1. For 5b
(minor isomer ca. 44 %): 1H NMR (500 MHz, CDCl3, 25 8C): d= 7.78 (d,
J =7 Hz, 2 H, DMAP-Ho), 7.17–7.25 (m, 3 H, Ph-Hp, Ph-Hm), 7.15 (d, J=


7 Hz, 2H, Ph-Ho), 6.41 (d, 2 H, J=7 Hz, DMAP-Hm), 4.51 (nr, 1H, Cp-
H5), 4.39 (nr, 1 H, Cp-H4), 4.01 (s, 5H, Cp), 3.87 (nr, 1 H, Cp-H3), 3.06
(s, 6H, NMe2), 0.89 (s/d, J(117/119Sn,H) =56 Hz, 3H, Sn-Me), 0.55 (s, 3 H,
B-Me), 0.30 (s/d, J(117/119Sn,H)=58 Hz, 3 H, Sn-Me); 13C NMR
(125.7 MHz, CDCl3, �50 8C): d= 157.5 (Ph-Ci), 154.7 (overlapping,
DMAP-CP), 145.3 (overlapping, DMAP-Co), 132.5 (Ph-Co), 127.0 (Ph-
Cm), 124.8 (Ph-Cp), 106.2 (overlapping, DMAP-Cm), 96.9 (br, ipso-CpB),
78.9 (s/d, J(117/119Sn,C)=75 Hz, Cp-C5), 76.0 (s/d, J(117/119Sn,C)=70 Hz,
Cp-C3), 74.0 (s/d, J(117/119Sn,C) =n.d., ipso-CpSn), 71.9 (s/d,
J(117/119Sn,C)=56 Hz, C4), 68.7 (s, Cp), 40.2 (overlapping, N-Me), 12.7
(br, B-Me), 2.7 (nr, Sn-Me), 2.1 (nr, Sn-Me); 119Sn NMR (186.4 MHz,
CDCl3, 25 8C): d= 131.0; 119Sn NMR (186.4 MHz, CDCl3, 60 8C): d=


128.5; 119Sn NMR (186.4 MHz, CDCl3, �55 8C): d=137.9.


For 5 a/5b : 11B NMR (160.3 MHz, CDCl3, 25 8C): d=�1.6 (w1=2
=


1120 Hz).


Treatment of 1-Cl with excess of pyridine—Synthesis of 6 : Compound 1-
Cl (5.3 mg, 12 mmol) was dissolved in [D5]pyridine (1.0 g) yielding an
equilibrium mixture of species 6 and 2 (ca. 62:38 at 30 8C according to
1H NMR spectroscopy). For 6 : 1H NMR (400 MHz, [D5]pyridine, 30 8C):
d=5.15 (dd/ddd, J=1.2 Hz, 2.4 Hz, Cp-H5), 4.55 (pst/dpst, J =2.4 Hz,
1H, Cp-H4), 4.53 (s, 5 H, Cp), 3.44 (dd/ddd, J=1.2 Hz, 2.4 Hz, 1H, Cp-
H3), 1.57 (s, 3 H, B-Me), 1.36 (s/d, J(117/119Sn,H) =73/76 Hz, 6 H, Sn-Me);
119Sn NMR (149.1 MHz, [D5]pyridine, 30 8C): d=61.6 (12 mm); 11B NMR
(160.3 MHz, CDCl3, 30 8C): d=3.9 (w1=2


=720 Hz); compare to 2 in
[D5]pyridine: 1H NMR (400 MHz, [D5]pyridine, 30 8C): d =5.10 (dd/ddd,
J =1.2 Hz, 2.4 Hz, 1H, Cp-H5), 4.64 (pst/dpst, J =2.4 Hz, 1 H, Cp-H4),
4.52 (dd/ddd, J =1.2 Hz, 2.4 Hz, 1H, Cp-H3), 4.43 (s, 5 H, Cp), 0.91 (s,
3H, B-Me), 0.8 (very broad, 6 H, Sn-Me).


Orange crystals of species 6 were isolated from a hot solution of 1-Cl
(50 mg, 0.12 mmol) in pyridine (5 mL). The crystals of 6 thus obtained
contain 2.5 molar equivalents of pyridine according to 1H NMR spectro-
scopy (dissolution in CDCl3 yielded one molar equivalent of 2 and 1.5
molar equivalents of free pyridine) and elemental analysis: calcd (%) for
6·0.5 pyridine: C 48.82, H 4.74, N 5.58; found: C 48.97, H 4.64, N 6.08.


Treatment of 1-Cl with 2 equiv of DMAP—Synthesis of 7: Neat DMAP
(85.3 mg, 0.698 mmol) was added to a solution of 1-Cl (100 mg,
0.233 mmol) in chloroform (3 mL). The reaction mixture was layered
with pentanes (3 mL) and left to stand overnight at room temperature.
The yellow crystals formed were successively washed with a mixture of
pentanes and chloroform (2:1) and dried under high vacuum overnight to
yield yellow crystals of 7·1.5 CHCl3 (130 mg, 65%). X-ray quality crystals
were obtained by recrystallization from chloroform. 1H NMR (500 MHz,
CDCl3, 30 8C): d=7.79, 7.69 (2 � d, 2 � 2H, J =7.5 Hz, DMAP-Ho), 6.92,
6.69 (2 � d, 2 � 2H, J =7.5 Hz, DMAP-Hm), 4.51 (dd/ddd, J =1.2 Hz,
2.4 Hz, J(117/119Sn,H) =14 Hz, 1 H, Cp-H5), 4.47 (pst/dpst, J=2.4 Hz, J(117/


119Sn,H)=7.2 Hz, 1H, Cp-H4), 4.08 (s, 5 H, Cp), 3.58 (dd/ddd, J =1.2 Hz,
2.4 Hz, J(117/119Sn,H)= 12 Hz, 1H, Cp-H3), 3.27, 3.17 (2 � s, 2� 6H,
NMe2), 0.79 (s, 3H, B-Me), 0.70 (s/d, J(117/119Sn,H)=59/61 Hz, 6H, Sn-
Me); 13C NMR (125.7 MHz, CDCl3, 20 8C): d=155.7, 155.6 (DMAP-Co),
144.0, 142.9 (DMAP-Cp), 107.3, 107.0 (DMAP-Cm), 91.0 (br, ipso-CpB),
77.6 (s/d, J(117/119Sn,C)=73.0, Cp-C5), 76.9 (s/d, J(117/119Sn,C)=n.d., ipso-
CpSn), 74.8 (s/d, J(117/119Sn,C)= 65.0 Hz, Cp-C4), 71.8 (s/d, J(117/119Sn,C)=


56.0 Hz, Cp-C3), 68.5 (Cp), 40.0 (NMe2), 39.9 (NMe2), 10.7 (br, B-Me),
2.9 (s/d, J(117/119Sn,C) =428/447 Hz, Sn-Me); 11B NMR (128.3 MHz,
CDCl3, 20 8C): d=3.3 (w1=2


=400 Hz); 119Sn NMR (149.1 MHz, CDCl3,
20 8C): d =100.9 (20 mm); UV/Vis (CH2Cl2): lmax (e) = 448 (160), 333 nm


(sh, 560 L mol�1 cm�1); elemental analysis calcd (%) for 7·1.5CHCl3: C
40.13, H 4.55, N 6.57; found: C 40.13, H 4.38, N 6.45.


General procedure for NMR binding studies : Stock solutions of 1-Cl, 1-
Ph, FcB(Cl)Me, FcB(Ph)Me, FcSnMe2Cl, pyridine, and DMAP were pre-
pared by dissolving substrates in a sufficient amount of CDCl3. Exact
quantities for each particular experiment are listed below.


Competitive binding of pyridine to 1-Cl and FcB(Cl)Me : A stock so-
lution of pyridine (24 mmol) in CDCl3 was slowly added to a mixture of
FcB(Cl)Me (24 mmol) and 1-Cl (24 mmol) in CDCl3 (1.5 g). The mixture
was allowed to equilibrate over a period of 24 h and subsequently studied
by 1H and 11B NMR spectroscopy. Integration of the 1H NMR signals re-
vealed product ratios of 1-Cl (12 %), 2 (88 %), FcB(Cl)Me (88 %), and
FcB(Cl)Me·Py (12 %) for the resulting mixture. Note that since the mode
of addition has some influence on the initially observed ratios, the system
was equilibrated for an adequate period of time.


Competitive binding of pyridine to 1-Ph and FcB(Ph)Me : The pyridine
complex FcB(Ph)Me·Py (4.2 mg, 11 mmol) and 1-Ph (5.0 mg, 11 mmol)
were dissolved in CDCl3 (0.7 mL). The mixture was allowed to equili-
brate over a period of 24 h and subsequently studied by low temperature
1H NMR spectroscopy. Integration of the 1H NMR signals at �50 8C re-
vealed product ratios of 1-Ph (40 %), 4 (60 %), FcB(Ph)Me (60 %), and
FcB(Ph)Me·Py (40 %) for the resulting mixture.


Treatment of 7 with 1 equiv Me2SnCl2 : Me2SnCl2 (5.1 mg, 23 mmol) was
added to 7 (31 mg, 23 mmol) in CDCl3 (1.57 g). The resulting mixture was
studied by multinuclear NMR spectroscopy. For 8 : 1H NMR (500 MHz,
CDCl3, 25 8C): d =7.80, 7.63 (2 � d, 2� 2 H, J=8.0, 7.5 Hz, DMAP-Ho),
6.88, 6.64 (2 � d, 2 � 2H, J= 7.5, 8.0 Hz, DMAP-Hm), 4.52 (pst/dpst, J =


2.5 Hz, J(117/119Sn,H)=8.0 Hz, 1H, Cp-H4), 4.50 (dd/ddd, J =1.0 Hz,
2.2 Hz, J(117/119Sn,H) =14.0 Hz, 1 H, Cp-H5), 4.07 (s, 5H, Cp), 3.62 (dd/
ddd, J =1.0 Hz, 2.0 Hz, J(117/119Sn,H) =12.5 Hz, 1H, Cp-H3), 3.25, 3.17
(2 � s, 2� 6 H, NMe2), 1.29 (s/d, J(117/119Sn,H) =86/89 Hz, 6H, Sn-Me), 0.78
(s, 3 H, B-Me), 0.70 (s/d, J(117/119Sn,H)=55/58 Hz, 6 H, FcSn-Me);
13C NMR (125.7 MHz, CDCl3, 25 8C): d=156.2, 156.1 (DMAP-Cp), 144.1,
143.3 (DMAP-Co), 107.7, 107.5 (DMAP-Cm), 91.6 (br, ipso-CpB), 77.8 (s/
d, J(117/119Sn,C) =79 Hz, Cp-C5), 75.9 (s/d, J(117/119Sn,C)=63 Hz Cp-C3),
74.2 (nr, ipso-CpSn), 72.7 (s/d, J(117/119Sn,Cp-C4)= 57 Hz, Cp-C4), 68.8
(Cp), 40.3, 40.2 (NMe2), 18.4 (s/d, J(117/119Sn,C)=686/719 Hz, Sn-Me),
10.9 (br, B-Me), 1.2 (s/d, J(117/119Sn,C) =388/405 Hz, FcSn-Me); 11B NMR
(128.3 MHz, CDCl3, 25 8C): d=3.3 (w1=2


=640 Hz); 119Sn NMR
(149.1 MHz, CDCl3, 25 8C): d=128.8, �106.8 (21 mm).


Treatment of 7 with 1 equiv FcSnMe2Cl : A solution of DMAP (6.4 mg,
52 mmol) in CDCl3 (0.65 g) was added to a well-stirred mixture of
FcSnMe2Cl (9.7 mg, 26 mmol) in CDCl3 (0.986 g) and 1-Cl (11.5 mg,
0.026 mmol) in CDCl3 (1.529 g). The resulting mixture was studied by
multinuclear NMR spectroscopy. For 9 : 1H NMR (500 MHz, CDCl3,
30 8C): d=7.75, 7.62 (2 � d, 2 � 2H, J= 7.3 Hz, DMAP-Ho), 6.87, 6.63 (2 �
d, 2� 2 H, J =7.3 Hz, DMAP-Hm), 4.51–4.52 (overlapping, 2H, CpBSn-
H4,5), 4.44 (pst/dpst, J=1.5 Hz, J(117/119Sn,H)= 12 Hz, 2 H, Cp-SnH3,4),
4.35 (pst/dpst, J =1.5 Hz, J(117/119Sn,H) =12 Hz, 2H, CpSn-H2,5), 4.20 (s,
5H, Cp), 4.07 (s, 5H, Cp), 3.59 (dd/ddd, J=1.5, 2.5 Hz, J(117/119Sn,H)=


12 Hz, 1H, CpBSn-H3), 3.16, 3.03 (2 � s, 2� 6 H, NMe2), 0.85 (s/d,
J(117/119Sn,H)=65/69 Hz, 6 H, FcSn-Me), 0.77 (s, 3H, B-Me), 0.70 (s/d,
J(117/119Sn,H)=56/59 Hz, 6H, FcBSn-Me); 11B NMR (128.3 MHz,
CDCl3, 25 8C): d=3.3 (w1=2


=670 Hz); 119Sn NMR (149.1 MHz, CDCl3,
25 8C): d =120.4, 27.3 (12 mm).


Treatment of [Fc(BMe(dmap)2)]Cl with FcSnMe2Cl : A solution of
DMAP (13.2 mg, 108 mmol) in CDCl3 (1.328 g) was added to FcB(Cl)Me
(13.4 mg, 54 mmol) in CDCl3 (1.00 g). Formation of the boronium cation
was confirmed by 1H and 11B NMR spectroscopy (for [Fc-
(BMe(dmap)2)]Cl: 1H NMR (500 MHz, CDCl3, 25 8C): d =7.80 (d, J=


7.0 Hz, 4H, DMAP-Ho), 6.79 (d, J=7.5 Hz, 4 H, DMAP-Hm), 4.27 (pst,
J =2 Hz, 2 H, Cp-H3,4), 3.91 (s, 5H, Cp), 3.82 (pst, J =2 Hz, 2 H, Cp-
H2,5), 3.21 (s, 6H, NMe2), 0.63 (s, 3 H, B-Me); 11B NMR (160.3 MHz,
CDCl3, 25 8C): d =3.5 (w1=2


=740 Hz)); FcSnMe2Cl (20.1 mg, 54 mmol) in
CDCl3 (2.09 g) was added to the boronium cation [Fc(BMe(dmap)2)]Cl
thus generated. The resulting mixture was studied by multinuclear NMR
spectroscopy. 1H NMR (500 MHz, CDCl3, 30 8C): d=7.76 (d, 4H, J=


7.3 Hz, DMAP-Ho), 6.73 (d, 4H, J=7.3 Hz, DMAP-Hm), 4.50 (pst/dpst,
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2H, J =1.7 Hz, J(117/119Sn,H) =12 Hz, CpSn-H2,5), 4.32 (pst/dpst, 2H, J=


1.7 Hz, J(117/119Sn,H)= 9 Hz, CpSn-H3,4), 4.29 (pst, J=1.7 Hz, 2H, CpB-
H3,4), 4.20 (s, 5H, Cp), 3.93 (s, 5H, Cp), 3.82 (pst, J =1.7 Hz, 2H, CpB-
H2,5), 3.19 (s, 12H, NMe2), 0.86 (s/d, J(117/119Sn,H)=66/69 Hz, 6 H, Sn-
Me), 0.62 (s, 3 H, B-Me); 11B NMR (128.3 MHz, CDCl3, 25 8C): d=3.4
(w1=2


= 690 Hz); 119Sn NMR (149.1 MHz, CDCl3, 25 8C): d =8.6 (20 mm).


Crystal structure determinations : Data were collected on Bruker P4/
CCD (2) and Smart Apex CCD (5b, 7) diffractometers at 223 and 100 K,
respectively. Crystallographic data and details of X-ray studies are given
in Table 4. The structures were solved by direct methods and refined by
full-matrix least squares based on F2 with all reflections (SHELXTL
V5.1; G. Sheldrick, Siemens XRD, Madison, WI). Except for a disor-
dered CDCl3 solvent molecule in 7, non-hydrogen atoms were refined
with anisotropic displacement coefficients, and hydrogen atoms were
treated as idealized contribution. SADABS (G. M. Sheldrick, SADABS
(2.01), Bruker/Siemens Area Detector Absorption Correction Program;
Bruker AXS: Madison, WI, 1998) absorption correction was done for all
data ([Tmin/Tmax =0.623/1.000 (2), 0.787/1.000 (5b), and 0.7343/0.9222 (7)].
The main molecule of 7 co-crystallized with 1.5 CDCl3 solvent molecules;
one of them is disordered over two positions related by a two-fold axis.


CCDC-216 761 (2), -250 640 (5 b), and -216 760 (7) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif


Acknowledgements


We thank the National Science Foundation (CAREER award CHE-
0346828 to F.J.), The Petroleum Research Fund, administered by the
American Chemical Society, and the Rutgers Research Council for their
support of this research. We are grateful to Professor Roger A. Lalanc-
ette for the determination of structural parameters and to Dr. Lazaros
Kakalis for assistance with 2D NMR studies.


[1] a) H. Yamamoto, Lewis Acids in Organic Synthesis, Wiley VCH,
Weinheim, 2000 ; b) V. M. Dembitsky, H. Abu Ali, M. Srebnik,
Appl. Organomet. Chem. 2003, 17, 327.


[2] a) E. Y.-X. Chen, T. J. Marks, Chem. Rev. 2000, 100, 1391; b) W. E.
Piers, G. J. Irvine, V. C. Williams, Eur. J. Inorg. Chem. 2000, 2131;
c) J.-N. P�deutour, K. Radhakrishnan, H. Cramail, A. Deffieux,
Macromol. Rapid Commun. 2001, 22, 1095.


[3] a) M. F. Hawthorne, Z. P. Zheng, Acc. Chem. Res. 1997, 30, 267;
b) J. D. Wuest, Acc. Chem. Res. 1999, 32, 81; c) P. D. Beer, P. A.
Gale, Angew. Chem. 2001, 113, 502; Angew. Chem. Int. Ed. 2001, 40,
486; d) J. D. Hoefelmeyer, M. Schulte, M. Tschinkl, F. P. Gabba�,
Coord. Chem. Rev. 2002, 235, 93.


[4] a) C. Dusemund, K. R. A. S. Sandanayake, S. Shinkai, Chem.
Commun. 1995, 333; b) M. Takeuchi, T. Mizuno, S. Shinkai, S. Shira-
kami, T. Itoh, Tetrahedron: Asymmetry 2000, 11, 3311; c) J. C. Nor-


rild, I. Sotofte, J. Chem. Soc.
Perkin Trans. 2 2001, 727; d) J. C.
Norrild, I. Sotofte, J. Chem. Soc.
Perkin Trans. 2 2002, 303; e) S.
Arimori, S. Ushiroda, L. M.
Peter, A. T. A. Jenkins, T. D.
James, Chem. Commun. 2002,
2368; f) S. Aldridge, C. Bresner,
I. A. Fallis, S. J. Coles, M. B.
Hursthouse, Chem. Commun.
2002, 740.


[5] a) F. J�kle, in Group 13 Chemis-
try: From Fundamentals to Ap-
plications (Eds.: P. J. Shapiro, D.
Atwood), ACS, Washington, DC,
2002, Chapter 7; b) S. Aldridge,
C. Bresner, Coord. Chem. Rev.
2003, 244, 71.


[6] a) P. V. Roling, M. D. Rausch, J.
Org. Chem. 1974, 39, 1420;
b) J. L. Atwood, A. L. Shoemak-
er, Chem. Commun. 1976, 536;
c) I. R. Butler, M. G. B. Drew,
Inorg. Chem. Commun. 1999, 2,
234.


[7] For a review on planar chirality
in ferrocenes see: G. Wagner, R.
Herrmann, in Ferrocenes (Eds.:
A. Togni, T. Hayashi), Wiley
VCH, Weinheim, 1995, pp. 173.


[8] a) A. Togni, T. Hayashi, Ferro-
cenes, Wiley VCH, Weinheim,
1995 ; b) T. J. Colacot, Chem.
Rev. 2003, 103, 3101; c) O. B.
Sutcliffe, M. R. Bryce, Tetrahe-
dron: Asymmetry 2003, 14, 2297.


[9] a) M. C. Amendola, K. E. Stock-
man, D. A. Hoic, W. M. Davis,
G. C. Fu, Angew. Chem. 1997,
109, 278; Angew. Chem. Int. Ed.
Engl. 1997, 36, 267; b) J. Twed-
dell, D. A. Hoic, G. C. Fu, J.
Org. Chem. 1997, 62, 8286; see
also: c) J.-P. Djukic, A. Berger,


Table 4. Experimental data for the X-ray diffraction studies of 2, 5b, and 7.


2 5b 7


empirical formula C18H22BCl2FeNSn C26H32BClFeN2Sn C28.5H39BCl6.5FeN4Sn
MW 508.62 593.34 853.41
T [K] 223.0(2) 100(2) 100(2)
l [�] 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic monoclinic
space group P21/n P21/c C2/c
a [�] 10.3464(7) 7.3178(4) 31.948(5)
b [�] 13.9832(9) 22.8309(12 12.667(2)
c [�] 13.9403(10) 15.0124(8) 17.763(3)
b [8] 95.0750(10) 92.4090(10) 102.366(3)
V [�3] 2008.9(2) 2505.9(2) 7021(2)
Z 4 4 8
1calcd [gcm�3] 1.682 1.573 1.615
m(MoKa) [mm�1] 2.231 1.699 1.646
F(000) 1008 1200 3436
crystal size [mm] 0.30 � 0.30 � 0.10 0.20 � 0.05 � 0.05 0.20 � 0.10 � 0.05
q range [8] 2.07–28.35 1.62–27.52 1.31–27.53
limiting indices �13 � h � 13 �8 � h � 9 �26 � h � 41


�17 � k � 18 �29 � k � 19 �15 � k � 16
�18 � l � 17 �18 � l � 15 �8 � l � 22


reflns collected 14 590 11 114 13316
independent reflns 4868 5494 7436
R(int) 0.0308 0.0227 0.0416
absorption correction SADABS
refinement method full-matrix least-squares on F 2


data/restraints/parameters 4868/0/217 5494/0/417 7436/0/384
goodness-of-fit on F 2 1.106 1.044 1.037
final R indices [I > 2s(I)][a]


R1 0.0362 0.0293 0.0552
wR2 0.0991 0.0660 0.1324
R indices (all data)[a]


R1 0.0410 0.0347 0.0692
wR2 0.1028 0.0683 0.1408
peakmax/holemin [e ��3] 1.322 and �0.956 0.707 and �0.347 1.990 and �1.071


[a] R1 = � j jFo j � jFc j j� jFo j ; wR2 = {�[w(F 2
o�F 2


c )2]/�[w(F 2
o)2]}


1=2 .


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 2810 – 28242822


F. J�kle et al.



www.chemeurj.org





M. Duquenne, M. Pfeffer, A. de Cian, N. Kyritsakas-Gruber, Orga-
nometallics 2004, 23, 5243, and references therein.


[10] For examples of other chiral organoboron Lewis acids see: K. Ishi-
hara, in Lewis Acids in Organic Synthesis, Vol. 1 (Ed.: H. Yamamo-
to), Wiley VCH, Weinheim, 2000, pp. 135.


[11] For other examples of heteronuclear bidentate Lewis acids consist-
ing of organotin and organoboron moieties adjacent to one another
see, for example: a) H. Nçth, P. Otto, W. Storch, Chem. Ber. 1986,
119, 2517; b) R. Kçster, G. Seidel, R. Boese, B. Wrackmeyer, Chem.
Ber. 1988, 121, 597; c) B. Wrackmeyer, S. Kerschl, H. E. Maisel, W.
Milius, J. Organomet. Chem. 1995, 490, 197; d) B. Wrackmeyer,
Coord. Chem. Rev. 1995, 145, 125; e) J. J. Eisch, B. W. Kotowicz,
Eur. J. Inorg. Chem. 1998, 761; f) M. Schulte, F. P. Gabba�, Can. J.
Chem. 2002, 80, 1308.


[12] F. J�kle, A. J. Lough, I. Manners, Chem. Commun. 1999, 453.
[13] J. A. Gamboa, A. Sundararaman, L. Kakalis, A. J. Lough, F. J�kle,


Organometallics 2002, 21, 4169.
[14] The 1-stannyl-2-borylferrocenes form as racemic mixtures and only


one of the two planar-chiral enantiomers will be shown in most of
the Schemes and Figures.


[15] This phenomenon has been reported previously for other ferrocenyl-
boranes. Recent studies based on a combination of X-ray crystallog-
raphy, cyclic voltammetry, Mçssbauer spectroscopy and theoretical
calculations show that the bending is due to a delocalized through-
space interaction between iron and boron: a) M. Scheibitz, M.
Bolte, J. W. Bats, H.-W. Lerner, I. Nowik, R. H. Herber, A. Krapp,
M. Lein, M. Holthausen, M. Wagner, Chem. Eur. J. 2005, 11, 584;
see also: b) B. Wrackmeyer, U. Dçrfler, W. Milius, M. Herberhold,
Polyhedron 1995, 14, 1425; c) A. Appel, H. Nçth, M. Schmidt,
Chem. Ber. 1995, 128, 621; d) A. Appel, F. J�kle, T. Priermeier, R.
Schmid, M. Wagner, Organometallics 1996, 15, 1188; e) J. Silver,
D. A. Davies, R. M. G. Roberts, M. Herberhold, U. Dçrfler, B.
Wrackmeyer, J. Organomet. Chem. 1999, 590, 71; f) B. Wrackmeyer,
A. Ayazi, H. E. Maisel, M. Herberhold, J. Organomet. Chem. 2001,
630, 263.


[16] For examples of other compounds which feature halide bridges and
were characterized by X-ray crystallography see: a) M. Schulte, F. P.
Gabba�, Can. J. Chem. 2002, 80, 1308; b) M. Newcomb, J. H.
Horner, M. T. Blanda, P. J. Squattrito, J. Am. Chem. Soc. 1989, 111,
6294; c) C. Kober, J. Kroner, W. Storch, Angew. Chem. 1993, 105,
1693; Angew. Chem. Int. Ed. Engl. 1993, 32, 1608; d) S. J. Lancaster,
S. Al-Benna, M. Thornton-Pett, M. Bochmann, Organometallics
2000, 19, 1599; e) R. Altmann, K. Jurkschat, M. Sch�rmann, D. Dak-
ternieks, A. Duthie, Organometallics 1998, 17, 5858.


[17] a) A. Appel, F. J�kle, T. Priermeier, R. Schmid, M. Wagner, Organo-
metallics 1996, 15, 1188; b) B. E. Carpenter, W. E. Piers, R. McDo-
nald, Can. J. Chem. 2001, 79, 291; c) B. E. Carpenter, W. E. Piers, M.
Parvez, G. P. A. Yap, S. J. Rettig, Can. J. Chem. 2001, 79, 857.


[18] See ref. [15a].
[19] H. Nçth, B. Wrackmeyer, in Nuclear Magnetic Resonance, Spectros-


copy of Boron Compounds, Vol. 14 (Eds.: P. Diel, E. Fluck), Spring-
er, Heidelberg, 1978.


[20] A. G. Davies, Organotin Chemistry, Wiley-VCH, Weinheim, 1997.
[21] While fast isomerization may account for the absence of a second


set of NMR signals, it is not likely since neither the 119Sn nor the
1H NMR shifts change significantly within the temperature range
from �80 8C to +60 8C. Moreover, isomerization can readily be fol-
lowed in the case of the monofunctional boranes FcB(Cl)Me and
FcB(Ph)Me under similar conditions.


[22] For examples of B-chiral compounds and their applications see:
a) M. S. Koborov, G. S. Borodkin, N. I. Borisenko, T. A. Rynskina,
L. E. Nivorozhkin, V. I. Minkin, J. Mol. Struct. 1989, 200, 61; b) E.
Vedejs, R. W. Chapman, S. Lin, M. M�ller, D. R. Powell, J. Am.
Chem. Soc. 2000, 122, 3047; c) T. Imamoto, H. Morishita, J. Am.
Chem. Soc. 2000, 122, 6329; d) L. Charoy, A. Valleix, L. Toupet, T.
Le Gall, P. P. van Chuong, C. Mioskowski, Chem. Commun. 2000, 2275.


[23] The degree of trigonal bipyramidal character is defined as % TBPe


= [1�(1208�av. eq. angle)/(1208�109.58)] � 100 %. See K. Tamao, T.
Hayashi, Y. Ito, M. Shiro, Organometallics 1992, 11, 2099.


[24] Treatment of 1,2-bis(chlorodimethylstannyl)benzene with HMPA
leads to a situation where a chloride bridges the two tin atoms:
a) R. Altmann, K. Jurkschat, M. Sch�rmann, D. Dakternieks, A.
Duthie, Organometallics 1998, 17, 5858; see also: b) R. Altmann, K.
Jurkschat, M. Sch�rmann, D. Dakternieks, A. Duthie, Organometal-
lics 1997, 16, 5716; c) K. Jurkschat, F. Hesselbarth, M. Dargatz, J.
Lehmann, E. Kleinpeter, A. Tzschach, J. Meunier-Piret, J. Organo-
met. Chem. 1990, 388, 259.


[25] An elongation of Sn�Cl bonds upon pentacoordination is typical as
is nicely demonstrated in the structure of Me3SnCl monomer with
Sn�Cl =2.351 � versus that of Me3SnCl polymer chains in the solid-
state, which are the result of Sn···Cl bridges with Sn�Cl 2.430(2) and
3.269 � and an angle Cl-Sn···Cl 176.85(6)8 ; see: J. L. Lefferts, K. C.
Molloy, M. B. Hossain, D. van der Helm, J. J. Zuckerman, J. Organo-
met. Chem. 1982, 240, 349.


[26] We obtained data for Tc and DG � in CD2Cl2 that are similar to
those reported by Siebert et al. in CS2; see: T. Renk, W. Ruf, W. Sie-
bert, J. Organomet. Chem. 1976, 120, 1.


[27] We also find only one isomer for the free acid 1-Ph within the tem-
perature range accessible, which is likely due to a steric preference
for the isomer with the phenyl group pointing toward tin as further
indicated by NOESY NMR data.


