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… of the Nio (Agyo and Ungyo),
or Heavenly Kings, were made in
1203 AD and stand at the entrance
gate of Todaiji temple (a world
culture heritage) in Nara, Japan;
Agyo (left) represents the begin-
ning of the universe with its mouth
open, while Ungyo (right) repre-
sents the end of the universe with
its mouth tightly closed. Conceived
as a pair they complement each
other in protecting the temple
from demons and keeping it in the
good spirits. In a similar manner,
the two Ru atoms in the thiolate-
bridged diruthenium complex
work cooperatively to catalyse the
propargylic substitution reactions
of propargylic alcohols with heter-
oatom-centred nucleophiles such
as alcohols, amines, amides, and phosphine oxide. Y. Nishibayashi, M. Hidai, S. Uemura,
and their co-workers describe the scope and limitations of the reactions on page 1433 ff.


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


Conformational Dimorphism
Two crystalline modifications of 1,1,3,3,5,5-hexachloro-1,3,5-
trigermacyclohexane have been experimentally obtained as
phase pure products and studied by single-crystal X-ray dif-
fraction. Possible reasons for the selective formation of the
a- or b-phase in specific solvents have been considered by
M. Jansen et al. on page 1375 ff.


Unusual Azido Bridges
In their Full Paper on p. 1518 ff, F. Meyer and co-workers
describe the structures and magnetic properties of a series
of tetranuclear nickel(ii) complexes with unique topology, in
which two of the azido ligands present adopt an unusual
m3-1,1,3 bridging mode.


Polymeric Nanoparticles
The concept paper by Sun et al. on page 1366 ff highlights the
applications of supercritical fluid technology in particle forma-
tion and production, especially some recent advances in the
rapid expansion of supercritical solutions (RESS) processing
technique. The simple but significant modification to the tradi-
tional RESS by using a liquid solvent or solution at the receiv-
ing end of the supercritical solution expansion, or the rapid
expansion of a supercritical solution into a liquid solvent
(RESOLV), and applications of the technique to the prepara-
tion of nanoparticles are also discussed.
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Polymeric Nanoparticles from Rapid Expansion of Supercritical Fluid
Solution


Ya-Ping Sun,* Mohammed J. Meziani, Pankaj Pathak, and Liangwei Qu[a]


Introduction


Great advances have been made in the synthesis and pro-
duction of nanoparticles (i.e., particles of 100 nm or less)
from a variety of materials, though most of which are based
on metals or other inorganic elements.[1] There has been
considerably less progress in the development of reliable
and versatile techniques for the preparation of well-dis-
persed organic and polymeric nanoparticles. The available
methods for micron-sized and nanoscale polymeric particles
include those in which the particles are formed in situ in the


polymerization of monomers under emulsion, suspension,
dispersion, and precipitation conditions. These different po-
lymerization methods are developed to make polymeric par-
ticles in specific size ranges. For example, the emulsion poly-
merization is used for particles in the size range of 100–
1000 nm,[2,3] the miniemulsion polymerization for particles
of 50–200 nm, and the microemulsion polymerization for
particles of 20–50 nm.[3,4] Other methods for the formation
of particles from made polymers include solvent-in-emulsion
evaporation, phase separation, and spray drying.[5] Among
widely discussed disadvantages for all of these methods are
an excessive use of surfactant and solvent, the presence of
unwanted residues, and insufficient colloidal stability, etc.[5]


Supercritical fluid technology has played a significant role
in the particle formation applications. A supercritical fluid is
loosely defined as a solvent at a temperature above the criti-
cal temperature, at which the fluid remains a single phase
regardless of pressure. However, for practical purposes such
as high density for solubility considerations, fluids of interest
to materials processing are typically at near-critical tempera-
tures. Among the most important properties of a supercriti-
cal fluid are the low and tunable densities, which can be
easily varied from gaslike to liquidlike through a simple
change in pressure at constant temperature, and the unusual
solvation effects at densities near the critical density (often
discussed in terms of solute–solvent and solute–solute clus-
terings). Numerous investigations have been conducted on
supercritical fluids,[6,7] and the results have demonstrated the
unique advantages of using supercritical fluids as alternative
media for both chemical reactions and materials processing.
Examples of the applications and related advantages are the
use of supercritical fluids (CO2 and water, in particular) as
environmentally benign solvents,[7a] the ability to tune selec-
tively chemical reactions or processes,[8,9] the enhancement
of reaction rates due to the low viscosities or high diffusivi-
ties in the fluids,[9] the ability to solvate or precipitate sol-
utes selectively,[10] and the production of fibers and powders
through rapidly expanding the supercritical fluid solu-
tions.[11, 12] In this paper, we focus on the recent advances in
the application of supercritical fluid processing to particle


Abstract: In this concept paper we highlight applica-
tions of supercritical fluid technology in particle forma-
tion and production, especially some recent advances in
the rapid expansion of supercritical solutions (RESS)
processing technique. We also highlight the simple but
significant modification to the traditional RESS by
using a liquid solvent or solution at the receiving end of
the supercritical solution expansion, or the rapid expan-
sion of a supercritical solution into a liquid solvent
(RESOLV), and applications of the technique to the
preparation of nanoparticles. In particular, successes
and challenges in the use of RESOLV for nanoscale
(<100 nm) polymeric particles and the subsequent pro-
tection of the suspended nanoparticles from agglomera-
tion are discussed.


Keywords: nanostructures · polymers · supercritical
fluids


[a] Prof. Y.-P. Sun, Dr. M. J. Meziani, P. Pathak, L. Qu
Department of Chemistry
Howard L. Hunter Chemistry Laboratory
Clemson University, Clemson
South Carolina 29634–0973 (USA)
Fax: (+1) 864-656-5007
E-mail : syaping@clemson.edu.


Chem. Eur. J. 2005, 11, 1366 – 1373 DOI: 10.1002/chem.200400422 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1367


CONCEPTS







production, and we also highlight our newly developed
rapid expansion technique for the preparation of exclusively
nanoscale polymeric particles.


Supercritical Fluid Processing of Particles


Applications of supercritical fluids in materials processing
have received considerable attention since the mid-1980 s. A
number of reviews on the subject have appeared in the liter-
ature.[13–22] One area of focus has been on particle formation.
Among the most widely investigated processing techniques
are those involving precipitation processes in supercritical
solutions known as SAS (supercritical antisolvent)[14b, 23] and
RESS (rapid expansion of supercritical solutions).[14c,24, 25]


SAS generally refers to the precipitation for particle forma-
tion in a compressed fluid at supercritical as well as subcriti-
cal conditions. The process is also called PCA (precipitation
with compressed antisolvent) or GAS (gas antisolvent). As
with any precipitation process, the antisolvent can be added
to the solution (normal-addition precipitation) or the so-
lution can be added to the antisolvent (reverse-addition pre-
cipitation). The method requires that the supercritical anti-
solvent be miscible with the solution solvent and that the
solute be insoluble in the supercritical antisolvent. In the
normal-addition SAS, a solute is dissolved in a liquid sol-
vent, and a supercritical antisolvent is added to the solution
in a partially filled, closed container that is initially at ambi-
ent pressure. With the addition of the supercritical antisol-
vent, both the volume of the solution/antisolvent mixture
and the pressure of the closed container increase. The de-
crease in solubility of the solute with increasing antisolvent
fraction in the mixture results in precipitation of the solute.
The precipitate is then washed with the antisolvent to yield
the desired particles. The size and size distribution of the
particles are dependent on the selection of the solution/anti-
solvent system, the solution concentration, the relative so-
lution and antisolvent quantities, the rate of the antisolvent
addition, and the degree of mixing.[23a] In the reverse-addi-
tion SAS, a liquid solution is sprayed through a nozzle into
a supercritical antisolvent. The rapid diffusion of the solvent
from the solution droplets sprayed into the bulk supercriti-
cal fluid results in the solute precipitation. The precipitate is
then washed with the antisolvent and filtered to obtain the
desired particles.


The SAS methods have been used for preparing a variety
of particles and fine powders from proteins, pharmaceuti-
cals, pigments, polymers, and even explosives. For example,
fine particles of trypsin, lysozyme, and insulin proteins with
diameters ranging from 1 to 5 mm were produced by spray-
ing the protein solution in DMSO through a small orifice
into supercritical CO2.


[26] Increases in the particle sizes could
be achieved by decreasing the pressure or increasing the
temperature of the antisolvent or by increasing the expan-
sion-nozzle diameter. For polymers, Johnston and co-work-
ers used antisolvent precipitation to prepare both micropar-
ticles and fibers of polystyrene by varying the CO2 density


and temperature.[27] The product morphology (particles vs
fibers) was found to be dependent on the polymer solution
concentration, with a higher concentration (1–5 wt %) pro-
moting the formation of fibers. A significant advantage of
the SAS and related supercritical fluid processing methods
over a liquid solution-based technique is the ability to pre-
pare dry powders in a single step.[16a] The preparation of dry
powders at low temperature is particularly important for
pharmaceuticals and protein samples, as well as other mate-
rials that are thermally labile or shock sensitive. Because
many compounds of interest have higher solubility in liquid
solvents than in low-temperature supercritical fluids, the
SAS method generally allows higher through-puts than the
RESS method.


The RESS process for particle production has been stud-
ied extensively[14f, 25c,25d, 28–37] since the pioneering investiga-
tion by Krukonis.[24] It differs from the SAS process in that
in RESS the solute is dissolved in a supercritical fluid and
then the solution is rapidly expanded through a small nozzle
or orifice into a region of lower pressure.[13,14a–c] A typical
RESS apparatus for particle preparation is illustrated in
Figure 1. The rapid reduction in pressure—and, therefore,


density—results in rapid precipitation of the solute. Experi-
mentally, the supercritical solution can be generated either
by heating and pressurizing a solution from room tempera-
ture or by continuously extracting the solute by using an ex-
traction column.[13] The RESS process is driven by the de-
crease in pressure, which can propagate at speeds up to the
speed of sound in the expansion nozzle. Because solubilities
in supercritical fluids can be up to a million times higher
than those under ideal gas conditions, the rapid expansion
from supercritical pressure to ambient pressure results in ex-
tremely high supersaturation—and, consequently, homoge-
neous nucleation of the solute—leading to narrow size dis-
tributions in the products. The RESS technique has been
used for particle formation from a variety of materials. For
example, supercritical water was used in the RESS prepara-
tion of iron oxide (Fe2O3) particles,[38] and the expansion
was at 500 8C and 100 MPa through 50–200 mm diameter ori-
fices into an evacuated chamber. The Fe2O3 particles thus
obtained were small and exhibited exceptional reactivities.
In addition to inorganic oxides, several neutral metal car-
bonyls (chromium hexacarbonyl, dimanganese decacarbon-
yl, and triiron dodecacarbonyl) were processed through


Figure 1. Adapted from reference [12]: Schematic of RESS apparatus.
SC, solvent cylinder; C, solvent cooler; P, solvent pump; EQ, equilibrium
cell; BP, bypass line for solvent; N, Nozzle; EC, expansion chamber.
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RESS to form micron-sized particles.[39] The solubility of
these compounds allowed the use of supercritical CO2 in the
RESS processing.


Smith and co-workers carried out a series of RESS experi-
ments aimed at not only processing of various materials, but
also evaluation of the effects of processing conditions on
product morphology, size, and distribution.[25,40,41] The results
from these experiments and others suggest that the RESS
process generally produces micron- or submicron-sized par-
ticles.[12, 14f, 33c,34,35] For nano-sized particles, we made a simple
but significant modification to the traditional RESS by using
a liquid solvent or solution at the receiving end of the super-
critical solution expansion, or the rapid expansion of a su-
percritical solution into a liquid solvent (RESOLV). The
RESOLV process produces exclusively nanoparticles from a
variety of materials.[1] For example, cadmium sulfide (CdS)
nanoparticles of ~3 nm in average diameter were prepared
by means of RESOLV by rapidly expanding a supercritical
ammonia solution of Cd(NO3)2 into a room-temperature so-
lution of Na2S in water or ethanol.[42a,b] The nanoparticles
produced in the process could be prevented from aggregat-
ing by the presence of a polymeric or other protection agent
in the receiving solution.[42a,b] It should be noted that there
was a precipitation reaction accompanying the rapid expan-
sion process in the formation of CdS nanoparticles.[42a,b] The
same RESOLV process with a similar reaction scheme has
been applied to the production of many other semiconduc-
tor and metal nanoparticles. These nanoparticles are all
small, on average less than 10 nm in diameter, and are pro-
tected to form stable suspensions.[1,42, 43] As recognized by us,
the RESOLV process for nanoparticle production has a
unique feature in that it does not require nanoscale templat-
ing agents for the nanoparticle formation, because the tem-
plating effect is provided by the supercritical fluid rapid ex-
pansion process, thus offering a clean way to directly couple
the nanoparticles with biological species.[43c,d] For example,
we have demonstrated recently that the semiconductor and
metal nanoparticles coated directly with natural protein spe-
cies could be prepared in the RESOLV process. Shown in
Figure 2 are transmission electron microscopy (TEM) and


atomic force microscopy (AFM) images of the silver sulfide
(Ag2S) nanoparticles conjugated with bovine serum albumin
protein.[43d]


While most of these processes are still at the stage of lab-
oratory development, some scale-up efforts have been
made. For example, Thies and Muller developed a scaled
SAS process capable of producing 200 g of biodegradable
polymer microparticles.[44] In addition to the technical bene-
fits, these processes evidently have regulatory advantages
for industrial scale-up, because of their environmentally
friendly nature.


Polymeric Nanoparticles


The traditional RESS process has been particularly popular
in the processing of polymeric materials. According to the
original report by Krukonis,[24] the rapid expansion of a so-
lution of polypropylene in supercritical propylene resulted
in the formation of fiberlike particles. Since then, particle
formation in RESS from a large number of polymeric mate-
rials has been reported.[25b, 32,40, 41,45–48] For example, Smith
and co-workers used RESS to prepare a variety of micron-
sized polymer particles, including polystyrene, polypropyl-
ene, poly(carbosilane), poly(phenyl sulfone), poly(methyl
methacrylate), and cellulose acetate.[25b, 40,41, 45] However, for-
mation of nano-sized particles has apparently not been a
focus of the community. Instead, much effort has been on
an understanding of the RESS process for different prod-
ucts, particles versus fibers. In addition to Smith and co-
workers, several other research groups also investigated the
effect of RESS processing conditions, such as nozzle geome-
try and pre-expansion temperature and pressure, on the
product size and morphology. For example, Shine[46] and
later Mawson and co-workers[32] reported that the formation
of particles is more favorable over fibers at a low polymer
concentration, low pre-expansion temperature, high pre-ex-
pansion pressure, and small length/diameter ratio for the
nozzle. The results were explained on the basis of the loca-
tion of phase separation in the nozzle: particles are formed
if the precipitation of polymer-rich phase occurs late in the
nozzle and fibers are produced if the precipitation occurs
up-stream in the nozzle.[32,46] Thies and co-workers[47] also re-
ported the impact of polymer concentration on product size
and morphology for cellulose acetate in supercritical metha-
nol and fluoroacrylate in supercritical CO2. They found a
transition from continuous fibers to particles as the polymer
concentration decreased from higher than 5 wt % to less
than 1 wt %.[47]


In the application of the traditional RESS process the
production of micron-sized polymeric particles is generally
observed, with only a few exceptions.[25b, 32, 40,41, 45–47] Mecha-
nistically, however, several theoretical studies suggest that
the traditional RESS should facilitate the formation of pri-
marily nanoscale particles, and that agglomerations during
the rapid expansion process are responsible for the growth
of the initially formed particles beyond the nanoscale and,


Figure 2. TEM (left) and AFM (right) images of the BSA-conjugated
Ag2S nanoparticles prepared via RESOLV (adapted from refer-
ence [43d]).
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thus, for the observation of micron-sized particles as major
products.[12,35] Ginosar and co-workers[49] have shown experi-
mentally that both nano- and micron-sized particles are
present in the expansion jet and that the particle sizes in-
crease with the distance from the expansion nozzle, consis-
tent with the theoretically predicted agglomeration mecha-
nism (Figure 3). For example, they found that the nano-


sized particles increased in size from an average diameter of
10 to 22 nm as the distance from the expansion nozzle in-
creased from 0.26 to 5 mm, while micron-sized particles
maintained a relatively constant average diameter of
~0.7 mm.[49] These theoretical and experimental results sug-
gest that nanoscale polymeric particles could be obtained
from the RESS process if the nanoparticles could be effec-
tively “captured”. The RESOLV process, with a significant
modification to the traditional RESS, enables the capture
and stabilization of polymeric nanoparticles.[50]


In RESOLV, the liquid at the receiving end of the rapid
expansion apparently suppresses the particle growth in the
expansion jet, making it possible to yield exclusively nano-
scale (less than 100 nm) polymeric particles. We have used a
CO2-soluble polymer poly(heptadecafluorodecyl acrylate)
(PHDFDA) as model solute to demonstrate the production
of polymeric nanoparticles by means of RESOLV. The ex-
perimental setup for RESOLV, illustrated in Figure 4, is sim-
ilar to a typical RESS apparatus, except that the rapid ex-
pansion is into a chamber containing a liquid solution. For
PHDFDA specifically, the CO2 solution in the syringe pump
was pressurized and heated to the desired pre-expansion
pressure and temperature and then rapidly expanded
through a capillary nozzle into an ambient aqueous
medium. The process apparently resulted in the intrinsic for-
mation of nanoparticles.[49] For example, when the expansion
was into neat water, the suspensions obtained in different
time intervals (5 min, 15 min, etc.) from the start of the
rapid expansion process were analyzed. The results shown in
Figure 5 are consistent with the initial formation of
PHDFDA nanoparticles and then the agglomeration of the


nanoparticles into aggregates that grow in size with time.
The RESOLV process has been applied to other polymers
such as poly(l-lactic acid) (PLA). The same initial forma-
tion of PLA nanoparticles and the subsequent particle ag-
glomeration were observed when neat water was used at the
receiving end of the rapid expansion.[51]


The rapid expansion in both RESS and RESOLV should
probably produce nanoscale particles in the absence of any
secondary processes. Theoretical modeling of the traditional
RESS process has predicted the formation of sub-50 nm par-
ticles upstream of the Mach disk in the supersonic free jet
region and that the typically observed micron-sized particles
are from the particle growth processes of condensation and
coagulation that occur downstream of the Mach disk in the
transonic and subsonic free jet regions.[12] A similar conclu-
sion was reached according to the computational fluid dy-
namics calculation for the RESS processing of a perfluoro-
polyether diamide oil, though the final product was a liquid
instead of solid particles.[37b] In this context, the use of a
liquid at the receiving end of the rapid expansion in
RESOLV probably inhibits or disrupts the condensation and
coagulation in the expansion jet, thus effectively quenching


Figure 3. Experimental particle size scans of phenanthrene taken at the
centerline of expansion jet and 2 mm from the expansion orifice, and a
cartoon illustration of the process (adapted from reference [49]).


Figure 4. From reference [50]: Experimental setup for the preparation of
polymeric nanoparticles via RESOLV.


Figure 5. SEM images of PHDFDA nanoparticle specimens prepared
5 min (left) and 15 min (right) after the start of the rapid expansion pro-
cess (from reference [50]).


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1366 – 13731370


Y.-P. Sun et al.



www.chemeurj.org





the rapid particle growth processes. In highlighting the
RESOLV production of nanoscale polymeric particles,
Lavine correctly characterized the technique as “capturing
polymer nanoparticles”.[52]


While both RESS and RESOLV appear to involve a parti-
cle agglomeration process, one may argue that the observed
particle growth and aggregation in RESOLV should not nec-
essarily be considered as a part of the technique, because
they are on a longer timescale following the initial forma-
tion of the nanoparticles. On the other hand, the particle
growth and aggregation in RESS happen in the expansion
jet, thus hardly separateable from the RESS process itself.


Another important difference between RESOLV and
RESS is that in RESOLV the initially formed nanoparticles
are suspended in a liquid medium, providing opportunities
to protect and stabilize the suspended nanoparticles from
agglomeration. For PHDFDA nanoparticles, as an example,
we have evaluated various stabilization strategies.[50] We
tried a substantial increase of ionic strength in the receiving
aqueous solution by adding NaCl (0.5 m). It worked to some
degree, but the PHDFDA nanoparticles still agglomerated
to form larger aggregates and then precipitates. We have
had much success with the use of surfactants and polymers
as stabilization agents. The initially formed PHDFDA nano-
particles can be protected by anionic surfactant sodium do-
decyl sulfate (SDS) at a relatively low concentration
(20 mm) to form a stable aqueous suspension.[50] According
to the SEM images of the specimen prepared from such a
suspension (Figure 6), the protected PHDFDA nanoparti-
cles remain nanoscale, with an average particle size of
~40 nm in diameter when approximated as spheres.


Polymers can also be effective in the protection of the sus-
pended polymeric nanoparticles. Again with PHDFDA
nanoparticles as an example, the RESOLV experiment was
carried out with poly(vinyl alcohol) (PVA) as a protection
agent in the aqueous receiving solution.[51] The PVA-stabi-
lized aqueous suspension of PHDFDA nanoparticles was
found to remain homogeneous without precipitation for at
least several days. An additional advantage with polymer as
a protection agent is the ready preparation of polymeric
nanocomposites, in which the polymer matrix is embedded
with polymeric nanoparticles. Shown in Figure 7 is an SEM
image of the PVA film after the embedded PHDFDA nano-


particles are removed through CO2 extraction; nanoscale
pores in the film are observed.[51]


The production of polymeric nanoparticles through
RESOLV may conceptually be divided into two somewhat
related processes. One is the initial formation of nanoparti-
cles in the rapid expansion, and the other is the stabilization
of the suspended nanoparticles. Evidently, the protection of
initially formed polymeric nanoparticles represents a differ-
ent set of technical challenges, which are largely indepen-
dent of the rapid expansion process itself, especially if the
protection agent is added immediately after the expansion.
The good news is that many methods for stabilizing nano-
particle suspensions are already available in the litera-
ture,[5c,53] some of which have shown promise in use with
RESOLV.[50]


In summary, supercritical fluid processing techniques can
play a significant role in the particle formation and produc-
tion. In particular, the RESOLV technique offers a unique
way to prepare clean and narrowly distributed polymeric
nanoparticles. Since the nanoparticles obtained in RESOLV
are suspended, they may be protected from agglomeration
by using existing stabilization methods and agents. These
stable nanoparticle suspensions may find many interesting
and important applications, as already discussed in the liter-
ature.[5,53]
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Conformational Dimorphism of 1,1,3,3,5,5-Hexachloro-1,3,5-
trigermacyclohexane: Solvent-Induced Crystallization of a Metastable
Polymorph Containing Boat-Shaped Molecules


Vladislav Ischenko,[a] Ulli Englert,[b] and Martin Jansen*[a]


Introduction


Isomerisation of a molecule within its conformational space
plays a crucial role in determining the conditions of
controlled preparation of organic and organometallic com-
pounds and the probability of different transition states ap-
pearing in the course of their chemical transformations.
Given sufficiently low activation barriers, or sufficiently
high temperatures, all conformations of a molecule are ac-
cessible in gaseous or liquid media. Lowering the tempera-
ture would favour the lowest energy conformer, whereas
other individual conformers may be fixed by various kinds
of additional bonding interactions, such as specific donor–
acceptor or crystal-field effects. Among these, design and


control of molecular packing in crystals (“crystal engineer-
ing”) continues to attract growing attention, since in this
way basic properties of solid molecular materials can be
modified.[1–3] Such options are especially important for elec-
tronic materials and for compounds with catalytic or physio-
logical activity. To give just two examples, the electron mo-
bility of a given molecular crystal significantly depends on
packing, and the bio-availability of a solid drug can vary
considerably from one polymorphic modification to the
other. The term “conformational polymorphism”[4] has been
coined for systems in which different crystalline modifica-
tions of the same compound are associated with different
conformers of the same molecule. In favourable cases con-
formational polymorphs may be exploited to gain insight
into the conformational space of the molecule under study.[5]


In this contribution we report on the molecular and crys-
tal structures of two modifications of 1,1,3,3,5,5-hexachloro-
1,3,5-trigermacyclohexane, combining experimental and the-
oretical methods in order to understand the interplay be-
tween crystal structures and molecular conformations in the
polymorphs.


For cyclohexane, which is a prototype for the 1,1,3,3,5,5-
hexachloro-1,3,5-trigermacyclohexane under discussion, the
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Abstract: Two crystalline modifications
of 1,1,3,3,5,5-hexachloro-1,3,5-trigerma-
cyclohexane have been experimentally
obtained as phase pure products and
studied by single-crystal X-ray diffrac-
tion. The six-membered heterocycles
adopt a chair conformation in the a-
phase; this polymorph is accessible by
crystallisation from solution and from
the melt. In contrast, the b-form is
built up from boat-shaped molecules; it
can exclusively be crystallised from n-
hexane. At the molecular level, forma-
tion energies of the 1,1,3,3,5,5-hexa-
chloro-1,3,5-trigermacyclohexane con-


formers have been compared by using
molecular mechanics, semiempirical
and ab-initio quantum mechanical cal-
culations. Possible reasons for the se-
lective formation of the a- or b-phase
in specific solvents have been consid-
ered. Formation of the metastable
phase is suggested to occur via a hypo-
thetical intermediate of composition
[(GeCl2CH2)3]·0.5 C6H14. For such an


in-silico solvate, a crystal structure of
favourable lattice energy, closely relat-
ed to the experimentally observed b-
modification, has been found through
global energy minimisation. Elimina-
tion of the n-hexane molecules from
this computer-generated solid and sub-
sequent simulated annealing resulted in
a crystal structure that corresponds to
the experimentally observed b-phase
within the limits of the force field cal-
culations. This scenario implies solvent
directed crystallisation of a metastable
polymorphic molecular crystal.


Keywords: conformational analysis ·
crystal engineering · heterocycles ·
polymorphism · solvent effects
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existence of two different conformations—a “rigid” and a
“flexible” isomer, which we now refer to as a chair and a
boat form—was first pointed out by Sachse.[6] With the de-
velopment of new analytical techniques and, especially, with
the improvement and automation of force-field and quan-
tum mechanics calculations, a number of conformational
features of cyclohexane has been investigated and de-
scribed.[7,8] The chair form is known to be the most stable
conformation for unsubstituted cyclohexane, as well as for
many of its derivatives, while the twist form represents a
local minimum on the potential energy surface and is 4.7–
6.2 kcal mol�1 higher in energy with respect to the chair
form of cyclohexane. The twist form possesses higher entro-
py and has to be more abundant at higher temperatures.
Due to a rather high potential-energy barrier (10.7–
11.5 kcal mol�1) for the chair–twist interconversion, only a
small percentage of twist form of cyclohexane is found in
equilibrium with chair at room temperature. Several first-
order transition states have been reported for the intercon-
version of the cyclohexane ring.[9] One of them is the boat
form, a saddle point on the potential-energy surface and a
transition state for the twist–twist transitions (1–
1.5 kcal mol�1 above the twist form). At higher temperatures
such transitions represent a continuous twist–boat–twist
pseudorotation of the cyclohexane molecule.


The conformational behaviours of various heterocyclic de-
rivatives of cyclohexane, such as oxanes, sulfanes and azans,
have been studied as well.[7] However, the information
about those with carbon-group heteroatoms is relatively
scarce, in spite of high potential and increasing importance
of such compounds as precursors for the preparation of inor-
ganic, polymeric organic and hybrid materials with interest-
ing electronic properties. Applying quantum mechanical cal-
culations and electron diffraction in the gas phase, Arnason
and Oberhammer[10] investigated the conformations of 1,3,5-
trisilacyclohexane and cyclohexasilane. They reported small-
er energy differences between chair and twist conformations
for these molecules (2.17 and 1.89 kcal mol�1, respectively),
compared to 6.49 kcal mol�1 for cyclohexane, the chair con-
formation still being the most stable. In comparison to ho-
mocyclic cyclohexane, the twist conformation is somewhat
stabilised in 1,3,5-trisilacyclohexane and cyclohexasilane;
this fact has been explained as being due to less pronounced
interactions between partially eclipsed E�H bonds (i.e. ,
those with small torsion angles) due to longer E�E distances
(E=Si, C).


Results and Discussion


Crystallisation of 1,1,3,3,5,5-hexachloro-1,3,5-trigermacyclo-
hexane : 1,1,3,3,5,5-Hexachloro-1,3,5-trigermacyclohexane
(1) was synthesised by means of a M�ller–Rochow type re-
action, as previously published.[11] The interesting peculiarity
of 1 not reported in the earlier literature is its ability to crys-
tallise in two different modifications. The first one (in the
following referred to as a-phase or a-1) crystallises from


benzene, chlorobenzene and by solidification of molten 1 in
the absence of any solvent. The second modification (in the
following referred to as b-phase or b-1) is formed during
crystallisation of 1 from its solution in n-hexane at room
temperature (Figure 1); the isolated crystalline material
does not contain solvent.


Crystal structures and molecular conformations in a- and b-
1,1,3,3,5,5-hexachloro-1,3,5-trigermacyclohexane : The crystal
structures of both a-1 and b-1, determined from single-crys-
tal X-ray diffraction data, are presented in Figures 2 and 3.
Both modifications crystallise in the triclinic centrosymmet-
ric space group (P1̄) and differ in the molecules� ordering
inside the crystal. The a-polymorph has slightly higher space
filling (66.1 %) than the b-phase (65.5 %).


It is interesting to note, that the cyclic molecules in the
two crystal modifications of 1 adopt completely different
conformations: chair in a-1 and boat in b-1. Deviations from
the ideal symmetry are quite small: the molecules maintain
C3v symmetry in a-1 (with a maximal atomic deviation of
0.152(3) �) and Cs symmetry in b-1 (with a maximal atomic
deviation of 0.187(3) �). The Ge2-Ge3-C3-C1 rectangle in
the boat conformation of 1 remains planar with a maximum
angle of 3.0(3)8, measured as the torsion angle between op-
posite edges. It is therefore legitimate to refer to this geom-
etry as boat rather than twist conformation; for the latter
nonplanarity of the above-mentioned rectangle would ap-
proach to 308.


Crystal data, fractional coordinates and isotropic displace-
ment parameters for a-1 and b-1, determined from single-
crystal X-ray diffraction analysis, are presented in Tables 1–
3.[12] Bond lengths and angles agree very well with the ex-
pected values; no unusual deviations from the correspond-
ing average values are observed. The ratio of molecular vol-
umes of both conformations (determined as volumes of
polyhedra with all terminal atoms as vertices) is 1.05, which
is quite close to the ratio of the unit cell volumes (1.01).
This confirms that b-1 is free from solvent molecules.


Figure 1. Powder X-ray diffraction data of a- and b-phase for 1,1,3,3,5,5-
hexachloro-1,3,5-trigermacyclohexane.
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Comparison between the molecular geometries of
1,1,3,3,5,5-hexachloro-1,3,5-trigermacyclohexane, 1,3,5-tri-
germacyclohexane and cyclohexane : We will compare the
molecular geometry of 1,1,3,3,5,5-hexachloro-1,3,5-trigerma-
cyclohexane (1) to that of its next homologues—cyclohex-
ane and 1,3,5-trigermacyclohexane—as reference com-
pounds. In contrast to our observations on 1, for cyclohex-
ane[13] and 1,3,5-trigermacyclohexane[14] only crystalline
phases containing molecules in chair form have been report-
ed so far.


Passing from homocyclic cyclohexane to heterocyclic rings
with electronegative substituents such as chlorine, the polar-
isation of bonds increases significantly. This leads in turn to
more pronounced electrostatic interactions between the
atoms. Torsion angles between opposite bonds within the


six-membered ring in chair conformation slightly increase in
the series: cyclohexane<1,3,5-trigermacyclohexane<1,
being 0.0(4)/0.0(4)/0.0(4)8,[13] 0.0(2)/1.1(3)/1.2(3)8[14] and
1.04(13)/1.52(13)/2.66(13)8, respectively. This can be
ascribed to the increasing role of steric effects, such as a re-
pulsive interaction of substituents (axial chlorine atoms in
1), and to possible intermolecular interactions in the crystal,
which have to be much more significant in 1,3,5-trigermacy-
clohexane and especially in 1, due to increasingly polarised
bonds.


The repulsion between axial chlorine atoms in the chair
conformation of 1 is evidently also the reason for the ring
flattening. Folding angles within the ring, as spanned by a
plane through the rectangle and a second plane through
the adjacent triangle in the ring, are very similar for
cyclohexane (129.8(6)/129.8(6)/130.3(6)/130.3(6)/130.7(6)/
130.7(6)8)[13] and 1,3,5-trigermacyclohexane (128.1(4)/
128.5(3)/128.6(4)/129.7(3)/129.8(3)/131.1(3)8).[14] These fold-
ing angles are, however, notably increased in a-1
(134.44(19)/135.40(18)/136.32(18)/138.20(19)/138.68(19)/
139.19(19)8). Distances between the axial chlorine atoms in
the chair form molecules of a-1 (3.89, 3.74 and 3.75 �) are
quite close to the doubled nonpolarised van der Waals
radius of chlorine (2 � 1.8 �[15]), so that lower folding angles


Figure 2. Crystal structure and molecular conformation of a-1. (The
shortest intermolecular Cl···Cl contacts are depicted with dashed lines in
the ac projection plane, see text for details).


Figure 3. Crystal structure and molecular conformation of b-1. (The
shortest intermolecular Cl···Cl contacts are depicted with dashed lines in
the ac projection plane, see text for details).
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of the ring would lead to shorter distances and consequently
to increased repulsion between them.


Long-range 1,3-interactions between chlorine atoms may
play a decisive role in fixing the conformation of 1. This
constitutes a principle difference between 1 and cyclohexane
and 1,3,5-trigermacyclohexane, in which the 1,2-interactions
of substituents (e.g., instability through eclipsed bonds in


boat conformations or, in opposite, additional stabilisation
due to a possible s!s* hyperconjugative effect between
two neighbouring axial C�H bonds in chair cyclohexane[7])
are much more important.


Stability of the different conformations of 1,1,3,3,5,5-hexa-
chloro-1,3,5-trigermacyclohexane : According to molecular
mechanics calculations, the chair conformer of 1 is approxi-
mately 2.0 kcal mol�1 more favourable than the boat. In con-
trast, semiempirical and ab-initio calculations predict the
boat conformation of 1 to be more stable with an associated
difference between formation energies for boat and chair of
1.0 kcal mol�1 (AM1), 0.5 kcal mol�1 (PM3) and
0.3 kcal mol�1 (HF/TZVP). Due to the electron correlation
considered in the MP2 scheme, the energy difference be-
tween boat and chair conformation is increased to
1.1 kcal mol�1. DFT calculations give a value of
0.9 kcal mol�1 (B-LYP/SVP). The discrepancy in the relative
stability of conformers predicted by molecular mechanics
and quantum mechanics calculations arises because the stan-
dard force field does not account for the stabilisation due to
nonclassical hydrogen bonds. In the present case only one
such intramolecular interaction occurs: the H2A···Cl11 dis-
tance in the boat conformation (see Figure 3) amounts to
3.2 �. Although quite weak, it may contribute to the stabili-
sation of this molecular geometry.


In general, our calculations show that the energy differ-
ence between chair and boat conformations is quite small
(ca. 1 kcal mol�1 or less). Thus, at room temperature, the
statistical numbers of molecules in either of both conforma-
tions are expected to be approximately the same, with the
transitions among various conformations mediated by con-
tinuous pseudorotation. The crystallisation of 1 should then
result in formation of either a mixture of different crystal
polymorphs or only the thermodynamically most stable crys-
tal modification, depending on the equilibrium conditions
during crystallisation. The experimental observation that


Table 1. Crystal data for a-1 and b-1.


a-1 b-1


crystal system triclinic triclinic
space group P1̄ P1̄
a [pm] 630.62(2) 886.7(2)
b [pm] 839.96(3) 911.5(2)
c [pm] 1316.87(5) 966.4(3)
a [8] 74.2050(10) 79.87(2)
b [8] 81.3640(10) 80.62(3)
g [8] 80.3170(10) 60.64(2)
V [nm3] 0.65762(4) 0.6674(3)
Z 2 2
1calcd [gcm�3] 2.386 2.351
crystal appearance colourless colourless
crystal dimensions [mm3] 0.8� 0.5� 0.4 1.0 � 0.5� 0.5
q range [8] 2.54–37.53 3.75–37.21
scan mode w scans w scans
T [K] 293(2) 293(2)
m [mm�1] 7.982 7.865
index ranges �10�h�10 �13�h�11


�14�k�13 �12�k�11
�22� l�22 �15� l�14


reflections collected 13 291 6231
independent reflections 6784


[R(int) =0.054]
3508
[R(int) =0.129]


data/restraints/parameters 6784/0/134 3508/0/110
goodness-of-fit 0.932 0.918
final R indices [I>2s(I)] R1=0.047


wR2=0.115
R1= 0.048
wR2=0.073


R indices (all data) R1=0.069
wR2=0.127


R1= 0.143
wR2=0.097


extinction coefficient 0.0038(9) 0.0040(10)
largest diff. peak/hole [e��3] 1.272/�1.047 0.960/�1.071


Table 2. Atomic coordinates and isotropic displacement parameters
[pm2 � 10�4] for a-1.


x y z Uiso


Ge1 0.21765(4) 1.30151(4) �0.09261(2) 0.03389(8)
Ge2 0.31696(5) 1.10749(4) �0.27928(2) 0.03685(8)
Ge3 0.12530(5) 1.50206(4) �0.33054(2) 0.03655(8)
Cl11 �0.10267(12) 1.24033(12) �0.03941(7) 0.0533(2)
Cl12 0.33788(14) 1.31731(11) 0.04777(6) 0.04934(18)
Cl21 0.01703(14) 1.00842(13) �0.25161(8) 0.0598(2)
Cl22 0.54908(15) 0.93253(13) �0.34003(8) 0.0623(2)
Cl31 �0.21442(13) 1.48007(13) �0.31528(7) 0.0574(2)
Cl32 0.15919(18) 1.73047(12) �0.44790(7) 0.0599(2)
C1 0.3941(5) 1.1244(4) �0.1459(2) 0.0380(5)
C2 0.2902(5) 1.3198(4) �0.3835(2) 0.0425(6)
C3 0.1982(5) 1.5160(4) �0.1958(2) 0.0376(5)
H1A 0.373(8) 1.019(7) �0.092(4) 0.079(14)
H1B 0.539(8) 1.155(6) �0.155(3) 0.068(13)
H2A 0.236(6) 1.296(5) �0.431(3) 0.056(11)
H2B 0.406(9) 1.356(7) �0.403(4) 0.092(17)
H3A 0.095(6) 1.578(5) �0.178(3) 0.040(9)
H3B 0.322(6) 1.568(5) �0.216(3) 0.057(11)


Table 3. Atomic coordinates and isotropic displacement parameters
[pm2 � 10�4] for b-1.


x y z Uiso


Ge1 0.01463(9) 0.31017(10) 0.33683(8) 0.0397(2)
Ge2 �0.33250(9) 0.60454(10) 0.20707(8) 0.0394(2)
Ge3 �0.20206(9) 0.21240(10) 0.17007(8) 0.0405(2)
Cl11 0.2641(3) 0.2456(3) 0.3891(2) 0.0640(6)
Cl12 �0.1330(3) 0.2980(3) 0.5351(2) 0.0690(7)
Cl21 �0.3493(3) 0.7144(4) �0.0080(2) 0.0793(8)
Cl22 �0.5216(3) 0.7961(3) 0.3298(3) 0.0746(7)
Cl31 �0.2705(3) 0.0194(3) 0.2379(3) 0.0913(9)
Cl32 �0.1767(3) 0.2418(3) �0.0554(2) 0.0688(6)
C1 �0.1027(8) 0.5398(9) 0.2546(7) 0.0395(17)
C2 �0.3897(9) 0.4243(10) 0.2303(8) 0.0448(18)
C3 0.0238(9) 0.1457(10) 0.2281(8) 0.0461(19)
H1A �0.0342 0.5553 0.1698 0.047
H1B �0.1122 0.6137 0.3202 0.047
H2A �0.4881 0.4596 0.1772 0.054
H2B �0.4254 0.4048 0.3291 0.054
H3A 0.0655 0.0364 0.2847 0.055
H3B 0.1052 0.1340 0.1452 0.055
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both a-1 and b-1 crystal modifi-
cations can reproducibly be iso-
lated in their pure form just by
variation of solvent medium in
the recrystallisation experiment,
suggests that interactions be-
tween 1 and its solvents lead to
different energetic behaviours
or kinetics.


One possible reason for the
selective formation of a-1 or b-
1 in different crystallisation ex-
periments may be attributed to
screening effects, which could
influence the coulomb interac-
tions between substituents and
could change, in turn, the relative thermodynamic stability
of boat and chair molecules of 1 in solution. The simulation
of screening caused by the solvent with the COSMO ap-
proximation in ab-initio calculations showed a decreasing
energy difference between boat and chair conformations.
This means that the pseudorotational transition of molecules
of 1 between chair and boat conformations is evidently not
suppressed by screening effects of the solvent medium.


The formation of metastable b-1, thus, cannot be ade-
quately described on the basis of screening effects of the sol-
vent medium alone, neglecting other possible interactions
between 1 and solvent molecules. An alternative mechanism
of the formation of the metastable polymorph might pro-
ceed through an intermediate solvate with favourable lattice
energy and close structural relationship to b-1. Either desol-
vation or secondary nucleation at an early stage of crystal
growth could then lead to the experimentally observed
solid. Until now we have not been able to isolate such a sol-
vate, but we decided to consider this hypothetical structure
in our computer simulations.


Packing analysis and crystal structures of 1,1,3,3,5,5-hexa-
chloro-1,3,5-trigermacyclohexane : Computer simulation of
molecular crystals, based on the atom–atom potential
method,[16] already has a long history; the subject has recent-
ly been reviewed.[17] According to lattice-energy minimisa-
tions based on van der Waals interactions, the crystal struc-
ture of a-1 is found to be more stable than the b-polymorph
(�19.31 and �17.86 kcal mol�1, respectively). This result is
in agreement with the observation that a-1 may be obtained
from the melt and shows the higher density. It might there-
fore be associated with crystallisation under thermodynamic
control.[18,19]


Which intermolecular forces beyond van der Waals inter-
actions may contribute to the lattice energy? Nonclassical
C�H···Cl interactions occur in both modifications (see
Tables 4 and 5). Generally, hydrogen bonds are dominated
by electrostatic contributions. When coulomb interactions
are taken into account and each atom is assigned a point
charge, more favourable lattice energies result for both
phases (a-1: �28.45 kcal mol�1; b-1: �24.27 kcal mol�1).


Since the energy difference between the phases also increas-
es, the polar interactions should evidently favour the forma-
tion of a-1 rather than b-1.


Analysis of molecular packing[20] also shows the impor-
tance of interhalogen interactions. The shortest Cl···Cl con-
tacts in 1 (Figures 2 and 3) are more frequent in the b-modi-
fication (see Table 6). A pure van der Waals model accounts
best for this type of interaction, whereas the inclusion of
charges tends to overestimate the energy difference in
favour of a-1.[21,22]


Neither modification contains significant voids if calcula-
tions with a 1.2 � radius probe sphere are performed. Only
if the probe radius is lowered to 0.8 �, do interconnected
areas of empty space show up. Under these conditions b-1
contains a larger void (40 �3) than a-1 (23 �3); the empty
space in the crystal structure of b-1 is centred around an in-
version centre at (0.5, 0, 0.5).


This presence of small voids centred on special positions
in b-1, general ideas about space filling and molecular pack-
ing and the fact that crystallisation from n-hexane represents
the only access to the phase-pure b-modification inspired us
to search by means of computer simulation for a solvate
with the following properties: 1) the solid should contain
boat-shaped molecules of 1 and n-hexane in a 2:1 stoichiom-
etry, the latter residue in special position; 2) the hypotheti-
cal solvate crystal structure should exhibit reasonable lattice
energy and space filling properties; and 3) the solvate
should show an evident similarity to the b-modification. Ide-
ally, “desolvation”, that is, removal of the solvent from such
an in-silico solvate, followed by energy minimisation in a
computer experiment, should lead to b-1. As the largest
void in this phase is located on an inversion centre and our
simulations require residues in general positions, all solvate


Table 4. Shortest H···Cl distances and angles in a-1 [pm and 8].


D�H···A d(D�H) d(H···A) d(D···A) af (D�H···A) aq (H···A�E)


C3�H3B···Cl31 93(4) 308(4) 379.7(3) 136(3) 149.0(7)
C3�H3A···Cl12 81(4) 313(4) 388.6(4) 157(4) 100.4(7)
C1�H1A···Cl12 99(5) 306(5) 377.2(4) 131(4) 98.2(10)
C1�H1A···Cl11 99(5) 299(5) 389.8(4) 153(4) 146.0(10)


Table 5. Shortest H···Cl distances and angles in b-1 [pm and 8].


D�H···A d(D�H) d(H···A) d(D···A) af (D�H···A) aq (H···A�E)


C2�H2A···Cl32 97(2) 311(6) 396(8) 147.3(5) 111.59(8)
C3�H3B···Cl21 97(2) 311(3) 389(5) 138.0(5) 120.10(9)
C1�H1B···Cl11 97(2) 311(4) 397(5) 148.0(4) 91.65(7)
C3�H3A···Cl12 97(2) 306(4) 402(5) 170.1(5) 122.75(9)


Table 6. The shortest Cl···Cl distances in a-1 and b-1 [pm].


a-1 d(Cl···Cl) b-1 d(Cl···Cl)


Cl11···Cl12 355.0(2) Cl11···Cl21 363(3)
Cl21···Cl22 354.1(2) Cl11···Cl22 368(5)


Cl12···Cl22 356(4)
Cl22···Cl31 361(3)
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models were deduced for the non-centrosymmetric subgroup
P1 rather than for P1̄.


A 40 �3 void, such as that in b-1, is clearly too small to
accommodate any organic solvent molecule. CSD data (ref-
codes HEXANE and HEXANE01) indicate that a molecule
of n-hexane occupies a volume of 160 �3. It was therefore
no surprise that positioning of either a complete hexane
molecule or even a C2 fragment, arbitrarily chosen as a min-
imum model for an organic solvent, followed by relaxation
of the structure to the closest local lattice energy minimum
did not result in a close-packed solid. After minimisation,
the unit cell volume of such an unrealistic model for a
hexane hemisolvate amounts to 868 �3. In view of the
volume of the constituents (two molecules of 1 in boat con-
formation plus one n-hexane molecule, in total ca. 820 �3)
and of the poor packing coefficient of only 0.619, this struc-
ture must be considered a dead end. A valid candidate for a
solvate structure cannot be constructed by such a straight-
forward procedure; hence a larger part of the energy hyper-
surface has to be probed.


We reverted to the random generation of structures in
space group P1 containing two boat-shaped molecules of 1
and one molecule of n-hexane in an all-trans conformation.
A CSD search[23] also suggests this geometry as the most
common conformation of the solvent molecule. We expected
that the 2:1 stoichiometry and the solvent conformation
should allow the transformation of promising candidates
back to P1̄ with the solvent on an inversion centre at a later
stage of the computer simulation. A total of about 2000
random structures were subjected to a global energy minimi-
sation with the simulated annealing technique.[24,25] The mol-
ecules of 1 in the experimentally observed boat conforma-
tion as well as the solvent were treated as rigid bodies.
Under these approximations the energy hypersurface was
subtended by a total of 24 variables, namely six lattice pa-
rameters of a presumed triclinic cell plus three translational
and three orientation parameters for each of the three mo-
lecular residues. Candidate structures with high packing co-
efficients were subjected to a more accurate lattice-energy
minimisation with PCK83. After metric reduction to con-
ventional unit cells three trial structures converged to the
same local minimum. This computer-generated structure
was tested for inversion symmetry with the LePage algo-
rithm,[26,27] as implemented in PLATON,[28] and transformed
to the P1̄ space group. The resulting hypothetical structure
is shown in Figure 4A. It may be considered a serious candi-
date for a solvate: its final volume of 819 �3 is in agreement
with the expectation, the final packing coefficient amounts
to 0.663, and lattice energy of �47.94 kcal per two molecules
of 1 plus one molecule of n-hexane is calculated.


Next, the n-hexane molecule was removed from the sol-
vate structure described above, and the lattice energy of the
remaining loosely packed structure (packing coefficient
0.535) was minimised in space group P1 by simulated an-
nealing. This procedure was performed ten times. Among
the minima obtained the structure associated with the most
favourable energy was encountered twice. Local lattice-


energy minimisation with PCK83 and subsequent transfor-
mation to P1̄ resulted in the model shown in Figure 5A.
This structure is very similar to the metastable modification
crystallised from n-hexane (Figure 5B): the lattice energy
per molecule of 1 amounts to �17.82 kcal mol�1, and unit
cell parameters are almost the same as those obtained from
direct minimisation of the experimental b-1 under the same
conditions.


Energy minima are more abundant than “real” structures,
and computer simulations cannot be regarded as a final
proof as long as the hypothetical solids have not been syn-
thesised. We have tried to understand the formation of a
product under kinetic rather than thermodynamic control.
In this context, the existence of reasonable energy minima
for both, the solvated and desolvated product, as well as an
easy conversion pathway from the former to the latter, offer
an explanation for why b-1 is obtained under these special
conditions. Here we would like to mention that Braga, Gre-
pioni and co-workers used pseudopolymorphs in seeding ex-
periments for the growth of single crystals.[29, 30] In one of
their experiments, they could convert a solvate to a desol-


Figure 4. A) Projection of the hypothetical solvate obtained from simulat-
ing annealing. The unit cell contains a molecule of 1 in general position
and an n-hexane molecule on a crystallographic inversion center. B) Ex-
perimentally obtained b-1 modification in the same projection for com-
parison.
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vated powder, which in turn induced precipitation of sol-
vent-free crystals from solution.[31] This experimental result
provides an impressive example for the subtle balance be-
tween solvates and their desolvated derivatives.


Also, a significant contribution of Davey and co-workers
on the comprehension of the solvent-induced effects on
crystallisation of molecular crystal polymorphs has to be re-
ferred to at this point.[32–35] The active role of foreign mole-
cules in crystallisation of molecular crystals is particularly
emphasised by the observed influence that additive or sol-
vent molecules exert on nucleation rate of different poly-
morph phases. Embedding the foreign molecules in the crys-
tal structure may result in either inhibition or templating of
further crystal assembly, mirroring the impact upon surface
integration processes.


Conclusion


1,1,3,3,5,5-Hexachloro-1,3,5-trigermacyclohexane (1) shows
conformational polymorphism: a-1 is available from ben-
zene and chlorobenzene and from the melt and contains
chair-shaped molecules, whereas b-1 crystallises from n-


hexane and is composed of molecules in the boat conforma-
tion. The difference in formation energies between both mo-
lecular conformations is very small, and hence continuous
pseudorotation at room temperature occurs.


Crystallisation of 1 from solution is directed by its interac-
tions with solvent. Screening effects caused by the solvent
medium cannot account for the selective formation of the
metastable b-1 phase. We suggest that the observed crystalli-
sation of the metastable phase from n-hexane can occur as a
result of the intermediate formation of a solvate
[(GeCl2CH2)3]·0.5 C6H14. Intermolecular force-field-based
computer simulations allowed the identification of a close-
packed n-hexane solvate with this stoichiometry and sugges-
tive similarity to b-1. Removal of the solvent from this in-
silico structure and subsequent simulated annealing leads to
the structure model experimentally obtained from n-hexane.
In vitro, removal of the solvent may either correspond to
desolvation at lower partial pressure of the solvent or to sec-
ondary nucleation. We expect that such a model of “solvent-
aided” formation of the metastable phase of 1,1,3,3,5,5-hex-
achloro-1,3,5-trigermacyclohexane can be successfully ap-
plied for the directed preparation of less stable conforma-
tions of various molecular compounds.


Experimental Section


1,1,3,3,5,5-hexachloro-1,3,5-trigermacyclohexane (1) was synthesised in
pure argon atmosphere by direct interaction of elemental germanium
(Aldrich, �100 mesh, 99.99 + %) with methylenechloride (Merck; dried
over CaCl2) in the presence of copper (Alfa Aesar, �100 mesh, 99.5 %)
as a catalyst (for the description of synthetic procedure see else-
where[11, 14]). The product 1 was separated from the other reaction prod-
ucts through repeated distillation under reduced pressure (125–130 8C/
0.5 mbar, lit. : 150–152 8C/6.66 mbar,[11] 120 8C/0.07 mbar[14]) and subse-
quently recrystallised from n-hexane. The final yield of 1 after purifica-
tion corresponded to approximately 11 % of the theoretical yield from
Ge (lit. : 16 %[11]). The melting point (m.p. 92 8C) agreed well with the
data given in the literature.[11]


Powder X-ray diffraction data were collected by using a STADI P diffrac-
tometer (Stoe & Cie) with CuKa radiation. Single-crystal X-ray diffraction
measurements were performed by using a Bruker AXS Smart CCD X-
ray diffractometer with graphite monochromator and MoKa radiation
(l=71.073 pm). The diffraction data were corrected for absorption semi-
empirically with the SADABS program.[36] Crystal structures discussed
below were solved from single-crystal XRD data by using SHELXS-97[37]


(direct and difmap) and refined by full-matrix least-squares on jF2 j with
SHELXL-97[38] software.


The optimised structures of 1 were obtained by applying the Hartree–
Fock (HF) and the MP2 approach with SVP and TZVP basis sets,[39, 40] as
well as density functional theory (DFT) with SVP basis set and the gradi-
ent corrected B-LYP functional[41, 42] by using TURBOMOLE software.[43]


Semiempirical calculations were performed using parameterised Hamilto-
nian operators AM1[44] and PM3[45] with TURBOMOLE[43] and CAChe
program suite.[46] Molecular mechanics calculations based on an enhanced
MM2 force field[47] were performed with CAChe.[46] Local energy minima
for crystal lattices were obtained with the help of the program PCK83.[48]


Van der Waals interactions were modelled with a Buckingham potential
using published parameters.[49] Chlorine interaction parameters had been
derived to model a phase transition in [MCl3(thf)3].[50] Point charges were
obtained from Extended H�ckel calculations followed by Mulliken popu-
lation analysis.[46] The search for the solvate was performed with the pro-
gram HARDPACK.[51]


Figure 5. A) Projection of the “desolvated” structure (see text for de-
tails). B) Experimentally obtained b-1 modification in the same projec-
tion for comparison.
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Anion Control over Interpenetration and Framework Topology in
Coordination Networks Based on Homoleptic Six-Connected Scandium
Nodes


De-Liang Long, Robert J. Hill, Alexander J. Blake, Neil R. Champness,*
Peter Hubberstey,* Claire Wilson, and Martin Schrçder*[a]


Introduction


The construction of inorganic networks through crystal engi-
neering has been the subject of much interest in recent
years[1] partly because of their potential application as func-
tional materials.[2] Of the more common transition-metal ge-
ometries, linear metal centres often afford chains,[3] square-
planar cations (4,4) square-grid structures[4] and tetrahedral
ions diamondoid networks.[5] Networks formed from octahe-
dral connecting nodes are far less common[6–12] despite the
common occurrence of octahedral transition-metal com-


plexes. Six-connected network structures, in their simplest
form, consist of octahedral centres linked together in a
cubic network of squares (that is 3D space tessellated by
cubes). Of the previously reported six-connected coordina-
tion polymers, only a few adopt the a-polonium-type struc-
ture. These include [Ag(pyrazine)3](SbF6),[6] {[Sc(O2CC�
CH)3]}¥,[7] the doubly interpenetrated {[Mn(N,N’-
butylenebisimidazole)3](BF4)3}¥,[8] non-interpenetrated
{[Co(HMBA)]3(CoCl4)}¥ and {[Mn(HMBA)3](MnBr4)}¥
(HMBA=hexamethylenebis(acetamide)[9] and the family of
cyanide-bridged frameworks related to Prussian blue.[10] Of
the other six-connected coordination polymers all are con-
structed by using more than one type of linkage between
six-connected nodes[11] or, as is the case of the CdII com-
pound formed with hexakis(imidazolylmethyl)benzene,[12]


are perhaps better described as having a NaCl-like structure
as it has two distinct six-connected nodes.


It has been demonstrated recently that 4,4’-bipyridine-
N,N’-dioxide (L) can play the same important role as its
genitor compound 4,4’-bipyridine in the construction of co-
ordination polymers and, in contrast to 4,4’-bipyridine, with


Abstract: Reaction of ScX3 (X=NO3
� ,


CF3SO3
� , ClO4


�) with 4,4’-bipyridine-
N,N’-dioxide (L) affords topologically
distinct six-connected three-dimension-
al coordination frameworks,
{[Sc(L)3](NO3)3}¥ (1),
{[Sc(L)3](CF3SO3)3(CH3OH)2.7(H2O)3}¥
(2), {[Sc(L)3](ClO4)3}¥ (3) and
{[Sc(L)4(H2O)2](ClO4)3}¥ (4). Com-
pounds 1, 2 and 3 are networks based
on octahedrally co-ordinated ScO6 cen-
tres bound through six oxygen atoms
from six separate N-oxide ligands L.
Compounds 1 and 3 are doubly inter-
penetrated and have a-polonium-type
structures of 41263 topology based upon
three intersecting (4,4) nets. The struc-
ture of 2 is unusual and shows parallel,


co-planar layers of (4,4) nets connected
in a criss-crossed fashion to afford a
new 48668 topology. In 4 only four li-
gands L bind to each ScIII centre with
two additional water molecules bridg-
ing metal nodes. Significantly, the
bridges formed by L do not sit in a
plane and if connections through L are
considered alone the resultant structure
is a diamondoid array typically based
upon a tetrahedral connecting node at
Sc. Five interpenetrating diamondoid
networks are observed that are cross-


bridged by water molecules to form a
single three-dimensional array of 4867


topology. Compound 4 can also be
viewed as incorporating two intersect-
ing (4,4) grids based upon two ligands
L and two bridging waters. Thus, varia-
tion of anion, solvent and conditions
critically affects the structures of prod-
ucts formed, and the series of polymers
reported herein illustrates how tectons
based upon (4,4) grids can be com-
bined and distorted to form non-NaCl
topologies and even cross-bridged,
multiply interpenetrated diamondoid
materials. Both compounds 2 and 4
represent unusual examples of self-pe-
netrated coordination frameworks.
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lanthanide ions.[14] Owing to the less sterically demanding
nature of the pyridyl-N-oxide donor group, we report herein
that L is particularly useful when constructing highly con-
nected coordination frameworks such as those of the a-polo-
nium-type or its related networks with early transition-metal
centres.


It has also been demonstrated that the role of the coun-
ter-anion can be important
when preparing coordination
frameworks.[15] The anion can
have two key effects upon the
structure of the final product.
Firstly, the co-ordinative ability
of the anion can clearly influ-
ence the coordination sphere of
the metal cation used and
hence framework connectivi-
ty.[16] Secondly, the size of the
anion can influence long-range
order and degree of interpene-
tration if it is indeed present at
all.[16] Thus, when designing co-
ordination frameworks the role
of the cation, counter-anion and
ligand all need to be consid-
ered. In this study we report a
series of related coordination
frameworks using six-connected
ScIII nodes to generate the
three-dimensional structure
with 4,4’-bipyridine-N,N’-diox-
ide (L). We demonstrate that
the size of the anion not only
influences the degree of inter-
penetration but also the topolo-
gy of the six-connected framework that is observed.


Results and Discussion


Reaction of Sc(NO3)3 or Sc(CF3SO3)3 with L·x H2O in
MeOH or MeOH/CH2Cl2 affords 1 and 2, respectively. In
contrast, reaction of an aqueous solution of Sc(ClO4)3 with
L·x H2O in water, using different M:L ratios, afforded single
crystals of 3 and 4.


f½ScðLÞ3�ðNO3Þ3g1 1


f½ScðLÞ3�ðCF3SO3Þ3ðCH3OHÞ2:7ðH2OÞ3g1 2


f½ScðLÞ3�ðClO4Þ3g1 3


f½ScðLÞ4ðH2OÞ2�ðClO4Þ3g1 4


Single-crystal X-ray analysis of 1–3 confirms that these
are polymeric structures based on networks of octahedrally
co-ordinated ScO6 centres bound through six oxygen atoms


from six separate N-oxide ligands (Figure 1a–c). Although
there are no previous examples of structurally characterised
pyridine-N-oxide compounds of scandium, the Sc�O bond
length of 2.074(2) � in 1 and 2.083(6) � (average) in 2 are
comparable to those found for ScIII complexes with carboxy-
lates.[7] The ScIII centre in 1 lies on a crystallographic 3̄ (S6)
centre with half a ligand in the asymmetric unit (Table 1).


The extended structure shows that each ligand bridges adja-
cent ScIII centres through its two oxygen atoms to form a
rhombohedral array of a-polonium-type 41263 topology with
a Sc···Sc edge length of 12.8 � and an acute inter-edge angle
of 70.88 (Figure 2). Although the coordination environment
at ScIII in 1 is almost perfectly octahedral [O-Sc-O 88.96(9),
91.04(9), 1808], the Sc-O-N angle of 131.5(2)8 adopted by
the crystallographically planar 4,4’-pyridine-N,N’-dioxide
ligand leads to a rhombohedral rather than cubic frame-
work. The volume of this open rhombohedral box is
1628 �3, one third of the unit cell volume, allowing mutual
interpenetration of two equivalent three-dimensional frame-
works related by C2 symmetry (Figure 2). The Sc nodes of
one lattice lie at the body centre of the other resulting in a
shortest inter-network Sc···Sc distance of 6.48 �. The re-
maining unoccupied space between the two interpenetrating
rhombohedral {[ScL3]


3+}¥ networks is occupied by nitrate
ions which sit in channels that run parallel to the crystallo-
graphic c axis (Figure 3).


In contrast to 1, compound 2 crystallises in a monoclinic
crystal system, and as in 1 the ScIII cation adopts a homolep-
tic ScO6 distorted octahedral coordination environment


Table 1. Selected bond lengths [�] and angles [8] for 1–4.


1 2 3 4


Sc�O10 2.074(2) Sc�O10 2.045(5) Sc1�O1 2.079(2) Sc1�O1 2.146(3)
Sc�O20 2.066(5) Sc1�O2 1.9750(5)
Sc�O30 2.100(5)
Sc�O40 2.099(6)
Sc�O50 2.107(6)
Sc�O60 2.086(6)


O10-Sc-O10i 88.96(9) O10-Sc-O20 175.6(2) O1-Sc1-O1iv 90.79(8) O2-Sc1-O1 96.49(11)
O10-Sc-O10ii 91.04(9) O10-Sc-O30 86.0(2) O1-Sc1-O1v 90.73(3)
O10-Sc-O10iii 180 O10-Sc-O40 88.0(2) O1-Sc1-O1vi 167.0(2)


O10-Sc-O50 92.3(2)
O10-Sc-O60 91.7(2)
O20-Sc-O30 98.3(2)
O20-Sc-O40 92.8(2)
O20-Sc-O50 87.3(2)
O20-Sc-O60 84.0(2)
O30-Sc-O50 85.6(2)
O40-Sc-O30 89.9(2)
O40-Sc-O50 175.4(2)
O60-Sc-O40 90.8(2)
O60-Sc-O30 177.6(2)
O60-Sc-O50 93.8(2)


N10-O10-Sc 131.5(2) N10-O10-Sc 142.9(5) N1-O1-Sc1 134.9(2) N1-O1-Sc1 138.3(2)
N20-O20-Sc 137.9(5)
N30-O30-Sc 123.5(4)
N40-O40-Sc 123.8(4)
N50-O50-Sc 119.1(4)
N60-O60-Sc 129.2(5)


Symmetry transformations used to generate equivalent atoms: i: x�y, x, �z ; ii : �x +y, �x, z ; iii : �x, �y, �z ;
iv: �y, x�y, z ; v: 1�y, x, �3�z ; vi: 1�x, 1�y, z.
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Figure 1. The coordination geometries at ScIII in a) 1, b) 2, c) 3 and d) 4. Hydrogen atoms are omitted for clarity.


Figure 2. Two-fold interpenetrating networks of {[ScL3]
3+}¥ in 1 (red and


blue). Hydrogen atoms and anions are omitted for clarity.


Figure 3. View of the channels formed in 1. These run parallel to the
crystallographic c axis and accommodate the NO3


� ions. The two inter-
penetrating nets are represented in red and blue. Hydrogen atoms and
anions omitted for clarity.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1384 – 13911386


N. R. Champness, P. Hubberstey, M. Schrçder et al.



www.chemeurj.org





(Figure 1b; Table 1). Each ScIII centre is bridged to six adja-
cent metal centres through 4,4’-bipyridine-N,N’-dioxide li-
gands to form a three-dimensional six-connected framework
structure, with a wide range of Sc-O-N angles (119.1–142.98)
and intra-framework Sc···Sc distances (12.2 to 12.8 �).
Channels are formed within the cationic framework, which
run parallel to the crystallographic a and b axes and host
the CF3SO3


� ions and guest MeOH and H2O solvent mole-
cules (Figure 4). The structural topology of 2 is 48668 and is
quite unusual (see below for a discussion of topological rep-
resentations) in that a criss-crossed structure is observed
which has displaced linkages between parallel (4,4) nets.
This topology is quite distinct from the a-polonium struc-
ture, or other previously reported six-connected structures
and, therefore, the cationic {[ScL3]


3+}¥ networks observed in
1 and 2 are topological isomers.[17] Only one previous report


of a related topology has been described[18] in [Cd(CN)2(pyr-
azine)]¥, in which two kinds of linkages of CN� and pyrazine
were used. Thus, compound 2 serves as the first example of
a homoleptic six-connected framework and cationic frame-
work with this criss-cross motif.


In contrast to the reactions of Sc(NO3)3 or Sc(CF3SO3)3


with L in CH3OH or CH3OH/CH2Cl2, the reaction of
Sc(ClO4)3 with L in water leads to the isolation of two dis-
tinct products, 3 and 4. Compound 3 forms a structure that
is highly related to that of compound 1, a doubly interpene-
trated six-connected three-dimensional array which crystalli-
ses in the same space group (R3̄c). The geometric features
of 3 are also similar to those observed in 1 (Table 1) but a
slight increase is observed in the Sc···Sc edge length from
12.8 � in 1 to 12.95 � in 3 and an increase in the inter-net-
work Sc···Sc distance from 6.48 � in 1 to 7.91 � in 3. This
allows an increase in the volume of the rhombohedral box
within each cationic framework to 2061 �3 in 3 compared to
1628 �3 in 1, which allows accommodation of the larger
ClO4


� counter-anions whilst maintaining framework inter-
penetration.


Compound 4 adopts an entirely different network struc-
ture whilst maintaining a six-coordinate ScIII coordination
environment and six-connected framework structure. Each
ScIII centre is coordinated by four molecules of L which
serve as bridges to adjacent metal nodes. The octahedral co-
ordination geometry at the metal centre is completed by
two water molecules (Figure 1d) that act as bridges to adja-
cent metal centres thus generating a six-connected frame-
work structure. Significantly, the bridges formed by L do not
sit in a plane but a distorted tetrahedral geometry, and if
these connections are considered alone (i.e. ignoring the
water bridges) the resultant structure is a diamondoid array
typically seen for tetrahedral connecting nodes (Figure 5).
In this case the Sc-O-N angle of 138.3(2)8 generated by the
N-oxide moiety leads to the pseudo-tetrahedral geometry
generated by the ScL4 secondary building unit. Considering
just the [Sc(L)2]¥ frameworks then the structure exists as a
fivefold interpenetrated diamondoid array, as have been ob-
served previously for coordination framework structures of
CuI with bipyridyl ligands.[5c] However, the bridging water
molecules serve to bridge these diamondoid frameworks
into a single three-dimensional array (Figure 5) of 4867 top-
ology (see below for a discussion of topological representa-
tions). Unusually, structural refinement of the X-ray struc-
ture of this compound reveals that the Sc atom is only half-
occupied such that formally a vacancy exists at 50% of the
networks nodes. This can readily accounted for by the adop-
tion of a hydrogen-bonded node that utilises the presence of
water molecules.[19] Such hydrogen-bond based nodes be-
tween coordinated water molecules and L have been ob-
served previously[20] and represent a virtual six-connected
topological node (as in previous examples). Thus, the ScIII


and hydrogen-bonding nodes are isotopological, allowing
the formation of the uninodal 4867 three-dimensional array
to be considered. In subsequent discussions and descriptions
4 will be treated as a uninodal network.


Figure 4. View of 2 parallel to the crystallographic a axis (a) and b axis
(b) illustrating the channels which accommodate counter-anions and
guest solvent molecules. (4,4) grids (green) are cross linked by further
bridging ligands L (red) leading to a topological arrangement distinct to
that observed in 1. Hydrogen atoms, counter-anions and guest solvent
molecules are omitted for clarity.
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Compounds 3 and 4 are prepared under different condi-
tions from 1 and 2, using an aqueous solution of the
Sc(ClO4)3 starting material rather than methanolic solutions.
The inclusion of water molecules within the structure of 4 is
not surprising; indeed solvent inclusion is often encountered
in coordination framework structures and can have a signifi-
cant influence on the overall structure of the resultant prod-
uct.[21]


Influence of anion : Assuming efficient close packing it can
be deduced that by more than doubling the anionic volume
on going from NO3


� , or ClO4
� , to CF3SO3


�[22] the possibility
of adopting an identical doubly-interpenetrated a-polonium
net in 1, 2 and 3 is precluded. Thus, for 2 the space occupied
by the {[ScL3]


3+}¥ framework and the associated CF3SO3
�


ions corresponds to 65.1 % (3649 �3)[23] of the unit cell
volume, representing greater than 50 % of the total volume,


and thus precluding interpenetration. As no additional guest
solvent molecules are included in the case of 1 or 3 it can be
deduced that each framework, plus associated NO3


� or
ClO4


� ions, occupies 50 % of the unit cell volume (2442 �3


in 1, 2877 �3 in 3) of which the anions occupy 15.7 %
(767 �3) in 1 or 28.4 % (1631 �3) in 3.[23]


As a direct structural analogue to 1 is ruled out by the use
of the CF3SO3


� ion, it can be concluded that no interpene-
tration will occur in 2 and a different space-filling mecha-
nism must be adopted. As in the case of 2 and 4 the most
common mechanism for space-filling which is adopted by
three-dimensional frameworks, apart from interpenetration,
is solvent inclusion. Owing to the highly variable and malle-
able nature of solvent assemblies it is possible for alterna-
tive structural arrangements to become favourable and thus
new topologies can be encountered. This is the case for
compounds 2 and 4.


Topological representations : The structure of 1 and 3 of
41263 topology can be described as comprising three inter-
secting (4,4) nets that share connections. This arrangement
leads to layers of (4,4) nets cross-linked by co-linear connec-
tions to form a NaCl-type structure (Figure 6a). The struc-
ture of 2 can similarly be described in terms of cross-linked
layers of (4,4) nets. However, in this case the links are not
co-linear with alternating linkers adopting mutually inclined
orientations whilst bridging adjacent (4,4) nets (Figure 6b).
As a result of this changed orientation in the connections
between (4,4) nets the topology of the material changes
from 41263 in 1 and 3 to 48668 in 2. From the topological


Figure 5. a,b) Views of 4 showing an adamantoid unit containing ten ScIII


ions bridged by molecules of L. The bridging of topological node [ScIII


ions or hydrogen-bonded nodes] by water molecules (Sc1a, Sc1b, Sc1c,
Sc1d, Sc1e, Sc1f) is shown by the hollow line in (b). Sc1b–Sc1e represent
metal centres that are constituent parts of four pseudo-interpenetrating
diamondoid arrays.


Figure 6. a) Topological representation of the structure of 1 and 3 leading
to a 41263 topology of the NaCl-type structure utilising co-linear connec-
tions between adjacent (4,4) nets. b) View of 2 showing the 48668 topolo-
gy layers of (4,4) nets (blue), the linkers (red) and the self-penetrating
shortest circuits (green and yellow).
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symbol it can be seen that the number of four-membered
circuits decreases in 2 where parallel, co-planar layers of
(4,4) nets are observed (Figure 6b) rather than three inter-
secting (4,4) nets as observed in 1 and 3 (Figure 6a). The
topology of 2 has been observed previously in
[Cd(CN)2(pyrazine)][18] and interestingly it represents an ex-
ample of self-penetration. The six-membered shortest cir-
cuits involving connections between (4,4) nets are catenated
by equivalent shortest circuits within the single network
(Figure 6b).