[28] Note that the NOESY spectrum showed exchange peaks between
the tin bound methyl groups within the same isomers. This fast
methyl group exchange may tentatively be attributed to a different
process involving pentacoordinate tin. Further studies are needed to
confirm the nature of this process.


[29] a) J. I. Kaplan, G. Fraenkel, in NMR of Chemically Exchanging Sys-
tems, Academic Press, New York, 1980, pp. 71; b) J. Sandstrçm, in
Dynamic NMR Spectroscopy, Academic Press, New York, 1982,
pp. 77.


[30] The determination of DG � for 4 from coalescence temperatures Tc


gave similar results, whereas reliable coalescence temperatures
could no be determined for 5 in CDCl3.


[31] Note that fairly similar dissociation energies of DG � = 45�
2 kJ mol�1 and DG � = 58�2 kJ mol�1, respectively, have been re-
ported for the complexes [1,1’-fc(BMe2)2(4-picoline)] and [1,1’-fc-
(BMe2)2(dmap)]: M. Fontani, F. Peters, W. Scherer, W. Wachter, M.
Wagner, P. Zanello, Eur. J. Inorg. Chem. 1998, 1453.


[32] H. C. Brown, G. K. Barbaras, J. Am. Chem. Soc. 1947, 69, 1137.
[33] T. Renk, W. Ruf, W. Siebert, J. Organomet. Chem. 1976, 120, 1.
[34] M. Herberhold, U. Dçrfler, B. Wrackmeyer, Polyhedron 1995, 14,


2683.
[35] We can not completely rule out endo-attack of pyridine followed by


rotation about the B-C(Cp) in complexes 4 and 5, but this mode is
not likely considering the steric constraints imposed by the CpFe
fragment.


[36] The approximation DG � = 19.1 Tc [9.97 + lg(Tc Dn�1)] for estima-
tion of DG � at Tc was used; see: M. Hesse, H. Meier, B. Zeeh, Spec-
troscopic Methods in Organic Chemistry, Thieme, Stuttgart, 1997.


[37] For a discussion on electrophilic activation of electrophiles see:
a) E.-I. Negishi, Chem. Eur. J. 1999, 5, 411; see also the related con-
cept of Brønsted acid-assisted chiral Lewis acid (BLA): b) K. Ishi-
hara, H. Kurihara, M. Matsumoto, H. Yamamoto, J. Am. Chem. Soc.
1998, 120, 6920.


[38] The initial composition varies depending on the mode of addition,
but complete equilibration occurs within 24 h at ambient tempera-
ture.


[39] M. Tschinkl, J. D. Hoefelmeyer, T. M. Cocker, R. E. Bachman, F. P.
Gabba�, Organometallics 2000, 19, 1826.


[40] a) A. Pelter, K. Smith, H. C. Brown, Borane Reagents, Academic
Press, London, 1988 ; b) D. S. Matteson, Stereodirected Synthesis with
Organoboranes, Vol. 32, Springer, Heidelberg, 1995.


[41] Boronium cations are well-known, but only few examples containing
pyridine ligands have been crystallographically characterized; see:
a) T. G. Hodgkins, D. R. Powell, Inorg. Chem. 1996, 35, 2140; b) K.
Ma, J. W. Bats, M. Wagner, Acta Crystallogr. Sect. E 2001, 57, o846;
c) L. Ding, K. Ma, M. Bolte, F. F. de Biani, P. Zanello, M. Wagner, J.


Chem. Eur. J. 2005, 11, 2810 – 2824 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2823


FULL PAPERFerrocenes



www.chemeurj.org





Organomet. Chem. 2001, 637–639, 390; d) K. Ma, M. Scheibitz, S.
Scholz, M. Wagner, J. Organomet. Chem. 2002, 652, 11.


[42] For the binding of nucleophiles to organotin species see for exam-
ple: a) M. Newcomb, J. H. Horner, M. T. Blanda, P. J. Squattrito, J.
Am. Chem. Soc. 1989, 111, 6294; b) K. Jurkschat, F. Hesselbarth, M.
Dargatz, J. Lehmann, E. Kleinpeter, A. Tzschach, J. Meunier-Piret,
J. Organomet. Chem. 1990, 388, 259; c) R. Altmann, K. Jurkschat,
M. Sch�rmann, D. Dakternieks, A. Duthie, Organometallics 1998,
17, 5858.


[43] Related “reverse” zwitterions featuring cationic organotin and
anionic borate moieties are more common: a) B. Wrackmeyer, G.
Kehr, R. Boese, Angew. Chem. 1991, 103, 1374; Angew. Chem. Int.
Ed. Engl. 1991, 30, 1370; b) B. Wrackmeyer, S. Kundler, R. Boese,
Chem. Ber. 1993, 126, 1361; c) B. Wrackmeyer, S. Kundler, W.
Milius, R. Boese, Chem. Ber. 1994, 127, 333; d) B. Wrackmeyer, G.
Kehr, S. Willbold, J. Organomet. Chem. 1999, 590, 93; e) B. Wrack-
meyer, H. Maisel, W. Milius, A. Badshah, E. Molla, A. Mottalib, J.
Organomet. Chem. 2000, 602, 45.


[44] In contrast, chloride is transferred from tin to gallium in a bidentate
Lewis acid with a naphthalene backbone upon coordination of ace-
tonitrile leading to a tin cation and a gallate anion; see: J. D. Hoe-
felmeyer, F. P. Gabba�, Chem. Commun. 2003, 712.


[45] Steric distortions have also been reported in pyridine complexes of
naphthalene-based bifunctional Lewis acids; see: M. Tschinkl, J. D.
Hoefelmeyer, T. M. Cocker, R. E. Bachman, F. P. Gabba�, Organo-
metallics 2000, 19, 1826.


[46] a) P. J. Vergamini, H. Vahrenkamp, L. F. Dahl, J. Am. Chem. Soc.
1971, 93, 6327; b) P. G. Jones, C. Lensch, G. M. Sheldrick, Z. Natur-
forsch. 1982, 37b, 141; c) K. Jurkschat, F. Hesselbarth, M. Dargatz, J.
Lehmann, E. Kleinpeter, A. Tzschach, J. Meunier-Piret, J. Organo-
met. Chem. 1990, 388, 259; d) S. E. Johnson, K. Polborn, H. Nçth,
Inorg. Chem. 1991, 30, 1410; e) N. Kuhn, H. Bohnen, G. Henkel, J.
Kreutzberg, Z. Naturforsch. 1996, 51b, 1267; f) R. Altmann, K. Ju-
rkschat, M. Sch�rmann, D. Dakternieks, A. Duthie, Organometallics
1997, 16, 5716; g) R. Altmann, K. Jurkschat, M. Sch�rmann, D. Dak-
ternieks, A. Duthie, Organometallics 1998, 17, 5858; h) P. Steenwin-
kel, J. T. B. H. Jastrzebski, B.-J. Deelman, D. M. Grove, H. Kooij-
man, N. Veldman, W. J. J. Smeets, A. L. Spek, G. van Koten, Orga-
nometallics 1997, 16, 5486; i) R. Altmann, O. Gausset, D. Horn, K.
Jurkschat, M. Sch�rmann, M. Fontani, P. Zanello, Organometallics
2000, 19, 430; j) U. Baumeister, H. Hartung, A. Krug, K. Merzweil-
er, T. Schulz, C. Wagner, H. Weichmann, Z. Anorg. Allg. Chem.


2000, 626, 2185; k) S. W. Ng, Acta Crystallogr. 1995, 51, 1124; l) M.
Newcomb, A. M. Madonik, M. T. Blanda, J. K. Judice, Organometal-
lics 1987, 6, 145.


[47] S. E. Johnson, K. Polborn, H. Nçth, Inorg. Chem. 1991, 30, 1410.
[48] For thermodynamic data on the reversible coordination of nucleo-


philes to boranes see ref. [31–32] and a) K. Narasaka, H. Sakurai, T.
Kato, N. Iwasawa, Chem. Lett. 1990, 1271; b) K. Nozaki, M. Yoshi-
da, H. Takaya, Bull. Chem. Soc. Jpn. 1996, 69, 2043; c) P. A. Deck,
C. L. Beswick, T. J. Marks, J. Am. Chem. Soc. 1998, 120, 1772.


[49] In neat [D5]pyridine partial coordination of pyridine to Sn under
formation of [1,2-fc(BMe(py)2)(SnMe2Cl·py)]+ Cl� may occur as
suggested by a stronger upfield shift of the 119Sn NMR signal rela-
tive to that for the DMAP complex 7. Elemental analysis of isolated
crystals of 6 also indicates the presence of more than two pyridine
molecules.


[50] Note that steric distortions at the organotin moiety may affect the
Sn NMR shift for the “fully” complexed species 7.


[51] R. Colton, D. Dakternieks, Inorg. Chim. Acta 1988, 148, 31.
[52] Z. Kabouche, D. Nguyen Huu, J. Organomet. Chem. 1989, 375, 191.
[53] a) W. P. Aue, E. Bartholdi, R. R. Ernst, J. Chem. Phys. 1976, 64,


2229; b) A. Bax, R. Freeman, J. Magn. Reson. 1981, 44, 542.
[54] a) L. M�ller, J. Am. Chem. Soc. 1979, 101, 4481; b) J. Jeener, B. H.


Meier, P. Bachmann, R. R. Ernst, J. Chem. Phys. 1979, 71, 4546.
[55] a) S. Macura, R. R. Ernst, Mol. Phys. 1980, 41, 95; b) A. Bax, S. Sub-


ramanian, J. Magn. Reson. 1986, 67, 565.
[56] a) A. G. Redfield, S. D. Kunz, J. Magn. Reson. 1975, 19, 250; b) D.


Marion, K. W�thrich, Biochem. Biophys. Res. Commun. 1983, 113,
967.


[57] D. J. States, R. A. Haberkorn, D. J. Ruben, J. Magn. Reson. 1982, 48,
286.


[58] M. von Kienlin, C. T. W. Moonen, A. van der Toorn, P. C. M. van -
Zijl, J. Magn. Reson. 1991, 93, 423.


[59] J. R. Garbow, D. P. Weitekamp, A. Pines, Chem. Phys. Lett. 1982, 93,
504.


[60] A. J. Shaka, P. B. Barker, R. Freeman, J. Magn. Reson. 1985, 64, 547.
[61] D. I. Hoult, C. N. Chen, H. Eden, M. Eden, J. Magn. Reson. 1983,


51, 110.
[62] G. Otting, H. Widmer, G. Wagner, K. W�thrich, J. Magn. Reson.


1986, 66, 187.


Received: December 13, 2004
Published online: February 28, 2005


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 2810 – 28242824


F. J�kle et al.



www.chemeurj.org






Multistate Reactivity in Styrene Epoxidation by Compound I of Cytochrome
P450: Mechanisms of Products and Side Products Formation


Devesh Kumar,[a] Sam P. de Visser,*[b] and Sason Shaik*[a]


Introduction


Cytochrome P450 enzymes (P450s) are heme enzymes that
perform biotransformations, such as sterol synthesis, drug
metabolism, and detoxification of xenobiotics.[1–7] The cata-


lytic center of these enzymes is an iron protoporphyrin com-
plex that is bound to the protein via a sulfur bridge of a cys-
teinate residue. The enzyme uses dioxygen to generate the
active species, which is a high-valent oxoiron porphyrin
complex, called Compound I (Cpd I, see Scheme 1). Cpd I
catalyzes a variety of reactions, such as C=C double bond
epoxidation, aliphatic C�H hydroxylation, desaturation, and
heteroatom oxidation. This versatility of P450s has been one
of the main reasons for the intense interest in the mechanis-
tic understanding of their reactions.


One of the most widely used substrates to study the epox-
idation reaction mechanism is styrene.[8–17] Styrene is epoxi-
dized by synthetic oxo-metal porphyrin catalysts as well as
by wild-type P450s.[18,19] In particular, Vaz et al.[19] measured
rate constants for styrene epoxidation in several P450 iso-
zymes and mutants, and estimated free energy barriers of
24–25 kcal mol�1. Quite a few groups investigated also the
stereoselectivity of product formation by, for example, using
cis- or trans-methylstyrene.[18, 20–24]


The enzymatic conversion of styrene into an epoxide,
however, is not a clean reaction since it involves undesired
side products, as shown in Scheme 1, which depicts along-


Abstract: Density functional theoreti-
cal calculations are used to elucidate
the epoxidation mechanism of styrene
with a cytochrome P450 model Com-
pound I, and the formation of side
products. The reaction features multi-
state reactivity (MSR) with different
spin states (doublet and quartet) and
different electromeric situations having
carbon radicals and cations, as well as
iron(iii) and iron(iv) oxidation states.
The mechanisms involve state-specific
product formation, as follows: a) The
low-spin pathways lead to epoxide for-
mation in effectively concerted mecha-
nisms. b) The high-spin pathways have
finite barriers for ring-closure and may


have a sufficiently long lifetime to un-
dergo rearrangement and lead to side
products. c) The high-spin radical inter-
mediate, 42rad-IV, has a ring closure bar-
rier as small as the C�C rotation barri-
er. This intermediate will therefore
lose stereochemistry and lead to a mix-
ture of cis and trans epoxides. The bar-
riers for the production of aldehyde
and suicidal complexes are too high for
this intermediate. d) The high-spin rad-


ical intermediate, 42rad-III, has a sub-
stantial ring closure barrier and may
survive long enough time to lead to sui-
cidal, phenacetaldehyde and 2-hydroxo-
styrene side products. e) The phenace-
taldehyde and 2-hydroxostyrene prod-
ucts both originate from crossover
from the 42rad-III radical intermediate
to the cationic state, 42cat,z2. The process
involves an N-protonated porphyrin in-
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side the epoxide also phenacetaldehyde[10, 17,18] and the N-al-
kylated porphyrin complex. The latter species, the so-called
suicidal complex, destructs the catalyst/enzyme by forming
dead-end products that do not allow regeneration of the
active species. In particular, primary alkenes are known to
produce these suicidal complexes.[1,3,5, 6,25–32] Mechanistic
studies have suggested that the reaction is stepwise or in-
volves a stepwise branch with an intermediate[5,6,8, 33] that
generates the by-products. Two types of reaction intermedi-
ates, radicals and carbocations, are usually invoked to ac-
count for the side product formation, while the generally
stereospecific epoxidation is thought to occur by a concerted
oxygen transfer mechanism.


Studies of epoxidation of styrene and styrene derivatives
using synthetic catalysts have revealed a wealth of informa-
tion; some key conclusions follow. Chiral synthetic iron–por-
phyrin catalysts were made with different substituents on
the meso position.[8] With styrene as a substrate, one of
these catalysts produced the (R)-(+) isomer in 65 % yield
and in 31 % enantiomeric excess, but also phenacetaldehyde
was obtained in 16 % yield. The large groups on the meso
position caused steric hindrance for substrate binding and
oxygen transfer and the degree of this steric hindrance de-
termined the reactivity. The formation of aldehyde side
products was studied, and control experiments ruled out
that it originated from rearrangement of styrene-oxide. Ac-
cordingly, the formation of aldehyde must be competitive
with epoxidation. Styrene derivatives with electron-with-
drawing para substituents exhibited enhanced epoxidation/
aldehyde ratios. This and other indications suggested the in-
volvement of a cationic intermediate.


Collman et al.[10] studied the epoxidation of styrene and
the formation of phenacetaldehyde side products with iron
and manganese porphyrin systems. A product ratio of 4.6:1
of epoxide to phenacetaldehyde was obtained with
(tetraphenylporphyrinato)manganese(iii) chloride


(MnTPPCl) and a 14.3:1 product ratio was obtained with
(tetrakis)(pentafluorophenyl)porphyrinatoiron(iii) chloride
(FePFPCl). Studies with isotopically labeled styrene proved
that the hydrogen shift step that produces the aldehyde side
product occurs after the rate-determining step since the
yields of labeled and unlabeled epoxide versus aldehyde
were the same. The experiments with [D8]styrene showed
retention of the labels, thus ruling out the assistance of sol-
vent in the hydrogen shift step. Furthermore, the aldehyde
production was found to be constant with time and there-
fore is a primary reaction product and does not arise from
rearrangement of epoxide. It was thus concluded that both
the epoxide and aldehyde products must originate from a
common intermediate. This, however, has been disputed by
other groups,[17] whose findings suggest that most of the
phenacetaldehyde is formed not because of interference of
the catalyst but is due to isomerization of the epoxide in the
solvent. In addition, Collman et al.[10] investigated the epoxi-
dation of cis-b-[D1]styrene and trans-b-[D1]styrene. The cis-
b-[D1]styrene–substrate produced both phenylacetaldehyde-
1-[D] and phenylacetaldehyde-2-[D], indicating that both
hydrogen and deuterium shifts took place. Although, the
cis-b-[D1]styrene gave dominant cis-epoxide and the trans-b-
[D1]styrene dominant trans-epoxide still both reactions ex-
hibited some stereochemical scrambling (3–8% isomeriza-
tion). It was suggested that the intermediate in the epoxida-
tion reaction is presumably a radical species rather than a
cationic one.


Experimental studies of Ortiz de Montellano et al. in
combination of theoretical modeling of Loew et al. were car-
ried out for styrene and methylstyrene epoxidation by
P450cam.[18,24] The docking studies[18] predicted similar prod-
uct distribution as the experiments. Styrene activation by
P450cam gave dominant styrene-oxide and phenacetalde-
hyde.[18] Another side product, benzaldehyde was thought to
have originated from the reaction with uncomplexed H2O2.
With 2-methylstyrene the authors reported, in addition to
the epoxide, also cis-3-phenyl-2-propen-1-ol, a trace of 1-
phenyl-2-propanone and minor amounts of aromatic ring
hydroxylation side products.


Thus, the different studies point to a rich mechanistic
scheme during C=C epoxidation,[6,7] with a variety of inter-
mediates and unknowns, which depend on the substrate and
the catalyst. In the case of styrene, for example, many stud-
ies suggest that all products are generated from a common
intermediate. Some pieces of evidence point to a radical in-
termediate, while others point to a cationic intermediate,
and still others suggest[17] that most of the phenacetaldehyde
is formed due to isomerization of the epoxide in the solvent.
Theory can be a helpful tool in defining more precisely
mechanistic schemes. Previous density functional theory
(DFT) studies on ethene[34–36] and propene[37] using a P450
model Cpd I species revealed a multistate scenario in which
the different products are generated in a state-specific
manner. All the low-spin state processes are effectively con-
certed epoxide-producing pathways. By contrast, all the
high-spin processes are stepwise and lead either to an epox-


Scheme 1. Oxidation of styrene by Cpd I leading to epoxide and side
products.
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ide that does not conserve the isomeric identity of the
alkene (cis and trans mixtures), or/and to by-products such
as suicidal complexes and aldehydes. However, none of
these theoretical studies dealt with a realistic substrate like
styrene. Thus, the main goal of this paper is to use DFT to
elucidate the mechanisms that lead to the formation of the
three products in Scheme 1 during styrene epoxidation by
Cpd I of P450.


Methods


All calculations presented here follow the same procedures as described
in our previous work.[34, 37–39] In brief, we use a DFT combination of the
unrestricted hybrid density functional UB3 LYP[40] with a double z basis
set composed of LACVP[41a,b] on iron and the Pople-type 6–31G basis
set[41c] on all the other atoms. The UB3 LYP hybrid functional overesti-
mates the stability of high-spin situations, but for the type of weakly cou-
pled ferromagnetic and antiferromagnetic states as in Cpd I, it performs
well.[42] The geometries of the species discussed later were fully optimized
with the Jaguar program package[43] and subsequently verified by analyti-
cal frequency calculation using the Gaussian-98 program.[44] All local
minima have real frequencies, while the transition states have one imagi-
nary frequency. Free energies, whenever reported, were calculated from
the frequency file in Gaussian for T=298.15 K.


The active species (Cpd I) of Cytochrome P450 was mimicked as an oxo-
iron group embedded in a porphyrin ring without side chains and a thio-
late axial ligand.[45] In addition, we tested the effect of two NH–�S bonds
to the thiolate ligand, using hydrogen-bonded ammonia molecules;[46, 47]


the orientation of these two ammonia molecules was taken from the opti-
mized 4CpdI·2 NH3 from reference [46] and here only single-point calcu-
lations were performed. Additionally, we ran single point calculations in
a dielectric environment, having a dielectric constant of e=5.7, on the
gas-phase geometries of the species, with and without two hydrogen
bonded ammonia molecules. These calculations were done using the po-
larized continuum model (PCM) as implemented in Jaguar and used a
probe radius of r=2.72.[43] The complete project produced a great deal of
data which are useful but not necessary to follow the thread of the
paper; these data are supplied in the Supporting Information.


Results


Molecular orbitals along the reaction pathway : Before de-
scribing the results of the calculations let us begin with a
brief presentation of the relevant orbitals in the reaction
process. Figure 1 shows the high-lying occupied and low-
lying virtual orbitals of Cpd I, 1. The left-hand side of
Figure 1 depicts the iron-type orbitals, which from bottom to
top are the nonbonding d orbital, the antibonding FeO orbi-
tals p*xz and p*yz, and the antibonding orbitals with the
other ligands s*xy and s*z2. The d orbital is doubly occupied
in Cpd I and stays that way during the complete reaction.
The two p* orbitals (p*xz, p*yz) are singly occupied in Cpd I.
Together with the doubly occupied d this corresponds to a
d4 electronic configuration, that is, a formal oxidation state
FeIV on the iron. Another singly occupied orbital in Cpd I is
the porphyrin type a2u orbital, which mixes strongly with the
sS orbital of the sulfur atom of the axial ligand. As such,
Cpd I has a porphyrin cationic radical species, and can be
described as Por+ ·FeIVO.


The oxidation of styrene by Cpd I involves a transforma-
tion from Por+ ·FeIVO to PorFeIII(epoxide), and hence two
electrons, formally transferred from the styrene, have to fill
the iron heme orbitals. This can be done in two “install-
ments” or in a single one. The interaction of Cpd I with sty-
rene leads initially to a C�O bond between the FeO group
and the terminal carbon atom of styrene. As a result, the
benzylic carbon position becomes either a radical, with a
singly occupied orbital labeled as fC, or a cationic center. In
the first case, the heme gains one electron, which can fill
either one of the a2u, p*xz or p*yz orbitals to form a radical
intermediate (2rad). Alternatively, the cationic intermediate
(2cat) is formed via an additional electron transfer, from the
radical center, to one of the orbitals in the, a2u, p*xz, p*yz,
s*z2, or s*xy manifold.[34, 36] Thus, many options for creating
an intermediate complex are possible, with different electro-
meric situations (oxidation states on Fe and Por) and spin
states. The ordering of these intermediates depends on envi-
ronmental factors such as polarity and hydrogen bond-
ing.[36,37,47, 48] Figure 2 summarizes the low-lying states of the
4,22cat and 4,22rad species, where the Roman numerals, for ex-
ample, 2-IV, indicate the oxidation state of iron. The letter
combinations (xz, yz, etc) indicate orbital occupancy in 2cat ;
in the doublet state cationic species, this indicates the identi-
ty of the singly occupied orbital on iron, whereas in the
quartet spin state, this is the orbital that accommodates the
electron transferred from the fC orbital on radical center in
42-IV.


Intermediates en route to styrene activation by Cpd I:
Figure 3 shows relative energies of different radical and cati-
onic intermediates under different environmental conditions.
Initially, in the gas-phase there are four low-lying intermedi-
ates all within 1 kcal mol�1 of each other; two of these are
radical in character (4,22rad-IV) and two cationic (22cat,xz ;


Figure 1. Some key orbitals of Cpd I, 1, and occupancies in the quartet
(doublet) states.
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22cat,yz). The two cationic species, 22cat,xz and 22cat,yz, are stabi-
lized relative to the radical states in a dielectric environment
but are disfavored by the NH–-S hydrogen bonding as such.
Adding the dielectric effect to the NH–-S hydrogen bonding
establishes these species as the lowest energy intermediates.
The high-spin cationic states (42cat,z2 and 42cat,xy) are well
above the radical intermediates even under environmental
conditions. Another radical-state but with the iron in oxida-
tion state FeIII (42rad-III) with occupation (p*xz)


2 (p*yz)
1 (a2u)


1


(fAlk)
1 is 5.4 kcal mol�1 above the lowest lying state with in-


clusion of the environmental effects. Judging from experi-
ence with these states in camphor hydroxylation,[49] the 42rad-
III intermediate might be even closer to 42rad-IV than the
picture in Figure 3 might reveal. As shown later, these states
play a key role by mediating the side products. Clearly then,
we can expect multistate reactivity[50–52] in which the various
products will arise from the interplay of two spin states and
different electromeric situations.


Figure 4 shows group spin densities and degree of charge-
transfer (QCT) for the four lowest-lying intermediates, that
is, 4,22rad-IV, 22cat,xz and 22cat,yz. It can be seen that the cationic
intermediates, in fact, are not purely cationic since signifi-
cant spin density remains on the substrate: 1Alk = 0.68
(22cat,yz) and 1Alk = 0.58 (22cat,xz). This is because there is con-
siderable mixing between the “empty” orbital on the sub-


strate (fC) and the porphyrin type a2u orbital leading to par-
tially occupied orbitals and natural orbital occupancies devi-
ating from integer values.[39] When the species are calculated
in the presence of a dielectric medium and two NH–-S hy-
drogen bonds, the radical character on the alkyl group de-
creases and the charge transfer exceeds 0.6; the two species
are tight ion pairs with a significant delocalization of the
charge.[39,53] Under all environmental conditions there is spin
density of unity on the iron, which has an FeIII oxidation
state. In contrast, in the 4,22rad species, the spin density on
the alkyl moiety is close to unity and the degree of charge
transfer is substantially lower: ~0.3. In the latter two spe-
cies, the spin density on iron is close to two, which corre-
sponds to an FeIV oxidation state.


Rotational barriers in the intermediates : To address the
stereospecificity of epoxidation (e.g., starting from trans-2-
deuterio-styrene), we calculated the rotational barrier
around the C�C bond of the intermediate, 42rad-IV. The re-
sultant rotational barrier that leads to scrambling was found
to be 1.3 kcal mol�1 (see Figure S14 in the Supporting Infor-
mation), which is presumably the same for all other species,
as found previously.[34,35] Thus, any intermediate with a barri-
er for ring closure exceeding the rotational barrier will lead
to epoxides with scrambled stereochemistry.


Mechanism of styrene epoxidation : We ran extensive geom-
etry scans between intermediates and reactants for all inter-
mediates depicted in Figure 3, in order to test their connec-
tion to the epoxide product (see Figure S6 in the Supporting
Information). The geometry scans, however, starting from
42cat,z2, 42cat,xy and 22cat,xz all are connected to an excited state
of Cpd I and styrene and consequently will not participate
in epoxide formation. The three lowest-lying reaction path-
ways from 4,2Cpd I are non-synchronous, and lead initially to
two radical intermediates (4,22rad-IV) and a cationic inter-
mediate (22cat,yz), which are depicted in Figure 5. In the gas-
phase, the lowest lying pathway is via 4TS1rad and is only
8.5 kcal mol�1 above the energy of separated reactants while
the barriers 2TS1rad and 2TS1yz are only 0.7 and 1.1 kcal mol�1


higher. The computed free energy for this reaction via
4TS1rad is DG� =20.9 kcal mol�1 which compares reasonably
well with the experimental value of 24–25 kcal mol�1 report-
ed by Vaz et al.[19] for the epoxidation of styrene by P450cam.


The various intermediates in Figure 5 undergo subsequent
ring closure to afford the epoxide complex. As before,[34, 37]


here too, the low-spin surfaces are effectively concerted
pathways without a ring-closure barrier to form the product.
By contrast, the high-spin pathway via 42rad-IV encounters a
small barrier (4TS2-IV) for ring closure of 1.6 kcal mol�1. A
much larger barrier of 7.3 kcal mol�1 (4TS2-III) is found for
42rad-III, which is almost identical to the one obtained with
ethylene[34] as a substrate, that is, 7.2 kcal mol�1.


In accord with previous studies[34,37] here too, for the bare
molecules (“gas-phase” conditions) the bond-activation
phase has a somewhat lower barrier on the high-spin surface
than on the low-spin surface. Calculating the relative ener-


Figure 2. Orbital occupancy of various 2rad- and 2cat-type states potentially
encountered after C�O bond formation en route to C=C epoxidation.
The heme orbitals are specified as in Figure 1, and fC is the orbital on
the benzylic carbon of styrene.
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gies of 4,2TS1rad and 2TS1yz under external perturbations
changed this ordering, and the results are depicted in
Figure 6. Although, in the gas-phase the preference is for
the high-spin species, hydrogen bonding and a dielectric
medium switch the preference to the low-spin ones. With
both effects combined, the LS pathways are 3.5–


3.7 kcal mol�1 more favored
than the high-spin pathway.
This reversal of high-spin and
low-spin TSs was also observed
for propene epoxidation, where
the 2TS1rad became the lowest
energy species.[37,47] However,
with styrene, the external per-
turbations prefer the low-spin
cationic pathway 2TS1yz that is
connected to 22cat,yz. Since the
ring-closure from 22cat,yz is es-
sentially barrier free, the life-
time of 22cat,yz will be too short
to lead to anything else but to
the epoxide complex without
loss of stereochemical informa-
tion (e.g., if the substrate starts
as cis- or trans-2-deuteriostyr-
ene).


Suicidal complex formation :
One of the side products in
alkene epoxidations by Cpd I is
the formation of the so-called
suicidal complex (4). The mech-
anism for this side reaction was
studied before using ethene as
a substrate.[35,36] It was shown to
involve a surface crossing be-
tween the surfaces that ema-
nate from the radical states,
42rad-IV,III and the correspond-
ing surface of the 42cat,xy state
(See Figure 2 for electronic
configuration). The potential
energy landscape for the suici-
dal complex formation from the
42rad-IV, 42rad-III and 42cat,xy


states is depicted in Figure 7.
Indeed, as found before, here
too the 42cat,xy falls in a barrier
free manner to the suicidal
complex, 44. By contrast, 42rad-
IV has to pass a considerable
barrier of 15.4 kcal mol�1 via
4TS3 en route to 44 (in fact the
42cat,xy surface should cross the
42rad-IV surface slightly below
4TS3 ; see Figure S8 in the Sup-
porting Information).[54] Since


the ring-closure barrier via 4TS2-IV (Figure 5) is only
1.6 kcal mol�1 above 42rad-IV, this intermediate will not par-
ticipate in a suicidal complex formation. By contrast, the
42rad-III intermediate has a significant barrier to ring closure,
about 7.3 kcal mol�1, which is comparable to its crossover
barrier[54] to the suicidal complex formation. As such, some


Figure 3. Relative energies of possible radical (2rad) and cationic intermediates (2cat) in the gas-phase (e=1), in
a dielectric medium (e =5.7), in the gas-phase with two hydrogen bonded ammonia molecules and with the
two external perturbations combined. All energies are in kcal mol�1 relative to 42rad-IV intermediate.
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population of the 42rad-III intermediate will lead to suicidal
complex formation. This, however, will be a minor product
considering the relative energy of the 42rad-III to the 22cat,yz


intermediates.


Phenacetaldehyde side products : Phenacetaldehyde side
products are commonly observed in styrene epoxidation
studies, sometimes even in yields of up to 16 %.[8] A geome-
try scan (see Figure S13 in the Supporting Information)
showed that a direct hydrogen transfer from the intermedi-
ates (42rad-IV; 42rad-III) to form phenacetaldehyde is energet-
ically demanding. Likewise attempts to scan the proton-
transfer on the low-spin surface, starting from 22cat,yz en
route to 25 led to rapid ring-closure to the epoxide complex.


Figure 4. Group spin densities (1) and degree of charge-transfer (QCT) of
the four lowest lying intermediates in the activation of styrene. The data
in the double brackets correspond to the species with 2NH–-S hydrogen
bonds and in a dielectric medium of e=5.7.


Figure 5. A multistate potential energy profile for the reaction of 4,2Cpd I, 4,21, with styrene (St). The bond activation phase leads to the radical (4,22rad-IV,
42rad-III) and cationic (22cat,yz) intermediates. In a subsequent phase, these species undergo ring closure to afford the epoxide complexes. All energies in-
clude zero-point corrections, are in kcal mol�1 relative to isolated reactants and are taken from the Gaussian frequency calculations. Key optimized geo-
metric parameters are indicated near the structures.
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Therefore, as already stated, the low-spin cationic intermedi-
ate will be too short lived to rearrange to aldehyde side
products.


The only pathway that was located started from 42cat,z2 and
continued to the side products in a barrier free manner. The
mechanism is analogous to the one found for benzene hy-
droxylation[48] by P450, and is mediated via a proton-shuttle


to the basic nitrogen atoms in
the porphyrin ring. The poten-
tial energy profile for the for-
mation of phenacetaldehyde
from intermediates is depicted
in Figure 8 alongside optimized
geometries of the critical points.
The mechanism is seen to in-
volve a barrier free proton
transfer, from the CH2 group of
the PhCH2CHO moiety to one
of the nitrogens of the porphyr-
in ring to form the porphyrin
protonated complex (45). Subse-
quently, the proton is reshuttled
to the substrate into two sites.
One leads to the aldehyde com-
plex (46), the second to the enol
complex, ferric-styrene-ol (47).
Note that the proton reshuttle
from 45 to 47 has a tiny barrier
of only 0.6 kcal mol�1 (4TS5)
while the barrier to the alde-
hyde formation is 15.1 kcal -
mol�1 (4TS4). The reason for
these large differences is the in-
itial distance between the NH
proton in 45 and the destination
carbon benzylic CH group,
which is 3.494 �; this distance
is long even with reorientation
of the PhCHCH2 moiety, and
demands a substantial barrier.
The distance of the NH proton
to the oxygen atom, on the
other hand, is rather short, and
the oxygen atom is more basic
than the carbon atom. There-
fore, if within the protein
pocket 25 achieves thermal
equilibrium very quickly, the
proton-shuttle will lead to sty-
rene-ol that will subsequently
rearrange to aldehyde assisted
by water molecules in the
pocket or on the protein sur-
face. If however, 25 cannot be
thermalized quickly and con-
tains some of the excess energy,
which the system has originally


in the onset point, then the aldehyde will form directly and
retain the original hydrogen species of the styrene.


The entire mechanism for the formation of 7 and 6 in-
volves surface crossing of 42rad-IV or 42rad-III to 42cat,z2, as
shown in Figure 8.[54] However, starting from 42rad-IV the
crossover barrier is too high compared with the respective
ring-closure barrier. Thus, 42rad-IV will not participate in al-


Figure 6. Relative energies of 4,2TS1rad and 2TS1yz in the gas-phase (e=1), in a dielectric constant of e =5.7, in
the gas-phase with two hydrogen-bonded ammonia molecules and in a dielectric constant of e =5.7 with two
hydrogen-bonded ammonia molecules. All energies are relative to 4TS1rad and include zero-point energy cor-
rections. Also shown are the group spin densities in the gas-phase and in a dielectric constant of e =5.7 with
two hydrogen-bonded ammonia molecules.
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dehyde production. However, starting from 42rad-III the cor-
responding crossover barrier and the ring closure barrier are
of the same order and hence, the aldehyde byproduct will
be formed from the 42rad-III intermediate only.


Discussion


Since the TSs of the bond activation phase (Figure 5) are
considerably higher in energy than the intermediates, all the
low-lying intermediates including 42rad-IV and 42rad-III may
be populated (e.g., by bifurcations and spin crossovers) and
will participate in product formation. The products will be
formed from each intermediate state by competing path-
ways, which are: C�C rotation, ring closure, hydrogen shift,
heme-alkylation, and spin crossover between the two spin
manifolds. This is a complex situation with a few unknowns,
especially with respect to the factors that determine the
rates of spin crossover. Setting aside this latter issue, what
will determine the relative yields are the relative barriers
for the chemical processes for each intermediate state. The
picture that emerges involves multistate reactivity (MSR)
with state and spin specific product formation, and where
the low-spin pathways yield epoxides with conserved stereo-
chemistry while the high-spin pathways generate stereo-
chemically scrambled epoxides and various side products.


An overview of possible reaction paths : Figure 9 summarizes
the MSR reaction pathways of Cpd I with a stereochemical-
ly labeled styrene, for example, trans-2-deuteriostyrene. An


initial bond activation step leads to the formation of four
lower lying intermediates, 4,22rad-IV, 42rad-III, and 22cat,yz. Since
the ring-closure processes are essentially barrier free for the
low-spin intermediates, these intermediates will lead only to
epoxide formation, with conservation of the initial configu-
ration of the trans-2-deuteriostyrene.


By contrast, to the low-spin species, the high-spin inter-
mediates have ring-closure barriers and may therefore pos-
sess sufficiently long lifetime to undergo either C�C rotation
before ring closure, thereby leading to stereochemically
scrambled epoxide complexes, or to skeletal rearrangements,
which generate side products. The C�C rotational barrier in
42rad-IV is of the same order as the ring-closure barrier for
this state. Consequently, this state will lead to stereochemi-
cally scrambled cis and trans epoxides. The amount of
scrambling will be proportional to the population of the
42rad-IV intermediate and to the effect of protein pocket on
the C�C rotation vis-�-vis the ring closure. The 42rad-III in-
termediate, on the other hand, has a large barrier for ring
closure, and as such it will participate in other processes,
such as the formation of the suicidal complex and the alde-
hyde.


A surface crossing from the 42rad-III radical surface to a
cationic surface nascent from the 42cat,z2 state (with a (p*xz)


1


(p*yz)
1 (s*z2)1 configuration in the d block) leads to a


proton-shuttle to the porphyrin ring and the subsequent
generation of either 2-hydroxostyrene or phenacetaldehyde
by-products. Since it involves states of different polarity, this
crossover barrier may further decrease in the protein
pocket. The generation of the aldehyde complex from the
protonated porphyrin intermediate has a large barrier, and
will be formed directly only if 45 cannot achieve quickly
thermal equilibrium and still possesses some of the excess
energy of its reactant species (the species 42 in Figure 8). In
such a case, the original hydrogen atom of the CH2 group
will end in the aldehyde by-product, very similar to the
NIH-shift observed in benzene.[3,7c] If, however, the excess
energy is instantaneously absorbed by the protein, then the
aldehyde will be formed from the enol with assistance of the
water molecules in the pocket. To the best of our knowl-
edge, an enol species has never been reported or may be
was not sought for.


The suicidal complex, 44, is generated from the crossover
of the 42rad-III and 42cat,xy states. In the gas-phase, the cross-
over barrier is well higher than the epoxidation barrier. This
may limit the production of the suicidal complex to a mini-
mum.


Predictions for synthetic models : The results of our calcula-
tions show that Cpd I or P450 is intrinsically an efficient cat-
alyst for oxygen transfer reactions toward styrene. The
mechanistic scheme in Figure 9 is in general agreement with
experimentally based mechanisms.[6,7a,8,10, 13,33,55, 56] Theory
adds, however, a new dimension that is concerned with the
spin- and state-selectivity of product formation. The scheme
lends itself to some predictions in artificial systems. The
amount and number of side products depends on the height


Figure 7. Potential energy profile and optimized geometries of the forma-
tion of the suicidal complex (44) from 42rad-IV, 42rad-III and 42cat,xy. All en-
ergies are relative to isolated reactants in kcal mol�1 and, wherever possi-
ble, include zero-point corrections. Bond lengths are in �.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 2825 – 28352832


S. P. de Visser, S. Shaik, and D. Kumar



www.chemeurj.org





of the crossover barriers, which in turn, depend on the
heights of two orbitals that are populated in the 42cat,xy and
42cat,z2 states; the s*xy orbital (leading to suicidal complexes)
and the s*z2 orbital (leading to aldehydes). Thus, raising
these orbitals in Cpd I will diminish the yield of side prod-
ucts, and vice versa. The s*z2 orbital depends critically on
the nature of the axial ligand; this orbital is quite high for a
thiolate ligand which is a strong binder of iron,[53] but will
get much lower for a ligand such as imidazole, sulfates, and
water, which are weaker iron binders.[53] The s*xy orbital is
not affected by changes in the axial ligand. However, both
orbitals are strongly affected by replacing the iron by anoth-
er transition metal. For example, ruthenium is a stronger
binder than iron, and the corresponding s*xy and s*z2 orbi-
tals are very high, which should thereby minimize the side
products.[57]


Since the amount of by-products depends on the popula-
tion of the 42rad-III intermediate, which possesses a singly oc-
cupied a2u orbital, another possibility of reducing the
amount of side products can be achieved by designing iron–
porphyrin catalysts with low lying a2u orbitals. In such cases,


the 42rad-III intermediate with the singly occupied a2u orbital
will be much higher in energy than the 42rad-IV intermediate,
and will not be populated. Since the 42rad-IV intermediate
has a tiny barrier for ring closure more epoxide formation
will follow. Replacement of the axial ligand (thiolate) with a
weaker iron-binding ligand, such as water (chloride ion, etc)
is one way. Another and more effective way is to substitute
the porphyrin with electron withdrawing substituents, espe-
cially on the meso position. Such a substitution may alto-
gether favor the low-spin cationic pathway (through 22cat,yz),
which is effectively concerted (See Figure 5). In cases where
the 42rad-IV intermediate is still populated such a substitution
will lower the ring closure barrier and enhance the overall
stereoselectivity of the epoxidation, thereby creating robust
catalysts.


Summary and Conclusions


The reaction of styrene with Cpd I of P450 features multi-
state reactivity (MSR) with different spin states (doublet


Figure 8. Relative energies (with respect to isolated reactants) and optimized geometries for the formation of phenacetaldehyde (4,26) and 2-hydroxo-
styrene (4,27) via a proton-transfer intermediate (4,25). Also shown are the structures of 4TS4 and 4TS5. All energies include zero-point correction and are
relative to isolated reactants. Bond lengths of optimized geometries depicted are in �.
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and quartet) and different electromeric situations having
carbon radicals and cations, and different oxidation states
on iron, FeIII and FeIV. The mechanisms involve state-specific
product formation, along the following inventory:


a) All the low-spin pathways lead to epoxide formation in
effectively concerted mechanisms, albeit nonsynchronous
ones.


b) The high-spin pathways have finite barriers for ring-clo-
sure and may have a sufficiently long lifetime to undergo
rearrangement and lead to side products.


c) The high-spin radical intermediate, 42rad-IV, has a ring
closure barrier on the same order as the C�C rotation
barrier, and will therefore lead to a mixture of cis and
trans epoxides, starting from any one of the isomers
(e.g., in 2-deuteriostyrene). The barriers for the produc-
tion of aldehyde and suicidal complexes are too high for
this intermediate.


d) The high-spin radical intermediate, 42rad-III, has a sub-
stantial ring closure barrier and may survive long
enough time to lead to suicidal, phenacetaldehyde and
2-hydroxostyrene side products.[54] All side products


have barriers, substantially higher than for the epoxide
formation. Thus, in the gas-phase the amount of side
products will be limited.


e) The phenacetaldehyde and 2-hydroxo-styrene products
both originate from a cross-over from the 42rad-III radical
intermediate to the 42cat,z2 state. The process involves an
N-protonated porphyrin intermediate that reshuttles the
proton back to the substrate to form either phenacetal-
dehyde or 2-hydroxostyrene products. This resembles
the internally mediated NIH-shift observed during ben-
zene hydroxylation.


The theoretical scheme lends itself to some predictions,
which were outlined above. However, the greater challenge
is to find ways to probe this state and spin specific MSR
scheme.
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Figure 9. Multistate reactivity (MSR) in the reaction of trans-2-deuteriostyrene (St) with 4,2Cpd I. The trans configuration of St is indicated by coloring
the “deuterium” in black, whereas all the hydrogens are in white. The low-spin state leads to stereochemically conserved epoxide complex, 23. The high-
spin states lead to stereochemically scrambled epoxide complex, 43 scramb, the suicidal complexes (44), phenacetaldehyde (46) and 2-hydroxostyrene (47).
All energies are in kcal mol�1 relative to isolated reactants and include zero-point corrections. See reference [54] regarding the crossover barriers.
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Preparative Manipulation of Gold Nanoparticles by Reversible Binding to a
Polymeric Solid Support


Ovadia Abed,[a, b] Alexander Vaskevich,[a] Rina Arad-Yellin,[b] Abraham Shanzer,*[b] and
Israel Rubinstein*[a]


Introduction


Gold nanoparticles (NPs) have been the subject of numer-
ous studies in recent years, representing particularly conven-
ient building blocks for nanostructure fabrication, while dis-
playing well-defined dimensions and geometry, as well as
optical and electronic properties.[1–7] The capping layer of
the nanoparticles can be varied and modified, thus providing
a unique possibility to control their surface chemistry and
certain properties.[8]


The ability to modify Au NPs by exploiting the NP sur-
face chemistry is a basic requirement for their use as nano-
metric components and building blocks. Modification of the
NP capping layer is commonly achieved by a place-exchange
reaction, that is, exchange of capping molecules with other


molecules dissolved in the colloid solution.[9] The degree of
exchange, determined by the reaction time, concentration of
the exchanging thiol, and other factors,[10] is not easily con-
trolled and a certain average can only be estimated.


Au NP separation is essential for purification and selec-
tion. Several techniques for NP separation have been re-
ported: 1) Size-selective precipitation, used for preparative
separation of NPs of different sizes usually having the same
capping layer;[11–13] 2) electrophoresis, commonly carried out
on hydrophilic NPs having charged groups on their surfaces,
for example, DNA molecules;[14] 3) chromatography, which
is preparative and may be suitable for NP separation based
on size and/or functional groups.[15–17]


Binding of NPs to polymeric solid supports was reported
recently.[18–20] Here we present a preparative scheme for con-
trolled modification of Au NPs by using reversible binding
to a polymeric solid support by means of boronic acid
chemistry. The solid-phase reaction ensures limited ex-
change of capping molecules due to the small number (as
low as one) of resin functional groups interacting with each
NP, while the use of boronic acid chemistry introduces the
elements of reversibility and simplicity. The resultant modi-
fied Au NPs are used in an NP separation scheme based on
the same solid-phase reaction. Application of boronic acid
matrices to affinity separation of carbohydrates and oligo-
nucteotides has been reported;[21–24] here we show for the
first time preparative affinity separation of Au NPs by bor-
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gold nanoparticles (NPs) by using re-
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onic acid chemistry. The process generally resembles the
well-established affinity chromatography, applied here to
NPs.


Results and Discussion


Figures 1 and 2a show the two kinds of Au NPs used in this
work, distinguished by size (Figure 1) and color of their re-
spective solutions in chloroform (Figure 2a). The transmis-
sion electron microscope (TEM) images in Figure 1 show


the red (left) and brown (right) Au NPs, both capped with a
monolayer of octanethiol, as well as size-distribution histo-
grams (from TEM images). The photographs of the respec-
tive solutions in chloroform (Figure 2a) show the different
colors of NPs of different average diameter, that is, 3.5 nm
(red NPs) and 1.8 nm (brown NPs).


Scheme 1 illustrates the NP modification scheme. Resin 1
consists of a macroporous polystyrene backbone (Merrifield
resin) substituted with boronic acid moieties.[25] The resin is
treated with the custom-synthesized bifunctional linker mol-
ecule 2 bearing a diol group on one end and a thiol group
on the other end, the latter protected as a xanthogenate due
to the instability of free thiols. The boronic acid on the resin
binds to the linker molecule by forming a cyclic boronate
ester, while the thiol group is deprotected in situ by the n-
butylamine and dimethylaminopyridine (DMAP) present in
the solution. Excess (unreacted) linker molecules are
washed away. The resin is then treated with a solution of oc-
tanethiol-capped Au NPs in chloroform; binding of NPs to
the resin occurs in less than an hour by a place-exchange re-


action in which linker molecules displace octanethiol mole-
cules on the NP surface. The process is easily viewed as
deep coloration of the resin. Excess (unreacted) NPs are
washed away leaving a boronic–thiolate resin with chemical-
ly immobilized Au NPs. Binding of the NPs to the resin is
stable and unaffected by solvent washing. The NP-loaded
resin can be dried and stored under ambient conditions for
several weeks with no change in performance.


Release of the bound NPs from the resin (Scheme 1) is
achieved by reacting the loaded resin with the diol 3 (2-
ethyl-1,3-hexanediol) in chloroform; this reaction transes-
terifies the boronate ester of the linker molecule, cleaving
the bond between the linker molecules and the resin, thus
releasing the NPs to the solution. The released NPs are col-
lected and cleaned by evaporation of the chloroform, addi-
tion of acetonitrile, and centrifugation. The NPs (insoluble
in acetonitrile) aggregate leaving the impurities in solution
to be discarded. This process is repeated three times, after


Figure 1. TEM images and size distribution histograms of a) red and
b) brown NPs. Concentrations were approximately 0.1 mg mL�1.


Figure 2. a) Photographs of red (1) and brown (2) NP solutions in chloro-
form. b) Red (1) and brown (2) NPs released from the resin by treatment
with diol 3 (see Scheme 1). The released NPs are seen as a cloud desorb-
ing from the resin beads (white layer floating on the chloroform). b3) Se-
lective NP binding to resin 1 (see Scheme 2) from a mixed solution of
linker-modified brown NPs and unmodified red NPs; the resin turns
brown while the solution turns red. b 4) Cross experiment in which the
linker molecules are on the red NPs. 3) and 4) Initial concentrations:
about 0.07 mg mL�1. c) Results of selective binding experiments. c 1) A
mixed chloroform solution of red and brown NPs (concentration of ca.
0.07 mg mL�1). c 2), c 3) Separation results with the linker molecules on
the brown NPs, showing the unbound and bound fractions after separa-
tion and collection, respectively. c 4), c5) Results of a cross experiment in
which the linker molecules are on the red NPs, showing the unbound and
bound fractions after separation and collection, respectively.


Chem. Eur. J. 2005, 11, 2836 – 2841 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2837


FULL PAPER



www.chemeurj.org





which the NPs are redissolved in chloroform. The released
and cleaned NPs 5 (Scheme 1) are now stabilized with oc-
tanethiol, in which one or possibly a few linker molecules
are inserted. The boronate ester resin 4 can be hydrolyzed
to regenerate resin 1. A similar scheme for binding NPs to a
solid support by using linker molecules was reported recent-
ly;[18, 20] the boronic acid chemistry used here offers milder
conditions and an additional degree of reversibility, because
the linker-modified NPs are capable of rebinding to the
resin by using the linker molecule, as detailed below.


Characterization of the product 5, that is, establishing the
presence of linker molecules in the released NP capping
layer, is difficult, as the amount of exchanged linker mole-
cules is below the detection limit of common techniques.
This objective can, however, be achieved by exploiting the
capability of the modified NPs 5 to rebind to resin 1 through
the diol linker molecule (now present on their surface),
while unmodified NPs will not bind to resin 1. Moreover,
this process demonstrates a new approach to preparative
separation and recovery of NPs by using a polymeric solid
support.


In a typical experiment NP modification is carried out as
in Scheme 1, followed by affinity separation as shown in
Scheme 2. NPs (e.g., brown NPs) are treated with a linker-
modified resin, then released and cleaned (as in Scheme 1).
The linker-carrying, brown NPs are then mixed with a stock
solution of untreated red NPs, which are capped with octane-
thiol alone. The mixture is reacted with the boronic resin 1
for 5 h. The brown NPs are expected to bind selectively to
resin 1, leaving the red NPs in solution. The fraction not
bound to the resin is filtered out and collected. The resin is
then washed with chloroform and treated with a solution of
the diol 3 in chloroform. The NPs on the resin are released
to solution, filtered, and collected as shown schematically in
Scheme 2. The same separation scheme can be employed to
show the opposite selectivity by using a mixed solution of


red and brown NPs, in which only the red NPs are modified
with linker molecules.


Figure 2b illustrates several stages of the experiment.
Frames b1 and b2 show the white resin floating on the chloro-
form, while “clouds” of red and brown NPs, respectively, are
being released from the resin into the chloroform (corre-
sponding to the NP release from the resin in Scheme 1).
Frame b 3 of Figure 2 shows selective binding from a mixed
solution of brown NPs derivatized with linker molecules and
red NPs without; the brown NPs are bound to the floating
resin, leaving the red NPs in the chloroform. The cross ex-
periment, that is, selective binding from a solution of red
NPs derivatized with linker molecules and brown NPs with-
out, is shown in frame b 4. As detailed above, the NPs left in


Scheme 1. Schematic presentation of the reversible binding of unmodified, octanethiol-capped gold NPs to boronic acid derivatized resin 1 and their re-
lease (octanethiol molecules not always shown).


Scheme 2. Schematic presentation of NP separation by selective binding
of linker-bearing NPs to resin 1, leaving the unmodified NPs in solution.
Linker-bearing NPs are prepared according to the process shown in
Scheme 1.
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solution are filtered out, the resin is then washed and ex-
posed to a solution of the diol 3 in chloroform to release the
NPs on the resin (Scheme 2).


Figure 2c shows the results of separation experiments.
Frame c 1 is a photograph of a reference solution of mixed
red and brown NPs. Frames c2 and c3 represent results of
an affinity separation experiment (as in Scheme 2) carried
out with a mixed solution of linker-modified brown NPs (as
in Scheme 1) and unmodified red NPs. Frames c 2 (red) and
c 3 (brown) are the unbound and bound fractions, respec-
tively, after separation and collection. Results of the cross
experiment (mixed solution of linker-modified red NPs and
unmodified brown NPs) are shown in frames c 4 and c 5, re-
spectively. The expected results are visually apparent, that
is, the unbound fractions are highly enriched with unmodi-
fied NPs, whereas the bound fractions are highly enriched
with linker-modified NPs, indicating the effectiveness of the
NP modification and affinity separation schemes. The quali-
tative results are not sensitive to variations in the initial
fractions of modified and unmodified NPs in the mixed so-
lution.


The efficiency of the affinity separation of Au NPs is eval-
uated quantitatively by using the Au NP optical absorbance.
(TEM imaging cannot be used for this purpose due to ex-
tended size segregation of the NPs on the TEM grid.) The
difference in the shape of the transmission UV-visible spec-
trum of the two types of NPs enables quantitative determi-
nation of the percentage of red and brown NPs in the sepa-
rated fractions. The working hypothesis in the analysis is
that the spectrum of a mixed (red+brown) NP solution can


be analyzed as a linear combination of the spectra of the
pure components. Hence, by using the experimental spectra
of pure red and pure brown NPs as references, the spectra
of mixed solutions can be deconvoluted to give the ratio of
red-to-brown components. This working hypothesis is spec-
troscopically sound provided that the size distributions of
red and brown NPs after separation are similar to those in
the pure solutions. This condition is supported by the fact
that the spectra of the pure NP solutions are unchanged
after treatment with resin 1 and release (Scheme 1).


Figure 3 presents results of NP affinity separation experi-
ments, shown as transmission UV-visible spectra measured
before and after separation. The initial mixed (red+brown)
solutions contain either brown NPs (a) or red NPs (b) with
linker molecules. The three parts in each experiment
(marked 1–3) show spectra of the initial mixture, the frac-
tion bound to resin 1 and released, and the fraction that did
not bind to the resin, respectively. Each plate contains four
graphs. The solid line is the experimentally measured spec-
trum. The dashed–dotted line is a computer-generated, best-
fit line constructed as a linear combination of the spectra of
pure red and brown NP references, each multiplied by an
appropriate factor to fit the experimental curve. The red
and brown components of the best-fit curve are shown as
the dashed line and the dotted line, respectively. The calcu-
lated spectra nearly coincide with the experimental lines in
all cases.


The efficiency of the separation was determined quantita-
tively from the simulations by using the empirical observa-
tion that solutions of red or brown NPs of the same concen-


Figure 3. Experimental (solid lines) and calculated best-fit (dashed–dotted lines) UV-visible spectra representing results of NP affinity separation experi-
ments (as in Scheme 2) on mixed NP solutions, in which the linker molecules are on a) the brown or b) the red NPs. The spectra (1–3) correspond to the
initial mixture, the fraction of NPs that were bound to the resin (and released), and the fraction that remained unbound in solution, respectively. Results
of the analysis, as percentages of the two components (weight%), extracted from the absorbance at 514 nm (see text) are also shown. Initial concentra-
tions in a1) and b 1) were 0.06 and 0.07 mg mL�1, respectively. (See text for explanation of calculated spectrum.)
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tration have the same absorbance at 514 nm. In this way the
ratio of red to brown NPs in a test solution is given by the
ratio of the absorbance at 514 nm in the two calculated
spectra of its pure components,[26] thus eliminating the need
to know the exact concentrations of the reference solutions.


The results are summarized in Table 1 and are also given
in Figure 3. Evidently, the separation is efficient but not
complete and can be described as effective enrichment, with


enrichment factors ranging from approximately 3 to 30.
Better separation is attained when the linker molecules are
on the red NPs, possibly the result of some nonspecific bind-
ing of red NPs to the resin. This effect, apparently related to
the difference in NP size and certain properties of the resin,
requires further study. The separation can be improved by a
second enrichment (not shown) by means of the same
scheme, exploiting the easy regeneration of resin 1 (see
above). The total material recovery, determined from the
absorbance values, is better than 80 %, appropriate for prep-
arative applications.


Conclusion


Reversible binding of Au NPs to a polymeric solid support
was demonstrated by using boronic-derivatized resins and
the specific reaction of diol molecules with boronic acid.
The versatility of boronic acid chemistry offers a powerful
tool for NP manipulation, while the polymer support pro-
vides the preparative element. In the present case the bor-
onic acid/diol chemistry was exploited for controlled transfer
of linker molecules from the resin to the capping layer of
the NPs, to obtain free, linker-modified Au NPs. The reversi-
bility of boronic acid chemistry was used for rebinding
linker-bearing NPs to a boronic resin by means of the diol
linker molecule, thereby establishing 1) the presence of
linker molecules on the modified NPs and 2) an effective af-
finity separation scheme. This enabled selective extraction
and separation of NPs from a mixed solution, as well as con-
venient NP recovery.


The affinity separation scheme was demonstrated here
with an artificial mixture, that is, Au NPs were modified
with diol linker molecules and mixed with unmodified NPs,
to be separated again. However, the concept is quite gener-
al. One can envisage, for example, a case of NPs undergoing
an exchange reaction in solution, after which unmodified
NPs have to be separated from modified ones carrying just
a few substituent molecules. Such a separation would be
practically impossible by other means, as the NPs exhibit
the same size and solubility properties determined by their
nearly identical capping layers.


The preparative schemes presented here may be useful in
various aspects of NP technology. These include specialized
NP modification, controlled NP release, NP separation and
purification, chemical reactions on immobilized NPs, and
others. Some of these applications are currently under fur-
ther study.


Experimental Section


Materials and reagents : Unless otherwise stated, chemicals and reagents
were purchased from Sigma–Aldrich and were used as received. Chloro-
form (Biolab, Israel) stabilized with amylene was filtered through basic
alumina. THF (Biolab, Israel) was distilled with sodium and benzophe-
none. Boronic acid derivatized resin 1 was synthesized from macroporous
Merrifield resin (200–400 mesh, a gift from Dr. Andrew Coffee, Polymer
Laboratories, UK). The detailed synthesis, as well as the synthesis of
linker molecule 2, will be reported elsewhere.[25]


Preparation of octanethiol-capped Au NPs


Brown Au NPs : Octanethiol-capped brown NPs were prepared according
to the procedure of Brust et al.[27]


Red Au NPs : Octanethiol-capped red NPs were prepared in two steps:
1) synthesis of red NPs stabilized with tetraoctylammonium bromide
(TOAB),[28] and 2) exchange of the TOAB stabilizer with octanethiol.


1) Red NPs stabilized with TOAB: Toluene (50 mL) and TOAB
(600 mg) were added to a round-bottomed flask (100 mL) equipped with
a magnetic stirrer. An aqueous solution of HAuCl4 (20 mL, 10 mg mL�1)
was added, thus, transferring the chloroaurate to the toluene layer. The
toluene was separated and added to the cleaned flask, and moderate-to-
high-speed stirring was applied. A solution of NaBH4 (200 mg in 15 mL
water) was added dropwise to the toluene chloroaurate solution at a rate
of about 2 drops per second; reduction began immediately. The initial
brown color of the solution gradually changed to red, indicating growth
of the NPs. After 2 h the red toluene layer was separated and washed
twice with the following solutions (20 mL): NaOH (20 mm), water, satu-
rated NaCl. The NP solution was diluted to 100 mL with toluene.