The structure of 4 can be viewed as layers of (4,4) nets in
two directions (as opposed to three directions for 1 and 3,
and one direction in 2) comprising two ligands L and two
bridging water molecules per circuit. However, connections
in the third direction are divergent and do not form (4,4)
nets. Thus, if the bridging ligands L are considered alone
and the water molecules disregarded, from a topological
perspective it can be seen that the divergent connections
form a pseudo-tetrahedral Sc(L)4 node resulting in a dia-
mond-like structure that is itself fivefold interpenetrated.
This interpenetrated structure is pillared by the water mole-
cules resulting in the observed layers of (4,4) nets to afford
an overall 4867 topology. As 4 can be viewed as five inter-
penetrated networks that are connected through the bridg-
ing water molecules, the resulting single network therefore
exhibits self-penetration. The short Schl�fli topological
symbol can be derived by considering the four-membered
shortest circuits that consist of two L ligands and two bridg-
ing water molecules and the six-membered circuits compris-
ing only L ligands that form part of the diamond substruc-
ture. These six-membered shortest circuits are catenated by
four other equivalent circuits, leading to a self-penetrating
structure (Figure 7).


Conclusion


The present structures represent new examples of organic/
inorganic hybrid networks of six-connected structures. The
isolation of compound 4 stresses the importance of reaction
conditions upon network architectures and the significant in-
fluence that small changes in solvent can have. We have
shown that by variation of anion size we are able to influ-
ence the degree of interpenetration and hence observed
framework topology. Furthermore, the series of polymers re-
ported herein illustrates how tectons based upon (4,4) grids
can be combined and distorted to form non-NaCl topologies
and even cross-bridged, multiply interpenetrated diamond-
oid materials. Thus a-polonium-type structures, of 41263 top-
ology, as observed in 1 and 3, mimic the expected six-con-
nected NaCl structure albeit with the additional feature of
double-interpenetration. Alternate non-NaCl structures can
also be generated incorporating either criss-crossed connect-
ed co-planar layers of (4,4) nets in a unique 48668 topology,
or a diamondoid array based upon a tetrahedral node with
bridging water molecules serving to bridge these diamond-
oid frameworks into a single, self-penetrating, three-dimen-
sional array of 4867 topology. Thus, framework polymer ma-
terials represent powerful systems for investigating and de-
fining new solid-state structures and topologies.


Whereas the vast majority of coordination polymers have
been prepared using the later transition metals, particularly
those of Groups 11 and 12, the use of bis(pyridyl-N-oxide)
ligands in constructing coordination polymers also offers
great potential for exploiting the earlier transition metals.
We believe that this will lead to both the design and discov-
ery of a large variety of new network structures and types.


Experimental Section


Sc(NO3)3, aqueous solution of Sc(ClO4)3 and 4,4’-bipyridine-N,N’-dioxide
hydrate were used as received (Aldrich) without further purification.
Infra-red spectra were recorded on a Perkin-Elmer 1600 spectrometer
(FTIR, samples in KBr discs). Elemental analyses were performed by the
Nottingham School of Chemistry microanalytical service.


Synthesis


{[Sc(L)3](NO3)3}¥ (1): 4,4’-Bipyridine-N,N’-dioxide hydrate (66 mg,
0.30 mmol) in MeOH (15 mL) was carefully mixed with a solution of
Sc(NO3)3·x H2O (34 mg, 0.10 mmol) in MeOH (10 mL). The reaction
gave a colourless crystalline product after 10 days. Yield 45 mg (56 %).
Comparison of the single-crystal data with that from powder X-ray dif-
fraction studies of bulk samples confirmed that a single phase of 1 is iso-
lated from the above reaction. Elemental analysis calcd (%) for
C30H24N9O15Sc: C 45.29, H 3.04, N 15.85; found: C 43.42, H 3.18, N 15.70.


{[Sc(L)3](CF3SO3)3(CH3OH)2.7(H2O)3}¥ (2): 4,4’-Bipyridine-N,N’-dioxide
hydrate (22 mg, 0.10 mmol) in methanol (5 mL) and Sc(CF3SO3)3 (15 mg,
0.03 mmol) in MeOH (5 mL) were individually added to the two branch-
es of a U-tube, which already contained a CH2Cl2 (3 mL) buffer in its
central segment. The reaction gave a colourless crystalline product after
20 days. Yield 7 mg (20 %). Elemental analysis calcd (%) for
C35.7H40.8F9N6O20.7S3Sc: C 35.81, H 3.43, N 7.02; found: C 34.80, H 2.61, N
7.58.


{[Sc(L)3](ClO4)3}¥ (3): 4,4’-Bipyridine-N,N’-dioxide hydrate (20 mg,
0.1 mmol) in H2O (5 mL) was carefully mixed with a solution of


Figure 7. Representation of 4 showing a single diamondoid subnet (red)
and the self-penetrating shortest circuits (green and yellow). The water
molecules bridging topological nodes are orientated perpendicular to the
page in this view.
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Sc(ClO4)3 (12 mg, 0.03 mmol; 40 wt % in H2O) and the solution was al-
lowed to evaporate slowly. The reaction yielded a colourless crystalline
product after 10 days.


{[Sc(L)4(H2O)2](ClO4)3}¥ (4): 4,4’-Bipyridine-N,N’-dioxide hydrate
(10 mg, 0.05 mmol) in H2O (5 mL) was carefully mixed with a solution of
Sc(ClO4)3 (15 mg, 0.05 mmol; 40 wt % in H2O) and the solution was al-
lowed to evaporate slowly. The reaction yielded a colourless crystalline
product after 14 days.


X-ray data collection, solution and refinement : Crystal data and summa-
ries of the crystallographic analyses for all complexes are given in
Table 2. Diffraction data for compounds 1 and 2 were collected on a
Nonius Kappa CCD area detector diffractometer, equipped with an
Oxford Cryosystems open flow cryostat[24] and controlled by the Collect
software package. Collected images were processed by using Denzo.[25]


The data were corrected for absorption by using the empirical method
employed in Sortav.[26] Diffraction data for compound 3 was collected on
a Bruker SMART 1000 CCD area detector and compound 4 a Bruker
SMART APEX CCD area detector equipped with an Oxford Cryosys-
tems open flow cryostat.[24] The collected images were processed by using
SAINT and SHELXTL-97. All four structures were solved by direct
methods using SHELXS-97[27] and full-matrix least squares refinement
was undertaken using SHELXL-97.[28] All hydrogen atoms were placed
in geometrically calculated positions and allowed to ride on their parent
atoms. All non-hydrogen atoms were refined with anisotropic displace-
ment parameters. For 2 all guest methanol and water molecules were re-
fined with partial occupancies, with C�O distances restrained to 1.42 �.
No hydrogen atoms were either located or placed on any of the above-
mentioned disordered methanol or water molecules. The high values for
R1 and Rint reflect the small and weakly diffracting crystal that the data
were collected on and that the structure contains a considerable amount
of disordered solvent.


CCDC-241335 (1), CCDC-241336 (2), CCDC-241337 (3), and CCDC-
241338 (4) 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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Aldol Additions of Dihydroxyacetone Phosphate to N-Cbz-Amino
Aldehydes Catalyzed by l-Fuculose-1-Phosphate Aldolase in Emulsion
Systems: Inversion of Stereoselectivity as a Function of the Acceptor
Aldehyde


Laia Espelt,[a] Jordi Bujons,[a] Teodor Parella,[b] Jordi Calveras,[a] Jesffls Joglar,[a]


Antonio Delgado,[c, d] and Pere Clap�s*[a]


Introduction


Stereoselective C�C bond formation catalyzed by aldolases
has recently attracted tremendous interest as a powerful
tool in asymmetric synthesis.[1,2] Aldolases catalyse aldol ad-
ditions of aldehydes and ketones with fine control of the ab-
solute configuration of the newly formed stereogenic cen-
ters. In particular, dihydroxyacetone phosphate (DHAP) de-
pendent aldolases[3,4] catalyse the aldol addition of DHAP
to a variety of non-natural aldehyde acceptors to generate
two stereogenic centers and add three carbon atoms to the
carbon backbone.[5] Aldolases react highly stereoselectively
at the C-3 position of DHAP (i.e. , the stereocenter arising
from DHAP addition), whereas the stereoselectivity at the
C-4 position (i.e., the one generated from the addition to


Abstract: The potential of l-fuculose-
1-phosphate aldolase (FucA) as a cata-
lyst for the asymmetric aldol addition
of dihydroxyacetone phosphate
(DHAP) to N-protected amino alde-
hydes has been investigated. First, the
reaction was studied in both emulsion
systems and conventional dimethylform-
amide (DMF)/H2O (1:4 v/v) mixtures.
At 100 mm DHAP, compared with the
reactions in the DMF/H2O (1:4) mix-
ture, the use of emulsion systems led to
two- to three-fold improvements in the
conversions of the FucA-catalyzed re-
actions. The N-protected aminopolyols
thus obtained were converted to imino-
cyclitols by reductive amination with
Pd/C. This reaction was highly diaster-
eoselective with the exception of the
reaction of the aldol adduct formed


from (S)-N-Cbz-alaninal, which gave a
55:45 mixture of both epimers. From
the stereochemical analysis of the re-
sulting iminocyclitols, it was concluded
that the stereoselectivity of the FucA-
catalyzed reaction depended upon the
structure of the N-Cbz-amino aldehyde
acceptor. Whereas the enzymatic aldol
reaction with both enantiomers of N-
Cbz-alaninal exclusively gave the ex-
pected 3R,4R configuration, the stereo-
chemistry at the C-4 position of the
major aldol adducts produced in the re-
actions with N-Cbz-glycinal and N-


Cbz-3-aminopropanal was inverted to
the 3R,4S configuration. The study of
the FucA-catalyzed addition of DHAP
to phenylacetaldehyde and benzyloxya-
cetaldehyde revealed that the 4R prod-
uct was kinetically favored, but rapidly
disappeared in favor of the 4S diaster-
eoisomer. Computational models were
generated for the situations before and
after C�C bond formation in the active
site of FucA. Moreover, the lowest-
energy conformations of each pair of
the resulting epimeric adducts were de-
termined. The data show that the prod-
ucts with a 3R,4S configuration were
thermodynamically more stable and,
therefore, the major products formed,
in agreement with the experimental re-
sults.
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the aldehyde) depends on the structure and stereochemistry
of the acceptor aldehyde (1–4, see Scheme 1).[3,6,7]


The stereoselective synthesis of aminopolyols and imino-
cyclitols using DHAP aldolases is currently a topic of inter-
est in our laboratory. The key step in our strategy involves
the aldol addition of DHAP to N-benzyloxycarbonyl (Cbz)
amino aldehydes.[7] We recently reported the use of d-fruc-
tose-1,6-diphosphate aldolase from rabbit muscle (RAMA)
and l-rhamnulose-1-phosphate aldolase from E. coli
(RhuA) as catalysts for this reaction. As a continuation of
our research project, herein we report on the reactivity and
stereoselectivity of recombinant l-fuculose-1-phosphate al-
dolase from E. coli (FucA)[8] in the aldol reaction of N-Cbz-
amino aldehydes[7] 1–4 with DHAP (Scheme 1). In this
study we focused on three aspects. Firstly, to assess whether
the advantages of emulsion systems, already found to be
useful in RAMA- and RhuA-catalyzed aldol reactions, ap-
plied to the new enzyme, the influence of the reaction
medium on the conversion was systematically investigated.
Secondly, to determine the stereoselectivity of FucA to-
wards the acceptor aldehydes,
the structure and stereochemis-
try of the resulting cyclic prod-
ucts, namely iminocyclitols,
were analyzed. Thirdly, to un-
derstand the stereochemical
outcome of the FucA-catalyzed
aldol addition reactions, compu-
tational modeling of the alde-
hyde–DHAP–FucA complexes
was carried out as well as con-
formational searches for each
pair of possible epimeric prod-
ucts at C-4.


Results and Discussion


Influence of the reaction
medium : l-Fuculose-1-phos-
phate aldolase-catalyzed aldol
additions of DHAP to alde-
hydes 1–4 (Scheme 1) were per-
formed in both emulsion and
DMF/water (1:4) cosolvent sys-
tems.[7,9] Two DHAP concentra-
tions, 45 and 100 mm with
1.8 equiv mol�1 of N-Cbz amino
aldehyde, were examined. The
data, given as a molar percent-
age of conversion, were the
maximum values obtained and
remained constant up to 12–
24 h, even after the addition of
more enzyme. Therefore it may
be assumed that these conver-
sions were close to the equili-


brium values. As shown in Table 1, the aldehydes 1–4 are
suitable acceptors for FucA aldolase, the degree of conver-
sion to aldol adducts depending mainly on the reaction
medium used. At 100 mm DHAP, better results were ob-
tained with the emulsion systems than with the DMF/water
mixtures (Table 1, entries 1, 3, 4, and 6), although under
these conditions, aldehydes 1 and 3 only gave moderate con-
versions in the emulsion systems (Table 1, entries 1 and 4).
Interestingly, lowering the DHAP concentration (45 mm)
greatly improved the reaction conversions in DMF/H2O
(1:4), as well as for aldehydes 1 and 3 regardless of the reac-
tion medium used (Table 1, entries 2, 5, and 7). Note that at
high substrate concentrations, low conversions were also ob-
served with fructose-1,6-diphosphate aldolase from rabbit
muscle (RAMA) in DMF/H2O (1:4) systems.[7] This behav-
ior appeared to be related to both the limited solubility of
the acceptor aldehyde and the low stability of the enzyme in
the reaction medium. Moreover, the improved conversion at
the lower DHAP concentration also suggests that the aldo-
lase is inhibited by the N-protected amino aldehyde[6,10] or


Scheme 1. Chemo-enzymatic synthesis of linear N-Cbz-aminopolyols 5–8 (disodium salts) and iminocyclitols
9–15 from N-Cbz-amino aldehydes 1–4. For the stereochemistry at C-4 of compounds 5–8, see text. For the
stereochemistry at C-2, C-4, and C-5 of compounds 9–15, see Table 3.


Table 1. FucA-catalyzed aldol reaction between DHAP and N-Cbz-amino aldehydes.


Entry Acceptor FucA [U mL�1] DHAP [mm][a] Conversion [%][b] (Time [h]) Product
aldehyde Reaction media[c]


A B C D


1 1 8 100 35 (8) 34 (6) 34 (5) 16 (4) 5
2 1 6 45 52 (6) 50 (6) 51 (6) 42 (6) 5
3 2 8 100 53 (8) 66 (5) 49 (5) 15 (4) 6
4 3 8 100 30 (7) 32 (7) 35 (7) 16 (1) 7
5 3 6 45 57 (2) 57 (5) 57 (3) 58 (5) 7
6 4 8 100 41 (8) 56 (4) 58 (3) 17 (4) 8
7 4 6 45 58 (7) 56 (7) 63 (7) 50 (4) 8


[a] Molar percent conversion to the aldol adduct (5–8) with respect to the starting DHAP concentration, deter-
mined by HPLC from the crude reaction mixture using purified standards. [b] Reaction conditions: A: H2O/
C14E4/tetradecane 90:4:6 wt %; B: H2O/C14E4/hexadecane 90:4:6 wt %; C: H2O/C14E4/squalane 90:4:6 wt %,
where C14E4 is tetra(ethylene glycol) tetradecyl ether, C14H29(OCH2CH2)4OH, with an average of 4 moles of
ethylene oxide per surfactant molecule; D: DMF/H2O (1:4 v/v). [c] 1.8 equiv mol�1 of acceptor aldehyde; reac-
tion volume 5 mL, T=25 8C.
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by the methylglyoxal which re-
sults from DHAP decomposi-
tion.[3]


Like l-rhamnulose-1-phos-
phate aldolase,[7] FucA showed
no clear preference for either
of the two enantiomers of N-
Cbz-alaninal (Table 1, entries 5
and 7), although at 100 mm


DHAP the conversion to the R
enantiomer was higher than the
conversion to the S enantiomer
(Table 1, entries 4 and 6). In
contrast, high kinetic enantio-
discrimination by FucA has
been reported for a series of
racemic 2-hydroxyaldehyde ac-
ceptors.[11] These differences
may be explained by the fact
that 2-hydroxyaldehydes have a
higher affinity and better orien-
tation in the biocatalyst active
site than the aldehydes 3 and 4
which have a hydrophobic
methyl group.


Stereochemical characterization : Compounds 5–8 were syn-
thesized (ca. 50–160 mg) and transformed into iminocyclitols
by a previously described procedure (Scheme 1).[7,12] The
relative stereochemistries of the newly formed stereogenic
centers of the iminocyclitols were unequivocally ascertained
by one- and two-dimensional NMR techniques.[13] This al-
lowed us to quantify the diastereoisomers thus formed and
to elucidate the stereoselectivity of FucA in the aldol addi-
tion of DHAP to aldehydes 1–4. For the DHAP-aldolase
catalysis, it is accepted that the absolute configuration at the
C-3 position (i.e. R for FucA) (Scheme 1) is conserved upon
reaction with electrophiles.[14–19] Thus, the identified cyclic
products and the absolute configuration of their stereogenic
centers could be assessed (Table 2).


Similar to the NMR study on the iminocyclitols obtained
with RAMA and RhuA aldolases,[7] and as a complement to
NOE data, the shielding effects were also used as a probe to
assign the relative stereochemistry of 9–15 (Table 3). The
OH(3) and CH2OH(2) groups induced a 0.08–0.26 ppm up-
field shift on the H-2 and H-3 protons of compound 13, with
respect to 14 and 15, whereas a downfield shift was observed
for the C-2, C-3, and C-4 carbon centers of 13 (Table 3).
Moreover, when the OH(4) and Me(5) groups adopted a cis
configuration (e.g. compounds 13 and 14), a strong upfield
13C chemical shift of 3.2–3.5 ppm was induced on the Me(5)
group. Similarly, a cis orientation of the CH2OH(2) and
OH(4) moieties caused an upfield 13C chemical shift on the
C-4 carbon atom.


Inspection of the stereochemistry at the C-2 position re-
vealed that the reductive amination of compounds 5, 6, and
8 with Pd/C was stereoselective, the hydrogen atom being


delivered from the face opposite the hydroxy group at the
C-4 position.[7] This was not found in the reductive amina-
tion of compound 7; here, there was no face selectivity and
about 50 % epimerization at C-2 was obtained.


Analysis of the stereochemistry at the C-4 position of the
iminocyclitols 9–15 (Table 2) by high-field 1H NMR spectro-
scopy allowed us to deduce, within the limits of detection,
the stereoselectivity of FucA towards each of the N-Cbz-
protected amino aldehydes. As Table 2 entries 1 and 2
shows, the major cyclic diastereoisomer obtained from alde-
hydes 1 and 2 (i.e. iminocyclitols 9 and 11, respectively) has
an S configuration at the C-4 position. This stereochemistry
arose from attack of the enzyme–DHAP-enediolate com-
plex on the re face of the carbonyl group of the aldehyde.
Interestingly, this diastereofacial selectivity was the inverse
of that found for the natural acceptor, l-lactaldehyde, and
other non-natural aldehydes.[24–26] In these cases, the
DHAP–FucA complex attacks the carbonyl component at
the si face, although the formation of diastereoisomers (3–
30 %), epimeric at the C-4 position, has been reported.[14]


On the other hand, FucA was highly stereoselective towards
both enantiomers of Cbz-alaninal with approximately 99 %
de of the expected 4R diastereoisomer (iminocyclitols 13–
15) being formed.


We then asked if the stereochemical outcome of FucA-
catalyzed aldol addition reactions was kinetically or thermo-
dynamically controlled. Stereochemical analysis of the ad-
ducts formed at the beginning of the reaction and after long
incubation times may shed light on this point. RP-HPLC
was experimentally the most convenient method for this
purpose, however, the diastereoisomers of the aldol prod-


Table 2. Structures of the iminocyclitols derived from linear compounds 5–8.


Entry Linear product/
[a]20


D (c=1 in MeOH)
Cyclic products d.r. Cyclic product


or mixture [a]20
D


1 5/�8.9 76:24
�6.4


(c=0.9 in MeOH)


2 6/�1.2 80:20
�21.2


(c=0.8 in MeOH)


3 7/+1.0 55:45
�7.1


(c=1.2 in MeOH)


4 8/+4.5 100:0
+37.9


(c=1.4 in MeOH)


[a] See ref. [7]. [b] See refs. [20, 21]. [c] Not previously described. [d] See refs. [22, 23].
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ucts formed from the reactions of the amino aldehydes 1–4
could not be resolved by this technique. Interestingly, the in-
version of stereoselectivity induced by FucA in these reac-
tions was also observed in the aldol addition reactions of


both phenylacetaldehyde (16) and benzyloxyacetaldehyde
(17) (Scheme 2). In these cases, the diastereoisomers ob-
tained could be resolved by RP-HPLC and quantified.[27]


Hence it was thought that these reactions may be helpful in
the analysis of the stereochemical course of the reaction and
most of the studies that follow were carried out with these
substrates. The progress of the aldol addition reaction, as
depicted in Figure 1, revealed that both (4R)-18 and (4R)-19
were kinetically favored while their epimers, (4S)-18 and
(4S)-19, respectively, were the major products obtained and,
presumably, thermodynamically more stable (approximate
ratio 70:30). Note that the rate of formation of the 4S prod-
ucts was quite fast, being the major adducts after 50–60 min.


Computational models : To gain an insight into the mecha-
nisms responsible for the above observations, computational
models pertinent to both enzyme–substrate and enzyme–
product complexes were generated and conformational anal-
ysis of the aldol products was performed.


Computational models were generated for the reaction in-
termediates before and after C�C bond formation between
DHAP and aldehydes 16 and 17 in the active center of
FucA (I and II, respectively, in Scheme 3), as previously re-
ported for other aldolases.[7,26] The starting point for these
models was the reported crystal structure of wild-type FucA
with the inhibitor phosphoglycolohydroxamate (PGH)
bound to its active site.[28] This structure lacks the coordi-
nates of the mobile C-terminal tail of the protein (residues
207–215), which has been proposed to undergo an induced
fit upon substrate binding (vide infra).[26]


Docking simulations of alde-
hydes 16 and 17 in the active
center of FucA, with the alde-
hydes approaching the DHAP-
enediolate from both possible
orientations, furnished the
model structures shown in
Figure 2 (panels A and B, re-
spectively). From these models
it appears that both aldehydes
can adopt similar conforma-
tions in the enzyme pocket, ir-


respective of their orientation of attack (si or re), which are
stabilized by a hydrogen bond between their carbonyl
oxygen atom and the phenol group of Tyr113’. A model for
the binding of l-lactaldehyde to DHAP-complexed FucA


has been proposed in which the
high stereoselectivity of the
enzyme was attributed mainly
to analogous interactions be-
tween the carbonyl and hy-
droxy groups of the substrate
and the phenol group of
Tyr113’.[26] At variance with this
l-lactaldehyde binding model,
the absence of an a-hydroxy
group in aldehydes 16 and 17


favors an orientation in which their aromatic substituents
are directed towards the hydrophobic wall formed by the
side chains of Phe131 and Phe206’. Similar interactions were
observed in the corresponding models for adducts 18 and 19
(see Supporting Information). However, the conformational
differences due to the two possible orientations of attack (si
or re) of the aldehydes or between the two corresponding
epimeric adducts are rather small. Therefore, it seems plau-
sible that the differences between the geometries and, by ex-
tension, the energies of the corresponding transition states
should be small. This could explain the relatively small ki-
netic preference shown by the enzyme in the reactions with
aldehydes 16 and 17.


As stated above, the mobile C-terminal tail of the protein
was initially omitted from these simulations because of the
lack of structural data. Joerger et al.[26] proposed a model for
the induced fit of this tail suggesting that, upon substrate
binding, it undergoes a conformational shift from a less-or-
dered state to one in which it covers the entrance to the
active center of FucA. This allowed some of its residues (i.e.
Tyr209’) to come into contact with the substrates, thus ren-
dering a more packed structure around the active site.
Therefore, we performed further docking simulations that
included the coordinates of the modeled C-terminal tail of
the protein.[30] The results obtained for aldehydes 16 and 17
are shown in panels C and D of Figure 2, while those for the
corresponding adducts 18 and 19 can be found in the Sup-
porting Information.


As could be anticipated, the aldehydes that are larger
than the natural substrate, l-lactaldehyde, could sterically


Table 3. 1H and 13C chemical shifts [ppm] of the iminocyclitols 13, 14, and 15.


Product d(H/C)2 d(H/C)3 d(H/C)4 d(H/C)5 d(H/C)6 d(H/C)7 d(H/C)7’


13 3.51/62.1 4.19/71.7 4.22/78.3 3.65/57.2 1.30/11.8 3.87/58.7 3.76/58.7
14 3.69/58.4 4.45/70.4 4.10/71.5 3.61/56.9 1.32/11.5 3.79/58.6 3.73/58.6
15 3.75/61.5 4.27/70.4 3.95/76.7 3.54/56.7 1.38/15.0 3.92/58.4 3.80/58.4


Scheme 2. FucA-catalyzed aldol addition of DHAP to phenylacetaldehyde (16) and to benzyloxyacetaldehyde
(17).
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interfere with the proposed conformation of the C-terminal
fragment of the protein. Consequently, the resulting mini-
mized conformations of 16 and 17 are directed away from
the Phe131 and Phe206’ residues and towards the inner part
of the enzyme pocket. Again, only small differences could
be observed between the conformations derived from the si
or re approach of the carbonyl group to the enediolate, and
also between the minimized conformations obtained for the
epimers of products 18 and 19. These models provided no
evidence for stabilizing interactions between the substrates
and Tyr209’ but, since the simulations were carried out with
a fixed protein structure, it cannot be ruled out that they
would be established if the structure of the protein was al-
lowed to relax. However, it seems reasonable to think, as
mentioned earlier, that the size of these substrates could
pose a significant steric hindrance that would hamper, or
even prevent, the induced fit of the C-terminal FucA tail.
This would lead to a reduction in the activity of the enzyme
and a modified stereoselectivity towards the aldehyde, both
of which were observed with the substrates used in this
study. Hence, the reduced, but not zero, activities reported
for different C-terminus FucA mutants suggest that this tail
is not essential for enzyme activity.[26] In addition, these mu-
tants gave higher proportions of the l-threo adducts derived
from the “wrong” re approach of the aldehyde molecule to
the DHAP-enediolate.


The time course of the reaction of aldehydes 16 and 17
shown in Figure 1 indicated a thermodynamic control of the
reaction products. To substantiate this assumption, we per-
formed an extensive exploration of the conformational
space of each of the C-4 epimers of adducts 18 and 19, and
this was extended to 5–8. We considered only the linear
forms of these products since our NMR data indicate that
the relative abundance of the corresponding cyclic forms
always accounted for between 5 and 50 % of the total ad-
ducts present in the crude reaction products. To this end, we
first ran a systematic conformational search on every mole-
cule (see Experimental Section). The energies were calculat-
ed by using the Merck force field (MMFF94)[31] and the
Born continuum solvation model,[32–34] which have been suc-
cessfully used in the modeling of polar compounds[35] and


carbohydrates.[36, 37]


Table 4 summarizes the cal-
culated energetic differences
between the lowest energy con-
formations found for each pair
of epimers, while the corre-
sponding geometries and actual
energy values are reported in
the Supporting Information.
Table 4 also shows both the ex-
perimental and predicted ratios
of the 4R and 4S adducts; the
latter were calculated from the
energy differences mentioned
above, assuming that the en-
tropic contributions to DG


Figure 1. Time–course of the FucA-catalyzed aldol reaction between
DHAP and a) phenylacetaldehyde 16 and b) benzyloxyacetaldehyde 17.
Relative molar percentages of (4R)-18, (4S)-18, (4R)-19 and (4S)-19 for-
mation and molar percentage conversion with respect to the starting
DHAP concentration. Reactions were carried out in H2O/C14E4/hexade-
cane (90:4:6 wt %) emulsion systems: [DHAP] =30 mm, 1.8 equiv mol�1


of 16 or 17, and 1–2.5 U mL�1 FucA; reaction volume=2.5 mL and T=


25 8C.


Scheme 3. Proposed enzymatic mechanism for the FucA-catalyzed aldol addition reactions.[26, 29] The stereo-
chemistry at the C-4 position of the adducts is determined by the face (si or re) of the aldehyde that ap-
proaches the reactive C-3 atom of the DHAP-enediolate.
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should be similar. It is clear that there is a good correlation
between the predicted and experimental values for products
5–8, 18, and 19. Thus, the global minima determined for the
4S epimers of adducts 5, 6, 18, and 19 have lower energies
than the corresponding minima determined for the 4R epi-
mers and, accordingly, these are the major reaction products,
while the opposite is true for the diastereoisomers of ad-
ducts 7 and 8.


The experimental and com-
putational results collected in
this work for the formation of
aldol adducts 18 and 19 suggest
the reaction coordinate scheme
depicted in Figure 3 is opera-
tive. This is similar to the one
proposed for N-acetylneuramin-
ic acid aldolase.[38] Hence, alde-
hydes 16 and 17 could approach
the FucA-bound DHAP-ene-
diolate by either of the two pos-
sible reactive orientations, with
the si approach energetically
preferred over the re approach.
However, the energetically pre-
ferred reaction products are
those derived from the attack
of the enediolate on the re face
of the carbonyl group and
therefore these are the major
products of the reaction. This
hypothesis may be extended to
the rest of the N-Cbz-amino al-
dehydes considered in this
study since they have analogous
steric hindrance. To verify this
hypothesis additional quantum
mechanics/molecular mechanics
(QM/MM) modeling studies are
being carried out in order to ac-
curately calculate the energy
barriers of these reaction coor-
dinates.


Conclusions


l-Fuculose-1-phosphate aldolase catalyzed the aldol addi-
tion of DHAP to several N-Cbz-amino aldehydes in conver-
sion yields that range from 50 to 60 %. At 100 mm DHAP
the emulsion systems gave the highest substrate conversion
to aldol adduct compared with those achieved in DMF/H2O
(1:4) mixtures. Together with earlier findings,[7] the high-
water-content emulsions appear to be of general applicabili-
ty, yet easy to prepare, for DHAP-aldolase-catalyzed aldol
addition reactions, especially when dealing with low-water-
soluble aldehyde acceptors.


We report here an inversion of stereoselectivity in FucA-
catalyzed aldol addition of DHAP to N-Cbz-glycinal, N-
Cbz-3-aminopropanal, phenylacetaldehyde, and benzyloxya-
cetaldehyde. Time–progress curves for the reactions with
phenylacetaldehyde and benzyloxyacetaldehyde revealed
that the products with the “natural” 4R configuration were
kinetically favored, whereas the inverted 4S ones were the
major products formed, which suggests that the reactions
have a thermodynamic outcome. Computational models of


Figure 2. Structural models of aldehydes 16 (panels A and C) and 17 (panels B and D) in the active center of
FucA, approaching the Zn2+-bound DHAP-enediolate from their si (green) and re (orange) faces. Panels A
and B: Models generated from the reported crystallographic coordinates of FucA.[28] Panels C and D: Models
generated from a modeled FucA structure that includes coordinates of the proposed induced fit of the mobile
C-terminal tail.[26]


Table 4. Energy differences (DE4R�4S) between the global minima deter-
mined for the 4R and 4S epimers of the aldol adducts 5–8, 18, and 19,
and the predicted and experimental compositions of the reaction mix-
tures.


Product DE 4R�4S


[kcal mol�1]
Ratio 4R :4S
(predicted)


Ratio 4R :4S
(experimental)


5 1.1 13:87 24:76
6 0.4 33:67 20:80
7 �0.6 73:27 ~100:0
8 �1.0 84:16 ~100:0


18 0.4 33:67 30:70
19 0.9 18:82 30:70
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substrates and products complexed to the active-site cavity
of the enzyme and theoretical calculations of the energy dif-
ferences between the lowest-energy conformers of each pair
of aldol epimers at C-4 substantiate the above experimental
results.


Experimental Section


Materials : l-Fuculose-1-phosphate aldolase was produced at the Depar-
tament d’Enginyeria Qu�mica, Universitat Aut�noma de Barcelona, from
recombinant E. coli (ATCC no 86984) and purified by affinity chroma-
tography. Acid phosphatase (PA, EC 3.1.3.2, 5.3 Umg�1) was from Sigma
(St. Louis, USA). The non-ionic poly(oxyethylene ether) surfactant, tet-
ra(ethylene glycol) tetradecyl ether, C14H29(OCH2CH2)4OH (C14E4), with
an average of 4 mol of ethylene oxide per surfactant molecule (C14E4),
was from Albright & Wilson (Barcelona, Spain). Tetradecane (99 %),
hexadecane (99 %), and 2,6,10,15,19,23-hexamethyltetracosane (squa-
lane) (99 %) were from Sigma. DOWEX (H+) 50 � 8 ion-exchange resin
was from Fluka. HPLC isocratic grade acetonitrile was from Merck
(Darmstadt, Germany) and Multisolvent acetonitrile for preparative RP-
HPLC was from Scharlau (Barcelona, Spain). MacroPrep High Q Sup-
port anion-exchange resin was from BioRad (Hercules, USA). Triethyla-
mine (Calbiochem, San Diego, USA) was of buffer grade. Phenylacetal-
dehyde and benzyloxyacetaldehyde were from Aldrich (Milwaukee,
USA). N-Benzyloxycarbonyl amino aldehydes 1–4 were synthesized in
our laboratory by using previously described procedures.[7] The precursor
of dihydroxyacetone phosphate (DHAP), dihydroxyacetone phosphate
dimer bis(ethyl ketal), was synthesized in our laboratory by using a pro-
cedure similar to that described by Jung et al.[39] De-ionized water was


used for preparative HPLC and Milli-Q grade water for both analytical
HPLC and gel-emulsion formation. All other solvents and chemicals
used in this work were of analytical grade.


Methods :Molecular modeling : All molecular simulations were conducted
with the MOE program (v. 2003.02, Chemical Computing Group, Mon-
treal) using the MMFF94 force field with its standard atomic charges and
parameters.[31] All energy calculations were carried out by using the Born
continuum solvation model[32–34] as implemented in the MOE program.
For the FucA complexes, a smoothed cut-off between 14 and 15 � was
used to model the nonbonded interactions. All minimizations were per-
formed up to an RMS gradient of <0.01.


The coordinates for E. coli fuculose-1-phosphate aldolase complexed to
phosphoglycolohydroxamate (PGH)[28] were obtained from the Protein
Data Bank[40] at Brookhaven National Laboratory (entry 4FUA). The
structure includes the coordinates of one FucA monomer with the essen-
tial Zn2+ ion complexed to PGH, one molecule of b-mercaptoethanol co-
valently bound to Cys14, one sulfate anion, and several water molecules.
Nine C-terminal residues (residues 207–215) were missing from the crys-
tal structure, and therefore they were not initially included in the original
simulations although they were considered at a later stage (see text). By
applying the necessary crystallographic symmetry operators to this struc-
ture, the homotetramer that constitutes the biological unit was built.
Since the active center of FucA is located at the interface between each
pair of contiguous monomers, each homotetramer contains four catalytic
centers. However, in order to reduce the calculation time, the simulations
were performed on a FucA dimer that contained just one catalytic site.
In addition, the sulfate and the solvent molecules were removed, the hy-
drogen atoms were added, and the PGH molecule was conveniently
modified to obtain the a-hydroxyketonic adducts 18 and 19 complexed to
the Zn2+ cation in the catalytic active center (state II of Scheme 3). The
conformational space of these ligands was explored to find the low-
energy minima by running a stochastic conformational search keeping
the coordinates of the protein and the essential Zn2+ fixed.


The structure of the ligands was further modified to generate the situa-
tion before the C�C bond formation, as represented by state I in
Scheme 3, in which the aldehyde molecule is close to the Zn2+-coordinat-
ed DHAP-enediolate. To avoid the exclusion of this aldehyde molecule,
a restraint was imposed between the two carbon atoms that participate in
the C�C bond formation (i.e., the C-3 atom of the enediolate and the C-
1 atom of the aldehyde). This restraint was arbitrarily set so as to keep
the distance between these two carbon atoms close to 2.5 � to ensure
that both substrates would adopt conformations that resemble those of
the putative transition states. The conformational space of the aldehydes
was then stochastically searched as before, keeping the coordinates of the
rest of the atoms fixed.


The conformational spaces of compounds 5–8, 18, and 19 were exhaus-
tively searched by using the two different strategies available in the
MOE program in order to find the global energy minima. First, starting
from an initially optimized structure, a systematic conformational search
was run in which every non-amide nonterminal single bond was rotated
in 60–1208 steps. The conformations generated for each compound, which
in some cases amounted to several hundred thousands, were then mini-
mized and ranked according to their energy. To confirm the nature of the
lowest energy conformer determined, a subsequent stochastic conforma-
tional search was run using a procedure similar to that reported by Au-
zanneau et al.[36] Briefly, the conformational space of the molecules was
explored by random rotation of bonds and simultaneous Cartesian per-
turbation. The conformations thus generated were minimized and
checked to determine, within an RMS tolerance (0.1 �), whether they
were duplicates of previously generated conformations. The process was
terminated when the number of failures to find new conformations ex-
ceeded a large enough number (1000) of consecutive attempts.


HPLC analyses : HPLC analyses were performed on a Lichrograph
	


HPLC system (Merck, Darmstadt, Germany) fitted with a RP-HPLC car-
tridge, 250 � 4 mm, filled with Lichrosphere


	


100, RP-18, 5 mm (Merck).
Samples (50 mg) were withdrawn from the reaction medium, dissolved in
methanol (0.5–1 mL) to stop any enzymatic reaction, and subsequently
analyzed by HPLC. The solvent systems used were: solvent A: 0.1% v/v


Figure 3. Proposed reaction coordinate for the FucA-catalyzed aldol ad-
dition to the aldehydes considered in this study.
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trifluoroacetic acid (TFA) in H2O; solvent B: 0.095 % v/v TFA in H2O/
CH3CN (1:4), gradient elution from 10 to 70% B in 30 min, flow rate
1 mL min�1, UV detection 215 nm. The retention factors (k’) for each
aldol condensation product are given below.


NMR analysis : High-field 1H and 13C NMR analyses of the compounds
under study in D2O solutions were carried out at the Servei de Resson�n-
cia Magn�tica Nuclear, Universitat Aut�noma de Barcelona, using an
AVANCE 500 BRUKER spectrometer. The compounds were fully char-
acterized by typical gradient-enhanced 2D experiments, COSY, NOESY,
HSQC, and HMBC, under routine conditions. When possible, NOE data
was obtained from selective 1D NOESY experiments by using a single
pulsed-field-gradient echo as a selective excitation method and a mixing
time of 500 ms. When necessary, proton and NOESY experiments were
recorded at different temperatures to study the different behavior of the
exchange phenomena and thereby avoiding the presence of false NOE
cross-peaks that make both structural and dynamic studies difficult. 1H
(300 MHz) and 13C NMR (75 MHz) spectra of compounds in [D6]DMSO
and D2O solutions were recorded with a Varian Unity-300 spectrometer
at the Instituto de Investigaciones Qu�micas y Ambientales-CSIC.


Elemental analyses and specific rotations : Elemental analyses were per-
formed by the Servei de Microan�lisi Elemental IIQAB-CSIC. Specific
rotations were measured with a Perkin Elmer Model 341 (
berlingen,
Germany) polarimeter.


Enzymatic aldol condensations in emulsions (conditions A, B, and C,
Table 1): The emulsion systems consisted of ternary mixtures of water
(90 wt %), technical grade tetra(ethylene glycol) tetradecyl ether surfac-
tant, C14H29(OCH2CH2)4OH (C14E4) (4 wt %), with an average of 4 mol
of ethylene oxide per surfactant molecule, and either tetradecane (C14),
hexadecane (C16), or squalane (C30) (6 wt %). The reactions were carried
out in 10 mL screw-capped test-tubes. The aldehyde (0.4–0.9 mmol), oil
(6 % w/w), and the surfactant (4 % w/w) were mixed vigorously. The
DHAP solution (0.225–0.500 mmol) at pH 6.9, freshly prepared as de-
scribed by Effenberger and Straub,[41] was then added dropwise to the
surfactant mixture while stirring at 25 8C with a vortex mixer. The final
reaction volume was 5 mL. Finally, FucA (6–8 U mL�1) was added and
the solution mixed again. The test-tubes were placed in a horizontal
shaking bath (100 rpm) maintained at a constant temperature (25 8C).
The reactions were followed by HPLC until the peak of the product
reached a maximum. The enzymatic reactions were stopped by addition
of MeOH and the final crude mixture purified as described previously.[7]


Enzymatic aldol condensations in mixtures of dimethylformamide/water
(1:4) (condition D, Table 1): The reactions were carried out in 10-mL
screw-capped test-tubes. The aldehyde (0.4–0.9 mmol) was dissolved in
DMF (1 mL). Then, the DHAP solution (4 mL, 0.225–0.500 mmol), pre-
pared as described above, was added dropwise while mixing. The rest of
the experimental procedure was identical to that described above for the
reaction in emulsions.


Physical data for the linear compounds 5–8 : The melting points of the
compounds given below correspond to lyophilized solids rather than crys-
tals. Note that some of them are mixtures of C-4 epimers. The yields cor-
respond to the amounts of product derived from the aldol enzymatic re-
actions at the semipreparative level. The purification procedures were
not optimized.


(3R)-6-(Benzyloxycarbonylamino)-5,6-dideoxy-1-O-phosphonohex-2-
ulose disodium salt (5): The title compound (160 mg, 35% yield) was pre-
pared by using conditions A (see Table 1) with 45mm DHAP. HPLC:
k’=5.2; m.p. 109–111 8C (99.9 % pure by HPLC); elemental analysis
calcd (%) for C14H18NO9Na2P·H2O·NaCl: C 33.79, H 4.05, N 2.81; found:
C 33.95, H 3.71, N 2.60. The 1H and 13C NMR spectra of the product, a
mixture of two diastereoisomers, were consistent with those previously
reported.[7]


(3R)-5-(Benzyloxycarbonylamino)-5-deoxy-1-O-phosphonopent-2-ulose
disodium salt (6): The title compound (130 mg, 26 % yield) was prepared
by using conditions B (see Table 1) with 100 mm DHAP. HPLC: k’=4.1;
m.p. 114–118 8C (99.9 % pure by HPLC); elemental analysis calcd (%)
for C13H16NO9Na2P·5=2H2O·NaCl: C 30.55, H 4.11, N 2.74; found: C
30.55, H 4.24, N 2.44. The 1H and 13C NMR spectra of the product, a mix-


ture of two diastereoisomers along with cyclic species, were consistent
with those previously reported.[7]


(3R,5S)-5-(Benzyloxycarbonylamino)-5,6-dideoxy-1-O-phosphonohex-2-
ulose disodium salt (7): The title compound (180 mg, 46% yield) was pre-
pared by using conditions B (see Table 1) with 45mm DHAP. HPLC: k’=
4.5; m.p. 113–115 8C (99.9 % pure by HPLC); elemental analysis calcd
(%) for C14H18NO9Na2P·1=2H2O·NaCl: C 36.05, H 4.29, N 3.00; found C
36.38, H 4.28, N 2.74.


(3S,5R)-5-(Benzyloxycarbonylamino)-5,6-dideoxy-1-O-phosphonohex-2-
ulose disodium salt (8): The title compound (320 mg, 56% yield) was pre-
pared by using conditions C (see Table 1) with 45mm DHAP. HPLC: k’=
4.5; m.p. 119–123 8C (99.9 % pure by HPLC): elemental analysis calcd
(%) for C14H18NO9Na2P·5=2H2O: C 35.99, H 4.92, N 3.00; found: C 35.90,
H 4.77, N 2.95.


Removal of the phosphate group and catalytic hydrogenation : The phos-
phate group of compounds 9–15 was removed by acid phosphatase cata-
lyzed hydrolysis following the procedure described by Bednarski et al.[42]


The resulting products were hydrogenated with 50 psi H2 in the presence
of Pd/C for 24 h as previously described.[7]


(2S,3S,4S)-2-(Hydroxymethyl)piperidine-3,4-diol (9) and (2R,3S,4R)-2-
(hydroxymethyl)piperidine-3,4-diol (10): The title compounds were pre-
pared according to the general procedure described above. The 1H and
13C NMR spectra of the major 9 and minor 10 diols were consistent with
those reported previously.[7]


(2S,3S,4S)-2-(Hydroxymethyl)pyrrolidine-3,4-diol (11) and (2R,3S,4R)-2-
(hydroxymethyl)pyrrolidine-3,4-diol (12): The title compounds were pre-
pared according to the general procedure described above. The 1H and
13C NMR spectra of the major 11 and minor 12 diols were consistent
with those reported previously.[7]


(2S,3S,4R,5S)-2-(Hydroxymethyl)-5-methylpyrrolidine-3,4-diol (13) and
(2R,3S,4R,5S)-2-(hydroxymethyl)-5-methylpyrrolidine-3,4-diol (14): The
title compounds were prepared according to the general procedure de-
scribed above. 1H NMR (500 MHz, D2O, 25 8C) major product, 13 : d=


4.22 (dd, 3J(H,H) =3.8, 3J(H,H) =8.8 Hz, 1 H; H4), 4.19 (t, 3J(H,H) =


3.2 Hz, 1 H; H3), 3.87 (dd, 3J(H,H) = 3.9, 3J(H,H) =12.3 Hz, 1 H; H7),
3.76 (d, 1H; H7), 3.65 (m, 1H; H5), 3.51 (m, 3J(H,H) = 3.5 Hz, 3J(H,H) =


9.0 Hz, 1H; H2), 1.30 ppm (d, 3J(H,H) =6.7 Hz, 3H; H6); minor product,
14 : d=4.45 (dd, 3J(H,H) = 4.5, 3J(H,H) =7 Hz, 1H; H3), 4.10 (dd,
3J(H,H) =4.9, 3J(H,H) =9 Hz, 1H; H4), 3.79 (dd, 3J(H,H) =11.9 Hz, 1 H;
H7), 3.73 (dd, 3J(H,H) =3.5, 3J(H,H) =11.9 Hz, 1H; H7), 3.69 (m, 1H;
H2), 3.61 (m, 1H; H5), 1.32 ppm (d, 3J(H,H) =6.7 Hz, 3 H; H6); 13C
NMR (125 MHz, D2O, 25 8C) major product, 13 : d=78.3 (C4), 71.3 (C3),
62.1 (C2), 58.1 (C7), 57.2 (C5), 11.8 ppm (C6); minor product 14 : d =71.5
(C4), 70.4 (C3), 58.4 (C2), 58.6 (C7), 56.9 (C5), 11.5 ppm (C6).


(2R,3S,4R,5R)-2-(Hydroxymethyl)-5-methylpyrrolidine-3,4-diol (15): The
title compound was prepared according to the general procedure de-
scribed above. 1H NMR (500 MHz, D2O, 25 8C): d=4.27 (t, 3J(H,H) =


3.7 Hz, 1H; H3), 3.95 (dd, 3J(H,H) =3.7 3J(H,H) =9 Hz, 1H; H4), 3.92
(dd, 3J(H,H) =4.7, 3J(H,H) =11.8 Hz, 1H; H7), 3.80 (dd, 3J(H,H) =


8.4 Hz, 1 H; H7), 3.75 (m, 3J(H,H) =3.7, 3J(H,H) =4.7, 3J(H,H) =8.4 Hz,
1H; H2), 3.54 (m, 1H; H5), 1.38 ppm (d, 3J(H,H) =6.7 Hz, 3 H; H6); 13C
NMR (125 MHz, D2O, 25 8C): d=76.7 (C4), 70.4 (C3), 61.5 (C2), 58.4
(C7), 56.7 (C5), 15.0 ppm (C6).


(3R,4S)-5-Deoxy-5-phenyl-1-O-phosphonopent-2-ulose disodium salt
((4S)-18): The title compound was prepared according to the general pro-
cedure described above. HPLC: k’=3.2. 1H NMR (300 MHz, D2O,
25 8C): d= 7.2 (m, 5H; Ph), 4.5 (dd, 3J(H,H) =7.0 Hz, 3J(H,H) =18.4 Hz,
2H; CH2OP), 4.1 (m, 2H; 2(CHOH)), 2.7 ppm (m, 2 H; CH2Ph); 13C
NMR (75 MHz, D2O, 25 8C): d=213.7 (CO), 140.5 (C quat), 131.9 (C ar),
131.1 (C ar), 129.1 (C ar), 79.3 (CHOH), 75.1 (CHOH), 70.3 (CH2OP),
41.1 ppm (CH2).


(3R,4R)-5-Deoxy-5-phenyl-1-O-phosphonopent-2-ulose disodium salt
((4R)-18): The title compound was prepared according to the general
procedure described above. HPLC: k’=2.9. 1H NMR (300 MHz, D2O,
25 8C): d= 7.2 (m, 5H; Ph), 4.5 (dd, 3J(H,H) =6.0 Hz, 3J(H,H) =18.7 Hz,
2H; CH2OP), 4.3 (d, 3J(H,H) =5.5 Hz, 1H; 2(CHOH)), 4.0 (m,
3J(H,H) =4.0 Hz, 3J(H,H) =5.1 Hz, 3J(H,H) = 5.5, 1H; CHOH), 2.8 ppm
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(m, 2H; CH2Ph); 13C NMR (75 MHz, D2O, 25 8C): d=213.7 (CO), 140.5
(C quat), 131.9 (C ar), 131.1 (C ar), 129.1 (C ar), 79.8 (CHOH), 75.4
(CHOH), 71.0 (CH2OP), 40.1 ppm (CH2).


(3R,4S)-5-O-Benzyl-1-O-phosphonopent-2-ulose disodium salt ((4S)-19):
The title compound was prepared according to the general procedure de-
scribed above. HPLC: k’=4.6. 1H NMR (300 MHz, D2O, 25 8C): d =7.2
(m, 5H; Ph), 4.5 (m, 2H; CH2OP), 4.4 (s, 2H; CH2Ph), 4.3 (d, 3J(H,H) =


1.8 Hz, 1H; CHOH), 4.1 (m, 3J(H,H) = 2.2 Hz, 3J(H,H) = 5.5 Hz, 1 H;
CHOH), 3.5 ppm (m, 2H; CH2O); 13C NMR (75 MHz, D2O, 25 8C): d=


212.9 (CO), 139.5 (C quat), 131.1 (C ar), 130.9 (C ar), 130.7 (C ar), 78.1,
75.5, 72.6, 72.1, 70.6 ppm (CH and CH2); 1H NMR (300 MHz,
[D6]DMSO, 25 8C): d= 7.2 (m, 5H; Ph), 4.8 (dd, 3J(H,H) =6.9, 3J(H,H) =


18.3 Hz, 2H; CH2OP), 4.5 (s, 2 H; CH2Ph), 4.1 (d, 3J(H,H) =1.8 Hz, 1 H;
CHOH), 3.9 ppm (dt, 3J(H,H) =6, 3J(H,H) =9.3 Hz, 1H; CH2O); 13C
NMR (75 MHz, [D6]DMSO, 25 8C): d=207.8 (CO), 138.5 (C quat), 128.3
(C ar), 127.5 (C ar), 127.4 (C ar), 76.1, 72.2, 70.4, 70.3, 69.1 ppm (CH and
CH2).


(3R,4R)-5-O-Benzyl-1-O-phosphonopent-2-ulose disodium salt ((4R)-
19): The title compound was prepared according to the general procedure
described above. HPLC: k’=4.3. 1H NMR (300 MHz, D2O, 25 8C): d=


7.2 (m, 5H; Ph), 4.5 (m, 2 H; CH2OP), 4.4 (s, 2 H; CH2Ph), 4.3 (d,
3J(H,H) =1.5 Hz, 1 H; CHOH), 4.0 (m, 3J(H,H) =5.1 Hz, 1 H; CHOH),
3.4 ppm (m, 2H; CH2O); 13C NMR (75 MHz, D2O, 25 8C): d =212.9
(CO), 139.5 (C quat), 131.1 (C ar), 130.9 (C ar), 130.7 (C ar), 78.1, 75.5,
72.7, 71.7, 71.0 ppm (CH and CH2).
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Generation and Reactions of Ruthenium Phosphido Complexes [(h5-
C5H5)Ru(PR’3)2(PR2)]: Remarkably High Phosphorus Basicities and
Applications as Ligands for Palladium-Catalyzed Suzuki Cross-Coupling
Reactions


Jos� Giner Planas,[a, b] Frank Hampel,[a] and J. A. Gladysz*[a]


Introduction


Transition-metal phosphine complexes catalyze a variety of
carbon�carbon bond-forming reactions. In recent years, the
activities of many palladium/phosphine systems used for
such transformations have been improved by employing
bulkier and/or more electron-rich phosphines.[1,2] Our group
has sought to develop phosphorus donor ligands which fea-
ture a bulky 18-valence-electron transition-metal center a or


b to the phosphorus atom that would not directly participate
in the bond-breaking/making steps of the catalytic cycle.[3–8]


Such systems are much more basic and nucleophilic than or-
ganophosphines that lack the metal[8,9] owing to the repul-
sive interactions between occupied orbitals,[8–11] which are
most pronounced in a-substituted or LnMPR2 systems
(metal lone pair/phosphorus lone pair).[12]


We first tested this design principle with the rhenium(i)
phosphido complexes [(h5-C5R5)Re(NO)(PPh3)(PR2)] (I,
Scheme 1), which from previous studies are known to be
very electron-rich.[8,9] When combined with Pd(OAc)2 in tol-
uene under standard Buchwald conditions,[1a,k] highly active
catalysts for Suzuki–Miyaura cross-coupling reactions[13]


were obtained.[3,4] The complex with R= tBu gave a particu-
larly active catalyst—close to, but not exceeding, that ob-
tained with the benchmark organophosphine PtBu3.


[1b] Com-
plexes with the rhenium b to the phosphorus atom, either in
ReCH2PR2 or (h5-C5H4PR2)Re moieties, are less electron-
rich and gave less active catalysts.


[a] Dr. J. Giner Planas, Dr. F. Hampel, Prof. Dr. J. A. Gladysz
Institut f�r Organische Chemie
Friedrich-Alexander-Universit�t Erlangen-N�rnberg
Henkestrasse 42, 91054 Erlangen (Germany)
Fax (+49) 9131-852-6865
E-mail : gladysz@organik.uni-erlangen.de


[b] Dr. J. Giner Planas
Current address: Institut de Ci�ncia de Materials de Barcelona
(CSIC)
Campus de la U.A.B., 08193 Bellaterra (Spain)


Abstract: Reactions of [(h5-
C5H5)Ru(PR’3)2(Cl)] with NaBArF


[BArF
�=B{3,5-[C6H3(CF3)2]}4


� ; PR’3 =


PEt3 or 1=2Et2PCH2CH2PEt2 (depe)]
and PR2H (R= Ph, a ; tBu, b ; Cy, c) in
C6H5F, or of related cationic Ru(N2)
complexes with PR2H in C6H5F, gave
the secondary phosphine complexes
[(h5-C5H5)Ru(PR’3)2(PR2H)]+ BArF


�


(PR’3 = PEt3, 3 a–c ; 1=2depe, 4 a,b) in
65–91 % yields. Additions of tBuOK
(3 a, 4 a ; [D6]acetone) or NaN(SiMe3)2


(3 b,c, 4 b ; [D8]THF) gave the title com-
plexes [(h5-C5H5)Ru(PEt3)2(PR2)] (5 a–
c) and [(h5-C5H5)Ru(depe)(PR2)]
(6 a,b) in high spectroscopic yields.
These complexes were rapidly oxidized


in air; with 5 a, [(h5-C5H5)Ru-
(PEt3)2{P(=O)Ph2}] was isolated
(>99 %). The reaction of 5 a and ele-
mental selenium yielded [(h5-
C5H5)Ru(PEt3)2{P(=Se)Ph2}] (70 %);
selenides from 5 c and 6 a were charac-
terized in situ. Competitive deprotona-
tion reactions showed that 5 a is more
basic than the rhenium analog [(h5-
C5H5)Re(NO)(PPh3)(PPh2)], and that
6 b is more basic than PtBu3 and


P(iPrNCH2CH2)3N. The latter is one of
the most basic trivalent phosphorus
compounds [pKa(acetonitrile) 33.6].
Complexes 5 a–c and 6 b are effective
ligands for Pd(OAc)2-catalyzed Suzuki
coupling reactions: 6 b gave a catalyst
nearly as active as the benchmark orga-
nophosphine PtBu3; 5 a, with a less
bulky and electron-rich PR2 moiety,
gave a less active catalyst. The reaction
of 5 a and [(h3-C3H5)Pd(NCPh)2]


+ BF4
�


gave the bridging phosphido complex
[(h5-C5H5)Ru(PEt3)2(PPh2)Pd(NCPh)-
(h3-C3H5)]+ BArF


� in approximately
90 % purity. The crystal structure of 4 a
is described, as well as substitution re-
actions of 3 b and 4 b.


Keywords: basicity · palladium ·
phosphido complexes · phosphine
selenide · ruthenium · Suzuki reac-
tion
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We therefore sought phosphido complexes that would be
still more electron-rich than the rhenium systems I. As illus-
trated in Scheme 1, one obvious approach would be to re-
place the strongly p-accepting NO ligand with a good donor
ligand. Since this would in most cases entail the loss of one
valence electron, a metal with an additional valence elec-
tron—such as, from group
eight—would be needed to
compensate. Accordingly, our
attention was drawn to ruthe-
nium(ii) systems of the type
[(h5-C5R5)Ru(PR’3)2(PR2)] (II).
Complexes of the formula [(h5-
C5R5)Ru(PR’3)2(X)] have an ex-
tensive chemistry,[14] and many
derivatives with chiral diphos-
phines have been prepared in
an enantiomerically pure
form.[15] However, phosphido
complexes such as II were un-
known.[16]


We envisioned that the target
complexes II could be accessed
by deprotonation of the corre-
sponding cationic secondary
phosphine complexes, as demonstrated for the rhenium ho-
mologues. Herein, we report 1) convenient syntheses of
such ruthenium secondary phosphine complexes, 2) their de-
protonation to highly reactive phosphido complexes II,
which have been characterized in situ, 3) facile reactions of
II with oxygen and selenium to give [Ru{P(=X)R2}] species,
4) proton transfer experiments and NMR data that show II
to be among the very strongest trivalent phosphorus Brønst-
ed bases found to date, 5) the generation of highly active
catalysts for Suzuki–Miyaura couplings[13] from II and palla-
dium precursors, and 6) efforts to isolate well-defined palla-
dium complexes of II. A portion of this work has already
been communicated.[5]


Results


Syntheses of secondary phosphine complexes : At the outset
of this study, we were concerned that at least some of the
target secondary phosphine complexes based upon II would
be very sterically congested, and therefore difficult to syn-
thesize. Thus, our attention was drawn to the dinitrogen
complexes [{(h5-C5H5)Ru(PEt3)2}2(m-N2)]2+ 2 BArF


� (1) and


[(h5-C5H5)Ru(depe)(N2)]+ BArF
� (2) {where BArF


�=B[3,5-
(C6H3(CF3)2)]4


� and depe= Et2PCH2CH2PEt2}.
[17] These


complexes can easily be prepared by reactions of the corre-
sponding chloride complexes [(h5-C5H5)Ru(PR’3)2(Cl)] with
NaBArF under dinitrogen in the nonpolar, noncoordinating
solvent C6H5F. The dinitrogen ligands are readily displaced
by a variety of weak donor ligands.


Reactions of the diruthenium complex 1 and secondary
phosphines PR2H (R= Ph, a ; tBu, b ; Cy, c) gave the secon-
dary phosphine complexes [(h5-C5H5)Ru(PEt3)2(PR2H)]+


BArF
� (3 a–c) in 65–78 % yields. Analogous reactions with


the monoruthenium complex 2 afforded [(h5-C5H5)Ru(de-
pe)(PR2H)]+ BArF


� (4 a,b) in 70–72 % yields (Scheme 2).
However, as we gained more experience with these com-
plexes, more efficient syntheses could be realized. As shown


in Scheme 2, direct, one-pot reactions of the chloride com-
plexes [(h5-C5H5)Ru(PR’3)2(Cl)], NaBArF, and PR2H in
C6H5F gave 3 a,b and 4 b in higher yields (80–91 %).


The secondary phosphine complexes 3 a–c and 4 a,b were
air-stable, conveniently handled yellow or salmon powders.
They were characterized by NMR (1H, 13C, 31P) spectrosco-
py and microanalyses, as summarized in the Experimental
Section and Tables 1 and 2. The 31P NMR spectra exhibited
typical AX2 patterns arising from the secondary and two
equivalent tertiary phosphine ligands (2J(P,P) =31–42 Hz).
The 1H NMR spectra showed diagnostic doublets of triplets
for the PH signals, with 1J(H,P) values ranging from 316 to
353 Hz and 3J(H,P) values from 2 to 5 Hz. A few other cy-
clopentadienyl ruthenium tris(phosphine) complexes that
contain at least one secondary phosphine ligand have been
reported,[19] and these exhibit slightly higher 1J(H,P) values
(357–370 Hz).


The crystal structure of 4 a was determined as summarized
in Table 3 and the Experimental Section. Figure 1 depicts
the structure of the cation, and lists key bond lengths and
angles. The complex adopts a standard piano-stool geome-
try, with the bond lengths and angles about ruthenium simi-
lar to those in several other structurally characterized cyclo-


Scheme 1. Design of highly electron-rich ruthenium-containing phospho-
rus donor ligands.


Scheme 2. Syntheses of ruthenium secondary phosphine complexes.
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pentadienyl ruthenium tris(phosphine) complexes.[17,19, 20]


The coordination environment about the ruthenium atom is
obviously congested, and some consequences of this with re-
spect to its reactivity are described below.


Generation of phosphido complexes : Deprotonation reac-
tions of the secondary phosphine complexes were studied in
NMR tubes. As shown in Scheme 3, [D6]acetone solutions
of the diphenylphosphine complexes 3 a and 4 a were treated
with 1.0–1.1 equivalents of tBuOK (pKa(H2O) tBuOH=


19.2).[21] The samples turned bright orange, and the 1H and
31P NMR spectra were consistent with the formation of the
target phosphido complexes [(h5-C5H5)Ru(PEt3)2(PPh2)]
(5 a ; 93 % conversion) and [(h5-C5H5)Ru(depe)(PPh2)] (6 a ;
90 % conversion). Key NMR data are summarized in
Table 1 and the Experimental Section. Both complexes


could be similarly generated in toluene, under which condi-
tions the byproduct KBArF precipitated. The dialkylphos-
phine complexes 3 b,c and 4 b did not react with tBuOK
under any conditions.


Table 1. Key NMR data for [(h5-C5H5)Ru(PEt3)2(X)]n+ (entries 1–10)
and [(h5-C5H5)Ru(depe)(X)]n+ (entries 11–17) complexes.[a]


Entry X 31P{1H} NMR 1H NMR
d(X) d(2PEt3 or


depe)


2J(P,P) d(C5H5)


[ppm][b] [ppm][c] [Hz] [ppm]


1 PPh2H (3a) 41.1[d] 28.0[d] 42.0 5.43[d]


2 PPh2 (5a) 11.8[d,e] 30.4[d,e] 5.0 4.63[d]


3 P(=O)Ph2 (7 a) 78.3[d] 34.3[d] 50.1 4.87[d]


4 P(=Se)Ph2 (9a) 43.3[d] 26.8[d] 40.5[f] 4.71[d]


5 PtBu2H (3b) 71.9[g] 19.0[g] 34.0 5.14[g]


79.2[d] 20.8[d] – 5.24[d]


6 PtBu2 (5b) 88.0[e,g] 23.7[g] 4.0 4.77[g]


7 PCy2H (3c) 50.7[g] 27.9[g] 38.8 5.17[g]


49.8[d] 27.9[d] – 5.28[d]


8 PCy2 (5c) 29.0[g,h] 28.9[g,h] –[i] 4.67[g]


9 P(=O)Cy2 (7c) 108.3[g] 34.3[g] 45.1 4.85[g]


10 P(=Se)Cy2 (9c) 57.3[g] 25.7[g] 36.5[f] 4.78[g]


11 PPh2H (4a) 38.2[d] 75.1[d] 39.0 5.40[d]


12 PPh2 (6a) 7.2[d,h] 74.8[d,h] –[i] 4.63[d]


13 P(=O)Ph2 (8 a) 92.4[d] 80.5[d] 49.2 5.40[d]


14 P(=Se)Ph2 (10a) 44.9[d] 74.2[d] 38.0[f] 4.56[d]


15 PtBu2H (4b) 80.9[g] 62.4[g] 31.4 5.07[g]


82.3[d] 64.2[d] – 5.18[d]


16 PtBu2 (6b) 84.6[g,h] 64.6[g,h] –[i] 4.73[g]


17 P(=O)tBu2 (8b) 138.3[g] 64.3[g] 38.2 4.83[g]


[a] Conditions are given in the Experimental Section. [b] Triplet unless
noted. [c] Doublet unless noted. [d] Data from [D6]acetone. [e] Broad
signal. [f] The 1J(P,Se) value for the selenium satellite associated with this
signal is given in Table 2 (77Se=7.58 %). [g] Data from [D8]THF.
[h] Broad singlet. [i] Not resolved.


Table 2. Comparison of the 1J(P,X) coupling constants of organophos-
phine compounds and ruthenium phosphorus complexes.


Compound 1J(P,H) [Hz] Compound 1J(P,Se) [Hz]


[HPPh3]
+ FSO3


� 510[a] Se=PPh3 729[b]


[HPtBu3]
+ BF4


� 436[c] Se=PtBu3 711.6[d]


3a 352.9 9a 520.0
4a 350.5 10a 511.5
3c 327.7 9c 507.9
4b 318.9 – –
3b 316.5 – –


[a] See ref. [18]. [b] See ref. [25]. [c] See ref. [24b]. [d] See ref. [27].


Table 3. Summary of the crystallographic data for 4a.


molecular formula C59H52BF24P3Ru
molecular weight 1421.80
temp. of collection [K] 173(2)
diffractometer KappaCCD
radiation [�] MoKa


crystal system monoclinic
space group Cc
unit cell dimensions:
a [�] 23.1246(5)
b [�] 12.6360(3)
c [�] 22.3980(4)
a [8] 90.0
b [8] 113.542(1)
g [8] 90.0
V [�3] 6000.0(2)
Z 4
1calcd [gcm�3] 1.574
m [mm�1] 0.455
crystal dimensions [mm] 0.45 � 0.30 � 0.30
q range [8] 1.92�q�27.48
range/indices (h, k, l) �29, 30; �15, 16; �29, 29
no. of reflections 11095
no. of unique data 10375
no. of observed data 11089 [I>2s(I)]
no. refined parameters 794
refinement least-squares on F2


Rint 0.0055
R indices [I>2s(I)] R1 =0.0407


wR2 =0.1073
R indices (all data) R1 =0.0445


wR2 =0.1104
goodness of fit 1.035
largest diff. peak, hole [e ��3] 0.755/�0.540


Figure 1. Structure of the cation of 4a. Key bond lengths [�] and bond
angles [8]: Ru�P1 2.2871(10), Ru�P2 2.2933(11), Ru�P3 2.2867(10), Ru�
C11 2.240(5), Ru�C12 2.233(4), Ru�C13 2.236(5), Ru�C14 2.241(4), Ru�
C15 2.244(5), P3-Ru-P1 98.86(4), P3-Ru-P2 94.36(4), P1-Ru-P2 81.72(4).
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However, when the stronger base NaN(SiMe3)2


(pKa(THF) HN(SiMe3)2 =25.8;[22] 1.1–1.5 equiv) was added
to [D8]THF solutions of 3 b,c and 4 b, high conversions to
the phosphido complexes 5 b (80 %), 5 c (95%), and 6 b
(90 %) were achieved.[5] Deprotonation reactions could also
be effected with nBuLi. The 1H and 31P NMR spectra of 5 c
did not vary significantly in the temperature range of �90 to
55 8C, and the 31P NMR signals of 6 b showed broadening
only at �100 8C. Attempts to isolate 5 a–c and 6 a,b always
gave some of the corresponding phosphine oxide, traces of
which were routinely detected in the NMR samples. Prepa-
rative oxidation reactions are detailed below.


The NMR data for 5 a–c and 6 a,b exhibited several con-
spicuous trends. First, the cyclopentadienyl 1H signals were
0.5–0.8 ppm upfield from those of the cationic precursors
3 a–c and 4 a,b. Second, the RuPR2


31P signals were 20–
30 ppm upfield of the RuPR2H signals of 3 a–c and 4 a,b.
Thirdly, the 2J(P,P) values were much lower than those of
3 a–c and 4 a,b (<5 versus 31–42 Hz). Owing to the some-
what broad peaks, they were often too small to measure.
Analogous coupling trends have been noted for secondary
phosphine and phosphido complexes of other metal frag-
ments and were attributed to higher p character in the
metal�phosphorus bonds of the phosphido complexes.[23]


Oxidation reactions of phosphido complexes : When air was
deliberately added to the phosphido complexes, oxidation
reactions were completed within seconds. Compound 5 a
gave the oxide [(h5-C5H5)Ru(PEt3)2{P(=O)Ph2}] (7 a) in
>99 % yield after workup (Scheme 4). The 31P NMR signal


of the P(=O)Ph2 group of 7 a was 67 ppm downfield from
that of the PPh2 group in 5 a, which is a typical shift for this
functional transformation,[9] and the mass spectrum showed
a strong molecular ion. Complexes 5 c and 6 a,b were treated
with substoichiometric amounts of oxygen, and were partial-
ly converted to the oxides [(h5-C5H5)Ru(PEt3)2{P(=O)Cy2}]
(7 c) and [(h5-C5H5)Ru(depe){P(=O)R2}] (R=Ph, 8 a ; tBu,
8 b). These complexes were characterized in situ by NMR
spectroscopy and the data are summarized in Table 1.


Phosphine selenides have been extensively reported in the
literature,[24] including efforts to correlate the NMR coupling
constants 1J(31P,77Se) (henceforth 1J(P,Se)) with the basicities
of the corresponding phosphines.[25] Thus, a slight excess of
black selenium powder was added to an NMR tube contain-
ing 5 a. After 3 h, the NMR spectra showed complete con-
version to a 94:6 mixture of the selenide [(h5-C5H5)Ru-
(PEt3)2{P(=Se)Ph2}] (9 a) and 7 a. A preparative reaction
gave 9 a in 70 % yield. Interestingly, most tertiary phos-
phines require at least 20 h in refluxing chloroform or tolu-
ene for complete reaction.[26] Similar experiments with 5 c
and 6 a gave the corresponding selenides [(h5-C5H5)Ru-
(PEt3)2{P(=Se)Cy2}] (9 c) and [(h5-C5H5)Ru(depe){P
(=Se)Ph2}] (10 a). However, these transformations were ac-
companied by side-reactions, including some reprotonation
to 3 c and 4 a. Hence, the products were only characterized
in situ by NMR spectroscopy and the data are summarized
in Table 1 and Table 2. Sometimes bulkier phosphines react
with selenium much less efficiently.[25]


As summarized in Table 2, the 1J(P,Se) values associated
with these complexes, 520–508 Hz, are much lower than
those of organophosphine selenides, including those derived
from bulky, electron-rich phosphines such as Se=PtBu3


(711.6 Hz).[27] The 1J(H,P) values of the secondary phos-
phine complexes exhibit parallel trends. This suggests that
the fraction of p character in the phosphorus orbital of the
P�Se and P�H bonds is much higher than normal. Hence,
as will be discussed further in the discussion section, 5 a–c
and 6 a,b should be much more basic than most other types
of trivalent phosphorus compounds.


Relative Brønsted basicities : We sought to verify the pro-
posal in Scheme 1 regarding the relative basicities of rheni-
um and ruthenium phosphido complexes I and II. Thus, an
NMR tube was charged with a 1:1 mixture of rhenium and
ruthenium secondary phosphine complexes [(h5-C5H5)Re-
(NO)(PPh3)(PPh2H)]+ TfO�[3,4] and 3 a, and 1.0 equivalents
of tBuOK in [D6]acetone was added. The NMR spectra
showed the complete conversion of the former to the rheni-
um phosphido complex [(h5-C5H5)Re(NO)(PPh3)(PPh2)],[8]


and no reaction of 3 a. Hence, 5 a has a much higher Brønst-
ed basicity than its rhenium counterpart, and the equilibri-
um shown in Scheme 5 (top) can be formulated.[28]


We sought a comparison with the benchmark organophos-
phine, PtBu3. The acidity of the [HPtBu3]


+ ion has been ex-
tensively studied and pKa(H2O), pKa(THF), and pKa(aceto-
nitrile) values of 11.4, 10.7, and 17.0 have been reported.[29]


Thus, an NMR tube was similarly charged with a 1:1 mixture


Scheme 3. Generation of ruthenium phosphido complexes.