2) Red NPs stabilized with octanethiol: TOAB-stabilized NPs in toluene
(20 mL) were added dropwise to a vigorously stirred solution of octane-
thiol (100 mL) in toluene (10 mL) in a round-bottomed flask (100 mL), at
a rate of about 2 drops per second under a nitrogen stream. The flask
was then capped and left to stir overnight. Methanol (20 mL) was added
to induce aggregation of the NPs, and the aggregates were centrifuged at
8000 rpm for 5 min. The methanol was decanted, clean methanol was
added, followed by short sonication and centrifugation. This process was
repeated three times. The octanethiol-capped NP aggregates could be
dissolved in chloroform, and to a lesser extent in toluene or THF. The
toluene-soluble fraction, consisting of the smaller NPs, was collected, re-
dissolved in chloroform, and used for the experiments.


Reversible binding of unmodified Au NPs to Resin 1: Resin 1 (5 mg) was
placed in a syringe used as a reactor and washed with chloroform (1 mL).
A solution of linker molecules 2 in chloroform (0.5 mL, 1 mg mL�1),
DMAP (4.6 mg), n-butylamine (60 mL), and DMF (0.7 mL) was mixed


Table 1. Results of NP affinity separation experiments (as in Scheme 2).
Material recovery was calculated by comparing the absorbance of the ini-
tial mixture with the combined absorbances of the recovered compo-
nents. Volume changes were compensated for by normalizing the absor-
bances to a 1 mL solution.


Composition Enrichment Material
[wt % �3%] factor recovery [%]


Sample red brown


brown NPs with linker molecules
initial mixture 42 58
bound 20 80 2.8 82
not bound 67 33 2.8


red NPs with linker molecules
initial mixture 55 45
bound 97 3 28 85
not bound 14 86 7.8
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with the resin and left for 1 h, stirring occasionally. The resin was washed
with chloroform (4 � 1 mL), then treated with a solution of octanethiol-
capped NPs (1.5 mL, 0.1 mg NPs mL�1) and left overnight. The excess
NPs were washed away with chloroform (3 � 1 mL).


To release the linker-modified NPs, the NP-loaded resin was treated with
a solution of diol 3 in chloroform (1 mL, 0.15 m) for 3 h. The released
NPs were filtered, and the chloroform was evaporated under a stream of
nitrogen. Acetonitrile was added, and the aggregated NPs were centri-
fuged at 8000 rpm for 10 min. The acetonitrile was decanted, and the pro-
cedure was repeated three times. The cleaned NPs were dissolved in
chloroform.


Selective binding of linker-modified Au NPs to resin 1: Cleaned Au NPs
modified with linker molecules as described above were mixed with un-
modified NPs of the other type to obtain a solution (1 mL, THF (10 %)
in chloroform). The NP solution was added to a reactor syringe contain-
ing cleaned (washed with THF (10 %) in chloroform) resin 1 (5 mg) and
left for 5 h, stirring occasionally. The fraction that did not bind to the
resin was collected, and the resin was washed with chloroform (3 � 1 mL).
The resin was then treated with a solution of diol 3 in chloroform (1 mL,
0.15 m) for 3 h. The released NPs were filtered and collected.


Analyses : UV/Vis spectra were obtained with a Varian CARY50 UV/
VIS/NIR spectrophotometer in a quartz cuvette with an optical path of
1 cm and width of 2 mm. TEM images were taken with a Philips CM 120
instrument by using 400 mesh copper grids coated with nitrocellulose fol-
lowed by carbon evaporation. A drop of the NP solution was placed on
the grid followed by solvent evaporation at room temperature.
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Sequestered Plutonium: [PuIV{5LIO(Me-3,2-HOPO)}2]—The First
Structurally Characterized Plutonium Hydroxypyridonate Complex**


Anne E. V. Gorden, David K. Shuh,* Bryan E. F. Tiedemann, Richard E. Wilson,
Jide Xu, and Kenneth N. Raymond*[a]


Introduction


The use of actinides in defense applications and energy pro-
duction has resulted in environmental and health concerns
and a legacy of environmental wastes.[1] As the world ex-
pands its needs for energy and seeks alternatives to fossil
fuels, the challenge of limiting the potential environmental
and health effects from contamination or exposure is in-
creasing.[2] Complicating this problem is our relatively limit-
ed knowledge of the solution and coordination behavior of
the actinides.[3]


Ligands for actinide decorporation and for extraction
agents in waste remediation have been developed by using
the hydroxypyridonate (HOPO) and catecholamide (CAM)
chelating subunits found in siderophores, naturally occurring
iron(iii) sequestering agents.[1] The similar chemical proper-


ties and in vivo behavior of PuIV and FeIII led to sidero-
phore-based ligands for actinides designed to exploit these
similarities.[4] Biological evaluation of the efficacy and toxic-
ity of HOPO, CAM, and the related terephthalamide
(TAM) ligands in mice has provided insight into the factors
affecting the efficacy of a ligand for actinide chelation (e.g.,
denticity, binding group acidity, backbone flexibility, and sol-
ubility), enabling the development of improved actinide se-
questering agents. Two HOPO-based ligands among these,
tetradentate 5LIO(Me-3,2-HOPO) (1) and hexadentate
TREN(Me-3,2-HOPO) (2) stand out as among the most ef-
fective for reducing the body content of PuIV, AmIII, NpV–
NpIV, and UVI, and are significantly more effective than
CaNa3-DTPA (DTPA= diethylenetriaminepentaacetic acid),
the currently approved treatment for Pu, Am, and Cm.[1]


A detailed assessment of the structures of the actinide
complexes formed is particularly important if new synthetic
chelating ligands are to be designed for the selective coordi-
nation of actinide ions. As of this writing, only 23 plutonium
complexes have been characterized by single-crystal X-ray
diffraction and reported to the Cambridge Database, and
many more will be required to generate a suitable frame-
work for molecular modeling.[5–7] Here, we report the first
structure of a hydroxypyridonate plutonium(iv) complex,
that of the tetradentate 5LIO(Me-3,2-HOPO) (1) with PuIV.
This also is the first Pu crystal structure determined by using
a synchrotron radiation source for X-ray diffraction.


Abstract: The first single-crystal X-ray
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Results and Discussion


Owing to the challenges of working with the radioactive ac-
tinides, lanthanides are often substituted as models for struc-
tural investigation. Cerium is the only lanthanide for which
the +4 oxidation state is stable for several weeks in aque-
ous solutions,[3] and, in an eight-coordinate system, CeIV and
PuIV are of similar ionic radii.[8] Because of this, CeIV has
been used as a model for PuIV.[9,10] The tetradentate ligand
5LIO(Me-3,2-HOPO) (1) has been characterized in com-
plexes with CeIV both as the [Ce{5LIO(Me-3,2-HOPO)}2]·2 -
CH3OH and [Ce{5LIO(Me-3,2-HOPO)}2]·4H2O. In each
case, the central CeIV atom forms an eight-coordinate sand-
wich-like complex with two tetradentate ligands.[11]


The CeIV complexes were prepared by adding cerium(iv)
acetylacetonate in THF to a solution of the ligand in THF.
After heating to reflux temperature overnight, the metal
complex precipitated from the solution. This isolated precip-
itate was redissolved in chloroform, and after purification,
crystals of [Ce{5LIO(Me-3,2-HOPO)}2]·2 CH3OH were
grown by diffusing diethyl ether into a solution of the ligand
in a mixture of methanol and chloroform. The crystals of
the [Ce{5LIO(Me-3,2-HOPO)}2]·4H2O complex were isolat-
ed from the atmospheric oxidation of [CeIII{5LIO(Me-3,2-
HOPO)}2] prepared in a like manner, but crystallized from
an aqueous solution.


This procedure provided the basis for the preparation of
the PuIV complex. To limit the use of heat and organic sol-
vents with the actinides, this complex was prepared by the
addition of PuIV in 1.1 m HClO4 to a solution of the ligand in
water. Addition of the metal to the ligand causes the so-
lution to change to an amber color. The crystals form as
purple plates after the slow evaporation of the solvent. The
final solution had a pH close to 2.


Owing to the small size of the crystals that would likely
form from these materials and safe-handling considerations
when working with Pu, the solid-state structure was deter-
mined by X-ray diffraction methods using synchrotron radi-
ation from Beamline 11.3.1 at the Advanced Light Source
(ALS) (Figure 1). This bending magnet Beamline provides
an intense beam of monochromatic X-rays in the range 6–
17 keV and can be used with crystals as small as 15 microns,


ideal for this experiment. The
use of a synchrotron radiation
source has been found to be of
great benefit with crystals that
might not yield high quality
data sets using traditional labo-
ratory sources.[12–14]


The complex crystallizes in
space group Pna21 with Z= 4.
Selected bond lengths and
angles are given in Table 1.
The asymmetric unit cell con-
tains two unique eight-coordi-
nate plutonium complexes and
one disordered perchlorate


anion. The two Pu-containing molecules are shown in rela-
tion to each other and the perchlorate ion in Figure 2. This
minor amount of disorder is consistent with the conditions:
the crystals were grown in water and the data collected at
room temperature.


Each central Pu atom is coordinated by eight oxygen
atoms, four each from two 5LIO(Me-3,2-HOPO) ligands,


Figure 1. Left: Photograph of a crystal of the [PuIV{(5-LIO-Me-3,2-
HOPO)}2] complex under 20� magnification on the single-crystal diffrac-
tometer. Right: The small-molecule diffractometer at the Advanced
Light Source.


Table 1. Selected bond lengths [�] and angles [8] for the [PuIV{(5-LIO-
Me-3,2-HOPO)}2] complex for each of the unique molecules within the
unit cell. Standard deviations for the last decimal place are given in pa-
rentheses.


phenolic oxygens amide oxygens
Pu1�O1 2.229(12) Pu1�O2 2.397(11)
Pu1�O3 2.299(12) Pu1�O4 2.410(10)
Pu1�O5 2.321(12) Pu1�O6 2.371(12)
Pu1�O7 2.340(10) Pu1�O8 2.425(10)
Pu2�O15 2.343(10) Pu2�O16 2.427(11)
Pu2�O17 2.314(10) Pu2�O18 2.386(10)
Pu2�O19 2.334(9) Pu2�O20 2.397(10)
Pu2�O21 2.303(12) Pu2�O22 2.386(13)
O1-Pu1-O2 66.8(4) O1-Pu1-O7 134.2(4)
O3-Pu1-O4 66.5(4) O2-Pu1-O8 135.1(4)
O5-Pu1-O6 67.6(4) O3-Pu1-O5 131.8(5)
O7-Pu1-O8 67.5(4) O6-Pu1-O4 133.5(4)
O15-Pu1-O16 67.9(4) O21-Pu1-O15 133.0(4)
O17-Pu1-O18 67.0(4) O22-Pu2-O16 133.7(4)
O19-Pu1-O20 67.2(4) O18-Pu1-O20 136.5(4)
O21-Pu1-O22 67.5(4) O17-Pu1-O19 134.4(4)
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forming a sandwich-like structure (Figure 3). The planes of
the HOPO chelating rings are bent at an angle to the plane
defined by the amide ether linkage, the metal, and the
HOPO oxygen atoms. This plane is represented in a sche-
matic drawing shown in Figure 4. The overall ligand geome-
try about Pu1 more closely resembles a sandwich structure,
while the ligands coordinating Pu2 are twisted just slightly


more from planar. The average bite angle for each given hy-
droxypyridonate-chelating unit is 67.3(4)8.


There are two different types of coordinating oxygen
bonds in each Pu molecule, the phenolic and amide oxygen
atoms, with the oxygen atoms coordinating to the amide
having a longer metal–oxygen bond length. For the Pu1 mol-
ecule, the average bond length for the Pu�O(phenolic) is
2.307(31) �, whereas for Pu2 it is slightly longer, averaging
2.324(18) � (Table 2). The differences in the Pu�O(amide)


distances are negligible, averaging 2.401(23) � for Pu1 and
2.399(19) � for Pu2. The differences between the amide and
phenolic bond lengths (0.094 � for Pu1 and 0.075 � for
Pu2), are comparable to that of methanolic and aqueous
CeIV complexes (0.116 and 0.111 �, respectively). This illus-
trates some of the limits of CeIV as a structural model.


The unit cell also contains five water molecules, three of
which are modeled as six half-occupancy oxygen atoms. The
complexes were grown from acidic solution. One additional
proton serves as the counterion to the perchlorate anion
from the Pu stock solution. This proton was not explicitly lo-
cated in the Fourier map, but its position was deduced from
particular bond lengths and angles. The proton is disordered
over two sites: as an H5O2


+ ion (O38 and O32, 65 % occu-
pancy) located 2.72 � from the major component of the per-
chlorate anion, and as an H3O


+ anion (O37, 35 % occupan-
cy) located 3.38 � from the minor component of the per-
chlorate anion. The O38�O32 distance is 2.51 �, a reasona-
ble distance for the H5O2


+ ion assignment,[15] with O38 hy-
drogen-bonded to the perchlorate oxygen O44A, and O32
hydrogen-bonded to amide carbonyl oxygen atoms O9
(2.85 �) and O12 (2.90 �). The hydronium ion O37 is asso-
ciated with the perchlorate oxygen O41B, and loosely hy-
drogen-bonded to the amide carbonyl oxygen atoms O9
(2.98 �) and O24 (2.91 �).


Protonation of the metal complex itself can be ruled out
for several reasons. First, there are no unusually long Pu�O
bond lengths in either Pu coordination sphere to indicate a


Figure 2. Unit cell system of the [PuIV{5-LIO(Me-3,2-HOPO)}2] complex
(generated from crystallographic data using CAChe) with two unique
molecules and one perchlorate ion seen from the top (left) and side (C:
gray; O: red; N: blue; Cl: green; Pu: yellow). The hydrogen atoms and
water molecules have been omitted for clarity.


Figure 3. Molecular structure of [PuIV{(5-LIO-Me-3,2-HOPO)}2] featuring
the molecule about Pu1 (ORTEP plot, shown with the thermal ellipsoids
(50 % probability); C: light gray; O: red; N: blue; Pu: dark gray.


Figure 4. Schematic diagram using the idealized geometry of the Pu mol-
ecule from the side view. The plane of the sandwich structure is defined
by the oxygen atoms coordinating to the plutonium center. The HOPO
chelating units are tilted at an angle of 58 from this plane in Pu1. In this
fashion, it resembles an open box, with the corners of the box defined by
the oxygen atoms, and the lid by the planes of the HOPO rings.


Table 2. Median, mean, and standard deviations of corresponding bond
lengths from each of the [PuIV{(5-LIO-Me-3,2-HOPO)}2] molecules
within the unit cell and for each of the reported [CeIV{(5-LIO-Me-3,2-
HOPO)}2] complexes.


Pu1 Pu2
bond lengths [�] bond lengths [�]


phenolic
oxygens


amide
oxygens


phenolic
oxygens


amide
oxygens


average 2.307 2.401 2.324 2.399
median 2.310 2.404 2.324 2.392
standard deviation 0.031 0.023 0.018 0.019


Ce in H2O Ce in MeOH
bond lengths [�] bond lengths [�]


phenolic
oxygens


amide
oxygens


phenolic
oxygens


amide
oxygens


average 2.293 2.409 2.296 2.407
median 2.292 2.410 2.298 2.292
standard deviation 0.015 0.018 0.012 0.015
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protonated HOPO oxygen atom. All of the Pu�O bond
lengths in each molecule are similar. Second, the [Pu{5-
LIO(Me-3,2-HOPO)}2] should be a much weaker base than
water. If it is assumed that the formation constants for Pu
complexes are the same as those for Ce complexes in which
the Ce is in the same oxidation state and if the change of
acidity of the CeIII/CeIV complexes parallels that of the aquo
ions, then the formation constant found for the protonated
CeIII complex (pKa ~3) leads to a rough estimate of the pKa


of the protonated PuIV HOPO complex that is somewhere
between �2 and �3, much more acidic than the conditions
used here. See reference [11] for more information.


On first inspection, it would appear that the two inde-
pendent Pu complexes are mirror images of each other. The
coordination geometries of the two complexes are of oppo-
site chirality; however, analysis confirms the space group as-
signment of Pna21 rather than the centric Pnma (after trans-
forming the cell). Figure 5 illustrates the difference of the


two molecules; a mirror image of the complex structure
about Pu2 generated from the atom coordinates is depicted
as a wire frame and overlaid onto the molecular structure of
Pu1, shown as a ball and stick figure. Rotated such that one
of the 5LIO(Me-3,2-HOPO) ligands on each Pu match as
closely as possible, it is clear these are non-superimposable.


While each Pu has the two 5LIO(Me-3,2-HOPO) ligands
displaced approximately 1358 from each other, the ligands
about Pu1 are closer to planar, whereas in the Pu2 molecule
one HOPO unit is slightly twisted (Figure 6). There is a
slight difference (less than 58) in the angle by which the
HOPO subunits on Pu2 are bent toward the plane generated
by the Pu and the linker. This accounts for the slightly
longer average plutonium–oxygen bond lengths for the phe-
nolic and amide oxygen atoms in the Pu2 molecule, and is
best shown in the side view of the two molecules (Figure 2).
This difference is remarkable, especially considering that the
ligand displacement seen here is comparable to the 1338 dis-


placement seen in the CeIV structure of the crystals grown
from CH3OH, while in the aqueous CeIV complex a 358 dis-
placement was observed (Figure 7). This is an interesting ex-
ample of the results of solvent hydrogen bonding and crystal
packing modes, and it would be interesting to probe what
causes this difference.


Few structures of plutonium complexes have been charac-
terized, making comparisons limited. One related PuIV com-
plex has been described, that of the siderophore desferrioxa-
mine E (DFO-E) with PuIV.[6] Like the HOPO ligands, the
DFO-E also features hydroxamic acid chelating units coor-
dinated to the metal center. In this system, the Pu metal ion
is nine-coordinate, coordinated by the macrocycle and three
water molecules, and forms a distorted tricapped-trigonal
prism geometry. Again, there are two types of Pu�O distan-
ces, Pu�O(carbonyl) and Pu�O(amine), with the average
Pu�O(carbonyl) bond length being 0.06 � longer. This is a
smaller difference than that found in the 5LIO(Me-3,2,-
HOPO) complexes of PuIV and CeIV, as well as other
hydroxylmate MIV complexes, including the ThIV-Pr(Me-3,2-
HOPO) (3) reported previously,[16, 17] and is perhaps in part


Figure 5. The mirror image of the complex structure about Pu2 (wire
frame) is overlaid on that of Pu1 (ball and stick) and rotated such that
one of the 5LIO(Me-3,2-HOPO) ligands on each Pu match as close as
possible (C: gray; O: red; N: blue; Pu1: yellow; Pu2 is purple to better il-
lustrate the difference in angles). The hydrogen atoms have been omitted
for clarity.


Figure 6. Representation of the ligand offset. The half circle representing
the ligand must be rotated 1358 to match the ligand system seen in the
plutonium structure, whereas it is only rotated by 358 in the cerium struc-
ture from the aqueous system.


Figure 7. Molecular structures of the CeIV complexes: [CeIV{(5-LIO-Me-
3,2-HOPO)}2]·4 H2O (left) and [CeIV{(5-LIO-Me-3,2-HOPO)}2]·2CH3OH
(right). These figures were generated by using CAChe (C: gray; O: red;
N: blue; Ce: white; H: smaller and white).[12]


Chem. Eur. J. 2005, 11, 2842 – 2848 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2845


FULL PAPERActinide Sequestering Agents



www.chemeurj.org





due to the increased flexibility of the chelating hydroxamate
unit in the DFO-E structure.


The ideal coordination systems for eight-coordinate sys-
tems can be categorized by three high-symmetry polyhedra:
the trigonal dodecahedron (D2d), bicapped trigonal prism
(C2v), and square antiprism (D4d).[18,19] Deciding which of
these geometries is closest to an experimental structure is
not straightforward. We have described a shape measure, S,
to compare the geometries of eight-coordinate systems and
group them according to the high symmetry polyhedra they
most closely resemble. In this model, S is defined according
Equation (1), where m is the number of edges of the coordi-
nation polyhedron, di is the observed dihedral angle along
the ith edge (the angle between normals of adjacent faces),
qi is the same angle of the corresponding ideal polytopal
shape and min is the minimum of all possible values. Thus,
this minimization compares all possible orientations of the
observed structure (d) relative to the reference polyhedron
(q). The value S(d,q) is a measure (a metric in the strict
mathematical sense) of structural resemblance to the ideal-
ized shape. This allows comparison of all possible orienta-
tions of the observed structure relative to the reference
polyhedron and allows the direct comparison of dissimilar
complexes formed by various metal ions and ligands.[11]


S ¼ min
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi


1
m


Xm


i¼1


ðdi�qiÞ2
s �


ð1Þ


The CeIV complexes were both assigned to be of square
antiprism geometries. The methanolic complex was found to
be (S(D2d)=14.338) for the trigonal dodecahedron, lower
than that of the bicapped trigonal prism (S(C2v)=14.878)
and the square antiprism (S(D4d)=17.758). The lower shape
measure for the trigonal dodecahedron clearly shows that
the coordination polyhedron is closest to the idealized trigo-
nal dodecahedron, while the complex from the aqueous
system is more like the square antiprism. In contrast, both
of the Pu molecules in the [PuIV{5LIO(Me-3,2-HOPO)]
complex show that this system is more closely defined as the
bicapped trigonal prism, C2v (Table 3). The difference be-
tween the shape measure for each system is not as dramatic
as that of the [CeIV{5LIO(Me-3,2-HOPO)}2]·4 H2O complex,
indicating the distortion from any one particular idealized
shape. The coordination geometries about the two individual
plutonium metal centers are depicted in Figure 8.


Conclusion


The [PuIV{5LIO(Me-3,2-HOPO)}2] complex represents the
first PuIV hydroxypyridonate complex to be structurally
characterized. Owing to both practical and radiation han-
dling concerns, the structure determination was carried out
using a synchrotron radiation source. The differences be-
tween the two unique molecules found in the unit cell, and
the difference between this structure and that of the related
CeIV complex prepared from water, lends interest to further
probing the influence of solvent systems, pH, and hydrogen
bonding on crystal packing. The [PuIV{5LIO(Me-3,2-
HOPO)}2] complex is the first in a series to be characterized
with the intent of generating a library of such systems on
which to base the modeling and design of future systems,
and provide a benchmark for additional structural studies
such as EXAFS (extended X-ray absorption fine structure).


Experimental Section


General : Procedures with 242Pu were conducted in a glove box under neg-
ative pressure designed for the safe handling of radionuclides. Liquid
scintillation counting was performed with a Wallac Guardian 1414 LSC,
and the scintillation cocktail was Eco-Lume (ICN). Bulk electrolysis
using a Ag/AgCl reference electrode was conducted in a 100-mL glass
beaker fitted with a stir bar, a platinum mesh working electrode, an Ag/
AgCl reference electrode, and a platinum counter electrode. An IBM
Voltammic analyzer was used to adjust the potential. The 5-LIO(Me-3,2-
HOPO) ligand 1 (5-LIO(Me-3,2-HOPO)= 3-hydroxy-1-methyl-2-oxo-1,2-
dihydro-pyridine-4-carboxylic acid (2-{2-[(3-hydroxy-1-methyl-2-oxo-1,2-
dihydropyridine)amino]ethoxy}ethyl)amide) was synthesized by previous-
ly published methods[11] using reagents and solvents from the Aldrich
Chemical Company and used as purchased. Solvents were dried over ac-
tivated alumina and stored over 4 � molecular sieves. Water was distilled
and further purified by a Millipore cartridge system (resisitivity 18�
106 W).


Pu stock solution preparation : The 242Pu was received from Oak Ridge
National Laboratory as PuO2 (lot Pu-242–327 A, 99.93 wt % of metal
242Pu). The solid was dissolved in concentrated nitric acid with heating.
The 242Pu stock solution was loaded onto a 400 mesh Dowex anion ex-
change resin column and washed with 7.5m HNO3 to remove any daugh-
ter products; the 242Pu was isolated as the nitrate. The plutonium was
then eluted with 0.4m HCl with a trace of HF to strip the PuIV from the
column. The plutonium eluent was then transferred to a round-bottomed
boiling flask fitted with a condensing arm and KOH traps to collect acid
vapors, and boiled to dryness. The remaining salt was dissolved in con-
centrated HNO3 and boiled for three hours to digest any organic material


Table 3. The shape measure (S) for the given geometry for D4d, C3v, and
D2d symmetry is calculated. The Kepert ligand repulsion model with n =8
is taken as the ideal geometry here.[20]


D4d C2v D2d


[Pu{5LIO(Me-3,2-HOPO)}2] for Pu1 15.43 13.48 16.10
[Pu{5LIO(Me-3,2-HOPO)}2] for Pu2 15.31 13.21 14.99
[Ce{5LIO(Me-3,2-HOPO)}2]·2CH3OH 17.75 14.87 14.34
[Ce{5LIO(Me-3,2-HOPO)}2]·4H2O 12.54 18.56 20.68


Figure 8. Coordination polyhedra for the two unique plutonium mole-
cules in the unit cell. The solid bonds connect the oxygen atoms of each
of the bidentate chelating subunits of the somewhat distorted bicapped
trigonal prism (C2v) geometry.
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present in the sample. The solution was concentrated by evaporation.
Concentrated perchloric acid was added to the solution, and it was boiled
for three hours. Fresh perchloric acid was continually added to maintain
the solution volume until the nitrate was removed. The resulting charac-
teristically yellow PuVI solution was adjusted to PuIII by electrochemical
reduction. The PuIV stock solution can be prepared as needed by oxida-
tion of the PuIII stock. The final concentration of the plutonium stock so-
lution was determined by alpha liquid scintillation counting.


Pu complex preparation : An aliquot of the PuIV stock solution was dilut-
ed with deionized water and the concentration of PuIV was found to be
0.01 mol L�1 by scintillation. The resulting solution was 1.1m HClO4.
5LIO(Me3,2-HOPO) (2.1 mg, 4.9� 10�3 mmol) was dissolved in deionized
H2O (2 mL) that had been warmed to 40 8C. To this, PuIV stock solution
(230 mL, 2.3� 10�3 mmol, 1:2.1, M:L) was added. The solution turned an
amber color with the addition of the metal. The pH was found to be
close to 5 using pH paper. This solution was set aside to allow time for
evaporation and crystallization of the complex. After two weeks, the re-
maining solution appears yellow and crystals were obtained as dark
purple plates. A couple of the larger crystals were found to be suitable
for X-ray diffraction. The remaining solution has a pH close to 2 by pH
paper. After four weeks, the sample was sealed with Parafilm to prevent
any additional solvent loss. The complex is quite robust, signs of decom-
position, believed to be the result of solvent loss, are seen only after six
months.


Crystal preparation and mounting : The crystals, while not air- or water-
sensitive, require great care and special handling for mounting and trans-
port to the diffractometer at the ALS. Suitable crystals were identified
for analysis and mounted inside 0.3-mm quartz capillaries in Paratone-N
oil, while still inside the glove box. The capillaries were then coated with
a protective resin prior to being cut to fit into the goniometer such that
the crystals would be properly illuminated in the X-ray beam. These
were then sealed with epoxy resin and marked to prevent any damage or
loss. The capillaries were secured in brass pins for mounting on the goni-
ometer with wax and epoxy resin. Crystals were transported from the lab
in a sealed container already mounted on the goniometer heads, thus
minimizing the amount of alignment required once at the diffractometer.
A detailed description of the crystal mounting procedure and handling
technique is available in reference [20]. Additional measures were taken
to protect the data collection equipment at the beamline from contami-
nation. These include the protective coating and markings on the capilla-
ry, covering the optical table on which the goniometer is mounted, and
the design and construction of a “catcher” that fits onto the goniometer
to prevent losing the capillary, should an event occur in which the capilla-
ry was dislodged from the goniometer.


Structure determination and refinement : Special procedures were devel-
oped for X-ray diffraction crystal structure determination of radioactive
samples using synchrotron radiation. Crystallographic data were collected
by using a Bruker Platinum 200 detector at the Small-Molecule Crystallo-
graphic Beamline 11.3.1 at the ALS. The goniometer is mounted vertical-
ly and has a chi angle of 54.7 8. Intensity data were collected at 298 K
(room temperature) in less than one hour using Bruker Apex II soft-
ware.[21] A series of 1-s data frames measured at 0.28 increments of w


were collected to calculate a unit cell and to measure a hemisphere of in-
tensity data. Peak integrations, cell refinement, and data reduction were
performed by using the Bruker SAINT software package.[22] Data were
corrected for absorption using SADABS.[23] Dispersion factors (f and f’)
at 16 keV for C, N, O, and Cl were input using values from CROMER
for Windows. Dispersion factors for Pu were interpolated and imported
for use in SHELXS using literature data.[24] The structure was solved
with direct methods using SHELXS, and the space group assignment was
confirmed by using a Patterson map. Least-squares refinement was per-
formed by using SHELXL.[25]


All non-hydrogen atoms except perchlorate atoms and solvent oxygen
atoms were refined anisotropically. Hydrogen atoms were included in cal-
culated idealized positions for non-solvent atoms. Methyl hydrogen
atoms were refined with isotropic thermal parameters 1.5 times that of
the carbon to which they are bonded. All other hydrogen atoms were re-
fined with isotropic thermal parameters 1.2 times that of the atom to


which they are bonded. The disordered perchlorate anion was modeled
as two fragments whose occupancies were refined but summed to one.
The geometry of each fragment was constrained as a rigid body to an ide-
alized tetrahedron with Cl�O bond lengths of 1.407 �. The two Cl ther-
mal parameters were refined isotropically and set equal to one another,
as were the eight perchlorate oxygen thermal parameters. The occupan-
cies for the H5O2


+ fragment (O32 and O38) and the H3O
+ ion (O37)


were constrained to equal the site occupancy factors for the major and
minor components of the perchlorate ion, respectively.