Scheme 4. Representative oxidations of ruthenium phosphido complexes.
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of 4 b and [HPtBu3]
+ BF4


� ,[30] and 1.0 equivalent of NaN-
(SiMe3)2 in [D8]THF was added. The NMR spectra showed
the complete deprotonation of [HPtBu3]


+ BF4
� and no reac-


tion of 4 b. Hence, the di(tert-butyl)phosphido complex 6 b
has a much higher Brønsted basicity than PtBu3, as illustrat-
ed in the equilibrium shown in Scheme 5 (middle). We pre-
sume that the other phosphido complexes are similarly
more basic than the analogous organophosphines PCy3 and
PPh3 (pKa(H2O) and pKa(THF) for [HPPh3]


+ , 2.7 and 3).[29]


To better bound the basicity of 6 b, one of the most basic
trivalent phosphorus compounds, Verkade�s proazaphospha-
trane superbase P(iPrNCH2CH2)3N, was employed.[31] As
shown in Scheme 5 (middle), the conjugate acid of this spe-
cies features a pentacoordinate phosphorus atom and a
pKa(acetonitrile) value of 33.6 has been measured.[32] An
NMR tube was charged with a 1:1 mixture of 4 b and
P(iPrNCH2CH2)3N, and THF was added. No reaction was
observed by 31P NMR spectroscopy. An analogous experi-
ment was conducted in [D3]acetonitrile. The 1H and 31P
NMR spectra showed that 4 b had undergone an isotope ex-
change to give the RuPD species [D1]-4 b, but no 6 b was de-
tected. However, the proazaphosphatrane underwent about
30 % conversion to the deuteriated cation
[DP(iPrNCH2CH2)3N]+ .


To substantiate the apparent lack of reactions, the equili-
brium was approached from the opposite direction. Thus, a
THF solution of 6 b was generated and treated with the pro-
tonated proazaphosphatrane [HP(iPrNCH2CH2)3N]+ Cl� .
The 31P NMR spectrum showed complete conversion to 4 b
and the proazaphosphatrane. Hence, 6 b is clearly a stronger
Brønsted base than P(iPrNCH2CH2)3N. Similar data were
obtained with the di(cyclohexyl)phosphido complex 5 c.
However, when P(iPrNCH2CH2)3N was added to a [D6]ace-
tone solution of 3 a, complete deprotonation to the diphe-
nylphosphido complex 5 a occurred. Therefore, as illustrated
by the equilibrium in Scheme 5 (bottom),
P(iPrNCH2CH2)3N is a stronger Brønsted base than 5 a (and
presumably 6 a).


Ligand substitution : Whilst characterizing the secondary
phosphine complexes, some unexpected substitution reac-
tions were encountered. For instance, 3 b was dissolved in
[D3]acetonitrile, as shown in Scheme 6 (top). Over the
course of 3 h, the 1H and 31P NMR spectra showed complete
conversion to the acetonitrile complex [(h5-C5H5)Ru-


Scheme 5. Proton transfer equilibria.


Scheme 6. Representative substitution reactions of ruthenium secondary
phosphine complexes.
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(PEt3)2(NCCD3)]+ BArF
� ([D3]-3’) and the free phosphine


PtBu2H. An authentic sample of 3’ was isolated from the re-
action of the chloride complex [(h5-C5H5)Ru(PEt3)2(Cl)],
NaBArF, and acetonitrile in C6H5F (Scheme 6, bottom).[33]


When 3 b and 4.5 equivalents of acetonitrile were combined
in ClCD2CD2Cl, complete conversion to 3’ and PtBu2H also
occurred. This indicates an equilibrium constant greater
than 1.


However, when the depe chelate 4 b was dissolved in
[D3]acetonitrile (Scheme 6, top), only partial substitution oc-
curred to give a 77:23 4 b/[D3]-4’ equilibrium mixture. From
the concentration data (see Experimental Section), an equi-


librium constant of 10�4 could
be calculated. The differences
in behavior can be rationalized
by the greater effective size of
the two PEt3 ligands in 3 b rela-
tive to depe in 4 b. The phenyl-
and cyclohexyl-substituted sec-
ondary phosphine complexes
3 a,c and 4 a were not observed
to react in [D3]acetonitrile so-
lution. Note that the PPh2H li-
gands that would be displaced


from 3 a and 4 a are less basic than the PtBu2H displaced
from 3 b and 4 b.[24b] This further indicates that substitution is
largely driven by steric factors.


Suzuki coupling reactions : Screening experiments were con-
ducted under conditions similar to those developed by
Buchwald and co-workers, as summarized in Scheme 7.[1a]


Toluene suspensions of 3 a–c or 4 b were treated with either
a THF solution of tBuOK (3 a) or a toluene solution of
NaN(SiMe3)2 (3 b,c, 4 b) to generate the phosphido com-
plexes 5 a–c and 6 b (2 or 4 mol %). To better match the con-
ditions of a previous paper,[3,4] twice the amount of base


Scheme 7. Conditions for Suzuki couplings.


Table 4. Data for Suzuki coupling reactions under the conditions shown in Scheme 7: conversion [%] of aryl bromides and (in parentheses) yield [%] of
biaryl after specified reaction times [h].


Entry R Ligand[a] Pd Conversion [%] (yield [%]) after specified reaction time [h]
(mol %) (mol %) 0.25 0.5 1 2 4 8 24 48


1 H 5 a Pd(OAc)2 27 42 55 73 88 93 96 96
(2) (1) (21) (33) (46) (63) (79) (88) (93) (95)


2 H 5 a Pd(OAc)2 43 59 70 84 90 93 95 97
(4) (1) (33) (48) (58) (73) (81) (83) (88) (91)


3 H 5 a [Pd2(dba)3] 37 48 60 67 72 78 87 92
(2) (0.5) (30) (38) (47) (56) (65) (73) (85) (86)


4 H 5 a [Pd2(dba)3] 39 51 62 71 74 78 83 84
(4) (0.5) (30) (42) (53) (63) (66) (71) (76) (76)


5 H 5 b Pd(OAc)2 49 81 100 100
(2) (1) (48) (80) (94) (96)


6 H 5 c Pd(OAc)2 56 77 96 100
(2) (1) (52) (74) (92) (97)


7 H 5 c Pd(OAc)2 59 82 99 100
(4) (1) (55) (79) (97) (100)


8 H 6 b Pd(OAc)2 71 93 100
(2) (1) (66) (88) (95)


9 H none Pd(OAc)2 23 30 35 45 49 56 60 63
(1) (17) (27) (32) (38) (44) (51) (54) (59)


10 H PPh3 Pd(OAc)2 67 85 98 100
(4) (1) (50) (81) (92) (92)


11 H PtBu3 Pd(OAc)2 88 96 98 100
(4) (1) (87) (95) (97) (97)


12 H3CO 5 a Pd(OAc)2 6 13 26 46 61 68 75
(2) (1) (9) (12) (20) (34) (48) (50) (55)


13 H3C 5 a Pd(OAc)2 12 15 21 28 42 64 78
(2) (1) (9) (12) (16) (22) (35) (54) (68)


14 H3C 5 a Pd(OAc)2 21 34 49 70 87 93 94
(4) (1) (15) (24) (36) (54) (68) (72) (75)


15 H3C(O)C 5 a Pd(OAc)2 53 72 86 96 100
(2) (1) (50) (62) (73) (80) (90)


16 H3C(O)C 5 a Pd(OAc)2 29 39 55 66 79 89 100
(4) (1) (29) (38) (46) (61) (70) (76) (84)


[a] Generated in situ from the conjugate acid as described in the text, except in the case of PPh3.
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used in Scheme 3 was employed (e.g., 4 or 8 mol %). Then
Pd(OAc)2 was added (1 mol %), followed by phenylboronic
acid (1.5 equiv), the boron-activating base K3PO4


(2.0 equiv), bromobenzene (1.0 equiv), and an internal stan-
dard. The standard allowed the consumption of bromoben-
zene and the formation of biphenyl to be continuously
monitored by GC. All reactions were carried out at 80 8C.


The first experiments were conducted with 2.0 mol % of
the phosphido ligand. The data are summarized in entries 1,
5, 6, and 8 of Table 4 and graphically in Figure 2. In all
cases, the bromobenzene conversion was close to the yield


of biphenyl, which reached 95–97 %. There was no evidence
for any appreciable homocoupling of the boronic acid.[13c,d]


The catalysts derived from the tert-butyl- and cyclohexyl-
substituted phosphido complexes 5 b,c were distinctly more
reactive than that derived from the less bulky and electron-
rich phenyl-substituted 5 a. The tert-butyl-substituted depe
complex 6 b gave a still more active catalyst. When no
ligand was present, the rate decreased dramatically and only
partial conversion proved possible (Table 4, entry 9).


Additional experiments were conducted with 4.0 mol % of
the phosphido ligands (Table 4, entries 2 and 7). This had
only a modest effect with 5 a, and none at all with 5 c. These
conditions are strictly comparable to those used with PPh3,
PtBu3, and the rhenium phosphido complexes I in previous
work.[3,4] The data for the organophosphines are given in en-
tries 10 and 11 in Table 4. Disregarding minor differences
due to ligand loading, the following conclusions emerge.
First, phenyl-substituted 5 a gives a slightly more active cata-
lyst than the rhenium analogue. Second, the tert-butyl-sub-
stituted lead ligand 6 b affords a catalyst nearly as active as
the rhenium analog. Third, phenyl-substituted 5 a gives a
less active catalyst than PPh3, and tert-butyl-substituted 5 b
and 6 b give less active catalysts than PtBu3, although the
difference in the last case is slight. Hence, catalyst activities
do not parallel the basicity strengths established for the vari-
ous classes of trivalent phosphorus compounds in Scheme 5.


As summarized in entries 12–16 of Table 4, Suzuki cou-
pling reactions of substituted aryl bromides were also exam-


ined. Electron-withdrawing groups are commonly activating,
and electron-donating groups deactivating. These trends are
apparent from the data. Under analogous conditions, chloro-
benzene gave only very low yields of biphenyl (5–12 % after
48 h with 5 c or 6 b). As shown in entries 3 and 4 in Table 4,
[Pd2(dba)3] (where dba=dibenzylideneacetone) was also in-
vestigated as a palladium source; however, there was no sig-
nificant improvement in yield or conversion compared to
the reactions with Pd(OAc)2. Finally, scouting experiments
were conducted under conditions popularized by Fu and co-
workers (0.5:1 [Pd2(dba)3]/5 a, KF in place of K3PO4, THF,
60 8C).[1b] After 96 h, the conversion of bromobenzene and
yield of biphenyl were only 55 and 40 %, respectively.


We wondered whether the extraordinary basicities of the
phosphido complexes and the appreciable acidity of phenyl-
boronic acid (pKa(H2O)=8.8)[34] might lead to complica-
tions. Indeed, when a toluene solution of 5 a was added to
solid phenylboronic acid, rapid proton transfer occurred to
give 3 a. However, when Pd(OAc)2 was added first, as in the
above procedures, no 3 a was detected, nor were other
proton transfer phenomena apparent.


Complexes with RuPR2Pd linkages : We sought to enhance
the activities of the ruthenium/palladium catalyst systems.
One limiting factor may be the efficiency with which the
catalytic cycle is entered. In other words, is all of the ligand
or metal used, or just a portion? In an effort to eliminate
the need for substitution at palladium, we set out to prepare
palladium adducts of the ruthenium phosphido complexes.
Many p-allyl complexes of the type [(h3-C3H5)Pd(Cl)(L)]
have been synthesized[35] that can react with tBuOK to give
low-coordinate PdL species with high catalytic activities.[36]


In a standard approach to such species, the phosphido com-
plex 5 a and [{(h3-C3H5)Pd(m-Cl)}2] were combined. Howev-
er, as shown in Scheme 8 (top), complex mixtures of prod-
ucts were formed. Similar observations have sometimes
been reported by others.[37]


We speculated that a monomeric, cationic p-allyl complex
with a labile two-electron-donor ligand might give cleaner
substitution. Thus, the bis(benzonitrile) complex [(h3-
C3H5)Pd(NCPh)2]


+ BF4
�[38] and 5 a were combined at


�50 8C. As shown in Scheme 8 (middle), workup gave a
high yield of a brown oil that was a 90:10 mixture of the
target complex [(h5-C5H5)Ru(PEt3)2(PPh2)Pd(NCPh)(h3-
C3H5)]+ BArF


� (11) and another species 12 identified below.
The 1H NMR spectrum of 11 showed signals indicative of
the cyclopentadienyl, benzonitrile, PEt3, and p-allyl ligands,
as well as the anion BArF


� (present from the generation of
5 a). The 31P NMR spectrum exhibited an AMX pattern con-
sistent with a lack of symmetry and a downfield PPh2 signal
typical of bridging phosphido complexes (d= 209.8 ppm).[39]


However, all efforts to further purify 11 were unsuccess-
ful.[40]


Hence, a third approach to bridging RuPR2Pd species was
investigated. The cyclopentadienyl p-allyl complex [(h5-
C5H5)Pd(h3-C3H5)] and many phosphines react to give palla-
dium bis(phosphine) complexes Pd(PR3)2.


[41] Thus, 5 a was


Figure 2. Plots of bromobenzene conversion (%) for entries 1, 5, 6, 8, and
9 of Table 4.
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added to [(h5-C5H5)Pd(h3-C3H5)] under various conditions.
In no case was an adduct cleanly generated. However, when
the sequence was carried out in toluene/THF, (E)-[(h5-
C5H5)Ru(PEt3)2(PPh2CH=CHCH3)]+ BArF


� (12)—the by-
product obtained in the previous reaction—was isolated in
40 % yield (Scheme 8, bottom). The structural assignment
was supported by a strong ion for the cation in the mass
spectrum, and 1H and 13C NMR signals typical of a propenyl
moiety (see Experimental Section).[42] The 3J(C,P) value as-
sociated with the methyl 13C signal (45.2 Hz) was diagnostic
of an (E)-PCH=CHCH3 moiety.[42b] The allylation of phos-
phines by p-allyl complexes has been previously observed[37]


and C=C isomerization reactions are catalyzed by many pal-
ladium and ruthenium species. Also, vinylphosphonium salts
are normally thermodynamically more stable than allylphos-
phonium salts.[43]


Discussion


Ruthenium phosphido complexes : The title complexes II
are easily generated by the deprotonation of cationic secon-
dary phosphine complexes, as outlined in Scheme 3. Howev-
er, they are by no means the first examples of ruthenium
phosphido complexes. Two other classes, III and IV
(Scheme 9), have previously been reported.[16] The species
III and IVa feature two strongly p-accepting carbonyl li-
gands and should therefore be much less electron-rich and


basic than II. Complexes IV were, as in our study, synthe-
sized by the deprotonation of cationic RuPH compounds.
The 1J(P,H) values of IVa (388–394 Hz) are greater than
those given in Table 2, consistent with lower phosphido
complex basicities. However, those of IVb, which lacks
strongly p-accepting ligands, are much lower (198–189 Hz,
depending upon the solvent), which suggests greater basici-
ty.


Although the phosphido complexes II were generated and
reacted in situ, there remains in our opinion the possibility
that some might be isolated, at least in spectroscopically
pure form. The best candidates for this are the less electron-
rich diphenylphosphido complexes 5 a and 6 a. However,
given their high oxygen sensitivities and basicities, the most
rigorous anaerobic and protic-impurity-free conditions are
necessary. There is also the possibility that they will decom-
pose to bridging phosphido species Ru(m-PR2)nRu, especial-
ly upon concentration of the sample.[12a]


Since the complexes II were generated in situ, spectro-
scopic measurements were conducted in the presence of by-
products such as KBArF, NaBArF, tBuOH, and HN(SiMe3)2.
However, when 5 a and 6 a were prepared in toluene, KBArF


precipitates, so that only tBuOH remains. The electrophilic
portions of these byproducts can in theory interact with the
phosphorus lone pair, as illustrated by the crystal structure
of [(h5-C5H5)Re(NO)(PPh3){CH2PtBu2}] in a previous
paper.[4] This complex, in which the trivalent phosphorus is
less basic owing to the intervening methylene group, co-crys-
tallized with tBuOH to give a P···H�O hydrogen bond with
a phosphorus�hydrogen distance of 2.8–2.9 �. Hence, some
of the NMR properties of 5 a–c and 6 a,b may be affected by
such interactions.


In work currently in progress, reactions parallel to those
in Scheme 2 and Scheme 3 have been conducted with pen-
tamethylcyclopentadienyl ruthenium complexes.[44] Such an-


Scheme 8. Reactions of ruthenium phosphido complexes with palladium
complexes.


Scheme 9. Other relevant ruthenium complexes and reactions.
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alogs of phosphido complexes 5 and 6 should be even more
bulky and electron-rich. However, the pentamethylcyclopen-
tadienyl secondary phosphine complexes undergo extremely
facile ligand substitutions of the type shown in Scheme 6.
More weakly coordinating NMR solvents, such as [D6]ace-
tone, participate in such substitution reactions. Hence, al-
though the pentamethylcyclopentadienyl analog of 5 a can
be generated, there are additional complications that render
the chemistry more challenging.


Brønsted basicities of phosphido complexes : In the various
proton transfer reactions involving 5 a–c and 6 a,b, a number
of equilibrium relationships have been established
(Scheme 3 and Scheme 5 and text). First, the pKa values of
the conjugate acids of 5 a and 6 a must be less than that of
tBuOH. Secondly, those of the conjugate acids of 5 b,c and
6 b must be less than that of HN(SiMe3)2. These and other
relationships are sketched, incorporating the pKa(H2O) and/
or pKa(THF) values of HN(SiMe3)2, tBuOH, [HPtBu3]


+ ,
and [HPPh3]


+ cited earlier in the text, in the “basicity
ladder” shown in Figure 3.


The relative basicities of 5 a–c, 6 a,b, and Verkade�s proa-
zaphosphatrane superbase P(iPrNCH2CH2)3N—to our
knowledge the most basic isolable trivalent phosphorus
compound[32, 45]—are of particular interest. The equilibria in
Scheme 5 clearly show that 5 b,c and 6 b are more basic, and


that 5 a and 6 a are less basic. Unfortunately, quantitative
data for P(iPrNCH2CH2)3N are only available in acetoni-
trile, a solvent that typically gives pKa values 7–13 units
higher than H2O or THF.[45b] However, the conjugate acid
[HP(iPrNCH2CH2)3N]+ Cl� (pKa(acetonitrile)=33.6)[32] is
deprotonated by tBuOK in THF.[46] Hence, this compound
can be placed beneath tBuOH on the ladder in Figure 3.


It can also be verified from Scheme 5 that the di(tert-bu-
tyl)phosphido complex 6 b is much more basic than PtBu3,
an outcome that could have been predicted from the rela-
tionships already established with respect to tBuOH on the
ladder. From this result, we presume that the basicities of
the phosphido complexes are at least eight pKa units higher
than the corresponding organophosphines. None of our ex-
periments directly address the relative basicities of PtBu3


and the diphenylphosphido complexes 5 a and 6 a. However,
by extrapolating from the pKa(H2O) and pKa(THF) values
for [HPPh3]


+ (2.7–3),[29] a close correspondence would not
be surprising.


The situation with the rhenium phosphido complexes I is
similar. Although Scheme 5 shows that they are less basic
than the ruthenium homologues, this was also apparent
from other reactions: the conjugate acid of the di(tert-but-
yl)phosphido complex is deprotonated by tBuOK, but those
of 5 b and 6 b are not.[9] As noted in the introduction, there
is excellent evidence that the rhenium complexes are more
basic than the corresponding organophosphines.[9,12a] Thus,
the di(tert-butyl)phosphido complex can be placed between
tBuOH and [HPtBu3]


+ on the ladder, and the diphen-
ylphosphido complex can be placed between 5 a/6 a and
[HPPh3]


+ .
As noted above, 1J(H,P) and 1J(P,Se) values decrease as


the p character in the phosphorus orbital of the P�H or P�
Se bond increases. For first- and second-row atoms, in-
creased lone-pair p character is commonly associated with
greater Brønsted and Lewis basicity. Accordingly, linear cor-
relations of 1J(H,P) and 1J(P,Se) values and Brønsted basici-
ties have been found for homologous series of com-
pounds.[25] Such relationships break down when applied to
large, structurally diverse, groups of compounds. Nonethe-
less, the much lower 1J values of the ruthenium secondary
phosphine complexes and selenides in Table 2, relative to
those of derivatives of analogous organophosphines or other
types of trivalent phosphorus compounds, provide further
support for the extraordinary Brønsted basicities of the
ruthenium phosphido complexes II.


The data in Table 2 suggest that the di(cyclohexyl)phos-
phido complex 5 c is slightly less basic than the di(tert-butyl)-
phosphido complexes 5 b and 6 b, in line with the organo-
phosphines.[24b] The 1J(H,P) values for the protonated rheni-
um diphenylphosphido and di(tert-butyl)phosphido com-
plexes, 397 and 354.8 Hz,[9] are as expected greater than
those of the ruthenium analogues. The 1J(H,P) value of the
protonated proazaphosphatrane [HP(iPrNCH2CH2)3N]+ Cl�


is 497.5–501.5 Hz.[46] However, since this compound features
a hypervalent phosphorus atom, it is not strictly comparable.
Interestingly, the selenium oxidation of 6 b gives a species


Figure 3. Estimated basicity ladder for trivalent phosphorus compounds
and other bases employed in this study (PR’3 =PEt3 or 1=2depe).
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with a 1J(P,Se) value of only 285 Hz (d= 97.2 ppm), which is
to our knowledge the lowest on record. However, since this
does not correlate with the trends evident from the data in
Table 2, and the spectroscopic yield is low, it is not assigned
to a simple selenide derivative.


Catalysis and palladium adducts : Table 4 and Figure 2 show
that more bulky and/or electron-rich ruthenium phosphido
complexes give more active palladium-based catalysts for
Suzuki coupling reactions. Similar trends have been ob-
served for numerous reactions of aryl halides catalyzed by
palladium/phosphine systems.[1,2] As discussed in greater
detail in a previous paper,[4] these attributes should acceler-
ate oxidative additions to aryl�halide bonds, which are often
rate-determining. Unfortunately, the catalysts derived from
II do not surpass the activities of catalysts derived from less
bulky and electron-rich organophosphines or rhenium ana-
logues I. Possibly other steps have become rate-determining,
for which the ruthenium fragment presents less favorable
steric or electronic properties.


Another possible reason for the lower activities of the
ruthenium-containing ligands is the efficiency with which
the catalytically active palladium adduct is generated.
Hence, precursors with RuPR2Pd linkages may give better
results. As summarized in Scheme 8, attempts to isolate
well-defined complexes of this type have so far been disap-
pointing. However, these results represent only preliminary
data from a brief investigation and we remain confident that
such assemblies can be cleanly and easily accessed. For ex-
ample, it may not be necessary to first generate a phosphido
complex. As shown in Scheme 9 (bottom), a cationic ruthe-
nium secondary phosphine complex and a platinum(0) spe-
cies have been combined directly to give an adduct with a
RuPR2Pt linkage.[47] In any event, we believe that such com-
pounds have exceptional promise as catalyst precursors.


Finally, this study further validates the feasibility of incor-
porating “spectator” metal fragments into metal catalysts.[8]


This enables a wide spectrum of new architectures to be
generated, which would not be possible with traditional li-
gands, as well as unique electronic properties. Although fer-
rocenyl units are now applied ubiquitously, there are clearly
a variety of other robust metal-containing building blocks
that can be brought into play. In our initial efforts, we delib-
erately sought to avoid using a second metal with a direct
role in the catalytic cycle. However, various types of secon-
dary interactions are being increasingly recognized as criti-
cal factors in palladium-based catalysis.[1l, 2c,2f] Phosphorus
donor ligands of the types I and II offer excellent platforms
for the incorporation of numerous diversity elements and
sites for weak interactions, as will be detailed in future re-
ports.[7]


Conclusions


As a result of this study, a series of easily generated, highly
bulky, and extremely electron-rich ruthenium phosphido


complexes [(h5-C5R5)Ru(PR’3)2(PR2)] (II) are now available.
Their Brønsted basicities surpass those of all previously
characterized trivalent phosphorus compounds. As would be
expected, they are readily oxidized by O2 or selenium to the
corresponding oxides or selenides. They are also very effec-
tive ligands for palladium-catalyzed Suzuki cross-coupling
reactions with activities approaching those of benchmark or-
ganophosphines. They represent attractive building blocks
for heterobimetallic complexes and other types of potential
catalyst precursors, and broad-ranging future applications
can be anticipated.


Experimental Section


General : All manipulations were carried out under N2 unless otherwise
noted. NMR spectra were acquired on Bruker FT spectrometers at 400
(1H), 100.6 (13C), or 162 (31P) MHz and referenced to the solvent (1H: re-
sidual [D5]acetone, [D7]THF or ClCD2CDHCl; 13C: [D6]acetone or
[D8]THF)[48] or PPh3 (31P: a C6D6 solution in an internally sealed capilla-
ry, d �5.00 ppm) unless otherwise noted. When yields were derived from
area ratios of 31P NMR signals, appropriate pulse programs were used to
maximize integral accuracies (gated decoupled, 10 s delay). Other instru-
mentation was described in the previous paper.[4]


Chemicals were used as follows: hexane, THF, and toluene, distilled from
Na/benzophenone; petroleum ether, distilled from CaCl2; acetone, aceto-
nitrile, and C6H5F, distilled from P2O5; [D6]acetone, freeze–pump–thaw
degassed (� 3) and stored under N2; other deuteriated solvents, opened
and stored inside a glove box; nBuLi (1.6 m in THF, Acros), standar-
dized;[49] PEt3, depe, PPh2H, PtBu2H, PCy2H (5 � 98–99 %, Strem),
tBuOK (1.0 m in THF, Aldrich), black selenium powder (99.5 %, ABCR),
P(iPrNCH2CH2)3N (Aldrich), 4-bromoanisole, phenylboronic acid,
K3PO4 (3 � 97%, Aldrich), Pd(OAc)2 (99 %, Lancaster), [Pd2(dba)3]
(ABCR), bromobenzene, tridecane, hexadecane, biphenyl (4 � 99 %, Al-
drich), 4-bromoacetophenone (98 %, Aldrich), and chlorobenzene (99 %,
Fluka), used as received; [HPtBu3]


+ BF4
� , prepared by a literature proce-


dure.[30]


[(h5-C5H5)Ru(PEt3)2(PPh2H)]+ BArF
� (3 a):


Method A : A Schlenk flask was charged with [{(h5-C5H5)Ru(PEt3)2}2(m-
N2)]2+ 2BArF


� (1;[17] 0.988 g, 0.386 mmol) and C6H5F (5 mL), and PPh2H
(0.135 mL, 0.786 mmol) was added with stirring. The red solution turned
light orange. Within 10 min, a yellow solid started to precipitate. After
1 h, the mixture was concentrated by trap-to-trap distillation under static
vacuum, and the remaining solvent was removed with a cannula. The
solid was washed with ethanol (2 � 10 mL) and dried by oil-pump vacuum
to give 3a as a pale yellow powder (0.725 g, 0.250 mmol, 65%), m.p.
202 8C (decomp); elemental analysis calcd (%) for C61H58BF24Ru: C
50.46, H 4.03; found: C 50.49, H 3.93.


Method B : A Schlenk flask was charged with [(h5-C5H5)Ru(PEt3)2(Cl)]
(0.331 g, 0.755 mmol)[50] and C6H5F (7 mL), and NaBArF (0.671 g,
0.757 mmol)[51] was added with stirring. The orange solution turned red,
and NaCl precipitated. After 30 min, the mixture was filtered with a can-
nula into a new Schlenk flask that had been charged with PPh2H
(0.133 mL, 0.757 mmol). The solution was stirred and turned light yellow.
Within 10 min, a yellow solid started to precipitate. After 1 h, the mixture
was concentrated by trap-to-trap distillation under a static vacuum, and
the remaining solvent was removed with a cannula. The solid was washed
with petroleum ether (3 � 5 mL) and dried by oil-pump vacuum to give
3a as a pale yellow powder (0.998 g, 0.687 mmol, 91%).
1H NMR ([D6]acetone): d=7.86 (m, 4 H of PPh2), 7.80 (br s, 8H, o-BAr),
7.69 (s, 4 H, p-BAr), 7.50–7.40 (m, 6 H of PPh2), 7.06 (dt, 1J(H,P) =


352.9 Hz, 3J(H,P) =4.0 Hz, PH), 5.43 (s, C5H5), 2.0–1.8 (m, 6 PCH2),
0.99 ppm (m, 6CH3); 13C{1H} NMR ([D6]acetone): d =162.1 (q, 1J(C,B)=


50.0 Hz, i-BAr), 137.9 (br d, 1J(C,P) =46.3 Hz, i-PPh), 135.0 (br s, o-BAr),
132.6 (d, 2J(C,P) =10.1 Hz, o-PPh), 130.5 (d, 4J(C,P) =2.1 Hz, p-PPh),
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129.5 (qq, 2J(C,F)=31.5 Hz, 4J(C,F)=2.9 Hz,[52] m-BAr), 129.4 (d,
3J(C,P)=9.7 Hz, m-PPh), 124.9 (q, 1J(C,F)=271.6 Hz, CF3), 117.9 (sept,
3J(C,F)=4.0 Hz, p-BAr), 82.4 (s, C5H5), 22.5 (m, PCH2), 8.4 ppm (m,
CH3); 31P{1H} NMR ([D6]acetone): see Table 1.


[(h5-C5H5)Ru(PEt3)2{PtBu2H}]+ BArF
� (3 b):


Method A : A procedure similar to Method A used for the preparation of
3a with 1 (0.810 g, 0.316 mmol), C6H5F (5 mL), and PtBu2H (0.160 mL,
0.644 mmol) gave 3b (washed with hexane and/or toluene) as a pale
yellow powder (0.700 g, 0.495 mmol, 78%), m.p. 102–103 8C (decomp);
elemental analysis calcd (%) for C57H68BF24P3Ru: C 48.42, H 4.85;
found: C 48.45, H 4.59.


Method B : A procedure similar to Method B used for the preparation of
3a with [(h5-C5H5)Ru(PEt3)2(Cl)] (0.253 g, 0.578 mmol), C6H5F (7 mL),
and PtBu2H (0.164 mL, 0.868 mmol) gave 3b (washed with hexane and/or
toluene) as a pale yellow powder (0.735 g, 0.520 mmol, 90%).
1H NMR ([D6]acetone): d=7.80 (br s, 8H, o-BAr), 7.69 (s, 4H, p-BAr),
5.24 (s, C5H5), 4.93 (dt, 1J(H,P) =316.5 Hz, 3J(H,P) =2.4 Hz, PH), 2.3–2.0
(m, 6PCH2), 1.45 (d, 3J(H,P) =13.6 Hz, 2PC(CH3)3), 1.23 ppm (m,
6PCH2CH3); 13C{1H} NMR ([D6]acetone): d =162.1 (q, 1J(C,B)=50.0 Hz,
i-BAr), 135.0 (br s, o-BAr), 129.5 (qq, 2J(C,F)=31.7 Hz, 4J(C,F)=


2.9 Hz,[52] m-BAr), 124.9 (q, 1J(C,F) =271.3 Hz, CF3), 117.9 (sept,
3J(C,F)=4.0 Hz, p-BAr), 75.1 (s, C5H5), 37.0 (d, 1J(C,P)=21.3 Hz,
PC(CH3)3), 32.8 (d, 2J(C,P) =4.1 Hz, PC(CH3)3), 26–18 (m, PCH2), 7.9
(m, PCH2CH3), 5.2 ppm (d, 2J(C,P) =4.9 Hz, CH2CH3); 31P{1H} NMR
([D6]acetone): see Table 1.


[(h5-C5H5)Ru(PEt3)2(PCy2H)]+ BArF
� (3 c): A procedure similar to


Method A used for the preparation of 3a with 1 (0.429 g, 0.168 mmol),
C6H5F (6 mL), and PCy2H (0.0695 mL, 0.337 mmol) gave 3c (washed
with toluene) as a pale yellow powder (0.344 g, 0.117 mmol, 70%), m.p.
185–188 8C (decomp); elemental analysis calcd (%) for C61H70BF24P3Ru:
C 50.05, H 4.82; found: C 50.12, H 4.95.
1H NMR ([D6]acetone): d=7.81 (br s, 8H, o-BAr), 7.69 (s, 4H, p-BAr),
5.28 (s, C5H5), 4.92 (dt, 1J(H,P) =327.7 Hz, 3J(H,P) =4.0 Hz, PH), 2.2–1.3
(m, 34 H, PCy2 and 6PCH2), 1.18 ppm (dt, 3J(H,P) =16.0 Hz, 3J(H,H) =


8.0 Hz, 6 CH3); 13C{1H} NMR ([D6]acetone): d=162.6 (q, 1J(C,B)=


50.0 Hz, i-BAr), 135.5 (br s, o-BAr), 130.0 (qq, 2J(C,F)=28.8 Hz,
4J(C,F)=2.8 Hz,[52] m-BAr), 125.4 (q, 1J(C,F) =271.7 Hz, CF3), 118.4
(sept, 3J(C,F)=4.0 Hz, p-BAr), 80.9 (s, C5H5), 44.0 (dt, 1J(C,P)=27.0 Hz,
3J(C,P)=2.1 Hz, PCH), 36.0, 28.7, 28.3 (3 d, J(C,P)=6.6, 9.1, 11.9 Hz,
PCHCH2CH2CH2), 23.6 (m, PCH2), 9.3 ppm (s, CH3); 31P{1H} NMR
([D6]acetone): see Table 1.


[(h5-C5H5)Ru(depe)(PPh2H)]+ BArF
� (4 a): A procedure similar to


Method A used for the preparation of 3a with [(h5-C5H5)Ru(depe)(N2)]+


BArF
� (2 ;[17] 0.255 g, 0.249 mmol), C6H5F (4 mL), and PPh2H (0.044 mL,


0.253 mmol) gave 4 a (washed with hexane (3 � 4 mL) and ethanol (1 �
2 mL)) as a pale yellow powder (0.255 g, 0.179 mmol, 72 %), m.p. 130 8C;
a correct microanalysis was not obtained, but a crystal structure was
solved (below).
1H NMR ([D6]acetone): d=7.80–7.75 (m, 4 H of PPh2), 7.81 (br s, 8 H, o-
BAr), 7.69 (s, 4H, p-BAr), 7.50–7.40 (m, 6H of PPh2), 6.61 (dt, 1J(H,P) =


350.5 Hz, 3J(H,P) = 5.2 Hz, PH) 5.40 (s, C5H5), 2.2–1.1 (m, 6 PCH2), 1.09
(dt, 3J(H,P) = 14.8 Hz, 3J(H,H) =7.4 Hz, 2CH3), 0.70 ppm (dt, 3J(H,P) =


17.2 Hz, 3J(H,H) =7.6 Hz, 2C’H3); 13C{1H} NMR ([D6]acetone): d=162.6
(q, 1J(C,B)=49.9 Hz, i-BAr), 137.6 (br d, 1J(C,P)= 46.0 Hz, i-PPh), 135.5
(br s, o-BAr), 133.0 (d, 2J(C,P)=10.7 Hz, o-PPh), 130.9 (d, 4J(C,P)=


2.1 Hz, p-PPh), 130.0 (qq, 2J(C,F)= 31.6 Hz, 4J(C,F)=2.9 Hz,[52] m-BAr),
129.8 (d, 3J(C,P)=10.2 Hz, m-PPh), 125.4 (q, 1J(C,F)=271.8 Hz, CF3),
118.4 (sept, 3J(C,F)=4.0 Hz, p-BAr), 83.1 (s, C5H5), 25.2 (m, PCH2), 23.4
(dd, 1J(C,P)=23.4 Hz, 3J(C,P) =20.7 Hz, PC’H2), 19.3 (m, PC’’H2,
PC’’’H2), 8.2 (br s, CH3), 8.1 ppm (t, 2J(C,P)=3.4 Hz, C’H3); 31P{1H} NMR
([D6]acetone): see Table 1.


[(h5-C5H5)Ru(depe){PtBu2H}]+ BArF
� (4 b):


Method A : A procedure similar to Method A used for the preparation of
3a with 2 (0.343 g, 0.335 mmol), C6H5F (4 mL), and PtBu2H (0.085 mL,
0.342 mmol) gave 4b (washed with hexane (3 � 5 mL)) as a salmon
powder (0.324 g, 0.234 mmol, 70%), m.p. 98–99 8C (decomp); elemental


analysis calcd (%) for C55H60BF24P3Ru: C 47.81, H 4.38; found: C 47.74,
H 4.44.


Method B : A procedure similar to Method B used for the preparation of
3a with [(h5-C5H5)Ru(depe)(Cl)] (0.343 g, 0.257 mmol),[53] C6H5F (6 mL),
and PtBu2H (0.160 mL, 0.644 mmol) gave 4b (washed with petroleum
ether (4 � 6 mL)) as a salmon powder (0.462 g, 0.462 mmol, 80%).
1H NMR ([D6]acetone): d= 7.81 (m, 8H, o-BAr), 7.69 (s, 4 H, p-BAr),
5.18 (s, C5H5), 4.72 (dt, 1J(H,P) =318.9 Hz, 3J(H,P) =2.0 Hz, PH), 2.5–1.7
(m, 6 PCH2), 1.42 (d, 3J(H,P) = 13.2 Hz, 2PC(CH3)3), 1.28 (dt, 3J(H,P) =


15.6 Hz, 3J(H,H) =7.8 Hz, 2PCH2CH3), 1.17 ppm (dt, 3J(H,P) =13.2 Hz,
3J(H,H) =7.6 Hz, 2PC’H2C’H3); 13C{1H} NMR ([D6]acetone): d =162.1
(q, 1J(C,B)= 50.0 Hz, i-BAr), 135.0 (br s, o-BAr), 129.5 (qq, 2J(C,F)=


31.5 Hz, 4J(C,F)=3.1 Hz,[52] m-BAr), 124.9 (q, 1J(C,F)=271.9 Hz, CF3),
117.9 (sept, 3J(C,F)=4.0 Hz, p-BAr), 80.9 (s, C5H5), 36.0 (d, 1J(C,P)=


22.2 Hz, PC(CH3)3), 32.8 (d, 2J(C,P)= 4.4 Hz, PC(CH3)3), 25.5 (dd,
1J(C,P)=15.9 Hz, 3J(C,P)=14.5 Hz, PCH), 25.1 (apparent t, 1J(C,P)=
3J(C,P)=23.1 Hz, PC’H2), 21.4 (m, PC’’H2, PC’’’H2), 9.9 (t, 2J(C,P)=


2.2 Hz, CH3), 8.2 ppm (t, 2J(C,P)=4.4 Hz, C’H3); 31P{1H} NMR ([D6]ace-
tone): see Table 1.


[(h5-C5H5)Ru(PEt3)2(PPh2)] (5 a): A 5-mm NMR tube was charged with
3a (0.0226 g, 0.016 mmol) and [D6]acetone (0.500 mL). Then a THF so-
lution of tBuOK (0.016 mL, 1.0m) was added. The pale yellow solution
turned bright orange. After 15 min, the 1H and 31P NMR spectra showed
93% conversion of 3a to 5a.
1H NMR ([D6]acetone): d(partial)=7.45 (br t, 4H of PPh2), 7.07 (t,
3J(H,H) =7.2 Hz, 4H of PPh2), 6.96 (t, 3J(H,H) =6.8 Hz, 2H of PPh2),
4.63 ppm (s, C5H5); 31P{1H} NMR ([D6]acetone): see Table 1.


[(h5-C5H5)Ru(PEt3)2{PtBu2}] (5 b): A 5-mm NMR tube was charged with
3b (0.0213 g, 0.015 mmol) and [D8]THF (0.6 mL) under argon. Then 1H
and 31P{1H} NMR spectra were recorded. A second NMR tube was
charged with NaN(SiMe3)2 (0.0045 g, 0.023 mmol) and the [D8]THF so-
lution of 3b was added by syringe. The pale yellow solution turned bright
orange. After 10 min, the 1H and 31P NMR spectra showed 80% conver-
sion of 3 b to 5 b. The ratio did not increase further.
1H NMR ([D8]THF): d=4.77 (s, C5H5), 2.2–1.8 (m, 6PCH2), 1.26 (d,
3J(H,P) =8.8 Hz, 2 PC(CH3)3), 1.07 ppm (dt, 3J(H,P) =12.4 Hz, 3J(H,H) =


7.6 Hz, 6 PCH2CH3); 31P{1H} NMR ([D8]THF): see Table 1.


[(h5-C5H5)Ru(PEt3)2(PCy2)] (5 c): Complex 3c (0.0213 g, 0.015 mmol),
[D8]THF (0.6 mL), and NaN(SiMe3)2 (0.0032 g, 0.017 mmol) were com-
bined in a procedure analogous to that used for the preparation of 5b.
After 10 min, the 1H and 31P NMR spectra showed 95 % conversion of 3 c
to 5 c.
1H NMR ([D8]THF): d =4.67 (s, C5H5), 2.1–1.1 (m, 34 H, PCy2 and
6PCH2), 1.06 ppm (dt, 3J(H,P) = 13.2 Hz, 3J(H,H) =7.6 Hz, 6CH3);
31P{1H} NMR ([D8]THF): see Table 1.


[(h5-C5H5)Ru(depe)(PPh2)] (6 a): Complex 4a (0.013 g, 0.009 mmol),
[D6]acetone (0.5 mL), and a THF solution of tBuOK (0.010 mL, 1.0m)
were combined in a procedure analogous to that used for the preparation
of 5a. After 15 min, the 1H and 31P NMR spectra showed 90% conver-
sion of 4 a to 6a. The raio did not increase further.
1H NMR ([D6]acetone): d(partial)=7.43 (br m, 4H of PPh2), 7.1–6.8
(br m, 6 H of PPh2), 4.69 (br s, C5H5), 1.07 ppm (dt, 3J(H,P) =14.0 Hz,
3J(H,H) =7.6 Hz, 4 PCH2CH3); 31P{1H} NMR ([D6]acetone): see Table 1.


[(h5-C5H5)Ru(depe){PtBu2}] (6 b): Complex 4b (0.0211 g, 0.015 mmol),
[D8]THF (0.6 mL), and NaN(SiMe3)2 (0.0031 g, 0.016 mmol) were com-
bined in a procedure analogous to that used for the preparation of 5b.
After 15 min, the 1H and 31P NMR spectra showed 90% conversion of
4b to 6 b. The ratio did not increase further.
1H NMR ([D8]THF): d =4.73 (s, C5H5), 2.3–1.8 (m, 6 CH2), 1.25 (d,
3J(H,P) =8.8 Hz, 2PC(CH3)3), 1.17 (dt, 3J(H,P) = 14.4 Hz, 3J(H,H) =


7.6 Hz, 2 PCH2CH3), 1.05 ppm (dt, 3J(H,P) =10.2 Hz, 3J(H,H) =7.6 Hz,
2PC’H2C’H3); 31P{1H} NMR ([D8]THF): see Table 1.


[(h5-C5H5)Ru(PEt3)2{P(=O)Ph2}] (7 a): A Schlenk flask was charged with
3a (0.093 g, 0.064 mmol) and toluene (4 mL). A THF solution of tBuOK
(0.1 mL, 1.0m) was added with stirring. The pale yellow solution turned
bright orange (5a), and KBArF precipitated. The mixture was filtered
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with a cannula into a new Schlenk flask and exposed to air for a few sec-
onds. The solution immediately turned pale yellow, and solvent was re-
moved by trap-to-trap distillation under a static vacuum. The solid was
washed with hexane (3 � 2 mL) and dried by oil-pump vacuum to give 7a
as a white solid (0.039 g, 0.064 mmol, >99 %), m.p. 192–193 8C; elemen-
tal analysis calcd (%) for C29H45P3ORu: C 57.70, H 7.51; found: C 57.26,
H 7.29.
1H NMR ([D6]acetone): d= 7.82 (br t, 3J(H,H) 8.0 Hz, 4H of PPh2), 7.23
(td, 3J(H,H) =7.4 Hz, J(H,P) =1.6 Hz, 4 H of PPh2), 7.11 (br t, 3J(H,H) =


6.8 Hz, 2H of PPh2), 4.87 (s, C5H5), 2.2–2.0 (m, 6H of 6PCH2, partially
overlapped with residual [D5]acetone), 1.80 (dq, 2J(H,P) =22.0 Hz,
3J(H,H) =7.6 Hz, 6H of 6 PCH2), 0.91 ppm (dt, 3J(H,P) =14.0 Hz,
3J(H,H) =7.6 Hz, 6 CH3); 13C{1H} NMR ([D6]acetone): d= 154.7 (br d,
1J(C,P)=35.8 Hz, i-PPh), 130.5 (d, 2J(C,P)=10.0 Hz, o-PPh), 126.9, 126.8
(2 br s, m-PPh/p-PPh), 81.1 (s, C5H5), 22.3 (apparent t, J(C,P)=13.2 Hz,
PCH2), 8.7 ppm (s, CH3); 31P{1H} NMR ([D6]acetone): see Table 1. MS:[54]


m/z (%): 605 (100) [MH]+ , 487 (72) [MH�P(CH2CH3)3]
+ , 403 (44)


[M�POPh2]
+, no other significant peaks at >300.


[(h5-C5H5)Ru(PEt3)2{P(=Se)Ph2}] (9 a): A Schlenk flask was charged with
3a (0.082 g, 0.056 mmol) and toluene (5 mL). A THF solution of tBuOK
(0.06 mL, 1.0m) was added with stirring. The pale yellow solution turned
bright orange (5a), and KBArF precipitated. The mixture was filtered
with a cannula into a Schlenk flask containing a suspension of black sele-
nium powder (0.012 g, 0.150 mmol) in acetone (4 mL). The sample rapid-
ly turned yellow and then gradually green. After 3 h, the sample was fil-
tered using a cannula into a new Schlenk flask, thereby removing excess
selenium. The solvent was removed by trap-to-trap distillation under a
static vacuum. The green residue was washed with petroleum ether (2 �
4 mL) and dried by oil-pump vacuum to give 9a as a crystalline yellow
solid (0.026 g, 0.039 mmol, 70%); elemental analysis calcd (%) for
C29H45P3RuSe: C 52.25, H 6.80; found: C 52.57, H 6.87.
1H NMR ([D6]acetone): d =7.87 (br t, 3J(H,H) 10.2 Hz, 4H of PPh2), 7.25
(td, 3J(H,H) =7.6 Hz, J(H,P) =1.6 Hz, 4 H of PPh2), 7.16 (br t, 3J(H,H) =


6.6 Hz, 2 H of PPh2), 4.71 (s, C5H5), 2.28 (dq, 2J(H,P) =22.4 Hz,
3J(H,H) =7.6 Hz, 6H of 6 PCH2), 1.92 (dq, 2J(H,P) =22.4 Hz, 3J(H,H) =


7.6 Hz, 6H of 6 PCH2), 1.03 ppm (dt, 3J(H,P) = 13.6 Hz, 3J(H,H) =7.6 Hz,
6CH3); 13C{1H} NMR ([D6]acetone): d=148.9 (d, 1J(C,P) =25.6 Hz, i-
PPh), 133.0 (d, 2J(C,P)=11.3 Hz, o-PPh), 127.3 (d, 4J(C,P)=2.1 Hz, p-
PPh), 126.6 (d, 3J(C,P)=9.2 Hz, m-PPh), 81.4 (apparent quartet,
2J(C,P)=1.4 Hz, C5H5), 20.9 (apparent t, J(C,P)= 13.3 Hz, PCH2),
9.2 ppm (apparent t, J(C,P) =2.5 Hz, CH3); 31P{1H} NMR ([D6]acetone):
see Table 1 and Table 2.


[(h5-C5H5)Ru(PEt3)2{P(=Se)Cy2}] (9 c): A 5-mm NMR tube was charged
with 3c (0.036 g, 0.025 mmol) and [D8]THF (0.600 mL) under argon, and
cooled to �50 8C. Then nBuLi (0.024 mL, 1.6 m in hexane) was added.
The pale yellow solution turned bright orange, and was allowed to warm
to room temperature (ca. 2 h). The 1H and 31P NMR spectra confirmed
the formation of 5 c (>90 %). The solution was transferred to a second
NMR tube that had been charged with black selenium powder (0.007 g,
0.089 mmol). The solution rapidly turned yellow and then slowly green-
ish. Over the course of 39 h, the 1H and 31P NMR spectra showed both
reprotonation to 3 c (49 %) and the formation of 9c (51 %).
1H NMR ([D8]THF): d(partial)=4.78 ppm (s, C5H5); 31P{1H} NMR
([D8]THF): see Table 1 and Table 2.


[(h5-C5H5)Ru(depe){P(=Se)Ph2}] (10 a): A 5 mm NMR tube was charged
with 4 a (0.0258 g, 0.019 mmol) and [D6]acetone (0.600 mL). A THF so-
lution of tBuOK (0.030 mL, 1.0 m) was added. The pale yellow solution
turned bright orange. The 1H and 31P NMR spectra confirmed the forma-
tion of 6a. The solution was transferred to a second NMR tube that had
been charged with black selenium powder (0.0043 g, 0.054 mmol). The
solution rapidly turned yellow and then slowly greenish. Over the course
of 24 h, the 1H and 31P NMR spectra showed the formation of 10 a
(30 %), competing oxidation to 8 a (18 %), and other unidentified species.
1H NMR ([D6]acetone): d(partial) =4.56 ppm (s, C5H5); 31P{1H} NMR
([D6]acetone): see Table 1 and Table 2.


Relative Brønsted basicities : These experiments were conducted under
argon.


Experiment A : A 5-mm NMR tube was charged with 3 a (0.020 g,
0.014 mmol), [(h5-C5H5)Re(NO)(PPh3)(PPh2H)]+ TfO� (0.013 g,
0.015 mmol),[4] and [D6]acetone (0.500 mL). Then a THF solution of
tBuOK (0.015 mL, 1.0m) was added. The pale yellow solution turned
bright orange. After 25 min, the 1H and 31P NMR spectra showed com-
plete conversion of [(h5-C5H5)Re(NO)(PPh3)(PHPh2)]+ TfO� to [(h5-
C5H5)Re(NO)(PPh3)(PPh2)] and <2% of 5 a. Simultaneously, 3a under-
went deuterium exchange to give [(h5-C5H5)Ru(PEt3)2(PPh2D)]+ BArF


�


([D1]-3 a). The product ratio remained constant for 17 h. Additional
tBuOK (0.015 mL, 1.0 m in THF) was then added. The bright orange
color intensified and the NMR spectra showed the complete conversion
of [D1]-3a to 5 a.


Experiment B : A 5-mm NMR tube was charged with 4 b (0.0169 g,
0.012 mmol), [HPtBu3]


+ BF4
� (0.0039 g, 0.014 mmol), and [D8]THF


(0.600 mL). Reference 1H and 31P{1H} NMR spectra were recorded. A
second NMR tube was charged with NaN(SiMe3)2 (0.0022 g, 0.011 mmol)
and the contents of the first tube were added by syringe. After 1 h, the
1H and 31P{1H} NMR spectra showed the complete conversion of
[HPtBu3]


+ BF4
� to PtBu3 and <6% conversion of 4 b to 6b. The product


ratio remained constant for 43 h.


Experiment C : A 5-mm NMR tube was charged with 4b (0.015 g,
0.011 mmol), P(iPrNCH2CH2)3N (0.0035 mL, 0.013 mmol), and [D3]aceto-
nitrile (0.500 mL). After 3 h, the 1H and 31P NMR spectra showed that
4b had undergone deuterium exchange to give [(h5-C5H5)Ru-
(PEt3)2{PtBu2D}]+ BArF


� ([D1]-4b). At the same time P(iPrNCH2CH2)3N
was partially converted to the cation [DP(iPrNCH2CH2)3N]+ (<30%).
However, no 6b was detected. The product ratio remained constant for
20 h.
31P{1H} NMR data for [D1]-4b ([D3]acetonitrile): d=80.5 (tt, 1J(P,D)=


48.8 Hz, 2J(P,P)=31.3 Hz, PtBu2D), 64.3 (d, 2J(P,P) =31.3 Hz, 2PEt3).
The 1H NMR spectrum was identical to that of 4b except for the PH
signal.


Experiment D : A 5-mm NMR tube was charged with 4 b (0.011 g,
0.008 mmol), P(iPrNCH2CH2)3N (0.0025 mL, 0.009 mmol), THF
(0.500 mL), and a C6D6 solution of PPh3 in a sealed capillary. After 3 h,
the 31P NMR spectra showed no reaction had occurred.


Experiment E : A 5-mm NMR tube was charged with 4 b (0.0372 g,
0.027 mmol), THF (0.400 mL), and a C6D6 solution of PPh3 in a sealed
capillary, and placed in a �50 8C bath. Then nBuLi (0.021 mL, 1.6m in
hexane) was added. The pale yellow solution turned bright orange and
was allowed to warm to room temperature (ca. 2 h). The 31P NMR spec-
trum showed 90% conversion of 4b to 6 b. The solution was transferred
with a cannula to a second NMR tube charged with [D3]acetonitrile
(0.200 mL) and [HP(iPrNCH2CH2)3N]+ Cl� (0.092 g, 0.027 mmol).[46] It
rapidly turned yellow and a white solid precipitated. After 30 min, the
31P NMR spectrum showed the complete conversion of 6b to 4b and of
[HP(iPrNCH2CH2)3N]+ Cl� (�10.2 ppm, d) to P(iPrNCH2CH2)3N
(120.5 ppm, s). The signal ratio did not change with time.


Experiment F : A 5-mm NMR tube was charged with 3 c (0.0156 g,
0.011 mmol), P(iPrNCH2CH2)3N (0.0030 mL, 0.011 mmol), and [D3]aceto-
nitrile (0.500 mL). After 3 h, the 1H and 31P NMR spectra showed that 3 c
had undergone deuterium exchange to give [(h5-C5H5)Ru-
(PEt3)2{PtBu2D}]+ BArF


� ([D1]-3 c). At the same time P(iPrNCH2CH2)3N
was partially converted to the cation [DP(iPrNCH2CH2)3N]+ (ca.
15%).[46] However, no 5c was detected. The product ratio remained con-
stant for 15 h.
31P{1H} NMR data for [D1]-3 c ([D3]acetonitrile): d= 48.3 (tt, 1J(P,D)=


51.0 Hz, 2J(P,P)=39.4 Hz, PtBu2D), 27.9 ppm (d, 2J(P,P) =39.4 Hz,
2PEt3). The 1H NMR spectrum is identical to that of 3c except for the
PH signal.


Experiment G : A 5-mm NMR tube was charged with 3a (0.0200 g,
0.014 mmol) and [D6]acetone (0.500 mL). Then P(iPrNCH2CH2)3N
(0.0039 mL, 0.015 mmol) was added. The pale yellow solution turned
bright orange. After 20 min, the 1H and 31P NMR spectra showed >99%
conversion of 3a to 5a and of P(iPrNCH2CH2)3N to a 40:60
[HP(iPrNCH2CH2)3N]+/[DP(iPrNCH2CH2)3N]+ mixture.
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[(h5-C5H5)Ru(PEt3)2(NCCH3)]+ BArF
� (3’): A Schlenk flask was charged


with [(h5-C5H5)Ru(PEt3)2(Cl)] (0.0532 g, 0.121 mmol)[50] and C6H5F
(4 mL), and NaBArF (0.107 g, 0.121 mmol)[51] was added with stirring.
The orange solution turned red and NaCl precipitated. After 30 min, the
mixture was filtered using a cannula into a Schlenk flask containing ace-
tonitrile (0.015 mL, 0.285 mmol). The solution was stirred and turned
light yellow. After 1 h, the solvent was removed by trap-to-trap distilla-
tion under a static vacuum. The solid was washed with petroleum ether
(2 � 4 mL) and dried by oil-pump vacuum to give 3’ as a pale yellow
powder (0.091 g, 0.069 mmol, 57 %).
1H NMR (ClCD2CD2Cl): d=7.76 (br s, 8H, o-BAr), 7.60 (s, 4H, p-BAr),
4.74 (s, C5H5), 2.31 (t, 5J(H,P) =1.3 Hz, NCCH3), 2.0–1.8 (m, 3PCH2),
1.7–1.5 (m, 3PCH2), 1.09 ppm (dt, 3J(H,P) =15.0 Hz, 3J(H,H) =7.6 Hz,
6CH2CH3); 31P{1H} NMR (ClCD2CD2Cl): d =33.0 (s, PEt3).


Phosphine substitution reactions : These experiments were conducted
under argon.


Experiment A : A 5-mm NMR tube was charged with 3b (0.0192 g,
0.0136 mmol) and ClCD2CD2Cl (0.400 mL), and sealed with a rubber
septum. 1H and 31P NMR spectra were recorded. Acetonitrile (0.003 mL,
0.06 mmol) was added by syringe, which gave a clear solution. The 1H
and 31P NMR spectra showed >99 % conversion to 3’.


Experiment B : A 5-mm NMR tube was charged with 3 b (0.0202 g,
0.0143 mmol) and [D3]acetonitrile (0.500 mL), and sealed with a rubber
septum. 1H and 31P NMR spectra were recorded. After 3 h, complete
conversion to [D3]-3’ and PtBu2H had occurred.
1H NMR ([D3]acetonitrile): d =7.70–6.70 (m, 12H, BAr), 4.77 (s, C5H5),
2.00–1.85 (m, CH2 partially overlapped with residual [D2]acetonitrile),
1.67 (m, CH2), 1.06 ppm (dt, 3J(H,P) =14.4 Hz, 3J(H,H) =7.6 Hz, 6CH3);
31P{1H} NMR ([D3]acetonitrile): d=33.6 ppm (s, PEt3).


Experiment C : A 5-mm NMR tube was charged with 4 b (0.0205 g,
0.0148 mmol) and [D3]acetonitrile (0.500 mL), and sealed with a rubber
septum. 1H and 31P NMR spectra were recorded. Integration of the C5H5
1H signals of 4b and [D3]-4’ indicated a 77:23 ratio. A Keq value, {[[D3]-4


’]
[PtBu2H]}/{[4b][[D3]acetonitrile]}, was calculated assuming equal quanti-
ties of [D3]-4’ and PtBu2H (0.0035 mmol), that is, {[0.0035/0.5][0.0035/
0.5]}/{[0.113/0.5][22.7]}�10�4.
1H NMR data for [D3]-4’ ([D3]acetonitrile): d(partial)=4.80 ppm (s,
C5H5); 31P{1H}: d =79.5 ppm (s, depe).


Suzuki couplings : An oven-dried Schlenk flask was charged with 3a–c or
4b (2 or 4 mol %, see Table 4) and toluene (4 mL). A base (a THF so-
lution of tBuOK for 3a or a toluene solution of NaN(SiMe3)2 for 3b,c
and 4b) was added with stirring to generate 5a–c and 6b, but in twice the
quantity used in Scheme 3 (4 or 8 mol %). With 3b,c and 4b, THF (0.2–
0.5 mL) was added to accelerate deprotonation. After 10–15 min, a tolu-
ene solution of Pd(OAc)2 or [Pd2(dba)3] (1 mol % palladium) was added
followed by phenylboronic acid (1.5 equiv), K3PO4 (2.0 equiv), an inter-
nal standard (tridecane or hexadecane, 0.050 mL), and the haloarene
(0.372–0.583 mmol; 1.0 equiv). The brown suspension was stirred at
80 8C. The reaction was monitored by GC until complete conversion or
catalyst deactivation. The GC retention time of the biaryl product was
identical to that of a commercial sample.


Reaction of 5 a with phenylboronic acid : These experiments were con-
ducted under argon.


Method A : A 5-mm NMR tube was charged with 3 a (0.0204 g,
0.014 mmol), a C6D6 solution of PPh3 in an internally sealed capillary,
and toluene (0.700 mL). A THF solution of tBuOK (0.028 mL, 1.0 m) was
added. The pale yellow solution turned bright orange. After 30 min, the
31P NMR spectra showed the quantitative formation of 5a. Inside a glove
box, the sample was transferred by syringe to another NMR tube con-
taining phenylboronic acid (0.0048 g, 0.038 mmol). A yellow solid precipi-
tated (the phenylboronic acid did not completely dissolve). The 31P NMR
spectrum showed the complete reprotonation of 5 a to partially soluble
3a. Then K3PO4 (0.012 g, 0.055 mmol) was added. The 31P NMR spec-
trum showed no further changes.


Method B : Complex 3 a (0.0215 g, 0.015 mmol), toluene (0.400 mL), and
a THF solution of tBuOK (0.030 mL, 1.0 m) were combined as described
in Method A. After 15 min, a toluene solution of Pd(OAc)2 (0.340 mL,


0.022 m) was added. The bright orange solution turned deep red and a
dark colloidal precipitate formed. Inside a glove box, the sample was
transferred by syringe to another NMR tube containing phenylboronic
acid (0.0091 g, 0.072 mmol). No visual changes or 31P NMR signals of 3 a
were detected. Then K3PO4 (0.016 g, 0.073 mmol) was added. Again, no
visual changes or new 31P NMR signals were detected.


[(h5-C5H5)Ru(PEt3)2(PPh2)Pd(NCPh)(h3-C3H5)]+ BArF
� (11): A Schlenk


flask was charged with [(h3-C3H5)Pd(NCPh)2]
+ BF4


� (0.037 g,
0.084 mmol)[38] and acetone (2 mL) and cooled to �50 8C. A bright
orange solution of 5a, prepared in situ from 3a (0.122 g, 0.084 mmol) and
tBuOK (0.160 mL, 1.0m in THF) in toluene (4 mL), was added by cannu-
la with stirring. The mixture was allowed to slowly warm and became
opaque. After 1 h, the solvent was removed by trap-to-trap distillation
under a static vacuum. The brown-orange oil was washed with hexane
(1 � 5 mL) and dissolved in toluene (6 mL). The sample was filtered by
cannula, transferred to another Schlenk flask, and dried by oil-pump
vacuum to give a brown oil that was an approximately 90:10 mixture of
11 and 12.
1H NMR ([D6]acetone): d= 8.08 (m, 2H of o-NCPh), 7.80 (br s, 8H, o-
BAr), 7.68 (s, 4H, p-BAr), 7.62 (m, 4H of PPh2), 7.60–7.40 (m, 5 H of
Ph), 7.34 (m, 4 H of Ph), 5.17 (s, C5H5), 5.04 (br t, 4J(H,H) =5.2 Hz,
H4),[55] 3.86 (br tt, 3J(H,H) =14.0 Hz, 3J(H,H) = 7.2 Hz, H5), 3.64 (m, H1),
2.46 (br dq, 3J(H,H) =14.0 Hz, J(H,H) =2.6 Hz, H3), 2.10–1.80 (m, 3PCH2


partially overlapped with residual [D5]acetone), 1.25–1.05 (m, 3PCH2),
1.01 (dt, 3J(H,P) =16.8 Hz, 3J(H,H) =7.6 Hz, 3 CH3), 0.72 (dt, 3J(H,P) =


14.8 Hz, 3J(H,H) = 7.6 Hz, 3 C’H3), 0.37 ppm (apparent td, 3J(H,H) =
3J(H,P) =12.4 Hz, 4J(H,H) =5.6 Hz, H2);[55] 31P{1H} NMR ([D6]acetone):
d=209.8 (dd, 2J(P,P)=31.6 Hz, 2J(P,P)=8.6 Hz, PPh2), 34.9 (d, 2J(P,P)=


31.4 Hz, PEt3), 11.6 ppm (d, 2J(P,P)=8.6 Hz, P’Et3).[56] MS:[54] m/z (%):
735 (100) [(C5H5)Ru(PEt3)2(PPh2)Pd(C3H5)]+ , 694 (30) [(C5H5)Ru-
(PEt3)2(PPh2)Pd]+ , 617 (45) [(C5H5)Ru(PEt3)(PPh2)Pd]+ , no other signif-
icant peaks at >500.


(E)-[(h5-C5H5)Ru(PEt3)2(PPh2CH=CHCH3)]+ BArF
� (12): A Schlenk


flask was charged with [(h5-C5H5)Pd(h3-C3H5)] (0.039 g, 0.183 mmol)[57]


and toluene (2 mL) and cooled to �60 8C. A bright orange solution of
5a, prepared in situ from 3a (0.266 g, 0.183 mmol) and tBuOK
(0.205 mL, 1.0m in THF) in THF (7 mL), was added by cannula with stir-
ring. The mixture was allowed to slowly warm. After 15 h, the solvent
was removed from the deep red solution by trap-to-trap distillation
under a static vacuum. The deep red residue was washed with hexane
(3 � 6 mL) and toluene (1 � 2 mL) and dried by oil-pump vacuum to give
12 as a tan solid (0.110 g, 0.074 mmol, 40 %).
1H NMR ([D6]acetone): d = 7.80 (br s, 8H, o-BAr), 7.68 (s, 4 H, p-BAr),
7.60–7.40 (m, 2 PPh2), 6.59 (br dd, 3J(H,P) = 27.4 Hz, 3J(H,H) =16.2 Hz, =


CHCH3), 5.39 (br apparent tq, 3J(H,P) =16.0 Hz, 3J(H,H) =16.0 Hz,
3J(H,H) =6.4 Hz, PCH=), 5.12 (s, C5H5), 2.0–1.9 (m, 6PCH2, =


CHCH3),[58] 1.10 ppm (dt, 3J(H,P) =14.0 Hz, 3J(H,H) =7.6 Hz,
6PCH2CH3); 13C{1H} NMR ([D6]acetone): d =162.1 (q, 1J(C,B)=50.0 Hz,
i-BAr), 142.6 (d, 2J(C,P)= 3.2 Hz, =CHCH3), 138.7 (br d, 1J(C,P)=


45.2 Hz, i-PPh), 135.0 (br s, o-BAr), 133.6 (d, 2J(C,P)=10.9 Hz, o-PPh),
130.5 (d, 4J(C,P)=2.0 Hz, p-PPh), 129.5 (qq, 2J(C,F)=31.5 Hz, 4J(C,F)=


2.9 Hz,[52] m-BAr), 128.8 (d, 3J(C,P) =9.8 Hz, m-PPh), 127.9 (d, 1J(C,P)=


38.5 Hz, PCH=), 124.9 (q, 1J(C,F)=271.9 Hz, CF3), 117.9 (sept, 3J(C,F)=


4.0 Hz, p-BAr), 82.6 (br s, C5H5), 23.3 (apparent t, J(C,P)=13.2 Hz,
PCH2), 20.1 (d, 3J(C,P)=45.2 Hz, =CHCH3),[59] 8.8 ppm (apparent t,
J(C,P)= 2.3 Hz, PCH2CH3); 31P{1H} NMR ([D6]acetone): d=40.40 (t,
2J(P,P)=37.5 Hz, PPh2CH=), 24.20 ppm (d, 2J(P,P)=37.5 Hz, 2 PEt3).
MS:[54] m/z (%): 629 (60) [(C5H5)Ru(PEt3)2(PPh2CH=CHCH3)]+ , 511
(60) [(C5H5)Ru(PEt3)(PPh2CH=CHCH3)]+ , 403 (100) [(C5H5)Ru(PEt3)]+


, no other significant peaks at >300.


Crystallography : Pale yellow crystals of 4a were obtained from ethanol
at �30 8C and X-ray crystal data were collected as outlined in Table 1.
Cell parameters were obtained from 10 frames by using a 108 scan and
refined with 5939 reflections. Lorentzian, polarization, and absorption
corrections[60] were applied. The space group was determined from sys-
tematic absences and subsequent least-squares refinement. The structure
was solved by direct methods. The parameters were refined for all data
by full-matrix least-squares on F2 by using SHELXL-97.[61] Non-hydrogen
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atoms were refined with anisotropic thermal parameters. The hydrogen
atoms were fixed in idealized positions by means of a riding model. Scat-
tering factors were taken from the literature.[62] The formally achiral com-
plex crystallizes in a chiral conformation, which was solved in the non-
centrosymmetric space group Cc and refined as a racemic twin (ratio:
49:51).[63]


CCDC-249505 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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New Types of Blue, Red or Near IR Luminescent
Phosphonate-Decorated Lanthanide Oxalates


Jun-Ling Song and Jiang-Gao Mao*[a]


Introduction


The search for novel porous inorganic–organic hybrid mate-
rials based on metal phosphonates is of great research inter-
est due to their potential applications in electro-optical, ion-
exchange, catalysis and sensors.[1] The strategy of attaching
functional groups such as crown ether, amine, hydroxyl, and
carboxylate groups to the phosphonic acid has proven to be
effective for the isolation of a variety of metal phosphonates
with open-framework and microporous structures.[2–8] Most
of the structural studies on metal phosphonates have been
focused on the first row transition metals as well as main
group metals such as AlIII, GaIII, VV or VIV and PbII.[1–8] Re-
ports on lanthanide phosphonates are rather limited and
many of them are based on X-ray powder diffraction.[9–13]


Lanthanide phosphonates normally have low solubility in
water and other organic solvents, hence it is rendered diffi-
cult to obtain single crystals suitable for X-ray structural


analysis. To improve the solubility and crystallinity of lan-
thanide phosphonates, additional function groups such as
crown ether, carboxylate, hydroxyl and amine groups have
been attached to the phosphonate ligand.[9–13] A series of
lanthanide diphosphonates with a 3D pillared-layer struc-
ture were isolated by the Ferey group.[9] Several lanthanide
phosphonates with a crown ether or calixarene moiety have
been reported by Clearfield, Bligh, Lukes and Lin et al.[10]


Their structures feature either a chelating mononuclear unit
or a layer architecture.[10] A series of one dimensional lan-
thanide diphosphonates containing a hydroxyl group were
reported.[11] A few 2D or 3D lanthanide phosphonates with
additional carboxylate group or amino acid moiety were ob-
tained.[12] Lanthanide compounds with phosphonic acid at-
tached by Ph-, PhCH2- or NH2CH2CH2- group were ob-
tained by the groups of Clearfield and Legendziewicz.[13]


The elucidation of the structures of lanthanide phosphonates
is very important since these compounds may exhibit useful
luminescent properties in the visible and near IR region.[14]


Results from our previous studies indicate that introducing
a second ligand such as 5-sulfoisophthalic acid (H3BTS); the
lanthanide compounds of which have good solubility and
very good crystallinity into the lanthanide–phosphonate
system can lead to novel luminescent lanthanide–phospho-
nate hybrids with better solubility and crystallinity.[15] We


Abstract: Hydrothermal reactions of
the lanthanide chlorides with
MeN(CH2CO2H)(CH2PO3H2), (H3L


1)
(or Me2NCH2PO3H2, H2L


2) and sodium
oxalate lead to seven new lanthanide
oxalate phosphonate hybrids with three
types of 3D network structures,
namely, [Ln(C2O4){MeNH(CH2-


CO2)(CH2PO3H)}]·0.5 H2O (Ln=Nd:
1; Eu: 2 ; Gd: 3), [Ln4(C2O4)5-
(Me2NHCH2PO3)2(H2O)4]·2 H2O (Ln=


La: 4, Nd: 5), [Ln3(C2O4)4(Me2NHCH2-


PO3)(H2O)6]·6 H2O (Gd: 6, Er: 7).
Their structures have been established


by X-ray single-crystal diffraction.
Complexes 1–3 are isostructural and
feature a 3D network formed by the in-
terconnection of 3D network of
{Ln(H2L


1)}2+ with 1D chains of
{Ln(C2O4)}+ . Complexes 4 and 5 are
isostructural and feature a complex 3D
network built from 3D network of lan-
thanide oxalate and {Ln4(HL2)2} units.


The isostructural 6 and 7 form another
type of 3D network composed of
porous lanthanide–oxalate network in-
serted by 1D chains of lanthanide–oxa-
late phosphonate. Compounds 1, 5 and
7 are luminescent materials in the near
IR region. Compounds 3 and 6 exhibit
a broad blue fluorescent emission band
at 451 and 467 nm, respectively. Com-
pound 2 displays very strong and sharp
emission bands at 592, 616 and 699 nm
with a long luminescent lifetime of
1.13 ms.


Keywords: hydrothermal synthesis ·
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lanthanides · luminescence
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also hope that the combination of two types of ligands will
enhance the energy-transfer efficiency from ligands to lan-
thanide ions and improve the luminescent properties of the
lanthanide compounds due to the so-called “antenna
effect”.[14] Furthermore, the coordination of two types of li-
gands with the lanthanide ion may reduce or eliminate
water molecules from the coordination sphere of the lantha-
nide(iii) ion, hence increases the luminescent intensity and
lifetime of the materials. As an expansion of our work on
lanthanide phosphonates, we selected MeN(CH2-
CO2H)(CH2PO3H2), (H3L


1) and Me2NCH2PO3H2, (H2L
2) as


the phosphonate ligands and oxalate as the second metal
linker. Oxalic acid is a versatile ligand and has been report-
ed to be able to form lanthanide and transition-metal com-
plexes with various types of open framework and micropo-
rous structures.[16] Hydrothermal reactions of the above two
types of ligands with lanthanide(iii) chlorides afforded seven
novel luminescent lanthanide(iii) oxalate phosphonate hy-
brids with three types of 3D network structures, namely,
[Ln(C2O4){MeNH(CH2CO2)(CH2PO3H)}]·0.5 H2O (Ln=Nd:
1; Eu: 2 ; Gd: 3), [Ln4(C2O4)5(Me2NHCH2PO3)2-
(H2O)4]·2H2O (Ln=La: 4, Nd: 5), [Ln3(C2O4)4(Me2NHCH2-


PO3)(H2O)6]·6 H2O (Gd: 6, Er: 7). Herein we report their
syntheses, crystal structures and luminescent properties.


Results and Discussion


Compounds 1–7 are the first
members of lanthanide–oxalate
phosphonates. They exhibit
three different types of 3D net-
work structures. Compounds 1–
3 are isostructural, hence only
the structure of 3 will be dis-
cussed in details as a represen-
tative. Different from layered
lanthanide compounds contain-
ing both 5-sulfoisophthalate
anion (BTS) and H3L


1 li-
gands,[15] 3 features a 3D net-
work structure. As shown in
Figure 1, the gadolinium(iii) ion
is eight coordinated by four
oxygen atoms from two oxalate
anions, two carboxylate and
two phosphonate oxygen atoms
from four H2L


1 anions. The
Gd–O distances are in the
range of 2.302(4) to 2.486(4) �.
Each oxalate anion is tetraden-
tate and forms two Gd-O-C-C-
O five-membered chelating
rings. The H2L


1 anion is tetra-
dentate and bridges with four
gadolinium(iii) ions. One phos-
phonate oxygen atom is proto-


nated, so does its amine group, which is due to the zwitter-
ionic behavior of the aminophosphonic acid.[5]


The interconnection of gadolinium(iii) by chelating and
bridging oxalate anions resulted in a 1D helix chain of
{Gd(C2O4)}+ (Figure 2a). The dihedral angle between two
five-membered chelating rings sharing a common gadoliniu-
m(iii) atom is 99.78. The cross-linkage of gadolinium(iii) ions
by bridging H2L


1 anions lead to a 3D network with tunnels
along b axis (Figure 2b). The tunnel is formed by 16-mem-


Figure 1. ORTEP representation of the selected unit in 3. The thermal el-
lipsoids are drawn at 50% probability. Symmetry codes: A: �x+1, y,
�z+3=2; B: x�1=2, �y+1=2, z�1=2 ; C: �x+1, �y, �z+1; D: �x+1, �y+1,
�z+1; E: �x+1, y, �z+1=2; F: x+1=2, �y+1=2, z+1=2.


Figure 2. a) 1D helix chain of {Gd(C2O4)}+ and b) 3D network of {Gd(H2L
1)}2+ in 3. The phosphonate tetrahe-


dra are shaded in gray. Gd, N, C, and O atoms are represented by open, octand, black and crossed circles, re-
spectively.
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bered rings composed of two gadolinium(iii) ions and two
H2L


1 anions. Within the 3D network, each pair of gadoliniu-
m(iii) ions are bridged by a pair of phosphonate groups, re-
sulting in an eight-membered ring. The above-mentioned
two building units are interconnected via sharing gadoliniu-
m(iii) ions to form a complex 3D network (Figure 3). The
structure of 3 can also be viewed as the oxalate anions occu-
pying the tunnels of the 3D network of {Ln(H2L


1)}2+ .


Complexes 4 and 5 are isostructural and only the structure
of the neodymium(iii) compound will be discussed in details
as an example. There are two unique neodymium(iii) ions in
the asymmetric unit of 5, as shown in Figure 4. Nd1 is eight-
coordinated by six oxygen atoms from four oxalate anions,
one phosphonate oxygen from one HL2 anion and an aqua
ligand, whereas Nd2 is nine-coordinated by five oxygen
atoms from three oxalate anions, three phosphonate oxygens
from two HL2 anions as well as an aqua ligand. The Nd–O
distances range from 2.348(5) to 2.537(5) �, comparable to
those reported for other neodymium(iii) phosphonates and
oxalates.[11–13,15, 16] O2 (symmetry code 1�x, 1�y, 1�z) is
2.960(6) � away from Nd1, which is much longer than the
remaining Nd–O distances. This bond, at the maximum, can
be considered as the semi-chelation. The HL2 anion is tetra-
dentate, it chelates one neodymium(iii) ion bidentately and
also bridges with two other neodymium(iii) ions. O12 is m2-
bridging, whereas O11 and O13 are monodentate. There are
two different coordination modes for the five oxalate anions
in 5. One oxalate anion is hexadentate. It forms two chelat-
ing rings with two lanthanide(iii) ions and also bridges with
two other lanthanide ions. The remaining four oxalate
anions are tetradentate as that in 3.


The interconnection of neodymium(iii) atom by bridging
and chelating HL2 anions results in a {Nd4(HL2)2} unit, in
which two Nd2 atoms are bridged by a pair of phosphonate
groups to form a dimeric unit, and such dimeric unit further
connects with two Nd2 atoms by m2-phosphonate oxygens


(Figure 5a). The interconnection of the neodymium(iii) ions
by chelating and bridging oxalate anions lead to a 3D net-
work of {Nd4(C2O4)5} with tunnels running along c axis. The
tunnel is formed by 24-membered rings composed of six ne-
odymium(iii) ions and six oxalate anions (Figure 5b). The
above two types of building blocks are interconnected into a
3D network (Figure 6). The structure of 5 can also be
viewed as the HL2 anions being hung in the tunnels of
{Nd4(C2O4)5}.


Figure 3. View of the structure of 3 down the b axis. The phosphonate
tetrahedra are shaded in gray. Gd, N, C, and O atoms are represented by
open, octand, black and crossed circles, respectively.


Figure 4. ORTEP representation of the selected unit in 5. The lattice
water molecules have been omitted for clarity. Thermal ellipsoids are
drawn at 50% probability. Symmetry codes: A: 1�x, 2�y, 1�z ; B: 2�x,
2�y, 2�z ; C: 1�x, 1�y, 1�z ; D: 2�z, 2�y, 1�z ; E: 1�x, 1�y, �z.


Figure 5. a) {Nd4(HL2)2}
6+ unit and b) 3D network of {Nd4(C2O4)5}


2+ in 5.
The phosphonate tetrahedra are shaded in gray. Nd, N, C, and O atoms
are represented by open, octand, black and crossed circles, respectively.
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Complexes 6 and 7 are isostructural and form a 3D net-
work different from that in compounds 4 and 5. The struc-
ture of erbium(iii) compound will be described in detail as
an example. As shown in Figure 7, there are three unique er-
bium(iii) ions in the asymmetric unit of 7. Er1 is nine-coor-
dinated by eight oxygen atoms from four oxalate anions and
an aqua ligand. Er2 is eight-coordinated by six oxygen
atoms from three oxalate anions, a phosphonate oxygen
from one HL2 anion and an aqua ligand. Er3 is eight-coordi-
nated by two oxygen atoms from an oxalate anion, two
phosphonate oxygen atoms from two HL2 anions and four
aqua ligands. The Er–O distances range from 2.180(6) to
2.444(6) �, comparable to those reported for other erbiu-
m(iii) phosphonates and oxalates.[11–13,16] The HL2 anion is
tridentate and bridges with three erbium(iii) ions. All phos-
phonate oxygen atoms are unidentate, such coordination
mode is different from the one in 4 and 5. All oxalate
anions in 6 and 7 adopt a same coordination mode as that in
3.


It is interesting to note that the interconnection of Er1
and Er2 atoms by three bridging and chelating oxalate
anions lead to a porous 3D network of {Er2(C2O4)3} (Fig-
ure 8a). Such network has not been reported in other erbiu-
m(iii) oxalates. The large tunnel is formed by 40-membered
rings composed of ten erbium(iii) ions and ten oxalate
anions. Each pair of Er3 atoms are bridged by two HL2


anions to form a dimeric unit, such units are further inter-
connected by bridging and chelating oxalate anions into a
1D chain {Er(C2O4)(HL2)} along a axis (Figure 8b). It
should be noted that the dimeric unit in {Er(C2O4)(HL2)} is
different from that of {Nd4(HL2)2} in 5, in that the phospho-
nate group in 5 forms an additional five-membered chelat-
ing ring with Nd2 atom. These 1D chains of lanthanide(iii)
oxalate phosphonate as well as the lattice water molecules
are located at the large tunnels of {Er2(C2O4)3} (Figure 9).


The IR spectra of 1–7 clearly exhibit the characteristic vi-
bration bands for the phosphonate group (2760, 1230,
1110 cm�1) and carboxylate groups (1630 and 1430 cm�1).
The broad bands at about 3420 cm�1 indicate the presence
of water molecules in all compounds.


TGA curves for 1–3 are similar and exhibit two steps of
weight losses. The Eu compound was used as an example
(Figure 10). The weight loss before 350 8C corresponds to
the release of the lattice water. The observed weight loss of
2.2 % matches with the calculated value (2.1%). The second


Figure 6. View of the structure of 5 down the c axis. The phosphonate tet-
rahedra are shaded in gray. Nd, N, C, and O atoms are represented by
open, octand, black and crossed circles, respectively.


Figure 7. ORTEP representation of the selected unit in 7. Thermal ellip-
soids are drawn at 50% probability. The lattice water molecules have
been omitted for clarity. Symmetry code: A: �x, 2�y, 1�z ; B: �1=2 +x,
3=2�y, 1=2+z ; C: 1=2+x, 3=2�y, 1=2 + z ; D: �1�x, 1�y, 1�z ; E: 1=2 + x, 3=2�y,
�1=2 +z ; F: �1=2 +x, 3=2�y, �1=2 +z ; G: �x, 1�y, 1�z.


Figure 8. a) 3D porous network of {Er2(C2O4)3} and b) 1D chain of
{Er(C2O4)(HL2)} along a axis in 7. The phosphonate tetrahedra are
shaded in gray. Er, N, C, and O atoms are represented by open, octand,
black and crossed circles, respectively.
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step began at 350 8C and was complete at 700 8C, during
which the organic groups were burnt. The final residuals are
EuPO4. The observed total weight loss of 39.9 % is slightly
smaller than the theoretical one (42.7 %). TGA diagrams of
4 and 5 are similar and reveal two main weight losses. 5 is
used as an example (Figure 10). The first step corresponds
to the loss of two lattice water molecules and four aqua li-
gands. The weight loss started at 66 8C and was completed at
215 8C. The observed weight loss of 7.4 % is close to the cal-
culated value (7.7%). The second step began at 232 8C and
was complete at 661 8C, during which the organic groups
were burnt. The final residuals are a mixture of two NdPO4


and one Nd2O3. The observed total weight loss of 42.8 % is
close to the theoretical one (41.9%). TGA diagrams of 6
and 7 are similar and reveal two main weight losses. Com-
plex 7 is used as an example (Figure 10). The first step start-
ed at 60 8C and was completed at 380 8C, corresponding to
the release of six lattice water molecules and six aqua li-
gands. The observed weight loss of 18.2 % is close to the cal-
culated value (17.9 %). The second step covering from 402
to 653 8C, corresponds to the combustion of the organic
groups. The final residual is a mixture of one ErPO4 and


one Er2O3. The observed total weight loss of 44.2 % is slight-
ly smaller than the calculated value (46.4 %).


Based on the XRD powder patterns, the frameworks of
1–7 can be retained after the release of lattice water mole-
cules. These lattice waters can also be re-absorbed.


Luminescent properties : The solid-state luminescent proper-
ties of 1–7 were investigated at room temperature. Complex
4 shows no emission band under our experimental condi-
tions. Sodium oxalate shows no emission in the visible
region. The emission spectra of 1–3 and 5–7 are given in Fig-
ures 11–13. Under excitation of 826 nm, 1 and 5 display the
characteristic emission bands for the neodymium(iii) ion
(Figure 11): a weak emission band at 883 nm (for 1) or
896 nm for 5 (4F3/2 !4I9/2), strong emission bands at 1047


and 1067 nm for 1 or 1063 nm for 5 (4F3/2!4I11/2) and a very
weak band at 1369 nm for 1 or 1388 nm for 5 (4F3/2!4I13/2) in
the near IR region.[15,17] The Nd (4F3/2) lifetimes were mea-
sured to be 33.0 and 18.7 ms, respectively for 1 and 5. The
emission spectra of 3 and 6 only exhibit a broad blue fluo-
rescent emission band at lmax =451 nm (ex=370 nm) for 3
or lmax =467 nm (ex= 375 nm) for 6 (Figure 12), which cor-
responds to a ligand-centered (LC) fluorescence. The metal-
centered (MC) electronic levels of Gd3+ ion are known to
be located at 31 000 cm�1, typically well above the ligand-
centered electronic levels of organic ligands. Therefore,
ligand-to metal energy transfer and the consequent MC lu-
minescence cannot be observed.[18] Complex 2 exhibits three
very strong characteristic emission bands for the europiu-
m(iii) ion in the visible region under excitation at 394 nm
(Figure 13a). These emission bands are 592 (5D0!7F1), 616
(5D0!7F2) and 699 nm (5D0!7F4). The Eu (5D0) lifetime of
2 for lex,em = 394, 616 nm is 1.13 ms. The emission spectrum
of 7 shows two comparable strong emission bands at 1545
and 1561 nm under 980 nm excitation (Figure 13b), both can
be attributed to the 4I13/2!4I15/2 transition for the Er3+


ion.[17,18] The two close bands observed are probably due to
the 4I13/2!4I15/2 transition band being split by three erbiu-
m(iii) ions with different coordination geometries.


Figure 9. View of the crystal structure of 7 down the a axis. The phospho-
nate tetrahedra are shaded in gray. Er, N, C, and O atoms are represent-
ed by open, octand, black and crossed circles, respectively.


Figure 10. TGA curves for 2 (thick black), 5 (gray) and 7 (thin black).


Figure 11. Solid-state emission spectra of 1 (black) and 5 (gray) at room
temperature.
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The luminescence spectra recorded after the release of
lattice water molecules are similar to those for compounds
with lattice water molecules, however, the intensities of the
emission bands for these dehydrated species are significantly
enhanced. The lower intensities of the emission bands for
those hydrated compounds are due to the quenching effect
of the luminescent state by high-frequency vibrating water
molecules.[15] The enhancements in intensity for the dehy-
drated compounds of 5–7 are much greater than those of 1–
3, which is due to fewer lattice water present in 1–3.


These results indicate that 3 and 6 are capable of produc-
ing blue light in electro-luminescent devices, whereas 1, 5
and 7 are luminescent materials in the near IR region. Com-
pound 2 is a good candidate for red-light luminescent mate-
rial.


Conclusion


In summary, the hydrothermal syntheses, crystal structures
and luminescent properties of seven novel rare-earth oxalate
phosphonates have been described. Their structures can be
viewed as lanthanide phosphonate-based networks being
decorated by oxalate ligands (for 1–3) or lanthanide oxa-
late-based 3D networks being decorated by phosphonate li-
gands (for 4–7). Complexes 1–3 and 5–7 are new examples
of rare-earth materials with blue, red luminescent or near-in-
frared emission. Lanthanide compounds with a phosphonate
ligand such as H2L


2 normally have low solubility in water
and poor crystallinity, we can greatly improve their solubili-
ty and crystallinity by introducing oxalic acid as the second
metal linker. This synthetic technique also allows us to
design new types of lanthanide complexes with novel crystal
structures and physical properties. We believe that a wide
range of new lanthanide open frameworks and microporous
materials can be developed by self-assembly or structural di-
rected synthesis using a similar technique.


Experimental Section


Materials and instrumentations : MeN(CH2CO2H)(CH2PO3H2), (H3L
1)


and H2O3PCH2N(CH2CO2H)2, (H4PMIDA) and Me2NCH2PO3H2, (H2L
2)


were prepared by a Mannich-type reaction according to procedures de-
scribed previously.[8a] All other chemicals were obtained from commercial
sources and used without further purification. Elemental analyses were
performed on a Vario EL III elemental analyzer. Thermogravimetric
analyses were carried out on a NETZSCH STA 449C unit at a heating
rate of 15 8C min�1 under a nitrogen atmosphere. IR spectra were record-
ed on a Magna 750 FT-IR spectrometer photometer as KBr pellets in the
4000–400 cm�1. X-ray powder diffraction (XRD) patterns (CuKa) were
collected in a sealed glass capillary on a XPERT-MPD q-2q diffractome-
ter. Photoluminescence analyses were performed on an Edinburgh
FLS920 fluorescence spectrometer.


Preparation of [Ln(C2O4)(H2L
1)]·0.5 H2O (Ln=Nd: 1, Eu: 2, Gd: 3): A


mixture of LnCl3·6H2O (0.18 g, 0.5 mmol), H3L
1 (0.10 g 0.5 mmol) and


Na2C2O4 (0.07 g, 0.5 mmol) in distilled water (10 mL) was sealed in an
autoclave equipped with a Teflon liner (25 mL), and then heated at
165 8C for 4 d. Crystals of 1 (purple), 2, and 3 were collected in about
38% for 1, 42% for 2, 45% yield for 3 (based on the lanthanide). The in-
itial and final pH values of the resultant solution were 2.5 and 3.0, re-
spectively. Complex 1: IR (KBr): ñ = 3362(brm), 3019(w), 2955(w),
2760(w), 1607(m), 1615(vs), 1466(w), 1403(m), 1331(m), 1329(m),
1236(s), 1100(s), 1010(w), 960(w), 956(w), 909(s), 791(s), 711(m), 593(w),
519(m), 476 cm�1 (m); complex 2 : IR (KBr): ñ = 3411(brm), 3020(w),
2956(w), 2761(w), 2346(w), 1751(w), 1693(m), 1618(vs), 1560(m),
1466(m), 1404(m), 1342(w), 1326(m), 1257(m), 1238(m), 1105(vs),
1011(w), 960(m), 934(w), 909(s), 792(s), 721(w), 711(w), 584(w), 528(w),
476(m); complex 3 : IR (KBr): ñ = 3421(brm), 2978(w), 2651(w),
2346(w), 1630(m), 1638(vs), 1469(w), 1364(w), 1318(m), 1175(s), 1132(w),
1071(s), 1014(m), 982(w), 831(w), 798(m), 773(w), 671(w), 582(w),
494(w); elemental analysis calcd (%) for 1: C 16.96, H 2.49, N 3.36;


Figure 12. Solid-state emission spectra of 3 (gray) and 6 (black) at room
temperature.


Figure 13. Solid-state emission spectra of a) 2 and b) 7 at room tempera-
ture.
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found: C 17.02, H 2.38, N 3.31 ; for 2 :
C 16.63, H 2.46, N 3.38; found: C
16.72, H 2.34, N 3.25; for 3 : C 16.46, H
2.43, N 3.26; found: C 16.51, H 2.31, N
3.21.


Preparation of [Ln4(C2O4)5(HL2)2-
(H2O)4]·2 H2O (Ln=La: 4, Nd: 5) and
[Ln3(C2O4)4(HL2)(H2O)6]·6 H2O (Gd:
6, Er: 7): Compounds 4–7 were initial-
ly synthesized by hydrothermal reac-
tion of lanthanide chloride, H4PMIDA
and sodium oxalate at 165 8C in about
48, 45, 46 and 36% yield (based on
lanthanide metal), respectively. Subse-
quent structural analyses indicate that
the two carboxylate groups of
H4PMIDA had been cleaved to form a
new phosphonate ligand, Me2NCH2-
PO3H2 (H2L


2). Therefore 3–7 were re-
synthesized by using Me2NCH2PO3H2


(H2L
2) directly. LnCl3·6H2O


(0.5 mmol), Me2NCH2PO3H2


(0.5 mmol) and Na2C2O4 (0.5 mmol)
were dissolved in distilled water
(10 mL). The pH value of the resultant
solution was adjusted to about 4.5 by
slow addition of NaOH. Then the mix-
ture was sealed into an autoclave
equipped with a Teflon liner (25 mL)
and heated at 165 8C for 4 d. Crystals
of 4–7 were collected in about 68, 59,
56 and 48 % yield (based on lantha-
nide metal), respectively. The final pH
values of the solutions were about 3.5.
The purity of these compounds was
also confirmed by X-ray powder pat-
terns and elemental analyses. Complex
4 : IR (KBr): ñ = 3422(br), 2756(w),
1634(vs), 1466(w), 1404(w), 1327(w),
1259(w), 1237(w), 1172(w), 1106(s),


Table 1. Crystal data and structure refinements for 2–7.


2 3 4


formula C6H10EuNO9.5P C6H10GdNO9.5P C16H30La4N2O32P2


color colorless colorless colorless
Fw 431.08 436.37 1380.00
space group C2/c C2/c P1̄
a [�] 13.9723(5) 14.0040(5) 9.4258(9)
b [�] 10.7349(4) 10.7125(4) 10.966(1)
c [�] 15.6958(4) 15.6716(3) 11.049(1)
a [8] 90.0 90.0 117.290(2)
b [8] 98.147(2) 98.036(2) 91.203(2)
g [8] 90.0 90.0 109.647(2)
V [�3] 2330.5(1) 2327.9(1) 934.6(2)
Z 8 8 2
1calcd [gcm�3] 2.457 2.490 2.452
m [mm�1] 5.566 5.881 4.676
GOF on F 2 1.239 1.197 1.149
R1, wR2 (I>2s(I))[a] 0.0483/0.0963 0.0295/0.0621 0.0329/0.0700
R1, wR2(all data) 0.0509/0.0987 0.0351/0.0662 0.0412/0.0761


5 6 7


formula C16H30Nd4N2O32P2 C11H33Gd3NO31P C11H33Er3NO31P
color purple colorless pink
Fw 1401.32 1178.10 1208.13
space group P1̄ P21/n P21/n
a [�] 9.3948(3) 10.2481(2) 10.0476(1)
b [�] 10.7213(3) 22.3910(3) 22.2426(2)
c [�] 10.8727(4) 15.0697(3) 14.9869(2)
a [8] 116.310(1) 90.0 90.0
b [8] 91.804(1) 108.02(1) 107.586(1)
g [8] 109.869(1) 90.0 90.0
V [�3] 901.46(5) 3288.3(1) 3192.81(6)
Z 2 4 4
1calcd [gcm�3] 2.581 2.380 2.513
m [mm�1] 5.868 6.141 7.978
GOF on F 2 1.108 1.206 1.132
R1, wR2 (I>2s(I))[a] 0.0343/0.0901 0.0486/0.0963 0.0381/0.0767
R1, wR2(all data) 0.0386/0.0963 0.0597/0.1016 0.0488/0.0818


[a] R1=� j jFo j� jFc j j /� jFo j , wR2 = {�w[(Fo)
2�(Fc)


2]2/�w[(Fo)
2]2}


1=2 .


Table 2. Selected bond lengths [�] and angles [8] for 2–7.


Ln–O 2 (Eu) 3 (Gd) Ln–O 4 (La) 5 (Nd) Ln–O 4 (La) 5 (Nd)


Ln1–O(12)#1 2.305(6) 2.302(4) Ln1–O12 2.400(4) 2.348(5) Ln2–O11#4 2.425(5) 2.373(5)
Ln1–O11#2 2.327(6) 2.314(4) Ln1–O3 2.475(5) 2.412(5) Ln2–O9 2.530(5) 2.466(6)
Ln1–O15 2.347(6) 2.334(4) Ln1–O5#1 2.531(5) 2.484(5) Ln2–O4#3 2.550(5) 2.493(5)
Ln1–O14#3 2.440(6) 2.427(4) Ln1–O8 2.539(5) 2.481(6) Ln2–O13 2.556(5) 2.522(5)
Ln1–O3 2.453(6) 2.439(4) Ln1–O7#2 2.540(5) 2.492(6) Ln2–O10#5 2.579(5) 2.548(6)
Ln1–O4#4 2.453(6) 2.434(4) Ln1–O1 2.568(5) 2.503(5) Ln2–O2#3 2.603(5) 2.526(5)
Ln1–O1#5 2.484(6) 2.475(4) Ln1–O2W 2.579(5) 2.489(6) Ln2–O6 2.609(4) 2.570(5)
Ln1–O2 2.498(5) 2.486(4) Ln1–O6 2.582(4) 2.537(5) Ln2–O3W 2.623(5) 2.540(6)


Ln(2)–O(12) 2.642(4) 2.570(6)


Ln–O 6 (Gd) 7 (Er) Ln-O 6 (Gd) 7 (Er) Ln–O 6 (Gd) 7 (Er)


Ln1–O8 2.415(7) 2.376(6) Ln2–O23 2.219(7) 2.188(6) Ln3–O21#4 2.239(9) 2.180(7)
Ln1–O14 2.415(6) 2.359(6) Ln2–O1#2 2.374(7) 2.330(5) Ln3–O22 2.281(8) 2.243(6)
Ln1–O2 2.418(7) 2.389(6) Ln2–O9#3 2.381(7) 2.346(6) Ln3–O5W 2.427(7) 2.380(6)
Ln1–O10 2.421(7) 2.378(6) Ln2–O7 2.391(6) 2.348(6) Ln3–O2W 2.443(8) 2.400(7)
Ln1–O12 2.438(7) 2.382(6) Ln2–O5 2.424(6) 2.379(6) Ln3–O4W 2.456(8) 2.405(6)
Ln1–O6 2.446(6) 2.417(6) Ln2–O11#3 2.431(7) 2.395(6) Ln3–O1W 2.463(8) 2.404(7)
Ln1–O3 2.455(7) 2.415(6) Ln2–O3W 2.435(9) 2.371(7) Ln3–O15#5 2.463(7) 2.433(6)
Ln1–O6W 2.468(8) 2.407(6) Ln2–O4#2 2.451(7) 2.412(6) Ln3–O16 2.480(8) 2.444(6)
Ln1–O13#1 2.541(7) 2.526(6)


Symmetry transformations used to generate equivalent atoms: For 2 and 3 : #1: �x+1, y, �z+ 3=2; #2: x�1/2, �y+ 1=2, z�1=2 ; #3: �x+1, �y, �z +1; #4:
�x+1, �y +1, �z +1; #5: �x+ 1, y, �z + 1=2; for 4 and 5 : #1: �x+1, �y +2, �z +1; #2: �x+ 1, �y+1, �z ; #3: �x+1, �y+1, �z +1; #4: �x +2, �y+2,
�z+1; #5: �x+2, �y+2, �z +2; for 6 and 7: #1: �x, �y+2, �z +1; #2: x + 1=2, �y + 3=2, z�1=2 ; #3: x�1/2, �y+ 3=2, z�1=2 ; #4: �x, �y +1, �z +1; #5:
�x�1, �y +1, �z +1.
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1012(w), 909(m), 794(m), 711(w), 584(w), 522(w), 476 cm�1 (w) ; complex
5 : IR (KBr): ñ = 3430(br), 2742(w), 1633(vs), 1313(m), 1170(s), 1130(w),
1065(m), 1010(m), 977(w), 792(m), 578(w), 493(w); complex 6 : IR (KBr):
ñ = 3410(br), 2741(w), 1652(vs), 1622(vs), 1471(w), 1318(m), 1159(m),
1116(s), 1041(w), 806(m), 680(w), 578(w), 493(w); complex 7: IR (KBr):
ñ = 3410(br), 2736(w), 1654(vs), 1625(vs), 1478(w), 1361(w), 1320(m),
1165(m), 1116(s), 1047(m), 974(w), 808(m), 682(w), 586(w), 485(w); ele-
mental analysis calcd (%) for 4 : C 13.93, H 2.19, N 2.03; found: C 13.96,
H 2.36, N 1.98; for 5 : C 13.71, H 2.16, N 2.00; found: C 13.78, H 2.34, N
1.96; for 6 : C 11.21, H 2.82, N 1.19; found: C 11.28, H 2.96, N 1.08; for 7:
C 10.94, H 2.75, N 1.16; found: C 10.98, H 2.96, N 1.09.


Single-crystal structure determination : Single crystals of 2–7 were mount-
ed on a Siemens Smart CCD diffractometer equipped with a graphite-
monochromated MoKa radiation (l =0.71073 �). Intensity data were col-
lected by the narrow frame method at 293 K. The data sets were correct-
ed for Lorentz and Polarization factors as well as for empirical absorp-
tion based on y scan technique. Both structures were solved by the
direct methods and refined by full-matrix least-squares fitting on F 2 by
SHELX-97.[19] All non-hydrogen atoms were refined with anisotropic
thermal parameters. Hydrogen atoms were located at geometrically cal-
culated positions and refined with isotropic thermal parameters. Crystal-
lographic data and structural refinements for 2–7 are summarized in
Table 1. Important bond lengths for 2–7 are listed in Table 2. Compound
1 was isostructural with 2 and 3 based on its cell parameters (monoclinic
C lattice with a =14.0424(14), b=10.8676(11), c =15.8029(16) �, b=


98.196(2)8, V=2387.0(4) �3), and no data collection was performed.


CCDC-248786–248791 (2–7) 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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Electron-Donating Alkoxy-Group-Driven Synthesis of Heteroleptic
Tris(phthalocyaninato) Lanthanide(iii) Triple-Deckers with Symmetrical
Molecular Structure


Peihua Zhu,[a] Na Pan,[a] Renjie Li,[a] Jianmin Dou,[b] Ying Zhang,[a] Diana Y. Y. Cheng,[c]


Daqi Wang,[b] Dennis K. P. Ng,[c] and Jianzhuang Jiang*[a]


Introduction


Triple-decker tris(phthalocyaninato) rare-earth-metal com-
plexes were initially studied as a result of the research on
their bis(phthalocyaninato) derivatives for the purpose of
further investigation into the interaction between the phtha-
locyanine rings in the “stacked p-conjugated molecules”.[1–6]


Very recently, they have started to attract interest as they
are good systems to study for the interaction between two
4f-electonic ions in an isolated environment,[7–9] in addition
to the benzimidazole, pyridine, and dipicolinic acid rare-
earth-metal complexes with triple-helix structures.[10–14]


The first tris(phthalocyaninato) rare-earth-metal com-
pound was homoleptic [Y2(Pc)3] reported in 1986 by Taka-
hashi and Kasuga as a side-product in the synthesis of
double-decker [Y(Pc)2].[1] Later, homoleptic-substituted
tris(phthalocyaninato) rare-earth-metal analogues
[M2{Pc(OC4H9)8}3] [M=La, Dy, Yb, Lu; H2Pc(OC4H9)8 =


2,3,9,10,16,17,23,24-octakis(butyloxy)phthalocyanine], de-
rived from metal-free phthalocyanine ligands and rare-
earth-metal acetates, were also reported by this group.[2]


Quite recently, L�Her detailed the synthesis, characteriza-
tion, and electrochemical behavior of the tris(1,2-naphthalo-
cyaninato) lutetium compound [Lu2(1,2-Nc)3] (H2(1,2-Nc)=


1,2-naphthalocyanine).[3] Ishikawa and co-workers prepared
the first heteroleptic phthalocyaninato triple-decker com-
plex [(Pc)Lu{Pc(15C5)4}Lu(Pc)] (H2Pc(15C5)4 = tetra-
([15]crown-5)-substituted phthalocyanine) and studied its
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Abstract: Reaction of heteroleptic
bis(phthalocyaninato) lanthanide
compounds [(Pc)M{Pc(OC8H17)8}]
[H2Pc=unsubstituted phthalocyanine;
H2Pc(OC8H17)8 =2,3,9,10,16,17,23,24-
octakis(octyloxy)phthalocyanine] with
monomeric complexes [(Pc)M(acac)]
(Hacac =acetylacetone), both of which
generated in situ, led to the isolation of
heteroleptic phthalocyaninato-
[2,3,9,10,16,17,23,24-octakis(octyloxy)-
phthalocyaninato] lanthainde(iii) triple-
decker complexes [(Pc)M{Pc-
(OC8H17)8}] (M= Gd–Lu) (1–8) as the
sole product. Heterodinuclear ana-


logues [(Pc)Lu{Pc(OC8H17)8}M(Pc)]
(M=Gd–Yb) (9–15) were obtained in
a similar manner from the reaction of
[(Pc)M{Pc(OC8H17)8}] (M=Gd–Yb)
and [(Pc)Lu(acac)]. The molecular
structures of the herterodinuclear com-
pound [(Pc)Lu{Pc(OC8H17)8}Er(Pc)]
(13) and its homodinuclear counter-
parts [(Pc)M{Pc(OC8H17)8}M(Pc)] (M=


Er, Lu) (5, 8) have been determined by


X-ray diffraction analysis; these struc-
tures exhibit a symmetrical molecular
structure with one inner planar
Pc(OC8H17)8 ligand and two outer
domed Pc ligands. In addition to vari-
ous spectroscopic analyses, the electro-
chemistry of these compounds has also
been studied by cyclic voltammetry
(CV) and differential pulse voltamme-
try (DPV) methods, revealing the grad-
ually enhanced p–p interactions among
the phthalocyanine rings in the triple-
deckers along with the lanthanide con-
traction.


Keywords: lanthanides · phthalo-
cyanines · sandwich complexes ·
triple-decker complexes
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electronic absorption and MCD spectra.[4] As part of the ef-
forts to developing novel species of sandwich tetrapyrrole
rare-earth-metal complexes, we have described the synthesis
of a series of heteroleptic phthalocyaninato rare-earth-metal
triple-decker complexes [(Pc)M{Pc(OC8H17)8}M{Pc-
(OC8H17)8}] (M =Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Y)
and studied their 1H NMR spectroscopic and electrochemi-
cal properties.[5,6] We also isolated tris(phthalocyaninato)
rare-earth-metal triple-deckers [(Pc)M{Pc(OC8H17)8}M(Pc)]
in very low yield as the side-product of the reaction among
M(acac)3·nH2O, Li2(Pc), and [M{Pc(OC8H17)8}2].[5,6] By em-
ploying a similar procedure, Ishikawa and co-workers pre-
pared the series of rare-earth-metal analogues
[(Pc)M(Pc)M’{Pc(OC4H9)8}] (M= or ¼6 M’=Tb–Yb, Y) and
investigated the interaction between the two rare-earth-
metal ions by means magnetic and NMR measurements.[7–9]


In the present paper, we report the electron-donating
octyloxy-group-driven synthesis and molecular structure of
the series of heteroleptic tris(phthalocyaninato) complexes
of both homo- and heterodinuclear lanthanide metals
[(Pc)M{Pc(OC8H17)8}M(Pc)] (M =Gd–Lu) (1–8) and
[(Pc)Lu{Pc(OC8H17)8}M(Pc)] (M =Gd–Yb) (9–15). Their
spectroscopic and electrochemical properties have also been
comparatively studied to reveal the nature of p–p interac-
tions in the triple-decker molecules.


Results and Discussion


Synthesis : The history of the tris(phthalocyaninato) rare-
earth-metal complexes is relatively short compared with
that of bis(phthalocyaninato) rare-earth-metal counter-
parts.[15,16] The heteroleptic tris(phthalocyaninato) rare-
earth-metal compounds in which two different phthalocya-
nine ligands are contained in one molecule are still scare


and are limited to [(Pc)Lu{Pc(15C5)4}Lu(Pc)],[4]


[(Pc)M{Pc(OC8H17)8}M{Pc(OC8H17)8}] (M =Nd, Sm, Eu,
Gd, Tb, Dy, Ho, Er, Tm, Y),[5,6] and
[(Pc)M(Pc)M’{Pc(OC4H9)8}] (M=or ¼6 M’=Tb-Yb, Y)[7–9]


reported very recently by either Ishikawa or Jiang and co-
workers. Except for [(Pc)Lu{Pc(15C5)4}Lu(Pc)], which was
isolated by using monomeric complex [Lu(Pc)(OAc)] and
metal-free H2[Pc(15C5)4] as starting materials, all the re-
maining heteroleptic tris(phthalocyaninato) rare-earth-met-
al(iii) triple-decker complexes were prepared by condensa-
tion of monomeric [(Pc’)M(X)] (Pc’=Pc, Pc(OC4H9)8; X=


acac, OAc) generated in situ and [M(Pc’)2] (Pc’=
Pc(OC8H17)8, Pc) in refluxing n-octanol or 1,2,4-trichloro-
benzene (TCB). Under the experimental conditions given in
reference [5], the isolation, albeit in low yield, of unexpect-
ed heteroleptic triple-deckers with the symmetrical structure
[(Pc)M{Pc(OC8H17)8}M(Pc)] is considered to result from the
reaction of excess [(Pc)M(acac)] with the scrambled hetero-
leptic intermediate [(Pc)M{Pc(OC8H17)8}], which results
from the thermolysis of [(Pc)M{Pc(OC8H17)8}M{Pc-
(OC8H17)8}] at high temperature. This postulate is clearly
verified by the results of the present investigations; the con-
densation between [(Pc)M(acac)] and [(Pc)M{Pc(OC8H17)8}]
lead to the isolation of [(Pc)M{Pc(OC8H17)8}M(Pc)] (M=


Gd–Lu) (1–8) as the sole product. Further proof comes
from the generation of heterodinuclear lanthanide com-
plexes [(Pc)Lu{Pc(OC8H17)8}M(Pc)] (M= Gd-Yb) (9–15)
through the reaction of [(Pc)Lu(acac)] and
[(Pc)M{Pc(OC8H17)8}] (M =Gd-Yb). It is worth noting that
triple-deckers with symmetrical structure were isolated as
the sole products without detection of the other possible
triple-decker species, for example, [(Pc)M(Pc)M{Pc-
(OC8H17)8}] under the present experimental conditions. This
suggests that the electronic effect in the heteroleptic double-
decker molecule of [(Pc)M{Pc(OC8H17)8}] dominates in the


Scheme 1. Synthesis of homo- and heterodinuclear tris(phthalocyaninato) lanthanide complexes [(Pc)M{Pc(OC8H17)8}M’(Pc)].
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product formed the reaction between [(Pc)M(acac)] and
[(Pc)M{Pc(OC8H17)8}] and drives the formation of triple-
decker in the form of [(Pc)M{Pc(OC8H17)8}M(Pc)] instead
of [(Pc)M(Pc)M{Pc(OC8H17)8}], Scheme 1. The introduction
of eight electron-donating octyloxy groups onto the periph-
eral positions of one phthalocyanine ring of the heteroleptic
[(Pc)M{Pc(OC8H17)8}] makes its isoindole nitrogen atoms
more electron-rich relative to those in the unsubstituted Pc
ligand, and thus they coordinate more easily to the lantha-
nide ion of [(Pc)M(acac)] despite the possible steric hin-
derance, also due to the eight octyloxy side chains in the
same Pc(OC8H17)8 ring.


Satisfactory elemental analysis results have been obtained
for all these newly prepared hetero- and homodinuclear lan-
thanide triple-decker complexes 1–8 and 9–15, which have
good solubility in common organic solvents such as CHCl3,
CH2Cl2, and toluene, after repeated column chromatography
and recrystallization, Table 1. They have also been charac-
terized by MALDI-TOF mass spectrometry (Table 1) and
1H NMR spectroscopy. Their sandwich triple-decker nature


was further evidenced by single-crystal X-ray analysis for
the homodinuclear complexes 5 and 8 and the heterodinu-
clear complex 13.


The MALDI-TOF mass spectra of these compounds
clearly showed intense signals for the molecular ion [M]+ .
The isotopic pattern closely resembled that of the simulation
as exemplified by the spectrum of the heterodinuclear ana-
logue 11 given in Figure S1 (see the Supporting Informa-
tion).


Electronic absorption spectra : The electronic absorption
spectra of triple-decker complexes (1–15) were recorded in
CHCl3 and the data are summarized in Table 2. Figure 1 dis-
plays a typical UV-visible spectrum of heterodinuclear
[(Pc)Lu{Pc(OC8H17)8}Tb(Pc)] (10) and those of its homodi-


nuclear counterparts [(Pc)Tb{Pc(OC8H17)8}Tb(Pc)] (2) and
[(Pc)Lu{Pc(OC8H17)8}Lu(Pc)] (8). They are analogous to


those reported for related
homo- and heteroleptic tris-
(phthalocyaninato) lanthanide
compounds.[2,4] The absorption
around 332 nm with a shoulder
at higher energy (295 nm) can
be attributed to the phthalocya-
ninato Soret bands for 1–15.
For the homodinuclear species
1–8, the phthalocyaninato Q-
bands appear around 634–
643 nm as a very strong absorp-
tion with a weak satellite
around 692–722 nm. It is clear
that along with the decrease of
the ionic size of the lanthanide
from Gd to Lu, the Soret band
for all the triple-deckers re-
mains at almost the same posi-
tion. However, the main Q-
band with stronger intensity is
blue-shifted and the satellite Q-


band red-shifted for the series 1–8. As a result, the splitting
of the two Q-bands for the series of compounds 1–8 increas-
es along with the lanthanide contraction (Figure 2), indicat-
ing the increasing p–p interaction among phthalocyanine li-
gands in the same order.


As shown in Table 2 and Figure 1, the electronic absorp-
tion spectra of heterodinuclear compounds 9–15 take the
same features with those of homodinuclear analogues. Al-
though the Soret band position remained almost unchanged,
both the main and side Q-bands are shifted to the red or
blue relative to those of homodinuclear counterparts, lying
in the middle of the corresponding bands of the two homo-
dinuclear counterparts. This suggests that the Q-band ab-
sorptions of heteroleptic phthalocyaninato compounds con-
tain contributions from both unsubstituted and substituted


Table 1. Analytical and mass spectrometric data for the heteroleptic triple-deckers 1–15.[a]


Compound m/z [M]+/[M+H]+ [b] Analysis [%]
C H N


[(Pc)Gd{Pc(OC8H17)8}Gd(Pc)] (1) 2877.8 (2877.3) 66.39 (66.77) 6.09 (6.16) 11.53(11.68)
[(Pc)Tb{Pc(OC8H17)8}Tb(Pc)] (2) 2881.2 (2881.3)[c] 65.25 (66.70) 6.07 (6.16) 11.48 (11.67)
[(Pc)Dy{Pc(OC8H17)8}Dy(Pc)] (3) 2889.7 (2889.3)[c] 66.22 (66.53) 6.00 (6.14) 11.76 (11.64)
[(Pc)Ho{Pc(OC8H17)8}Ho(Pc)] (4) 2894.3 (2893.3)[c] 65.95 (66.42) 6.04 (6.13) 11.45 (11.62)
[(Pc)Er{Pc(OC8H17)8}Er(Pc)] (5) 2897.9 (2898.3)[c] 65.73 (66.31) 6.01 (6.12) 11.28 (11.60)
[(Pc)Tm{Pc(OC8H17)8}Tm(Pc)] (6) 2901.6 (2901.3)[c] 65.03 (66.24) 6.16 (6.12) 10.95 (11.59)
[(Pc)Yb{Pc(OC8H17)8}Yb(Pc)] (7) 2909.8 (2909.3) 66.00 (66.05) 6.09 (6.10) 11.65 (11.56)
[(Pc)Lu{Pc(OC8H17)8}Lu(Pc)] (8) 2913.8 (1913.3) 65.80 (65.96) 5.92 (6.09) 11.44 (11.54)


[(Pc)Lu{Pc(OC8H17)8}Gd(Pc)] (9) 2895.6 (2895.3) 66.18 (66.37) 6.44 (6.13) 10.80 (11.61)
[(Pc)Lu{Pc(OC8H17)8}Tb(Pc)] (10) 2897.2 (2897.3) 65.55 (66.33) 5.96 (6.12) 11.59 (11.61)
[(Pc)Lu{Pc(OC8H17)8}Dy(Pc)] (11) 2900.0 (2900.3) 66.12 (66.25) 5.96 (6.12) 11.78 (11.59)
[(Pc)Lu{Pc(OC8H17)8}Ho(Pc)] (12) 2903.3 (2903.3) 66.05 (66.19) 6.13 (6.11) 11.34 (11.58)
[(Pc)Lu{Pc(OC8H17)8}Er(Pc)] (13) 2905.6 (2905.3) 66.44 (66.14) 6.43 (6.11) 10.87 (11.57)
[(Pc)Lu{Pc(OC8H17)8}Tm(Pc)] (14) 2907.6 (2907.3) 66.01 (66.10) 6.19 (6.10) 11.09 (11.57)
[(Pc)Lu{Pc(OC8H17)8}Yb(Pc)] (15) 2911.6 (2911.3) 65.52 (66.01) 6.03 (6.09) 11.27 (11.55)


[a] Calculated values given in parentheses. [b] By MALDI-TOF mass spectrometry. [c] Cited from referen-
ce [5a].


Table 2. Electronic absorption data for the triple-deckers 1–15 in CHCl3.


lmax [nm�1] (log e)


1 295 (4.93) 333 (5.09) 643 (5.25) 692 (4.55)
2 294 (4.93) 333 (5.08) 642 (5.23) 698 (4.51)
3 295 (4.96) 333 (5.14) 640 (5.13) 703 (4.60)
4 295 (4.92) 331 (5.11) 639 (5.18) 707 (4.56)
5 295 (4.93) 331 (5.12) 638 (5.22) 711 (4.58)
6 296 (4.88) 332 (5.08) 637 (5.23) 714 (4.54)
7 296 (4.81) 332 (5.00) 634 (5.12) 720 (4.45)
8 296 (4.87) 331 (5.05) 634 (5.20) 722 (4.51)


9 295 (4.97) 331 (5.18) 641 (5.18) 706 (4.58)
10 295 (4.93) 332 (5.14) 640 (5.27) 708 (4.56)
11 295 (4.88) 332 (5.08) 638 (5.23) 711 (4.51)
12 296 (4.97) 333 (5.17) 635 (5.28) 713 (4.61)
13 296 (4.94) 332 (5.14) 635 (5.26) 716 (4.58)
14 296 (4.88) 332 (5.08) 634 (5.22) 718 (4.53)
15 296 (4.93) 332 (5.12) 632 (5.18) 719 (4.57)
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phthalocyanine ligands, due to the strong p–p interaction
among phthalocyanine rings connected by two lanthanide
ions. Nevertheless, the energies of the two Q-bands of these
heterodinuclear lanthanide triple-decker complexes 9–15 fit
the linear correlation established between the energies of
the two Q-bands and ionic radii for homodinuclear lantha-
nide complexes 1–8 if the mean ionic radius of Lu and M is
employed (Figure 2), also revealing the increasing p–p inter-
action among phthalocyanine ligands along with the lantha-
nide contraction.


NMR spectra : The 1H NMR spectra of all the newly pre-
pared triple-decker compounds except for [(Pc)Gd{Pc-
(OC8H17)8}Gd(Pc)] (1) and [(Pc)Lu{Pc(OC8H17)8}Gd(Pc)] (9)
have been recorded in CDCl3 at room temperature. The as-
signment of the spectra for the homodinuclear complexes 7
and 8 is straightforward because of the resolved multiplicity
in the signals for the alkyl-chain protons and the availability
of [(Pc)Y{Pc(OC8H17)8}Y(Pc)] spectrum,[6] Table S1 (Sup-
porting Information), for comparison purposes. The obser-


vation of only one set of signals for the a and b protons for
the two unsubstituted Pc rings in both complexes confirms
that these two compounds adopt symmetrical molecular
structure, that is, [(Pc)M{Pc(OC8H17)8}M(Pc)]. However,
among all the heterodinuclear lanthanide triple-decker com-
pounds, complete assignment of the spectra can be reached
only for [(Pc)Lu{Pc(OC8H17)8}Yb(Pc)] (15) at this stage,
even with the help of the 2D NMR spectra. As shown in the
1H–1H COSY spectrum (Figure 3), there are two sets of in-
tercorrelated signals at d=11.23 and 9.23 ppm and d= 7.98
and 7.90 ppm; these signals are attributed to the Pc rings
that are connected to the Yb and Lu metal, respectively.
The remaining aromatic singlet signal at d=10.96 ppm is
clearly due to the ring protons of Pc(OC8H17)8.


The signals for the aliphatic protons can also be assigned
unambiguously with the help of the 1H–1H COSY spectrum,
Figure 3 and Table S1 (Supporting Information). The two
multiplets at d=6.00 and 6.41 ppm are due to the diastereo-
topic OCH2 methylene protons. The multiplets from d=


1.82–3.36 can be ascribed to the OCH2CH2CH2CH2CH2CH2


methylene protons. The remaining signals for the
OCH2CH2CH2CH2CH2CH2CH2 methylene and �CH3


methyl protons are overlapped by the solvent signals at d=


1.64 and 1.31 ppm, which are correlated each other as
shown in the 1H–1H COSY spectrum.


Structure studies : Single crystals of [(Pc)M{Pc-
(OC8H17)8}M(Pc)] (M =Er, Lu; 5, 8, respectively) and
[(Pc)Lu{Pc(OC8H17)8}Er(Pc)] (13) suitable for X-ray diffrac-
tion analysis were obtained by diffusing hexane onto a so-
lution of the compounds in toluene. These compounds crys-
tallize in the triclinic system with a P1̄ space group. Both


Figure 1. The electronic absorption spectra of [(Pc)Tb{Pc(OC8H17)8}-
Tb(Pc)] (2), [(Pc)Lu{Pc(OC8H17)8}Tb(Pc)] (10) and [(Pc)Lu{Pc-
(OC8H17)8}Lu(Pc)] (8) in CHCl3.


Figure 2. Plot of wavenumbers of the two Q-bands of
[(Pc)M{Pc(OC8H17)8}M(Pc)] (1–8) (solid symbols) and [(Pc)Lu{Pc-
(OC8H17)8}M(Pc)] (9–15) (open symbols) as a function of the ionic radius
MIII and the mean ionic radius of LuIII and MIII, respectively.


Figure 3. 1H–1H COSY spectrum of [(Pc)Lu{Pc(OC8H17)8}Yb(Pc)] (15) in
CDCl3; * indicates impurities.
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the homo- and heterodinuclear lanthanide compounds have
similar crystal structures (Table 5). It is worth noting that
structurally characterized tris(phthalocyaninato) rare-earth-
metal compounds remain very rare so far, and to our knowl-
edge limited to [Lu2{Pc(15C5)4}3] [H2Pc(15C5)4 = tetra-
([15]crown-5)-substituted phthalocyanine][17] and
[(Pc)M(Pc)M{Pc(a-OC5H11)4}] (M =Sm, Gd, Lu) reported
very recently.[18] Nevertheless, the complex 13 represents the
first tris(phthalocyaninato) complex that contains two differ-
ent rare earth metals to be structurally characterized.


The molecular structure of [(Pc)Er{Pc(OC8H17)8}Er(Pc)]
(5) is shown in Figure 4 (and in Figure S2 in the Supporting


Information). As can be seen, each erbium ion is sand-
wiched between an outer phthalocyanine ligand Pc and the
central Pc(OC8H17)8 ring. The two erbium ions in this com-
pound are exactly identical, making the triple-decker mole-
cule completely centrosymmetric. However, as shown in
Table 3, the central Pc(OC8H17)8 ligand is not completely
planar, arising from the interaction among the long octyloxy
groups attached at the peripheral positions of the central
phthalocyanine ligand Pc(OC8H17)8 between different triple-
decker molecules in the crystal structure. The outer Pc ring


adopts conformations that are domed towards the erbium
cations (f= 9.1). The outer Pc ring and the central
Pc(OC8H17)8 ring connected by Er are rotated by an angle
of 43.88 relative to their eclipsed conformation. The coordi-
nation polyhedron of Er is therefore almost a perfect square
antiprism. The displacements of the erbium ion with respect
to the four isoindole nitrogen atom mean planes are Er�
N4(Pc) =1.217 � and Er�N4[Pc(OC8H17)8]=1.712 �, respec-
tively. The average Er�N(Pc) bond length (2.332 �) is sig-
nificantly shorter than the average Er�N[Pc(OC8H17)8] dis-
tance (2.573 �), as the central phthalocyanine ligand
Pc(OC8H17)8 is shared by two erbium ions rather than one
metal ion as is the case for the outer Pc ligand. This is also
true for the molecular structure of homodilutetium com-
pound 8 and heterodinuclear triple-decker 13. As shown in
Table 3, the ring-to-ring separation between the two neigh-
boring ligands, as defined by the two N4 mean planes,
changes from 2.929 to 2.902 � when the erbium in 5 is re-
placed by lutetium with a smaller ionic size in 8. Whereas
the separation between the two neighboring ligands in the
heterodinuclear metal compound 13, containing both Er and
Lu, reasonably locates at 2.908 �, exactly between those of
the homodinuclear compounds 5 and 8.


At the end of this section, it is must be pointed out that
due to the very small difference in the atomic number be-
tween erbium and lutetium, discrimination of these two
metals in the symmetrical triple-decker molecule of 13 was
not possible with the present X-ray analysis technique.


Electrochemical properties : The electrochemical behavior
of all the triple-decker complexes was investigated by cyclic
voltammetry (CV) and differential pulse voltammetry
(DPV) in CH2Cl2. These triple-decker compounds display
four one-electron oxidations (labeled as Oxd1–Oxd4) and
three one-electron reductions (Red1–Red3) within the elec-
trochemical window of CH2Cl2 under the present conditions.
The separation between the reduction and oxidation peak
potentials for each process is 65–90 mV. All these processes
are attributed to successive removal from, or addition of
one electron to, the ligand-based orbitals, since the oxida-
tion state of the central tervalent lanthanide ions in triple-
decker complexes does not change. The half-wave redox po-


tential values versus SCE are
summarized in Table 4. Repre-
sentative cyclic voltammogram
and differential pulse voltam-
mogram for [(Pc)Lu{Pc-
(OC8H17)8}Dy(Pc)] (11) are dis-
played in Figure 5.


Figure 6 shows the variation
of the redox potentials of
homodinuclear [(Pc)M{Pc-
(OC8H17)8}M(Pc)] (1–8) with
the ionic radius of the lantha-
nide metal center. As can be
seen in Figure 6 and Table 4,
while the half-wave potentials


Figure 4. Side view of the molecular structure of [(Pc)Er{Pc(O-
C8H17)8}Er(Pc)] (5) with 30% probability thermal ellipsoids for all non-
hydrogen atoms.


Table 3. Comparison of the structural data for 5, 8, and 13.


5 13 8


average M�N(Pc) bond length [�] 2.332 2.283 2.30
average M�N[Pc(OC8H17)8] bond length [�] 2.573 2.507 2.55
M�N4(Pc) plane distance [�] 1.217 1.213 1.202
M�N4[Pc(OC8H17)8] plane distance [�] 1.712 1.694 1.699
interplanar distance [�] 2.929 2.908 2.902


dihedral angle between the two N4 planes [8] 0.3 3.6 1.4
average dihedral angle f for the Pc ring [8][a] 9.1 8.1 9.7
average dihedral angle f for the Pc(OC8H17)8 ring [8][a] 4.65 7.05 4.05
average twist angle [8][b] 43.8 44.2 43.8


[a] The average dihedral angle of the individual isoindole rings with respect to the corresponding N4 mean
plane. [b] Defined as the rotation angle of the Pc ring away from the eclipsed conformation of the Pc and
Pc(OC8H17)8 ring.
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of the third and fourth oxidations of [(Pc)M{Pc-
(OC8H17)8}M(Pc)] remain virtually unchanged, the half-wave
potentials of the first and second oxidations of these triple-
deckers correlate linearly with the ionic size of the lantha-
nide metal center; these potentials are slightly shifted in the
cathodic direction with decreasing radius of the lanthanide.


To understand the electrochemical data for these triple-
decker complexes, the molecular orbital analysis method
was employed. Accordingly, in these triple-decker molecules
the close proximity of the three conjugated p-systems in a
face-to-face configuration induces splitting of the doubly de-
generate (eg) LUMO and nondegenerate 4au HOMO molec-
ular orbitals of the monophthalocyanines.[6,19] This results in
three pairs of doubly degenerate unoccupied frontier molec-
ular orbitals (the bonding LUMO, second nonbonding


LUMO, and third antibonding
LUMO) and three nondegener-
ate occupied frontier orbitals
(the third bonding HOMO,
second nonbonding HOMO
and first antibonding HOMO)
in the triple-deckers. The split-
ting between the first HOMO
and second HOMO of triple-
decker increases with decreas-
ing lanthanide radius, due to
the increase in the ring-to-ring
interaction. Therefore, there is
an increase in the energy of the
antibonding HOMO in the
same order, but no change in
the energy of the nonbonding
second HOMO. This is the
reason why the half-wave po-
tentials of the first and second
oxidations (Oxd1 and Oxd2)
dealing with the first antibond-
ing HOMO are shifted slightly
to the more negative direction
along with the decrease of lan-
thanide radius and those for the
third and fourth oxidations that
are related to the second non-
bonding HOMO are essentially
unchanged. The half-wave po-
tentials of all the three reduc-
tions for homodinuclear
[(Pc)M{Pc(OC8H17)8}M(Pc)] (1–
8) appear to reveal no system-
atic trends with ionic size, indi-
cating that the degenerate
LUMO does not change in
energy along with the change in
the lanthanide ionic size. As a
result, the difference of the
redox potentials of the first oxi-
dation and first reduction for 1–


8, lying between 1.03 and 0.89 V, also decreases linearly with
decreasing lanthanide radius, indicating enhanced p–p inter-
actions in the triple-deckers with smaller lanthanides with
respect to those connected by larger lanthanides. This result
is supported by the optical properties of 1–8. Electronic ab-
sorption studies have revealed that the lowest energy elec-
tronic absorption band at 692–722 nm in the electronic spec-
tra of [(Pc)M{Pc(OC8H17)8}M(Pc)], which involves the elec-
tronic transition from the HOMO to the degenerate
LUMO, is red-shifted along with the decrease of lanthanide
ionic size.


The redox behaviors of the heterodinuclear compounds
[(Pc)Lu{Pc(OC8H17)8}M(Pc)] (9–15) parallel those of their
counterparts with two identical metals, see Table 4 and
Figure 6. The redox potentials, especially those involving the


Table 4. Half-wave redox potentials of triple-deckers 1–15 in CH2Cl2 containing 0.1m TBAP.


Oxd4 Oxd3 Oxd2 Oxd1 Red1 Red2 Red3 DEo
1=2


[a]


1 +1.60 +1.21 +0.67 +0.32 �0.71 �1.06 �1.42 1.03
2 +1.60 +1.22 +0.66 +0.30 �0.70 �1.04 �1.38 1.00
3 +1.61 +1.22 +0.64 +0.29 �0.68 �1.03 �1.38 0.97
4 +1.60 +1.22 +0.64 +0.27 �0.68 �1.01 �1.35 0.95
5 +1.62 +1.23 +0.63 +0.26 �0.68 �1.03 �1.40 0.94
6 +1.60 +1.22 +0.61 +0.25 �0.70 �1.02 �1.41 0.95
7 +1.61 +1.23 +0.61 +0.23 �0.67 �1.01 �1.39 0.90
8 +1.62 +1.24 +0.60 +0.22 �0.67 �1.01 �1.39 0.89


9 +1.61 +1.23 +0.66 +0.29 �0.67 �1.00 �1.37 0.96
10 +1.63 +1.24 +0.66 +0.29 �0.68 �1.01 �1.37 0.97
11 +1.58 +1.23 +0.64 +0.27 �0.67 �1.01 �1.38 0.94
12 +1.61 +1.24 +0.63 +0.26 -0.66 -1.01 -1.38 0.92
13 +1.62 +1.24 +0.63 +0.25 �0.67 �1.02 �1.40 0.92
14 +1.58 +1.25 +0.62 +0.24 �0.66 �1.01 �1.38 0.90
15 +1.62 +1.23 +0.61 +0.23 �0.67 �1.01 �1.40 0.90


[a] DEo
1=2 is the potential difference between the first oxidation and first reduction processes, that is, the


HOMO–LUMO gap of corresponding molecule.


Table 5. Crystallographic data for 5, 8, and 13.


5 8 13


formula C160H176N24O8Er2 C160H176N24O8Lu2 C160H176N24O8ErLu
Mr 2897.77 2913.19 2905.48
crystal system triclinic triclinic triclinic
space group P1̄ P1̄ P1̄
a [�] 14.537(16) 14.513(12) 14.417(10)
b [�] 15.396(19) 15.363(13) 15.258(10)
c [�] 18.94(2) 18.828(16) 18.537(13)
a [8] 109.589(17) 109.214(13) 109.040(13)
b [8] 98.21(2) 98.417(13) 98.734(12)
g [8] 109.727(18) 109.829(12) 109.716(11)
V [�3] 3600(7) 3568(5) 3468(4)
Z 1 1 1
1calcd [Mg m�3] 1.337 1.356 1.391
m [mm�1] 1.224 1.443 1.378
q range [8] 1.51–24.00 1.96–24.00 1.53–24.00
reflections measured 13438 16248 15 177
independent reflections 10314 (Rint =0.1306) 10791 (Rint =0.0959) 10 167 (Rint =0.2097)
parameters 869 874 877
R1 [I>2s(I)] 0.0790 0.0709 0.0985
wR2 [I>2s(I)] 0.1093 0.0919 0.1755
goodness of fit 0.735 0.950 0.968
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HOMO of [(Pc)Lu{Pc(OC8H17)8}M(Pc)], that is, the first
and second oxidations, fit the linear correlation seen be-
tween the redox potentials and ionic radii for complexes
with identical metals if the mean ionic radius of Lu and M is
employed, Figure 6. This result clearly indicates the involve-
ment of all three phthalocyanine rings in the frontier molec-
ular orbitals of tris(phthalocyaninato) lanthanide com-


pounds and the strong p–p interactions between the adja-
cent rings in the triple-decker molecules.


Conclusion


In summary, a series of homo- and heterodinuclear lantha-
nide tris(phthalocyaninato) complexes with symmetrical mo-
lecular structure [(Pc)M{Pc(OC8H17)8}M’(Pc)] (M =or ¼6 M’)
have been prepared from the reaction of
[(Pc)M{Pc(OC8H17)8}] and [(Pc)M’(acac)] facilitated by the
eight electron-donating octyloxy groups at the peripheral
positions of Pc(OC8H17)8 ligand. The compounds have been
fully characterized with various spectroscopic and electro-
chemical methods. The molecular structures of these triple-
deckers have also been determined by X-ray diffraction and
NMR spectroscopy.


Experimental Section


General remarks : Anhydrous 1,2,4-trichlorobenzene (TCB) was pur-
chased from Aldrich. Dichloromethane for voltammetric studies was
freshly distilled from CaH2 under nitrogen. Column chromatography was
carried out on silica gel (Merck, Kieselgel 60, 70–230 mesh) with the indi-
cated eluents. All other reagents and solvents were used as received. The
compounds M(acac)3·n H2O,[20] [(Pc)M(acac)][21] and [(Pc)M{Pc-
(OC8H17)8}] (M =Gd–Lu)[22] were prepared according to the published
procedures.


Electronic absorption spectra were recorded on a Hitachi U-4100 spec-
trophotometer. MALDI-TOF mass spectra were taken on a Bruker
BIFLEX III ultra-high-resolution Fourier transform ion cyclotron reso-
nance (FT-ICR) mass spectrometer with a-cyano-4-hydroxycinnamic acid
as matrix. Elemental analyses were performed by the Institute of
Chemistry, Chinese Academy of Sciences. Electrochemical measurements
were carried out with a BAS CV-50W voltammetric analyser. The cell
was composed of inlets for a glassy carbon-disk working electrode of
2.0 mm in diameter and a silver-wire counter electrode. The reference
electrode was Ag/Ag+ , which was connected to the solution by a Luggin
capillary, whose tip was placed close to the working electrode. It was cor-
rected for junction potentials by being referenced internally to the ferro-
cenium/ferrocene (Fe+/Fe) couple [E1/2 (Fe+/Fe)=501 mV vs SCE]. Typi-
cally, a solution of [Bu4N][ClO4] in CH2Cl2 (0.1 mol dm�3) containing the
sample (0.5 mmol dm�3) was purged with nitrogen for 10 min, then the
voltammograms were recorded at ambient temperature. The scan rates
were 20 and 10 mV s�1 for CV and DPV, respectively.


General procedure for the preparation of [(Pc)M{Pc(OC8H17)8}M(Pc)]
(M= Gd-Lu) (1–8) and [(Pc)Lu{Pc(OC8H17)8}M(Pc)] (M =Gd-Yb) (9–
15): A mixture of [(Pc)M(acac)] (30 mg, 0.04 mmol) and
[(Pc)M{Pc(OC8H17)8}] (0.025 mmol) in TCB (10 mL) was refluxed for
about 10 h under a slow stream of nitrogen. The resulting blue solution
was cooled to room temperature, and then the volatiles were removed
under reduced pressure. The residue was subjected to chromatography
with CH2Cl2 as eluent to give a dark-blue fraction containing the target
heteroleptic tris(phthalocyaninato) compounds [(Pc)M{Pc(OC8H17)8}-
M(Pc)] or [(Pc)Lu{Pc(OC8H17)8}M(Pc)] and a small amount of
[(Pc)M(Pc)], which was repeatedly subjected to chromatography with tol-
uene/hexane (3:1) to yield a deep blue fraction of the target triple-decker
compounds. All compounds 1–15 were recrystallized from a mixture of
toluene and hexane giving bluish violet crystals in the yields of 8–15 %.


X-ray crystallographic analysis of 5, 8, and 13 : Crystals suitable for X-ray
diffraction analysis were grown by diffusing hexane onto a solution of
the compounds in toluene. Crystal data and details of data collection and
structure refinement are given in Table 5. Data were collected on a


Figure 5. Cyclic voltammetry and differential pulse voltammetry of
[(Pc)Lu{Pc(OC8H17)8}Dy(Pc)] (11) in CH2Cl2 containing 0.1 m [NBu4]
[ClO4] at scan rates of 20 (top) and 10 mVs�1 (bottom).


Figure 6. Plot of half-wave potentials of redox processes of
[(Pc)M{Pc(OC8H17)8}M(Pc)] (1–8) (solid symbols) and [(Pc)Lu{Pc-
(OC8H17)8}M(Pc)] (9–15) (open symbols) as a function of the ionic radius
MIII and the mean ionic radius of LuIII and MIII, respectively.
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Bruker SMART CCD diffractometer with MoKa radiation (l=


0.71073 �) at 293 K, using a w scan mode with an increment of 0.38. Pre-
liminary unit cell parameters were obtained from 1290 frames. Final unit
cell parameters were obtained by global refinements of reflections ob-
tained from integration of all the frame data. The collected frames were
integrated by using the preliminary cell orientation matrix. SMART soft-
ware was used for collecting data, indexing reflections, and determination
of lattice constants; SAINT-PLUS for integration of intensity of reflec-
tions and scaling;[23] SADABS for absorption correction;[24] and SHELXL
for space group and structure determination, refinements, graphics, and
structure reporting.[25] CCDC-248687–248689 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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Ruthenium-Catalyzed Propargylic Substitution Reactions of Propargylic
Alcohols with Oxygen-, Nitrogen-, and Phosphorus-Centered Nucleophiles


Yoshiaki Nishibayashi,*[a] Marilyn Daisy Milton,[a] Youichi Inada,[a] Masato Yoshikawa,[a]


Issei Wakiji,[b] Masanobu Hidai,*[c] and Sakae Uemura*[a]


Introduction


Allylic substitution reactions of allylic alcohol derivatives
with nucleophiles catalyzed by transition-metal complexes
are one of the most successful and reliable methods in or-
ganic synthesis.[1] The process is catalyzed by various transi-
tion-metal complexes derived from nickel, palladium, plati-
num, cobalt, rhodium, iridium, iron, ruthenium, molybde-
num, and tungsten.[1] A variety of nucleophiles such as alco-
hols, amines, thiols, and active methine and methylene com-
pounds are available for this reaction, which proceeds via
(h-allyl)metal species to afford a wide variety of allylated
products with high chemo-, regio-, and stereoselectivities.[1]


In sharp contrast, much less attention has been paid to
the propargylic substitution reactions of propargylic alcohol
derivatives with nucleophiles. The Nicholas reaction has so
far been known to be an effective tool for propargylic sub-
stitution reaction.[2] In addition to heteroatom-centered nu-
cleophiles, such as alcohols, amines, and thiols, a wide varie-
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Abstract: The scope and limitations of
the ruthenium-catalyzed propargylic
substitution reaction of propargylic al-
cohols with heteroatom-centered nucle-
ophiles are presented. Oxygen-, nitro-
gen-, and phosphorus-centered nucleo-
philes such as alcohols, amines, amides,
and phosphine oxide are available for
this catalytic reaction. Only the thio-
late-bridged diruthenium complexes
can work as catalysts for this reaction.
Results of some stoichiometric and cat-
alytic reactions indicate that the cata-
lytic propargylic substitution reaction
proceeds via an allenylidene complex
formed in situ, whereby the attack of
nucleophiles to the allenylidene Cg


atom is a key step. Investigation of the
relative rate constants for the reaction


of propargylic alcohols with several
para-substituted anilines reveals that
the attack of anilines on the allenyli-
dene Cg atom is not involved in the
rate-determining step and rather the
acidity of conjugated anilines of an al-
kynyl complex, which is formed after
the attack of aniline on the Cg atom, is
considered to be the most important
factor to determine the rate of this cat-
alytic reaction. The key point to pro-
mote this catalytic reaction by using
the thiolate-bridged diruthenium com-
plexes is considered to be the ease of


the ligand exchange step between a vi-
nylidene ligand on the diruthenium
complexes and another propargylic al-
cohol in the catalytic cycle. The reason
why only the thiolate-bridged diruthe-
nium complexes promote the ligand ex-
change step more easily with respect to
other monoruthenium complexes in
this catalytic reaction should be that
one Ru moiety, which is not involved
in the allenylidene formation, works as
an electron pool or a mobile ligand to
another Ru site. The catalytic proce-
dure presented here provides a versa-
tile, direct, and one-step method for
propargylic substitution of propargylic
alcohols in contrast to the so far well-
known stoichiometric and stepwise
Nicholas reaction.


Keywords: alcohols · amines ·
nucleophilic subsitution ·
propargylic alcohols · ruthenium
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ty of carbon-centered nucleophiles, including simple ketones
such as acetone, are also available for the Nicholas reac-
tion.[2,3] This reaction, however, has some drawbacks: a stoi-
chiometric amount of [Co2(CO)8] is required, and several
steps are necessary to obtain propargylic-substituted prod-
ucts from propargylic alcohols via cationic propargyl com-
plexes [Co2(CO)6(propargyl)]+ .[2,3] On the other hand, sever-
al catalytic propargylic substitution reactions have been re-
cently reported, in which some transition-metal complexes,
such as copper, titanium, iridium, ruthenium, rhenium, and
palladium complexes, worked as effective catalysts to give
the corresponding propargylic compounds from propargylic
alcohols or their derivatives.[4] The kind of available nucleo-
philes, however, depends a lot on the nature of transition-
metal complexes. To the best of our knowledge, no general
method for catalytic propargylic substitution reactions has
so far been reported.