Crystal data : The crystallographic parameters for [Pu{5LIO(Me-3,2-
HOPO)}2] (C72H80ClN16O38.65Pu2, formula weight =2321.48 gmol�1, dark
purple plates (0.070 � 0.050 � 0.025 mm) grown from an aqueous solution)
are: space group Pna21, a =26.084(5), b =23.439(4), c=15.564(3) �, V=


9516(3) �3, Z=4, 1calcd =1.620 g cm�3. The data were collected at 298 K
using a Bruker Platinum 200 detector with 16 keV synchrotron radiation
from the Small-Molecule Crystallographic Beamline 11.3.1 at the Ad-
vanced Light Source (ALS). A total of 63 115 (16 280 independent) re-
flections were collected. The structure was solved by using direct meth-
ods, and the space group was confirmed by Patterson methods. The struc-
ture was found to be a simple inversion twin, with twin law
[�10 00�1 00 0�1]. The twin components were refined to a 62:38 popu-
lation. Least-squares refinement of F2 against all reflections was carried
out to convergence with R[I>2s(I)]=0.0638 for 11214 reflections and
wR2=0.1981 for 16280 reflections and 1123 parameters, with a goodness
of fit of 1.039.


CCDC-249885 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Loss of Ammine from Platinum(ii) Complexes: Implications for Cisplatin
Inactivation, Storage, and Resistance**


Justin Kai-Chi Lau and Dirk V. Deubel*[a]


Introduction


Since the discovery of the anticancer activity of cis-diammi-
nedichloroplatinum(ii) (cisplatin),[1] tremendous research ef-
forts have focused on the clarification of the mode of action
of cisplatin and the development of metal-complex-based
anticancer drugs.[2] After injection into the bloodstream, cis-
platin reaches the cell by passive diffusion through the
plasma membrane or by transport with the copper trans-
porter Ctr1.[3] Due to the small intracellular chloride con-
centration (~10 mm) relative to that in extracellular fluids (~
100 mm), one or both platinum–chloro bonds are hydrolyzed
inside the cell. The activated hydrolyzed species may react
with various biomolecules, in particular with adjacent gua-
nine-N7 sites of genomic DNA to give 1,2-intrastrand cross-
links. It was also suggested that the reaction of hydrolyzed


cisplatin derivatives with sulfur ligands gives a storage form
from which the diammineplatinum(ii) moiety is slowly re-
leased to DNA (Scheme 1).[4] The kinked and partially un-
wound DNA at the platinated sites is recognized by proteins
like those containing a high mobility group (HMG)
domain.[5] Binding of these proteins to platinated DNA de-
prive them of their normal function, for example, of acting
elsewhere as transcription factors (hijacking model), or
shield the platinated sites from the binding of repair pro-
teins, thus preventing DNA repair (shielding model). A
complex cellular response to cisplatin treatment eventually
leads to cell death (apoptosis or necrosis). Both modes of


Abstract: Potential consequences of
the binding of the anticancer drug cis-
platin to various biomolecules in the
cell have been investigated by using a
combined density functional theory
and continuum dielectric model ap-
proach. Since the ammine ligands
remain coordinated at the metal upon
formation of the most frequent DNA
adducts, whereas they were found to be
displaced from the metal upon forma-
tion of drug metabolites, we have ana-
lyzed the factors governing ammine


loss from platinum(ii) complexes as a
possible pathway of cisplatin inactiva-
tion. The calculations systematically
show the effect of 1) the trans ligand,
2) the charge of complex, 3) the nucle-
ophile, and 4) the environment on the
thermodynamic instability and kinetic
lability of the platinum–ammine bonds.


After initial binding of cisplatin hydrol-
ysis products to thioethers or thiols,
loss of the ammine trans to this sulfur
ligand rather than replacement of the
sulfur ligand itself by other nucleo-
philes like guanine-N7 is predicted to
be the predominant reaction. The re-
sults of this study contribute to an un-
derstanding of the modes of cisplatin
inactivation prior to DNA binding, for
example, by elevated glutathione levels
in cisplatin-resistant cancer cells.
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Scheme 1. DNA binding, competitive sulfur-ligand binding, potential stor-
age, and inactivation of cisplatin derivatives in the cell (simplified, charge
of complexes not shown). Z= spectator ligand, Y=nucleophile.
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cell death are linked by the fact that certain caspases, that
is, cysteine proteases involved in the execution phase of
apoptosis, can cleave poly(ADP-ribose)polymerase, which
catalyzes the polymerization and consequent depletion of
oxidized nicotinamide adenine dinucleotide (NAD+) in ne-
crosis.[6]


A major drawback in the chemotherapy of certain cancers
with cisplatin is the resistance to the drug. While cisplatin is
particularly active in the treatment of testicular cancer,
some cancer types, like colorectal cancer, do not respond to
cisplatin (intrinsic resistance) and others like ovarian cancer
initially do, but then become resistant during therapy (ac-
quired resistance).[7] Several mechanisms of cisplatin resist-
ance have been identified and can be classified into scenar-
ios prior and subsequent to DNA binding. Pre-binding
mechanisms include the reduced accumulation and the in-
creased inactivation of the drug in the cell, while post-bind-
ing mechanisms include increased nucleotide excision repair
(NER) of the DNA adducts as well as reduced mismatch
repair (MMR). Cells with an intact MMR system may be
more sensitive to the drug due to the induction of apoptosis
by futile MMR cycles resulting from a continuous direction
of the repair attempts to the non-platinated strand.[5a,6]


We believe that an important molecular event in the in-
tracellular inactivation of cisplatin is the displacement of
one or both ammine ligands from the metal, because the
most frequent cisplatin–DNA adducts, diammine-1,2-intra-
strand-GG cross-links, as well as several other cisplatin–
DNA adducts still contain both ammine ligands.[5a] Di-
ammine-1,2-intrastrand-GG cross-links cannot form from
transplatin, the pharmacologically inactive geometric isomer
of cisplatin. A reaction involving ammine loss from a metal
complex is thermodynamically and kinetically more favor-
able than the corresponding reverse reaction due to proto-
nation of the released ammonia (pKa of ammonium: 9.25).[8]


The function of the ammine and amine ligands of platinum
anticancer complexes has been controversial. To be anti-
cancer-active, “classic” platinum(ii) complexes of the type
[PtL2Cl2] require at least one N�H bond in the ammine or
amine ligand L, with the activity increasing in the order L=


NR3 (inactive; R=alkyl) ! NHR2<NH2R<NH3 (most
active).[9] N�H bonds may act as hydrogen-bond donors to
the 5’-phosphate of d(pGpG) moieties, as suggested by mo-
lecular mechanics calculations[10] and an X-ray structure of a
platinated duplex dodecamer.[11] The preference of cisplatin
for guanine (G) over adenine (A) appears to be related to
the basicity of G-N7 and to hydrogen bonding involving G-
O6 or repulsion from A-N6H2.


[12] It has also been suggested
that the very small size of the N�H group, not its hydrogen-
bonding ability, is responsible for the good activity exhibited
by Pt compounds with amine carrier ligands bearing multi-
ple N�H groups.[13] Recent theoretical studies indicated that
an (ammine)N�H···O6(G) hydrogen bond in Pt�G ad-
ducts[14] is less important than that in the transition states of
their formation.[15] A mechanism in which ammine loss may
activate rather than inactivate the drug was also suggested,
because cisplatin derivatives of the type cis-[Pt(NH3)2Cl(C-


N3)]+ (C=cytosine) undergo replacement of the ammine
trans to the chloro ligand by another chloro ligand. This sce-
nario may finally lead to cisplatin adducts containing three
biomolecules.[16] Moreover, several “non-classic” platinum
complexes were demonstrated to be anticancer-active as
well, which is possibly attributed to other modes of action.[2]


There is strong experimental evidence that certain bio-
molecules like methionine residues or g-glutamylcysteinyl-
glycine (glutathione, GSH) can displace the ammine from
cisplatin derivatives prior to DNA binding,[17] and elevated
GSH levels were detected in cisplatin-resistant cell lines.[7d]


Nevertheless, the questions when and why the ammine
leaves have not been addressed satisfactorily, neither in
vivo, in vitro, nor in silico. Whereas many recent quantum
chemical in silico studies[14,15,18, 19] in the platinum anticancer
arena focused on cisplatin hydrolysis as well as binding to
the purine bases of DNA, we present a quantum chemical
study on reactions of cisplatin that may prevent the drug
from reaching its ultimate DNA target. This work aims 1) to
analyze the factors that determine the thermodynamic insta-
bility and kinetic lability of platinum–ammine bonds and
2) to help resolve the storage controversy, that is, clarify
whether the reaction of cisplatin derivatives with intracellu-
lar sulfur ligands inactivates the drug due to subsequent
ammine displacement or yields a drug reservoir from which
the platinum complex is slowly released to DNA
(Scheme 1).


Results and Discussion


Factors governing ammine loss from platinum(ii) complexes :
The methods employed for this work, density functional
theory (DFT) at the B3LYP level together with a continuum
dielectric model (CDM) at a dielectric constant e of 80 rep-
resenting water, are described in reference [19]. Former
DFT studies addressed more straightforward questions, for
example, how guanine, adenine, and methionine compete
for the reaction with cisplatin derivatives.[18,19] In contrast,
the present work deals with a large amount of nucleophilic
substitution reactions of cisplatin that are potentially rele-
vant to drug inactivation, storage, and resistance. In order to
investigate the general trends in the reaction and activation
free energies for ammine displacement, we decided in favor
of the following strategy: We consider [Pt(NH3)4]


2+ as the
reference complex and NH3 as the reference nucleophile,
and explore systematically the effect of 1) the trans director
T, 2) the charge of complex, 3) the nucleophile Y, and 4) the
environment on the thermodynamics and kinetics of the nu-
cleophilic substitution reactions (Figure 1). Various function-
al groups of biomolecules (illustrated here) have been con-
sidered.[20] The results are summarized in the following four
sections.


The trans director : To investigate the thermodynamic trans
influence,[21] which is defined as the extent to which a ligand
T of a metal complex weakens the bond trans to itself, the
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bond dissociation free energies (BDFEs) for the Pt�NH3


bond trans to T in [Pt(NH3)3T]2+ /+ complexes have been
calculated at e= 80. The results are displayed in Figure 2 as
large empty squares. The calculations show the Pt�NH3


BDFEs for various trans ligands T decreasing in the follow-
ing order: aqua (~25 kcal mol�1) @nitrogen heterocycles like
Gua, Ade, His (~19 kcal mol�1)>ammine (~16 kcal mol�1)~
neutral sulfur ligands like Cys and Met (~16 kcal mol�1)@


the anionic sulfur ligand Cys� (~10 kcal mol�1). To investi-
gate the kinetic trans effect,[21] which is defined as the effect
of a ligand T on the rate of substitution of the group trans to
T, the activation free energies (DGa) for the substitution of
the ammine group trans to T in [Pt(NH3)3T]2+ /+ complexes
by nucleophilic attack of another ammine group have been
predicted. The DGa are displayed in Figure 2 as large filled


squares and indicate that the kinetic trans effect of the bio-
molecules considered significantly differs from the thermo-
dynamic trans influence, identifying three classes of ligands:
1) No trans effect for T= aqua, because all the reaction
paths obtained lead to the displacement of the aqua ligand
rather than to ammine displacement. 2) A weak trans effect
(DGa~36–38 kcal mol�1) for T= all nitrogen ligands. 3) A
stronger trans effect (DGa~31–32 kcal mol�1) for T= all neu-
tral (Cys, Met) and anionic (Cys�) sulfur ligands.[22] The fol-
lowing sections will focus on metabolites of the drug that
contain sulfur ligands trans to the leaving ammine, because
the fate of cisplatin in the cell is kinetically controlled and
thiolates, thiols, and thioethers show the largest trans effect.


The charge of the complex : To investigate the influence of
the charge of the complex on the thermodynamic instability
of the platinum–ammine bonds, we have predicted the Pt�
NH3 BDFE�s in the cis-diammine thiol/thiolate complexes,
cis-[Pt(NH3)2(MeSH)n(MeS)2�n]


n+ (n= 0, 1, 2). The results
given in Figure 3 reveal that the BDFE�s are significantly
lower only if the trans ligand is the anionic thiolate Cys�


(BDFE=7–11 kcal mol�1). The sulfur ligands cis to the
ammine and the charge of the complex have a relatively
minor effect on the BDFE�s. The calculated DGa for the
substitution of the ammines in cis-[Pt(NH3)2(MeSH)n-
(MeS)2�n]


n+ (n= 0, 1, 2) upon nucleophilic attack of another
ammine are also given in Figure 3. In contrast to the ther-
modynamics, the kinetics is independent of whether the
trans ligand T is thiol or thiolate, as indicated by DGa of 30–
32 kcal mol�1. The calculated pKa values (Figure 3) demon-
strate metal binding to lower the pKa of thiols in the dica-
tionic complexes (calcd pKa~3) relative to free MeSH
(calcd pKa~9), implying that dicationic thiol complexes
become deprotonated easily. In contrast, monocationic thiol
complexes (calcd pKa~7) become deprotonated less easily,


Figure 1. Transition structure for the nucleophilic substitution at PtII cen-
ters. Left: Schematic representation with Y=nucleophile, X = leaving
group, T= trans ligand, C1, C2 =cis ligands. Right: Calculated structure
with Y =MeSH, X=NH3, T=MeS� , and C1, C2 = NH3. Distances in �,
angles in degrees.


Figure 2. BDFE�s (in kcal mol�1) for the dissociation of the Pt�NH3 bond
trans to T in [Pt(NH3)3T]2+ /+ complexes (trans influence, empty symbols)
and activation free energies DGa (in kcal mol�1) for the exchange of the
NH3 trans to T by another NH3 (trans effect, filled symbols) calculated at
e =80 (large symbols) and e =9 (small symbols).
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so both the monocationic and neutral forms may exist at
physiological pH. However, the protonation state has little
consequence for the kinetic trans effect.


The nucleophile : To clarify which biomolecules may displace
the ammine most easily from the metal, we have predicted
the reaction free energies (DGr, Figure 4, large empty cir-
cles) and activation free energies (DGa, Figure 4, large filled


circles) for the nucleophilic substitution of the ammine trans
to methanethiolate in cis-[Pt(NH3)3(MeS)]+ by various nu-
cleophiles Y. Based on the results of the former sections,
methanethiolate (Cys�) has been chosen as the trans direc-
tor. The calculations show the DGr to decrease in the follow-
ing order: Y=water (13)>Ade (8)>Cys (4)>Met, Gua,
His (�2 to + 2)>Cys� (�6 kcal mol�1). Whereas the reac-
tion of the thiolate is thermodynamically most favorable,
this species is kinetically one of the weakest nucleophiles
(DGa = 36 kcal mol�1). Various other nucleophiles have sig-
nificantly smaller activation barriers (DGa = 29–
32 kcal mol�1), including the neutral sulfur and nitrogen nu-
cleophiles Met, Cys, and Gua. Hence, a variety of N and S
nucleophiles may displace the ammine, but Ade and thio-
lates can be excluded. Thiols may react with the metal com-


plex and become deprotonated
subsequently, forming a very
stable platinum–thiolate bond.


The environment : To investigate
the trend in the reaction and
activation free energies in a less
polarizable environment pro-
vided by proteins, we compare
the reaction and activation free
energies at e=80 and 9. The


latter e gives an estimate of the DGr and DGa at solvent-ex-
posed sites of proteins.[23] Figures 2 and 4 display the results
at e=9 as small symbols; Figure 3 displays the values at e=


9 in parentheses. Although a lower e weakens the trans in-
fluence (i.e., increases the Pt�NH3 BDFEs, see Figure 2), it
increases the trans effect (i.e. , decreases the DGa for
ammine substitution trans to T), indicating that the kineti-
cally controlled ammine displacement can be promoted by a
protein environment. The pKa of the thiol complexes
(Figure 3) at e=9 are predicted to be significantly higher
than those at e=80, indicating that metal-bound thiols do
not become deprotonated in a low dielectric medium. The
effect of the dielectric medium on the DGr and DGa for the
nucleophilic substitution of the ammine trans to methane-
thiolate (Figure 4) considerably depends on the nucleophile.
The activation barrier with guanine as the nucleophile is
lowered by as much as 4 kcal mol�1 upon decrease of e from
80 to 9, which is likely attributed to the polarizability of the
aromatic heterocycle.


Cisplatin storage versus inactivation : To assess the storage
hypothesis,[4] we have investigated the substitution of Me2S
and MeS� in cis-[Pt(NH3)3(Me2S)]2+ and cis-[Pt(NH3)3-
(MeS)]+ , respectively, by guanine. Adducts of the types cis-
[Pt(NH3)2Z(thioether)]2+ /+ and cis-[Pt(NH3)Z(thiolate)]+ /0


may be formed in the cell,[24] because it was previously
shown that the binding of thioethers or thiols to platinum(ii)
complexes in water is kinetically competitive if not superior
to the binding of the purine bases.[4,19,25] The adducts of
sulfur ligands may serve as a “drug reservoir”, from which
the platinum–diammine is slowly released to its DNA
target. Alternatively, the ammine rather than the sulfur
ligand may be displaced by biomolecules in the cell
(Scheme 1). Note that several former experimental competi-
tion studies that considered 1,2-diaminoethane (en) or 1,5-
diamino-3-azapentane (dien) complexes of platinum(ii) did
not solve the storage controversy, because the Pt�en and
Pt�dien bonds are more stable and more inert than are plat-
inum(ii)�ammine bonds due to the increase of translational
and rotational entropy upon release of the monodentate
ammine ligands (chelate effect).[25] Our calculations reveal
very high activation free energies at e=80 for the substitu-
tion of Me2S (40 kcal mol�1) and MeS� (44 kcal mol�1) in cis-
[Pt(NH3)3(Me2S)]2+ and cis-[Pt(NH3)3(MeS)]+ , respectively,
by Gua. Recall that the DGa values for the replacement of
the ammine group trans to the sulfur ligand in cis-[Pt(NH3)3-


Figure 3. BDFE�s (in kcal mol�1) for the dissociation of the Pt�NH3 bonds of thiol and thiolate complexes
(plain text), activation free energies DGa (in kcal mol�1) for the exchange of the NH3 by another NH3 (bold),
and predicted pKa�s at e=80 (italics). Values at e =9 are given in parentheses.


Figure 4. Reaction free energies DGr and activation free energies DGa (in
kcal mol�1) for the substitution of NH3 trans to MeS� in [Pt(NH3)3-
(MeS)]+ complexes by various nucleophiles. Values calculated at e =80
(large symbols) and e =9 (small symbols).
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(Me2S)]2+ and cis-[Pt(NH3)3(MeS)]+ are considerably lower,
approximately 31–32 kcal mol�1 at e= 80. At e=9, the DGa


for the substitution of Me2S in cis-[Pt(NH3)3(Me2S)]2+ de-
creases to 34 kcal mol�1, but the trans effect of the sulfur li-
gands leading to ammine loss is also enhanced by a less po-
larizable environment (vide supra). Hence, theory does not
support the transient platination of sulfur ligands and subse-
quent transfer of the diammineplatinum core to genomic
DNA as a predominant mechanism in the mode of action of
the drug. However, the calculations do allow the possibility
of the formation of protein–DNA cross-links through bind-
ing of a thioether or thiol functional group of a protein and
subsequent replacement of the ammine trans to this sulfur
ligand by another nucleophile, such as a guanine-N7 site.
This scenario may lead to the formation of cisplatin adducts
containing three biomolecules.


Conclusions


In summary, we have explored by a systematic DFT/CDM
approach (e=80) the trans influence and trans effect of vari-
ous biomolecules in platinum(ii) complexes and their reac-
tions that are potentially relevant to cisplatin inactivation
upon ammine loss. Whereas thiolates (Cys�) show the larg-
est thermodynamic trans influence, anionic and neutral
sulfur ligands (Cys� , Cys, Met) show the largest kinetic trans
effect. The charge of a PtII complex has a relatively minor
effect on the activation free energies for ammine displace-
ment. Several nitrogen and sulfur nucleophiles like Gua,
Cys, and Met are able to replace the ammine trans to a
sulfur ligand, whereas the Pt�NH3 bonds are inert to nucleo-
philic attack by Ade and Cys� . A less polarizable environ-
ment (e= 9), which is likely present when amino acid resi-
dues of proteins react with the drug, reduces the trans influ-
ence, enhances the trans effect, and inhibits deprotonation
of metal-bound thiols. Theory does not support the platina-
tion of sulfur ligands and subsequent metal release to DNA
(“storage hypothesis”) as a key mechanism in the mode of
action of cisplatin, because the activation free energies for
the replacement of Cys� or Met by Gua in cisplatin deriva-
tives containing an intact cis-diammine core are considera-
bly higher than the activation free energies for the substitu-
tion of the ammine group trans to an anionic or neutral
sulfur ligand by Gua. Additional studies are required to un-
derstand entirely how platinum drug resistance can be over-
come by “third-generation” anticancer complexes,[2] which
contain nitrogen ligands other than ammine.


Computational Methods


Structures and energies : The geometries of molecules and transition
states (TS) were optimized at the gradient-corrected DFT level using the
three-parameter fit of exchange and correlation functionals of Becke
(B3LYP),[26] which includes the correlation functionals Lee, Yang, and
Parr (LYP),[27] as implemented in Gaussian 98.[28] The LANL2DZ
ECP�s[29] and valence basis sets were used for platinum, and 6-31G(d,p)


basis sets were used for the other atoms.[30] This basis-set combination is
denoted II�. Vibrational frequencies were also calculated at B3LYP/II�.
The structures reported are either minima (NIMAG=0) or transition
states (NIMAG =1) on the potential-energy surfaces. Improved total en-
ergies were calculated at the B3LYP level by using the same ECP and va-
lence basis set for the metals, but totally uncontracted and augmented
with Frenking�s set of f functions,[31] together with the 6-311+G(3d) basis
sets for the sulfur and chlorine and the 6-311 +G(d,p) basis sets for the
other atoms. This basis-set combination is denoted III+ and was success-
fully employed for other reactions of third-row transition metals.[32] Acti-
vation and reaction free energies (DGa, DGr) were calculated by adding
corrections from unscaled zero-point energy (ZPE), thermal energy,
work, and entropy evaluated at the B3LYP/II� level at 298.15 K, 1 atm
to the activation and reaction energies (DEa, DEr), which were calculated
at the B3LYP/III + //II� level.


Solvation free energies : Solvation free energies Gsolv
e of the structures op-


timized at the B3LYP/II� level (vide supra) were calculated by Poisson–
Boltzmann (PB) calculations with a dielectric constant e of the dielectric
continuum that represents the solvent. The PB calculations were per-
formed at the B3LYP level using the LACV3P ++** basis set for plati-
num and the 6-31G** basis set for the other atoms as implemented in the
Jaguar 5 program package.[33, 34] The continuum boundary in the PB calcu-
lations was defined by a solvent-accessible molecular surface with a set
of atomic radii for H (1.150), C (1.900), N (1.600), O (1.600), S (1.900),
Cl (1.974), and Pt (1.377 �).[35] The pKa predictions were carried out by
using a thermodynamic cycle [Eq. (1)][36] in which DG1 and DGe are the
reaction free energies of the reaction, AH!A�+H+ , in vacuo and at e,
respectively, Ge


solv(X) is the solvation free energy of species AH or A� at
e obtained through the PB calculations, R is the ideal gas constant, and T
is the temperature (298.15 K).


DGe ¼ DG1þGe
solvðHþÞ þGsolv


eðA�Þ�Ge
solvðAÞ


pKa
e ¼ DGe=RT ln10


ð1Þ


The experimental value of �260.9 kcal mol�1 was used for the hydration
free energy of the H+ ion (G80


solv(H+)),[37] as recommended by Truhlar and
co-workers.[37a] The solvation free energies Ge


solv of the H+ ion at various
e were calculated using a scaling equation derived from the Born
model.[38] A more detailed description of the methods was presented in
reference [19].


The present computational approach is clearly superior to recent studies
in vacuo. Some of its limitations, however, are demonstrated by the pre-
diction of a slightly larger activation free energy for the reaction of the
first cisplatin hydrolysis product, cis-[Pt(NH3)2(OH2)Cl]+ , with Me2S (~
27 kcal mol�1) compared to that with Gua (~25 kcal mol�1),[19] while the
reaction of cisplatin with the Met moiety in a peptide–oligonucleotide
hybrid yielding cis-[Pt(NH3)2(Met-S)(Cl/OH2)]+ /2+ was experimentally
observed to be kinetically preferred to that with the Gua moiety of the
hybrid.[17d] A second example is the lability of an ammine trans to a
chloro ligand in cisplatin derivatives of the type cis-[Pt(NH3)2Cl(C-N3)]+


(C=cytosine) with respect to replacement by another chloride, which
was experimentally observed,[16a] while the calculations at B3LYP togeth-
er with the PB approach do not predict significantly different activation
free energies for the replacement of the ammine trans to the chloro
ligand in cis-[Pt(NH3)2Cl(C-N3)]+ and [Pt(NH3)3Cl]+ by another chloro
ligand (38.2 vs. 36.2 kcal mol�1). Further investigation of these last reac-
tions by using the second-order Møller–Plesset perturbation theory
(MP2) ab initio method led to activation free energies similar to those at
B3LYP (Table S6 in the Supporting Information). Consideration of an al-
ternative definition of the molecular cavity based on atom types (like
carbon-sp2), which we in general do not prefer due to its arbitrariness in
studies of reactions involving changes of atom types, did not change the
results significantly in comparison with the present atom-based definition
of the molecular cavity. Although it is typically claimed that continuum
dielectric models include entropic corrections to solvation free energies
in the parameters defining the molecular cavity, activation free energies
of bimolecular reactions (like the substitution reactions described in this
work) may contain systematic errors, that is, the DGa of all such reactions
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are predicted to be too large by few kcal mol�1. This drawback might be
overcome by scaling the calculated gas-phase entropies, because Wertz
showed that the molecules of water, ammonia, n-octane, and n-octanol
loose a constant fraction (~0.46) of their entropies when they are dis-
solved in water.[39] Hence, the interpretation of the calculated results
should focus on trends rather than on a particular number. Reactive
Car–Parrinello molecular dynamics approaches that consider the solvent
explicitly might improve the results in future work.
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The Magnetic Behaviour of [NnBu4]4[Ni16Pd16(CO)40]: An Even-Electron
Homoleptic Carbonyl–Metal Cluster Anion Displaying a J=2 Ground State


Mauro Ricc�,*[a] Toni Shiroka,[a] Stefano Carretta,[a] Fulvio Bolzoni,[b] Cristina Femoni,[c]


M. Carmela Iapalucci,[c] and Giuliano Longoni*[c]


Introduction


Only a limited number of carbonyl–metal clusters carries an
odd number of valence electrons and exhibits Curie-type
magnetism arising from the presence of a single unpaired
electron. The overwhelming majority of carbonyl–metal
clusters display an even number of electrons and are dia-
magnetic.[1] However, the tightening of frontier energy
levels as the cluster size increases was expected to trigger
magnetic behaviour in even-electron species. Consequently,


the magnetic susceptibility of several low- and high-nucleari-
ty homometallic Ru, Os, Rh, Ni and Pt, as well as bimetallic
Fe�Pt, Fe�Ag, Os�Cu, Os�Au, Os�Hg and Ni�Pt carbonyl
clusters with an even number of valence electrons has been
measured.[2] Some species only showed a temperature-inde-
pendent paramagnetism (TIP) increasing with cluster size.
Others displayed a magnetic susceptibility involving both
TIP and temperature-dependent paramagnetism (TDP) con-
tributions. The magnetic moments deduced from Curie con-
stants were found to fall in the range 0.1–1 mB per cluster. In
a few cases, for example, [Fe3Pt3(CO)15]


2� and
[Fe8Ag13(CO)32]


3� salts, EPR experiments unambiguously
demonstrated that the weak TDP was ascribed to impurities
of their related odd-electron congeners, namely,
[Fe3Pt3(CO)15]


� and [Fe8Ag13(CO)32]
4�.[3] Indeed, spin cali-


bration experiments suggested that these odd-electron con-
geners were present in amounts corresponding to the mea-
sured magnetic moments.[3] Only a few clusters were found
to show exceptional magnetic behaviour. Among the most
notable species there were [Os40Hg3C4(CO)96]


2�[2e] and
[HNi38Pt6(CO)48]


5�.[2d] The former displayed a magnetic
moment of 3.3 mB per cluster below 26 K, decreasing to
1.35 mB between 80 and 300 K.[2e] A theoretical qualitative
framework predicting a transition from TIP (van Vleck-
type), through TDP (Curie-type), to TIP (Pauli-type), as a


Abstract: The magnetic behaviour of
the even-electron [Ni16Pd16(CO)40]


4�


cluster, in its [NnBu4]
+ salt, has been


investigated by magnetometry and
muon spin rotation/relaxation (mSR)
spectroscopy. The susceptibility meas-
urements show an exceptionally high
magnetic moment corresponding to a
total spin value J= 2. This suggests a
Hund filling of a quadruplet ground
state, quite unique in carbonyl–metal
clusters. SQUID magnetometry shows
a departure from the Curie–Weiss law,


for T>150 K, and strong deviation
from a Brillouin behaviour of the mag-
netisation curves. mSR spectroscopy in
zero applied field shows a temperature
independent decay of the muon spin
polarisation, similar to that of a purely
paramagnetic system. The observed
muon spin repolarisation in a moderate


external longitudinal field, however, in-
validates this simple picture and sug-
gests the presence of a local anisotropy
field acting on the cluster�s magnetic
moment. A consistent interpretation of
magnetometry and mSR results implies
the occurrence of an additional interac-
tion of the cluster spin with an effec-
tive crystalline field. The inclusion of
this interaction in a model Hamiltonian
allows us to successfully reproduce
both the susceptibility and magnetisa-
tion data.
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function of size and metallic composition of the cluster core,
was suggested.[2e]


The [HNi38Pt6(CO)48]
5� salt showed a magnetic moment


of 3.9 mB per cluster as a powder sample. However, a rede-
termination of its magnetic moment on a single crystal[4a]


failed to confirm the previous measurements and disclosed
only a faint magnetism (0.01 mB per cluster).[4b] Furthermore,
DFT calculations on bare Ni44 and Ni38Pt6, as well as car-
bonylated [Ni44(CO)48]


6� and [Ni38Pt6(CO)48]
6� model clus-


ters, clearly indicated that the CO shell quenches the mag-
netism of the bare metal cluster.[5] These findings, as well as
the extrinsic nature of TDP behaviour of [Fe3Pt3(CO)15]


2�


and [Fe8Ag13(CO)32]
3�, cast doubts on any intrinsic TDP be-


haviour of carbonylated Ni and Ni�Pt clusters.
A renewed interest in magnetic behaviour of carbonyl–


metal clusters was fuelled by the observation that most car-
bonylated Ni�Pd clusters appeared to feature extra valence
electrons according to the available electron-bookkeeping
rules.[6] That fact and the localised elongations of few Ni�Ni
bonds in the above Ni�Pd clusters were reminiscent of the
structural and electronic behaviour of the 50-electron
[Co3(Cp)3S2] cluster.[7] To our knowledge, [Co3(Cp)3S2] rep-
resents the first unambiguous example of a paramagnetic or-
ganometallic cluster with an even number of electrons. A
further reason of interest in the above Ni�Pd carbonylated
cluster was represented by the enhanced magnetism of Ni-
coated Pd and alloyed Ni�Pd nanoparticles.[8]


As a result, we have undertaken magnetic measurements
of [NnBu4]4[Ni16Pd16(CO)40] crystals and report here our re-
sults.