Since the first discovery of the allenylidene complex in
1976, transition-metal allenylidene (M=C=C=C< ) com-
plexes have attracted a great deal of attention as a new type
of organometallic intermediate.[5] In fact, cationic transition-
metal allenylidene complexes [M+=C=C=CR1R2], readily
available by dehydration of propargylic alcohols coordinated
to an unsaturated metal center, can be regarded as stabilized
propargylic cations because of the extensive contribution of
the metal–alkynyl resonance form [M�C�CC+R1R2].[6]


Theoretical studies also indicate that the Ca and Cg atoms
of allenylidene ligands are electrophilic centers, while the
Cb atom behaves as a nucleophilic site.[7] In fact, stoichio-
metric reactions of allenylidene ruthenium complexes with
a variety of nucleophiles have been reported, in which
nucleophiles attack either the allenylidene Ca or Cg atom to
afford Fischer-type carbenes or alkynyl complexes, respec-
tively.[7]


It is now known that nucleophilic addition at Cg occurs re-
gioselectively when electron-rich and/or bulky metallic frag-
ments are used, leading to a large variety of s-alkynyl com-
plexes [M�C�CC(Nu)R1R2].[7] Especially, Gimeno and co-
workers have developed an interesting synthetic procedure
for the propargylic substitution reaction of 2-propyn-1-ols
mediated by the metallic complex [Ru(h5-C9H7)(PPh3)2]


+ .[8]


Here, allenylidene complexes are formed in the first step
and they are subsequently transformed into the correspond-
ing s-alkynyl derivatives, which undergo a selective protona-
tion to afford the vinylidene complexes. Finally, demetala-
tion from the vinylidene complexes with acetonitrile leads
to the functionalized terminal alkynes in high yields. This
synthetic methodology is considered to be an alternative to
the Nicholas reaction[2] (vide supra), although a stoichiomet-
ric amount of ruthenium complex is required and also sever-
al steps are necessary to obtain propargylic-substituted
products from propargylic alcohols. In addition, quite re-
cently, some unprecedented reactivities of allenylidene com-
plexes have been reported, but all of them are limited to
stoichiometric reactions.[9] In fact, only a few examples of
catalytic reactions via allenylidene intermediates have been
reported until now.[10]


We have long been interested in the development of ho-
mogeneous catalysis of polynuclear transition-metal com-
plexes, since direct and indirect cooperation of several tran-
sition metals can be expected for the activation of substrates
to provide novel transformations that are not attainable at a
conventional monometallic center.[11] Toward this end, our
studies have been focused on the synthesis and reactivity of
polynuclear noble-metal complexes with bridging sulfur li-
gands.[12] In the course of our investigation, we have so far
synthesized a series of thiolate-bridged diruthenium com-
plexes, such as [(Cp*)Ru(m2-SiPr)2Ru(Cp*)] (RuII–RuII)
(Cp*=h5-C5Me5) and [(Cp*)Ru(m2-SiPr)3Ru(Cp*)] (RuII–
RuIII), and disclosed that these complexes provide unique
reaction sites for various stoichiometric transformations of
terminal alkynes.[13] During our further study on this subject
using the thiolate-bridged diruthenium complexes
[(Cp*)RuCl(m2-SR)2Ru(Cp*)Cl] (RuIII–RuIII) (R= Me (1 a),
Et (1 b), nPr (1 c), iPr (1 d)), and [(Cp*)RuCl(m2-SiPr)2Ru-
(Cp*)(OH2)]OTf (RuIII–RuIII) (1 e ; OTf=OSO2CF3),[14] we
eventually found that these complexes work as good cata-
lysts for propargylic substitution reaction of propargylic al-
cohols bearing a terminal alkyne with a variety of nucleo-
philes.[15] Not only heteroatom-centered but also carbon-cen-


tered nucleophiles could be employed for this catalytic
propargylic substitution reaction, which proceeded via an al-
lenylidene ruthenium complex as a key intermediate. Here,
we describe the scope and limitations of catalytic propargyl-
ic substitution reaction of propargylic alcohols with hetero-
atom-centered nucleophiles such as alcohols, amines,
amides, and diphenylphosphine oxide in detail together with
unambiguous X-ray structural determination of an inter-
mediate allenylidene complex. In addition, some mechanis-
tic consideration on the reaction pathway, including the re-
sults of stoichiometric reactions of allenylidene intermedi-
ates with nucleophiles, are presented in this article. Results
of the catalytic reaction of propargylic alcohols with thiols[16]


and carbon-centered nucleophiles including simple ketones,
such as acetone,[17] and 1,3-dicarbonyl compounds, such as
1,3-cyclohexanedione,[18] have been reported separately.


Results and Discussion


Propargylic substitution reaction with oxygen-centered nu-
cleophiles : At first, the propargylic substitution reaction of
propargylic alcohols with various alcohols was investigated
to obtain the corresponding ethers. A variety of thiolate-
bridged diruthenium complexes and monoruthenium com-
plexes were examined as catalysts in the reaction of 1-
phenyl-2-propyn-1-ol (2 a) with EtOH. Typical results are
shown in Table 1. Interestingly, only the thiolate-bridged di-
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ruthenium complexes worked effectively. In fact, in the pres-
ence of a catalytic amount of 1 a, the treatment of 2 a in
EtOH at 60 8C for 15 min gave the corresponding propargyl-
ic ether (3 a) in 85 % GLC yield with a complete regioselec-
tivity (Table 1, entry 1). The formation of neither an allenic
by-product nor another regioisomer of 3 a was observed by
GLC and 1H NMR spectroscopy. The addition of NH4BF4


improved the catalytic activity (95 % GLC yield: Table 1,
entry 2), probably by affording a cationic thiolate-bridged
diruthenium complex with a vacant site. The use of 1 mol %
of 1 a decreased the yield of 3 a (Table 1, entry 3). The reac-
tion at room temperature was completed within 1 h to give
3 a in 90 % GLC yield (Table 1, entry 4). On the other hand,
in the absence of 1 a, no reaction occurred at all (Table 1,
entry 5). The kind of bridging thiolato ligands in the diruthe-
nium complex did not have much influence on the catalytic
activity. The complex with the sterically demanding SiPr
group (1 d) exhibited a slightly lower catalytic activity, while
the complexes with SEt and SnPr groups (1 b and 1 c, respec-
tively) showed almost the same catalytic activity as 1 a
(Table 1, entries 6–8). A cationic thiolate-bridged dirutheni-
um complex (1 e) also worked as a catalyst for the propar-
gylic etherification (Table 1, entry 9). In sharp contrast to
the reactivity of the thiolate-bridged diruthenium(RuIII–
RuIII) complexes (1 d and 1 e), both diruthenium(RuII–RuIII)
and diruthenium(RuII–RuII) complexes[13] (1 f and 1 g) were
ineffective (Table 1, entries 10 and 11). It is worth noting
that conventional monoruthenium complexes such as
[RuCl(Cp*)(PPh3)2], [RuCl(Cp)(PPh3)2] (Cp=h5-C5H5),
[RuCl2(dppe)2] (dppe =1,2-bis(diphenylphosphino)ethane),


[RuCl2(PPh3)2], [RuCl2(p-
cymene)]2, and [RuCl(h5-
C9H7)(PPh3)2], which are
known to react with propargylic
alcohols to produce the corre-
sponding allenylidene com-
plexes (vide infra),[7] did not
work at all as catalysts under
the conditions investigated here
(Table 1, entries 12–17). The
use of AgOTf in place of
NH4BF4 did not promote the
catalytic reactions at all. When
MeOH and iPrOH were used
in place of EtOH, the corre-
sponding methyl and isopropyl
ethers (3 b and 3 c) were ob-
tained in 84 and 91 % yields, re-
spectively (Table 1, entries 18
and 19).


Results of various reactions
between propargylic and nucle-
ophilic alcohols catalyzed by 1 a
and NH4BF4 are shown in
Table 2. Propargylic substitu-
tion reaction of 1-monoalkyl-
and 1,1-dialkyl-substituted


propargylic alcohols (2 b–2 d) at 60 8C occurred rapidly to
afford the corresponding ethers (3 d–3 f, respectively) in
high yields (Table 2, entries 1–3). In contrast, reactions of
1,1-diaryl-substituted propargylic alcohols (2 e and 2 f) were
sluggish under identical conditions, a prolonged time being
required to produce the diaryl-substituted ethers (3 g and
3 h) in moderate yields (Table 2, entries 4 and 5). In addition
to the use of EtOH, MeOH, and iPrOH, other types of alco-
hols bearing a chiral moiety could also be employed for the
propargylic substitution reaction as nucleophiles, with 1,2-di-
chloroethane (ClCH2CH2Cl) used as the solvent in place of
the alcohols. When the reactions of 2 a with five equivalents
of chiral alcohols were carried out in ClCH2CH2Cl at 60 8C
for 1 h, a mixture of two diastereomeric isomers was ob-
tained in moderate to high yields with the isomer ratio of
approximately 1:1 (Table 2, entries 6–10). The exact ratios of
two diastereomeric isomers are shown in the Experimental
Section.


As has been reported,[19] cycloaddition of propargylic al-
cohols with phenols bearing electron-donating groups pro-
ceeded to give the corresponding 4H-1-benzopyrans in good
yields (Scheme 1). However, propargylation of phenol with
2 a afforded the corresponding phenyl propargylic ether


Table 1. Propargylic substitution reaction of propargylic alcohol 2a with EtOH.[a]


Ruthenium catalyst (mol %)[b] Additive (mol %)[b] Conditions
T [8C]/t [min]


GLC yield [%]


1 [(Cp*)RuCl(SMe)]2 (1 a) (5) – 60/15 85
2 [(Cp*)RuCl(SMe)]2 (1 a) (5) NH4BF4 (10) 60/15 95 (88)[c]


3 [(Cp*)RuCl(SMe)]2 (1 a) (1) NH4BF4 (10) 60/15 32
4 [(Cp*)RuCl(SMe)]2 (1 a) (5) NH4BF4 (10) 25/60 90
5 –[d] NH4BF4 (10) 60/15 0
6 [(Cp*)RuCl(SEt)]2 (1 b) (5) – 60/15 81
7 [(Cp*)RuCl(SnPr)]2 (1 c) (5) – 60/15 83
8 [(Cp*)RuCl(SiPr)]2 (1 d) (5) – 60/15 78
9 [(Cp*)RuCl(SiPr)2Ru(Cp*)Cl]OTf (1 e) (5) – 60/15 69


10 [(Cp*)Ru(SiPr)3Ru(Cp*)] (1 f) (5) – 60/15 1
11 [(Cp*)Ru(SiPr)2Ru(Cp*)] (1g) (5) – 60/15 0
12 [(Cp*)RuCl(PPh3)2] (5) NH4BF4 (10) 60/15 1
13 [CpRuCl(PPh3)2] (5) NH4BF4 (10) 60/15 1
14 [RuCl2(dppe)2] (5) NH4BF4 (10) 60/15 1
15 [RuCl2(PPh3)3] (5) NH4BF4 (10) 60/15 1
16 [{RuCl2(p-cymene)}2] (5) NH4BF4 (10) 60/15 1
17 [(C9H7)RuCl(PPh3)2] (5) NH4BF4 (10) 60/15 1
18 [(Cp*)RuCl(SMe)]2 (1 a) (5) NH4BF4 (10) 60/15 (84)[c,e]


19 [(Cp*)RuCl(SMe)]2 (1 a) (5) NH4BF4 (10) 60/15 (91)[c,f]


[a] All the reactions of 2a (0.20 mmol) with EtOH (5 mL) were carried out in the presence of catalyst.
[b] Mol % to 2 a. [c] Isolated yield. [d] In the absence of catalyst. [e] MeOH was used in place of EtOH. Yield
of 3 b. [f] iPrOH was used in place of EtOH. Yield of 3c.


Scheme 1. Cycloaddition of propargylic alcohols with phenols bearing
electron-donating groups.
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(3 n) in 65 % isolated yield [Eq. (1)], indicating that phenols
without electron-donating groups can be propargylated to
give the corresponding aryl propargylic ethers. In fact, the


reaction of 2 a with 3,4,5-trimethylphenol gave a mixture of
propargylic ether (3 o) and 4H-1-benzopyran in a 2:1 ratio
[Eq. (2)]. When the reaction of 2 a with 2-naphthol was car-
ried out at 60 8C for 1 h, 1-phenyl-1H-naphtho[2,1-b]pyran
was isolated in 80 % yield [Eq. (3)].[19] Previously, we con-


firmed that the cycloaddition
proceeded via an allenylidene
intermediate.[19]


The Williamson reaction is
the well-known and most
widely used method for the
preparation of unsymmetric
ethers.[20] The procedure in-
volves SN2 reactions between
an alkyl halide or pseudohalide
with an alkoxide anion pre-
pared from an alcohol. Howev-
er, this method is not useful
when the ethers are sensitive to
the basic conditions, such as
halogenated ethers, due to col-
lateral elimination reaction. In
our system, functional groups in
alcohols such as halogen,
alkene, and alkyne were toler-
ant as summarized in Table 3.
Reactions of 2 a with alcohols
bearing halogen, alkene, or
alkyne moiety afforded the cor-
responding propargylic ethers
in moderate to good yields, re-
spectively (Table 3, entries 1–4),
showing that this method is
useful for a direct approach to
highly functionalized propargyl-
ic ethers. Unfortunately, no
etherification occurred when
1,2-propanediol was used as a
nucleophile (Table 3, entry 5).


Intramolecular cyclization of
propargylic alcohols bearing a
hydroxyl group at a suitable po-
sition in the same molecule af-
forded the corresponding cyclic
ethers in moderate to high


yields with a complete regioselectivity. Thus, cyclization pro-
ceeded rapidly with 1-(2-hydroxymethylphenyl)-2-propyn-1-
ol (2 g) to afford the corresponding five-membered-ring
product (3 t) in 92 % isolated yield [Eq. (4,)], while 6-hep-


Table 2. Propargylic substitution reactions of propargylic alcohols (2) with alcohols catalyzed by 1a.[a]


Propargylic
alcohol (2)


Alcohol Conditions
T [8C]/t [min]


Propargylic
ether (3)


Yield [%][b]


1 iPrOH 60/15 75


2 EtOH 25/30 54


3 EtOH 25/30 57


4 EtOH 60/1200 62


5 EtOH 60/1200 61


6[c] 60/60 80[d]


7[c] 60/60 92[d]


8[c] 60/60 69[d]


9[c] 60/60 64[d]


10[c] 60/60 71[d]


[a] Reactions of propargylic alcohol (2 ; 0.60 mmol) with alcohol (15 mL) were carried out in the presence of
1a and NH4BF4 (entries 1–5). [b] Isolated yield. [c] Reactions of propargylic alcohol (2) (0.60 mmol) with alco-
hol (3.0 mmol) were carried out in the presence of 1 a and NH4BF4 in ClCH2CH2Cl (15 mL) (runs 6–10).
[d] The ratio of two diastereomeric isomers is given in the Experimetal Section.
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tyne-1,5-diol and 7-octyne-1,6-diol (2 h and 2 i) gave the cor-
responding six- and seven-membered-ring products (3 u and
3 v) in only 40 % and 33 % yields, respectively [Eq. (5)].
Cyclization proceeded well with
a symmetrical diol 2 j to give a
mixture of two diastereomeric
isomers (3 w) in 67 % yield with
the isomer ratio of ca. 2:1 (dl
isomers : meso isomer)
[Eq. (6)]


Interestingly, treatment of 2-
phenyl-3-butyn-2-ol in EtOH at
60 8C in the presence of a cata-
lytic amount of 1 a and NH4BF4


led to the formation of 2-
phenyl-1-buten-3-yne (4 a) in
almost quantitative yield
(Table 4, entry 1), not the ex-
pected ethyl 1-phenyl-2-propyn-
yl ether. Typical results are
shown in Table 4. In the ab-
sence of 1 a, the formation of
the conjugated enyne was not
observed at all. This result
prompted us to treat suitably
1,1-disubstituted propyn-1-ols
in nonpolar solvents, because
dehydration can afford the cor-
responding conjugated enynes,
which are important synthetic
intermediates. Thus, heating of


1,1-dialkyl-substituted propargylic alcohols (2 c–2 d) in
ClCH2CH2Cl in the presence of 1 a (5 mol %) and NH4BF4


(10 mol %) at 60 8C for 15 min gave the corresponding con-
jugated enynes (4 b and 4 c) in high yields (Table 4, entries 2
and 3). Similarly, the dehydration of ethisterone and mestra-
nol proceeded smoothly to give the corresponding enynes
(4 d and 4 e) in 86 % and 76 % isolated yields, respectively
(Table 4, entries 4 and 5). Spectroscopic data of these
enynes (4 d and 4 e) were in accordance with those previous-


Table 3. Propargylic substitution reactions of propargylic alcohol 2a with
alcohols.[a]


Alcohol Propargylic
ether (3)


Yield [%][b]


1 81


2 77


3 50


4 87


5 –[c] –


[a] Reactions of propargylic alcohol 2a (0.60 mmol) with alcohol
(3.0 mmol) were carried out in the presence of 1a and NH4BF4 in
ClCH2CH2Cl (15 mL) at 60 8C for 1 h. [b] Isolated yield. [c] A mixture of
several unidentified products was formed.


Table 4. Dehydration of propargylic alcohol (2) catalyzed by 1 a.[a]


Propargylic
alcohol (2)


Conditions
T [8C]/t [min]


Enyne (4) Yield [%][b]


1 60/60 95 (91)[c]


2 60/15 86[d]


3 60/15 91[d]


4 60/60 86


5 60/60 76


[a] Reactions of propargylic alcohol (2 ; 0.60 mmol) were carried out in the presence of 1a and NH4BF4 in
ClCH2CH2Cl (15 mL). [b] Isolated yield. [c] At RT for 1 h. [d] GLC yield.
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ly reported, which were produced by the stoichiometric de-
hydration of 4 d and 4 e assisted by a monoruthenium com-
plex.[21] Thus, in the absence of nucleophiles, the thiolate-
bridged diruthenium complexes promoted the catalytic de-
hydration of propargylic alcohols into the corresponding
conjugated enynes in high yields. Separately, it was con-
firmed that no dehydration proceeded in the absence of 1 a.


Propargylic substitution reaction with nitrogen-centered nu-
cleophiles : Next, similar substitution with anilines was inves-
tigated in the presence of a catalytic amount of 1 a. Typical
results are shown in Table 5. For example, treatment of 2 a
with five equivalents of aniline (5 a) in ClCH2CH2Cl in the
presence of 1 a (5 mol %) and NH4BF4 (10 mol %) at 60 8C
for 1 h afforded N-phenyl-1-phenyl-2-propynylamine (6 a) in
77 % isolated (89% GLC) yield (Table 5, entry 1). Similar


to the etherification, the amination proceeded only when
the thiolate-bridged diruthenium(RuIII–RuIII) complexes
such as 1 b and 1 c were used as catalysts. In these cases, cat-
alytic amination occurred to give 6 a in 64 % and 75 %
yields, respectively. Reactions of various propargylic alco-
hols with 5 a were carried out in the presence of 1 a and


NH4BF4. The propargylic substitution reaction of 1-aryl- and
1-alkyl-substituted propargylic alcohols (2 k–2 p) with 5 a at
60 8C for 1 h proceeded smoothly to afford the correspond-
ing N-propargylic anilines (6 b–6 g) in moderate to high
yields (Table 5, entries 2–7). In contrast, 1,1-diaryl-substitut-
ed propargylic alcohols such as 2 e and 2 f did not react at
all even after a prolonged reaction time (76 h).


Propargylic amination of 2 a with a variety of anilines was
also investigated in the presence of 1 a and NH4BF4. Typical
results are shown in Table 6. Amination of 2 a with 2-(tri-


fluoromethyl)aniline (5 b), methyl 2-aminobenzoate (5 c),
and 4-nitroaniline (5 d) proceeded rapidly to afford the cor-
responding propargylic amines (6 h, 6 i, and 6 j) in 68, 82,
and 88 % isolated yields, respectively (Table 6, entries 1–3).
The results indicate that functional groups such as ester and
nitro groups are tolerant during the catalytic amination. On
the other hand, in the case of 4-methylaniline (5 e), a longer


Table 5. Propargylic amination of propargylic alcohols (2) with aniline
(5a).[a]


Propargylic
alcohol (2)


Propargylic
amine (6)


Yield [%][b]


1 77 (89)[c]


2 68


3 95


4 82


5 59


6 86


7 71


[a] Reactions of propargylic alcohol (2 ; 0.60 mmol) with aniline (5 a ;
3.0 mmol) were carried out in the presence of 1 a and NH4BF4 in
ClCH2CH2Cl (18 mL) at 60 8C for 1 h. [b] Isolated yield. [c] GLC yield.


Table 6. Propargylic amination of propargylic alcohol 2 a with amines
(5).[a]


Amine (5) Conditions
T [8C]/t [h]


Propargylic
amine (6)


Yield [%][b]


1 60/1 68


2 60/1 82


3 60/1 88


4 60/3 64


5 60/1 83


6
7


PhNHMe 5g
60/1
60/5


16
41


[a] Reactions of propargylic alcohol 2a (0.60 mmol) with amines (5,
3.0 mmol) were carried out in the presence of 1 a and NH4BF4 in
ClCH2CH2Cl (18 mL). [b] Isolated yield.
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reaction time (3 h) was required to produce N-propargylic
4-methylaniline (6 k) in 64 % yield (Table 6, entry 4), while
no reaction occurred with 4-methoxyaniline (5 h) even for
3 h. Thus, the introduction of an electron-releasing moiety
such as p-methyl or p-methoxy group in the aromatic group
of anilines decreased the reaction rate. Propargylation of ar-
omatic ring proceeded instead of propargylic amination
when 2 a was treated with N,N-diphenylamine (5 i) under the
same reaction conditions [Eq. (7)].


It is considered that two phenyl groups around the nitro-
gen atom of N,N-diphenylamine and low basicity of 5 i may
inhibit the amination. The propargylation of a benzene ring
of 5 i proceeded smoothly. Previously, we reported the prop-
argylic substitution reaction of 2 a with phenol to produce
phenyl 1-phenyl-2-propynyl ether in high yield [Eq. (1)].[15]


For comparison of the reactivity between hydroxy and
amino groups in the aromatic ring, the reaction of 2 a with
2-aminophenol (5 j) was carried out, but 2 a was almost com-
pletely recovered together with the formation of a small
amount of unidentified products. No further information
was obtained as to the unreactivity of 5 j. Unfortunately, the
use of primary alkylamines such as benzylamine (5 k), ethyl-
amine (5 l), and tert-butylamine (5 m) for this propargylic
amination was in vain, showing that amines with high basici-
ty are not applicable to the propargylic amination (vide
infra) under these catalytic conditions.


Interestingly, carbazole (5 f) worked effectively as an ami-
nating reagent to produce N-propargylic 9-H-carbazole (6 l)
in 83 % yield under the same reaction conditions (Table 6,
entry 5). In contrast, the reaction with secondary alkyl-
amines, such as N-methylaniline (5 g), was sluggish under
identical conditions and a prolonged time was required to
improve the yield of the propargylic amine (6 m) (Table 6,
entries 6 and 7). Previously, Esteruelas and co-workers re-
ported the stoichiometric reaction of a cationic allenylidene
complex [Ru(Cp)(C=C=CPh2)(CO)(PiPr3)]BF4 with pyra-
zole to afford [Ru(Cp){C=CHC(Ph)2N(CH)3N}(CO)-
(PiPr3)]BF4 as a result of the addition of pyrazole to the
allenylidene moiety.[22] However, the reaction using both
imidazole (5 n) and pyrazole (5 o) did not give any of the ex-
pected products under our catalytic conditions.


The scope of the propargylic amination extends beyond
simple amine substrates. For example, selected amides, lac-


tams, and sulfonamides gave useful amidated products di-
rectly from propargylic alcohols. Reactions of propargylic al-
cohols with an acyclic amide such as acetamide (7 a) were
investigated at first. Treatment of 2 a with five equivalents of
7 a at 60 8C for 1 h in the presence of 1 a (5 mol%) and
NH4BF4 (10 mol %) gave the corresponding propargylic
amide (8 a) in 73 % isolated yield with a complete regiose-
lectivity (Table 7, entry 1). The amidation proceeded


smoothly even at room temperature for 2 h, with 8 a being
obtained in 79 % isolated yield. Typical results are shown in
Table 7. A variety of propargylic alcohols were available for
this catalytic amidation. Introduction of a p-fluoro, p-chloro,
p-methyl, or p-methoxy substituent to the aromatic ring of


Table 7. Propargylic amidation of propargylic alcohols (2) with acet-
amide 7 a.[a]


Propargylic
alcohol (2)


Propargylic
amine (8)


Yield [%][b]


1 73 (79)[c]


2 62


3 50


4 58


5 70


6 42


7 41[d]


[a] Reactions of propargylic alcohols (2 ; 0.60 mmol) with acetamide 7 a
(3.0 mmol) were carried out in the presence of 1a and NH4BF4 in
ClCH2CH2Cl (18 mL) at 60 8C for 1 h. [b] Isolated yield. [c] At RT for
2 h. [d] 10 mol % of 1 a was used.
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2 a and the use of naphthyl moiety slightly decreased the
yield of the amidation product (Table 7, entries 2–6). 1-Al-
kenyl-substituted propargylic alcohol (2 r) was converted
into the corresponding alkenyl propargylic amide (8 g), but
in low yield (Table 7, entry 7). Unfortunately, no amidation
occurred when 1-cyclohexyl-2-propyn-1-ol (2 p) was used in
the reaction with 7 a.


Reactions of 2 a with other acyclic amides were investigat-
ed in the presence of 1 a. Typical results are shown in
Table 8. Propargylation of saturated (7 b and 7 c) and unsa-


turated (7 d) amides and benzamides (7 e–7 h) proceeded
smoothly to give the corresponding propargylic amides in
high yields (Table 8, entries 1–7). In sharp contrast to the


high reactivity of acetamide (7 a), the reaction of 2 a with N-
methyl acetamide (7 i) was sluggish; 64 % yield of 8 o being
obtained by using 10 mol % of 1 a as catalyst (Table 8,
entry 8). In addition, propargylation of sulfonamides such as
methanesulfonamide (7 j) and p-toluenesulfonamide (7 k)
occurred easily to give the corresponding propargylic
amides (8 p and 8 q) (Table 9, entries 1 and 2), which may be


transformed into the corresponding propargylic amines by
reductive method.[23] Typical results are shown in Table 9.
Reactions of 2 a with four- and five-membered-ring lactams
(7 l and 7 m) proceeded in the presence of 1 a and the corre-
sponding propargylic lactams (8 r and 8 s) were obtained in
78 % and 74 % yields, respectively (Table 9, entries 3 and 4).
However, the six-membered-ring lactam 7 n reacted with 2 a
to afford the corresponding propargylic lactam 8 t in only
poor yield (Table 9, entry 5). The molecular structures of 8 j
and 8 q were unambiguously clarified by X-ray analysis.


Propargylic substitution reaction with phosphorus-centered
nucleophiles : Diphenylphosphine oxide (9) could be used as
a phosphorus-centered nucleophile. Treatment of 2 a with
five equivalents of diphenylphosphine oxide in ClCH2CH2Cl
in the presence of 1 a (5 mol%) and NH4BF4 (10 mol %) at
25 8C for 1 h gave the corresponding propargylic diphenyl-
phosphine oxide (10 a) in 84 % yield with a complete regio-
selectivity. Typical results are shown in Table 10. When the
same reaction was carried out at 60 8C, 10 a was produced in
only 56 % yield together with some undesirable unidentified


Table 8. Propargylic amidation of propargylic alcohol 2 a with amides
(7).[a]


Amide (7) Propargylic
amide (8)


Yield [%][b]


1 72


2 56


3 71


4 71


5 61


6 67


7 64


8 64[c]


[a] Reactions of propargylic alcohol (2a) (0.60 mmol) with amide (7;
3.0 mmol) were carried out in the presence of 1 a and NH4BF4 in
ClCH2CH2Cl (18 mL) at 60 8C for 1 h. [b] Isolated yield. [c] 10 mol % of
1a was used.


Table 9. Propargylic amidation of propargylic alcohol 2 a with amides
(7).[a]


Amide (7) Conditions
T [8C]/t [h]


Propargylic
amide (8)


Yield [%][b]


1 60/1 63


2 60/1 52


3 60/1 78


4 60/1 74


5 60/3 18


[a] Reactions of propargylic alcohol 2a (0.60 mmol) with amide (7;
3.0 mmol) were carried out in the presence of 1a (5 mol %) and NH4BF4


(10 mol %) in ClCH2CH2Cl (18 mL). [b] Isolated yield.
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products (Table 10, entry 1). Detailed investigation of the
reaction at 60 8C revealed that double phosphinylation of 2 a
proceeded to afford the corresponding 2,3-bis(diphenylphos-
phinyl)-3-phenyl-1-propene as a minor product. Similar to
the amination and amidation, the propargylation of phos-
phine oxide proceeded only when the thiolate-bridged diru-
thenium(RuIII–RuIII) complex (1 a) was used as catalyst. It is
known that an equilibrium is present between 9 and its tau-
tomer (9’, diphenylphosphinous acid) by migration of a hy-
drogen atom from a phosphorus atom to an oxygen atom
[Eq. (8)].[24] In this catalytic reaction, the phosphorus atom


of diphenylphosphinous acid
may attack the Cg atom of the
allenylidene intermediates (vide
infra).


Various propargylic alcohols
could be employed for the
propargylation of phosphine
oxide. In most cases, higher
yields of products were ob-
tained when the catalytic reac-
tions were carried out at 25 8C
(Table 10, entries 2–9). No
propargylation occurred in the
reaction of 1-cyclohexyl-2-
propyn-1-ol (2 p) with diphenyl-
phosphine oxide even at 60 8C,
while the reaction of 1,1-diaryl
propargylic alcohols (2 e and
2 f) proceeded to give the cor-
responding propargylic phos-
phine oxide (10 j and 10 k) in
90 % and 96 % isolated yields
[Eq. (9)]. On the other hand,
diphenylphosphine (PPh2H)
could not be used as a phospho-
rus-centered nucleophile for
this catalytic reaction and thus,
the reaction of 2 a with diphe-
nylphosphine in the presence of
1 resulted in the formation of
an unstable and unidentified
product (by 31P NMR spectros-
copy). The high basicity of di-
phenylphosphine, which might
coordinate to ruthenium, may
be one of the reasons for this
unsuccessful substitution. The
molecular structures of 10 a and
10 b were unambiguously clari-
fied by X-ray analysis.


Isolation of intermediate allenylidene complexes and their
reactivity : As described in our preliminary communication,
an allenylidene complex (11 a) could be isolated as an inter-
mediate by the reaction of 1 a with one equivalent of propar-
gylic alcohol 2 f in the presence of NH4BF4 in EtOH at
room temperature for 1 h (Scheme 2).[15] The molecular
structure of 11 a was determined previously by X-ray crystal-
lography,[15] an ORTEP drawing of which is shown in


Table 10. Reactions of propargylic alcohols (2) with diphenylphosphine oxide (9).[a]


Propargylic
alcohol (2)


Conditions
T [8C]/t [h]


Propargylic
phosphine (10)


Yield [%][b]


1 25/1 84 (56)[c]


2 25/1 81


3 25/1 74


4 25/1 84


5 25/18 78


6 25/1 87


7 25/1 88


8 25/2 90


9 25/2 67


[a] Reactions of propargylic alcohol (2 ; 0.60 mmol) with diphenylphosphine oxide (9 ; 3.0 mmol) were carried
out in the presence of 1a and ClCH2CH2Cl (18 mL). [b] Isolated yield. [c] At 60 8C for 1 h.
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Figure 1 with selected bond lengths and angles in
Table 11.[15] The ORTEP view displays an unsymmetrically
substituted dinuclear structure, in which the h1-allenylidene
and Cl ligands are coordinated to the respective ruthenium


centers in a mutual cis configuration, and it is in a full ac-
cordance with the NMR and IR spectroscopic observations.
The allenylidene moiety C23-C24-C25 is almost linear
(174(2)8). The C23�C24 bond (1.20(3) �) is significantly
shorter than the normal carbon–carbon double bond, where-
as the C24�C25 bond (1.47(3) �) is significantly longer.


These data suggest the important contribution of the reso-
nance structure as shown in Scheme 3. The intramolecular
distance between the two ruthenium atoms (2.768(3) �) cor-
responds to a Ru�Ru single bond (2.71–3.02 �).[25] The com-
plex 11 a offers a rare example of a multinuclear allenyl-


idene compound with only a terminal allenylidene ligand on
the bimetallic center.[7] As described earlier, the stoichio-
metric reaction of 11 a in EtOH at 60 8C for 20 h afforded
3 h in 89 % GLC yield.[15] Here, stoichiometric reactions be-
tween the allenylidene complex [(Cp*)RuCl(m2-SMe)2-
Ru(Cp*)(C=C=CHPh)]BF4 (11 b)[17a] and anilines were in-
vestigated. Treatment of 11 b with ten equivalents of aniline
(5 a) in ClCH2CH2Cl at 60 8C for 3 h gave propargylic amine
6 a in 22 % isolated yield based on 11 b (Scheme 4). In addi-


tion, the propargylic amination of 2 a with 5 a in the pres-
ence of 5 mol % of 11 b proceeded to afford 6 a in 71 %
yield. These results indicate that the propargylic substitution
reaction generally proceeds via allenylidene complexes like
11 b.


Theoretical studies clearly indicate that the Ca and Cg


atoms of the allenylidene moiety are electrophilic centers,
while the Cb atom works as a nucleophilic site.[7] It is known
that both primary and secondary amines attack on the Ca


atom in allenylidene complexes such as [CpRu(C=C=


CPh2)(CO)(PiPr3)]BF4 to afford the corresponding azonia-
butadienyl complexes [CpRu{C(CH=CPh2)=NR’’2}(CO)-
(PiPr3)]BF4 (R’’= aryl, alkyl, alkenyl, or H).[26] In contrast,
the nucleophilic attack of amine on the allenylidene Cg


atom is limited to the reaction of cationic allenylidene com-
plex [CpRu(C=C=CPh2)(PPh3)2]PF6 with dimethylamine to
form [CpRu{C�CCPh2(NHMe2)}(PPh3)2]PF6.


[27] In our
system, the steric bulkiness of the two Cp* ligands present
at diruthenium core seems to inhibit the nucleophilic attack
of the amine on the Ca atom in the allenylidene ligand.


Scheme 2. Isolation of an allenylidene complex and its reactivity.


Figure 1. ORTEP drawing for the cationic part of 11a. Hydrogen atoms
are omitted for clarity.


Table 11. Selected bond lengths [�] and angles [8] for 11a.[15]


Ru1�Ru2 2.768(3) Ru2�S2 2.312(6)
Ru1�S1 2.316(7) C23�C24 1.20(3)
Ru1�S2 2.303(6) C24�C25 1.47(3)
Ru1�C23 1.91(2) S1�C21 1.80(3)
Ru2�Cl1 2.396(7) S2�C22 1.86(2)
Ru2�S1 2.307(7)


Ru2-Ru1-C23 97.9(7) Ru1-S1-Ru2 73.6(2)
S1-Ru1-S2 106.3(3) Ru1-S2-Ru2 73.7(2)
Ru1-Ru2-Cl1 94.3(2) Ru1-C23-C24 171.0(2)
S1-Ru2-S2 106.2(2) C23-C24-C25 174.0(2)


Scheme 3. The important contribution of the resonance structure of the
allenylidene complexes.


Scheme 4. Stoichiometric reaction of the allenylidene complex 11b with
aniline.
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Thus, the amine attacks regioselectively on the Cg atom in
allenylidene complexes like 11 b.


The stoichiometric reaction of an allenylidene complex
(11 a) with diphenylphosphine oxide (9) gave propargylic
phosphine oxide 10 k in 80 % yield (Scheme 5), indicating


that the phosphorus–carbon bond formation also proceeds
through the nucleophilic attack of the phosphorus atom to
the Cg atom of the allenylidene ligand. Several examples of
nucleophilic addition of secondary and tertiary phosphines
to the Cg atom of the ruthenium and rhenium allenylidene
complexes have already been reported to afford the corre-
sponding g-phosphonioalkynyl and their rearranged a-phos-
phonioallenyl complexes.[28]


Catalytic reaction pathway for propargylic substitution—
amination as a representative example : The relative reactivi-
ty of substituted anilines (XC6H4NH2, X=p-Me, H, p-Cl)
for the reactions with 2 a in the presence of 1 a was deter-
mined (Scheme 6 and Table 12). The relative rates were de-
termined by the conversion of 2 a when conversions were
low (<10 %). The rate data correlate well with the Ham-
mett linear free-energy relationship with use of s values
(Figure 2). Better correlation (1=2.3) was obtained with a s


value rather than s+ , suggesting the absence of electrophilic
species in the rate-determining step. This result indicates
that the attack of anilines on the Cg atom in the allenylidene
ligand is not involved in the rate-determining step. The acid-
ity of conjugated anilines on an
alkynyl complex (C’), which is
formed after the attack of ani-
lines on the Cg atom of the
allenylidene complex (B), is
considered to be the most im-
portant factor to determine the
rate of the catalytic reactions of
2 a with anilines (Scheme 7).
Thus, the higher acidity of the
proton of conjugated anilines in
the alkynyl complex promotes
the hydrogen atom shift onto
the Cb atom on the ligand to
give the vinylidene complex (D’). This proton 1,3-migration
step should be involved in the rate-determining step. In fact,
the proton migration did not occur in the reactions with al-
kylamines of low acidity, such as benzylamine and ethyl-
amine, and also with anilines bearing electron-releasing


moiety at aromatic ring, such as p-methoxyaniline. On the
other hand, good correlation (1=�0.39) was also obtained
with a s value when the relative reactivity of substituted
propargylic alcohol (XC6H4CH(OH)C�CH, X=p-Me, H, p-
Cl) with 5 a was determined in the presence of 1 a


Scheme 5. Stoichiometric reaction of the allenylidene complex 11a with
diphenylphosphine oxide.


Scheme 6. The relative reactivity of substituted anilines.


Table 12. Relative rate constants for the ruthenium-catalyzed propargylic
substitution reactions of propargylic alcohol (2a) with substituted ani-
lines.


X in XC6H4NH2 s (s+) kX/kH log(kX/kH)


p-Me �0.17 (�0.31) 0.278 -0.556
H 0 (0) 0 0
p-Cl 0.23 (0.11) 2.444 0.388


Figure 2. Plot of log(kX/kH) vs s values for the ruthenium-catalyzed prop-
argylic substitution reactions of propargylic alcohol (2a) with substituted
anilines.


Scheme 7. The acidity of conjugated anilines on an alkynyl complex is considered to be the most important
factor.
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(Scheme 8). The 1 value, however, was quite smaller than
that obtained for the reaction of 2 a with anilines.


By considering all the experimental evidence, a reaction
pathway of this catalytic propargylic substitution reaction is
proposed in Scheme 9 for amination with aniline as a repre-


sentative example. Initially, a vinylidene complex (A) is
formed in the reaction of 1 a with propargylic alcohol in the
presence of NH4BF4. Dehydration of A leads to an allenyl-
idene complex (B), and subsequent nucleophilic attack of
aniline on the Cg atom in the allenylidene ligand results in
the formation of an alkynyl complex (C), in which the
higher acidity of the proton of conjugated anilines in C pro-
motes a hydrogen atom shift into the Cb atom on the ligand
to give another vinylidene complex (D). Thus, the addition
of NH bond of the amine to the Cg=Cb double bond of the
allenylidene group takes place to yield the vinylidene com-
plex D. The complex D is then transformed into the h2-coor-
dinated propargylic amine tautomer (E), which liberates the
product propargylic amine (F) by the reaction with a prop-
argylic alcohol and regenerates the complex A.[8,29]


Although reactions in the presence of many types of
ruthenium complexes have been carried out until now, only


the thiolate-bridged diruthenium complexes can promote
the catalytic propargylic substitution reaction. The key point
to promote our catalytic reaction by using the thiolate-
bridged diruthenium complexes is considered to be the ease
of the ligand exchange steps in the catalytic cycle (D!E in
Scheme 9). In fact, Gimeno and co-workers reported the re-
action of the allenylidene complexes with nucleophiles to
give the corresponding vinylidene complexes, and confirmed
that the ligand exchange of the vinylidene moiety with an-
other ligand did not proceed smoothly to give the corre-
sponding terminal alkyne, which is derived from the vinyl-
idene ligand.[8] In order to obtain some information of the
ease of ligand exchange for our catalytic reaction by using
the thiolate-bridged diruthenium complexes, the following
stoichiometric reactions between the allenylidene complex
[(Cp*)RuCl(m2-SMe)2Ru(Cp*)(C=C=CHPh)]BF4 (11 b)[17a]


and anilines were investigated in the presence of a variety
of an additive (Table 13). Although no improved yield was


observed in the presence of NH4BF4 (Table 13, entry 2), the
addition of either NH4Cl or another terminal alkyne much
improved the yield of 6 a (Table 13, entries 3 and 4). The re-
action of 11 b with 5 a in the presence of propargylic alcohol
2 k gave 6 a in 53 % yield together with 6 b in 49 % yield
(Table 13, entry 5). These results indicate that the liberation
of product 6 a (or F’) from the intermediate E’ may be accel-
erated by a ligand exchange[8,29] with NH4Cl, producing a
stable starting complex 1 a (Scheme 10). In the case of the
addition of another terminal alkyne, a similar ligand ex-
change[8,26] from E’ with the alkyne occurs smoothly to give
the product F’ and the corresponding vinylidene complex A’
(Scheme 11). Thus, it has now been found that the ligand ex-
change of the vinylidene moiety in the thiolate-bridged diru-
thenium complexes proceeds quite smoothly, clarifying the
key point for our catalytic reaction.


Scheme 8. The relative reactivity of substituted propargylic alcohols.


Scheme 9. A reaction pathway of the catalytic propargylic substitution re-
action.


Table 13. Reactions of allenylidene complex 11 b with aniline (5a) in the
presence of additive.[a]


Additive Equiv[b] Yield of 6a [%][c]


1 – 22[d]


2 NH4BF4 5 21
3 NH4Cl 5 56


4 1 39


5 1 53[e]


[a] Reactions of allenylidene complex 11b (0.02 mmol) with aniline (5 a ;
0.2 mmol) were carried out in the presence of an additive in ClCH2CH2Cl
(2 mL). [b] Equivalents of additive relative to 11b. [c] GLC yield. [d] Iso-
lated yield. [e] 6b was also obtained in 49% GLC yield.
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The above results of the stoichiometric and catalytic reac-
tions indicate that allenylidene complexes such as 11 a are
one of the key intermediates for the propargylic substitution
reactions. However, we have previously reported one exam-
ple of the propargylic substitution reaction of propargylic al-
cohols bearing not only terminal acetylene but also internal
acetylene units.[16] At present, we should also consider the
possibility of Nicholas type activation by coordination of
acetylene unit of propargylic alcohols on the diruthenium
sites.[2]


As described in our previous paper,[30] we believe that the
reason why only the diruthenium complexes promote the
ligand exchange step more easily in our catalytic reaction
should be that one Ru moiety, which is not involved in the
allenylidene formation, works as an electron pool or a
mobile ligand to another Ru site (Scheme 9), by taking into
account of the theoretical report of synergistic effects of two
equal Rh metals in the dirhodium-catalyzed reaction be-
tween diazo compound and alkane.[31] To prove the possibili-
ty of the synergistic effects of two ruthenium atoms as de-
scribed in Scheme 12, a series of chalcogenolate (S, Se, Te)-


bridged diruthenium complexes (neutral and cationic) have
been prepared and their catalytic activities toward the prop-
argylic substitution reactions as well as electronic properties
have been investigated to prove the proposed reaction path-
way.[30] Results of both catalytic and stoichiometric reactions
and electronic behaviors of the complexes indicate that the


ease of the charge transfer from
one Ru atom to the other in
the complexes (synergistic
effect) may be one of the im-
portant factors to promote the
ligand exchange (step a), which
is a key step for the catalytic re-
action.[30] As a result, we con-
sider that newly obtained ex-
perimental results support our
previous proposal for the cata-
lytic reaction pathway. Thus,
our new findings described in
this paper provide the basis of
the catalytic reaction pathway,
which we have already pro-
posed in our previous paper. Fi-
nally, we summarized a full re-
action pathway of this catalytic
propargylic substitution reac-


tion in Scheme 13 by using NuH as a nucleophile. Further
work is currently in progress aiming at the elucidation of
the more detailed reaction mechanism assisted by quantum
calculations.


Conclusion


A general procedure for the catalytic propargylic substitu-
tion reactions of propargylic alcohols with heteroatom-cen-
tered nucleophiles is reported. Oxygen-, nitrogen-, and
phosphorus-centered nucleophiles such as alcohols, amines,
amides, and phosphine oxide are available for this catalytic
reaction. The most characteristic feature of this reaction is
the direct use of propargylic alcohols as effective substrates,
the only expected byproduct in stoichiometry being water
(H2O). It is noteworthy that only the thiolate-bridged diru-
thenium complexes promote this catalytic reaction. Results
of some stoichiometric and catalytic reactions indicate that
the catalytic propargylic substitution reaction proceeds via
allenylidene complexes, for which the attack of nucleophiles


to the Cg atom of the allenyl-
idene ligand is a key step. Fur-
thermore, the key point to pro-
mote the catalytic reaction by
using the thiolate-bridged diru-
thenium complexes is consid-
ered to be the ease of the
ligand exchange step between a
vinylidene ligand on the diru-
thenium complexes and another


propargylic alcohol in the catalytic cycle. Our new findings
described in this paper provide the basis of the catalytic re-
action pathway, which we have already proposed in our pre-
vious paper. The procedure in this paper provides a versatile
and direct method for propargylic substitution of propargyl-
ic alcohols.


Scheme 10. The liberation of product from the intermediate may be accelerated by a ligand exchange with
NH4Cl.


Scheme 11. The liberation of product from the intermediate may be accelerated by a ligand exchange with an-
other terminal alkyne.


Scheme 12. The possibility of the synergistic effects of two ruthenium atom s.
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Experimental Section


General methods : 1H NMR (400, 300, and 270 MHz) and 13C NMR (100,
75, and 67.8 MHz) spectra were recorded using CDCl3 as solvent. Quanti-
tative GLC analyses were performed on a Shimadzu GC-14A instrument
equipped with a flame ionization detector using a 25 m � 0.25 mm CBP10
fused silica capillary column. GC-MS analyses were carried out on a Shi-
madzu GC-MS QP-5000 spectrometer. Elemental analyses were per-
formed at Microanalytical Center of Kyoto University. Mass spectra were
measured on a JEOL JMS600H mass spectrometer. All reactions were
carried out under a dry nitrogen atmosphere. Solvents were dried by the
usual methods and distilled before use.


Materials : Thiolate-bridged diruthenium complexes[15, 30] (1) and the
allenylidene complexes[15, 17] (11) were prepared according to our previous
procedures. Propargylic alcohol (2 a) was a commercial product. Other
propargylic alcohols were prepared by the reactions of the corresponding
aldehydes with ethynylmagnesium bromide. Propargylic products (3o,[19]


3u,[32] 4 d,[21] and 4 e[21]) were previously prepared by us or other groups.


Ruthenium-catalyzed propargylic substitution reactions of propargylic al-
cohols with nucleophiles : A typical experimental procedure for the reac-
tion of 1-phenyl-2-propyn-1-ol (2 a) with EtOH catalyzed by 1 a is de-
scribed below. Complex 1a (0.03 mmol) and NH4BF4 (0.06 mmol) were
placed in a 20 mL flask under N2. Anhydrous EtOH (15 mL) was added,
and then the mixture was magnetically stirred at room temperature.
After the addition of 2 a (0.60 mmol), the reaction flask was kept at 60 8C
for 15 min. The reaction mixture was treated with brine (50 mL) and
then extracted with diethyl ether (20 mL � 3). The ether layer was dried
over anhydrous MgSO4. For isolation, the extract was concentrated under
reduced pressure by an aspirator, and then the residue was purified by


TLC (SiO2) with EtOAc-n-hexane (1/9) to give 3a as a pale yellow oil
(0.53 mmol, 88% yield).


Data for 3 a : 1H NMR: d=1.26 (t, J=7.0 Hz, 3 H), 2.63 (d, J =2.0 Hz,
1H), 3.55 (qd, J =7.0, 8.8 Hz, 1H), 3.75 (qd, J= 7.0, 8.8 Hz, 1H), 5.16 (d,
J =2.0 Hz, 1H), 7.33–7.40 (m, 3H), 7.52 ppm (d, J= 7.3 Hz, 2H);
13C NMR: d= 15.1, 63.9, 71.1, 75.3, 81.8, 127.3, 128.4, 128.5, 138.3 ppm;
IR (neat): ñ= 2114 (C�C), 3293 cm�1 (�CH); elemental analysis calcd
(%) for C11H12O: C 82.46, H 7.55; found: C 82.56, H, 7.47.


Data for 3b : Yield 84%; a pale yellow oil; 1H NMR: d= 2.66 (d, J=


2.5 Hz, 1 H), 3.45 (s, 3H), 5.09 (s, 1 H), 7.34–7.40 (m, 3H), 7.51 ppm (d,
J =7.8 Hz, 2H); 13C NMR: d=55.9, 72.7, 75.8, 81.2, 127.3, 128.5, 128.5,
137.9 ppm; IR (neat): ñ =2114 (C�C), 3293 cm�1 (�CH); elemental anal-
ysis calcd (%) for C10H10O: C 82.16, H 6.89; found: C 82.33, H 6.77.


Data for 3 c : Yield 91%; a pale yellow oil; 1H NMR: d=1.22 (d, J =


5.6 Hz, 3 H), 1.25 (d, J =5.6 Hz, 3 H), 2.58 (d, J =2.0 Hz, 1 H), 3.98 (sept,
J =5.6 Hz, 1 H), 5.20 (s, 1H), 7.32–7.39 (m, 3H), 7.51 ppm (d, J =8.0 Hz,
2H); 13C NMR: d =21.6, 22.7, 68.5, 69.7, 74.6, 82.6, 127.2, 128.3, 128.5,
139.0 ppm; IR (neat): ñ =2114 (C�C), 3293 cm�1 (�CH); elemental anal-
ysis calcd (%) for C12H14O: C 82.72, H 8.10; found: C 82.61, H 8.07.


Data for 3d : Yield 75%; a pale yellow oil; 1H NMR: d=0.89 (t, J =


6.8 Hz, 3H), 1.13 (d, J =6.0 Hz, 3H), 1.21 (d, J =6.0 Hz, 3H), 1.30 (m,
4H), 1.45 (m, 2H), 1.69 (m, 2 H), 2.37 (s, 1H), 3.90 (sept, J =6.0 Hz, 1 H),
4.08 ppm (t, J= 6.4 Hz, 1 H); 13C NMR: d=14.0, 21.2, 22.6, 23.2, 25.0,
31.5, 36.1, 66.6, 69.7, 72.5, 84.1 ppm; IR (neat): ñ=2110 (C�C),
3312 cm�1 (�CH); elemental analysis calcd (%) for C11H20O: C 78.51, H
11.98; found: C 78.11, H 11.58.


Data for 3e : Yield 54%; a pale yellow oil; 1H NMR: d=1.20 (t, J=


6.8 Hz, 3H), 1.73 (m, 4H), 1.92–1.98 (m, 4H), 2.45 (s, 1H), 3.58 ppm (q,
J =6.8 Hz, 2 H); 13C NMR: d=15.7, 23.2, 39.4, 60.0, 72.2, 79.7, 85.8 ppm;
IR (neat): ñ= 2108 (C�C), 3306 cm�1 (�CH); elemental analysis calcd
(%) for C9H14O: C 78.21, H 10.21; found: C 78.45, H 10.33.


Data for 3 f : Yield 57%; a pale yellow oil; 1H NMR: d= 1.21 (t, J=


6.8 Hz, 3 H), 1.26 (m, 4H), 1.52–1.66 (m, 4H), 1.89 (m, 2 H), 2.44 (s, 1 H),
3.62 ppm (q, J =6.8 H, 2 Hz); 13C NMR: d=15.8, 22.7, 25.4, 29.7, 37.1,
58.4, 73.2, 85.6 ppm; IR (neat): ñ=2103 (C�C), 3308 cm�1 (�CH); ele-
mental analysis calcd (%) for C10H16O: C 78.90, H 10.59; found: C 78.51,
H 10.48.


Data for 3g : Yield 62%; a pale yellow oil; 1H NMR: d=1.27 (t, J=


7.2 Hz, 3H), 2.86 (d, J =2.0 Hz, 1H), 3.54 (q, J =7.2 Hz, 2H), 7.22–7.33
(m, 6H), 7.56 ppm (d, J =8.0 Hz, 4H); 13C NMR: d=15.3, 60.4, 77.2,
79.9, 83.5, 126.5, 127.6, 128.1, 143.4 ppm; IR (neat): ñ=2110 (C�C),
3285 cm�1 (�CH); elemental analysis calcd (%) for C17H16O: C 86.41; H
6.82; found: C 85.97, H 6.67.


Data for 3h : Yield 61%; a pale yellow oil; 1H NMR: d=1.26 (t, J =


7.2 Hz, 3H), 2.31 (s, 6H), 2.83 (s, 1H), 3.52 (q, J =7.2 Hz, 2H), 7.10 (d,
J =7.6 Hz, 4H), 7.42 ppm (d, J=7.6 Hz, 4 H); 13C NMR: d=15.3, 21.0,
60.2, 76.8, 79.6, 83.9, 126.4, 128.8, 137.2, 140.7 ppm; IR (neat): ñ =2110
(C�C), 3287 cm�1 (�CH); elemental analysis calcd (%) for C19H20O: C
86.32, H , 7.63; found: C 85.95, H 7.51.


When phenol and chiral alcohols were used as nucleophiles, the reactions
were carried out in ClCH2CH2Cl as solvent. A typical experimental pro-
cedure for the reaction of 2 a and phenol is as follows. Compound 1a
(0.03 mmol) and NH4BF4 (0.06 mmol) were placed in a 20 mL flask
under N2. Anhydrous ClCH2CH2Cl (15 mL) was added, and then the
mixture was magnetically stirred at room temperature. After the addition
of 2 a (0.60 mmol) and phenol (3.00 mmol), the reaction flask was kept at
60 8C for 60 min. The reaction mixture was treated with brine (50 mL)
and then extracted with diethyl ether (20 mL � 3). The ether layer was
dried over anhydrous MgSO4. For isolation, the extract was concentrated
under reduced pressure by an aspirator, and then the residue was purified
by HPLC (the eluent: CHCl3) to give 3 n as a pale yellow oil (0.39 mmol,
65% yield).


Data for 3 n : 1H NMR: d=2.68 (d, J=2.0 Hz, 1 H), 5.83 (s, 1 H), 7.01 (t,
J =7.2 Hz, 1 H), 7.09 (d, J =7.2 Hz, 2H), 7.31 (t, J=8.4 Hz, 2H), 7.37–
7.43 (m, 3 H), 7.61 ppm (d, J =7.2 Hz, 2H); 13C NMR: d=69.7, 76.6, 80.9,
116.1, 121.8, 127.2, 128.7, 128.8, 129.4, 137.4, 157.3 ppm; IR (neat): ñ=


Scheme 13. A full reaction pathway of the catalytic propargylic substitu-
tion reaction.
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2120 (C�C), 3289 cm�1 (�CH); elemental analysis calcd (%) for
C15H12O: C 86.51, H 5.81; found: C 86.49, H 5.78.


Data for 3 i : Yield 80 %; a pale yellow oil; two diastereomers with a ratio
of 50:50; 1H NMR: d= 0.88 (t, J =7.2 Hz, 3H), 0.92 (d, J =7.2 Hz, 3H),
1.15 (m, 1 H), 1.49 (m, 1H), 1.71 (m, 1H), 2.61 (s, 1 H), 3.26 and 3.36 (dd
each, J =8.0 Hz, 1 H), 3.46 and 3.54 (dd each, J=8.0 Hz, 1H), 5.14 (s,
1H), 7.23–7.39 (m, 3H), 7.53 ppm (d, J =7.2 Hz, 2H); 13C NMR: d=11.2
and 11.2, 16.6 and 16.6, 26.2 and 26.2, 34.8 and 34.9, 71.2 and 71.3, 73.5
and 73.6, 75.2 and 75.2, 81.9 and 82.0, 127.1, 128.2, 128.4, 138.5 ppm; IR
(neat): ñ=2114 (C�C), 3306 cm�1 (�CH); elemental analysis calcd (%)
for C14H18O: C 83.12, H 8.97; found: C 83.17, H 8.89.


Data for 3 j : Yield 92%; a pale yellow oil; two diastereomers with a ratio
of 51:49; 1H NMR: d=1.31 (br s, 3H), 2.61 (s, 1 H), 3.08 (br s, 1H), 3.51–
3.79 (m, 2H), 5.14 and 5.19 (s each, 1H), 7.23–7.44 ppm (m, 10H);
13C NMR: d=18.4 and 18.5, 39.8, 71.2, 73.7 and 73.9, 75.5 and 75.6, 81.5
and 81.6, 126.3, 127.1 and 127.1, 127.3, 128.3 and 128.4, 138.1 and 138.1,
144.1 and 144.2 ppm; IR (neat): ñ =2114 (C�C), 3289 cm�1 (�CH); ele-
mental analysis calcd (%) for C18H18O: C 86.36, H 7.25; found: C 86.15,
H 7.28.


Data for 3 k : Yield 69 %; a pale yellow oil; two diastereomers with a
ratio of 55:45; 1H NMR: d=1.44 and 1.52 (d each, J =6.8 Hz, 3H), 2.54
and 2.61 (d each, J =2.0 Hz, 1 H), 4.44 and 5.00 (q each, J= 6.8 Hz, 1H),
4.88 and 4.96 (s each, 1H), 7.30–7.47 ppm (m, 10H); 13C NMR: d=23.7
and 24.2, 68.2 and 68.5, 74.4 and 74.9, 75.3 and 75.8, 81.8 and 82.8, 126.4
and 126.7, 127.3 and 127.4, 127.7 and 127.8, 128.3, 128.4 and 128.5, 128.6
and 128.6, 138.4 and 138.7, 142.6 and 142.7 ppm; IR (neat): ñ =2114 (C�
C), 3289 cm�1 (�CH); elemental analysis calcd (%) for C17H16O: C 86.41,
H, 6.82; found: C 86.30, H 6.95.


Data for 3 l : Yield 64%; a white solid, m.p. 81.5–82.0 8C; two diastereo-
mers with a ratio of 70:30; 1H NMR: d =1.48 and 1.60 (d each, J=


6.6 Hz, 3H), 1.52 and 1.57 (d each, J= 6.6 Hz, 1 H), 2.52 and 2.62 (d each,
J =2.1 Hz, 1 H), 4.91 and 5.01 (d each, J =2.1 Hz, 1H) 7.26–7.87 ppm (m,
12H); 13C NMR: d= 23.7 and 24.1, 68.4 and 68.7, 74.5 and 75.1, 75.4 and
76.0, 81.8 and 82.8, 124.1 and 124.3, 125.8 and 126.0, 126.0 and 126.1,
127.2 and 127.3, 127.6 and 127.6, 127.8 and 127.8, 128.2 and 128.6, 128.4
and 128.4, 128.0 and 128.3, 128.4 and 128.4, 133.1 and 133.1 ppm; elemen-
tal analysis calcd (%) for C21H18O: C 88.08, H 6.34; found: C 87.89, H
6.21.


Data for 3m : Yield 71%; a pale yellow oil; two diastereomers with a
ratio of 70:30; 1H NMR: d=0.49 and 0.49 (d each, J =6.9 Hz, 1H), 0.83–
0.95 (m, 9H), 0.97–1.68 (m, 6 H), 2.16–2.38 (m, 2 H), 2.54 and 2.57 (d
each, J=1.8 Hz, 1H), 3.23 and 3.62 (dt each, J= 4.2, 10 Hz, 1H), 5.14
and 5.28 (d each, J =1.8 Hz, 1 H) 7.28–7.51 ppm (m, 5H); 13C NMR: d=


15.6 and 16.2, 21.1 and 21.1, 22.3 and 22.4, 22.9 and 23.2, 24.9 and 25.2,
31.5 and 31.6, 34.4 and 34.5, 39.7 and 41.1, 48.1 and 48.5, 67.8 and 69.8,
74.3 and 74.7, 76.6 and 78.1, 82.7 and 83.6, 127.2 and 127.5, 128.2 and
128.4, 139.1 and 139.3 ppm; elemental analysis calcd (%) for C19H26O: C
84.39, H 9.69; found: C 84.15, H 9.80.


Data for 3 p : Yield 81%; a pale yellow oil; 1H NMR: d =2.68 (d, 1 H, J=


2.4 Hz), 2.62–2.69 (m, 2H), 3.74–3.82 (m, 1H), 3.86–3.93 (m, 1 H), 5.28
(d, J =2.4 Hz, 1H), 7.24–7.55 ppm (m, 5H); 13C NMR: d=42.6, 67.9,
71.5, 76.3, 80.8, 127.3, 128.5, 128.6, 137.4 ppm; elemental analysis calcd
(%) for C11H11ClO: C 67.87, H, 5.70; found: C 67.97, H 5.84.


Data for 3q : Yield 77%; a pale yellow oil; 1H NMR: d= 2.66 (d, J=


2.1 Hz, 1H), 4.22 (d, J =1.0 Hz, 1 H), 4.23 (d, J =1.0 Hz, 1 H), 5.25 (d, J=


2.1 Hz, 1 H), 5.40 (d, J=1.0 Hz, 1 H), 5.53 (d, J=1.0 Hz, 1H), 7.31–
7.55 ppm (m, 5H); 13C NMR: d=70.3, 70.4, 76.3, 80.7, 114.4, 127.4, 128.5,
128.7, 137.4, 137.5 ppm; HRMS: m/z calcd for C12H12ClO [M++H]:
207.0577; found: 207.0584.


Data for 3r : Yield 50 %; a pale yellow oil; 1H NMR: d=2.66 (d, J=


2.0 Hz, 1H), 4.31 (m, 2H), 5.23 (d, J=2.0 Hz, 1 H), 6.31 (dt, J =6.0,
16 Hz, 1 H), 6.65 (d, J= 16 Hz, 1H), 7.21–7.55 ppm (m, 10H); 13C NMR:
d=68.8, 70.3, 75.6, 81.5, 125.2, 126.4, 127.2, 127.6, 128.3, 128.4, 133.1,
136.4, 138.0 ppm; elemental analysis calcd (%) for C18H16O: C 87.06, H,
6.49; found: C 86.76, H 6.59.


Data for 3 s : Yield 87%; a pale yellow oil; 1H NMR: d =1.87 (t, J=


2.4 Hz, 3 H), 2.64 (d, J= 2.4 Hz, 1H), 4.19–4.37 (m, 2 H), 5.40 (d, J=


2.4 Hz, 1H), 7.32–7.54 ppm (m, 5H); 13C NMR: d=3.68, 56.1, 69.5, 74.5,
75.9, 81.0, 83.2, 127.6, 128.5, 128.6, 137.7 ppm; elemental analysis calcd
(%) for C13H12O: C 84.75, H 6.57; found: C 84.48, H 6.72.


Data for 3 t : Yield 92%; a pale yellow oil; 1H NMR: d= 2.61 (d, J =


2.4 Hz, 1H), 5.09 (d, J =12 Hz, 1H), 5.23 (d, J=12 Hz, 1H), 5.89 (d, J=


2.4 Hz, 1H), 7.26–7.37 ppm (m, 4H); 13C NMR: d=73.0, 73.1, 74.2, 82.0,
121.1, 121.7, 127.8, 128.3, 138.6, 138.8 ppm; elemental analysis calcd (%)
for C10H8O: C 83.31, H 5.59; found: C 82.96, H 5.43.


Data for 3 w: Yield 67%; a pale yellow oil; 1H NMR: d =2.65 (s, 1H),
2.68 (s, 1H), 5.93 (s, 1H), 6.10 (s, 1H), 7.48 (d, J =3.3 Hz, 1H), 7.59 (d,
J =3.3 Hz, 1H), 7.79–7.85 ppm (m, 4 H); 13C NMR: d=71.8, 72.0, 75.0,
75.1, 81.0, 81.3, 120.7, 120.8, 126.5, 126.6, 128.1, 133.6, 137.0, 137.1 ppm;
HRMS: m/z calcd for C16H10O [M+]: 218.0732; found: 218.0726.


Ruthenium-catalyzed propargylic amination of propargylic alcohols with
amines : A typical experimental procedure for the reaction of 1-phenyl-2-
propyn-1-ol (2 a) with aniline (5 a) catalyzed by 1 a is described below.
Compound 1a (0.03 mmol) and NH4BF4 (0.06 mmol) were placed in a
20 mL flask under N2. Anhydrous ClCH2CH2Cl (18 mL) was added, and
then the mixture was magnetically stirred at room temperature. After the
addition of 2a (0.60 mmol) and 5 a (3.00 mmol), the reaction flask was
kept at 60 8C for 1 h. For the isolation of 6 a, the solvent was removed
under reduced pressure and the residue was purified by HPLC (the
eluent: CHCl3) to give pure 6a as a yellow oil (95.7 mg, 0.46 mmol,
77%).


N-Phenyl-1-phenyl-2-propynylamine (6 a): 1H NMR: d=2.43 (d, J =2 Hz,
1H), 4.01 (br, 1 H), 5.26 (s, 1 H), 6.69 (d, J=8 Hz, 2 H), 6.77 (d, J =7 Hz,
1H), 7.16–7.21 (m, 2H), 7.30–7.38 (m, 3H), 7.58 ppm (d, J =7 Hz, 2H);
13C NMR: d=49.7, 73.1, 82.9, 113.9, 118.7, 127.1, 128.1, 128.7, 129.1,
138.9, 146.2 ppm; IR (KBr): ñ=2114 (C�C), 3279 (�CH), 3372 cm�1


(NH); elemental analysis calcd (%) for C15H13N: C 86.92, H 6.32, N,
6.76; found: C 86.70, H 6.68, N 7.10.


N-Phenyl-1-(4-fluorophenyl)-2-propynylamine (6 b): Yield 68 %; a yellow
solid, m.p. 47.1–47.9 8C; 1H NMR: d =2.45 (d, J= 2 Hz, 1H), 4.01 (br,
1H), 5.24 (s, 1H), 6.69 (d, J =8 Hz, 2H), 6.78 (t, J=7 Hz, 1 H), 7.04 (t,
J =8 Hz, 2H), 7.19 (t, J=7 Hz, 2H), 7.52–7.56 ppm (dd, J=8, 5 Hz, 2H);
13C NMR: d =49.0, 73.4, 82.7, 114.0, 115.5 (d, J=22 Hz), 118.8, 128.9 (d,
J =8 Hz), 129.2, 134.7 (d, J= 3 Hz), 146.0, 162.4 ppm (d, J =246 Hz); IR
(KBr): ñ =2097 (C�C), 3187 (�CH), 3345 cm�1 (NH); elemental analysis
calcd (%) for C15H12FN: C 79.98, H 5.37, N, 6.22; found: C 80.11, H 5.66,
N 6.03.


N-Phenyl-1-(4-chlorophenyl)-2-propynylamine (6 c): Yield 95%; a yellow
solid; 1H NMR: d=2.47 (d, J=2 Hz, 1H), 4.03 (br, 1H), 5.25 (d, J =


2 Hz, 1 H), 6.69 (d, J= 8 Hz, 2H), 6.79 (t, J=7 Hz, 1 H), 7.19 (t, J =7 Hz,
2H), 7.34 (d, J =8 Hz, 2 H), 7.52 ppm (d, J =8 Hz, 2H); 13C NMR: d=


49.3, 73.5, 82.5, 114.0, 118.9, 128.4, 128.8, 129.1, 133.9, 137.4, 145.9 ppm;
elemental analysis calcd (%) for C15H12ClN: C 74.53, H 5.00, N, 5.79;
found: C 74.22, H 4.81, N 5.57.


N-Phenyl-1-(4-methylphenyl)-2-propynylamine (6 d): Yield 82 %; a
yellow solid, m.p. 68.8–70.0 8C; 1H NMR: d=2.33 (s, 3 H), 2.42 (d, J=


2 Hz, 1 H), 3.98 (br, 1 H), 5.22 (d, J= 2 Hz, 1 H), 6.69 (d, J=8 Hz, 2H),
6.76 (t, J=7 Hz, 1H), 7.16–7.20 (m, 4H), 7.46 ppm (d, J =8 Hz, 2H);
13C NMR: d=21.1, 49.4, 72.9, 83.1, 113.9, 118.6, 127.0, 129.1, 129.4, 136.0,
137.9, 146.2 ppm; IR (neat): ñ=2110 (C�C), 3268 (�CH), 3386 cm�1


(NH); elemental analysis calcd (%) for C16H15N: C 86.84, H 6.83, N 6.33;
found: C 86.71, H 6.79, N 6.11.


N-Phenyl-1-(4-methoxyphenyl)-2-propynylamine (6 e): Yield 59%; a pale
yellow oil; 1H NMR: d =2.45 (d, J=2 Hz, 1H), 3.78 (s, 3 H), 3.90 (br,
1H), 5.22 (d, J=2 Hz, 1 H), 6.71 (d, J=8 Hz, 2 H), 6.77 (t, J =8 Hz, 1H),
6.90 (d, J =9 Hz, 2H), 7.20 (t, J =8 Hz, 2 H), 7.50 ppm (d, J =8 Hz, 2H);
13C NMR: d=49.1, 55.2, 72.9, 83.1, 113.9, 114.0, 118.6, 128.4, 129.1, 131.0,
146.2, 159.4 ppm; IR (neat): ñ=2114 (C�C), 3287 (�CH), 3395 cm�1


(NH); HRMS: m/z calcd for C16H15NO [M+]: 237.11536; found:
237.11618.


N-Phenyl-1-(1-naphthyl)-2-propynylamine (6 f): Yield 86%; a pale yellow
oil; 1H NMR: d =2.49 (d, J= 2 Hz, 1H), 4.08 (br, 1H), 5.88 (s, 1 H), 6.72
(d, J =8 Hz, 2H), 6.78 (t, J=7 Hz, 1H), 7.19 (t, J =8 Hz, 2 H), 7.42–7.48
(m, 3 H), 7.79–7.85 (m, 2 H), 7.94 (d, J =7 Hz, 1 H), 8.05 ppm (m, 1H);
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13C NMR: d=47.3, 73.6, 82.6, 113.6, 118.5, 123.3, 125.3, 125.3, 125.9,
126.6, 128.8, 129.2, 129.2, 130.5, 133.6, 133.9, 146.2 ppm; IR (neat): ñ=


2114 (C�C), 3289 (�CH), 3397 cm�1 (NH); HRMS: m/z calcd for
C19H15N [M+] 257.12045; found: 257.12069.


N-Phenyl-1-cyclohexyl-2-propynylamine (6 g): Yield 71 %; a yellow solid,
m.p. 75.5–76.5 8C; 1H NMR: d =1.18–1.31 (m, 5H), 1.67–1.90 (m, 6H),
2.21 (d, J =2 Hz, 1 H), 3.75 (br s, 1 H), 3.94 (dd, J =5 and 2 Hz, 1 H), 6.68
(d, J =8 Hz, 2H), 6.75 (t, J =8 Hz, 1 H), 7.19 ppm (t, J=8 Hz, 2H);
13C NMR: d=25.8, 26.0, 26.2, 28.4, 29.7, 41.9, 51.0, 71.6, 83.4, 113.8,
118.2, 129.1, 146.7 ppm; IR (KBr): ñ =2101 (C�C), 3260 (�CH),
3384 cm�1 (NH); elemental analysis calcd (%) for C15H19N: C 84.46, H
8.98, N, 6.57; found: C 84.21, H 8.79, N 6.83.


N-(2-Trifluoromethylphenyl)-1-phenyl-2-propynylamine (6 h): Yield 68 %;
a pale yellow oil; 1H NMR: d=2.49 (d, J=2 Hz, 1 H), 4.77 (s, 1H), 5.34
(s, 1H), 6.79 (t, J =8 Hz, 1H), 6.90 (d, J=8 Hz, 1H), 7.31–7.41 (m, 4H),
7.47 (d, J =8 Hz, 1H), 7.58 ppm (d, J=8 Hz, 2H); 13C NMR: d=49.3,
73.7, 82.1, 113.4, 114.5 (q, J =29 Hz), 117.4, 124.9 (q, J=271 Hz), 126.6
(q, J =5 Hz), 127.0, 128.4, 129.0, 133.0, 138.2, 143.7 ppm; IR (neat): ñ=


2118 (C�C), 3297 (�CH), 3465 cm�1 (NH); HRMS: m/z calcd for
C16H12F3N [M+]: 275.09216; found: 275.09223.


Methyl 2-(1-phenyl-2-propynylamino)benzoate (6 i): Yield 82%; a yellow
solid, m.p. 72.0–72.5 8C; 1H NMR: d =2.47 (d, J= 2 Hz, 1 H), 3.80 (s, 3H),
3.90 (br s, 1 H), 5.36 (dd, J= 6, 2 Hz, 1H), 6.66 (t, J=8 Hz, 1H), 6.82 (d,
J =9 Hz, 1 H), 7.29–7.39 (m, 3H), 7.58 (d, J=8 Hz, 2 H), 7.93 (dd, J =8,
2 Hz, 1 H), 8.26 ppm (d, J= 6 Hz, 1H); 13C NMR: d =48.6, 51.7, 73.1,
82.6, 111.1, 112.5, 116.0, 127.0, 128.2, 129.0, 131.6, 134.5, 138.6, 149.1,
168.9 ppm; IR (KBr): ñ= 2123 (C�C), 3266 (�CH), 3360 cm�1 (NH);
HRMS: m/z calcd for C17H16NO2 [M++H]: 266.11810; found: 266.11791.


N-(4-Nitrophenyl)-1-phenyl-2-propynylamine (6 j): Yield 88%; a yellow
solid, m.p. 122.3–123.8 8C; 1H NMR: d= 2.55 (d, J=2 Hz, 1 H), 4.99 (br s,
1H), 5.37 (s, 1H), 6.67 (d, J= 9 Hz, 2H), 7.34–7.43 (m, 3 H), 7.57 (d, J=


8 H, 2 Hz), 8.07 ppm (d, J =9 Hz, 2 H); IR (neat): ñ=2116 (C�C), 3376
(�CH), 3407 cm�1 (NH); elemental analysis calcd (%) for C15H12N2O2: C
71.42, H 4.79, N 11.10; found: C 70.99, H 4.86, N 10.91.