Results and Discussion


Structural features and EHMO
calculations of [Ni16Pd16-
(CO)40]


4� : The [NnBu4]4-
[Ni16Pd16(CO)40] salt appeared
as a suitable candidate for mag-
netic studies for the following
reasons: 1) it is available in
good yields and in a crystalline
state,[6a] 2) it contains an even-
electron [Ni16Pd16(CO)40]


4� ion,
3) related odd-electron
[Ni16Pd16(CO)40]


n� (n= 3 or 5)
species are unknown, 4) the
anion displays a few elongated
(Ni�Ni 3.01–3.12, Pd�Pd 2.95–
2.99 �) M�M contacts localised
between and within the top and
bottom first two layers and 5),
according to electron-book-
keeping rules, it features four
extra valence electrons. A view
of the [Ni16Pd16(CO)40]


4� ion is
given in Figure 1, together with


the frontier region of the molecular orbitals diagram derived
from extended H�ckel (EH) calculations. In agreement with
electron-bookkeeping rules, EH calculations suggest the
presence of a potential HOMO–LUMO gap of approxi-
mately 0.8 eV after 360 orbitals (see Figure 1, left). These
MOs would formally be sufficient to lodge the valence elec-
trons of a neutral [Ni16Pd16(CO)40] moiety. The four addi-
tional electrons present in the [Ni16Pd16(CO)40]


4� ion partial-
ly populate the next three tightly spaced orbitals. An analy-
sis of the population overlap of these MO suggests their
nonbonding or weakly antibonding nature with respect to
the above loose M�M contacts among the metal atoms of
the top and bottom first two metal layers. It seems reasona-
ble to suggest that the four negative charges are necessary
in order to stabilise the M�CO interactions and loose some
M�M contacts, in synergy with some cluster swelling in-
duced by the inner Pd atoms, which are significantly bulkier
than the outer Ni atoms. Such a situation is somehow remi-
niscent of the [Co3(Cp)3S2] cluster,[7] in which the swelling
effect of the face-capping sulfur atoms on the Co3 triangle
and the partial population of two degenerate Co�Co anti-
bonding orbitals coherently favour the admission of two
extra valence electrons.


Although EHMO calculations can only provide a rough
picture of the major features of carbonyl–metal clusters,
often they are qualitatively reliable. For instance, the rough
features of frontier molecular orbitals of [Ni32C6(CO)36]


6�


that we can gather from EHMO and DFT calculations are
largely in agreement.[4,9] Moreover, the predicted contribu-
tion of the 5s atomic orbital of the interstitial Ag atom of
[Fe8Ag13(CO)32]


4� to its singly-occupied MO is closer to the
experimental value for EH than for DFT calculations.[3,10]


However, more subtle details such as energy and spin multi-
plicity cannot be safely assessed by EH. Therefore, the fact


Figure 1. Left: The structure of the [Ni16Pd16(CO)40]
4� ion (M�M bonds >3 � are omitted, Pd atoms are


shown as black spheres). Right: EHMO frontier region of [Ni16Pd16(CO)40]
4� between �11 and �9 eV.
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that the EHMO diagram of Figure 1 (left) shows two un-
paired electrons cannot be taken seriously. Nevertheless, the
considerations presented above aroused our curiosity to ex-
perimentally determine whether the even-electron
[Ni16Pd16(CO)40]


4� cluster is magnetic or not.


Magnetometry results : The inverse molar susceptibility as a
function of temperature, measured at an external field of
100 Oe, is shown in Figure 2. The reported values were mea-


sured by applying a zero-field-cooling (ZFC) procedure; no
significant differences were observed in field-cooling (FC)
conditions. In the temperature range 5–50 K the data follow
the linear behaviour expected from a Curie–Weiss law of
the type c(T�T0=


1=3 N(m2
Bp2/kB; see Figure 2), in which N is


the number of moles, mB is the Bohr magneton and kB is the
Boltzmann constant. From the fit we find T0 =�3.7 K and
p= 4.78, which is quite close to the value 4.9 expected for a
total spin J=2 (the number of effective Bohr magnetons
being p=g


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JðJ þ 1Þ


p
), suggesting a Hund filling of a quad-


ruplet ground state. Such a high value of the total spin is ex-
ceptional in metal–carbonyl clusters (see Introduction). The
negative value of T0 could arise from a possible weak anti-
ferromagnetic interaction among the magnetic moments of
the clusters, although a more appropriate explanation of the
experimental results will be given hereafter.


Figure 3 shows the DC magnetisation as a function of the
applied field (first magnetisation curve) at two different
temperatures: 5 K and 10 K; the two curves are fully rever-
sible and no hysteresis could be estimated. The solid line
represents the calculated molar magnetisation by using a
Brillouin function (BJ) with J=2. It is evident that the ex-
perimental data are not reproduced by the calculated func-
tion, which predicts a magnetisation value ~2.5 times higher
than that measured. On the other hand, if we try to fit the J


value with a generic BJ function, a reasonably good fit is ob-
tained only for J�1, an incompatible value with that infer-
red from susceptibility measurements. The deviation of mag-
netisation from a simple Brillouin behaviour is even more
evident if the same data are plotted versus the normalised
H/T value. Indeed, from the inset of Figure 3, it is clear that
the two families at different temperatures do not overlap.


A consistent interpretation of the two results can be ob-
tained by taking into account the presence of an additional
interaction of the clusters� spin with an effective crystalline
field, which, in our case, could arise from the elongated
shape of the cluster, the bonds with the carbonyl ligands or
other factors affecting the particle�s magnetic moment. By
assuming that at low temperatures each cluster behaves as a
J=2 multiplet, a quantum treatment of this effect can be
performed by disregarding the details of the spin interaction
and by adding only the symmetry allowed terms in the spin
Hamiltonian, which, up to the second order, can be given by
the following equation [Eq. (1)]:[11]


HJ¼2 ¼ HZeeman þ
D
3
½3J2


z�JðJ þ 1Þ� þ EðJ2
x�J2


yÞ ð1Þ


Further low-symmetry terms, allowed by the Ci symmetry
of [Ni16Pd16(CO)40]


4�, have been neglected, since their inclu-
sion did not improve the fit significantly. Since the magneti-
sation and susceptibility measurements were performed on
powder samples, which lack of detailed information, an iso-
tropic g factor has been assumed in the Zeeman term
[Eq. (2)].


HZeeman ¼ �gmBB � J ð2Þ


A least-square fit of the magnetisation data at T= 5 and
10 K, with the model given by Equation (1) and by using a
fixed g=2 factor, yields D =�6.7 meV and jE j=2 meV.
The fit results are shown in Figure 4: the solid lines repre-
sent the calculated powder magnetisation M as a function of
the applied magnetic field for T= 5 and 10 K. The discrep-


Figure 2. Inverse magnetic susceptibility versus temperature in an exter-
nal field of 100 Oe suggests a paramagnetic behaviour up to 50 K. At
higher temperatures, a sizeable departure from linearity is observed. A
fit of the data with the model Hamiltonian [Eq. (1)] is shown: a) consid-
ering a pure paramagnetic behaviour (dashed line), and b) adding a weak
ferromagnetic interaction among clusters (solid line).


Figure 3. Molar magnetisation versus applied field at 5 and 10 K com-
pared to the J =2 Brillouin function (solid line). Inset: the renormalised
data do not follow a simple Brillouin behaviour.
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ancy between the simulated and the experimental low-tem-
perature and low-field data could arise because of the ne-
glected anisotropy of the g factor or, alternatively, could be
due to a nonnegligible influence of fourth-order terms in the
magnetic anisotropy of each cluster. Another possible
reason which would account for an underestimated M value
could be the presence of small ferromagnetic interactions
between neighbouring clusters. In fact, as discussed below,
the discrepancy between the calculated and measured sus-
ceptibility can be recovered if a small ferromagnetic interac-
tion is taken into account.


The zero-field level scheme calculated with the anisotrop-
ic Hamiltonian described above and the relevant best-fit pa-
rameters are shown in the inset of Figure 4. Due to the large
value of the E/D ratio, the effective crystal field of
[Ni16Pd16(CO)40]


4� splits the J=2 multiplet into five well-
separated singlets. The energy difference between the two
lowest states is about 1.6 meV and, since the next level lies
at about 15 meV higher, the 5 and 10 K magnetisation
curves are determined only by the two lowest eigenstates.
The least-square fitting procedure provides a second mini-
mum for parameters D=5.2 meV and jE j=1.7 meV, which
are nearly the opposite of the parameters reported above.
Further measurements on single crystals will allow to unam-
biguously determine the Hamiltonian. In addition, it should
be noted that also the sign of E in HJ=2 cannot be establish-
ed simply by measurements on powder samples, since a sign
change of this parameter corresponds only to a rotation of
90o around the z axis.


After conjecturing the model Hamiltonian [Eq. (1)] from
the magnetisation data, the second step is to check whether
HJ =2 allows us to reproduce the measured susceptibility. In
presence of higher lying excited states that do not belong to
the J= 2 manifold, the susceptibility can be written as Equa-
tion (3),[12] in which the constant C has to be determined
from the experimental data.


c ¼ cJ¼2 þ C ð3Þ


By setting C=2 � 10�3 emu mol�1 the dashed line in
Figure 2 is obtained. Apart from a slight shift by a constant
positive value l, the calculated c�1 has the same shape as
the experimental curve [Eq. (4)], in which l is approximate-
ly 1.5 mol emu�1.


c�1
exp ¼ c�1�l ð4Þ


This situation may be interpreted by considering a weak
ferromagnetic interaction between neighbouring clusters, in
which case l would represent the molecular field constant.
The calculated inverse paramagnetic susceptibility in pres-
ence of a ferromagnetic molecular field is shown in Figure 2
with a solid line. This model follows the experimental data
quite well, apart perhaps at low temperatures, whereby the
calculated inverse susceptibility goes to a constant value,
while the measured one seems to decrease further.


The model depicted above is based on the assumption
that at low temperatures each cluster behaves as an effective
J=2 system split by the magnetic anisotropy. It allows us to
reproduce all the experimental data up to now, but more ex-
perimental and theoretical work is necessary in order to un-
derstand the origin of the observed behaviour. In addition,
single-crystal experiments would allow a more precise deter-
mination of the spin Hamiltonian, especially regarding the
possible tensorial nature of the coupling with the external
magnetic field and the higher order anisotropy.


Muon spin rotation/relaxation (mSR) spectroscopy: By mon-
itoring the time evolution of implanted muon spins through
the angle-resolved detection of decay positrons, mSR spec-
troscopy can provide us with useful physical information as
sensed by these interstitial magnetic probes.[13a–d] To under-
stand the nature of magnetic interactions in [NnBu4]4-
[Ni16Pd16(CO)40] we performed both zero-field (ZF) and lon-
gitudinal-field (LF) mSR measurements on a powder sample,
the field direction being referred to the initial muon spin po-
larisation.


ZF—magnetism versus temperature : Due to the absence of
any externally applied magnetic fields, ZF represents one of
the best methods to investigate intrinsic magnetic properties.
The spectra at ZF were collected in the temperature range
5–300 K and each spectrum was fitted with two components:
a small fast-decaying component (Gz(t)=Gz(0) e�lt) and a
large fixed component. The decaying signal, with an asym-
metry of 6 %, arises from those muons stopping near the
magnetic clusters, as confirmed by LF measurements (see
below). To reveal possible variations in the distribution and
dynamics of the local magnetic fields with temperature, we
monitored the relaxation rate of this signal.


What we found is a practically constant decay rate l=


0.31�0.02 ms�1 in a relatively broad temperature range (5–
60 K), compatible with a purely paramagnetic behaviour.
Indeed, in the paramagnetic state, far above all magnetic
freezing temperatures of a material, the electronic moments
are expected to be rapidly fluctuating, and the muon spin re-


Figure 4. Fitting the magnetisation data with the model given by Equa-
tion (1) with D =�6.7 meV, jE j=2 meV and g =2 (see text) gives a
much better agreement.
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laxation function is then expected to be in the fast-fluctua-
tion (or dynamic) limit, well described by a temperature-in-
dependent exponential decay.


At higher temperatures (60–300 K), however, a gradual
decrease of l takes place. This feature, which is not expected
in a simple paramagnetic system, has already been observed
in other magnetic molecular cluster compounds, such as
CrCu6, CrNi6, and CrMn6,


[14] and indicates a decrease of the
w=0 component of the spin fluctuations spectrum at high
temperatures. A detailed explanation of this behaviour is
still missing, but the effect of the electron-phonon interac-
tion within the J=2 multiplet could be at the origin of the
phenomenon.


LF—repolarisation measurements : Several longitudinal field
scans in the range 0–300 mT were performed at different
temperatures: 5, 30 and 75 K. The fit of the data was per-
formed by using three components: a 13 % asymmetry non-
decaying background (corresponding to the muon fraction
stopping in the silver frame), a field-dependent nondecaying
background and a relaxing term. The amplitude of the
second component as a function of the longitudinally ap-
plied field is shown in Figure 5. A maximum polarisation


value of 23 %, as determined from room temperature (RT)
measurements in a pure silver sample, implies that the varia-
tion range of the second component will not exceed 10 %.


In general, the gradual increase of the longitudinal field
determines a gradual decoupling of muon spin from the in-
ternal fields, giving a saturation of the polarisation once the
decoupling is complete. When many characteristic internal
fields are present one should then expect a multiexponential
recovery of the muon polarisation towards its saturation
value. This seems just to be the case of our LF data reported
in Figure 5. Here we observe that 40 % of polarisation is re-


covered within 0.4 mT (see insert), typical of muon coupling
with the relatively weak nuclear magnetic moments, and
most likely corresponds to the muon fraction trapped in the
tetra-n-butylammonium counterions. This fact was con-
firmed also by measurements in tetra-n-butylammonium
bromide, which presents a very similar recovery curve. On
the other hand, the remaining 60 % of polarisation saturates
only at much higher fields, up to 200 mT. The latter recov-
ery, typical of a static field distribution, is unexpected and
does not confirm the simple paramagnetic picture deduced
from the ZF measurements. It suggests that the superpara-
magnetic fluctuations of the cluster magnetic moment are
easily dominated by the alignment action of an external
magnetic field. Although unexpected in a simple paramag-
net, this effect can be once more explained on the basis of
a local anisotropy field which hinders the local moment
fluctuation, thus confirming the interpretation of the
magnetometry results given in the previous section.


Conclusion


The magnetism of [Ni16Pd16(CO)40]
4� appears to be intrinsic.


Beyond other considerations, an increase in magnetic
moment above 150 K, as shown by susceptibility measure-
ments, can hardly be reconciled with the presence of impuri-
ties. Therefore, the present results envision the possible exis-
tence of molecular metal–carbonyl cluster nanomagnets.
The maximum spin so far observed (J= 2 for [NnBu4]4-
[Ni16Pd16(CO)40]) is STILL extremely small with respect to
the high-valent oxo- and cyano-bridged polynuclear com-
pounds, which feature spin multiplicities from 3 up to 51/
2.[15,16] However, it is comparable to those of other organo-
metallic clusters. Among the latter, there are known species
that undergo singlet–triplet equilibria or feature two un-
paired electrons, such as the 50- or 46-electron Cp- and
Cp*-stabilised triangular clusters (e.g., [Co3(Cp)3S2],[7]


[Co3(Cp*)3(CO)2]
[17, 18] and [IrCo2(Cp)2(Cp*)(CO)2]


[19]). To
our knowledge, the ascertained maximum spin system is 3/2
for the odd-electron [Ni4(Cp)4H3]


[20] and [Ni6(Cp)6]
+ spe-


cies,[21] and 2 for the even-electron [Cr2FeX2(CO)10]
2� (X=


Se, Te) derivative.[22]


It may be conjectured that a progressive tightening of the
frontier energy levels as a function of size of the carbonylat-
ed metal clusters could trigger magnetism in an increasing
number of compounds, regardless of even or odd numbers
of electrons. Novel magnetic behaviour could be at hand,
since the unpaired electrons reside in molecular orbitals de-
localised over most atoms of the molecule, rather than being
located in atomic orbitals, as for polynuclear compounds.
This difference could be at the origin of the large anisotropy
suggested by the effective Hamiltonian approach. If its size
is confirmed by required single-crystal measurements, this
feature can envision the application of these materials as
molecular magnets for information storage. Besides, it is
worth recalling that the slow magnetic relaxations displayed
by odd-electron [Fe3Pt3(CO)15]


� , [Fe8Ag13(CO)32]
4� and


Figure 5. mSR repolarisation curves of [NnBu4]4[Ni16Pd16(CO)40] at differ-
ent temperatures. The double exponential recovery (see inset) indicates
the presence of two magnetically distinct species, whereas the high final
saturation value does not agree with a simple paramagnetic behaviour.
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[Ni13Sb2(CO)24]
3� species[4] are reminiscent of those of the


above high-spin oxo- and cyano-bridged polynuclear com-
pounds as well as superparamagnetic metal nanoparticles.[23]


Experimental Section


Materials : The [NnBu4]4[Ni16Pd16(CO)40] salt was prepared according to a
literature procedure[6a] by reacting [Pd(SEt2)2Cl2] with [NnBu4]2-
[Ni6(CO)12] in THF in a 1.6:1 molar ratio. The resulting dark brown mi-
crocrystalline precipitate was crystallised twice from acetone and n-
hexane to obtain black prisms with a typical size in the range of 0.1–
1 mm. The biggest crystals were separated and picked out with a bone
microspoon and used for the measurements.


Measurements : DC magnetisation measurements were performed by
using a Quantum Design MPMS SQUID magnetometer equipped with a
home-built ultra low-field system. mSR measurements were performed on
the EMU spectrometer at the ISIS facility (Oxford, UK). The samples,
obtained by grinding ~0.5 mm average size single crystals, were manipu-
lated in oxygen/moisture-free conditions (Ar glove box with O2 and H2O
<1 ppm) and sealed, in both cases, in air tight cells. Special attention was
devoted to temperature control to avoid thermal decomposition of the
cluster (occurring above 150 8C), which would yield a sample contamina-
tion with magnetic metallic nanoparticles and, therefore, strong magnetic
signals.
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Designing the “Search Pathway” in the Development of a New Class of
Highly Efficient Stereoselective Hydrosilylation Catalysts
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Dedicated to Professor Brian F. G. Johnson


Abstract: The direct coupling of oxazo-
lines and N-heterocyclic carbenes leads
to chelating C,N ancillary ligands for
asymmetric catalysis that combine both
an “anchor” unit and a stereodirecting
element. Reacting various N-substitut-
ed imidazoles with 2-bromo-4(S)-tert-
butyl- and 2-bromo-4(S)-isopropyloxa-
zoline gave the imidazolium precursors
of the stereodirecting ancillary ligands.
A library of ten different ligand precur-
sors was obtained by using this simple
procedure (65–97 % yield). These pro-
tioligands were metalated in a subse-
quent step by reaction with [{Rh(m-
OtBu)(nbd)}2] (nbd=norbornadiene),
generated in situ from KOtBu and
[{RhCl(nbd)}2] giving the correspond-
ing N-heterocyclic carbene complexes
[RhBr(nbd)(oxazolinyl-carbene)] 4 a–j
in good yields. X-ray diffraction studies
of two of the rhodium complexes, 4 d
and 4 j, established a distorted square-
pyramidal coordination geometry with
the bromo ligand occupying the apical
position. The rhodium–carbene bond
length was found to be 2.070(4) � (4 d)
and 2.012(3) � (4 j). Complexes 4 a–j


were treated with AgBF4 in dichloro-
methane, giving the active cationic
square-planar catalysts for the hydrosi-
lylation of ketones. As a reference re-
action for the catalyst optimisation, the
hydrosilylation of acetophenone with
diphenylsilane was studied and the
system optimised with respect to the
counterion (BF4


�), solvent (THF) and
the silane reducing agent (diphenylsi-
lane). The reaction product (1-phenyle-
thanol) was obtained with the highest
enantiomeric excess (ee) by carrying
out the reaction at �60 8C, whilst the
enantioselectivity drops upon going
both to lower and higher temperatures.
The observation that the temperature
dependence of the ee values goes
through a maximum indicated a change
in the rate-determining step as the tem-
perature is varied. The determination
of the initial reaction rate in the hydro-
silylation of acetophenone upon vary-


ing the catalyst (4 d) and substrate con-
centrations at �55 8C established a rate
law for the initial conversion which is
first-order in both substrates as well as
the catalyst (Vi = k[4][PhCOMe]-
[Ph2SiH2]). The catalytic system de-
rived from complex 4 d was found to
afford high yields and good enantiose-
lectivities in the reduction of various
aryl alkyl ketones (acetophenone: 92 %
isolated yield and 90 % ee, 2-naphtyl
methyl ketone: 99 % yield, 91 % ee).
The selectivity for the reduction of pro-
chiral dialkyl ketones is comparable or
even superior to the best previously re-
ported for prochiral nonaromatic ke-
tones; whereas cyclopropyl methyl
ketone is hydrosilylated with an enan-
tioselectivity of 81 % ee, the increase of
the steric demand of one of the alkyl
groups leads to improved ee�s, reaching
95 % ee in the case of tert-butyl methyl
ketone. Linear chain n-alkyl methyl ke-
tones, which are particularly challeng-
ing substrates, are reduced in good
asymmetric induction, such as 2-octa-
none (79 % ee) and even 2-butanone
(65 % ee).
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Introduction


The development of catalysts for new chemical transforma-
tions or catalytic systems with improved performance for
known reactions is one of the key challenges of current
chemical research. In practical terms, the quest for success-
ful strategies to solve a given problem occupies centre stage.
In a recent perceptive article on the limits of rationality in
catalyst development, Hoveyda et al. have pointed out that
efficient routes to novel catalysts may be based on the
design of a search pathway rather than the preconception of
an individual catalyst structure derived from a complete
mechanistic analysis of a catalytic process.[1] Such search
strategies are conveniently based on highly modular catalyst
systems, their basic structural motifs being derived from the
available mechanistic insight into the catalytic process com-
bined with the known ligand properties of its components.


In an optimised “search algorithm”, the ancillary (stereo-
directing) ligands are assembled in a single step from readily
accessible building blocks. The ligand assembly is followed
by a metallation step giving the (pre)catalyst. The coordina-
tion of the ancillary ligand to the metal should be kinetically
inert in order to give a relatively well-defined active system.
Its structure should therefore combine both an “anchor”
unit and—in the case of asymmetric catalysis—a stereodir-
ecting element.


N-heterocyclic carbenes[2] are excellent “anchor” units for
late transition metals, which form strong metal–carbon
bonds and have thus been widely used in homogeneous cat-
alysis.[2–4] They are straightforward to synthesise, often
chemically more stable than the extensively employed phos-
phines and may be readily combined with other ligating
units, in particular, by the appropriate functionalisation of
the N-atoms in their heterocyclic structures.[4] We recently
reported the direct coupling of oxazolines and N-heterocy-
clic carbenes,[5] which are modelled on previously studied
heterodonor–phosphine stereodirecting ligands for d8-MI/d6-
MIII catalysis.[6] Their highly modular assembly and metala-
tion is designed according to the search pathway delineated
above and was thought to provide an efficient strategy to
develop novel chiral catalysts.[7] In this paper we provide a
full account of the “search pathway” leading to a new,
highly efficient class of N-heterocyclic carbene-based cata-
lysts for the asymmetric hydrosilylation of prochiral ke-
tones.[8,9] We also present the potential pitfalls associated
with the nonlinearity in the behaviour of an enantioselective
catalyst in response to the variation of key reaction parame-
ters. These observations are due to the complexity of the re-
action mechanism.


Results and Discussion


Library design : As mentioned above, the ideal strategy for
the modular design of a new catalyst is based on essentially
a single assembly step of its structural and functional sub-
units. To this end we directly coupled various N-substituted


imidazoles (N), which display nucleophilic reactivity, with 2-
bromooxazolines (E) to give the imidazolium precursors
(N–E) of the stereodirecting ancillary ligands. These were
metalated in a subsequent step by reaction with alkoxyrho-
dium complexes as first described by Herrmann et al.[4a]


Preparation of the components for the ligand-coupling step
and assembly of the stereodirecting ancillary ligands : As in-
dicated, 2-bromooxazolines serve as the electrophiles in the
preparation of the imidazolium salts from the respective
imidazole precursors. Following the procedure reported by
Meyers and Novachek, the reaction of the lithiated oxazo-
line (tBuLi, THF, �78 8C) with 1,2-dibromotetrafluoro-
ethane gave the corresponding 2-bromo-4(S)-isopropyl oxa-
zoline (1 a) and 2-bromo-4(S)-tert-butyl oxazoline (1 b).[10, 11]


Both reagents were isolated by direct bulb-to-bulb distilla-
tion from the reaction mixtures giving solutions in THF
(usually 75–90 % w/w).


The imidazoles used for this study are depicted above, all
of which were prepared by the established synthetic proce-
dures.[12–14] The imidazolium salts, which served as “protio”
ligand precursors, were prepared by direct coupling of the 2-
bromooxazolines and the imidazoles in THF at room tem-
perature. The imidazolium salts precipitated as white pow-
ders, which are indefinitely stable under an atmosphere of
nitrogen and were analytically and spectroscopically pure. A
library of ten different ligand precursors was obtained by
using this simple procedure (65–97 % yield; Table 1).


Preparation and structure of the rhodium complexes : The
reaction of 3 a–i with [{Rh(m-OtBu)(nbd)}2] (nbd= norborna-
diene), generated in situ from KOtBu and [{RhCl(nbd)}2],
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yielded the corresponding N-heterocyclic carbene complexes
4 a–j in good yields (above 80 %), except for 4 i in which the
concurrent deprotonation of the acidic proton of the fluo-
renyl group lead to partial decomposition (Table 1).[15] All
complexes were purified by recrystallisation from dichloro-
methane/pentane, characterised by elemental analysis and
NMR spectroscopy, and were found to be stable in air. Par-
ticularly diagnostic for the formation of the carbene com-
plexes was the observation of the 13C NMR resonances of
the carbene carbon nuclei,[4,5] at d=184–191 ppm with cou-
pling constants J(Rh,C) of approximately 55 Hz. Further-
more, a significant oxazoline n(C=N) vibrational band shift
to lower wave numbers (of about 20 cm�1) indicated the co-
ordination of the oxazolinyl unit to the metal centre.


Two of rhodium complexes, compounds 4 d and 4 j, were
characterised by X-ray diffraction, and their molecular
structures are depicted in Figure 1 along with the principal
bond lengths and angles. Both complexes possess distorted
square-pyramidal coordination geometries with the bromo
ligand occupying the apical position. Given this coordination
geometry and the arrangement of the ligands, the observa-
tion of two diastereomers was in principle possible. Howev-
er, both in solution and in the solid state, only one diaste-
reoisomer was observed. In the molecular structures of 4 d
and 4 j the bromo ligand was found to adopt the same orien-
tation relative to the tert-butyl substituent of the ancillary
ligand, probably due to steric repulsion between the latter
and the norbornadiene ligand. As observed for related com-
pounds, the mesityl ring in compound 4 d is oriented almost
orthogonally to the imidazolyl ring (dihedral angle: C10-N3-
C11-C12 81.68).[5] The rhodium–carbene bond length was
found to be 2.070(4) � and the trans influence of the N-het-
erocyclic carbene is manifested in the difference of Rh�C
bond lengths to the C=C units in the norbornadiene (see se-
lected bond data in legend of Figure 1).


Basically the same structural features were observed for
compound 4 j (rhodium–carbene bond length: 2.012(3) �).


In this case, the C�H bond of the di(1-naphthyl)methyl
group points towards the metal centre and the naphthyl
groups arrange themselves in a way which minimises the in-
teractions with the norbornadiene. The C-Rh-N bite angles
in the two molecular structures found for the complexes 4 d
and 4 j are 77.0(1) and 77.4(1)8, respectively. This reflects
the rigidity of this family of oxazolinyl–carbene ligands,
which impose a defined geometry upon coordination to a
metal centre.


In the 1H NMR spectra of complexes 4 a–j, recorded at
25 8C, only two signals for the four norbornadiene olefin
protons are observed, indicating fast chemical exchange at
that temperature. In the light of our previous studies with


Table 1. Synthesis of the imidazolium salts 3a–j and the rhodium com-
plexes 4 a–j.