N-(4-Methylphenyl)-1-phenyl-2-propynylamine (6 k): Yield 64 %; a
yellow oil; 1H NMR: d=2.24 (s, 3H), 2.44 (s, 1H), 3.81 (br, 1 H), 5.24 (s,
1H), 6.64 (d, J=8 Hz, 2H), 7.01 (d, J=8 Hz, 2H), 7.29–7.38 (m, 3 H),
7.59 ppm (d, J=8 Hz, 2H); 13C NMR: d=20.4, 50.1, 73.1, 83.0, 114.2,
127.2, 128.0, 128.1, 128.7, 129.6, 139.0, 143.8 ppm; IR (neat): ñ=2112 (C�
C), 3289 (�CH), 3403 cm�1 (NH); elemental analysis calcd (%) for
C16H15N: C 86.84, H 6.83, N 6.33; found: C 86.64, H, 6.58, N 6.03.


9-(1-Phenyl-2-propynyl)-9H-carbazole (6 l): Yield 83%; a pale purple
solid, m.p. 97.6–98.7 8C; 1H NMR: d =2.54 (s, 1 H), 6.74 (s, 1 H), 7.18–7.21
(m, 5H), 7.30–7.38 (m, 6 H), 8.06 ppm (d, J =8 Hz, 2H); 13C NMR: d=


48.7, 75.3, 79.0, 110.0, 119.6, 120.3, 123.5, 125.7, 126.4, 128.1, 128.6, 136.2,
139.4 ppm; IR (KBr): ñ =2124 (C�C), 3289 cm�1 (�CH); elemental anal-
ysis calcd (%) for C21H15N: C 89.65, H 5.37, N 4.98; found: C 89.35, H
5.40, N 5.00.


N-Methyl-N-phenyl-1-phenyl-2-propynylamine (6 m): Yield 41 %; a pale
yellow oil; 1H NMR: d =2.52 (d, J= 2 Hz, 1 H), 2.70 (s, 3H), 5.81 (s, 1 H),
6.86 (t, J=8 Hz, 1H), 6.99 (d, J=8 Hz, 2H), 7.24–7.39 (m, 5H), 7.58 ppm
(d, 2 H, J =8 Hz); 13C NMR: d=33.6, 56.3, 74.8, 79.9, 115.2, 118.9, 127.5,
127.8, 128.4, 129.2, 137.8, 150.0 ppm; IR (neat): ñ =2110 (C�C),
3291 cm�1 (�CH); HRMS: m/z calcd for C16H15N [M+]: 221.12045;
found: 221.12048.


N-(4-Chlorophenyl)-1-phenyl-2-propynylamine : Yield 93 %; a yellow
solid; 1H NMR: d=2.48 (d, J=2 Hz, 1H), 4.06 (br, 1H), 5.24 (d, J =


2 Hz, 1 H), 6.64 (d, J =8 Hz, 2 H), 7.12 (d, J=8 Hz, 2H), 7.37 (m, 3 H),
7.57 ppm (d, J =8 Hz, 2H); 13C NMR: d= 50.0, 73.4, 82.5, 115.1, 123.4,
127.1, 128.3, 128.8, 128.9, 138.4, 144.7 ppm; elemental analysis calcd (%)
for C15H12ClN: C 74.53, H 5.00, N 5.79; found: C 74.31, H 4.96, N 5.39.


N-(1-Phenyl-2-propynyl)acetamide (8 a): Yield 79%; a white solid, m.p.
84.0–85.6 8C; 1H NMR: d= 1.96 (s, 3H), 2.47 (d, J=2.2 Hz, 1H), 5.98 (dd,
J =8.7, 2.2 Hz, 1H), 6.75 (d, J =8.7 Hz, 1 H), 7.27–7.36 (m, 3 H), 7.58 ppm
(d, J =8.0 Hz, 2H); 13C NMR: d =22.9, 44.3, 72.8, 81.7, 126.9, 128.0,
128.6, 138.2, 169.1 ppm; IR (neat): ñ =2114 (C�C), 3293 (�CH),


3449 cm�1 (NH); elemental analysis calcd (%) for C11H11NO: C 76.28, H
6.40, N 8.09; found: C 76.66, H 6.36, N 7.70.


Data for 8b : Yield 62 %; a white solid, m.p. 118.5–118.8 8C; 1H NMR:
d=2.01 (s, 3 H), 2.50 (d, J=2.0 Hz, 1H), 5.97 (dd, J =5.8, 2.0 Hz, 1H),
6.08 (d, J =5.8 Hz, 1 H), 7.01 (t, J =5.8 Hz, 2 H), 7.46 ppm (m, 2H);
13C NMR: d= 23.2, 43.9, 73.2, 81.4, 115.5 (d, J=23 Hz), 128.8 (d, J=


8 Hz), 134.1, 164.9 ppm (d, J =256 Hz); elemental analysis calcd (%) for
C11H10FNO: C 69.10, H 5.27, N 7.33; found: C 69.23, H 5.27, N 7.36.


Data for 8c : Yield 50 %; a pale yellow solid, m.p. 118.8–119.8 8C;
1H NMR: d=2.03 (s, 3 H), 2.51 (s, 1H), 6.00 (br s, 2 H), 7.31 (d, J=


8.6 Hz, 2H), 7.43 ppm (d, J=8.6 Hz, 2 H); 13C NMR: d =23.2, 43.9, 73.4,
81.2, 128.3, 128.7, 134.0, 136.7, 168.8 ppm; elemental analysis calcd (%)
for C11H11ClNO: C 63.62, H 4.85, N 6.75; found: C 63.45, H 4.91, N 6.55.


Data for 8d : Yield 58 %; a white solid, m.p. 98.8–99.9 8C; 1H NMR: d=


1.96 (s, 3H), 2.32 (s, 3 H), 2.45 (d, J=2.4 Hz, 1H), 5.90 (dd, J =8.6,
2.4 Hz, 1H), 6.54 (br d, J=8.6 Hz, 1 H), 7.12 (d, J=7.8 Hz, 2 H), 7.35 ppm
(d, 2H, J =7.8 Hz); 13C NMR: d =21.1, 23.0, 44.2, 72.6, 81.9, 126.7, 129.1,
135.2, 137.7, 168.8 ppm; elemental analysis calcd (%) for C12H13NO: C
76.98, H 7.00, N 7.48; found: C 76.70, H, 6.97, N, 7.36.


Data for 8e : Yield 70 %; a pale yellow solid, m.p. 129.8–130.2 8C;
1H NMR: d= 1.97 (s, 3H), 2.47 (d, J=2.2 Hz, 1H), 3.78 (s, 3 H), 5.91 (dd,
J =6.2, 2.2 Hz, 1H), 6.47 (d, J =6.2 Hz, 1 H), 6.84 (d, J =8.6 Hz, 2H),
7.39 ppm (d, J =8.6 Hz, 2H); 13C NMR: d=23.1, 43.9, 55.2, 72.6, 81.9,
113.8, 128.1, 130.3, 159.2, 168.8 ppm; elemental analysis calcd (%) for
C12H13NO2: C 70.92, H 6.45, N 6.89; found: C 70.71, H 6.44, N 6.90.


Data for 8 f : Yield 42%; a white solid, m.p. 144.0–145.0 8C; 1H NMR: d=


1.99 (s, 3 H), 2.53 (d, J= 2.4 Hz, 1 H), 6.13 (dd, J=8.6, 2.4 Hz, 1H), 6.49
(d, J =8.6 Hz, 1 H), 7.44–7.53 (m, 3 H), 7.77–7.82 (m, 3 H), 7.96 ppm (m,
1H); 13C NMR: d=23.1, 44.6, 73.2, 81.6, 124.7, 125.8, 126.2, 127.5, 127.9,
128.5, 132.8, 132.9, 135.3, 168.9 ppm; elemental analysis calcd (%) for
C15H13NO: C 80.69, H 5.87, N 6.27; found: C 80.42, H 5.71, N 6.09.


Data for 8 g : Yield 41%; a yellow solid, m.p. 142.0–143.4 8C; 1H NMR:
d=1.90 (s, 3 H), 2.33 (d, J =2.4 Hz, 1H), 5.23–5.30 (ddd, J =9.2, 7.3,
2.4 Hz, 1 H), 5.96 (d, J=9.2 Hz, 1 H), 6.23 (d, J=7.3 Hz, 1H), 7.19–
7.40 ppm (m, 10H); 13C NMR: d =23.1, 40.9, 71.5, 82.5, 124.3, 127.5,
127.7, 128.0, 128.2, 129.4, 138.1, 141.1, 144.6, 168.4 ppm; elemental analy-
sis calcd (%) for C19H17NO: C 82.88, H 6.22, N 5.09; found: C 82.63, H
6.40, N 4.99.


Data for 8h : Yield 72%; a yellow solid, m.p. 117.2–118.8 8C; 1H NMR:
d=1.13 (d, J =7.2 Hz, 3 H), 1.16 (d, J=7.2 Hz, 3 H), 2.35 (sept, J =


7.2 Hz, 1H), 2.47 (d, J =2.2 Hz, 1H), 6.00 (dd, J =2.2, 8.4 Hz, 1 H), 6.16
(d, J=8.4 Hz, 1 H), 7.29–7.37 (m, 3H), 7.46 ppm (m, 2 H); 13C NMR: d=


19.3, 19.5, 35.4, 44.2, 72.9, 81.8, 126.7, 127.9, 128.5, 138.3, 175.5 ppm; ele-
mental analysis calcd (%) for C13H15NO: C 77.58, H 7.51, N 6.96; found:
C 77.29, H 7.38, N 6.88.


Data for 8 i : Yield 56 %; a pale yellow solid, m.p. 145.5–147.1 8C;
1H NMR: d =1.20 (m, 3H), 1.39 (m, 2H), 1.67–1.91 (m, 6 H), 2.05–2.16
(m, 1H), 2.47 (s, 1 H), 6.04 (br, 1 H), 7.29 (m, 3H), 7.47 ppm (m, 2H);
13C NMR: d=25.7, 29.4, 29.6, 44.1, 45.2, 72.8, 81.9, 126.7, 128.0, 128.5,
138.4, 174.5 ppm; elemental analysis calcd (%) for C16H19NO: C 79.63, H
7.94, N 5.80; found: C 79.34, H, 7.87, N 5.72.


Data for 8 j : Yield 71%; a white solid, m.p. 103.4–104.1 8C; 1H NMR: d=


2.48 (d, J= 2.4 Hz, 1 H), 5.62 (dd, J= 2.4, 10.2 Hz, 1H), 6.06 (dd, J =9.7,
17 Hz, 1H), 6.13 (d, J =9.7 Hz, 1H), 6.27 (d, J=17 Hz, 1H), 6.56 (d, J=


10.2 Hz, 1 H), 7.28–7.37 (m, 3H), 7.47–7.51 ppm (m, 2H); 13C NMR: d=


44.5, 73.1, 81.5, 126.9, 127.4, 128.1, 128.6, 130.0, 137.9, 164.2 ppm; elemen-
tal analysis calcd (%) for C12H11NO: C 77.81, H 5.99, N 7.56; found: C
77.86, H 6.01, N 7.38.


Data for 8 k : Yield 71 %; a white solid; 1H NMR: d=2.53 (d, J =2 Hz,
1H), 6.86 (dd, J =2, 8 Hz, 1 H), 6.83 (d, J= 8 Hz, 1 H), 7.25–7.79 (m, 8H),
7.58 ppm (d, J =8 Hz, 2H); 13C NMR: d= 44.5, 73.1, 81.5, 126.9, 127.4,
128.1, 128.6, 130.0, 137.9, 164.2 ppm; IR (neat): ñ=2123 (C�C), 3279 (�
CH), 3326 cm�1 (NH); HRMS: m/z calcd for C16H14NO [M++H]:
236.10754; found: 236.10770.


Data for 8 l : Yield 61%; a white solid, m.p. 138.8–139.9 8C; 1H NMR: d=


2.52 (d, J =2.2 Hz, 1H), 6.17 (dd, J =2.2, 8.1 Hz, 1H), 6.82 (d, J =8.1 Hz,
1H), 7.31 (m, 5H), 7.54 (d, J=6.2 Hz, 2H), 7.68 ppm (d, J =8.1 Hz, 2H);
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13C NMR: d=45.1, 73.4, 81.4, 127.0, 128.2, 128.5, 128.7, 131.8, 137.8,
137.9, 165.1 ppm; elemental analysis calcd (%) for C16H12ClNO: C 71.25,
H 4.48, N 5.19; found: C 71.22, H 4.67, N 4.96.


Data for 8 m : Yield 67%; a white solid, m.p. 138.9–139.9 8C; 1H NMR:
d=2.35 (s, 3 H), 2.49 (d, J=2.4 Hz, 1H), 6.19 (dd, J =2.4, 8.6 Hz, 1H),
6.87 (d, J=8.4 Hz, 1 H), 7.14 (d, J =7.8 Hz, 2H), 7.23–7.35 (m, 3H), 7.53
(d, J =6.2 Hz, 2H), 7.65 ppm (d, J =7.8 Hz, 2 H); 13C NMR: d=21.4,
44.8, 73.1, 81.7, 126.9, 127.0, 128.0, 128.5, 129.0, 130.6, 138.1, 142.0,
166.0 ppm; elemental analysis calcd (%) for C17H15NO: C 81.90, H 6.06,
N 5.62; found: C 81.88, H 6.15, N 5.41.


Data for 8n : Yield 64 %; a pale yellow oil; 1H NMR: d=2.61 and 2.69 (s
each, 1 H), 2.78 and 2.89 (s each, 3H), 5.87 (br s, 1H), 7.03–7.61 ppm (m,
10H); GCMS: m/z (%): 249 (20) [M+], 248 (28) [M+�1], 220 (15), 144
(14), 118 (47), 115 (55) [PhCHCCH+], 105 (100) [PhCO+], 89 (9), 77
(84) [Ph+]; IR (neat): ñ=1636 (C=O), 2116 (C�C), 3289 cm�1 (�CH); el-
emental analysis calcd (%) for C17H15NO: C 81.90, H 6.06, N, 5.62;
found: C 82.27, H 6.13, N 5.64.


Data for 8o : Yield 64%; a yellow oil; 1H NMR: d= 2.15 (s, 3H), 2.53 (d,
J =2.7 Hz, 1 H), 2.82 (s, 3H), 6.91 (d, J =2.7 Hz, 1 H), 7.27–7.39 (m, 3H),
7.42–7.48 ppm (m, 2H); 13C NMR: d=21.8, 31.1, 48.1, 74.3, 79.6, 127.2,
128.3, 128.6, 136.2, 170.1 ppm; HRMS: m/z calcd for C12H13NO [M+]:
187.0997; found: 187.0999.


Data for 8p : Yield 63 %; a white solid, m.p. 78.2–78.8 8C; 1H NMR: d=


2.65 (d, J =2.2 Hz, 1H), 2.98 (s, 3H), 5.27 (d, J=2.2 H, 1 Hz), 5.27 (dd,
J =2.2, 8.4 Hz, 1 H), 7.31–7.39 (m, 3 H), 7.51 ppm (m, 2 H); 13C NMR: d=


41.5, 48.8, 75.2, 80.9, 127.1, 128.5, 128.7, 136.5 ppm; elemental analysis
calcd (%) for C10H11NO2S: C 57.39, H 5.30, N 6.69; found: C 57.44, H
5.35, N 6.58.


Data for 8q : Yield 52 %; a white solid, m.p. 131.0–132.0 8C; 1H NMR:
d=2.29 (s, 1 H), 2.40 (s, 3 H), 5.30 (br s, 2H), 7.23–7.27 (m, 5H), 7.42 (d,
J =8.1 Hz, 2H), 7.74 ppm (d, J=8.1 Hz, 2 H); 13C NMR: d=21.5, 48.8,
74.7, 80.3, 127.1, 127.3, 128.4, 128.6, 129.4, 136.9, 137.1, 143.5 ppm; ele-
mental analysis calcd (%) for C16H15NO2S: C 67.34, H 5.30; found: C
67.07, H 5.25.


Data for 8r : Yield 78%; a yellow oil; 1H NMR: d=2.58 (d, J =2.4 Hz,
1H), 2.88–3.37 (m, 4 H), 5.86 (d, J =2.4 Hz, 1H), 7.27–7.48 ppm (m, 5H);
13C NMR: d =36.1, 36.2, 46.7, 74.4, 78.3, 127.0, 128.1, 128.5, 135.4,
166.3 ppm; HRMS: m/z calcd for C12H12NO [M++H]: 186.0919; found:
186.0921.


Data for 8s : Yield 74%; a yellow oil; 1H NMR: d =1.86–2.03 (m, 2H),
2.40–2.46 (m, 2 H), 2.55 (d, J =2.2 Hz, 1 H), 3.05 (m, 1 H), 3.55 (m, 1 H),
6.31 (d, J =2.2 Hz, 1 H), 7.28–7.38 (m, 3H), 7.46 ppm (d, J =6.2 Hz, 2 H);
13C NMR: d=20.4, 21.7, 30.9, 41.4, 68.7, 76.1, 126.8, 127.4, 127.7, 127.8,
172.2 ppm; HRMS: m/z calcd for C13H13NO [M+]: 199.0997; found:
199.0998.


Data for 8 t : Yield 18 %; a yellow oil ; 1H NMR: d=1.67–1.79 (m, 4H),
2.47 (m, 3 H), 2.84 (m, 1H), 3.43 (m, 1 H), 7.02 (s, 1 H), 7.29–7.37 (m,
3H), 7.47 ppm (d, J =6.5 Hz, 2H); 13C NMR: d= 21.2, 23.1, 32.5, 42.5,
47.8, 74.3, 79.6, 127.4, 127.8, 128.4, 136.2, 169.2 ppm; HRMS: m/z calcd
for C14H15NO [M+]: 213.1154; found: 213.1151.


Data for 10a : Yield 84%; a white solid, m.p. 145.6–146.8 8C; 1H NMR:
d=2.42 (dd, J =3.0, 6.0 Hz, 1 H), 4.65 (dd, J=3.0, 18 Hz, 1H), 7.18–
7.84 ppm (m, 15H); 31P NMR: d =29.9 ppm; IR (neat): ñ=1191 (P=O),
2116 (C�C), 3295 cm�1 (�CH); HRMS: m/z calcd for C21H18OP [M+


+H]: 317.1094; found: 317.1087.


Data for 10 b : Yield 81%; a white solid, m.p. 154.8–156.4 8C; 1H NMR:
d=2.42 (dd, J= 2.6, 6.0 Hz, 1 H), 4.59 (dd, J =2.6, 18.6 Hz, 1H), 6.86 (t,
J =8.6 Hz, 2 H), 7.18–7.25 (m, 2H), 7.43–7.25 (m, 6 H), 7.73–7.83 ppm (m,
4H); elemental analysis calcd (%) for C21H16FOP: C 75.44, H 4.82;
found: C 75.04, H 4.85.


Data for 10 c : Yield 74%; a white solid, m.p. 150.2–151.8 8C; 1H NMR:
d=2.42 (dd, J= 2.6, 5.4 Hz, 1H), 4.6 (dd, J =2.6, 19.2 Hz, 1H), 7.16 (s,
4H), 7.41–7.55 (m, 6 H), 7.74–7.82 ppm (m, 4H); elemental analysis calcd
(%) for C21H16ClOP: C 71.90, H 4.60; found: C 72.05, H 4.64.


Data for 10 d : Yield 84%; a white solid, m.p. 148.9–150.6 8C; 1H NMR:
d=2.28 (s, 3 H), 2.39 (dd, J =2.7, 5.6 Hz, 1H), 4.60 (dd, J =2.7, 18.8 Hz,


1H), 6.99–7.12 (m, 4 H), 7.41–7.56 (m, 6 H), 7.73–7.85 ppm (m, 4H); ele-
mental analysis calcd (%) for C22H19P: C 79.98, H 5.80; found: C 79.85,
H 5.69.


Data for 10e : Yield 78%; a white solid, m.p. 160.0–160.8 8C; 1H NMR:
d=2.22 (s, 3 H), 2.40 (dd, J =2.7, 5.6 Hz, 1H), 4.60 (dd, J =2.7, 18.5 Hz,
1H), 6.98–7.10 (m, 4 H), 7.37–7.56 (m, 6 H), 7.72–7.85 ppm (m, 4H); ele-
mental analysis calcd (%) for C22H19OP: C 79.98; H 5.80; found: C 79.95,
H 5.77.


Data for 10 f : Yield 87%; a brownish white solid, m.p. 182.4–184.1 8C;
1H NMR: d =2.14 (s, 3H), 2.31 (dd, J =2.7, 5.6 Hz, 1H), 4.88 (dd, J =2.7,
17.1 Hz, 1 H), 7.04–7.16 (m, 3 H), 7.26–7.29 (m, 1 H), 7.34–7.51 (m, 3H),
7.56–7.70 (m, 3H), 7.81–7.88 ppm (m, 4H); elemental analysis calcd (%)
for C22H19OP: C 79.98, H 5.80; found: C 80.25, H 5.79.


Data for 10 g : Yield 88%; a pale yellow solid, m.p. 170.6–171.6 8C;
1H NMR: d =2.39 (dd, J =2.6, 5.4 Hz, 1 H), 3.74 (s, 3H), 4.60 (dd, J =2.6,
18.5 Hz, 1H), 6.73–6.80 (m, 2H), 7.12 (d, J =7.0 Hz, 2H), 7.41–7.57 (m,
6H), 7.73–7.84 ppm (m, 4H); elemental analysis calcd (%) for
C22H19O2P: C 76.29, H 5.53; found: C 76.12, H 5.56.


Data for 10 h : Yield 90 %; a white solid, m.p. 153.8–154.6 8C. 1H NMR:
d=2.46 (dd, J =2.7, 5.4 Hz, 1 H), 4.77–4.85 (dd, J=2.7, 18.9 Hz, 1H),
7.41–7.46 (m, 8H), 7.67–7.82 ppm (m, 9 H); HRMS: m/z calcd for
C25H19OP [M+]: 366.1174; found: 366.1169.


Data for 10 i : Yield 67%; a yellow viscous oil; 1H NMR: d =2.28 (dd, J=


5.4, 2.7 Hz, 1 H), 4.17–4.27 (dd, J =2.7, 18 Hz, 1H), 6.13 (dd, J =6.9,
18 Hz, 1H), 6.96–7.85 ppm (m, 20H); HRMS: m/z calcd for C29H23OP
[M+]: 418.1487; found: 418.1489.


Data for 10 j : Yield 90%; a white solid, m.p. 198.2–199.8 8C; 1H NMR:
d=2.91 (dd, J =1.0, 5.4 Hz, 1 H), 7.14–7.27 (m, 10 H), 7.36–7.41 (m, 2H),
7.65–7.78 ppm (m, 8H); elemental analysis calcd (%) for C27H21OP: C
82.64, H 5.39; found: C 82.34, H 5.46.


Data for 10 k : Yield 96 %; a white solid, m.p. >250 8C; 1H NMR: d=2.27
(s, 6 H), 2.85 (dd, J =1.0, 5.4 Hz, 1 H), 7.00 (d, J =8.4 Hz, 4 H), 7.24–7.31
(m, 4 H), 7.40–7.45 (m, 2 H), 7.59 (d, J=8.4 Hz, 4H), 7.67–7.73 ppm (m,
4H); HRMS: m/z calcd for C29H26OP [M++H]: 421.1721; found:
421.1705.


Preparation of [(Cp*)RuCl(m2-SMe)2Ru(Cp*)(C=C=C(p-tol)2)]BF4·
CH2Cl2 (11 a·CH2Cl2):[15] Compound 1 a (144 mg, 0.20 mmol) and NH4BF4


(22 mg, 0.20 mmol) were placed in a 20 mL flask under N2. Anhydrous
EtOH (10 mL) was added, and then the mixture was magnetically stirred
at room temperature. After the addition of 2 f (47 mg, 0.20 mmol), the re-
action flask was kept at room temperature for 1 h. A purple solid precipi-
tated was filtered off, washed with n-hexane, and recrystallized from
CH2Cl2/n-hexane to give black crystals of 11 a·CH2Cl2


(167 mg,0.168 mmol, 84 %); 1H NMR: d =1.66 (s, 15H), 1.84 (s, 15H),
2.33 (s, 6H), 2.66 (s, 6H), 7.19 (d, J =7.6 Hz, 4H), 7.51 ppm (d, J=


7.6 Hz, 4 H); 13C NMR: d= 10.4, 10.7, 19.6, 22.0, 98.8, 104.5, 129.9, 132.1,
140.4, 144.5, 162.2, 182.6, 296.6 ppm. IR (KBr): ñ =1946 cm�1 (C=C=C);
elemental analysis calcd (%) for C39H50BClF4Ru2S2·CH2Cl2: C 48.42, H
5.28; found: C 48.29, H 5.31.


Preparation of [(Cp*)RuCl(m2-SMe)2Ru(Cp*)(=C=C=CHPh)]BF4 (11 b):
A typical experimental procedure for the preparation of [(Cp*)RuCl(m2-
SMe)2Ru(Cp*)(C=C=CHPh)]BF4 (11b) is described below. Comopund
1a (510 mg, 0.80 mmol), NH4BF4 (109 mg, 1.04 mmol), and MgSO4 (1 g)
were placed in a 200 mL flask under N2. Anhydrous THF (100 mL) was
added, and then the mixture was magnetically stirred at room tempera-
ture. After the addition of 2 a (219 mg, 1.66 mmol), the reaction flask was
kept at room temperature for 30 min. Then, the solvent was removed
under reduced pressure, and the residue was recrystallized from CH2Cl2/
diethyl ether to give black crystals of 11b (378 mg, 0.467 mmol, 58%).
1H NMR: d=1.66 (s, 15H), 1.85 (s, 15H), 2.73 (s, 6H), 7.39 (t, J =7.5 Hz,
2H), 7.66 (t, J= 7.5 Hz, 1H), 7.72 (d, J =7.5 Hz, 2 H) 8.89 ppm (s, 1H);
13C NMR: d=10.4, 10.6, 20.1, 99.4, 105.6, 130.2, 132.4, 134.0, 142.6, 151.2,
198.0, 319.7 ppm; IR (KBr): ñ= 1945 cm�1 (C=C=C); elemental analysis
calcd (%) for C31H42BClF4Ru2S2: C 46.36, H 5.27; found: C 46.00, H 5.15.


X-ray crystallographic data : CCDC 247325 (8j), CCDC 247326 (8q),
CCDC 247327 (10 a) and CCDC 247328 (10b) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
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charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif. ORTEP drawings of 8j, 8q, 10a,
and 10 b are shown in Figure 3.
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Introduction


Thioamides are valuable intermediates in organic synthe-
sis,[1] and in particular, for the preparation of heterocycles of
natural products.[2] There have been numerous procedures
reported for the synthesis of thiolactams or thioamides by
transformation of the corresponding lactams or amides: Var-
ious reagents such as Lawesson�s reagent,[3] P2S5,


[4] R3OBF4–
NaSH,[5] R2PSX,[6] (Et2Al)2S,[7] (TMS)2S8 (TMS= trimethylsi-
lyl),[1a] and tetrathiomolybdate have been reported.[1b] How-
ever, direct preparations of thiolactams are not commonly
known. To our knowledge, only one direct synthesis of thio-
lactams has been reported: the reaction of alkenyl isothio-
cyanates with nBu3SnH and azobis(isobutyronitrile)
(AIBN).[8]


The formation of a cyclic system through the intramolecu-
lar addition of a ketyl radical to carbon–carbon multiple
bonds has been widely exploited in recent years.[9] Since
Kagan and his co-workers� pioneering work,[10a] samarium
diiodide (SmI2) has become a highly useful reagent to or-
ganic synthesis during the past two decades.[10] The single-
electron transfer ability of samarium(ii) makes it possible to
perform radical or anionic reactions, such as reductive cycli-


zations initiated by carbonyl radicals,[11,9a–d] deoxygenations
of epoxides,[12] Reformatsky reactions,[13] and pinacol-cou-
pling reactions.[14]


We now report on a new approach to the sequential radi-
cal cyclization of b-carbonyl isothiocyanates for producing
a-hydroxythiolactams which opens up a promising avenue
for the successful synthesis of heterocycles. It is the first
time that the synthesis of a-hydroxythiolactams occuring by
a one-step reaction has been reported.


The cyclization appears to be initiated by formation of a
ketyl radical (I) and/or a thioimidoyl radical (II) which
could be subsequently exocyclized to form a-hydroxythio-
lactam (2) with high stereoselectivity. Compound 2 was con-
verted to thiolactam (3) with an excess amount of SmI2, as
depicted in Scheme 1.


Results and Discussion


The starting materials were readily prepared by the addition
of ammonium thiocyanate to a,b-unsaturated carbonyl com-
pounds.[15] Treatment of 1 a with freshly prepared SmI2


[16] in
tetrahydrofuran (THF) in the presence of tBuOH afforded
2 a as the major product in a 78 % yield as shown in
Scheme 2. The reaction gave cyclized a-hydroxythiolactam
(2 a), and its dehydroxylated product 3 a, in which the major
product depends on the amount of SmI2 used and the reac-
tion temperature. When the reaction was carried out at
25 8C with four equivalents of SmI2, the deoxygenated prod-
uct 3 a was obtained in a 90 % yield (Scheme 2).


[a] M. S. Cho, Dr. I. S. Lee, Prof. S. H. Kang, Prof. Y. H. Kim
Department of Chemistry
Center for Molecular Design and Synthesis
Korea Advanced Institute of Science and Technology
Daejon, 305–701 (Korea)
Fax: (+82) 42-869-5818
E-mail : kimyh@kaist.ac.kr


Keywords: cyclization · diastereo-
selectivity · heterocycles · radical
reactions · samarium


Abstract: A novel samarium diiodide (SmI2) promoted intramolecular cyclization
of b-ketoisothiocyanate, derived from a,b-unsaturated esters and ammonium thio-
cyanate led to a-hydroxythiolactams and/or thiolactams in high yields. Treatment
of b-ketoisothiocyanate with two equivalents of SmI2 gave a mixture of a-hydroxy-
thiolactam and thiolactam. Four equivalents of SmI2 afforded only thiolactam in
high yields. The intramolecular cyclization took place with high to complete ster-
eoselectivity. A mechanism to explain this transformation is proposed.
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The isolated intermediates 2 a or 2 j, when reacted with
2 equivalents of SmI2 at 25 8C for 4 hours, afforded 3 a
(89 %) or 3 j (81%), respectively, as shown in Scheme 3. The
formation of 3 a is deduced to undergo a sequential radical
cyclization of 1 a followed by deoxygenation. Recently, sev-
eral examples of deoxygenations of tertiary alcohols with
SmI2 have been reported.[17]


Interestingly, the formation of two different products was
observed depending on the order of the reagent addition.
For example, in the case of acyclic b-ketoisothiocyanate
(1 f), addition of a solution of 1 f in THF and 2 equivalents
of tBuOH to a solution of SmI2 in THF (0.1 m) at �78 8C
produced the cyclized product a-hydroxythiolactam 2 f
(65 %) as the major product together with dehydroxylated


thiolactam 3 f (12 %) as the minor product (method A).
Whereas, when the solution of SmI2 in THF was added to
the solution of 1 f in THF under the same conditions, only
2 f was obtained (78 %; method B) as shown in Scheme 4.


Various cyclic and acyclic b-ketothiocyanates were reacted
with samarium diiodide in the presence of tBuOH to give
2 a or 3 a in good yields depending on the amount of SmI2


used and reaction temperatures. The results obtained are
summarized in Table 1.


The (2R,5S)-configured 1 a gave the cis-a-hydroxybicyclic-
thiolactam (2 a) and cis-deoxygenated thiolactam (3 a) in a
stereospecific manner: only one diastereomer was obtained
and confirmed by using chiral HPLC analysis. The (2R,5R)-
configured 1 b gave trans-fused diastereomers 2 b and 3 b.
The structures and stereoconfigurations of 2 a and 3 a were
established by using 1H and 13C NMR spectra,[18] and 2D
COSY NMR experiments.


When 1 c was treated with 2 equivalents of SmI2, cis-
fused-ring product 2 c was produced in an 84 % yield giving
almost a single diastereomer (Table 1, entry 5). Compound
1 e afforded 2 e in a 70 % yield with complete stereoselectivi-
ty (trans/cis=100:0, Table 1, entry 7). On the other hand,
the seven-membered ring isothiocyanate 1 d resulted in a
mixture of cis and trans isomers (entry 4, cis/trans =4:1) of
2 d and 3 d. Acyclic b-ketoisothiocyanates 1 f–1 p were cy-
clized to 2 f–2 p and/or 3 f–3 p in variable diastereoselectivi-
ties depending upon their substituents. When R was substi-
tuted with Ph or C6H4(p-OMe), 1 j or 1 k resulted in high se-
lectivity of 1:10.8 (Table 1, entry 13) or 1:8.8 (Table 1,
entry 14), respectively. But other isothiocyanates gave lower
selectivities.


The SmI2-mediated intramolecular couplings between al-
dehydes and isothiocyanates occurred much faster (Table 1,
entries 20, 22) than those between other ketones and iso-
thiocyanates.


Although b-ketoisothiocyanates were readily cyclized to
a-hydroxythiolactams, g-ketoisothiocyanates did not under-
go the cyclization reaction under the same reaction condi-
tions: starting materials were recovered quantitatively.


Scheme 1. Cyclization of b-ketoisothiocyanate (1) to a-hydroxythiolactam
(2) and thiolactam (3) with an excess amount of SmI2: this appears to be
initiated by formation of a ketyl radical (I) and/or a thioimidoyl radical
(II).


Scheme 2. Reaction of 1 a with SmI2 under different reaction conditions:
a) 2SmI2, THF, tBuOH, �78 8C, 1h; b) 4SmI2, THF, tBuOH, 25 8C, 8h.


Scheme 3. Dehydroxylation of isolated intermediate 2 to thiolactam 3.
a) 2SmI2, THF, tBuOH (2 equiv), �25 8C, 4 h.


Scheme 4. Cyclization of 1 f to 2 f and 3 f : a) SmI2, THF, tBuOH, �78 8C,
1h. Method A: addition of a solution of 1 f in THF to a solution of SmI2


in THF. Method B: addition of a solution of SmI2 in THF to a solution of
1 f in THF solution.
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Table 1. Cyclization of b-ketoisothiocyanates with SmI2.
[a]


Entry Substrates Products Yield [%][b] cis :trans[c]


1 1a
78 (2a)
15 (3a)


100:0


2[d] 1a 3a 90 100:0


3 1b
72 (2b)
25 (3b)


0:100


4[d] 1b 3b 81 0:100


5[e] 1c 2c 84 100:0


6[e] 1d
82 (2d)
16 (3d)


4:1


7 1e 2e 70 0:100


8 1 f 2 f 78


9[d] 1 f 3 f 87


10
11
12
13
14
15


1g : R=Me
1h : R= iPr
1 i : R= tBu
1j : R=Ph
1k : R=p-MeOPh
1 l : R=H


2g
2h
2 i
2 j
2k
2 l


75
77
72
89
81
76


1:1.2
1:2.3
1:2.9
1:10.8
1:8.8


16[d]


17[d]
1g : R=Me
1 l : R=H


3g
3 l


85
83


18 1m 2m 81 1:6.7


19 1n 2n 68 1:2.9


20[f] 1o 2o 62 1:2.5


21[d] 1o 3o 78


22[f] 1p 2p 72 1:6.7
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The possible mechanism for the sequential cyclization is
proposed as shown in Scheme 5. Formation of ketyl radicals
of carbonyls with SmI2 has been well documented.[9] The re-
action appears to be initiated by generating a requisite ketyl


radical (I) or a thioimidoyl radical (II) with one electron
transfer from SmI2. The use of two equivalents of SmI2 may
form both ketyl and imidoyl radicals in III. Intramolecular
radical–radical coupling will give cyclized IV. Dehydroxyla-
tion of the tertiary alcohol[17] and deoxygenation of the a-
hydroxy carbonyl compound are well known.[19] 2 a is readily
converted to dehydroxylated 3 a with an excess amount of
SmI2. In order to see whether the a-hydrogen of 3 a originat-
ed from the proton source of the alcohol or from THF, the
sequential cyclization was carried out in the presence of
CD3OD. Product 3 a was found to contain 85 % deuterium
atoms and 15 % hydrogen atoms incorporated as shown in
Scheme 6. The ratio (5:1) of 3 a-D and 3 a-H was determined
by using 1H NMR and mass spectra.


Conclusion


In summary, we have demonstrated the intramolecular, re-
ductive cyclization of b-ketoisothiocyanates (1) by using
SmI2. The direct preparations of a-hydroxythiolactams and
thiolactams are possible with 1 as the starting material. The
scope and applications of this method to the synthesis of
natural products are under investigation.


Experimental Section


General : THF was distilled from sodium/benzophenone. Yields refer to
chromatography and spectroscopically (1H NMR) defined homogeneous
materials, unless otherwise stated. The reactions were monitored by using
thin-layer chromatography on glass plates (0.25 mm) coated with silica
gel 60 F254 (Merck). 1H NMR spectra were recorded on Bruker AM-300
(300 MHz) and AM-400 spectrometers (400 MHz) at ambient tempera-
ture. 13C NMR spectra were recorded on Bruker AM-300 (75 MHz) and
Bruker AM-400 spectrometers (100 MHz) at ambient temperature.
Chemical shifts were recorded in ppm from the solvent resonance em-
ployed as the internal standard (deuterochloroform at 77.00 ppm). IR
spectra were recorded on a Bruker EQUINOX55 FT-IR spectrophotom-
eter. High-resolution mass spectra (HRMS) were recorded on a Hewlett–
Packard 5980 A GC–MS (at 70 eV) system using the electron impact
(EI) method. HPLC spectra were recorded on an Agilent 1100 series
with Daicel Chiralcel OD-H column. Melting points were recorded on an
Electrothermal� melting point apparatus and are uncorrected. The rela-
tive configuration (cis or trans) of 2 was determined by using 1H NMR
spectroscopy. For instance, the chemical shift of the methine proton of
2h (trans) appears at 3.62 ppm, thus shifted more downfield than that of
the cis form (3.44 ppm). The stereochemistry was also confirmed by using
NOE experiments.


General procedure for the preparation of a-hydroxythiolactam from b-
ketoisothiocyanate by using SmI2 : 1j (41 mg, 0.25 mmol) and t-butanol
(50 mL, 0.5 mmol) were dissolved in THF (1.5 mL) and purged with
argon. Freshly prepared SmI2 from Sm metal (100 mg) and diiodome-
thane (41 mL) in THF (10 mL) was added to the vigorously stirred so-
lution over a period of 5 minutes at �78 8C. After 2 h, the reaction was
quenched with 1 n HCl solution, and the mixture was extracted with
ethyl acetate (3 � 10 mL). The combined organic layers were washed with
brine, dried over MgSO4, filtered, and concentrated under reduced pres-
sure. The two isomers were readily separated (trans-2 j : 81 %; cis-2 j : 8%)
by using silica-gel column chromatography (Merck 60, 230–400 mesh, 2�
25 cm, nHex/EtOAc=3:1). The stereochemistry of the diastereoisomers
was determined by using NOE experiments.


(1R,3R,6S)-1-Hydroxy-3,7,7-trimethyl-8-azabicyclo[4.3.0]nonane-9-thione
(2 a): Rf =0.35 (nHex/EtOAc=3:1); m.p. 152–153 8C; [a]D =�65.98 (c=


0.68, CH2Cl2); 1H NMR (400 MHz, CDCl3): d= 8.13 (br, 1H; -NH-), 2.41
(dq, J =6.4, 2.7 Hz, 1 H; -CH�C(CH3)2-), 2.27 (br, 1H; -OH), 2.06 (m,
1H; -CH(CH3)-), 1.86–1.80 (m, 1 H; -CH(OH)�CHaHb�CH(CH3)-),
1.62–1.58 (m, 1 H; -CH(OH)�CHaHb�CH(CH3)-), 1.55 (s, 3 H;
-C(CH3a)(CH3b)-), 1.36–1.30 (m, 2H; -CH(CH3)�CH2�CH2-), 1.23 (s, 3H;
-C(CH3a)(CH3b)-), 1.12–1.05 (m, 2H; -CH2�CH2�CH-), 0.97 ppm (d, J =


Table 1. (Continued)


Entry Substrates Products Yield [%][b] cis :trans[c]


23[d] 1p 3p 80


[a] The reactions were carried out in THF with b-ketoisothiocyanate 1 (0.25 mmol), SmI2 (0.5 mmol), and tBuOH (0.5 mmol) at �78 8C for 2 h except
where otherwise stated. [b] Isolated yields. [c] The ratio was determined by 1H NMR spectroscopy. [d] b-ketoisothiocyanate 1 (0.25 mmol), SmI2


(1.0 mmol), and tBuOH (1.0 mmol) at 25 8C for 8 h. [e] Reaction time: 0.5 h. [f] Reaction time: 5 min at �78 8C.


Scheme 5. Proposed mechanism for the formation of a-hydroxythiolac-
tam/thiolactam by using SmI2.


Scheme 6. Cyclization of 1 a in CD3OD and THF: a) 4 SmI2, THF,
CD3OD, 25 8C.
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6.4 Hz, 3H; -CH(CH3)-); 13C NMR (100 MHz, CDCl3): d=205.4, 83.4,
65.0, 49.4, 43.1, 31.5, 29.9, 29.2, 25.3, 23.7, 21.8 ppm; IR (KBr): ñ =3354,
3193, 2950, 1687, 1529, 1459, 1161, 1029, 911, 729, 656 cm�1; tR =


11.16 min (OD-H, 254 nm, iPrOH/nHex=1:9); HRMS: m/z (%) calcd
for C11H19NOS: 213.1187 [M+]; found: 213.1187.


(1R,3R,6R)-1-Hydroxy-3,7,7-trimethyl-8-azabicyclo[4.3.0]nonane-9-
thione (2 b): Rf =0.39 (nHex/EtOAc=3:1); m.p. 119–121 8C; [a]D =


�10.63 (c= 0.16, CH2Cl2); 1H NMR (400 MHz, CDCl3): d=8.73 (br, 1 H;
-NH-), 2.91 (s, 1H; -OH), 2.15 (m, 1H; -CH�C(CH3)2-), 1.87–1.70 (m,
4H; -CH(OH)�CH2�CH(CH3)-, -CH(CH3)�CH2�CH2-), 1.60–1.56 (m,
1H; -CH(CH3)-), 1.33 (s, 3 H; -C(CH3a)(CH3b)-), 1.30 (s, 3 H;
-C(CH3a)(CH3b)-), 1.11–1.00 (m, 2H; -CH2�CH2�CH-), 0.91 ppm (d, J =


3.2 Hz, 3H; -CH(CH3)-); 13C NMR (100 MHz, CDCl3): d=208.0, 81.9,
64.3, 48.9, 44.6, 30.7, 30.0, 26.6, 24.7, 22.3, 20.6 ppm; IR (KBr): ñ =3411,
3174, 2929, 1691, 1532, 1455, 1139, 1018, 944, 781 cm�1; tR =10.28 min
(OD-H, 254 nm, iPrOH/nHex =1:9); HRMS: m/z (%) calcd for
C11H19NOS: 213.1187 [M+]; found: 213.1186.


3’H-Spiro[cyclopentane-1,4’-[1R*,5S*][1]hydroxy[3]azabicyclo[3.3.0]oct-
ane[2]thione] (2 c): Rf =0.26 (nHex/EtOAc=3:1); m.p. 167–168 8C;
1H NMR (400 MHz, CDCl3): d =8.37 (br, 1 H; -NH-), 2.52 (dd, J =4.3,
3.3 Hz, 1 H; -CH-C(spirocyclopentyl)-), 2.25 (s, 1H; -OH), 2.19–2.13 (m,
1H; -CH(OH)�CHaHb-), 2.02–1.96 (m, 1 H; -CH(OH)�CHaHb-), 1.92–
1.88 (m, 2H; -CH2�CH2�CH2-), 1.82–1.67 (m, 8 H; spirocyclopentyl),
1.65–1.55 ppm (m, 2 H; -CH2�CH2�CH-); 13C NMR (100 MHz, CDCl3):
d=206.3, 93.9, 75.1, 54.6, 41.4, 40.7, 33.4, 29.4, 25.4, 23.0, 22.7 ppm; IR
(KBr): ñ =3261, 2946, 1699, 1507, 1286, 1138, 1079, 1065 cm�1; HRMS:
m/z (%) calcd for C11H17NOS: 211.1031 [M+]; found: 211.1034.


1-Hydroxy-9-azabicyclo[5.3.0]decane-10-thione (2 d): Inseparable white
powder; Rf = 0.37 (nHex/EtOAc= 2:1); 1H NMR (300 MHz, CDCl3):
major isomer: d=7.98 (br, 1 H; -NH-), 3.71–3.64 (m, 1H; -CHaHb�NH-),
2.97–2.92 (m, 1H; -CHaHb�NH-), 2.27–2.15 (m, 1 H; -CH2�CH�CH2-),
1.95–1.23 ppm (m, 10 H; -C(OH)�(CH2)5�CH-); minor isomer: d =8.09
(br, 1 H; -NH-), 3.16–3.10 (m, 1 H; -CHaHb�NH-), 2.82–2.70 (m, 1 H;
-CHaHb�NH-), 2.61–2.52 (m, 1 H; -CH2�CH�CH2-), 1.95–1.23 ppm (m,
10H; -C(OH)�(CH2)5�CH-); 13C NMR (75 MHz, CDCl3): major isomer:
d=210.5, 57.7, 54.6, 40.6, 31.5, 31.3, 30.1, 28.9, 28.2 ppm; minor isomer:
d=207.8, 56.7, 52.5, 46.6, 43.6, 31.8, 28.8, 27.3, 25.8 ppm; IR (KBr) as
mixture: ñ =3367, 2919, 2850, 1695, 1549, 1455, 1306, 1166, 1040,
1015 cm�1; HRMS: m/z (%) calcd for C9H15NOS: 185.0874 [M+]; found:
185.0875.


1-Hydroxy-6-azabicyclo[3.2.1]octane-7-thione (2 e): Pale yellow oil; Rf =


0.38 (nHex/EtOAc =1:1); 1H NMR (400 MHz, CDCl3): d= 8.35 (br, 1 H;
-NH-), 3.98 (q, J=6.7 Hz, 1H; -CH�NH-), 3.17 (s, 1 H; -OH), 2.31–2.28
(m, 1H; -CH�CHaHb�CH(OH)-), 1.94 (d, J=5.2 Hz, 1H; -CH�CHaHb�
CH(OH)-), 1.79–1.41 ppm (m, 6H; -C(OH)�CH2�CH2�CH2�CH-);
13C NMR (100 MHz, CDCl3): d =208.7, 81.3, 56.0, 45.4, 41.3, 35.1, 25.4,
18.9 ppm; IR (neat): ñ= 3261, 2946, 1699, 1507, 1286, 1138, 1079,
1065 cm�1; HRMS: m/z (%) calcd for C7H11NOS: 157.0561 [M+]; found:
157.0562.


3-Hydroxy-3,5,5-trimethylpyrrolidine-2-thione (2 f): Rf =0.62 (nHex/
EtOAc= 1:1); m.p. 123–125 8C; 1H NMR (300 MHz, CDCl3): d =8.85 (br,
1H; -NH-), 2.92 (br, 1H; -OH), 2.17 (dd, J =18.0, 6.8 Hz, 2 H; -CH2�
C(CH3)2-), 1.50 (s, 3 H; -C(CH3)(OH)), 1.40 (s, 3 H; -C(CH3a)(CH3b)),
1.34 ppm (s, 3H; -C(CH3a)(CH3b)); 13C NMR (75 MHz, CDCl3): d=


206.9, 81.8, 61.9, 49.4, 29.7, 29.3, 28.6 ppm; IR (KBr): ñ= 3351, 3167,
2967, 1659, 1514, 1376, 1194, 946, 779, 514 cm�1; HRMS: m/z (%) calcd
for C7H13NOS: 159.0718 [M+]; found: 159.0718.


cis-3,5-Dimethyl-3-hydroxypyrrolidine-2-thione (cis-2g): Yellow oil; Rf =


0.49 (nHex/EtOAc =1:1); 1H NMR (400 MHz, CDCl3): d= 8.12 (br, 1 H;
-NH-), 3.89–3.80 (m, 1 H; -CH(CH)3�NH-), 2.45 (dd, J=6.2, 3.0 Hz, 1H;
-C(OH)(CH3)�CHaHb-), 2.41 (br, 1 H; -OH), 1.84 (dd, J =6.2, 4.6 Hz,
1H; -C(OH)(CH3)�CHaHb-), 1.38 (s, 3 H; -C(OH)(CH3)), 1.32 ppm (d,
J =3.2 Hz, 3 H; -CH(CH3)�NH-); 13C NMR (100 MHz, CDCl3): d =210.2,
81.3, 53.5, 44.9, 26.9, 20.4 ppm; IR (neat): ñ =3385, 2974, 1653, 1540,
1448, 1383, 1278, 1173, 1049 cm�1.


trans-3,5-Dimethyl-3-hydroxypyrrolidine-2-thione (trans-2 g): Yellow oil;
Rf = 0.41 (nHex/EtOAc=1:1); 1H NMR (400 MHz, CDCl3): d=8.22 (br,
1H; -NH-), 4.09–4.02 (m, 1H; -CH(CH)3�NH-), 2.53 (dd, J=6.7, 3.8 Hz,


1H; -C(OH)(CH3)�CHaHb-), 2.23 (br, 1 H; -OH), 1.78 (dd, J =6.2,
4.6 Hz, 1 H; -C(OH)(CH3)�CHaHb-), 1.52 (s, 3 H; -C(OH)(CH3)),
1.29 ppm (d, J =3.3 Hz, 3 H; -CH(CH3)�NH-); 13C NMR (100 MHz,
CDCl3): d=208.6, 81.3, 53.9, 43.6, 28.4, 20.8 ppm; IR (neat): ñ =3418,
2978, 1653, 1540, 1448, 1301, 1165, 1044 cm�1; HRMS: m/z (%) calcd for
C5H9NOS: 131.0405 [M+]; found: 131.0405.


cis-3-Hydroxy-5-isopropyl-3-methylpyrrolidine-2-thione (cis-2h): Rf =


0.31 (nHex/EtOAc=3:1); m.p. 89–90 8C; 1H NMR (300 MHz, CDCl3):
d=8.17 (br, 1 H; -NH-), 3.44 (m, 1H; -CH(CH)�NH-), 2.80 (br, 1 H;
-OH), 2.34 (dd, J =6.2, 3.0 Hz, 1H; -C(OH)(CH3)�CHaHb-), 1.89 (dd, J =


6.2, 4.7 Hz, 1 H; -C(OH)(CH3)�CHaHb-), 1.76 (dt, J =13.8, 6.9 Hz, 1H;
-CH(CH3)2), 1.38 (s, 3H; -C(OH)(CH3)), 0.99 (d, J=1.3 Hz, 3 H;
-CH(CH3a)(CH3b)), 0.91 ppm (d, J =1.3 Hz, 3 H; -CH(CH3a)(CH3b));
13C NMR (75 MHz, CDCl3): d =210.5, 81.0, 64.0, 40.7, 32.2, 27.2, 19.2,
18.1 ppm; IR (KBr): ñ =3164, 2970, 1691, 1532, 1271, 1096, 780 cm�1.


trans-3-Hydroxy-5-isopropyl-3-methylpyrrolidine-2-thione (trans-2h):
Rf = 0.18 (nHex/EtOAc =3:1); m.p. 107–108 8C; 1H NMR (300 MHz,
CDCl3): d =8.47 (br, 1 H; -NH-), 3.62 (q, J=11.1 Hz, 1 H; -CH(CH)�
NH-), 2.51 (br, 1H; -OH), 2.41 (dd, J =6.8, 3.7 Hz, 1H; -C(OH)(CH3)�
CHaHb-), 1.83 (dd, J=6.8, 3.3 Hz, 1H; -C(OH)(CH3)�CHaHb-), 1.69 (dt,
J =17.3, 10.5 Hz, 1H; -CH(CH3)2), 1.50 (s, 3 H; -C(OH)(CH3)), 0.98 (d,
J =3.3 Hz, 3 H; -CH(CH3a)(CH3b)), 0.91 ppm (d, J =3.3 Hz, 3 H;
-CH(CH3a)(CH3b)); 13C NMR (75 MHz, CDCl3): d=208.7, 81.1, 64.7,
39.7, 32.3, 27.9, 19.3, 18.5 ppm; IR (KBr): ñ =3417, 3178, 2963, 1686,
1538, 1372, 1287, 1155, 1050, 942, 779 cm�1; HRMS: m/z (%) calcd for
C8H15NOS: 173.0874 [M+]; found: 173.0873.


cis-5-tert-Butyl-3-hydroxy-3-methylpyrrolidine-2-thione (cis-2 i): Rf =0.47
(nHex/EtOAc=2:1); m.p. 130–132 8C; 1H NMR (300 MHz, CDCl3): d=


8.10 (br, 1 H; -NH-), 3.51–3.46 (m, 1H; -CH(CMe3)-), 2.65 (br, 1 H;
-OH), 2.22 (dd, J= 6.3, 3.1 Hz, 1H; -C(OH)(CH3)�CHaHb-), 2.02–1.91
(m, 1H; -C(OH)(CH3)�CHaHb-), 1.40 (s, 3H; -C(OH)(CH3)), 0.93 ppm
(s, 9 H; -C(CH3)3); 13C NMR (75 MHz, CDCl3): d=210.8, 81.0, 67.2, 38.4,
32.7, 27.4, 25.7 ppm (� 3).


trans-5-tert-Butyl-3-hydroxy-3-methylpyrrolidine-2-thione (trans-2 i): Rf =


0.32 (nHex/EtOAc= 2:1); m.p. 143–144 8C; 1H NMR (300 MHz, CDCl3):
d=8.51 (br, 1 H; -NH-), 3.73 (t, J =7.6 Hz, 1 H; -CH(CMe3)-), 2.61 (br,
1H; -OH), 2.28 (dd, J =6.9, 3.6 Hz, 1 H; -C(OH)(CH3)�CHaHb-), 1.81
(dd, J=6.9, 4.0 Hz, 1H; -C(OH)(CH3)�CHaHb-), 1.50 (s, 3 H;
-C(OH)(CH3)), 0.90 ppm (s, 9H; -C(CH3)3); 13C NMR (75 MHz, CDCl3):
d=208.4, 81.3, 68.1, 37.3, 32.7, 27.2, 25.7 ppm (� 3); IR (KBr): ñ =3412,
3170, 2967, 1673, 1537, 1372, 1264, 1128, 1076, 939, 774, 559 cm�1;
HRMS: m/z (%) calcd for C9H17NOS: 187.1031 [M+]; found: 187.1033.


cis-3-Hydroxy-3-methyl-5-phenylpyrrolidine-2-thione (cis-2 j): Rf =0.46
(nHex/EtOAc=2:1); m.p. 107–109 8C; 1H NMR (300 MHz, CDCl3): d=


7.41–7.29 (m, 5H; -Ph), 4.75 (dd, J= 4.8, 3.1 Hz, 1H; -CHPh-), 2.71 (dd,
J =6.4, 3.1 Hz, 1 H; -CHaHb-CHPh-), 2.21 (dd, J =6.3, 4.8 Hz, 1H;
-CHaHb�CHPh-), 1.51 ppm (s, 3H; -C(OH)(CH3)); 13C NMR (100 MHz,
CDCl3): d=210.9, 138.8, 129.2 (� 2), 128.9, 126.6 (� 2), 81.2, 61.5, 46.8,
27.0 ppm; IR (KBr): ñ=3357, 3215, 2965, 1634, 1521, 1262, 1134, 1060,
955, 750, 700 cm�1.


trans-3-Hydroxy-3-methyl-5-phenylpyrrolidine-2-thione (trans-2 j): Rf =


0.32 (nHex/EtOAc= 2:1); m.p. 126–128 8C; 1H NMR (300 MHz, CDCl3):
d=8.33 (br, 1 H; -NH-), 7.40–7.23 (m, 5H; -Ph), 5.03 (t, J =7.0 Hz, 1H;
-CHPh-), 2.81 (dd, J =6.8, 3.8 Hz, 1 H; -CHaHb�CHPh-), 2.62 (br, 1H;
-OH), 2.09 (dd, J =6.7, 3.3 Hz, 1 H; -CHaHb�CHPh-), 1.49 ppm (s, 3 H;
-C(OH)(CH3)); 13C NMR (75 MHz, CDCl3): d=209.7, 139.5, 129.1 (� 2),
128.4, 125.8 (� 2), 81.1, 61.5, 45.8, 27.6 ppm; IR (KBr): 3351, 3208, 2971,
1667, 1527, 1260, 1135, 1059, 954, 765, 700, 522 cm�1; HRMS: m/z (%)
calcd for C11H13NOS: 207.0718 [M+]; found: 207.0718.


cis-3-Hydroxy-5-(4-methoxyphenyl)-3-methylpyrrolidine-2-thione (cis-
2k): Rf =0.44 (nHex/EtOAc=2:1); m.p. 105–106 8C; 1H NMR (400 MHz,
CDCl3): d=7.68 (br, 1 H; -NH-), 7.24–7.21 (m, 2H; -Ar-), 6.91–6.87 (m,
2H; -Ar-), 4.71 (dd, J =4.8, 3.1 Hz, 1 H; -CHAr-), 3.79 (s, 3H; -ArOCH3),
2.68 (dd, J =6.4, 3.1 Hz, 1H; - CHaHb�CHAr-), 2.20 (dd, J =6.4, 4.8 Hz,
1H; -CHaHb�CHAr-), 2.15 (br, 1 H; -OH), 1.47 ppm (s, 3H;
-C(OH)(CH3)); 13C NMR (100 MHz, CDCl3): d=210.7, 160.1, 130.6,
128.0 (� 2), 114.5 (� 2), 81.1, 61.0, 55.3, 46.8, 26.9 ppm; IR (KBr): ñ=


3383, 3187, 2962, 1611, 1515, 1248, 819 cm�1.
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trans-3-Hydroxy-5-(4-methoxyphenyl)-3-methylpyrrolidine-2-thione
(trans-2 k): Rf =0.33 (nHex/EtOAc=2:1); m.p. 115–117 8C; 1H NMR
(400 MHz, CDCl3): d=8.20 (br, 1H; -NH-), 7.18–7.14 (m, 2H; -Ar-),
6.90–6.86 (m, 2 H; -Ar-), 4.98 (t, J=7.1 Hz, 1 H; -CHAr-), 3.78 (s, 3 H;
-ArOCH3), 2.76 (dd, J= 6.8, 3.7 Hz, 1H; -CHaHb�CHAr-), 2.40 (br, 1 H;
-OH), 2.05 (dd, J =6.8, 3.4 Hz, 1 H; -CHaHb�CHAr-), 1.50 ppm (s, 3 H;
-C(OH)(CH3)); 13C NMR (100 MHz, CDCl3): d=209.2, 159.7, 131.3,
127.2 (� 2), 114.4 (� 2), 81.2, 61.2, 55.3, 45.8, 27.5 ppm; IR (KBr): ñ=


3394, 3175, 2969, 1614, 1515, 1249, 832 cm�1; HRMS: m/z (%) calcd for
C12H15NO2S: 237.0823 [M+]: found; 237.0828.


3-Hydroxy-3-methylpyrrolidine-2-thione (2 l): Rf =0.42 (nHex/EtOAc =


1:2); m.p. 121–123 8C; 1H NMR (400 MHz, CDCl3): d=8.18 (br, 1H;
-NH-), 3.66–3.55 (m, 1 H; -CHaHb�NH-), 3.51–3.44 (m, 1 H; -CHaHb�
NH-), 2.58 (br, 1 H; -OH), 2.32–2.26 (m, 2 H; -C(OH)(CH3)-CH2-),
1.41 ppm (s, 3H; -C(OH)(CH3)); 13C NMR (100 MHz, CDCl3): d=210.8,
80.8, 45.2, 36.3, 26.5 ppm; IR (KBr): ñ =3358, 1642, 1546, 1308, 1208,
1134, 1008, 792 cm�1; HRMS: m/z (%) calcd for C5H9NOS: 131.0405 [M+


]; found: 131.0404.


cis-3-Ethyl-3-hydroxy-5-methylpyrrolidine-2-thione (cis-2m): Yellow oil;
Rf = 0.53 (nHex/EtOAc=1:1); 1H NMR (400 MHz, CDCl3): d=7.90 (br,
1H; -NH-), 3.86–3.81 (m, 1H; -CH(CH3)�NH-), 2.56 (dd, J=6.4, 3.2 Hz,
1H; -C(OH)(C2H5)�CHaHb-), 2.02 (br, 1H; -OH), 1.79–1.72 (m, 2 H;
-C(OH)(C2H5)�CHaHb-, -C(OH)�CHaHb�CH3), 1.63–1.56 (m, 1 H;
-C(OH)�CHaHb�CH3), 1.32 (d, J =3.2 Hz, 3H; -CH(CH3)�NH-),
0.98 ppm (t, J=7.4 Hz, 3H; -CH2�CH3); 13C NMR (100 MHz, CDCl3):
d=209.4, 84.1, 53.8, 41.7, 32.6, 21.0, 7.9 ppm; IR (neat): ñ =3386, 1646,
1539, 1276, 913, 748 cm�1.


trans-3-Ethyl-3-hydroxy-5-methylpyrrolidine-2-thione (trans-2m): Rf =


0.45 (nHex/EtOAc =1:1); m.p. 104–106 8C; 1H NMR (400 MHz, CDCl3):
d=8.26 (br, 1H; -NH-), 4.10–4.04 (m, 1 H; -CH(CH3)�NH-), 2.38 (dd,
J =6.8, 3.7 Hz, 1 H; -C(OH)(C2H5)�CHaHb-), 2.02 (br, 1H; -OH), 1.95–
1.91 (m, 1 H; -C(OH)�CHaHb�CH3), 1.79–1.72 (dd, J =6.8, 3.2 Hz, 1 H;
-C(OH)(C2H5)�CHaHb-), 1.68–1.63 (m, 1H; -C(OH)�CHaHb�CH3), 1.28
(d, J=3.2 Hz, 3 H; -CH(CH3)�NH-), 0.96 ppm (t, J=7.4 Hz, 3 H; -CH2�
CH3); 13C NMR (100 MHz, CDCl3): d =208.2, 84.4, 54.1, 40.5, 33.0, 20.8,
8.1 ppm; IR (neat): ñ=3430, 3163, 1795, 1542, 1280, 1255, 986, 798 cm�1;
HRMS: m/z (%) calcd for C7H13NOS: 159.0718 [M+]; found: 159.0719.


cis-3-tert-Butyl-3-hydroxy-5-phenylpyrrolidine-2-thione (cis-2n): Pale
yellow oil; Rf =0.69 (nHex/EtOAc=1:1); 1H NMR (400 MHz, CDCl3):
d=7.93 (br, 1H; -NH-), 7.38–7.26 (m, 5 H; -Ph), 4.71 (dd, J =4.3, 3.7 Hz,
1H; -CHPh-), 3.10 (dd, J =7.0, 3.6 Hz, 1H; -CHaHb�CHPh-), 2.13 (dd,
J =7.0, 4.3 Hz, 1 H; -CHaHb�CHPh-), 1.14 ppm (s, 9H; -C(CH3)3);
13C NMR (100 MHz, CDCl3): d=208.8, 140.4, 129.1 (� 2), 128.8, 126.6 (�
2), 87.4, 61.0, 43.9, 38.8, 25.5 ppm (� 3); IR (neat): ñ=3419, 2964, 1645,
1520, 1266, 1148, 762 cm�1.


trans-3-tert-Butyl-3-hydroxy-5-phenylpyrrolidine-2-thione (trans-2n):
Rf = 0.52 (nHex/EtOAc =1:1); m.p. 128–129 8C; 1H NMR (400 MHz,
CDCl3): d=8.10 (br, 1H; -NH-), 7.39–7.24 (m, 5H; -Ph), 4.92 (t, J=


7.8 Hz, 1H; -CHPh-), 2.64 (br, 1H; -OH), 2.57 (dd, J=7.0, 3.6 Hz, 1H;
-CHaHb�CHPh-), 2.19 (dd, J =7.0, 4.2 Hz, 1H; -CHaHb�CHPh-),
1.19 ppm (s, 9H; -C(CH3)3); 13C NMR (100 MHz, CDCl3): d=208.6,
139.8, 129.1 (� 2), 128.4, 125.9 (� 2), 87.7, 61.0, 42.4, 37.2, 25.1 ppm (� 3);
IR (KBr): ñ =3550, 3273, 2960, 1697, 1510, 1232, 1148, 758 cm�1; HRMS:
m/z (%) calcd for C14H19NOS: 249.1187 [M+]; found: 249.1184.


3-Hydroxy-5-methylpyrrolidine-2-thione (2 o): Yellow oil; inseparable di-
astereomers; Rf =0.50 (nHex/EtOAc=1:2); 1H NMR (400 MHz, CDCl3):
trans isomer: d=8.53 (br, 1 H; -NH-), 4.52 (t, J =7.4 Hz, 1H; -CH(OH)-
), 4.08–4.02 (m, 1H; -CH(CH3)-), 2.30–2.23 (m, 1H; -CH(OH)�CHaHb-),
2.21–2.16 (m, 1 H; -CH(OH)�CHaHb-), 1.28 ppm (d, J =3.3 Hz, 3 H;
-CH(CH3)-); cis isomer: d=8.38 (-NH-), 4.37 (dd, J =5.0, 3.8 Hz, 1H;
-CH(OH)-), 3.93–3.84 (m, 1H; -CH(CH3)-), 2.77–2.70 (m, 1H;
-CH(OH)�CHaHb-), 1.88 (dd, J =3.4, 0.9 Hz, 1H; -CH(OH)�CHaHb-),
1.32 ppm (d, J= 3.2 Hz, 3 H; -CH(CH3)-); 13C NMR (100 MHz, CDCl3):
trans isomer: d=205.6, 76.9, 55.0, 38.0, 21.2 ppm; cis isomer: d=206.1,
77.6, 53.7, 39.6, 20.5 ppm; HRMS: m/z (%) calcd for C5H9NOS: 131.0405
[M+]; found: 131.0405.


3-Hydroxy-4-methylpyrrolidine-2-thione (2 p): White powder; inseparable
diastereomers; Rf = 0.45 (nHex/EtOAc =1:1); 1H NMR (400 MHz,


CDCl3): trans isomer: d =8.09 (br, 1 H; -NH-), 3.89 (d, J =4.8 Hz, 1H;
-CH(OH)-), 3.65–3.60 (m, 1H; -CHaHb�NH-), 3.18 (t, J=10.7 Hz, 1 H;
-CHaHb�NH-), 2.41–2.31 (m, 1 H; -CH(CH3)-), 1.27 ppm (d, J =3.3 Hz,
3H; -CH(CH3)-); cis isomer: d= 8.09 (br, 1 H; -NH-), 4.31 (d, J =3.4 Hz,
1H; -CH(OH)-), 3.70 (dd, J=5.5, 2.9 Hz, 1H; -CHaHb�NH-), 3.22 (dt,
J =6.2, 1.8 Hz, 1 H; -CHaHb�NH-), 2.83–2.79 (m, 1 H; -CH(CH3)-),
0.99 ppm (d, J= 3.5 Hz, 3 H; -CH(CH3)-); 13C NMR (100 MHz, CDCl3):
trans isomer: d=207.5, 82.8, 51.7, 40.3, 15.4 ppm; cis isomer: d=206.6,
78.8, 52.6, 35.8, 12.1 ppm; HRMS: m/z (%) calcd for C5H9NOS: 131.0405
[M+]; found: 131.0405.


General procedure for the preparation of thiolactam from b-ketoisothio-
cyanate by using SmI2 : 1 a (52 mg, 0.25 mmol) and tert-butyl alcohol
(100 mL, 1.0 mmol) were dissolved in THF (1.5 mL) and purged with
argon. Freshly prepared SmI2 from Sm metal (200 mg) and diiodome-
thane (81 mL) in THF (20 mL) was added to the vigorously stirred so-
lution over a period of 5 minutes at room temperature. After 8 h, the re-
action was quenched with 1 n HCl solution, and the mixture was extract-
ed with ethyl acetate (3 � 10 mL). The combined organic layers were
washed with brine, dried over MgSO4, filtered, and concentrated under
reduced pressure. The product was readily separated by using silica-gel
column chromatography (Merck 60, 230–400 mesh, 2� 25 cm, nHex/
EtOAc= 3:1).


(1S,3R,6R)-3,7,7-Trimethyl-8-azabicyclo[4.3.0]nonane-9-thione (3 a): Rf =


0.56 (nHex/EtOAc= 3:1); m.p. 135–136 8C; 1H NMR (400 MHz, CDCl3):
d=8.49 (br, 1H; -NH-), 3.03 (t, J=6.0 Hz, 1H; -CH-(C=S)-), 2.53 (dq,
J =6.9, 1.7 Hz, 1 H; -CH�C(CH3)2-), 1.99–1.96 (m, 1H; -CH(CH3)-),
1.61–1.57 (m, 2H; -CH(CH3)�CH2�CH2-), 1.27 (s, 3H; -C(CH3)a(CH3)b),
1.22 (s, 3H; -C(CH3)a(CH3)b), 1.19–1.12 (m, 3 H; -CH2�CHaHb�CH-),
0.88 (d, J =3.2 Hz, 3 H; -CH(CH3)-), 0.78 ppm (m, 1 H; -CH2�CHaHb�
CH-); 13C NMR (100 MHz, CDCl3): d =205.9, 63.8, 50.5, 45.9, 33.6, 32.7,
28.4, 26.1, 25.0, 22.4, 22.2 ppm; IR (KBr): ñ =3159, 2947, 1691, 1515,
1454, 1237, 1114, 759 cm�1; tR =9.81 min (OD-H, 254 nm, iPrOH/nHex=


1:9); HRMS: m/z (%) calcd for C11H19NS: 197.1238 [M+]; found:
197.1238.


(1S,3R,6S)-3,7,7-Trimethyl-8-azabicyclo[4.3.0]nonane-9-thione (3 b): Rf =


0.54 (nHex/EtOAc= 3:1); m.p. 150–151 8C; 1H NMR (400 MHz, CDCl3):
d=7.95 (br, 1 H; -NH-), 3.04 (t, J= 6.0 Hz, 1 H; -CH-(C=S)-), 2.54 (d, J=


6.9 Hz, 1 H; -CH�C(CH3)2-), 2.02–1.98 (m, 1H; -CH(CH3)-), 1.63–1.58
(m, 2H; -CH(CH3)�CH2�CH2-), 1.29 (s, 3H; -C(CH3)a(CH3)b), 1.23 (s,
3H; -C(CH3)a(CH3)b), 1.20–1.10 (m, 3H; -CH2�CHaHb�CH-), 0.89 (d,
J =3.2 Hz, 3 H; -CH(CH3)-), 0.79–0.76 ppm (m, 1H; -CH2�CHaHb�CH-);
13C NMR (100 MHz, CDCl3): d =206.3, 63.7, 50.5, 45.9, 33.6, 32.7, 28.4,
26.2, 25.0, 22.4, 22.3 ppm; IR (KBr): ñ=3167, 2859, 1672, 1574, 1398,
1371, 1238, 1112, 955, 761 cm�1; tR = 9.88 min (OD-H, 254 nm, iPrOH/
nHex=1:9); HRMS: m/z (%) calcd for C11H19NS: 197.1238 [M+]; found:
197.1239.


9-Azabicyclo[5.3.0]decane-10-thione (3 d): Rf =0.45 (nHex/EtOAc =2:1);
1H NMR (300 MHz, CDCl3): d=8.22 (br, 1 H; -NH-), 3.56–3.50 (m, 1 H;
-CHaHb�NH-), 3.11 (t, J=10.2 Hz, 1H; -CHaHb�NH-), 2.53–2.44 (m,
1H; -CH�(C=S)-), 1.98–1.90 (m, 1H; -CH2�CH�CH2-), 1.70–1.19 ppm
(m, 10 H; -CH�(CH2)5�CH-); 13C NMR (75 MHz, CDCl3): d=209.5,
54.4, 52.3, 40.8, 36.0, 31.1, 29.7, 27.9, 22.2 ppm; IR (KBr): ñ =3173, 2923,
1655, 1541, 1452, 1240 cm�1; HRMS: m/z (%) calcd for C9H15NS:
169.0925 [M+]; found: 169.0926.


3,5,5-Trimethylpyrrolidine-2-thione (3 f): Rf =0.50 (nHex/EtOAc=2:1);
m.p. 85–87 8C; 1H NMR (400 MHz, CDCl3): d= 8.24 (br, 1 H; -NH-),
2.98–2.90 (m, 1H; -CH(CH3)-), 2.25 (dd, J =6.3, 4.1 Hz, 1 H; -CHaHb�
C(CH3)2-), 1.62 (dd, J =6.3, 4.8 Hz, 1H; -CHaHb�C(CH3)2-), 1.34 (s, 3H;
-C(CH3a)(CH3b)-), 1.33 (d, J =2.7 Hz, 3H; -CH(CH3)-), 1.29 ppm (s, 3 H;
-C(CH3a)(CH3b)-); 13C NMR (100 MHz, CDCl3): d=208.0, 62.2, 46.7,
45.4, 28.9, 27.5, 19.1 ppm; IR (KBr): ñ=3181, 2968, 2918, 1633, 1528,
1455, 1237, 750 cm�1; HRMS: m/z (%) calcd for C7H13NS: 143.0769 [M+


]; found: 143.0768.


3,5-Dimethylpyrrolidine-2-thione (3 g): Pale yellow oil; inseparable dia-
stereomers; Rf = 0.70 (nHex/EtOAc= 1:1); 1H NMR (400 MHz, CDCl3):
d=7.82 (br, 1H; -NH-), 3.90–3.87 (m, 1H; -CH(CH3)�NH-), 2.82–2.78
(m, 1 H; -CH(CH3)�CH2-), 2.58–2.52 (m, 1H; -CHaHb�CH(CH3)-), 2.02–
1.98 (m, 1H; -CHaHb�CH(CH3)-), 1.36 (d, J =2.4 Hz, 3 H; -CH(CH3)�
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NH-), 1.29 ppm (d, J =3.0 Hz, 3H; -CH(CH3)�CH2-); 13C NMR
(100 MHz, CDCl3): d =210.1, 55.1 (55.0), 47.7 (46.8), 40.1 (38.7), 20.9
(21.0), 18.9 ppm (19.1); IR (KBr): ñ=3220, 2967, 2919, 1633, 1525, 1293,
913, 744 cm�1; HRMS: m/z (%) calcd for C6H11NS: 129.0612 [M+];
found: 129.0614.


3-Methylpyrrolidine-2-thione (3 l): Rf =0.45 (nHex/EtOAc=1:1); m.p.
81–82 8C; 1H NMR (400 MHz, CDCl3): d=8.40 (br, 1 H; -NH-), 3.56–3.51
(m, 2H; -CH2�NH-), 2.84–2.78 (m, 1H; -CH(CH3)-), 2.43–2.38 (m, 1H;
-CH(CH3)�CHaHb-), 1.84–1.74 (m, 1 H; -CH(CH3)�CHaHb-), 1.32 ppm
(dd, J=3.5, 1.2 Hz, 3H; -CH(CH3)-); 13C NMR (100 MHz, CDCl3): d=


210.6, 47.2, 47.0, 31.0, 18.7 ppm; IR (KBr): ñ= 3189, 2973, 1538, 1449,
1299, 1095, 1037, 748 cm�1; HRMS: m/z (%) calcd for C5H9NS: 115.0456
[M+]; found: 115.0455.


5-Methylpyrrolidine-2-thione (3 o): Rf =0.64 (nHex/EtOAc=1:2); m.p.
79–81 8C; 1H NMR (400 MHz, CDCl3): d=8.14 (br, 1H; -NH-), 4.04 (dq,
J =6.7, 3.3 Hz, 1H; -CH(CH3)-), 3.00–2.92 (m, 1 H; -(C=S)�CHaHb-),
2.90–2.81 (m, 1H; -(C=S)�CHaHb-), 2.40–2.31 (m, 1H; -CHaHb�
CH(CH3)-), 1.78–1.72 (m, 1 H; -CHaHb�CH(CH3)-), 1.28 ppm (d, J=


3.2 Hz, 3H; -CH(CH3)); 13C NMR (100 MHz, CDCl3): d=205.1, 58.0,
43.1, 31.3, 20.9; IR (KBr, cm�1): 3163, 2963, 1655, 1541, 1292, 1141, 1039,
779 ppm; HRMS: m/z (%) calcd for C5H9NS: 115.0456 [M+]; found:
115.0456.


4-Methylpyrrolidine-2-thione (3 p): Rf =0.53 (nHex/EtOAc=1:1); m.p.
81–83 8C; 1H NMR (400 MHz, CDCl3): d=7.79 (br, 1 H; -NH-), 3.76–3.72
(m, 1H; -CHaHb�NH-), 3.22 (dd, J=5.4, 2.9 Hz, 1 H; -CHaHb�NH-), 3.03
(dd, J=8.8, 4.1 Hz, 1H; -(C=S)�CHaHb-), 2.69–2.64 (m, 1 H; -CH(CH3)-
), 2.51 (dd, J =8.8, 3.4 Hz, 1H; -(C=S)�CHaHb-), 1.13 ppm (d, J =3.3,
3H; -CH(CH3)-); 13C NMR (100 MHz, CDCl3): d=206.1, 56.4, 51.0, 32.0,
19.0 ppm; IR (KBr): 3199, 1635, 1276, 1262, 750 cm�1; HRMS: m/z (%)
calcd for C5H9NS: 115.0456 [M+]; found: 115.0457.


General procedure for cyclization of g-ketoisothiocyanates : 5-Isothiocya-
nato-5-phenylpentan-2-one (54 mg, 0.25 mmol) and tert-butyl alcohol
(50 mL, 0.5 mmol) were dissolved in THF (1.5 mL) and purged with
argon. Freshly prepared SmI2 from Sm metal (100 mg) and diiodome-
thane (41 mL) in THF (10 mL) was added to the vigorously stirred so-
lution over a period of 5 minutes at room temperature. The reaction was
monitored with thin-layer chromatography (TLC). As there was no
change in the TLC analysis, the reaction was quenched after 12 h with a
1n HCl solution, and the mixture was extracted with ethyl acetate (3 �
10 mL). The combined organic layers were washed with brine, dried over
MgSO4, filtered, and concentrated under reduced pressure. The starting
material was readily recovered by using silica-gel column chromatogra-
phy (Merck 60, 230–400 mesh, 2 � 25 cm, CH2Cl2/Hex =3:1). 1H NMR
(300 MHz, CDCl3): d=7.38–7.29 (m, 5H; Ph), 4.43–4.38 (m, 1H;
-CH(NCS)-), 2.53–2.35 (m, 4H; -CH(NCS)�CH2�CH2-), 2.09 ppm (s,
3H; -CH3); 13C NMR (100 MHz, CDCl3): d=206.6, 137.8, 129.2 (� 2),
129.1, 127.4 (� 2), 111.3, 52.4, 40.5, 30.0, 29.4 ppm.
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Steric Control over Hydrogen Bonding in Crystalline Organic Solids: A
Structural Study of N,N’-Dialkylthioureas


Radu Custelcean,* Maryna G. Gorbunova, and Peter V. Bonnesen[a]


Introduction


The design of molecular crystals remains an extremely chal-
lenging problem despite sustained efforts from numerous
groups in the last decade.[1] While in most cases it is still im-
possible to predict with accuracy the exact crystal structure
of a given molecule,[2] a relatively successful approach for
the design of crystalline solids with targeted architectures is
to employ highly directional and persistent noncovalent in-
teractions such as hydrogen bonds,[3] coordinative bonds,[4]


or charge transfer interactions,[5] that are strong enough to
control the crystal packing. For example, by employing hy-
drogen-bonding motifs that are known to form with high
probability in various environments,[6] one can build with
confidence new materials with desired structure and func-
tion. However, there is a very limited number of truly relia-
ble supramolecular motifs available, as the vast majority of
functional groups may assume alternative motifs in the solid
state, with comparable probability of formation. This being
the case, there is a clear need for additional means that one
can use to control the assembly of molecular solids. Steric
control is an effective tool frequently employed to influence
the course of reactions and the product distribution in or-


ganic synthesis.[7] In direct contrast, its use as a control ele-
ment in crystal engineering is far less explored. Most of the
examples reported to date focused on steric effects on metal
coordination,[8] or on the secondary structures of coordina-
tion[9] or hydrogen-bonded solids.[10] Here we illustrate a
clear example of steric control over the primary hydrogen
bonding structures in crystalline N,N’-dialkylthioureas
(Scheme 1).[11] We show that the steric bulk of the organic
substituents on the thiourea group can be exploited to direct
the formation of either chains or dimers, the two hydrogen
bonding arrangements typically observed in this class of
compounds.[12]


Results and Discussion


Despite their similar molecular structures, N,N’-disubstituted
thioureas are significantly different from the analogous urea
derivatives with regard to conformer distribution and supra-
molecular association. While N,N’-disubstituted ureas are
present predominantly in the trans-trans conformation,[13]


the corresponding thiourea derivatives typically exist in so-
lution as mixtures of three rotamers: trans–trans, trans–cis,
and cis–cis (Scheme 2).[14]


We performed DFT calculations[15] at the B3 LYP/6–31G*
level,[16] which confirmed the conformational flexibility of
various simple N,N’-dialkylthioureas (Table 1). The trans–cis
rotamer was found to be the lowest energy conformation for
all compounds studied, with the trans–trans rotamer, howev-
er, being only slightly higher in energy. The cis–cis rotamer,


Abstract: Hydrogen bonding in crystal-
line N,N’-dialkylthioureas was exam-
ined with the help of single-crystal X-
ray diffraction, DFT calculations, and
Cambridge Structural Database (CSD)
analysis. A CSD survey indicated that
unlike the related urea derivatives,
which persistently self-assemble into
one-dimensional hydrogen-bonded


chains, the analogous thioureas can
form two different hydrogen-bonding
motifs in the solid state: chains, struc-
turally similar with those found in


ureas, and dimers, that further associ-
ate into hydrogen-bonded layers. The
formation of one motif or another can
be manipulated by the bulkiness of the
organic substituents on the thiourea
group, which provides a clear example
of steric control over the hydrogen
bonding arrangement in crystalline or-
ganic solids.


Keywords: crystal engineering ·
hydrogen bonds · noncovalent inter-
actions · steric control · thiourea
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on the other hand, was found significantly higher in energy
in all cases.


The small energy difference between the trans–cis and
trans–trans rotamers is also reflected in the different self-as-
sociation behavior of N,N’-dialkylthioureas in the solid state,
compared to that of analogous ureas. A Cambridge Structur-
al Database survey (CSD, November 03)[17] revealed that
N,N’-disubstituted thioureas can form two main hydrogen-
bonding arrangements in the solid state, depending on the
conformation in which the thiourea group is present: the
trans–cis rotamer forms dimers, whereas the trans–trans ro-
tamer forms chains (linear or cyclic) (Scheme 3). The dimers


are typically centrosymmetric,
whereas the chains are charac-
teristically corrugated, due to
the oblique orientation of adja-
cent trans-trans thioureas. Of
the total of 23 disubstituted thio-
ureas found in the CSD (only
structures with no competing
hydrogen-bond donors or ac-
ceptors were considered), 12
form dimers and 10 form
chains, which correspond to
probabilities of formation[6] of
52 % and 43 %. In addition, one
isolated example of cis–cis thio-
urea was identified, which
formed hydrogen-bonded tapes,
as found in cyclic thioureas.[18]


For comparison, N,N’-disubsti-
tuted ureas form exclusively
chains in the solid state.[19]


Since N,N’-dialkylthioureas
have no preponderant low-
energy conformation, we
argued that other factors might
play decisive roles in determin-
ing their hydrogen bonding pat-
terns in the solid state. In an at-


tempt to identify such factors, we analyzed in more detail
the crystal structures of the five symmetrical dialkylthiour-
eas found in the CSD: diethyl- (A), diisopropyl- (B), dicy-
clohexyl- (C), dibenzyl- (D), and di-(S)-(�)-a-methylbenzyl-
thiourea (E). Table 2 summarizes their hydrogen bonding
parameters. As shown in Figure 1, compounds A–D assume
the trans–cis conformation, and consequently form the
dimer motif. Moreover, despite significant variation in the
organic groups, they all form similar extended layered net-
works by further hydrogen bonding between the S and the
trans H atoms (Figure 2), suggesting that this hydrogen-
bonding arrangement is a persistent, highly preferred motif
in this homologous series.


In direct contrast to the other members of the series, com-
pound E is found in the trans–trans conformation in the
solid state and forms a hydrogen-bonded helical chain about
the 31 crystallographic screw axis (Figure 1). DFT calcula-
tions indicated that E, like other N,N’-dialkylthioureas, has
no strongly preferred conformational minimum in the gas
phase. This suggests that other factors must be responsible
for the formation of the alternative chain motif in this par-
ticular structure. Examination of the molecular structures of
compounds A–E reveals that of the five compounds, E is
the most sterically crowded around the NH proton donor
groups. Figure 3 depicts the space-filling molecular model of
the trans–cis rotamer of E, optimized at the B3 LYP/6–31G*
level, which shows that the trans NH becomes inaccessible
for hydrogen bond formation due to steric congestion from
the Me and Ph groups. With no possibility to form the pre-


Scheme 1. N,N’-Dialkylthioureas considered in this study. Compounds A–E were retrieved from CSD. Com-
pounds 1–7 were structurally characterized as part of this study.


Scheme 2. Observed rotamers of N,N’-disubstituted thioureas (defined
based on the HNCS dihedral angle).


Table 1. Relative energies (kcal mol�1) of the three rotamers of various
N,N’-dialkylthioureas (R�NH�C(=S)NH�R), calculated with DFT at the
B3 LYP/6–31G* level.


R trans–cis trans–trans cis–cis


Me 0 1.0 5.7
Et 0 0.7 3.9
iPr 0 0.1 4.4
tBu 0 1.4 9.6
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ferred layered hydrogen-bonded network like the other
members of the series, E is apparently forced to adopt the
alternative chain motif.


That the steric bulk of the or-
ganic substituents influences
the hydrogen bonding of the
trans NH proton is also indicat-
ed by the trend observed in the
trans H···S intermolecular dis-
tances in the series, which mo-
notonically increase as the
steric bulk of the organic group
increases when going from A to
D (Table 2). The N···S distance
in D is, however, a little shorter
than the corresponding distance
in C, but that is apparently a
result of the significantly sharp-
er NH···S angle observed in D,
which is another sign of hydro-
gen bonding weakening.


To further test the steric con-
trol hypothesis, we synthesized
N,N’-di(tBu)thiourea (1), and
determined its crystal structure.
Molecular modeling indicated
that, like in E, the trans NH
proton in the trans–cis rotamer
of 1 would be inaccessible for
hydrogen bonding (Figure 4a).
This could tip the balance to-
wards the trans–trans rotamer
and its corresponding chain
motif. Figure 4b, c shows that,
indeed, 1 adopts the anticipated
trans–trans conformation and
consequently forms hydrogen-
bonded chains in the crystalline
state. Neighboring thioureas
within the chain are twisted rel-
ative to each other by 91.38 to
minimize intermolecular steric
repulsions between the tBu
groups. This allows the forma-
tion of relatively short hydro-
gen bonds with non-identical
N···S intermolecular distances
of 3.469 and 3.503 �, H···S con-
tact distances of 2.617 and
2.650 �, and close to linear
NH···S angles of 166.1 and
166.98, respectively.


The asymmetrical N-Me-N’-
tBu-thiourea (2), N-benzyl-N’-
tBu-thiourea (3), and N-allyl-
N’-tBu-thiourea (4) were syn-
thesized and structurally ana-


lyzed by single-crystal X-ray diffraction to explore the ef-
fects of subtle variations in the steric bulk of the organic
substituents on the hydrogen bonding pattern in this class of


Scheme 3. Hydrogen-bonding motifs typically observed in N,N’-disubstituted thioureas in the solid state.


Table 2. Hydrogen bonding parameters (�, 8) for A–E.


Compound d(N···S) d(N�H) d(H···S) <NHS
cis/trans cis/trans cis/trans cis/trans


A 3.458/3.506 0.720/0.821 2.745/2.714 170.3/162.5
B 3.447/3.619 0.740/0.765 2.723/2.891 166.6/159.8
C 3.653/3.753 0.762/0.778 2.920/3.005 162.1/161.8
D 3.498/3.703 0.842/0.830 2.722/3.022 154.0/140.8
E –/3.411; 3.545 –/0.890; 0.888 –/2.531; 2.708 –/170.2; 157.5


Figure 1. Hydrogen bonding structures in N,N’-dialkylthioureas A–E.
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compounds. DFT calculations showed that, as in the analo-
gous symmetrical thioureas, the trans–cis rotamers of 2–4
are slightly favored relative to the trans-trans rotamers, by
1.2, 1.2, and 1.1 kcal mol�1, respectively. Figure 5 depicts the
space-filling models of the trans–cis rotamers of 2–4.


Close examination of the molecular model showed that
the Me group in 2 is not sufficiently bulky to completely
block the access of the hydrogen bond acceptor to the trans
NH proton, as observed in E and 1. Therefore, the forma-


tion of the hydrogen-bonded
layers of dimers becomes again
a viable option, and indeed,
crystal structure analysis
showed that 2 exhibits this
motif in the solid state
(Figure 6), like the symmetrical
thioureas A–D. The hydrogen-
bonding parameters in 2 are
similar with those found in
A–D : d(N···S) =3.521 (cis),
3.512 � (trans); d(H···S)= 2.775
(cis), 2.812 � (trans);
<NH···S= 169.28 (cis), 146.58
(trans).


The larger benzyl and allyl
groups in 3 and 4, on the other
hand, are more effective in ster-
ically blocking the trans NH
proton donors, as shown by the
molecular models in Figure 5,
thus preventing the formation
of the hydrogen bonding layers.
Instead, the thiourea groups are
forced again to adopt the slight-
ly less favorable trans-trans con-
formation and the alternative
chain motif, as illustrated in
Figure 7. The thiourea groups
are twisted relative to each
other along the chain, by 106.08
and 68.28 in 3 and 4, respective-
ly. The chains are further stabi-
lized by CH···p interactions be-
tween the benzyl or allyl


Figure 2. Hydrogen-bonded layers in crystals of N,N’-dialkylthioureas A–D.


Figure 3. Two views of the molecular model of the trans–cis rotamer of
E.


Figure 4. Molecular and crystal structure of 1. a) Molecular model of the
lowest energy trans–cis rotamer. b) Observed trans–trans rotamer in the
crystal. c) Hydrogen-bonded chain in the crystal.
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groups. The hydrogen bonding parameters in 3 and 4 are
comparable with those found in 1. Thus, for 3, the two non-
identical N···S intermolecular separations measure 3.393 and
3.493 �, while the corresponding H···S contact distances are
2.691 and 2.717 �, and the NH···S angles are 162.7 and
163.58, respectively. Similarly, the corresponding geometrical
parameters for 4 are: d(N···S) =3.405 and 3.531 �;
d(H···S)=2.592 and 2.809 �; <NH···S= 169.38 and 158.48.


The examples presented here demonstrated that by fine-
tuning the bulkiness of the organic substituents on the thio-
urea group, one can predictably switch between the dimer
and the chain hydrogen bonding motifs. Now that we have
learned how to sterically control the hydrogen bonding con-


nectivity in N,N’-dialkylthioureas, we can apply this knowl-
edge to the rational construction of more complex struc-
tures. Although initially the thiourea group did not appear
as a very reliable building block for crystal design due to its
tendency to form alternative hydrogen bonding motifs, the
ability to impose one of the two motifs by exercising steric
control through appropriate substitution makes now the
N,N’-dialkylthiourea units more appealing to the crystal en-
gineer. For instance, by employing the tBu substituent as a
terminal group, and the benzyl or allyl substituents as link-
ers, one can build more elaborate structures based on the
chain motif. This approach is demonstrated by the bis-
(thioureas) 5–7, which were synthesized and structurally an-
alyzed in our laboratory.


The crystal structure of bis(thiourea) 5, containing the o-
xylyl group as a linker, is illustrated in Figure 8. The mole-
cules sit on the C2 crystallographic symmetry axis, with the
two thiourea groups pointing to opposite directions. Like in
the analogous mono-thiourea 3, the tBu-substituted thiourea
groups self-assemble into hydrogen-bonded chains, which
are now connected into ribbons by the o-xylyl linker, with
the chains assuming an antiparallel orientation in each
ribbon. Neighboring thiourea groups within each chain are
twisted relative to each other by 86.48. The measured hydro-
gen bonding parameters are: d(N···S) =3.385 and 3.410 �;
d(H···S)=2.620 and 2.687 �; <NH···S= 159.18 and 164.88.


Similar C2-symmetric ribbons composed of antiparallel
hydrogen-bonded chains were observed in the crystal struc-
ture of bis(thiourea) 6, in which the two thiourea groups are
connected by the methallyl linker (Figure 9). The dihedral


Figure 5. Molecular models of the trans-cis rotamers of 2–4.


Figure 6. Crystal structure of 2. a) Hydrogen-bonded dimer. b) Associa-
tion of dimers into extended hydrogen-bonded layers.


Figure 7. Hydrogen-bonded chains in crystals of 3 (a), and 4 (b).


Figure 8. Crystal structure of 5. a) Molecular structure found in the crys-
tal. b) Packing into hydrogen-bonded ribbons.


Figure 9. Crystal structure of 6. a) Molecular structure found in the crys-
tal. b) Packing into hydrogen-bonded ribbons.
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angle between neighboring thioureas along the chain was
found to be 72.08 in this structure. The hydrogen bonding
parameters fall in the same range as those found in the pre-
vious compounds: d(N···S) =3.422 and 3.433 �; d(H···S)=


2.642 and 2.731 �; <NH···S= 167.8 and 158.68.
When the isomeric trans-2-butenyl linker was used, the re-


sulting bis(thiourea) 7 exhibited a centrosymmetric structure
in the crystalline state, as illustrated in Figure 10. Intermo-
lecular hydrogen bonding between thiourea groups resulted
in the formation of the anticipated chains, in which adjacent
thioureas are twisted relative to each other by 83.48. The sa-
lient geometrical features of the chains are: d(N···S)= 3.469
and 3.485 �; d(H···S)= 2.681 and 2.699 �; <NH···S= 157.8
and 160.08. The hydrogen-bonded chains are connected or-
thogonally by the trans-2-butenyl linker into extended layers
(Figure 10b).


The ribbons and layers displayed by bis(thiourea) com-
pounds 5–7 are just a few examples of more complex archi-
tectures that can be built from the primary hydrogen-
bonded chain structure of N,N’-dialkylthioureas. This study
demonstrated that, when used under adequate steric control,
this motif may be persistent enough to recommend its use in
crystal structure design. By employing various polytopic
linkers of different shape and symmetry, many novel materi-
als with targeted structures and functions may become ac-
cessible.


Conclusion


This study illustrated a clear example of how one can use
steric control to manipulate the primary hydrogen bonding


structure of crystalline organic solids. We used N,N’-di-
alkylthioureas as our case study; unlike the analogous disub-
stituted ureas, N,N’-dialkylthioureas can form two different
hydrogen bonding motifs with completely different connec-
tivity in the solid state: chains, and dimers. While a CSD
survey indicated that statistically the two motifs have very
similar probabilities of formation, we found by computer
modeling and systematic crystal structure analysis that ade-
quate substitution of thiourea with bulky organic groups
strongly favors the formation of the chain motif. This ob-
served selectivity is apparently a result of steric control that
operates by disrupting the NH···S hydrogen bonding that
normally links the dimers into extended layers. As a result,
the one-dimensional hydrogen-bonding chain motif is adopt-
ed as the next available low-energy alternative. With the
competition eliminated, the thiourea chain motif appears
now more attractive for crystal structure design, and we
demonstrated its potential by the synthesis of more elabo-
rate solid-state architectures like ribbons and layers. The sig-
nificance of this study extends beyond just N,N’-dialkylth-
ioureas, as it demonstrates how one can increase the inci-
dence of an otherwise improbable hydrogen bonding motif
by using steric control.


Experimental Section


Synthesis : tert-Butylisothiocyanate, methylisothiocyanate, tert-butylamine,
benzylamine, and allylamine were purchased from Aldrich and used as
received. o-Xylylene diamine,[20] 1,3-diamino-2-methylenepropane,[21] and
1,4-diamino-2,3-trans-butene[20] were prepared based on literature proce-
dures.


N,N’-di-tert-butylthiourea (1): tert-Butylisothiocyanate (0.35 g, 3 mmol)
in CH2Cl2 (5 mL) was added over tert-butylamine (0.22 g, 3 mmol) in
CH2Cl2 (5 mL), and the resulting solution was stirred under argon at
room temperature for 17 h. Subsequently, the solvent was slowly evapo-
rated and the resulting white solid was washed with hexane. Single crys-
tals suitable for X-ray diffraction were obtained by slow evaporation of a
CH2Cl2 solution. Yield: 0.16 g (28 %); 1H NMR (400.13 MHz, CDCl3,
25 8C): d= 1.46 (s, 18 H; C(CH3)3), 5.74 ppm (br s, 2H; NH); 13C NMR
(100.61 MHz, CDCl3, 25 8C): d=29.3 (CH3), 53.2 (C(CH3)3), 180.1 ppm
(C=S).


N-methyl-N’-tert-butylthiourea (2): Methylisothiocyanate (0.22 g,
3 mmol) in CH2Cl2 (5 mL) was added over tert-butylamine (0.22 g,
3 mmol) in CH2Cl2 (5 mL), and the resulting solution was stirred under
argon at room temperature for 17 h. Subsequently, the solvent was slowly
evaporated and the resulting white solid was washed with hexane. Single
crystals suitable for X-ray diffraction were obtained by slow evaporation
of a CH2Cl2 solution. Yield: 0.32 g (73 %); 1H NMR (400.13 MHz,
CDCl3, 25 8C): d=1.40 (s, 9 H; C(CH3)3), 3.08 (br s, 3H; CH3), 5.73 (br s,
1H; NH) 5.99 ppm (br s, 1H; NH); 13C NMR (100.61 MHz, CDCl3,
25 8C): d=29.4 (C(CH3)3), 32.0 (CH3), 53.7 (C(CH3)3), 181.9 ppm (C=S).


N-benzyl-N’-tert-butylthiourea (3): tert-Butylisothiocyanate (0.5 g,
4.4 mmol) and benzylamine (0.48 g, 4.4 mmol) were dissolved in CH2Cl2


(25 mL) and the solution was stirred at room temperature for 4 h. Subse-
quently, the solvent was removed by rotary evaporation and the resulting
solid was washed with cold methanol. Single crystals suitable for X-ray
diffraction were obtained by slow evaporation of a methanol solution.
Yield quantitative; m.p. 94 8C; 1H NMR (400.13 MHz, CDCl3, 25 8C): d=


1.38 (s, 9H; C(CH3)3), 4.77 (br s, 2 H; CH2), 5.87 (br s, 1H; NH) 6.05 (br
s, 1H; NH), 7.29–7.35 ppm (m, 5H, Ph); 13C NMR (100.61 MHz, CDCl3,
25 8C): d =29.5 (CH3), 49.7 (CH2), 52.9 (C(CH3)3), 127.6 (Ph), 127.8 (Ph),


Figure 10. Crystal structure of 7. a) Molecular structure found in the crys-
tal. b) Packing into hydrogen-bonded layers.
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128.9 (Ph), 137.2 (Ph), 181.2 ppm (C=S) ppm; elemental analysis calcd
(%) for C12H19N2S (222.35): C 64.82, H 8.16, N 12.60; found: C 65.05, H
8.22, N 12.75.


N-allyl-N’-tert-butylthiourea (4): tert-Butylisothiocyanate (0.5 g,
4.4 mmol) and allylamine (0.25 g, 4.4 mmol) were dissolved in CH2Cl2


(25 mL) and the solution was stirred at room temperature for 4 h. Subse-
quently, the solvent was removed by rotary evaporation and the resulting
white solid was washed with cold methanol. Single crystals suitable for
X-ray diffraction were obtained by slow cooling of a methanol solution.
Yield quantitative; m.p. 43 8C; 1H NMR (400.13 MHz, CDCl3, 25 8C): d=


1.42 (s, 9H; C(CH3)3), 4.20 (br s, 2H; CH2), 5.15–5.35 (m, 2 H; =CH2),
5.68 (br s, 1H; NH), 5.85–5.95 (m, 1 H; CH), 6.05 ppm (br s, 1H; NH);
13C NMR (100.61 MHz, CDCl3, 25 8C):
d=29.4 (CH3), 47.9 (CH2), 52.9
(C(CH3)3), 117.2 (CH=CH2), 133.5
(CH=CH2), 181.2 ppm (C=S); elemen-
tal analysis calcd (%) for C9H16N2S
(172.29): C 55.77, H 9.36, N 16.26;
found; C 55.78, H 9.01, N 16.39.


o-Xylylene-bis(tert-butyl-thiourea) (5):
tert-Butylisothiocyanate (0.5 g,
4.4 mmol) and o-xylylene diamine
(0.3 g, 2.2 mmol) were dissolved in
CH2Cl2 (50 mL) and the solution was
stirred at room temperature for 4 h.
Subsequently, the solvent was removed
by rotary evaporation and the result-
ing white solid was washed with cold
methanol. Single crystals suitable for
X-ray diffraction were obtained by
slow evaporation of a methanol so-
lution. Yield quantitative; m.p. 190 8C;
1H NMR (400.13 MHz, CDCl3, 25 8C):
d=1.38 (s, 18 H; C(CH3)3), 4.84 (d, J=


5.39 Hz, 4 H; CH2), 6.10 (br s, 2H;
NH), 6.28 (br s, 2 H; NH), 7.27–7.33
(m, 2H; Ph), 7.36–7.43 ppm (m, 2H;
Ph); 13C NMR (100.61 MHz, CDCl3,
25 8C): d =29.5 (CH3), 46.7 (CH2), 53.1
(C(CH3)3), 128.3 (Ph), 129.8 (Ph),


135.6 (Ph), 180.9 ppm (C=S); elemental analysis calcd (%) for
C18H30N4S2 (366.59): C 58.97, H 8.25, N 15.28, S; found: C 59.03, H 8.33,
N 15.14.


2-Methylenepropane-1,3-bis(tert-butylthiourea) (6): tert-Butylisothiocya-
nate (0.5 g, 4.4 mmol) and 1,3-bis(amino)methylenepropane (0.2 g,
2.2 mmol) were dissolved in CH2Cl2 (50 mL) and the solution was stirred
at room temperature for 4 h. Subsequently, the solvent was removed by
rotary evaporation and the resulting white solid was washed with cold
methanol. Single crystals suitable for X-ray diffraction were obtained by
slow evaporation of a methanol solution. Yield quantitative; m.p. 159 8C;
1H NMR (400.13 MHz, CDCl3, 25 8C): d =1.43 (s, 18 H; C(CH3)3), 4.30
(d, J =5.91 Hz, 4H; CH2), 5.20 (s, 2H; =CH2), 6.10 (br s, 2H; NH),


Table 3. Crystallographic data for 1–4.


1 2 3 4


formula C9H20N2S C6H14N2S C12H18N2S C8H16N2S
M 188.33 146.25 222.34 172.29
crystal size [mm] 0.46 � 0.06 � 0.04 0.27 � 0.14 � 0.03 0.26 � 0.13 � 0.12 0.48 � 0.23 � 0.02
crystal system orthorhombic monoclinic orthorhombic monoclinic
space group Pbca P21/n Pna21 P21/c
a [�] 11.778(5) 9.495(6) 9.078(6) 14.806(8)
b [�] 10.262(4) 8.702(5) 13.088(9) 7.259(4)
c [�] 18.601(8) 10.842(7) 10.656(7) 9.777(5)
a [8] 90 90 90 90
b [8] 90 105.592(12) 90 105.595(10)
g [8] 90 90 90 90
V [�3] 2248.4(16) 862.8(9) 1266.2(15) 1012.1(10)
Z 8 4 4 4
T [K] 173(2) 173(2) 173(2) 173(2)
1calcd [gcm�3] 1.113 1.126 1.166 1.131
2qmax [8] 56.74 56.96 57.08 56.76
reflns collected 17824 6144 13 527 9507
independent reflns 2805 2160 3131 2512
no parameters 123 94 147 123
R1, wR2 (I>2s(I)) 0.0410, 0.1052 0.0426, 0.1140 0.0320, 0.0805 0.0454, 0.1187
goodness of fit 1.033 1.050 1.020 1.081
residual electron
density [e��3] 0.448 0.333 0.208 0.491


Table 4. Crystallographic data for 5–7.


5 6 7


formula C18H30N4S2 C14H28N4S2 C14H28N4S2


M 366.58 316.52 316.52
crystal size [mm] 0.34 � 0.24 � 0.05 0.49 � 0.36 � 0.03 0.42 � 0.06 � 0.02
crystal system monoclinic monoclinic monoclinic
space group C2/c C2/c P21/c
a [�] 28.929(17) 27.239(5) 13.263(6)
b [�] 7.992(5) 7.1286(14) 6.765(3)
c [�] 9.225(5) 9.798(2) 9.983(4)
a [8] 90 90 90
b [8] 97.284(11) 99.39(3) 94.353(7)
g [8] 90 90 90
V [�3] 2116(2) 1877.0(6) 893.0(6)
Z 4 4 2
T [K] 173(2) 293(2) 173(2)
1calcd [gcm�3] 1.151 1.120 1.177
2qmax [8] 50.0 57.06 50.0
reflns collected 6526 9486 7316
independent reflns 1867 2377 1564
no parameters 120 107 106
R1, wR2 (I>2s(I)) 0.0638, 0.1511 0.0479, 0.1230 0.0667, 0.1370
goodness of fit 1.148 0.982 1.388
residual electron 0.440 0.304 0.516
density [e��3]
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6.38 ppm (br t, J =5.91 Hz, 2H; NH); 13C NMR (100.61 MHz, CDCl3,
25 8C): d =29.5 (CH3), 47.9 (CH2), 52.9 (C(CH3)3), 116.4 (C=CH2), 141.4
(C=CH2), 181.0 ppm (C=S). elemental analysis calcd (%) for C14H29N4S2


(316.53): C 53.12, H 8.92, N 17.70; found: C 52.99, H 8.69, N 17.84.


trans-2-Butene-1,4-bis(tert-butylthiourea) (7): tert-Butylisothiocyanate
(0.5 g, 4.4 mmol) and 1,4-diamino-2,3-trans-butene (0.2 g, 2.2 mmol) were
dissolved in CH2Cl2 (50 mL) and the solution was stirred at room temper-
ature for 4 h. Subsequently, the solvent was removed by rotary evapora-
tion and the resulting white solid was washed with cold methanol. Single
crystals suitable for X-ray diffraction were obtained by slow evaporation
of a methanol/acetone solution. Yield quantitative; m.p. 199 8C; 1H NMR
(400.13 MHz, [D6]DMSO, 25 8C): d =1.37 (s, 18H; C(CH3)3), 3.97 (br s,
4H; CH2), 5.55 (br s, 2H; =CH), 7.10 (br s, 2 H; NH), 7.24 ppm (br t,
2H; NH); 13C NMR (100.61 MHz, [D6]DMSO, 25 8C): d=29.3 (CH3),
44.6 (CH2), 52.6 (C(CH3)3), 128.4 (CH=CH), 181.5 ppm (C=S); elemental
analysis calcd (%) for C14H29N4S2 (316.53): C 53.12, H 8.92, N 17.70;
found: C 52.03, H 8.38, N 17.64.


X-ray crystallography : Single-crystal X-ray data were collected on a
Bruker SMART APEX CCD diffractometer with fine-focus MoKa radia-
tion (l=0.71073 �), operated at 50 kV and 30 mA. The structures were
solved by direct methods and refined on F2 using the SHELXTL software
package.[22] Absorption corrections were applied using SADABS, part of
SHELXTL package. All non-hydrogen atoms were refined anisotropical-
ly. The NH hydrogen atoms were located from difference Fourier maps
and refined isotropically. The remaining hydrogen atoms were placed in
idealized positions, and refined with a riding model. Pertinent crystallo-
graphic data for 1–7 are listed in Tables 3 and 4. CCDC-249965—CCDC-
249971 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: (+44)1223-336-033; or e-
mail: deposit@ccdc.cam.ac.uk).
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Electrochemical Antitumor Drug Sensitivity Test for Leukemia K562 Cells at
a Carbon-Nanotube-Modified Electrode


Jing Chen,[a] Dan Du,[a] Feng Yan,[b] Huang Xian Ju,*[a] and Hong Zhen Lian[a]


Introduction


Considerable interest in the chemotherapeutic treatment of
tumors can be attributed to the development of both new
drugs for clinical trials and new formulations of already
widely used drugs. The sensitivity of tumor cells to chemo-
therapeutic drugs is related to the specific pathology of the
tumor and to the toxicity of the drugs in general. Thus, to
select the most effective chemotherapeutic drug, a simple
test is required to measure the sensitivity of tumor cells to
antitumor drugs.


Antitumor drug sensitivity tests can be generally classified
as either in vivo or in vitro. In vivo tests are costly, time-con-
suming, and complicated, which leads to difficulties in con-
ducting clinical trials. On the other hand, in vitro tests are
cost-effective, relatively rapid, and have a predictable level


of activity in vivo. Consequently, a great deal of effort has
been spent in establishing effective in vitro antitumor drug
sensitivity tests,[1–4] such as counting by means of microscopy,
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay,[1] the differential staining cytotoxicity
(DiSC) assay,[2,3] and apoptosis enzyme-linked immunosorb-
ent assay (ELISA).[4] These methods are useful in the selec-
tion of optimal therapeutic techniques and in the study of
drug function. To simplify the test procedure, reduce costs,
and enhance sensitivity, new drug sensitivity tests based on
the electrochemical behavior of living cells, such as electron
transfer at electroactive centers in cells,[5] open circuit poten-
tial at the cell/sensor interface,[6] and electric cell–substrate
impedance,[7] have been developed. A drug sensitivity test
involving scanning electrochemical microscopy to obtain
images of the respiratory activity of collagen-embedded
living cells has also been presented.[8] These studies investi-
gated the cytotoxicity of drugs and provided alternatives to
conventional drug sensitivity tests. In the present study we
present a novel method of immobilizing multiwall carbon
nanotubes (MWNTs) on an electrode surface. This promotes
electron transfer between electroactive centers and the elec-
trode, thereby allowing the electrochemical behavior of
living tumor cells to be monitored as a test of their sensitivi-
ty to antitumor drugs.


Abstract: The change in electrochemi-
cal behavior of tumor cells induced by
antitumor drugs was detected by using
a multiwall carbon nanotubes
(MWNTs)-modified glass carbon elec-
trode (GCE). Based on the changes
observed, a simple, in vitro, electro-
chemical antitumor drug sensitivity test
was developed. MWNTs promoted
electron transfer between the electro-
active centers of cells and the elec-
trode. Leukemia K562 cells exhibited a
well-defined anodic peak of guanine at
+0.823 V at 50 mV s�1. HPLC assay


with ultraviolet detection was used to
elucidate the reactant responsible for
the electrochemical response of the
tumor cells. The guanine content
within the cytoplasm of each K562 cell
was detected to be 920 amol. For the
drug sensitivity tests, 5-fluorouracil (5-
FU) and several clinical antitumor
drugs, such as vincristine, adriamycin,


and mitomycin C, were added to cell
culture medium. As a result, the elec-
trochemical responses of the K562 cells
decreased significantly. The cytotoxicity
curves and results obtained corre-
sponded well with the results of MTT
assays. In comparison to conventional
methods, this electrochemical test is
highly sensitive, accurate, inexpensive,
and simple. The method proposed
could be developed as a convenient
means to study the sensitivity of tumor
cells to antitumor drugs.


Keywords: drug sensitivity · elec-
trochemistry · electron transfer ·
leukemia cells · nanotubes
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Since their discovery in 1991,[9] carbon nanotubes (CNTs)
have attracted much attention due to their unique mechani-
cal and electrical properties.[10–12] CNTs have many advan-
tages in the field of sensors: small size with larger surface
area, easy immobilization of protein with the retention of
activity,[13] and, in particular, the ability to facilitate electron
transfer when functioning as electrode material.[14,15] Conse-
quently, this type of material has been widely used for the
preparation of amperometric biosensors and in the study of
the electrochemical properties of biomolecules.[16,17] How-
ever, to our knowledge, no application of CNTs to cell via-
bility studies and drug sensitivity tests has yet been report-
ed.


This present work uses MWNTs to modify a glass carbon
electrode (GCE) and proposes a novel, electrochemical
method for an in vitro antitumor drug sensitivity test. The
MWNT-modified GCE exhibited excellent performance in
monitoring the electrochemical behavior of leukemia K562
tumor cells and in evaluating the cytotoxicity of different
drugs. Leukemia K562 tumor cells showed an irreversible
voltammetric response attributable to the oxidation of gua-
nine, as shown by the results of HPLC analysis. This re-
sponse was related to the action of the antitumor drugs on
the tumor cells. Typical drugs with different modes of
action, such as 5-fluorouracil (5-FU), mitocycin C, adriamy-
cin, and vincristine,[18] were selected to verify this proposed
method, which combined the advantages of an electrochemi-
cal technique with those of MWNTs. The results obtained
were in good agreement with those produced by MTT assay.
This system provides a sensitive, accurate, inexpensive, and
simple means to study the sensitivity of K562 tumor cells to
antitumor drugs and should be beneficial for the develop-
ment of new therapeutic drugs.


Results and Discussion


Voltammetric behavior of leukemia K562 cells : Many im-
portant processes in living cells have electrochemical charac-
teristics. Redox reactions and changes in ionic composition
derived from various cellular processes lead to electron gen-
eration and electron transfer at the interface of living
cells.[19–21] The cyclic voltammograms of leukemia K562 cells
suspended in phosphate buffer solution (PBS, pH 7.4) at
bare and MWNT-modified GCEs are shown in Figure 1.
The background current of the MWNT-modified GCE (Fig-
ure 1b) was greater than that of bare GCE (Figure 1a),
which might be due to the larger accessible surface area of
the modified electrode. At the MWNT-modified GCE the
K562 tumor cell suspension showed a well-defined anodic
peak at + 0.823 V at 50 mV s�1 (Figure 1d), whereas no peak
was observed at the bare GCE (Figure 1c). The peak current
dropped dramatically after several cyclic voltammetric scans
(not shown in Figure 1), and no corresponding reduction
peak appeared in the inverse scan, which is characteristic of
an irreversible electrode process. The typical irreversible
electrochemical behavior of leukemia K562 tumor cells at


the MWNT-modified electrode (Figure 1) could be attribut-
ed to the redox system of cells. By considering the irreversi-
bility of the electrode process of K562 cells and the decrease
of peak current upon continuous cyclic sweep, the peak cur-
rent on the first scan could be used for the voltammetric
measurement of the cytotoxicity of antitumor drugs and,
therefore, as an electrochemical antitumor drug sensitivity
test.


The anodic peak current increased as the amount of
MWNTs on the electrode surface increased (Figure 2), indi-
cating that the carbon nanotubes promoted electron-transfer


reactions due to their structure and high electrical conduc-
tivity.[22] At the electrode modified by the most MWNTs
(10 mL of 4.0 mgmL�1 MWNTs, Figure 2e) a well-defined
peak was obtained and the peak current reached a maxi-
mum value. At MWNTs concentrations greater than
4.0 mgmL�1, the membrane obtained was unstable and
easily fell off the electrode surface.


Figure 1. Cyclic voltammograms at 50 mV s�1 of a) pH 7.4 PBS at a bare
GCE, b) pH 7.4 PBS at a MWNT-modified GCE, c) pH 7.4 PBS contain-
ing K562 tumor cells cultured for 22 h at a bare GCE, and d) pH 7.4 PBS
containing K562 tumor cells cultured for 22 h at a MWNT-modified
GCE.


Figure 2. Cyclic voltammograms at 50 mV s�1 of pH 7.4 PBS containing
K562 tumor cells cultured for 18 h at a GCE modified with a) 5 mL,
0.4 mg mL�1; b) 10 mL, 0.4 mg mL�1; c) 10 mL, 0.8 mg mL�1; d) 10 mL,
2.0 mg mL�1; and e) 10 mL, 4.0 mg mL�1 MWNTs.
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HPLC measurements of cytoplasm : Figure 3 shows the
chromatograms of guanine and a cytoplasm solution of 5 �
106 leukemia K562 tumor cells per mL detected at 245 nm.
The cytoplasm solution produced a UV spectrum similar to
that of guanine within the range of 220 nm to 380 nm (insets
Figure 3a and b). The chromatograms displayed a peak at
the same retention time, indicating that the peak of the cy-
toplasm solution could be attributed to the cytoplasmic gua-
nine of the K562 tumor cells. The presence of guanine was
verified by liquid chromatogram-mass spectrometry (LC-
MS) measurements (data not shown). To perform LC-MS
analysis, the cells were fragmented under penetration pres-
sure by suspending them in twice-distilled water for 4 h. The
LC-MS spectrum of the cytoplasm solution showed a molec-
ular ion peak of guanine at m/z 152, in which CH3OH/H2O
(1:4 v/v) was used as a mobile phase. Moreover, the cyclic
voltammograms of guanine in pH 7.4 PBS at the MWNT-
modified electrode showed an irreversible oxidation peak at
the potential close to that of leukemia K562 tumor cells.
Thus, the anodic peak of leukemia K562 tumor cells can be


attributed to the conversion of guanine to 8-oxo-guanine
(Scheme 1).[24] During the electrochemical process the gua-
nine molecules within the cytoplasm of the living cells were
able to cross the cell membrane rapidly and to reach the
electrode surface. MWNTs immobilized on the electrode
surface acted as “molecular wire”[25] to promote the transfer
of electrons between guanine and the electrode, thus en-
hancing the electrochemical response of the cells. These re-
sults indicate that the use of nanotechnology to amplify the
electrochemical signal is suitable for studying the viability of
tumor cells and the effect of antitumor drugs.


The chromatographic peak area, S, of the guanine spec-
trum is proportional to the concentration of guanine, c,
within the range 0.20–2.00 mg mL�1, with a detection limit of
0.01 mg mL�1 and a signal-to-noise ratio of 3. By using
the linear regression equation [Eq. (1)], in which the relative
coefficient was 0.9999, the content of guanine in the cyto-
plasm of each K562 tumor cell was calculated to be
920 amol:


S ¼ ð5:62� 104 cÞ�ð1:78� 103Þ ð1Þ


The result of HPLC detection confirmed the presence of
guanine within the cytoplasm solution of K562 tumor cells.
This can be attributed to the synthesis of nucleotides by sal-
vage pathways during tumor cell growth,[23] and results in
the overexpression and high activity of guanine.


Effect of 5-fluorouracil (5-FU) on the viability of tumor
cells : Initially, pure biological reagent 5-FU was selected to
evaluate the effect of antitumor drugs on the viability of leu-
kemia K562 tumor cells. Upon addition of 200 mg mL�1 5-
FU to the culture medium a notable change in the voltam-
metric signal of the K562 cells was observed (inset in
Figure 4). The presence of 5-FU caused a decrease in the
peak current recorded for K562 tumor cells, indicating a re-
duction in the viability of these cells. This is because 5-FU is


Figure 3. Chromatograms of a) 4.0 mgmL�1 guanine and b) cytoplasm so-
lution of 5 � 106 K562 tumor cells per mL. Inset: UV detection.


Scheme 1. Electron-transfer process between guanine in the cytoplasm
and MWNTs. GR and GO are the reduced and oxidized forms of guanine,
respectively.


Figure 4. Dependence of the peak current of K562 cells in pH 7.4 PBS at
50 mV s�1 on the culture time in the a) absence and b) presence of
200 mgmL�1 5-FU. Inset: cyclic voltammograms at 50 mV s�1 of K562
cells cultured for 72 h in the a) absence and b) presence of 200 mgmL�1


5-FU.
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one of the antimetabolites affecting the synthesis of nucleic
acid.[26]


As culture time increased, the peak currents of the K562
tumor cell solutions in both the presence and absence of 5-
FU increased; however, the increase for the untreated cells
was faster than that for the treated cells. The difference be-
tween the increasing peak currents became apparent after
the cells had been cultured for 6 h (Figure 4). After 72 h the
peak current of the untreated K562 tumor cells tended to-
wards a stable value and decreased after 95 h (Figure 4a),
whereas the peak current of the treated K562 tumor cells
tended to a stable value after 95 h, and a decrease was not
observed until 118 h had passed (Figure 4b).


The peak current is generally related to both the cell
number and the expression of guanine in the cytoplasm. In
the case of cells cultured in the same culture phase, the vol-
tammetric response can show a linear relationship with cell
number.[27] As the culture time increased, the peak current
of untreated leukemia K562 tumor cells did not increase lin-
early; rather the peak current after 118 h was lower than
that after 95 h (Figure 4a). This phenomenon is due to the
restricted nutrient supply during cell culture. Because the
presence of 5-FU reduced cell viability, nutrient shortage oc-
curred after a longer period than was the case for the un-
treated cells. Consequently, the decrease in current mea-
sured for the 5-FU-treated cells occurred after a longer
period than for the untreated cells.


The dosage-dependent curve of 5-FU for a culture time of
72 h is shown in Figure 5. As the dosage of 5-FU in the cul-


ture medium increased, the peak current decreased signifi-
cantly and tended towards a constant value after the con-
centration of 5-FU had reached 100 mg mL�1. This change in
peak current reflected the change in cell viability, which was
consistent with the report by Bosanquet and Bell[3] regard-
ing the in vitro drug sensitivity test for chronic lymphocytic
leukemia.


Electrochemical antitumor drug sensitivity test : The injec-
tion of three clinical antitumor drugs (adriamycin, mitocy-


cin C, and vincristine) to the culture medium resulted in a
change in the cyclic voltammetric response of tumor cells at
the MWNT-modified electrode. Figure 6 shows the cytotox-


icity curves for the 72 h exposure to these agents, which
were applied within suitable concentration ranges, as deter-
mined by MTT assays. The antitumor mechanism of these
drugs involves them binding to active target groups within
the tumor cells: mitocycin C interacts with DNA[28] and re-
stricts its replication;[29] adriamycin binds to DNA and indu-
ces single-stranded DNA breakage;[30,31] and vincristine[18]


prevents protein synthesis by interacting with tubulin, the
major component of the mitotic spindle.[32] These actions af-
fected the viability and growth of K562 tumor cells and de-
creased the cytoplasmic expression of guanine. The subse-
quent change in electrochemical response of the tumor cells
enabled the cytotoxicity of the different drugs to be evaluat-
ed. All three drugs displayed cytotoxic tendencies similar to


Figure 5. Dosage-dependent curve of 5-FU. The peak currents were de-
termined from cyclic voltammograms at 50 mV s�1 of K562 cells cultured
for 72 h in the presence of different concentrations of 5-FU.


Figure 6. Cytotoxicity curves for the 72 h exposure of the K562 cells to a)
adriamycin, b) mitocycin C and, c) vincristine obtained by using the MTT
assay (&) and the proposed electrochemical method (*).
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those of 5-FU, and in accordance with results obtained by
using the conventional in vitro drug MTT sensitivity test.[3]


These observations suggest that the method of recording
voltammetric measurements described above can act as a
novel antitumor drug sensitivity test.


Comparison of the proposed electrochemical antitumor
drug sensitivity test with the MTT assay : The proposed elec-
trochemical antitumor drug sensitivity test and the MTT
assay of leukemia K562 tumor cells showed increasing cyto-
toxicity of these three drugs as drug concentration increased
(Figure 6). These curves tended towards maximum values at
high drug concentrations, indicating that interactions with
active target groups within the tumor cells reached satura-
tion as the drug concentration increased; the point at which
maximum cytotoxicity occurred. These curves complied with
the Michaelis–Menten relationship. From the plot of cdrug/cy-
totoxicity vs cdrug the maximum values of cytotoxicity could
be obtained (Table 1). Clearly, the maximum cytotoxicities


of these three drugs obtained by using the two assay meth-
ods were in good accordance. The slight difference might be
attributed to the different culture conditions and assay pro-
cedures used. The relative errors between the results of the
MTT assay and the proposed electrochemical method were
acceptable, and supported the accuracy of this method and
its suitability as an in vitro test for antitumor drug sensitivi-
ty.


As listed in Table 1, the maximum cytotoxicity values of
the drug were not 100 %, which was probably attributable to
the binding equilibrium between the drugs and their target
sites within the tumor cells. The drug concentration corre-
sponding to a cytotoxicity of half of the maximum cytotoxic-
ity was defined as chalf max, which could be obtained from
Figure 6. In fact, chalf max corresponds to the equilibrium dis-
sociation constant of Michaelis–Menten kinetics, and may
also be defined as the cytotoxicity constant of antitumor
drugs to leukemia K562 tumor cells, which reflects the affin-
ity of the drug to its target groups within tumor cells. Adria-
mycin showed a lower affinity than vincristine to the respec-
tive target groups, although it possessed a higher cytotoxici-
ty. The chalf max values obtained by using the proposed elec-
trochemical method were also very close to those obtained


by using the MTT assay. Thus, the proposed electrochemical
method is a credible sensitivity test for antitumor drugs.


Conclusion


The electrochemical antitumor drug sensitivity test combin-
ing nanotechnology offers potential advantages over con-
ventional assays. The high accuracy is due to the electro-
chemical response of the electroactive substance in tumor
cells following interaction with drugs. Other advantages are
the possibility of signal amplification due to the involvement
of MWNTs, and practicality afforded by the use of inexpen-
sive equipment and simple procedures. By comparison, the
sensitivity of the MTT assay is low, due to the relatively late
decrease in mitochondrial dehydrogenase activity during the
process of cell death.[4] In addition, the apoptosis ELISA
assay requires expensive regents such as monoclonal anti-
bodies,[4] and the experimental procedure is laborious. The
proposed electrochemical approach for an antitumor drug
sensitivity test incorporating an MWNT-modified GCE is a
sensitive, accurate, inexpensive and simple technique, and
may be regarded as an alternative approach to study the
antitumor drug sensitivity of tumor cells. The development
of semi or fully automated procedures, which could be ach-
ieved by further improvements in detection equipment and
the miniaturization of the three-electrode system, and the
development of an array incorporated with the electrochem-
ical system, are currently under investigation.


Experimental Section


Chemicals : 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MMT) was purchased from Sigma (St. Louis, MO, USA). 5-Fluorouracil
(5-FU, Shanghai Chemical Regent Limited, China), adriamycin (Pharma-
cia & Upjohn Limited, China), mitomycin C (Kyowa Hakko Kogyo Lim-
ited, Japan), vincristine (Yangzhou Aasaikang Pharmaceutical Limited,
China), penicillin (Huabei Pharmaceutical Limited, China), and strepto-
mycin (Shangdong Lukang Pharmaceutical Limited China) were acquired
from the sources indicated. Sodium dodecyl sulfate was obtained from
Huakang Science & Technology Limited, (China).


High purity MWNTs (1.0 g) that had been prepared by chemical vapor
deposition were boiled in 30% nitric acid at 100 8C for 24 h. After sepa-
ration from the mixture the sediment was washed with water until the
pH reached 7.0, and then redispersed in water by performing ultrasonic
agitation to give a 50 mL suspension of MWNTs. Various MWNTs sus-
pensions were prepared from this stock.


Cell culture and collection : Human leukemia K562 cells were obtained
as a gift from the Affiliated Zhongda Hospital of Southeast University
(Nanjing, China). The cells were cultured in RPMI 1640 medium (Gibco)
supplemented with fetal calf serum (15 %), penicillin (100 mgmL�1), and
streptomycin (100 mgmL�1) in an incubator (5 % CO2, 37 8C). To study
the cytotoxic effect of antitumor drugs on cell viability, various drugs
were added to other formulations of cell culture medium. The same cul-
ture conditions were provided for both the control and experimental
groups. The cells for different groups were cultured from the same initial
number of cells (2.5 � 106 mL�1) in flasks of the same size. The cells were
counted by using a Petroff–Hausser counter (USA).


The cultured leukemia K562 cells were separated from the culture
medium by performing centrifugation at 1000 g for 10 min, and were


Table 1. Comparison of the two assay methods.


Drug Method Cytotoxicity chalf max
[b]


[%]max
[a] [mg mL�1]


adriamycin MTT 90.3 2.34
EC[c] 76.3 2.34


mitomycin C MTT 72.8 1.09
EC 64.7 0.92


vincristine MTT 64.2 0.19
EC 55.6 0.17


[a] Percentage of maximum cytotoxicity. [b] The concentration corre-
sponding to half of the maximum cytotoxicity. [c] Electrochemical
method.
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then washed twice with sterile PBS (pH 7.4) containing NaCl (137 mm),
KCl (2.7 mm), NaHPO4 (87 mm), and KH2PO4 (14 mm). The sediments
were suspended in PBS to give cell suspensions of 1.0 mL for use in elec-
trochemical measurements.


Production of the MWNT-modified GCE : Prior to modification, glassy
carbon electrodes (GCE, 3 mm in diameter) were polished successively
with 1.0 mm, 0.3 mm, and 0.05 mm alumina slurry, followed by rinsing thor-
oughly with doubly distilled water. After successive sonication in a 1:1
mixture of nitric acid and doubly distilled water, the electrodes were
dried at room temperature in a desiccator.


After the MWNTs suspension was stirred to allow the MWNTs to fully
disperse, a quantity (10 mL, 4.0 mg mL�1) was cast onto the surface of the
GCE, and various amounts of MWNTs suspensions were added in a
drop-wise manner until an optimal coating was achieved. The electrodes
were dried in a desiccator to give the MWNT-modified GCEs. These
were then electrochemically treated by performing several cycles of be-
tween 0.0 and +1.1 V in pH 7.4 PBS until stable background lines were
obtained.


Electrochemical measurements : Electrochemical experiments were per-
formed by using a CHI 730 electrochemical analyzer (USA) with a con-
ventional three-electrode system comprising a platinum wire as auxiliary,
a saturated calomel electrode as reference, and a MWNT-modified GCE
as the working electrode. The electrochemical behavior of leukemia
K562 cells was studied by using pH 7.4 PBS and cyclic voltammetry in
the potential range from 0.0 to +1.0 V with a scan rate of 50 mV s�1 at
room temperature. The cytotoxicity of the drug was calculated as follows;


Cytotoxicity ð%Þ ¼ 100 ½ðiPcontrol
�iPexp


Þ=iPcontrol
� ð2Þ


in which iPcontrol
is the peak current of the cells in the absence of antitumor


drug treatment and iPexp
is the peak current of the cells treated with drugs.


MTT assay : Leukemia K562 cells (1 � 105) in 200 mL of either medium
alone or medium containing drugs at various concentrations were added
to each well of a 96-well plate. The plate was incubated at 37 8C in a hu-
midified atmosphere of 5% CO2 for three days. MTT (20 mL, 5 mg mL�1)
was then added to each well. After the plate was incubated for a further
4 h, sodium dodecyl sulfate (150 mL, 0.520 m) was added to each well to
solubilize the formazan dye. After 1 h the absorbance of the control and
drug-treated wells was measured by using a Wallac Victor2 1420 Multila-
bel Counter at 490 nm. The cytotoxicity of the drug was calculated as fol-
lows:


Cytotoxicity ð%Þ ¼ 1� absorbance of drug-treated well
absorbance of control well


� 100 ð3Þ


HPLC measurement : Leukemia K562 tumor cells (5 � 106) were incubat-
ed in a lysis buffer at 4 8C for 10 min. The pH of the lysis buffer (Tris
(20 mm), K2HPO4 (3 mm), NaCl (120 mm), MgCl2 (1.0 mm), CaCl2


(1.2 mm), and glucose (10 mm)) was adjusted to pH 7.4 by addition of
HCl. This mixture was then centrifuged at 1000 g for 10 min to remove
cellular cytoskeleton and nuclei. The supernatant was further centrifuged
at 15 000 g for 30 min and pH 7.4 PBS was added to give a sample of cy-
toplasm (1.0 mL) , which was subjected to HPLC analysis.


HPLC detections were performed at 245 nm with a Varian 5060 separa-
tions module (Waters Milford, MA, USA). The chromatographic separa-
tion was performed with a Kromasil ODS column (4.6 mm � 150 mm) at
30 8C equipped with a Waters 486 tunable absorbance detection system.
The mobile phase, consisting of 5 % CH3OH and 95% H2O, was run at
1.0 mL min�1. 10 mL of each sample was injected into the HPLC system
for analysis.
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From Discrete Particles to Spherical Aggregates: A Simple Approach to the
Self-Assembly of Au Colloids


Ziyi Zhong,*[a] Alamelu Suriya Subramanian,[a] James Highfield,[a] Keith Carpenter,[a] and
Aharon Gedanken*[b]


Introduction


Multiscale engineering can be exploited to facilitate the de-
velopment of systems designed at the molecular level to ap-
plications of mesoscopic or macroscopic dimensions.[1] This
technology is also fundamentally important because organ-
ized structures can display valuable optical and/or electrical
properties distinct from those of the individual constituent
particles (atoms, molecules) or of the larger solid mass.[2] In


the “bricks and mortar” (“BM”) strategy for the organiza-
tion of large-scale Au colloids, structures such as alkanedi-
thiols, functionalized polymers, and biomolecules provide
cohesion (“mortar”) for the assemblage.[3] The linkage of
some biomolecules possessing unique specificity, such as
single-stranded DNA or antigens, to Au may provide appli-
cations of such composites in the field of molecular recogni-
tion.[3,4] Other techniques for the controlled assembly of Au
particles include the use of template molecules with defined
symmetry[5] and interparticle spacing,[6] metal coordination,[7]


a polymer-mediated “BM” strategy coupled with hydrogen
bonding,[8] and Langmuir techniques.[9] Although some suc-
cess has been achieved,[8,10] the formation of aggregates of
controllable size and shape in solution remains far from rou-
tine. Particular problems are uncontrollable precipitation
and latent insolubility.[11]


Recent work in this laboratory has focused on the use of
amino acids as novel, water-soluble, binding agents. It has
been shown[12] that the two functional groups in cysteine
(Cys) (SH and NH2) are able to bind Au particles, but with
varying abilities; the SH group binds readily, whereas the
amine group displays pH-dependent behavior due to


Abstract: Here we demonstrate a
simple, template-free approach to the
formation of spherical gold aggregates
through the reduction of HAuCl4 by
NaBH4, in the presence of cysteine
(Cys) as a capping agent. The resulting
aggregates are quite stable in solution.
The pH of the solution and the molar
ratio of Au:Cys are two key empirical
factors in the formation of such highly
ordered aggregates. At slightly alkaline
pH (7–10) and with Au:Cys ratios
ranging from 1:0.5 to 1:2, spherical Au
aggregates of 30–80 nm are formed. At
lower Cys ratios (Au:Cys�1:0.5) very
loosely linked aggregates are formed;


however, at very high Cys ratios
(Au:Cys�1:3), highly dispersed Au
particles of 2–4 nm are obtained, which
are virtually indistinguishable from the
original colloidal form. Aggregate size
is influenced markedly by component
concentration; a 3-fold increase in stan-
dard levels resulted in Au spherical ag-
gregates of a larger size, 200–500 nm.
In addition, we used a combination of
Cys and lysine (Lys) as a capping
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morphology of the Au colloid aggre-
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linear to a spherical form by adjusting
the proportions of Cys and Lys in the
capping agent/cross-linker mixture. The
introduction of mercapto (SH)-contain-
ing organic acids reduced the cross-
linking ability of Cys, especially in the
case of long-chain acids. Complete dis-
ruption of the spherical aggregates
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protonation/deprotonation caused by the preliminary disso-
ciation of the neighboring carboxylic acid group. By adjust-
ing the pH, starting concentrations, and surface charge (by
way of the Au:Cys ratio), the aggregation process can be
manipulated to produce a structure of desired size and
shape. Another advantage of using Cys as a capping/cross-
linking agent is the dispersibility in water conferred to the
spherical aggregates. To our knowledge,[13] this is the first
report of a method mediated by amino acids to produce
spherical Au aggregates of adjustable size. This technology
has many conceivable biological applications.


Results and Discussion


Influence of pH : Figure 1 shows the transition electron mi-
croscopy (TEM) images of Au aggregates prepared at a
Au:Cys ratio of 1:1. At low pH (pH 4, Figure 1a) the pre-
cipitated Au aggregates possess irregular morphology. At
pH 6 (Figure 1b) some cross-linking is evident, but the parti-
cle morphology remains fairly featureless. At slightly alka-
line conditions (pH�8, Figure 1c) well-formed spheres with
a diameter ranging from 30 to 80 nm are observed. The pH
range of 7–10 appears to be optimal for quantitative yields
of spherical aggregates. As shown in Figure 1d and Figure 2
(high resolution TEM image), the spherical aggregate is
composed of constituent Au colloids of 2–4 nm in size, with
some visible interconnectivity.


UV-visible spectroscopy can be used to diagnose the ag-
gregation state of Au colloids. Highly dispersed Au particles
with diameters of 10–20 nm exhibit an absorbance peak of
approximately 520 nm. As the Au particle size decreases to
about 5 nm the extinction peak shifts to around 500 nm.
However, as Au colloid size decreases to less than 3 nm, no
sharp absorbance peak is observed within the UV-visible
range. These phenomena are well documented,[14] and we
have confirmed them for our own Au samples of different
sizes, as well as for commercial Au colloidal products
(Sigma).[12] If Au particles are linked or aggregated, a
second extinction peak at a longer wavelength appears due
to the dipole plasmon resonance of the Au nanoparticles.[15]


Xu and co-workers developed the Mie theory[16] and provid-
ed detailed theoretical calculations that can be applied to
different states of aggregation. Our previous calculations,[12]


based on Xu�s method, also confirm that the linear linking
of Au nanoparticles produces a dipole plasmon resonance
(second peak) within the range of 500–800 nm. This obser-
vation, however, depends heavily on aggregate size and in-
terparticle distance; smaller aggregates and shorter interpar-
ticle distances result in a more significant peak shift towards
longer wavelengths.


The UV-visible spectra of the above samples are present-
ed in Figure 3, and their features are consistent with the mi-
croscope images. At low pH values (pH�6.0, Figure 3), the
broad hump within the wavelength range 520–700 nm indi-
cates intense aggregation among Au colloids, as shown in
Figure 1a. The overall absorption is responsible for the
black color of the mixture. However, with a slight increase
in pH value (pH�7), the longer wavelength hump becomes
weaker. Under alkaline conditions, the spectra are merely
featureless continua; however their absorptions relative to
each other increase progressively at wavelengths greater
than 700 nm. The TEM observations above show that Au
spherical aggregates form within these samples, which ac-
counts for the continuous increase in absorbance at high
wavelengths. Because these spherical aggregates are very
symmetrical and have sizes within the 30–80 nm range, their
absorbance curves exhibit a lack of peaks. The TEM images
also reveal that the individual Au particles of these samples
are quite small (2–4 nm); therefore, no optical features were
observed for discrete Au colloids.


Figure 1. TEM images of Au colloids capped with cysteine molecules at
various pH values (molar ratio Au:Cys=1:1). a) pH 4.0, white bar repre-
sents 100 nm; b) pH 5.8, white bar represents 20 nm; c) pH 9.0, white bar
represents 50 nm; d) magnification of the image in (c), white bar repre-
sents 20 nm.


Figure 2. High resolution TEM image of the Au spherical particles shown
in Figure 1d. White bar represents 5 nm.
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Because small particles are thermodynamically unstable,
they tend to aggregate together to reduce their high surface
energy. As metal colloids usually possess a surface charge,
the electrostatic repulsion between the Au colloids tends to
prevent them from aggregating. In our investigations, the
second driving force for aggregation was the cross-linking of
Au colloids by Cys molecules that possess two functional,
terminal groups.


Although the formation mechanism of these spherical ag-
gregates is not fully understood, we suggest that it is based
on a combination of the three forces described above. It is
well known that thiol, amine, and cyanide groups bind readi-
ly to Au colloids.[17] However, as demonstrated in an earlier
report,[12] the SH group in Cys binds much more readily
than the NH2 group to Au particles. Thus, the a-NH2 group
and its adjacent carboxylic acid group will project from the
surface of the Au colloid (Scheme 1). At low pH values,
there will be less net negative charge on the Cys molecule


(believed to be responsible for hindering aggregation
through interparticle repulsion), with the result that massive
agglomeration inevitably results. At increasing pH, the Au
colloids gradually accumulate surface negative charge, such
that cross-linking becomes more difficult, as seen in Fig-
ure 1b. As the pH approaches and exceeds the pKa value of
Cys (8.5), the surface negative charge is suddenly and dra-
matically increased. At the same time, the amine group may
be released from the hydrogen bond that it forms with its
neighboring Cys molecule, which makes it more capable of
binding to Au colloids (Scheme 1). As a result, spherical ag-
gregates are formed, as this shape reduces surface free
energy most effectively.[18] A detailed theoretical calculation
is required to elucidate this issue. A related complicating
factor is the possible oligomerization of Cys molecules on
the Au colloid surfaces due to the dense packing of the
former.[19]


Influence of Au:Cys ratio and concentration : At a fixed
end-point (pH 9) and in the absence of Cys, Au colloids ag-
gregate randomly into a three-dimensional network (Fig-
ure 4a). The introduction of Cys (Au:Cys=1:0.5) results in a
looser network, but still without a definite morphology (Fig-
ure 4b). This is probably because the amount of Cys is insuf-
ficient to enable effective cross-linking. As the molar ratio
of Au:Cys increases from 1:1 to 1:2 (Figure 4c), spherical Au
aggregates are formed almost exclusively; however, for


Figure 3. UV-visible spectra of Au colloids capped with cysteine mole-
cules (molar ratio Au:Cys=1:1) at various pH values.


Scheme 1. Au colloid capped with Cys molecules and chloride anions. As
the pH value increases, more NH3


+ functional group ions become depro-
tonated; therefore, the Au colloid becomes more negatively charged.
This enhances the electrostatic repulsion between the Au colloids.


Figure 4. TEM images of Au colloids capped with Cys molecules at vari-
ous molar ratios and concentrations: a) [HAuCl4


�]=1 mm, molar ratio
Au:Cys=1:0, white bar represents 100 nm; b) [HAuCl4


�] =1 mm, molar
ratio Au:Cys=1:0.5, white bar represents 100 nm; c) [HAuCl4


�]=1 mm,
molar ratio Au:Cys=1:2, white bar represents 0.1 mm; d) [HAuCl4


�]=


3 mm, molar ratio Au:Cys=1:1, black bar represents 0.2 mm. All end-
point pH levels were maintained close to 9.0.
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Au:Cys ratios close to 1:3, only a few large, spherical aggre-
gates are formed, with most of the Au colloids remaining
discrete (data not shown). A high surface density of Cys
molecules would be expected to exert strong electrostatic
repulsive forces that hinder cross-linking. A slight shrinkage
in Au colloid size (to 2–3 nm) was also observed, as re-
marked by others.[20] In this case, it is likely that the initially
formed Au clusters will be immediately capped and saturat-
ed by Cys molecules, thereby restricting subsequent Au
atom deposition, preventing further colloid growth. On this
basis it appears that the formation of spherical aggregates
involves a subtle balance between the cross-linking ability
afforded by Cys molecules and the concomitant electrostatic
repulsion between the Au colloids. Evidently, only condi-
tions favoring partial coverage by Cys can promote control-
led, isotropic growth.


The UV-visible spectra obtained in the absence of Cys
(Figure 5, bottom) show the characteristic Au colloid ab-


sorbance peaks at 517 nm (particle size 7–10 nm), but with
an intensifying tail towards the near IR region, suggestive of
strong aggregation. At a molar ratio Au:Cys of 1:0.5 a broad
hump at around 520 nm suggests a “smearing out” of the in-
dividual colloid absorbance due to a loose state of agglomer-
ation. At a ratio Au:Cys of 1:1, a relative flattening of the
spectrum is observed, suggestive of spherical aggregate for-
mation, as demonstrated in Figure 3. As the proportion of
Cys increases further (Au:Cys=1:2–1:3), the absorbance
spectrum curves more sharply upwards towards the UV
region (because of the increase in Cys), but remains feature-
less. This indicates the predominance of original (2–3 nm)
Au colloids in the solution.[14]


The concentration of reactant has a strong influence on
the size of the aggregates formed, although their spherical
form is maintained. A 3-fold increase in the concentration
of all components at a fixed Au:Cys ratio (1:1) results in
much larger spherical aggregates within the range 200–
500 nm, as shown in Figure 4d. A 10-fold increase in concen-
tration produces a further increase in aggregate size, and
high resolution transition electron microscopy (HRTEM)
observations of these spherical aggregates show that they
are still composed of colloidal Au subunits. These massive
spherical aggregates are, unfortunately, less stable than the
smaller ones produced at “standard” concentrations. Such a
high density of colloids in solution results in precipitation
within 30 min, in contrast to standard preparations, which
required longer than one month before precipitation occur-
red.