3,4 R’ R 3,4 R’ R


a Ph tBu f 2-tBuC6H4 tBu
b o-tol tBu g CH2Ph tBu
c mes iPr h CHPh2 tBu
d mes tBu i fluorenyl tBu
e 2,6-(iPr)2Ph tBu j CH(napht)2 tBu


Figure 1. Top: Molecular structure of complex 4d. Selected bond lengths
(�) and angles (8): Rh�Br, 2.6775(5); Rh�N1, 2.285(3); Rh�C10
2.001(4); Rh�C20/C21, 2.231(4)/2.231(4); Rh�C23/C24, 2.084(4),
2.070(4); N1-Rh-Br, 91.72(9); N1-Rh-C10, 77.0(1); N1-Rh-C20, 113.6(2);
N1-Rh-C21, 95.4(2); N1-Rh-C23, 128.3(2); N1-Rh-C24, 168.3(2); C10-
Rh-Br, 96.5(1); C20/C24-Rh-Br, 84.8(1)/99.9(1); C21/C23-Rh-Br,
116.4(1)/139.9(1); C20-Rh-C24, 66.4(2); C21-Rh-C23, 65.1(2). Bottom:
Molecular structure of complex 4j. Selected bond lengths (�) and angles
(8): Rh�Br, 2.6914(4); Rh�N1, 2.265(3); Rh�C10, 2.012(3); Rh�C32/C33,
2.097(3)/2.069(3); Rh�C35/C36, 2.218(3)/2.217(3); C32�C33, 1.435(5);
C35�C36, 1.384(5); N1-Rh-Br, 89.97(7); N1-Rh-C10, 77.4(1); N1-Rh-
C32, 126.2(1); N1-Rh-C33, 166.2(1); N1-Rh-C35, 112.1(1); N1-Rh-C36,
92.5(1); C10-Rh-Br, 90.76(8); C32/C36-Rh-Br, 143.8(1)/119.99(9); C33/
C35-Rh-Br, 103.6(1)/88.58(9); C32-Rh-C36, 65.1(1); C33-Rh-C35,
66.6(1).
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achiral oxazolinylcarbene rhodium complexes, the dynamic
processes observed in solution are due to a sequence of
Berry pseudorotations combined with a fast bromide disso-
ciation and association mechanism.[5b] The latter equilibrates
the two diastereoisomers (derived from the arrangement of
the ligands around the rhodium centre) very rapidly in so-
lution and thus leads to average 1H and 13C NMR spectra of
the two forms.


While rotation around the CAryl�NImidazoyl bond in imidazo-
lium salts 3 a–f is nonhindered and rapid on the NMR time-
scale at room temperature, complexation to the “RhBr-
(nbd)” fragment blocks this rotation for 4 c–e at 25 8C, lead-
ing to the observation of, for example, two sets of signals for
the ortho-methyl (4 c and 4 d) and isopropyl groups (4 e ;
Figure 2).


Complexes 4 b and 4 f possess ortho-monosubstituted aryl
substituents, which may adopt two inequivalent orientations,
thus allowing the existence of two atropisomeric conformers
in solution. The two conformers of 4 f (with a bulky tert-
butyl group as substituent) are present in a ratio of 77:23 at
25 8C. This ratio is obtained under kinetic control during the
formation of the complexes and then frozen, since the acti-
vation barrier for the interconversion of the conformers is
too high to allow their equilibration even at higher tempera-
tures (below the decomposition point of the complex in so-
lution). In contrast, the two atropisomeric forms of 4 b inter-
convert rapidly on the NMR timescale at 25 8C, leading to a
single average signal at d= 2.17 ppm of the ortho-methyl
group in the two exchanging species (Figure 3). At �5 8C
this resonance coalesces and two signals at d=2.38 and
2.03 ppm are observed at �51 8C. In the slow exchange
regime below this temperature the ratio of the two atrop-
isomers corresponds to an apparent equilibrium constant of
1.4.


Hydrosilylation of ketones


Catalyst optimisation : As a reference reaction for the cata-
lyst optimisation we chose the hydrosilylation of acetophe-


none with diphenylsilane at 25 8C. Complexes 4 a–j were
used in the presence of AgBF4 in dichloromethane, giving
the active cationic square-planar catalysts. With a catalyst
loading of 1.0 mol % at room temperature, satisfactory iso-
lated yields of the secondary alcohol were obtained in all
cases (from 70 % for the catalytic conversion with complex
4 i to 93 % with complex 4 j). Figure 4 summarises the enan-
tioselectivities that were obtained for all complexes under
these standardised reaction conditions.


Not unexpectedly, the level of enantioselectivity observed
is extremely dependent upon the substituents and there are
several notable aspects. Whereas a phenyl substituent on the
imidazole ring of the catalyst derived from 4 a gives racemic
1-phenylethanol, the use of the bulkier mesityl substituent
(in 4 d) results in an enantiomeric excess of 65 %. The use of
an aryl group as imidazolidine substituent gives the products
with absolute S configuration (given the S configuration at


Figure 2. Schematic representation of the influence of the aryl group on the rotation NIm�CAr in complexes 4 a–f.


Figure 3. Variable temperature 1H NMR spectrum of complex 4 b in the
region 2.5–1.8 ppm (recorded in CD2Cl2, 300 MHz).
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the substituent position in the oxazoline units). However, re-
placement of the aryl by an arylmethyl substituent at the
NHC-unit, as in catalysts 4 g–i, the R enantiomer was ob-
tained. The only exception to this observation is the deriva-
tive with the sterically very demanding di(1-naphthyl)methyl
group (4 j), yielding again the S-configured product. Finally,
the results obtained with the two oxazolines employed in
the ligand assembly established a higher selectivity for the
derivatives with the tert-butyl groups relative to those with
isopropyl substituents in the 4-position of the oxazoline. As
a result of this first screening, we selected precatalyst 4 d for
further studies of the catalyst performance.


The effect of counterion and the choice of solvent on the
catalyst selectivity was investigated for the hydrosilylation
of acetophenone by using the cationic catalyst derived from
4 d with a slight excess of various silver salts.[16] A slight de-
crease in enantioselectivity is observed in the series BF4


�>


OTs�>BPh4
�>PF6


�>OTf�>B(C6F5)4
� , whereas CH2Cl2


was found to give the best results among various polar sol-
vents that were tested. In several previous studies on asym-
metric hydrosilylation catalysis it was found that high enan-
tioselectivity can be afforded by using diarylsilanes that con-
tain sterically demanding aryl groups.[8c–e, 17] In the case at
hand, the enantioselectivity was found to be dependent on
the choice of the silane (Table 2). On the one hand, methyl-
phenylsilane provided a nearly racemic product (3 % ee ;
entry 1), whilst the use of diarylsilanes with greater steric
demand than diphenylsilane equally led to a marked de-
crease in enantioselectivity (entries 4–6). Furthermore, the
activity of the catalyst was significantly lower with these
sterically crowded silanes.


Temperature dependence of the catalyst selectivity and its im-
plications for the mechanism of stereoselection : Using the


Figure 4. Enantioselectivity data for the hydrosilylation of acetophenone with diphenylsilane with a catalyst loading of 1.0 mol % in the presence of
AgBF4 (experimental conditions: CH2Cl2, room temperature, 5 h then hydrolysis with K2CO3 in methanol).


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 2862 – 28732866


L. H. Gade, S. Bellemin-Laponnaz et al.



www.chemeurj.org





optimised catalyst and the reaction conditions identified in
the systematic study described above, the temperature de-
pendence of the catalyst performance was determined in the
range of �78 to +25 8C. Interestingly, we found that the re-
action product (1-phenylethanol) is obtained with the high-
est ee by carrying out the reaction at �60 8C, whilst the
enantioselectivity drops upon going both to lower and
higher temperatures as is shown in Figure 5 (top). As alter-
native way to represent this result, an Eyring diagram,[18]


plotting ln(S/R) (S/R= product enantiomer ratio) versus the


inverse absolute temperature, is displayed alongside
(Figure 5, bottom).


If the selectivity determining step had remained the same
over the whole temperature range, one would have expected
a linear relationship of ln(S/R) versus T�1 and the observa-
tion that the temperature dependence of the ee values goes
through a maximum indicates a change in the selectivity de-
termining step as the temperature is varied. Such behaviour,
occasionally referred to as an isoinversion relationship, has
been observed inter alia in the asymmetric dihydroxylation
of olefins,[19] the diastereoselective reduction of 2-tert-butyl-
cyclohexanone[20] and the photochemically induced Paterno–
B�chi reaction of chiral phenyl glycoxalates with cyclic ole-
fins.[21] Recently, Scharf and co-workers observed such a
nonlinear temperature dependence for the enantioselective
hydrosilylation of ketones using chiral cyclic monophos-
phonite rhodium catalysts.[22]


In a detailed analysis of this phenomenon, Hale and Ridd
concluded that the observation of a maximum in a ln(S/R)
versus T�1 plot may be taken as evidence for two selectivity
determining stages in a reaction.[23] In our case, the low-tem-
perature slope may be identified with the enthalpic and en-
tropic discrimination involved in that regime (DDH�


�15 kJ mol�1, DDS��96 J mol�1 K�1), while the region on
the side of the maximum towards higher temperature may
be viewed as representing a (rather broad) transitional
regime with enthalpic and entropic characteristics of a
second rate-determining step as the limit. As for hydrosilyla-
tion catalysis, the observations are consistent with the mech-
anistic scheme put forward by Ojima[24] in which the reversi-
ble enantioface differentiating coordination of the ketone to
the hydridorhodium complex and the subsequent irreversi-
ble insertion of the carbonyl into the Si�Rh bond
(Scheme 1) provide two stages at which the stereochemical
outcome of the hydrosilylation can be determined.


The determination of the initial reaction rate in the hy-
drosilylation of acetophenone upon varying the catalyst
(4 d) and substrate concentrations at �55 8C established a


Table 2. Hydrosilylation of acetophenone with catalyst 4d as a function
of the silane.


Entry Silane ee [%]


1 MePhSiH2 3
2 Ph2SiH2 65
3 (p-tol)PhSiH2 58
4 (o-tol)PhSiH2 �10
5 (a-naphtyl)PhSiH2 �7
6 (o-tol)2SiH2 �12


Figure 5. Top: Temperature dependence of the asymmetric hydrosilyla-
tion of acetophenone in the presence of system 4d/AgBF4 as catalyst
(1.0 mol % in CH2Cl2) (ee vs temperature); Bottom: Eyring diagram
(ln(S/R) vs T�1).


Scheme 1. Schematic presentation of the two stages (A and B) that deter-
mine the stereochemistry of the product.
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rate law for the initial conversion that is first-order in both
substrates as well as the catalyst (Vi =k [4 d][PhCOMe]-
[Ph2SiH2]).[25]


The first-order dependence on the catalyst concentration
was only observed at catalyst loadings below 1.0 �
10�2 mol L�1. At higher catalyst loadings, a marked nonlinear
behaviour of the initial rate was observed which was accom-
panied by a similar concentration profile for the enantio-
meric excess (Figure 6). We attribute this behaviour to cata-
lyst aggregation at higher concentrations, accompanied by a
change of colour of the reaction solutions from yellow to
deep orange upon increasing the concentration of the rhodi-
um catalyst.


The “proof of the pudding…”—hydrosilylation of ketones
with catalyst 4 d : The key to the high enantioselectivity ob-
served in the hydrosilylation of ketones with the cationic
active catalyst derived from complex 4 d is its remarkably
high catalytic activity, which permits its application at the
optimised temperature of �60 8C with acceptable reaction
times and excellent yields. Under these conditions the enan-
tioselectivity is generally good for aryl/alkyl ketones and
truly remarkable in the case of the reduction of prochiral di-
alkyl ketones (vide infra).


Hydrosilylation of aromatic ketones : Under the optimised
conditions described above, the cationic catalyst derived
from complex 4 d was found to afford high yields and good
enantioselectivities in the reduction of various aryl alkyl ke-
tones (Table 3). Acetophenone is reduced in 92 % isolated
yield and 90 % ee (entry 1), while 2-naphthyl methyl ketone
is isolated in 99 % yield with an ee of 91 % (entry 2). We
found that ortho-substitution of the aryl substituent resulted
in lower enantioselectivities (entries 3, 4) and a similar trend
is observed for substrates with bulkier alkyl groups at the
CO unit (entry 5). Various derivatives with electronically
different substituents have been investigated for which ee�s


between 78 and 91 % were found (entries 6–9), while cyclic
aromatic ketones were reduced with equally good enantiose-
lectivity (entries 10, 11).


Hydrosilylation of dialkyl ketones : For the hydrosilylation of
dialkyl ketones it has previously proved to be more difficult
to obtain high enantioselectivity.[8] Table 4 summarises the
results obtained with various nonaromatic ketones in the
presence of catalytic system derived from 4 d and the opti-
mised experimental conditions. Whereas cyclopropyl methyl
ketone is hydrosilylated with an enantioselectivity of
81 % ee (entry 1),[26] the increase of the steric demand of
one of the alkyl groups leads to improved ee�s, reaching
95 % ee in the case of tert-butyl methyl ketone (entries 1–4).
Linear chain n-alkyl methyl ketones, which are particularly
challenging substrates, are reduced in good asymmetric in-


Figure 6. Kinetics of the hydrosilylation of acetophenone at varying con-
centrations of catalyst (~) among with the enantiomeric excess of the
product (*).


Table 3. Catalytic asymmetric hydrosilylation of aryl alkyl ketones with
catalyst 4 d.


Entry Ketone ee [%][a] Yield [%]


1 90 92


2 91 99


3 75 90


4 86 82


5 70 94


6 88 92


7 91 90


8 78 88


9 85 84


10 81 80


11 89 93
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duction (entries 5–8), such as 2-octanone (95% isolated
yield, 79 % ee, entry 6) and even for the extreme case of 2-
butanone (65 % ee, entry 8).[27] The results displayed in
Table 4 are comparable or even superior to the best previ-
ously reported for prochiral nonaromatic ketones.[8d, 28]


Conclusion


In this work we have devised a successful search strategy for
a new class of rhodium-based highly stereoselective hydrosi-
lylation catalysts. By choice of a modular catalyst design the
rapid identification of a system with excellent catalytic activ-
ity and enantioselectivity was achieved. The process of opti-
misation revealed in particular a complex dependence of the
catalyst performance on the temperature and the catalyst
loading. This is, inter alia, indicative of mechanistic com-
plexity of the system which defies a preconceived “design”
approach in its true sense. In view of the simplicity of the
ligand and catalyst assembly, the combination of similar
building blocks for the development of catalysts for other
organic transformations appears to be promising. Such work
is currently under way.


Experimental Section


All manipulations were performed under an inert atmosphere of dry ni-
trogen by using standard Schlenk techniques or by working in a glove
box. THF and diethyl ether were distilled from sodium/benzophenone.
Pentane was distilled from a sodium/potassium alloy, dichloromethane
was dried over CaH2 and subsequently distilled. 1H and 13C NMR spectra
were recorded on a Bruker Avance 300 NMR spectrometer at 300 MHz
and 75 MHz and were referenced using the residual proton solvent peak
(1H) or carbon resonance (13C). Infrared spectra were obtained on a FT-
IR Perkin Elmer 1600 spectrometer and the mass spectra were recorded
by the “service de spectrom�trie de masse de l�Universit� Louis Pasteur”
on an Autospec HF mass spectrometer. The elemental analyses were per-
formed by the analytical services of the Strasbourg and Heidelberg
Chemistry Departments. [{RhCl(nbd)}2] was prepared according to a lit-
erature procedure.[27] (1-Naphth)PhSiH2 and (o-Tol)PhSiH2 were pre-
pared by reaction of (1-Naphth)MgBr or (o-Tol)MgBr with PhSiCl3 in
THF and further reduction with LiAlH4 in the same flask.[28] (o-Tol)2SiH2


was prepared by using HSiCl3 as the starting chlorosilane. Potassium tert-
butoxide was sublimed prior to use. RhCl3·3H2O was provided by BASF
AG (Ludwigshafen) and tert-leucine by Degussa AG. All other reagents
were commercially available and used as received.


Preparation of the ligands


(4S)-2-Bromo-4-isopropyloxazoline (1 a): tBuLi (21.7 mL, 1.7 m in pen-
tane, 36.8 mmol) was added dropwise to a solution of (4S)-4-isopropylox-
azoline (3.79 g, 33.5 mmol) in anhydrous THF (100 mL) at �78 8C over
5 min. The resulting yellow solution was then stirred for an additionnal
15 min prior to the addition of 1,2-dibromo-1,1,2,2-tetrafluoroethane
(4.84 mL, 36.8 mmol). The solution was then allowed to warm to ambient
temperature overnight, and was concentrated to about 15 mL. The
brownish mixture was purified by a short bulb-to-bulb distillation to yield
a colorless solution of the expected bromooxazoline in THF (concentra-
tion of about 77 % w/w) (4.6 g, 55%). 1H NMR (CDCl3): d= 4.45 (dd, J =


8.3, 9.7 Hz, 1 H; CH2), 4.15 (pseudo-t, J=8.2 Hz, 1 H; CH2), 3.96 (m, 1 H;
CHoxa), 1.80 (m, 1 H; CH(CH3)), 0.99 (d, J =6.7 Hz, 3 H; CH(CH3)2),
0.91 ppm (d, J =6.7 Hz, 3H; CH(CH3)2); 13C {1H} NMR (CDCl3): d=


141.7 (NCO), 73.2 (CH2 oxa), 72.9 (CHoxa), 32.5 (CH(CH3)2), 18.4,
18.1 ppm (CH(CH3)2).


(4S)-2-Bromo-4-tert-butyloxazoline (1 b): tBuLi (10.8 mL, 1.7 m in pen-
tane, 18.3 mmol) was added dropwise to a solution of (4S)-4-tert-butylox-
azoline (2.11 g, 16.6 mmol) in anhydrous THF (50 mL) at �78 8C over
5 min. The resulting yellow solution was then stirred for an additionnal
15 min prior to the addition of 1,2-dibromo-1,1,2,2-tetrafluoroethane
(2.4 mL, 18.3 mmol). The solution was then allowed to warm to ambient
temperature over night, and was concentrated to about 5 mL. The light
brownish mixture was purified by a short bulb-to-bulb distillation to yield
a colorless solution of the expected bromooxazoline in THF (concentra-
tion of about 88% w/w) (2.25 g, 66 %). 1H NMR (CDCl3): d=4.38 (dd,
J =8.4, 10.0 Hz, 1 H; CH2), 4.24 (dd, J=8.0, 8.4 Hz, 1H; CH2), 3.92 (dd,
J =8.0, 10.0 Hz, 1 H; CHoxa), 0.92 ppm (s, 9H; C(CH3)); 13C {1H} NMR
(CDCl3): d =141.4 (NCO), 76.3 (CH), 71.6 (CH2), 35.6 (C(CH3)3),
25.5 ppm (C(CH3)3).


Imidazolium salts—general procedure : The imidazole (1–5 mmol) was
added to a concentrated solution of the bromooxazoline (1.15 equiv) in
THF (c>2 m) and the solution was stirred during 2–5 days at ambient
temperature. During the course of this period, the mixture became solid
and had to be crushed with a spatula. The colourless solid was washed
several times with Et2O (2 mL mmol�1) and dried in vacuo.


1-[(S)-4-tert-Butyl-4,5-dihydrooxazol-2-yl]-3-phenylimidazolium bromide
(3 a): Yield 70%; 1H NMR (CDCl3): d=10.47 (pseudo-t, 4J=1.6 Hz, 1 H;
NCHN), 8.38 (dd, 3J =2.1 Hz, 4J=1.6 Hz, 1H; CH 4/5-Im), 8.04 (m, 2 H;
CHPh),7.97 (dd, 3J=2.1 Hz, 4J =1.6 Hz, 1H; CH 4/5-Im), 7.50 (m, 3 H;
CHPh), 4.74 (dd, 2J=8.8 Hz, 3J=9.8 Hz, 1H; CH2 oxa), 4.54 (pseudo-t, J=


8.6 Hz, 1H; CH2 oxa), 4.12 (dd, 3J= 8.5 Hz, 3J =9.8 Hz, 1H; CHoxa),
0.9 ppm (s, 9H; C(CH3)3); 13C {1H} NMR (CDCl3): d=149.3 (NCO),
135.0, 133.9 (N2C, CPh), 131.0 (CHPh), 130.5 (CHPh), 123.6 (CHim), 122.9
(CHPh), 120.8 (CHim), 75.1 (CHoxa), 73.1 (CH2 oxa), 33.9 (C(CH3)3),


Table 4. Catalytic asymmetric hydrosilylation of dialkyl ketones with cat-
alyst 4 d.


Entry Ketone ee [%] Yield [%]


1 81 63[a]


2 88 53[a]


3 89 98


4 95 70[a]


5 77 97


6 79 95


7 74 88[b]


8 65 n.d.[b]


[a] Moderate yield due to the volatility of the product. [b] Reaction car-
ried out at �40 8C.
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24.9 ppm (C(CH3)3); MS (FAB): m/z (%): 270 (100) [M+�Br]; FT-IR
(KBr): ñ=1694 cm�1 (s, C=N); elemental analysis calcd (%) for
C16H20BrN3O (350.26): C 54.87, H 5.76, N 12.00; found: C 54.67, H 5.64,
N 11.93.


1-[(S)-4-tert-Butyl-4,5-dihydrooxazol-2-yl]-3-(2-tolyl)imidazolium bro-
mide (3 b): Yield 84%; 1H NMR (CDCl3): d= 10.03 (pseudo-t, 4J=


1.6 Hz, 1H; NCHN), 8.06 (dd, 3J= 2.1 Hz, 4J =1.6 Hz, 1H; CH 4/5-Im), 7.94
(dd, 3J =2.1 Hz, 4J =1.6 Hz, 1H; CH 4/5-Im), 7.82 (m, 1H; CHtol), 7.44–7.26
(m, 3H; CHtol), 4.73 (dd, 2J= 8.7 Hz, 3J =9.9 Hz, 1H; CH2 oxa), 4.54
(pseudo-t, J =8.6 Hz, 1H; CH2 oxa), 4.12 (dd, 3J=8.5 Hz, 3J= 9.8 Hz, 1H;
CHoxa), 2.31 (s, 3H; CH3 tol), 0.96 ppm (s, 9 H; C(CH3)3); 13C {1H} NMR
(CDCl3): d=149.3 (NCO), 136.7 (N2C), 133.3 (Ctol), 133.2(Ctol), 132.0
(CHtol), 131.6 (CHtol), 127.9 (CHtol), 127.7 (CHtol), 125.8 (CHim), 120.6
(CHim), 75.1 (CHoxa), 73.1 (CH2 oxa), 33.9 (C(CH3)3), 25.8 (C(CH3)3),
18.01 ppm (CH3 tol); MS (ESI): m/z (%): 284.17 (100) [M+�Br], 285.17
(13) [M+�Br+H]; FT-IR (KBr): ñ= 1696.4 cm�1 (s, C=N).


1-[(S)-4-Isopropyl-4,5-dihydrooxazol-2-yl]-3-mesitylimidazolium bromide
(3 c): Yield: 80%; 1H NMR (CDCl3): d=10.38 (pseudo-t, 4J =1.6 Hz, 1 H;
NCHN), 8.17 (dd, 3J=2.1 Hz, 4J= 1.6 Hz, 1 H; CH 4/5-Im), 7.77 (dd, 3J=


2.1 Hz, 4J=1.6 Hz, 1 H; CH 4/5-Im), 6.95 (s, 2H; CHmes), 4.82 (dd, 2J=


8.5 Hz, 3J=9.4 Hz, 1 H; CH2 oxa), 4.47 (pseudo-t, 2J =8.5 Hz, 3J =8.5 Hz,
1H; CH2 oxa), 4.12 (m, 1 H; CHoxa), 2.28 (s, 3H; CH3 para), 2.10 (s, 6H;
CH3 ortho), 1.85 (m, 1H; CH(CH3)2), 1.00 (d, J=6.7 Hz, 3 H; CH(CH3)2),
O.91 ppm (d, J=6.7 Hz, 3H; CH(CH3)2); 13C {1H} NMR (CDCl3): d=


149.4 (NCO), 141.7 (Cmes), 137.3 (N2C), 134.0 (Cmes), 130.1 (Cmes), 130.0
(CHmes), 126.0 (CHim), 121.2 (CHim), 75.0 (CH2 oxa), 71.9 (CHoxa), 32.7
(CH(CH3)2), 21.2 (CH3 para), 18.8 (CH(CH3)2), 18.5 (CH(CH3)2), 18.0 ppm
(CH3 ortho); MS (ESI): m/z (%): 298 (84) [M+�Br], 187 (100) [M+


�Br�C6H8NO]; FT-IR (KBr): ñ =1696 cm�1 (s, C=N); elemental analysis
calcd (%) for C18H24BrN3O (378.31): C 57.15, H 6.39, N 11.10; found: C
58.41, H 6.43, N 11.10.


1-[(S)-4-tert-Butyl-4,5-dihydrooxazol-2-yl]-3-mesitylimidazolium bromide
(3 d): Yield: 71 % (reaction time: 5d); 1H NMR (CDCl3): d=10.43
(pseudo-t, 4J =1.6 Hz, 1H; NCHN), 8.18 (dd, 3J=2.1 Hz, 4J =1.6 Hz, 1 H;
CH 4/5-Im), 7.80 (dd, 3J =2.1 Hz, 4J= 1.6 Hz, 1H; CH 4/5-Im), 6.96 (s, 2H;
CHmes), 4.76 (dd, 2J=8.8 Hz, 3J=9.9 Hz, 1H; CH2 oxa), 4.55 (pseudo-t, J =


8.6 Hz, 1H; CH2oxa), 4.14 (dd, 3J =8.8 Hz, 3J =9.9 Hz, 1H; CH oxa), 2.28
(s, 3H; CH3 para), 2.10 (s, 6 H; CH3 ortho), 0.93 ppm (s, 9 H; C(CH3)3); 13C
{1H} NMR (CDCl3): d=149.4 (NCO), 141.8 (Cmes), 137.4 (N2C), 134.0
(Cmes), 130.2 (Cmes), 130.0 (CHmes), 126.1 (CHim), 121.2 (CHim), 75.2
(CHoxa), 73.1 (CH2oxa), 33.9 (C(CH3)3), 25.8 (C(CH3)3), 21.1 (CH3 para),
18.0 ppm (CH3 ortho); MS (ESI): m/z : 312.2038 [M+�Br]; FT-IR (KBr):
ñ= 1699 cm�1 (s, C=N); elemental analysis calcd (%) for C19H26BrN3O
(392.34): C 58.17, H 6.68, N 10.71, found: C 57.50, H 6.66, N 10.42.


1-[(S)-4-tert-Butyl-4,5-dihydrooxazol-2-yl)-3-(2,6-diisopropylphenyl)imi-
dazolium bromide (3 e): Yield: 96 % (reaction time 4 d); 1H NMR
(CDCl3): d =10.56 (br s, 1 H; NCHN), 8.35 (dd, J= 2.1 Hz, 4J =1.6 Hz,
1H; CH 4/5-Im), 7.68 (dd, 3J =2.1 Hz, 4J =1.6 Hz, 1H; CH 4/5-Im), 7.56 (t, 3J =


8.0 Hz, 1H; CHAr), 7.34 (d, 3J =8.0 Hz, 2H; CHAr), 4.86 (pseudo-t, J=


9.5 Hz, 1 H; CH2 oxa), 4.65 (pseudo-t, J =8.6 Hz, 1 H; CH2 oxa), 4.21
(pseudo-t, J =9.5 Hz, 1H; CHoxa), 2.43 (m, 2H; CH(CH3)2), 1.29 (d, 3J =


6.8 Hz, 6H; CH(CH3)2), 1.18 (d, 3J =6.8 Hz, 3H; CH(CH3)2), 1.17 (d, 3J=


6.8 Hz, 3H; CH(CH3)2), 0.99 ppm (s, 9 H; C(CH3)3); 13C {1H} NMR
(CDCl3): d=149.3 (NCO), 141.0, 137.7, 132.4 (CAr, N2C), 126.5 (CHAr),
124.9 (CHim), 121.2 (CHim), 75.2 (CHoxa), 73.4 (CH2 oxa), 33.8 (C(CH3)3),
28.9 (CH(CH3)2), 25.9 (C(CH3)3), 24.5 (CH(CH3)2), 24.2(CH(CH3)2); MS
(ESI): m/z (%): 354.25 (100) [M+�Br], 355.25 (22) [M+�Br+H]; FT-IR
(KBr): ñ=1692.7 cm�1 (s, C=N).


1-[(S)-4-tert-Butyl-4,5-dihydrooxazol-2-yl]-3-(2-tert-butylphenyl)imidazo-
lium bromide (3 f): Yield: 70 %; 1H NMR (CDCl3): d =9.84 (br s, 1 H;
NCHN), 8.10 (dd, 3J =2.1 Hz, 4J=1.6 Hz, 1H; CH 4/5-Im), 7.92 (m, 1 H;
CHAr), 7.71 (dd, 3J =2.1 Hz, 4J =1.6 Hz, 1H; CH 4/5-Im), 7.61 (m, 1 H;
CHAr), 7.54 (m, 1 H; CHAr), 7.39 (m, 1 H; CHAr), 4.77 (pseudo-t, J=


9.2 Hz, 1 H; CH2 oxa), 4.59 (pseudo-t, J=8.6 Hz, 1H; CH2 oxa), 4.18 (dd,
3J=8.7 Hz, 3J =9.8 Hz, 1H; CHoxa), 1.24 (s, 9H; C(CH3)3 ortho),0.96 ppm (s,
9H; C(CH3)3 oxa); 13C {1H} NMR (CDCl3): d=149.2 (NCO), 145.3
(CAr),137.9 (N2C), 132.2 (CAr), 132.0, 130.6, 128.7, 128.1 (CHAr), 127.2
(CHim), 120.0 (CHim), 75.2 (CHoxa), 73.1 (CH2 oxa), 35.9 (C(CH3)3 ortho), 33.9


(C(CH3)3 oxa), 32.0 (C(CH3)3 ortho), 25.8 ppm (C(CH3)3 oxa); MS (ESI): m/z
(%): 326.22 (100) [M+�Br], 327.22 (22) [M+�Br+H]; FT-IR (KBr): ñ=


1695.1 cm�1 (s, C=N).


1-[(S)-4-tert-Butyl-4,5-dihydrooxazol-2-yl]-3-benzylimidazolium bromide
(3 g): Yield: 91%; 1H NMR (CDCl3): d=10.91 (br s, 1H; NCHN), 7.78
(br s, 1 H; CH 4/5-Im), 7.71–7.66 (m, 3 H; CH 4/5-Im, 2CHPh), 7.38–7.35 (m,
3H; CHPh), 6.05 (s, 2 H; CH2Ph), 4.67 (dd, 2J=8.9 Hz, 3J =9.8 Hz, 1H;
CH2 oxa), 4.47 (pseudo-t, J =8.7 Hz, 1 H; CH2 oxa), 4.08 (dd, 3J=8.6 Hz, 3J =


9.8 Hz, 1H; CHoxa), 0.90 ppm (s, 9H; C(CH3)3); 13C {1H} NMR (CDCl3):
d=149.2 (NCO), 136.7 (N2C), 132.7 (CPh), 129.7 (CHPh), 129.7 (CHPh),
129.5 (CHPh), 123.6 (CHim), 119.5 (CHim), 75.0 (CHoxa), 73.0 (CH2oxa),
54.0 (CH2Ph), 33.8 (C(CH3)3), 25.6 ppm (C(CH3)3); MS (ESI): m/z (%):
284.16 (100) [M+�Br], 285.17 (16) [M+�Br+H]; FT-IR (KBr): ñ=


1699 cm�1 (s, C=N).


1-[(S)-4-tert-Butyl-4,5-dihydrooxazol-2-yl]-3-(diphenylmethyl)imidazo-
lium bromide (3 h): Yield: 86%; 1H NMR (CDCl3): d= 10.73 (br s, 1H;
NCHN), 8.43 (s, 1H; CHPh2), 7.80 (t, J= 1.9 Hz, 1H; CH 4/5-Im), 7.43–7.37
(m, 10H; CHPh), 7.35 (pseudo-t, J =1.75 Hz, 1H; CH 4/5-Im), 4.70 (dd, 2J=


9.0 Hz, 3J =9.8 Hz, 1H; CH2 oxa), 4.52 (pseudo-t, J =8.8 Hz, 1H; CH2 oxa),
4.11 (dd, 3J= 8.7 Hz, 3J =9.8 Hz, 1 H; CHoxa), 0.94 ppm (s, 9 H; C(CH3)3);
13C {1H} NMR (CDCl3): d=149.2 (NCO), 137.5 (N2C), 135.9 (CPh), 129.5,
129.4, 128.6 (CHPh), 122.7 (CHim), 119.3 (CHim), 75.1 (CHoxa), 73.1
(CH2oxa), 67.0 (CHPh2), 33.9 (C(CH3)3), 25.7 ppm (C(CH3)3); MS (ESI):
m/z (%): 360.22 (100) [M+�Br], 361.22 (85) [M+�Br+H]; FT-IR (KBr):
ñ= 1698 cm�1 (s, C=N); elemental analysis calcd (%) for C23H26BrN3O
(440.38): C 62.73, H 5.95, N 9.54; found: C 62.52, H 5.93, N 9.48.


1-[(S)-4-tert-Butyl-4,5-dihydrooxazol-2-yl]-3-fluorenylimidazolium bro-
mide (3 i): Yield: 92%; 1H NMR (CDCl3): d=11.86 (br s, 1H; NCHN),
7.92 (br s, 1H; CH 4/5-Im), 7.76–7.67 (m, 5H; CH 4/5-Im, 4CHfluo), 7.49–7.33
(m, 4H; CHfluo), 4.72 (dd, J =9.1, 9.7 Hz, 1 H; CH2 oxa), 4.55 (pseudo-t, J =


8.8 Hz, 1H; CH2 oxa), 4.12 (dd, 3J=8.7 Hz, 3J=9.8 Hz, 1 H; CH oxa),
0.94 ppm (s, 9H; C(CH3)3); 13C {1H} NMR (CDCl3): d= 149.3 (NCO),
141.0, 139.3, 138.4 (N2C, Cfluo, Cfluo), 130.7, 128.8, 126.2 (CHfluo), 120.9
(CHim), 120.7 (CHfluo), 119.7 (CHim), 75.0 (CHoxa), 73.1 (CH2 oxa), 63.6
(CH-fluo), 33.9 (C(CH3)3), 25.7 ppm (C(CH3)3); MS (ESI): m/z (%):
358.19 (100) [M+�Br], 359.19 (18) [M+�Br+H]; FT-IR (KBr): ñ=


1699 cm�1 (s, C=N); elemental analysis calcd (%) for C23H24BrN3O
(438.37): C 63.02, H 5.52, N 9.58; found: C 63.50, H 5.80, N 9.30.


1-[(S)-4-tert-Butyl-4,5-dihydrooxazol-2-yl]-3-[di(a-naphtyl)methyl]imida-
zolium bromide (3 j): Yield: 97 %; 1H NMR (CDCl3): d=11.16 (s, 1 H;
NCHN), 9.65 (s, 1H; CHNp2), 8.49–8.39 (m, 2 H; CHNp), 7.93–7.87 (m,
4H; CHNp), 7.77 (br s, 1 H; CH 4/5-Im), 7.57–7.50 (m, 4H; CHNp), 7.36–7.26
(m, 3 H; CH 4/5-Im, 2CHNp), 6.92–6.89 (m, 2 H; CHNp), 4.67 (dd, 2J =9.0 Hz,
3J=9.8 Hz, 1 H; CH2 oxa), 4.50 (pseudo-t, J =8.8 Hz, 1H; CH2 oxa), 4.10
(dd, 3J=8.7 Hz, 3J =9.8 Hz, 1 H; CHoxa), 0.93 ppm (s, 9H; C(CH3)3); 13C
{1H} NMR (CDCl3): d=149.2 (NCO), 138.0 (N2C), 134.1, 132.5, 132.4
(CNp), 130.7, 128.7, 128.3, 125.9, 124.8, 124.3, 124.2 (CHNp), 123.6 (CHim),
118.9 (CHim), 75.1 (CHoxa), 73.1 (CH2 oxa), 62.5 (CHNp2), 33.8 (C(CH3)3),
25.7 ppm (C(CH3)3); MS (ESI): m/z (%): 267.10 (37) [Np2CH]+ , 460.22
(100) [M+�Br].


Preparation of the complexes—general procedure : [{RhCl(nbd)}2]
(0.25 mmol) and 2.2 equivalents of potassium tert-butoxide were placed
in a Schlenk tube. THF was added by syring so that the solution was
0.02 m with respect to the Rh precursor. After stirring for 30 minutes at
ambient temperature, the mixture was slowly added to a suspension of
2.0 equivalents of the imidazolium salt in THF (0.02 m with respect to the
imidazolium salt) at �78 8C. The mixture was allowed to warm to ambi-
ent temperature overnight and was centrifuged. The supernatant solution
was separated and the volatiles were removed in vacuo. The crude solid
was washed two or three times with pentane (15 mL mmol�1) and dried.


Bromo-(h4-2,5-norbornadiene)-{1-[(S)-4-tert-butyl-4,5-dihydrooxazol-2-
yl]-3-phenylimidazol-2-ylidene}rhodium(i) (4 a): Yield: 87 %; 1H NMR
(CDCl3): d= 8.03 (m, 2 H; CHPh), 7.56–7.46 (m, 3 H; CHPh), 7.33 (d, 3J =


2.1 Hz, 1 H; CH 4/5-Im), 6.97 (d, 3J =2.1 Hz, 1 H; CH 4/5-Im), 4.78 (dd, 2J=


8.7 Hz, 3J =9.7 Hz, 1 H; CH2 oxa), 4.65 (dd, 2J=8.6 Hz, 3J =7.3 Hz, 1 H;
CH2 oxa), 4.25 (dd, 3J= 7.3 Hz, 3J =9.8 Hz, 1 H; CHoxa), 3.58 (br s, 2H;
CH 2/3/5/6-nbd), 3.49 (br s, 2 H; CH 2/3/5/6-nbd), 3.42 (br s, 2H; CH 1/4-nbd), 1.02 (s,
9H; C(CH3)3), 1.00 ppm (s, 2H; CH2 nbd); 13C {1H} NMR (CDCl3): d=
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149.3 (NCO), 138.9 (CPh), 129.0, 128.8, 125.8 (CHPh), 122.8 (CHim), 117.7
(CHim), 74.8 (CHoxa), 73.1 (CH2 oxa), 60.3 (CH2 nbd), 48.8 (CH 1/4-nbd), 34.4
(C(CH3)3), 25.8 ppm (C(CH3)3); MS (ESI): m/z : 464.1299 [M+�Br]; FT-
IR (KBr): ñ =1675 cm�1 (s, C=N).


Bromo-(h4-2,5-norbornadiene)-{1-[(S)-4-tert-butyl-4,5-dihydrooxazol-2-
yl]-3-(2-tolyl)imidazol-2-ylidene}rhodium(i) (4 b): Yield: 89 %; 1H NMR
(CDCl3): d=7.32 (br, 2 H; CHPh), 7.24 (br, 2H; CH 4/5Im, CHPh), 6.72 (d,
3J=2.1 Hz, 1 H; CH 4/5-Im), 4.78 (pseudo-t, J =9.2 Hz, 1 H; CH2 oxa), 4.66
(dd, 2J =8.5 Hz, 3J=6.6 Hz, 1 H; CH2 oxa), 4.18 (dd, 3J =6.5 Hz, 3J =9.7 Hz,
1H; CHoxa), 3.69 (br s, 2H; CH 2/3/5/6-nbd), 3.35 (s, 2H; CH 1/4-nbd), 3.21 (br s,
2H; CH 2/3/5/6-nbd), 2.18 (br, 3 H; CH3 tol), 1.00 (s, 2 H; CH2 nbd), 0.93 ppm (s,
9H; C(CH3)3); 13C {1H} NMR (CDCl3): d =186.8 (d, 1J(103 h13C)=55 Hz,
N2C), 156.2 (NCO), 137.2 (Ctol), 130.5, 129.6 (CHtol), 129.2 (Ctol), 126.8
(CHtol), 123.6 (CHim), 116.1 (CHim), 74.6 (CHoxa), 73.8 (CH2 oxa), 59.6
(CH2 nbd), 48.4 (CH 1/4-nbd), 34.5 (C(CH3)3), 25.7 (C(CH3)3), 18.0 ppm
(CH3 tol); MS (ESI): m/z : 478.1348 [M+�Br]; FT-IR (KBr): ñ=1674 cm�1


(s, C=N).


Bromo-(h4-2,5-norbornadiene)-{1-[(S)-4-isopropyl-4,5-dihydrooxazol-2-
yl]-3-mesitylimidazol-2-ylidene}rhodium(i) (4 c): Yield: 67 %; 1H NMR
(CDCl3): d =7.27 (d, 3J =2.1 Hz, 1H; CH 4/5-Im), 6.88 (s, 2H; CHmes), 6.39
(d, 3J= 2.1 Hz, 1H; CH 4/5-Im), 4.82 (pseudo-t, J =8.5 Hz, 1 H; CH2 oxa),
4.60 (pseudo-t, J =8.5 Hz, 1H; CH2 oxa), 4.34 (m, 1H; CHoxa), 3.66 (br s,
4H; CH 2/3/5/6-nbd), 3.45 (br s, 2H; CH 1/4-nbd), 2.29 (s, 3H; CH3 para), 2.20 (s,
3H; CH3 ortho), 2.17 (s, 3H; CH3 ortho), 1.95 (m, 1H; CH(CH3)2), 0.99 (d,
J =6.8 Hz, 3 H; CH(CH3)2), 0.96 (s, 2H; CH2 nbd), 0.91 ppm (d, J =6.7 Hz,
3H; CH(CH3)2); 13C {1H} NMR (CDCl3): d=184.4 (d, 1J(103Rh,13C)=


55 Hz, N2C), 156.7 (NCO), 139.4, 135.8, 135.4, 133.6 (Cmes), 128.8
(CHmes), 123.5 (CHim), 115.2 (CHim), 74.1 (CH2 oxa), 68.9 (CHoxa), 60.0
(CH2 nbd), 48.8 (CH 1/4-nbd), 30.6 (CH(CH3)2), 21.2 (CH3 para), 19.2 (CH-
(CH3)2), 18.7, 18.6 (CH3 ortho), 16.4 ppm (CH(CH3)2); MS (ESI): m/z (%):
492.1432 (100) [M+�Br]; FT-IR (KBr): 1669.5 cm�1 (s, C=N); elemental
analysis calcd (%) for C25H31BrN3ORh (572.34): C 52.46, H 5.46, N 7.34;
found: C 52.18, H 5.47, N 7.27.


Bromo-(h4-2,5-norbornadiene)-{1-[(S)-4-tert-butyl-4,5-dihydrooxazol-2-
yl]-3-mesitylimidazol-2-ylidene}rhodium(i) (4 d): Yield: 89 %; crystallisa-
tion from CH2Cl2/pentane gave orange crystals suitable for an X-ray dif-
fraction studies; 1H NMR (CDCl3): d= 7.29 (d, 3J= 2.1 Hz, 1 H; CH 4/5-Im),
6.96 (s, 1 H; CHmes), 6.88 (s, 1 H; CHmes), 6.59 (d, 3J=2.1 Hz, 1 H; CH 4/5-


Im), 4.79 (dd, 2J =8.7 Hz, 3J =9.7 Hz, 1H; CH2 oxa), 4.68 (pseudo-t, J =


6.7 Hz, 1 H; CH2 oxa), 4.23 (dd, 3J =6.7 Hz, 3J =9.7 Hz, 1 H; CHoxa), 3.63
(br s, 2 H; CH 2/3/5/6-nbd), 3.40 (br s, 2 H; CH 1/4-nbd), 3.36 (br s, 2H; CH 2/3/5/6-


nbd), 2.39 (s, 3 H; CH3 ortho), 2.32 (s, 3 H; CH3 ortho), 2.03 (s, 3 H; CH3 para),
0.98 (s, 9 H; C(CH3)3), 0.98 ppm (s, 2 H; CH2 nbd); 13C {1H} NMR (CDCl3):
d=156.4 (NCO), 139.4, 136.7, 134.8, 134.0 (Cmes), 129.3, 128.4 (CHmes),
123.6 (CHim), 116.5 (CHim), 74.7 (CHoxa), 73.8 (CH2 oxa), 59.7 (CH2 nbd),
48.5 (CH 1/4-nbd), 34.5 (C(CH3)3), 25.8 (C(CH3)3), 21.1 (CH3 para), 19.4,
18.0 ppm (CH3 ortho); MS (ESI): m/z : 506.1764 [M+�Br]; FT-IR (KBr):
ñ= 1674 cm�1 (s, C=N); elemental analysis calcd (%) for C26H33BrN3ORh
(586.38): C 53.26, H 5.67, N 7.16; found: C 53.05, H 5.63, N 6.99.


Bromo-(h4-2,5-norbornadiene)-{1-[(S)-4-tert-butyl-4,5-dihydrooxazol-2-
yl]-3-(2,6-diisopropylphenyl)imidazol-2-ylidene}rhodium(i) (4 e): Yield:
80%; 1H NMR (CDCl3): d=7.47–7.42 (m, 1 H; CHAr), 7.33 (d, 3J=


2.1 Hz, 1 H; CH 4/5-Im), 7.27–7.22 (m, 2 H; CHAr), 6.67 (d, 3J =2.1 Hz, 1 H;
CH 4/5-Im), 4.76 (dd, 2J =8.7 Hz, 3J =9.7 Hz, 1H; CH2 oxa), 4.64 (pseudo-t,
J =6.7 Hz, 1 H; CH2 oxa), 4.21 (dd, 3J=6.9 Hz, 3J =9.7 Hz, 1H; CHoxa),
3.53 (br s, 4H; CH 2/3/5/6-nbd), 3.36 (br s, 2H; CH 1/4-nbd), 2.93 (m, 1 H; CH-
(CH3)2), 2.77 (m, 1H; CH(CH3)2), 1.38 (d, 3J =6.8 Hz, 3H; CH(CH3)2),
1.36 (d, 3J=6.8 Hz, 3 H; CH(CH3)2), 1.02 (s, 9H; C(CH3)3), 1.02 (s, 2 H;
CH2 nbd), 0.99 (d, 3J=7.1 Hz, 3 H; CH(CH3)2), 0.97 ppm (d, 3J =7.1 Hz,
3H; CH(CH3)2); 13C {1H} NMR (CDCl3): d=187.3 (d, 1J(103Rh,13C)=


55 Hz, N2C), 156.0 (NCO), 146.6, 146.2, 134.2 (CAr), 130.3 (CHAr), 125.1
(CHim), 123.9, 123.7 (CHAr), 116.5 (CHim), 74.3 (CHoxa), 73.3 (CH2 oxa),
60.4 (CH2 nbd), 48.8 (CH 1/4-nbd), 34.3 (C(CH3)3), 28.1 (CH(CH3)2), 26.1
(CH(CH3)2), 25.9 (C(CH3)3), 23.2 ppm (CH(CH3)2); MS (ESI): m/z :
548.2250 [M+�Br]; FT-IR (KBr): ñ=1670.5 cm�1 (s, C=N).


Bromo-(h4-2,5-norbornadiene)-{1-[(S)-4-tert-butyl-4,5-dihydrooxazol-2-
yl]-3-(2-tert-butylphenyl)imidazol-2-ylidene}rhodium(i) (4 f): Yield: 81 %.
Two isomers are observed in the 1H and 13C NMR spectra (recorded at


298 K) in a ratio of 1:3.1; they are labelled “major” for major isomer and
“minor” for minor isomer. 1H NMR (CDCl3, 298 K): d=8.20–8.18 (m,
1H; CHAr, major), 7.70–7.67 (m, 1 H; CHAr, minor), 7.40–7.30 (m, 3 H;
CHAr, isomers taken together), 7.29 (d, 3J =2.1 Hz, 1 H; CH 4/5-Im, minor),
7.20 (d, 3J =2.1 Hz, 1 H; CH 4/5-Im, major), 6.84 (d, 3J =2.1 Hz, 1H; CH 4/5-


Im, minor), 6.78 (d, 3J= 2.1 Hz, 1H; CH 4/5-Im, major), 4.79 (dd, J =8.8 Hz,
J =9.6 Hz, 1H; CH2 oxa, major), 4.73–4.66 (m, 1H (major), 1H (minor);
CH2 oxa), 4.59 (dd, J =7.5 Hz, J =8.4 Hz, 1 H; CH2 oxa, minor), 4.20 (dd,
3J=6.5 Hz, 3J =9.8 Hz, 1 H; CHoxa, major), 4.20 (dd, 3J =7.2 Hz, 3J=


9.6 Hz, 1H; CHoxa, minor), 3.70 (br s, 2 H; CH 2/3/5/6-nbd, major), 3.52 (br s,
2H; CH 1/4-nbd, minor), 3.37 (br s, 2 H; CH 1/4-nbd, major), 3.22 (br s, 2 H;
CH 2/3/5/6-nbd, major), 1.20 (s, 9H; C(CH3)3 Ph, minor), 1.17 (s, 9 H; C-
(CH3)3 Ph, major), 1.04 (s, 9H; C(CH3)3 oxa, minor), 0.93 ppm (br s, 11H;
9C(CH3)3 oxa, major; 2CH2 nbd, isomers taken together); 13C {1H} NMR
(CDCl3): d=187.2 (d, 1J(103Rh,13C)=55 Hz, N2C), 156.5 (NCO, major),
155.9 (NCO, minor), 145.3, 136.6 (CAr, minor), 144.6, 135.7 (CAr, major),
133.0, 129.6, 128.6, 127.1 (CHAr, major), 132.5, 129.7, 128.6, 126.7 (CHAr,
minor), 126.2, 115.3 (CHIm, major), 125.9, 116.7 (CHIm, minor), 74.8
(CHoxa, major), 74.0 (CH2 oxa, major), 73.9 (CHoxa, minor), 73.0 (CH2 oxa,
minor), 60.9 (CH2 nbd, minor), 59.6 (CH2 nbd, major), 49.3 (CH 1/4-nbd,
minor), 48.3 (CH 1/4-nbd, major), 36.2, 34.2 (2 C(CH3)3, minor), 36.0, 34.8
(2 C(CH3)3, major), 32.2 (C(CH3)3 Ph, major), 32.1 (C(CH3)3 Ph, minor),
26.0 (C(CH3)3 oxa, minor), 25.7 ppm (C(CH3)3 oxa, major); MS (ESI): m/z
(%): 520.1827 (100) [M+�Br], 521.1861 (27) [M+�Br+H]; FT-IR (KBr):
ñ= 1676 cm�1 (s, C=N).


Bromo-(h4-2,5-norbornadiene)-{1-[(S)-4-tert-butyl-4,5-dihydrooxazol-2-
yl]-3-benzylimidazol-2-ylidene}rhodium(i) (4 g): Yield: 88%; 1H NMR
(CDCl3): d =7.55–7.25 (m, 5 H; CHPh), 7.21 (d, J =2.1 Hz, 1H; CH 4/5-Im),
6.60 (d, J =2.1 Hz, 1H; CH 4/5-Im), 5.58 (s, 2H; CH2Ph), 4.70 (dd, 2J =


8.7 Hz, 3J =9.7 Hz, 1 H; CH2 oxa), 4.56 (dd, 2J=8.5 Hz, 3J =7.5 Hz, 1 H;
CH2 oxa), 4.19 (dd, 3J=7.5 Hz, 3J =9.8 Hz, 1 H; CHoxa), 3.93 (br, 4H; CH 2/


3/5/6-nbd), 3.61 (br s, 2H; CH 1/4-nbd), 1.16 (s, 2H; CH2 nbd), 1.00 ppm (s, 9 H;
C(CH3)3); 13C {1H} NMR (CDCl3): d =191.2 (d, 1J(103Rh,13C)=56 Hz,
N2C), 154.7 (NCO), 135.6 (CPh), 129.0, 128.3, 128.1 (CHPh), 121.3 (CHim),
119.5 (CHim), 74.7 (CHoxa), 72.3 (CH2 oxa),), 61.6 (CH2 nbd), 54.6 (CH2Ph),
49.9 (CH 1/4-nbd), 33.3 (C(CH3)3), 25.9 ppm (C(CH3)3); MS (ESI): m/z :
478.1426 [M+�Br]; FT-IR (KBr): ñ=1676 cm�1 (s, C=N).


Bromo-(h4-2,5-norbornadiene)-{1-[(S)-4-tert-butyl-4,5-dihydrooxazol-2-
yl]-3-(diphenylmethyl)imidazol-2-ylidene}rhodium(i) (4 h): Yield: 87 %,
1H NMR (CDCl3): d= 7.96 (s, 1 H; CHPh2), 7.37–7.18 (m, 11H; CH 4/5-Im,
10CHPh), 6.57 (t, 3J =2.1 Hz, 1 H; CH 4/5-Im), 4.73 (pseudo-t, J =9.2 Hz,
1H; CH2 oxa), 4.59 (pseudo-t, J =8.0 Hz, 1 H; CH2 oxa), 4.19 (dd, 3J=


7.5 Hz, 3J =9.8 Hz, 1 H; CHoxa), 3.73 (br, 4H; CH 2/3/5/6-nbd), 3.47 (br s, 2 H;
CH 1/4-nbd), 1.08 (s, 2 H; CH2 nbd), 1.01 ppm (s, 9 H; C(CH3)3); 13C {1H}
NMR (CDCl3): d=192.5 (d, 1J(103Rh,13C)=55 Hz, N2C), 154.8 (NCO),
139.4, 139.0 (CPh), 129.7–127.8 (CHPh), 120.8 (CHim), 118.8 (CHim), 74.8
(CHoxa), 72.3 (CH2 oxa), 67.4 (CHPh2), 61.6 (CH2 nbd), 49.8 (CH 1/4-nbd), 34.3
(C(CH3)3), 25.8 ppm (C(CH3)3); MS (ESI): m/z (%): 462.10 (100) [M+


�Br�nbd], 554.16 (68) [M+�Br]; FT-IR (KBr): ñ=1671 cm�1 (s, C=N).


Bromo-(h4-2,5-norbornadiene)-{1-[(S)-4-tert-butyl-4,5-dihydrooxazol-2-
yl]-3-fluorenylimidazol-2-ylidene}rhodium(i) (4 i): Yield: 58 %; 1H NMR
(CDCl3): d =7.93–7.89 (m, 1 H; CHfluo), 7.77–7.68 (m, 2H; CHfluo), 7.47–
7.26 (m, 6 H; CH-fluo, 5CHfluo), 7.14 (d, J =1.5 Hz, 1H; CH 4/5-Im), 6.02
(d, J =1.5 Hz, 1H; CH 4/5-Im), 4.75 (pseudo-t, J =8.8 Hz, 1H; CH2 oxa), 4.62
(pseudo-t, J =7.6 Hz, 1H; CH2 oxa), 4.29 (dd, 3J=7.8 Hz, 3J= 9.4 Hz, 1H;
CHoxa), 3.19 (br, 4H; CH 2/3/5/6-nbd), 3.74 (br s, 2H; CH 1/4-nbd), 1.28 (s, 2 H;
CH2 nbd), 1.09 ppm (s, 9 H; C(CH3)3); 13C {1H} NMR (CDCl3): d =154.6
(NCO), 142.2, 141.1, 140.9, 140.3 (Cfluo), 129.6, 129.5, 128.6, 128.2, 126.7,
125.4, 120.3, 120.0 (CHfluo), 119.6 (CHim), 118.9 (CHim), 75.0 (CHoxa), 72.3
(CH2 oxa), 65.1 (CH-fluo), 61.7 (CH2 nbd), 50.0 (CH 1/4-nbd), 34.4 (C(CH3)3),
25.9 ppm (C(CH3)3); MS (ESI): m/z (%): 165.09 (5) [fluo]+ , 358.19 (17)
[L]+ , 460.09 (13) [M+�Br�nbd], 554.16 (68) [M+�Br]; FT-IR (KBr):
ñ= 1673 cm�1 (s, C=N).


Bromo-(h4-2,5-norbornadiene)-{1-[(S)-4-tert-butyl-4,5-dihydrooxazol-2-
yl]-3-[di(1-naphtyl)methyl]imidazol-2-ylidene}rhodium(i) (4 j): Yield:
92%; 1H NMR (CDCl3): d =8.69 (br s, 1H; CHNp2), 7.86–7.37 (m, 12H;
CHNp), 7.11 (d, J=2.1 Hz, 1H; CH 4/5-Im), 6.89–6.86 (m, 2H; CHNp), 6.43
(d, J =2.1 Hz, 1H; CH 4/5-Im), 4.74 (pseudo-t, J =9.3 Hz, 1H; CH2 oxa), 4.62
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(pseudo-t, J =7.8 Hz, 1H; CH2 oxa), 4.19 (dd, 3J=7.8 Hz, 3J= 9.8 Hz, 1H;
CH oxa), 3.5–3.3 (br, 4 H; CH 2/3/5/6-nbd), 3.00 (br s, 2 H; CH 1/4-nbd), 1.00 (s,
9H; C(CH3)3), 0.74 ppm (s, 2H; CH2 nbd); 13C {1H} NMR (CDCl3): d=


155.3 (NCO), 133.9, 133.8, 131.4, 130.8 (CNp), 129.8, 129.2, 128.5, 128.2,
127.3, 126.8, 126.4, 125.7, 125.3, 125.0, 124.7, 121.4 (CHNp), 127.8 (CHim),
123.6 (CHim), 74.9 (CHoxa), 72.7 (CH2 oxa), 61.9 (CHNp2), 60.8 (CH2 nbd),
49.0 (CH 1/4-nbd), 34.2 (C(CH3)3), 25.6 ppm (C(CH3)3); MS (ESI): m/z (%):
562.13 (11) [M+�Br�nbd], 654.20 (100) [M+�Br]; FT-IR (KBr): ñ=


1671.2 cm�1 (s, C=N).


General procedure for the hydrosilylation catalysis : In a small Schlenk
tube, an orange solution of complex 4d (17.6 mg, 0.030 mmol) in CH2Cl2


(0.6 mL) was added to AgBF4 (7.0 mg, 0.012 mmol). The resulting mix-
ture was stirred for about 5 min and then filtered through a pad of Celite
and rinsed with an additional of CH2Cl2 (0.3 mL). The red solution was
divided into three equal parts (for three different catalytic runs; 0.3 mL
each) and each vial was topped up to 0.5 mL. After addition of the de-
sired ketone (1.0 mmol) at ambient temperature, the reaction mixture
was cooled to �60 8C and diphenylsilane (210 mL, 1.1 mmol) was added
dropwise over a period of 2 min. The bright yellow reaction mixture was
stirred at �60 8C for 10 h. A solution of K2CO3 in methanol (0.1 %,
2.0 mL) was then added and the resulting mixture was stirred for at least
4 h at room temperature. After evaporation of the solvents, the product
was purified by column chromatography (2 � 10 cm, SiO2, pentane/Et2O:
85/15). Yields refer to isolated yields of compounds estimated to be
>95% pure as determined by 1H NMR spectroscopy. Yields and ee�s are
the average of at least two corroborating runs. Absolute configurations
of enantiomerically enriched alcohols were determined by comparing the
sign of their optical activities with those reported in literature.


Kinetic studies : Hydrosilylation studies were carried out at �55 8C in
CD2Cl2 as solvent. Each experiment was conducted with freshly prepared
rhodium catalyst by reacting complex 4d with AgBF4 in CD2Cl2 followed
by filtration through Celite. The solution was then transferred into a
NMR tube with the desired amount of acetophenone. In all cases, the
sample was allowed to stand at �55 8C before adding the diphenyl silane.
The progress of the reaction was monitored by measuring the disappear-
ance of the ketone and appearance of the product by 1H NMR spectros-
copy.


Crystal structure determinations : Suitable crystals of the complexes 4d
and 4j were obtained by layering concentrated solutions of the samples
in dichloromethane with pentane and allowing slow diffusion at room
temperature. Intensity data were collected at low temperature on Nonius
Kappa CCD (complex 4d) and Bruker Smart 1000 CCD (complex 4j)
diffractometers. The radiation used was graphite-monochromated MoKa


(l=0.71073 �). A semi-empirical absorption correction was applied. The
structures were solved by using direct methods and refined by full-matrix
least-squares methods. For complex 4 d, hydrogen atom positions were
taken from difference Fourier maps; they were introduced as fixed con-
tributors in the structure factor calculations with fixed coordinates (C�H:
0.95 �) and isotropic temperature factors (B(H)=1.3 Beqv(C) �2), but
not refined. For complex 4 j, hydrogen atoms were input at calculated po-
sitions except for the olefinic hydrogens of the norbornadiene ligand,
which were taken from Fourier maps and refined with the C�H distance
constrained to 0.95 �. The calculations were performed by using the pro-
grams OpenMoleN,[31] SHELXS-86[32] and SHELXL-97.[33] Graphical rep-
resentations were drawn with PLATON.[34] Crystal data and experimental
details are given in Table 5.


CCDC 221154 and 262660 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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