From linear to spherical aggregates : Previously,[21] we re-
ported that Au nanowires can be synthesized by using lysine
(Lys) as a capping agent, within a pH range of 8–10. Adjust-
ment of the morphology of the Au aggregates may, there-
fore, be possible by mixing Cys and Lys in specific propor-
tions. By using the trial Au:Cys:Lys ratio of 1:0.2:0.8, the Au
colloids were seen to assemble into chain-like structures.
However, the “chain cross-section” consists of several Au
colloids (Figure 6a), not a single colloidal subunit, as would
result from the use of Lys alone.[21] As the ratio of Cys:Lys
was increased (with the ratio of Au:(Cys+Lys) fixed at 1:1),
the Au colloid aggregates became progressively more round-
ed in shape, as shown in Figure 6b and c. At the point at
which Cys was the sole capping agent, very symmetrical
spherical aggregates were obtained, as illustrated and dis-
cussed above (Figure 1c). This systematic trend, that is, the
expression of both functionalities, is rather surprising in
view of the relative dimensions of the two capping agents;
Cys has a two-carbon chain, whereas Lys has a four-carbon
chain.


Once again, the UV-visible spectra (Figure 6d) are gener-
ally consistent with the TEM results. When lysine is used as
the major cross-linker, Cys:Lys<1, one absorbance peak
ranging from 510 to 550 nm dominates the spectrum. This is
expected when the Au chain cross-section is larger or is
composed of several particles, and also for the formation of
linear aggregates (Figure 6a).[12] We did not observe any ab-
sorbance attributable to discrete Au colloids in the region of
500 nm, as was observed for Au nanorods[22] and Au linear
aggregates.[21] This is because in the Cys-capped Au samples
the size of the Au particle is less than 4 nm. When Cys pre-
dominates, Cys:Lys>1, there remains a weak (vestigial)
hump in the spectrum that correlates with an “oval” (not
perfectly spherical) aggregate morphology. For Cys in large
excess (Cys:Lys>4) the spectrum is indistinguishable from
that seen in Figure 3, representative of truly spherical aggre-
gates.


Effect of functionally related cross-linking agents of varying
chain length : To explore the importance of the molecular di-


Figure 5. UV-visible spectra of Au colloids capped with Cys molecules at
various molar ratios.
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mensions of the cross-linking agent, a series of chemically
similar (SH-containing) organic acids of varying chain
length, from 3-mercaptopropionic acid to 16-mercaptohexa-
decanoic acid, were mixed with Cys in a 1:1 ratio. The pres-
ence of capping agents of a similar chain length to Cys re-
sulted in spherical aggregates with lower cohesion than was
the case with Cys alone (Figure 7a). The use of very long-
chain organic acids (Figure 7b) resulted in the formation of
almost no spherical aggregates. This phenomenon can be ex-


plained according to the difference in electrostatic repulsion
between the Au colloids. The SH-containing molecules have
one terminal COOH group, which can be dissociated in
conditions of high pH. Introduction of these molecules onto
the Au colloid surface leads to a marked increase in the
electrostatic repulsion between the colloids. When the chain
length of the SH-containing molecules is similar to the
length of the Cys molecules, the repulsion between the ter-
minal COO� groups is relatively weak, and the Cys mole-
cules still have a chance to cross-link with the Au colloids.
Because the SH-containing molecules, such as 16-mercapto-
hexadecanoic acid, are much longer than the Cys molecules,
the repulsion begins to hinder the association of the Au col-
loids, even if they are not close to one other. This proves
that the presence of Cys is necessary to facilitate the accu-
mulation of well-ordered spherical aggregates of Au, and in
addition, it suggests that the appropriate adjustment of sur-
face charge, or the selection of a combination of various
cross-linkers, will enable the aggregation state and morphol-
ogy of the Au nanoparticles to be tailored and modified for
valuable future applications.


Conclusion


We have demonstrated the formation of spherical aggre-
gates of Au colloids by using Cys as a capping agent under
appropriate conditions; pH 7–10 and gold:cysteine molar
ratios from 1:0.5–1:2. The aggregate size can be adjusted by
changing the concentrations of components; for 3–10 mm


solutions of Au and Cys, very large spherical aggregates are
formed, but these are unstable and more readily precipitat-
ed. The use of mixtures of Cys and Lys in varying propor-
tions changes the aggregate morphology from a linear to a
spherical form. Introduction of other SH-containing organic
acids as capping agents of varying chain length may also in-
fluence the state and degree of aggregation in a systematic
manner. The Au spherical aggregates of intermediate size
(30–80 nm) produced in this work have a high stability,
even at room temperature, and are readily dispersed in
water.


Experimental Section


All chemicals were purchased from Sigma-Aldrich and used as received.
In a typical room temperature synthesis, aqueous HAuCl4 (10 mL, 1 mm)
was mixed with aqueous cysteine solution (1.0 mL, 10 mm ; Au:Cys=


1:1), and sufficient aqueous NaOH (0.2 m) was added to give the desired
end-point pH value. Next, NaBH4 (176 mL, 0.1 m) was added under vigo-
rous stirring. At acidic pH (<4), the solution initially turned black, fol-
lowed by rapid and extensive precipitation. At intermediate pH (6.5–11)
a brown or dark brown solution developed that remained stable for sev-
eral weeks.


UV-visible spectra were recorded by using a UV-2550 Spectrophotometer
(Shimadzu) after preliminary dilution (1:1) with deionized water. TEM
measurements were conducted by using a TECAI TF20 SuperTwin
(200 kV) electron microscope, whereby a drop of solution was placed
onto a Cu grid and dried in air.


Figure 6. TEM images of Au colloid aggregates in the presence of different
Cys:Lys ratios. a) 0.2:0.8, black bar represents 50 nm; b) 0.6:0.4, black bar rep-
resents 20 nm; c) 0.8:0.2, black bar represents 100 nm. All end-point pH values
were close to 9.0. d) UV-visible spectra of Au aggregates.
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Figure 7. TEM images of Au colloid aggregates in the presence of mix-
tures of Cys and SH-containing organic molecules of various carbon
chain lengths as capping agents. a) Cys with 3-mercaptopropionic acid
(1:1), white bar represents 100 nm; b) Cys with 16-mercaptohexaxanoic
acid (1:1), white bar represents 20 nm.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1473 – 14781478


Z.Zhong, A. Gedanken et al.



www.chemeurj.org






The Rich Stereochemistry of Eight-Vertex Polyhedra: A Continuous Shape
Measures Study


David Casanova,[a] Miquel Llunell,[b] Pere Alemany,*[b] and Santiago Alvarez*[a]


Introduction


The use of ideal polyhedra to define the spatial arrangement
of a set of atoms is consubstantial with the development of
structural chemistry in the 20th century. Such polyhedra can
represent, for instance, a group of chemically bonded atoms,
as in clusters or cage compounds, a set of ions held together
by a Madelung potential and repeated periodically in an ex-
tended solid, or bonded to a single atom occupying the
center of the polyhedron, as in coordination compounds. Al-
though there are infinite ways in which a given number of
atoms can in principle be organized in space, the polyhedral
paradigm works surprisingly well in a number of cases.
Hence, we tend to describe tetracoordinate transition-metal


atoms as tetrahedral or square-planar. We also refer to
some polycyclic alkanes as cubanes, prismanes, or dodecahe-
dranes. The organization of molecular building blocks in
larger (supramolecular) units is also efficiently represented
by polyhedra or polygons of a given set of atoms that are
connected by chemical units spanning the edges or the faces,
such as the Fe8 octagons in the so-called iron wheels that ex-
hibit single-molecule magnet behavior. Most of inorganic
solid-state materials are described as polyhedra connected
in a variety of ways. However, the use of ideal polyhedra is
not always straightforward. In many instances a structure
deviates significantly from the ideal shapes and the stereo-
chemical descriptions become highly imprecise, for example,
slightly distorted octahedron or highly distorted tetrahedron.
Furthermore, the assignment of a structure to one of the
possible ideal polyhedra is often more a matter of taste than
the result of the application of clearly established criteria.
Let us take as a further example the descriptions given to
the environment of the alkaline earth cations in the garnet
structures: as noted by O�Keeffe and Hyde,[1] different au-
thors have referred to a “skew cube”, a “distorted square
antiprism”, and a “distorted dodecahedron”. How can the
same structure be described by three polyhedra that are
quite different in symmetry and in terms of interatomic dis-
tances? The problem of assigning an ideal polyhedron to a
structure increases with increasing number of atoms, since
the number of available polyhedra increases, and they differ
from each other in smaller atomic displacements.


Abstract: A stereochemical study of
polyhedral eight-vertex structures is
presented, based on continuous shape
measures (CShM). Reference poly-
hedra, shape maps, and minimal-distor-
tion interconversion paths are present-
ed for eight-vertex polyhedral and
polygonal structures within the CShM
framework. The application of these
stereochemical tools is analyzed for
several families of experimental struc-


tures: 1) coordination polyhedra of mo-
lecular transition-metal coordination
compounds, classified by electron con-
figuration and ligands; 2) edge-bonded
polyhedra, including cubane structures,
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architectures; and 4) coordination poly-
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Following the proposal of Avnir et al.[2,3] that symmetry
and polyhedral shape can be defined in terms of continuous
properties that can be quantified from structural data, we
have developed a project aimed at evaluating the applicabil-
ity of such continuous symmetry measures (CSM) and con-
tinuous shape measures (CShM) to inorganic systems. The
usefulness of these measures for the stereochemical analysis
of very large sets of molecular structures has been shown so
far for the cases of four-,[4] six-,[5] and seven-vertex[6] poly-
hedra. Also a new way to define at a quantitative level
those structures that are in-between two reference poly-
hedra has been developed by the definition of minimal dis-
tortion interconversion pathways and the corresponding
path deviation functions.[7] The previous results have encour-
aged us to undertake a broad study of eight-vertex chemical
structures, which are usually difficult to analyze and for
which general stereochemical studies were reported more
than two decades ago.[8–11] More recent reviews mostly con-
centrate on the description of the characteristic eight-vertex
polyhedra and analyze a limited set of experimental struc-
tural data.[12, 13] Incorporation of more recent structural data
together with application of CShM thus seemed timely.
Here we present first a brief summary of the CShM con-
cepts and methodology. Then we present the collection of
ideal eight-vertex polyhedra used for our stereochemical
study and discuss the criteria adopted for our choice of ideal
reference shapes. Then we report the results of applying our
method to different families of eight-vertex chemical struc-
tures: 1) transition-metal coordination compounds, analyzed
by electron configuration and by families according to li-
gands; 2) edge-bonded polyhedra, including cubane struc-
tures, the polyhedra associated with the structure of realgar,
and metal clusters; 3) octanuclear transition-metal supra-
molecular architectures; and 4) extended structures in inor-
ganic solids.


Results and Discussion


Continuous shape measures : The continuous symmetry
(CSM) and shape (CShM) measures proposed by Avnir
et al.[2,14] essentially allow one to numerically evaluate by
how much a particular structure deviates from an ideal sym-
metry or from an ideal shape (e.g., a polyhedron). The
CShM relative to a polyhedron P for a set of N atoms (in
the present case N=8 for empty polyedra and N=9 for
centered polyhedra), characterized by their position vectors
Qi, is defined by Equation (1), where Pi is the position
vector of the corresponding vertex in the reference poly-
hedron P, and Q0 the position vector of the geometrical
center of the problem structure.


SQðPÞ ¼ min


PN
i¼1
jQi�Pij2


PN
i¼1
jQi�Q0j2


100 ð1Þ


The minimum is taken for all possible relative orienta-
tions in space, isotropic scaling, and for all possible pairings
of the vertices of the problem and reference polyhedra. As
a consequence, two shapes are identical within the CShM
approach if they differ only in size and/or orientation in
space. For the study of coordination compounds, only those
vertex permutations that leave the metal atom in the center
of the polyhedron are considered. With such a definition,
SQ(P)= 0 corresponds to a structure Q fully coincident in
shape with the reference polyhedron P, whereas the maxi-
mum allowed value is SQ(P)=100, which corresponds to the
hypothetical case in which all atoms of Q occupy the same
point in space.


Although we have referred so far to a methodology that
can be applied to the calculation of symmetry or shape
measures, we must be aware of the analogies and differences
between shape and symmetry. Such a difference becomes
clear if we consider a polyhedron for which the symmetry
does not fully determine its geometry, as for the hexagonal
bipyramid. We show three such bipyramids 1 a–1 c that
differ in the ratio between width and height but all have full
D6h symmetry. For those cases in which the choice of a refer-
ence polyhedron with a given symmetry is not unique, we
actually have two choices for the definition of its Pi coordi-
nates: either we search for the nearest polyhedron that has
the desired symmetry or we establish a conventional poly-


Abstract in Catalan: En aquest article es presenta un estudi
estereoqu�mic d’estructures amb vuit v�rtexs basat en les me-
sures cont�nues de forma (CShM). Es presenten els pol�edres
de refer�ncia, els mapes de forma i els camins d’intercon-
versi� de m�nima distorsi� per a estructures poli�driques i po-
ligonals amb vuit v�rtexs, dins el marc de les CShM. S’ana-
litza l’aplicaci� d’aquestes eines estereoqu�miques a diverses
fam�lies d’estructures experimentals: (a) pol�edres de coordi-
naci� en compostos moleculars de metalls de transici�, classi-
ficats tant per configuraci� electr�nica del metall com per
tipus de lligands; (b) pol�edres amb enllaÅos a les arestes, in-
cloent estructures de tipus cub�, clfflsters met�l·lics i el real-
gar; (c) arquitectures supramoleculars octanuclears de metalls
de transici� i (d) pol�edres de coordinaci� en estructures infi-
nites de s�lids inorg�nics. La classificaci� estructural es facili-
ta molt mitjanÅant l’ffls d’aquestes eines, i la detecci� d’estruc-
tures poc comunes, com ara el girobifastigi �s immediata.
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hedron relative to which we calculate the measures accord-
ing to Equation (1). The CSM is S(D6h)= 0 for 1 a–1 c. On
the other hand, if we choose one of those bipyramids (e.g.,
1 b) as our conventional polyhedron (let us call it HBPY),
then we obtain a CShM. The resulting shape measure
S(HBPY) will be zero only for the conventional bipyramid,
but nonzero for the other two bipyramids 1 a and 1 c. A bi-
pyramid that can be made coincident with the conventional
one by translation, rotation, or isotropic scaling will have
S(HBPY)=0, that is, it has the same shape. Since the shape
criterion is in general more restrictive than the symmetry
approach, it has been found adequate in the case of eight-
vertex polyhedra to define conventional reference polyhedra
and use the corresponding shape measures throughout this
paper. However, for two eight-vertex geometries, shape and
symmetry are equivalent, and these are the cube and the
regular octagon.


Another example of this behavior is the relationship be-
tween the dodecahedron (DD) and the snub disphenoid
(SD). Both have the same symmetry (D2d), but their shapes
are different. Then, the CSM from D2d is zero for the two
structures, but the CShM from one to the other is nonzero
(SDD(SD)= SSD(DD)¼6 0).


Eight-vertex reference poly-
hedra : The first step of our ste-
reochemical study aimed at as-
signing an ideal polyhedral ge-
ometry to specific groups of
atoms is perforce to define the
reference polyhedra (including
the planar polygons). From pre-
vious work, we have found it
useful to consider as ideal
shapes the regular polygons, the
Platonic solids, the Archime-
dean polyhedra, the prisms, and
the antiprisms.[15] All other
polyhedra (92 in total) having
regular polygons as faces and
between 5 and 75 vertices are
known as Johnson polyhedra[16]


and are also useful as stereochemical descriptors, even if
they are far less commonly used. The corresponding shapes
with eight vertices are schematically represented in
Scheme 1, together with the abbreviations used throughout
this paper. We present a relatively large number of poly-
hedra here not just for comprehensiveness, but because it
will be seen below that one can find examples of chemical
structures for each of these shapes with the exception of the
heptagonal pyramid. The main characteristics of our ideal
shapes, summarized in Table 1, are briefly discussed here.[17]


The regular octagon (OP), the cube (CU), and the triakis-
tetrahedron (TT) are univocally defined shapes, as deter-
mined by their symmetries (D8h, Oh, and Td, respectively)
and, in the last-named case, by the condition of being the
dual of the truncated tetrahedron. The triakis tetrahedron


has the shape shown in 2 a-–2 c, with 12 faces and 18 edges
and is a nonconvex polyhedron having two types of vertices
at different distances from the geometrical center, the ratio
between the long and short distances being 1.218. This poly-
hedron can be described as resulting from capping each face
of a tetrahedron (2 a), but also as resulting from the super-


Scheme 1.


Table 1. Names, abbreviations, and main characteristics of the ideal eight-vertex polyhedra used as references
in this work. The prefix J- indicates a Johnson polyhedron, and the prefix s- indicates the spherical version of
the corresponding polyhedron.


Ideal shape Abbreviation Symmetry Regular Equiv Spherical Equiv
faces faces edges


octagon OP D8h – – yes yes
cube CU Oh yes yes yes yes
triakis-tetrahedron TT Td no yes no no
square antiprism SAPR D4d yes no yes yes
snub disphenoid J-SD Td yes yes no yes
triangular dodecahedron DD D2d no no imposed no
gyrobifastigium J-GBF D2d yes no no yes
biaugmented trigonal prism J-BTP C2v yes no no no


s-BTP C2v no no imposed no
elongated trigonal bipyramid J-ETBP D3h yes no no no


s-ETBP D3h no no imposed no
heptagonal pyramid HPY D7h no no imposed no
hexagonal bipyramid HBPY D6h no no imposed no
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position of two tetrahedra with a common center (2 b) or as
a distorted cube (2 c).


Other ideal polyhedra are univocally defined if we require
all their faces to be regular polygons (i.e. , all edges of the
same length, coincident with the definition of the Johnson
polyhedra), as is the case for the square antiprism (SAPR).
The ideal SAPR adopted here (3), coincident with that of a


hard-spheres model, has twelve identical L�L distances
(dL�L =1.215 dM�L), and its edges subtend angles with the
geometric center of a= 74.85, b= 85.48, and g= 119.528 . In
other cases, though, this condition implies that the poly-
hedron cannot be spherical (i.e. , the distances from the ver-
tices to the center of the polyhedron are not all equal), as in
the gyrobifastigium (GBF), the snub disphenoid (SD), and
the Johnson bicapped trigonal prisms (BTP and ETBP,
named biaugmented trigonal prism and elongated trigonal
bipyramid, respectively). For these polyhedra it is useful to
have at hand two versions: a Johnson nonspherical poly-
hedron (identified by the prefix J-) and a spherical one with
nonequivalent edges (labeled with the prefix s-). The snub
disphenoid (SD) is a 12-face convex deltahedron, also known
as Siamese dodecahedron. The gyrobifastigium (GBF), one
of the Johnson polyhedra, is an octahedron that can be de-
scribed as formed by fusing together two triangular prisms
through a square face, but rotated by 908 in such a way that
their trigonal axes are orthogonal. Both BTP and ETBP can
be thought of as trigonal prisms with two additional vertices,
on the center of two square faces in the biaugmented trigo-
nal prism (BTP) and on the center of the two triangular
faces in the elongated trigonal bipyramid (ETBP).


The third set of ideal shapes is constituted by polyhedra
on which we arbitrarily impose sphericity (all vertices at the
same distance from the center) while keeping the corre-
sponding topology and symmetry. These are the hexagonal
bipyramid (HBPY), the triangular dodecahedron (DD, the
spherical version of the snub disphenoid), and the spherical
versions of the Johnson bicapped trigonal prisms (s-BTP
and s-ETBP). In the case of the triangular dodecahedron,
sphericity and symmetry are not enough to provide an un-
ambiguous definition, and we therefore adopted the geome-
try that corresponds to a hard-spheres model. The dodeca-
hedron has the same topology and symmetry (D2d) as the
snub disphenoid. However, the dodecahedron is spherical,
while the snub disphenoid is not, and the faces of the
former are nonregular triangles, whereas those of the latter
are equilateral triangles. The CShM of the SD and the DD
relative to each other, SSD(DD)=2.85, gives us a quantita-
tive idea of the significant difference between these two


shapes, in spite of their identical topology and symmetry. In
the case of the heptagonal pyramid (HPY) we arbitrarily
impose the restriction that the central atom, if present, lies
in the basal plane.


Shape maps and interconversion pathways : In a CShM
structural analysis of a given molecule, we can compare the
measures obtained with respect to the different ideal poly-
hedra and decide which of them best describes the molecu-
lar geometry by just choosing the smallest CShM value. This
numerical value also gives an indication of how distorted
the structure is from the reference shape. Let us consider as
simple examples the coordination polyhedra formed by the
metal and donor atoms in the following compounds: the
purely organometallic[18] [Re(CH3)8]


2�, the anionic complex
[Y(hfacac)4]


� (hfacac =hexafluoroacetylacetonate),[19] and
[W(CN)8]


4� in its hydrated bipyridinium salt.[20] The shape
measure of the first complex relative to the square antiprism
is 0.21, whereas its measures relative to the dodecahedron
and the bicapped trigonal prism are 2.33 and 2.89, respec-
tively, and those relative to the other reference polyhedra
are even significantly larger, so we can identify this coordi-
nation polyhedron unequivocally as a square antiprism. In
the second case, S(DD) =0.18, while S(SAPR) =1.94 and
other shape measures are even larger, that is, the coordina-
tion sphere is clearly dodecahedral. Finally, the octacyano
complex has rather similar values of the shape measures rel-
ative to the dodecahedron and the square antiprism (0.75
and 0.88, respectively), and values larger than 2.4 for other
reference shapes, and this precludes a clear description of its
geometry as either DD or SAPR. However, if we calculate
the deviation of such a molecule from the DD–SAPR inter-
conversion path, we obtain a rather small value (0.06) that
allows us to describe its coordination polyhedron as inter-
mediate between these two reference shapes.


To be more precise, we should be able to tell not only by
how much, but also in which direction, the geometry is dis-
torted. Two tools can be of help for that task. One consists
of representing the CShM data in scatterplots of the shape
measures relative to two ideal polyhedra, which we have
named shape maps.[5] Since specific distortions appear in the
shape maps as well-defined lines, the position of a given
molecule in the shape map offers us good hints to the likely
distortion, although this technique does not always give an
unequivocal description of the distortion. The other tool,
the path deviation functions defined by us recently,[7] indi-
cates whether a molecular structure lies along the path for
interconversion between two polyhedra or, more precisely,
by how much it deviates from that path. The use of shape
maps and path deviation functions to describe distortions
from ideal geometries provides us an alternative to geomet-
rical descriptions in terms of angles and bond lengths. Even
if we are more familiar with the latter method, the descrip-
tion of distortions in terms of the distance from two ideal
shapes is no less intuitive and has some advantages: 1) In
some cases for which a single angular parameter describes a
geometrical distortion pathway (e.g., the square–tetrahedron
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interconversion) the shape measures approach is equiva-
lent.[7] 2) The CShM approach allows us to compare on the
same scale distortions of a given structure toward different
shapes, for instance, a Bailar twist and a tetragonal Jahn–
Teller distortion in a hexacoordinate complex. 3) It also
allows us to compare distortions of the coordination spheres
of molecules with different numbers of vertices, for example,
it shows that the spread pathway connecting the square and
the tetrahedron is equivalent to the interconversion of the
cube and the octagon.[7] 4) Distortions that cannot be easily
described in terms of a single geometrical parameter or
whose distortion coordinates are not so intuitive (e.g., the
interconversion of the eight-vertex triangular dodecahedron
and the cube) are nicely described in terms of shape mea-
sures. In this section we briefly describe two shape maps for
eight-vertex polyhedra and the corresponding path deviation
functions.


For the eight-vertex polyhedra, the CShMs of each refer-
ence polyhedron relative to the others are given in Table 2.
Furthermore, their CShM values relative to the cube and to
the square antiprism are represented in a shape map
(Figure 1, top). In both cases we can see that the dodecahe-
dron, the snub disphenoid, the square antiprism, and the bi-
capped trigonal prism are very close to each other. Also sep-
arated by small distances are two related shapes, the cube
and the triakis tetrahedron. The rest of the distances be-
tween reference polyhedra are rather large. In particular,
each of the following figures is quite far from all other
shapes: HBPY, HPY, GBF, ETBP, and OP. Interestingly,
the difference between the spherical and Johnson versions
of the bicapped trigonal prism, J-BTP and s-BTP, is reflect-
ed in a nonnegligible CShM value of these polyhedra rela-
tive to each other (1.439). Such a difference is still more
pronounced between the J-ETBP and s-ETBP ideal poly-
hedra (CShM of 6.578).


In Figure 1 we can also represent the paths for polyhedral
interconversion, either obtained by imposing a certain geo-
metrical distortion on a molecular model or through the
minimal distortion paths[7] described below. Note that in the
SAPR–CU map those structures occupying the positions of
the square antiprism (S(SAPR)= 0) or of the cube
(S(CU) =0) can be unequivocally identified with those ideal
polyhedra. However, a structure that occupies the position


corresponding to another ideal polyhedron in the shape map
does not necessarily correspond to that polyhedron. Hence,
we need to verify that the CShM corresponding to that ideal


Table 2. Reciprocal shape measures between reference eight-vertex polyhedra (see Scheme 1 and Table 1 for drawings and names).


SD SAPR J-BTP CU TT HBPY GBF J-ETBP HPY OP


DD 2.847 2.848 3.361 7.952 8.686 15.678 15.461 30.496 24.794 32.135
SD 0 5.362 3.002 14.257 12.669 19.555 10.049 25.962 27.215 30.131
SAPR 0 2.843 10.989 11.838 18.458 17.259 28.515 24.535 26.120
J-BTP 0 13.507 13.073 18.594 13.674 24.959 25.397 28.258
CU 0 0.953 8.395 18.811 25.086 30.612 38.311
TT 0 9.260 19.536 25.675 29.983 38.883
HBPY 0 11.014 27.195 23.666 32.421
GBF 0 25.274 27.472 35.766
J-ETBP 0 26.937 34.936
HPY 0 22.809
OP 0


Figure 1. Shape map in the cube–square antiprism space (top) and in the
square antiprism–dodecahedron space (bottom), the positions that the
ideal polyhedra (Scheme 1) occupy in those maps, and some of their in-
terconversion paths.
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polyhedron is close to zero before making such a stereo-
chemical assignment. In the same way, the fact that the cube
appears along the path between the dodecahedron and the
hexagonal bipyramid in the DD–SAPR map (Figure 1,
bottom) does not necessarily mean that the interconversion
between the dodecahedron and the hexagonal bipyramid
passes through a cubic shape, since we are looking at a two-
dimensional map of geometrical data in a 3N-dimensional
space.


Note that a wide variety of shape maps are available to
us, as many as the pairs of reference polyhedra we can
choose, or 55 different maps in the present case considering
the 11 shapes presented in Scheme 1. As in real life, we use
the map that best describes the region we wish to explore,
that is, the one related to the two most common shapes for
the set of structures we are analyzing. Thus, in this work we
use essentially the dodecahedron–square antiprism map (see
discussion and Figure 5 below), although in specific cases
two other maps will be used.


The minimal distortion pathways between two reference
shapes can be defined in terms of CShMs.[7] Thus, we can de-
termine how close a given structure is to an interconversion
pathway if we know its shape measures relative to the two
reference polyhedra. This is done by calculating the path de-
viation function presented in Equation (2), which deter-
mines the degree of deviation of structure X from the mini-
mal distortion interconversion pathway between reference
shapes P and T. The values of the mutual shape measures
between pairs of ideal polyhedra SP(T) are presented in
Table 2.


DXðP,TÞ � 1


arcsin
ffiffiffiffiffiffiffiffi
SPðTÞ
p


10


�
arcsin


ffiffiffiffiffiffiffiffiffiffiffiffi
SXðPÞ


p
10


þ arcsin


ffiffiffiffiffiffiffiffiffiffiffiffiffi
SXðTÞ


p
10


�
�1
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Transition-metal coordination compounds: an overview: The
experimental data analyzed in this section were retrieved
from the Cambridge Structural Database[21] (CSD, ver-
sion 5.25) by searching for compounds with a metal atom
defined in the database as octacoordinate and belonging to
Groups 3–12 for which the following restrictions were ap-
plied: no p-bonded ligands were allowed and structures with
disorder or with agreement factors R greater than 10 %
were disregarded. As donor atoms we included all elements
of Groups 14–17 and hydrogen. A total of 501 compounds
were found, comprising 531 crystalographically independent
structural data sets. The distribution of those compounds
along the transition-metal series is shown in Figure 2. Octa-
coordination is most common for early transition metals
(Groups 3–7) of the second and third series and for the
heavier elements of the Zn group, and Zr is the most
common octacoordinate transition metal.


A bird�s-eye view of the relative importance of the differ-
ent ideal polyhedra in octacoordinate transition-metal com-
plexes can be gained by looking at the shape map obtained
from a scatterplot of the CShMs of the experimental struc-


tures relative to the dodecahedron and the square antiprism
(Figure 3, bottom). We first note that some regions of the
map, delimited by lines corresponding to some of the stud-
ied distortions, are geometrically forbidden, as previously
discussed for tetracoordinate compounds.[4] By comparison
with the position of the ideal structures in a similar shape


Figure 2. Periodic distribution of octacoordinate transition-metal com-
plexes in the CSD.


Figure 3. Location of the transition-metal octacoordinate complexes re-
trieved from the CSD in two shape maps. The continuous lines corre-
spond to polyhedra interconversion paths identified in Figure 1.
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map (Figure 1) we see that the most common shapes are in
the region around the SAPR, the DD, and the BTP (the
lower left corner of the map), although a good number of
structures appear along the rightmost branch of the map,
which was seen (Figure 1, bottom) to correspond to distor-
tions from the dodecahedron toward the cube or hexagonal
bipyramid. Moreover, no structures correspond to the hep-
tagonal pyramid or octagon. However, two points at the left-
most part of the DD-SAPR map, clearly differentiated from
the rest of the structures, appear right in the middle of the
flattening pathway that leads from the square antiprism to
the planar octagon, to be discussed below. The most salient
feature of these shape maps is that most structures are
found at a significant distance from the ideal polyhedral
shapes; hence, the polyhedron that best describes each ge-
ometry cannot be assigned on the basis of only one specific
shape map, and we should perform a more detailed analysis
to obtain some idea about the relative importance of the
less common shapes.


Several ideal eight-vertex structures were classified by
Muertterties and Wright[8] into two groups: low-energy
structures (DD, SAPR, and BTP) and high-energy struc-
tures (ETBP, CU, HPY, and HBPY). This classification is
consistent with the electrostatic repulsion coefficients given
by Kepert,[10] which indicate much less ligand–ligand repul-
sion for the first three polyhedra, and is also in agreement
with a d orbital energy scheme obtained from the angular
overlap model[22] (AOM) shown in Figure 4. Optimum in-
volvement of d orbitals in metal–ligand bonding occurs for
these three structures and leaves at most one d orbital as
nonbonding, whereas for the rest of the shapes two d orbi-
tals cannot be involved in metal–ligand bonding for reasons
of symmetry and are therefore nonbonding. The distribution
of coordination polyhedra found among octacoordinate
transition-metal complexes seems to confirm that the do-


decahedron, the square antiprism, and the bicapped trigonal
prism are energetically favored, and from here on we will
refer to these shapes as low-energy shapes, though only
when referring to coordination compounds.


We can assign the polyhedron that best describes the co-
ordination sphere of the octacoordinate metal atom in each
compound by calculating their CShMs relative to the vari-
ous polyhedra in Scheme 1 and thus obtain a perspective
view of the stereochemical preferences of experimental
structures. Among the structures that are significantly dis-
tant from the ideal shapes, we are still able to identify many
as being very close to the interconversion path between two
such shapes, according to the path deviation functions de-
scribed above.


Since we have seen (Table 2) that the distances between
the low-energy eight vertex polyhedra (DD, SAPR, and
BTP) are rather small compared to the distance between
these and the rest of the polyhedra, we have classified the
structures first as belonging to either the region of the low-
energy polyhedra or to that of the other polyhedra, within a
CShM of 2.0. The structures that remain unclassified are
then analyzed to see if they are adequately described as
lying along a given polyhedral interconversion path, with a
tolerance of D(path)�0.5. The structures belonging to the
low-energy region of the shape map can then be assigned to
one of the low-energy polyhedra with a more stringent crite-
rion (S(polyhedron)�0.7) than for the other polyhedra, or
to one of their interconversion paths (within D(path)�0.3).
Once all these structures have been classified, we are left
with 12.9 % of unassigned structures that can be adequately
described neither by one of the polyhedra under consider-
ation nor as lying along their interconversion paths. The tol-
erance factors that we have applied for our classification
scheme are somewhat arbitrary, and the actual portion of
structures assigned to each polyhedron or interconversion
path can vary with a different choice. However, we obtain a
quite interesting qualitative picture (Figure 5) that is not sig-
nificantly affected by the numerical criteria used.


According to the distribution shown in Figure 5, several
interesting observations can be made: 1) A relatively small
number of structures can be unambiguously described as do-


Figure 4. Energy diagram for the d orbitals in octacoordinate environ-
ments, as predicted by the angular overlap model (up to second order).
Standard es units are used for the orbital energies.


Figure 5. Distribution of eight-vertex polyhedra among transition-metal
coordination compounds. LE refers to the “low-energy” polyhedra (DD,
SAPR, and BTP); for the other abbreviations, see Scheme 1.
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decahedral or square-antiprismatic (7.5 and 10.4 %, respec-
tively, with the numerical criteria applied here), while only
one bicapped trigonal-prismatic structure was found within
the tolerance margin adopted. 2) These low-energy struc-
tures together with intermediate geometries (labeled “other
low E” in Figure 5) and their distortions along polyhedral
interconversion paths represent a majority of the analyzed
compounds (a total of 52.7 %). 3) A substantial number of
structures are best described as being along the paths from
the hexagonal bipyramid to the low-energy structures
(24.1 %). 4) A small but nonnegligible fraction of the struc-
tures can unambiguously be identified as cubes (3.8 %) or as
hexagonal bipyramids (4.1 %).


We also analyzed the polyhedral distribution of the data
set of transition-metal complexes by electron configuration.
As expected from the distribution throughout the periodic
table discussed above (Figure 2), we found that the most
common configuration among octacoordinate compounds is
d0. Significant numbers of compounds are also found for d1,
d2, and d10 configurations, while only a few examples are
found for the remaining dn configurations. The d0 to d2 con-
figurations exhibit similar stereochemical behavior, with
most of the structures in the region corresponding to SAPR,
DD, BTP, and their interconversion paths, as illustrated in
Figure 6 a for the case of d0 compounds, although a few
nearly cubic structures are also found with this configuration
(leftmost portion of Figure 6 a) that correspond to [YIIIL2]
and [LaIIIL2], where L is a tripod[23] or a tetradentate macro-
cyclic ligand.[24] That many structures fall along the SAPR–
DD interconversion pathway can be seen in the correspond-
ing map for the d1 compounds (Figure 6 b). The trends
found for complexes of the d10 ions are clearly different
from those of the early transition metals (Figure 6 c):
1) nearly half of the structures correspond to geometries
along the CU–SAPR interconversion pathway, 2) some
26 % of the structures can be classified as hexagonal bipyra-
mids, and 3) no dodecahedral structures appear in the d10


family.


Stereochemical preferences due to ligands


Transition-metal octacyano complexes : A good example of
the structural variability of octacoordinate complexes in the
absence of constraints imposed by bi- or multidentate li-
gands is provided by the family of octacyano complexes.[13]


The sample of octacyano complexes analyzed by us is com-
posed of 59 structural data sets of 53 compounds of MoIV,
MoV, WIV, WV, NbIII, and NbIV. Their stereochemical behav-
ior is best appreciated in the SAPR–DD shape map (Fig-
ure 7 a). The molecular structures of these cyano complexes
cover practically the entire interconversion path between
these two polyhedra, and is summarized by their calculated
deviation functions (Figure 7 b).


Bidentate ligands : We have analyzed the homoleptic com-
plexes of bidentate ligands 4–6 of general formula
[M(chel)4] (chel =nitrate, dithiocarbamate, oxalate, or b-di-


ketonate), for which the number of crystallographically in-
dependent octacoordinate metal atoms found were 12, 41, 7,
and 77 (in the last case including non-transition metals), re-
spectively. The results for these compounds can be best vi-
sualized in the DD–SAPR shape map (Figure 8). The biden-


Figure 6. Shape maps for transition-metal coordination complexes with
different electronic configurations a) d0, b) d1, and c) d10. The lines shown
in the square antiprism–cube map correspond (from left to right) to the
CU–HBPY, CU–SAPR, and SAPR–OP interconversion paths, whereas
those in the dodecahedron–square antiprism maps correspond to the
SAPR–OP, SAPR–DD, and DD–CU-HBPY paths (see Figure 1).
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tate ligands with larger bites (b-diketonato 6 and oxalato 5
with normalized bites of 1.41 and 1.31, respectively, with
metals of the first transition series) appear in complexes
with dodecahedral, square antiprismatic, and intermediate


geometries. The complexes with the smaller ligands 4, such
as dithiocarbamato or nitrato (normalized bites of 1.21 and
0.96), however, appear in dodecahedral structures, albeit sig-
nificantly distorted in most cases toward the cube because
of the small size of the edges spanned by the bidentate li-
gands, and eventually reaching the cube in two cases that
correspond to the central Co atom in two nonanuclear com-
pounds,[25] coordinated by the doubly deprotonated form of
di-2-pyridyl ketone, [(2-C5H5N)2CO2]


2�, with shape measures
relative to the cube of 1.66 and 1.82.


Tripod ligands : Complexes with tripod ligands, [M(tripod)2],
with the same topology as those of 7 a–7 b are relatively
common (49 structural data sets found). The most common


shape here is the dodecahedron (76 %), but cubic structures
are also frequent (22 %), probably due to the fact that the
trigonal symmetry of these tripods is well adapted to span
three neighboring edges of the cube with a common vertex
occupied by the apex of the tripod (7 c).


Bis(tetradentate macrocycle) complexes : In the complexes
with two tetradentate phthalocyaninato (skeleton as in 8
with X=N) or porphyrinato (8 with X=CH) ligands, even
if the macrocyclic ligands are significantly corrugated, their
four N donor atoms remain coplanar, and thus sandwich
structures result that can in principle be cubic (eclipsed con-
formation of the two ligands), square antiprismatic (stag-
gered conformation), or square metaprismatic (with any in-
termediate rotation angle). The cubic and square antipris-
matic shape measures for the molecular structures of such


Figure 7. Shape measures of octacyano complexes in the DD–SAPR
shape map (a) and histogram of their deviation functions from the DD–
SAPR minimal distortion interconversion path (b).


Figure 8. Shape map for tetrakis(didentate) complexes relative to the do-
decahedron and the square antiprism. The continuous lines shown corre-
spond (from left to right) to the SAPR–OP, SAPR–DD, and DD–CU-
HBPY interconversion paths. *: small-bite bidentate ligands 4 ; &: ligands
with topology 5 ; and ~: b-diketonates 6.
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compounds are very close to SAPR, in some cases slightly
distorted along the tetragonal axis. In the case of the analo-
gous sandwich complexes with the O4 crown ligand 9, the re-
sults are similar in spite of the enhanced flexibility of the
ligand.


Complexes with hexadentate crown ethers : The hexadentate
O6-crown ligands 10 can in principle occupy six nearly co-
planar coordination positions and allow two additional li-
gands to coordinate at axial positions in [M(O6-crown)L2]
compounds with hexagonal-bipyramidal structure. This is
what is found according to their small HBPY shape mea-
sures, which lie in the range 0.2<S(HBPY)<1.6 (16 struc-
tures of 13 HgII and CdII compounds).


Octadentate encapsulating ligands : The trigonal symmetry of
the [2.2.2]cryptand ligand 11 is suitable for either an elon-
gated trigonal bipyramid (ETBP) or a cube, the latter re-
quiring a twisted ligand to provide a cubic geometry of the
donor atoms. Three such structures were found for com-
plexes of HgII, CdII, and MnII with octadentate [2.2.2]crypt-
and ligand 11,[26–28] and they all have nearly cubic geometries
with shape measures of 0.07,[28] 0.16,[3] and 1.09,[26] respec-
tively.


Tentacular octadentate ligands : We include in this category
ligands with a tetradentate macrocyclic skeleton that ex-
tends four tentacles with a donor atom at each end. Exam-
ples are the calixarenes 12 and derivatives of tetraaza mac-
rocycles such as 13. All coordination compounds with these
ligands (9 structures with ligand 12, 27 structural data sets of
21 compounds with ligand 13), including those of non-transi-
tion metal ions (e.g., rare earths, Na+ , Pb2+ , or Bi3+) have


geometries that are rather close to the interconversion path
between the cube and the square antiprism, as revealed by
their path deviation functions (D=0.08 for 13, 0.08�D�
0.32 for 12).


Summary of stereochemical preferences by ligand : The
trends found for the families of complexes with the ligands
analyzed are schematically summarized in Figure 9, where a


circle indicates a preferred polyhedron and a bar indicates
that structures are found along the path between the corre-
sponding polyhedra. However, the result for the cryptate
family should be treated with caution because of the small
number of structures found.


Less common structures : Among the structures that appear
far from the common ideal polyhedra, our shape maps have
allowed us to detect some special cases. Two interesting ex-
amples are [CeCl4(NO3)2]


2� and [Cd(NO3)4]
2�,[29] which have


gyrobifastigium geometries. Even though the corresponding
CShM values are not small (4.29 and 4.34, respectively), the
large distance between GBF and all other ideal eight-vertex
polyhedra (Table 2) makes the assignment of this shape un-
equivocal, as can be appreciated in a perspective view of the
molecular structure of the latter (Figure 10), in which its dis-
tortion from the ideal shape is also evident.


The octagonal geometry was not found for the coordina-
tion sphere of a metal atom, but we were able to find two
structures that are relatively close (the rightmost points in
Figure 3, top), corresponding to the [MAs8]


n� complexes
(M= NbV or MoVI),[30] in which the metal atom sits at the
center of a nonplanar As8 ring. Although the shape mea-
sures relative to the octagon and to the square antiprism are
rather large for these compounds (see Table 3), the path de-


Figure 9. Preferred polyhedra for different families of octacoordinate
transition-metal complexes, grouped by ligands. A circle indicates the
preferred polyhedron, a bar indicates that structures are found for the
two polyhedra at the extremes and for intermediate geometries along the
interconversion path.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1479 – 14941488


P. Alemany, S. Alvarez et al.



www.chemeurj.org





viation function shows that these structures are right on the
path that connects these two polyhedra (deviation functions
less than 0.001 in both cases). Note that the two coordina-
tion gyrobifastigia and the two compressed square anti-
prisms occupy the same region in the SAPR–CU map even
though they have two quite different shapes. Thus, the posi-
tion of a structure in a shape map provides a good hint to
the closest polyhedron but not an unequivocal assignment,
except for points that are close to the position of either of
the two polyhedra used as references in the map.


Edge-bonded polyhedra : In contrast to coordination poly-
hedra, in which the vertices are held in place through bonds
to a central atom, in the edge-bonded polyhedra,[15] the
edges correspond to chemical bonds. The most representa-
tive case among eight-vertex polyhedra is the long sought
for cubane,[31] C8H8, as well as its derivatives and Group 14
analogues with Si8, Ge8, or Sn8 skeletons. In this case all the
edges are occupied by bonds, but one can conceive poly-
hedra in which only a fraction of the edges do the job of set-
ting the vertices in place. We call these edge-deficient poly-
hedra[15] and the prototypical case is the As4S4 polyhedron
in realgar, in which only ten of the fourteen edges of a gyro-
bifastigium are occupied by As�S bonds, but which still suf-
fice to organize the eight atoms in the shape of this interest-
ing polyhedron (Figure 10, right). In this section we analyze
the shapes of these and related edge-bonded polyhedra.


Cubanes : The cubanes form a wide family of compounds,
named after the prototypic alkane C8H8, in which the eight
vertices of the skeletal polyhedron are connected by 12
direct chemical bonds. In a regular cube the edges meet to
form angles of 908, whereas vertices in cubane are occupied
by sp3 C atoms that prefer bond angles of around 1108.


Thus, it is natural to ask how cubic are cubanes? Before an-
swering that question we should distinguish the homocu-
banes, with all vertices occupied by the same element, and
the heterocubanes, M4X4, in which alternate vertices are oc-
cupied by a metal atom M and a main group element X,
such as sulfur or oxygen.


Among the homocubanes with E8 skeletons, we have re-
trieved a total of 112 structures with E=C, Al, Si, or Sn.
The low values of their shape measures relative to the cube
confirm that they are nearly perfect cubes (the CShM values
are less than 0.3, and most structures have values below
0.05). Among the transition-metal heterocubanes M4X4 we
have retrieved 171 oxocubanes (X=O) and 239 thiocubanes
(X=S). In this family, significant distortions from the ideal
cube are found. The scatterplot of the CShMs relative to
CU and TT reveal a complex stereochemical behavior
(Figure 11), with a number of structures close to the perfect


cube but also many significantly distorted cubes. Our analy-
sis of such structures in terms of continuous shape measures
reveals the presence of two main types of distortions from
the ideal cube. In the first type, exhibited by the heterocu-
banes, the M4 and X4 groups retain their tetrahedral shape,
but the two tetrahedra differ in size. Let us recall that in the
regular cube the two composing tetrahedra are of exactly
the same size, whereas the triakis tetrahedron is composed
of two tetrahedra whose center-to-vertex distances are in a
ratio of 1.218. A representation in the shape map of such a
distortion of the cube (Figure 11, continuous line) with re-
tention of the tetrahedral symmetry seems to represent the
lower limit for all possible structures, and a large number of
experimental structures are found to be practically along
that path. The second type of distortion is shown by the
large number of structures that significantly deviate from
this path. A convenient way to reveal these distortions is to
plot the deviation function of the M4X4 core from the CU–
TT path as a function of the average of the tetrahedral mea-


Figure 10. Left: Molecular structure of [Cd(NO3)4]
2�, showing its approxi-


mate gyrobifastigium (GBF) geometry. Only Cd and O atoms shown for
simplicity; the sticks do not correspond to bonds, but are shown to illus-
trate the edges of the polyhedron. Right: Gyrobifastigium structure of
As4S4 in realgar, in which the sticks now represent both chemical bonds
and polyhedral edges.


Table 3. Shape measures of two As8
8� complexes relative to the octagon


(OP) and to the square antiprism (SAPR), and path deviation functions.


Compound S(OP) S(SAPR) D(OP–SAPR)


[NbAs8]
3� 8.13 6.00 0.00


[MoAs8]
2� 9.05 5.24 0.00


Figure 11. Shape map of heterocubanes relative to the cube and the tria-
kis tetrahedron, showing the M4O4 (*) and M4S4 (~) transition-metal
compounds together with models of compounds of two tetrahedra (* and
continuous line), including a cube and a triakis tetrahedron.
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sures of its M4 and X4 fragments (Figure 12). The deviation
from that path correlates well with the deviation of the M4


and/or X4 groups from the ideal tetrahedron. In other
words, the X atoms asymmetrically bridge three M atoms
that form a face of the M4 tetrahedron.


Interesting sets of cubes are those that appear in the cen-
tral Mn4O4 core of the single-molecule magnet Mn12 com-
pounds, for which 28 structures were found by a CSD
search. A CShM analysis of these cores along the same lines
applied here for heterocubanes shows unequivocally
(Figure 13) that they are significantly distorted from a cube
and that such a distortion has to do with local asymmetry
rather than with the different sizes of the Mn4 and O4 tetra-
hedra. This type of analysis may be useful for the design of
new single-molecule magnets, since the anisotropy of the
central core is most likely transmitted toward the exterior of
the Mn12 molecule, and such anisotropy is of the utmost im-
portance in determining the quantum tunneling properties
of these spin systems.


Gyrobifastigia : The full gyrobi-
fastigium, an eight-vertex poly-
hedron (GBF, Scheme 1), has
fourteen edges. We found struc-
tural data for only one mole-
cule with fourteen bonds con-
necting eight atoms that repre-
sents a nearly perfect molecular
version of this uncommon John-
son polyhedron, namely,
[Cu8(AsSiMe3)4],[32] in which
the trimethylsilylarsenido li-
gands cap the square faces of
the gyrobifastigium as m4


bridges. However, we were able
to identify two versions of


edge-deficient gyrobifastigia (Table 4), one with ten edge
bonds, represented by the As4S4 molecules in realgar and by
related species such as P4(NR)4


[33] (Te4S4)
2+ ,[34] Sb4(SbR)4,


and derivatives of tricyclo[3.3.0.03,7]octane (14); the 16 such
structures found all have CShM values between 8.6 and 9.8,
smaller than for other reference polyhedra. The other ver-
sion has twelve of the fourteen edges formed by chemical
bonds, as found in cunneane (pentacyclo[3.3.0.02,4.03,7.06,8]oc-
tane, 15, S(GBF)=8.8)[35] (Figure 14) In all such molecules,
the fact that some edges are chemical bonds (hence short


Figure 12. Deviation of M4O4 (*) and M4S4 (~) heterocubanes from the
cube to triakis-tetrahedron interconversion path as a function of the aver-
age of the tetrahedral shape measures of the X4 and M4 fragments.


Figure 13. Deviation of the Mn4O4 core of the Mn12 single-molecule
magnet compounds from the cube to triakis-tetrahedron path as a func-
tion of the average of the tetrahedral shape measures of the Mn4 and O4


fragments.


Table 4. Some gyrobifastigia, identified as having S(GBF) smaller than shape measures relative to all other
polyhedra considered.


Refcode Compound Polyhedron Edge bonds S(GBF)


coordination sphere
BEJFAX [Ce(NO3)2Cl4]


2� Ce@O4Cl4 0 4.24
IDAWOZ [Cd(NO3)4]


2� Cd@O8 0 4.39
edge-bonded polyhedra
EBUNOE [Cu8(AsSiMe3)4] Cu8 14 0.67


realgar As4S4 10 8.44
para-realgar As4S4 10 8.36
P4S4 P4S4 10 8.72


CEPLOY P4(NtBu)4 P4N4 10 8.92
GEJMOX S4Te4


2+ S4Te4 10 8.24
NOYWAZ C8H8O2 C8 10 8.69
RESRUC cunneane, C8Me8 C8 12 8.78
supramolecular architectures
YUBLAI [Mn8Sb4(m-O)4(m-EtO)20] Mn8 0 0.33
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distances) and some others are not bonded (long distances)
means that the regularity is perforce lost, and large CShM
gyrobifastigium values result. In spite of such large CShM
values relative to the gyrobifastigium, they are still signifi-
cantly smaller than those referred to all other analyzed poly-
hedra, consistent with their clear gyrobifastigium topology
and symmetry.


Square antiprisms : The square antiprism is nicely realized in
a Ga8(fluoren-9-yl)8 cluster[36] in which the 16 edges are
formed by Ga�Ga bonds. Its small deviation from the ideal
SAPR (CShM of 0.22) reflects the differences in distances
between the bonds forming the square faces (2.516(5) �)
and those linking these two faces (2.713(5) �). Although the
square antiprism is not a common geometry among transi-
tion-metal clusters, the use of the continuous shape mea-
sures allowed us to easily identify three examples with
nearly perfect square-antiprismatic structure, namely, Ni8,


[37]


Ru8,
[38] and Co8


[39] cores that have CShMs relative to the
SAPR of 0.14, 0.12, and 0.36, respectively.


Octanuclear clusters and supramolecular architectures : In
this case, our experimental data come from compounds (in
the CSD) with eight transition-metal atoms. A shape map of
these structures (Figure 15) reveals more geometric diversity
than found among eight-vertex coordination complexes, as
seen by comparing the scale of this map with those in Fig-
ures 3 and 6. In the present map, one can identify at first
sight a structure that is nearly linear, which corresponds to a
mixed-valent tetramer of Pt dimers with acetamido
bridges,[40] whose CShM value relative to a regularly spaced
linear chain of eight atoms is 0.55, which reflects alternating
Pt�Pt distances and zig-zag deviation from linearity. In addi-
tion, the identification of, for example, the structure of the
best molecular gyrobifastigium[41] (Table 4), [Mn8Sb4(m-
O)4(mEtO)20] (CShM =0.33), as well as a variety of octago-
nal M8 groups, such as Cr8 in [Cr8F8(pivalato)16]


[42]


(Figure 16), are good examples of the stereochemical diver-
sity. A variety of square antiprismatic and dodecahedral
structures are found in our reference structural set, with
varying degrees of distortion from the ideal polyhedra. An-
other interesting case of octanuclear architecture is that of
the FeMo cofactor in nitrogenase, which forms a Fe7Mo
cluster[43] with nearly perfect J-ETBP geometry (CShM=


0.02).


Inorganic solids : In this section we present an analysis of
the atomic coordination geometry in several representative


structures of extended solids. As expected, for structures in
which the cations occupy a crystallographic site with strictly
cubic symmetry, such as the rock salt and fluorite structures,
the cubic shape measures are zero within numerical accura-
cy, as seen in Table 5 for such compounds as CsCl, NaTl,
CaF2, ScH2, UO2, and ThO2.


Although in most cases the polyhedral classifications re-
flected in the classical review of Lippard[11] are confirmed
and put on a quantitative scale by our shape measures, the
earlier description of some of those structures is clearly
changed when a proper continuous shape measure analysis
is carried out. This is the case for ZrF4 and ZrOCl2·8 H2O,
for which a square antiprismatic structure was proposed, yet


Figure 14. Gyrobifastigium-like carbon skeleton of cunneane, pentacy-
clo[3.3.0.02,4.03,7.06,8]octane, as found in its octamethyl derivative.[35]


Figure 15. Shape map relative to the cubic and square antiprismatic
shape measures of octanuclear transition-metal compounds, differentiat-
ing those that are connected in a cyclic way (~) from those that are not
(*). Some reference polyhedra are indicated by solid squares (see
Scheme 1 for abbreviations).


Figure 16. Supramolecular octogonal architecture of the Cr8 group in a)
[Cr8F8(pivalato)16] and b) gyrobifastigium of the Mn8 skeleton in
[Mn8Sb4(m-O)4(m-Et)20].[41, 42]
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we find their dodecahedral shape measures (0.60 and 0.63,
respectively) to be much smaller than the corresponding an-
tiprism measures (2.49 and 2.23, respectively). Another in-
teresting case is that of HfF4·3 H2O, which was classified as a
square antiprism, whereas our shape measures of
S(SAPR) =1.03 and S(DD)=1.85 point to significant distor-
tion from the antiprism. The deviation function from the
DD–SAPR interconversion path for this compound gives a
practically negligible value (0.005) and clearly classifies such
a coordination polyhedron as intermediate between the do-
decahedron and the square antiprism, albeit slightly closer
to the antiprism. It is easy to find the bicapped trigonal
prism as a coordination polyhedron among solid-state com-
pounds (see Table 5), but these deviate significantly from
the ideal polyhedron because of the existence of element–el-
ement bonds between some of the vertices. For example, in
CrAs2 the As atoms form (As0)8 layers of fused hexagons
and (As�)8 chains. Thus, there are three quite different
edges of the BTP coordination polyhedron (Figure 17):


those of the capping triangular
faces that correspond to As�As
bonds (ca. 2.7 �), the edges of
the tetragonal faces bridged by
As3 moieties (ca. 3.3 �), and
the edges corresponding to the
bases of the trigonal prism,
which are nonbonded As···As
distances (ca. 3.7 �), and the
resulting significant distortion
from the ideal Johnson poly-
hedron is reflected in an
S(J-BTP) value of 2.71.


An apparently uncommon
shape that we can find among
the solids is the ETBP, as in
ReB2, which is also uncommon
among the octacoordinate
structures in molecular com-
plexes discussed above. The
large CShM value found for the
coordination sphere of Re in
this compound relative to the
Johnson polyhedron, S(J-
ETBP) =6.86, results because it
is much closer to the spherical


version of the elongated trigonal bipyramid with all Re�B
distances the same (see Table 5). However, even if we use
only the Johnson reference polyhedron, the comparison of
this CShM value with the shape measures relative to all
other reference polyhedra, all of which exceed 20 units,
clearly shows that the geometry of the ReB8 core is ETBP.


An illustrative example of how a combination of continu-
ous shape measures and path deviation functions can pro-
vide an excellent stereochemical description of the coordi-
nation sphere of a given atom in an extended solid can be
found in Y2Ti2O7. In this compound, the Y atom is coordi-
nated by eight oxygen atoms. Its smallest shape measures
relative to eight-vertex polyhedra are those for the cube
(2.10) and the hexagonal bipyramid (2.93). Since these
values are still large enough to indicate significant distortion
from either ideal shape, we look at its deviation from the
corresponding interconversion path, whose small value
(0.08) allows us to describe its geometry as intermediate be-
tween the cube and the hexagonal bipyramid.


Another example is provided by the garnet structure, as
pointed out by O�Keeffe and Hyde.[1] Garnets have the gen-
eral formula AII


3 MIII
2 (SiO4)3, where AII can be Ca, Sc, Mg,


Fe, or Mn, and MIII can be Al, Cr, or Fe. These authors
stressed that the coordination geometry of the AII ions in
the garnet structure is described by different authors as a
“skew cube”, a “distorted square antiprism”, or a “distorted
dodecahedron”. Let us see how the continuous shape meas-
ures can handle such a situation. To that end, we analyzed
the alkaline earth coordination sphere in a sample of garnet
structures (Table 6). In none of these cases do the shape
measures allow one to unequivocally assign an ideal poly-


Table 5. Shape measure of the closest polyhedron for a sample of octacoordinate atoms in extended solid
state structures.


Atom Compound CShM Atom Compound CShM


cube: CU bicapped trigonal prism: J-BTP (s-BTP)
Cs CsCl 0.00 C Fe3C 0.26 (0.83)
Na NaTl 0.00 Ta TaAs2 2.53, 2.68 (1.69)
Ca CaF2 0.00 Mo MoAs2 2.63 (1.83)
Sc ScH2 0.00 Os OsGe2 2.64 (1.87)
U UO2 0.00 Cr CrAs2 2.71 (1.78)
Th ThO2 0.00 V VP2 2.78 (1.95)


Cr CrP2 2.93 (2.07)
W WP2 3.09 (2.16)


elongated trigonal pyramid: s-ETBP
Re ReB2 0.03


dodecahedron: DD square antiprism: SAPR
Zr ZrF4 0.60 Zr Zr(IO3)4 0.08
Zr ZrOCl2(H2O)8 0.63 Ta Na3TaF8 0.14
Zr Li6BeF4ZrF8 0.89 Hf HfF4 0.22
Zr Zr(SO4)2·5H2O 0.91 Re K2ReF8 0.27
Os Os4Sn17 1.35 Cu CuAl2 0.34
Zr ZrSiO4 1.67 Nb NbSn2 0.42
Ti Ti(NO3)4 2.00 Rh RhSn3 0.45


snub disphenoid: SD Co CoIn2 0.76
C ScC3 0.51 Zr K2ZrF6 0.83


Hf HfF4·3 H2O 1.03
Hf HfGe2 2.89


Figure 17. BTP coordination sphere of the Cr atom in CrAs2. The black
cylinders correspond to chemical bonds, whereas the striped ones are
only shown to highlight the coordination polyhedron.
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hedral shape to the AO8 core, as seen by CShM values rela-
tive to the cube, the square antiprism, and the dodecahe-
dron between 2.4 and 4.7 (Table 6). However, in all cases
the deviation functions from the CU–SAPR path have small
enough values (the largest deviation from that path is 0.12)
to indicate that the coordination polyhedra are well de-
scribed as intermediate between the cube and the square an-
tiprism, also called square metaprisms. Interestingly, in the
analyzed garnets there is little variation in the degree of dis-
tortion from the cube. Another interesting observation for
the cases of andradite and grossular, for which X-ray diffrac-
tion structures have been reported at different tempera-
tures,[44] is that the AO8 metaprisms rotate toward the cube
as the temperature is lowered (Figure 18).


Conclusion


We have adopted eleven eight-vertex polyhedra as reference
shapes to gauge the stereochemisry of a variety of molecular
structures and substructures by using continuous shape
measures. In the shape space, there is a region in which sev-
eral such polyhedra are grouped: the triangular dodecahe-
dron, the snub disphenoid, the square antiprism, and the bi-
capped trigonal prism, coincident with the polyhedra that
were classified by Muetterties as low-energy geometries for
coordination compounds. In another region we find the


cube and the triakis-tetrahedron, and all the remaining ideal
polyhedra are scattered at large distances from these two re-
gions and from each other: the hexagonal bipyramid, the gy-
robifastigium, the elongated trigonal bipyramid, the heptag-
onal pyramid, and the octagon.


For some polyhedra there is no unique definition of ideal-
ity. In these cases we chose two alternative reference
shapes: the Johnson polyhedra, wherein all edges have the
same length but different distances from vertex to center,
and the spherical polyhedra, in which all such distances are
identical but not all the edges are equal. According to our
analysis of several families of compounds, we conclude that
the Johnson polyhedra seem best suited to define the geo-
metries of clusters and supramolecular architectures, where-
as their spherical counterparts are more adequate to de-
scribe atom coordination spheres.


The analysis of the experimental structures of transition-
metal coordination compounds indicates that octacoordina-
tion is most common among the early second- and third-row
transition metals and for Zn and Cd. Their stereochemical
distribution is dominated by the low-energy polyhedra (DD,
BTP, and SAPR), intermediate geometries, and geometries
along the path from those polyhedra toward the HBPY.
Small but significant numbers of structures correspond to
cubes (3.8%) and hexagonal bipyramids (4.1 %). The stereo-
chemical preferences show some differences for the metal
ions with d0 to d2 electron configurations and those with the
d10 configuration. While the former are scattered around the
low-energy polyhedra, with some clearly tracing the SAPR–
DD interconversion path, the latter are not found in do-
decahedral geometry. Some structures of coordination com-
plexes were also classified according to their ligands, and
the stereochemical preferences that emerge are schematical-
ly summarized in Figure 9.


The homocubanes of C, Al, Si, or Sn are nearly perfectly
cubic. In contrast, significant distortions from the cube can
be found among the M4X4 heterocubanes, which can be at-
tributed either to the combination of M4 and X4 nearly-per-
fect tetrahedra of different sizes or to the deviation of one
or both of these components from tetrahedricity.


Studying the shape measures of the coordination spheres
of metal atoms in ionic solids allowed us to detect in some
cases imprecise assignments of coordination polyhedra. For
example, application of the path deviation functions showed
that the Y atom in Y2Ti2O7 lies precisely along the path
from the cube to the hexagonal bipyramid, at similar distan-
ces from these two ideal polyhedra. Similarly, the coordina-
tion environment of the divalent ions in the garnet struc-
tures can be precisely described as square metaprisms, inter-
mediate between the cube and the square antiprism.


In summary, we have shown that we can describe within
the same framework of continuous shape measures and path
deviation functions the structures of a wide variety of eight-
vertex chemical systems in an accurate way. We have also
shown how easily one can detect unusual structures at a
glance in a shape map. Thus, we have identified several
structures that are nicely described by the thus far neglected


Table 6. Shape measures and path deviation functions for the coordina-
tion sphere of the divalent cation in some garnets.


Garnet CU SAP DD D(CU–SAP) D(CU–DD)


almandine 2.59 3.44 3.04 0.04 0.18
andradite 2.73 3.28 3.05 0.03 0.20
blythite 2.58 3.35 3.01 0.02 0.17
calderite 2.60 3.33 3.02 0.02 0.18
grossular 2.87 3.36 3.12 0.05 0.22
kaotite 2.56 4.72 3.82 0.12 0.25
knorringite 2.48 3.43 3.01 0.02 0.16
majorite 2.45 3.44 3.03 0.02 0.16
pyrope 2.64 3.41 3.04 0.03 0.18
skiagite 2.53 3.39 3.02 0.02 0.17
uvarovite 2.84 3.27 3.08 0.04 0.21


Figure 18. Changes in the cubic shape measure of the CaII environment
in andradite as a function of temperature.
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gyrobifastigium, as in two coordination compounds,
[Ce(NO3)2Cl4]


2� and [Cd(NO3)4]
2�, in the As4S4 realgar


structure, in some inorganic and organic analogues such as
cunneane, in a Mn8 supramolecular compound, and in a Cu8


cluster. Similarly we identified a Cr8 octagon and the geo-
metries of two [MAs8]


n� compounds, intermediate between
the octagon and the square antiprism, square antiprismatic
structures of Ga8, Ni8, Ru8 or Co8 clusters, and a nearly per-
fect elongated trigonal bipyramid in the Fe7Mo cluster of ni-
trogenase.
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7Li, 31P, and 1H Pulsed Gradient Spin-Echo (PGSE) Diffusion NMR
Spectroscopy and Ion Pairing: On the Temperature Dependence of the Ion
Pairing in Li(CPh3), Fluorenyllithium, and Li[N(SiMe3)2] amongst Other
Salts


Ignacio Fern�ndez, Elo�sa Mart�nez-Viviente, Frank Breher, and Paul S. Pregosin*[a]


Introduction


Lithium reagents are widely used in both preparative inor-
ganic and organic chemistry.[1] Regrettably, it is often the
case that differing degrees of solvation and aggregation of
the various lithium salts complicate the structural picture;
for example, tert-butyllithium can be a monomer, a dimer,
or a tetramer.[2] Since the chemistry of many lithium species
depends on the details of the interaction between the lithi-
um cation and the solvent,[3] understanding the solution
structure of different lithium reagents is important for ra-
tionalizing and predicting their reactivity and selectivity.


The measurement of diffusion constants by pulsed gradi-
ent spin-echo (PGSE) NMR methods[4,5] has recently at-
tracted increasing interest, as this technique provides data


on molecular volumes and thus indirectly on molecular
weights.[6] Several groups have used this approach to detect
higher aggregation in, for example, a zirconium-based poly-
merization catalyst,[7] a CuI cluster catalyst precursor,[8] and
an iron-based dendrimer,[9] as well as in the characterization
of Pt molecular squares,[10] among others.[11,12] For salts of
transition metals, 1H NMR (and 19F NMR) PGSE diffusion
measurements on the cation and anion can provide insight
into how these charged species interact. The diffusion con-
stants derived for the individual cations and anions directly
reflect interactions such as ion pairing between these spe-
cies.[13–16] Ion pairing can prove both helpful[17] and detrimen-
tal[18] to the activity of different homogeneous catalysts. Nat-
urally, the diffusion constants D will be strongly solvent-de-
pendent[19] and, to a lesser extent, concentration-depen-
dent.[20]


The combination of 7Li NMR and PGSE methods is still
relatively rare.[21,22] We note only two applications[21a,b] in-
volving lithium diffusion studies in organometallic lithium
carbanion chemistry. One of these (on n-butyllithium) in-
volved the DOSY[21b] (diffusion-ordered NMR spectroscopy)
and not PGSE methodology. We have recently communicat-
ed 7Li PGSE results in connection with structural problems
in lithium phosphide chemistry.[23] We report here a series of
ambient- and low-temperature 7Li, 31P, and 1H PGSE NMR


[a] I. Fern�ndez, E. Mart�nez-Viviente, Dr. F. Breher,
Prof. Dr. P. S. Pregosin
Laboratory of Inorganic Chemistry, ETHZ HCI Hçnggerberg 8093
Zurich (Switzerland)
E-mail : pregosin@inorg.ethz.ch


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Eight figures
showing 1H and 7Li PGSE results (without a correction for the gyro-
magnetic ratio), and a gHMQC correlation for 13 at 173 K with one
figure.


Abstract: 7Li, 31P, and 1H variable-tem-
perature pulsed gradient spin-echo
(PGSE) diffusion methods have been
used to study ion pairing and aggrega-
tion states for a range of lithium salts
such as lithium halides, lithium carb-
anions, and a lithium amide in THF
solutions. For trityllithium (2) and
fluorenyllithium (9), it is shown that
ion pairing is favored at 299 K but the
ions are well separated at 155 K. For 2-


lithio-1,3-dithiane (13) and lithium
hexamethyldisilazane (LiHMDS 16),
low-temperature data show that the
ions remain together. For the dithio
anion 13, a mononuclear species has
been established, whereas for the lithi-


um amide 16, the PGSE results allow
two different aggregation states to be
readily recognized. For the lithium hal-
ides LiX (X = Br, Cl, I) in THF, the
7Li PGSE data show that all three salts
can be described as well-separated ions
at ambient temperature. The solid state
structure of trityllithium (2) is de-
scribed and reveals a solvent-separated
ion pair formed by a [Li(thf)4]


+ ion
and a bare triphenylmethide anion.


Keywords: aggregation · diffusion ·
lithium · NMR spectroscopy · X-ray
diffraction
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results on both simple lithium salts and several organolithi-
um species in solution in THF. These new data, when com-
bined with X-ray crystallography, provide novel insight into
the question of ion pairing and, in general, on how solvated
lithium cations interact with selected inorganic and organo-
metallic anions.


Results and Discussion


Lithium halides : To begin with we consider the lithium ha-
lides, LiX. A vapor pressure osmometric study for LiCl sug-
gests a ratio MWapparent/MWreal of 1.83.[24] A crystal structure
of [(LiCl)4(hmpa)4], (hmpa = hexamethylphosphoramide,
P(O)(NMe2)3), has been reported;[25] however, the reaction
of lithiated catechol with [W(O)Cl4] produced LiCl as a side
product that crystallizes as the dinuclear species, [(thf)2Li(m-
Cl)2Li(thf)2].[26] Furthermore, Reich and co-workers[27] cate-
gorize lithium chloride as a sturdy dimer according to
HMPA titrations. Consequently, there is some question with
respect to the structure of this simple salt.


LiBr is thought to contain about 80 % monomeric species
and 20 % higher aggregates in THF (MWapparent/MWreal =


1.23).[24] LiI is considered to be monomeric in THF at room
temperature.[24] Moreover, [LiI(thf)3], obtained from the re-
action of LiH and iodine in THF, has a mononuclear struc-
ture in the solid state.[28]


To shed further light on the nature of these lithium halide
interactions, we measured 7Li PGSE NMR spectra for LiCl,
LiBr, and LiI as 60 mm solutions in THF.[29] Table 1 and


Figure 1, which show the D values and diffusion data for
these, reveal that the cations of all three salts afford identi-
cal D values within the experimental error. The observed
7Li chemical shifts are in agreement with ionic Li+ and the
narrow 7Li+ line widths suggest a symmetric environment
for this metal cation in all three salts. Clearly, the tetrasolvat-
ed cation is the most stable in THF. The hydrodynamic radii
rH, shown in Table 1, were obtained by using the experimen-


tal D values together with the Stokes–Einstein equation,[30]


and suggest a relatively small solvated cation, such as
[Li(thf)4]


+ . The viscosity of the (nondeuterated) THF at
room temperature was taken from the literature.[31]


Although the local environment about the lithium center
is clear, the nature of the solvated halogen remains open. To
shed some light on this we have measured the 35Cl NMR
spectrum of a LiCl solution in THF (Figure 2), along with


Table 1. D [�1010 m2 s�1] and rH [�] values[a] for LiX in THF at ambient
temperature.


Nucleus D[b] rH
[c] r[d] d (7Li) Dn1/2


LiCl 7Li 11.1 4.3 4.7 0.48 2.2
LiBr 7Li 11.1 4.3 4.7 0.59 2.4
LiI 7Li 11.2 4.3 4.7 0.48 2.2
HMPA 31P 15.3 3.1 3.0


1H 15.3 3.1
LiCl + HMPA 7Li 9.87 4.8 0.36 3.8


1H 14.9 3.2 3.0
31P 14.9 3.2


LiCl (20 mm) 7Li 11.4 4.2
LiCl (60 mm) 7Li 11.1 4.3
LiCl (100 mm) 7Li 10.8 4.4


[a] 60 mm solutions, unless otherwise stated. [b] Experimental error is
about �2%; about �0.06 10�10 m2 s�1. [c] Standard deviation is about
�0.1 �. [d] Estimated by using Chem3D, by averaging the distances be-
tween the centroid and the outer hydrogen. h (THF, 299 K) =


0.461 Kgs�1 m�1.


Figure 1. Plot of the ln(I/Io) versus arbitrary units proportional to the
square of the gradient amplitude for 7Li PGSE NMR diffusion measure-
ments on 60 mm LiX (X = Cl, Br, and I) samples at ambient tempera-
ture in THF (7Li: d = 4 ms; D = 70 ms).


Figure 2. 35Cl NMR spectra (48.99 MHz) at 299 K for 60 mm solutions of
a) LiClO4 in D2O, d = 962.5 ppm, b) LiCl in D2O, d = �45.0, and c)
LiCl in [D8]THF d = �93.2 ppm. General conditions: spectral width =


19596 Hz; repetition delay = 100 ms; 1024 scans; 12 min per spectrum.
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two model measurements for 60 mm solutions of Li(ClO4)
and LiCl in water. The marked increase, relative to the
aqueous model salts, of the 35Cl line width in THF to 362 Hz
suggests that the chloride is no longer in a symmetric envi-
ronment, perhaps owing to a small percentage of ion pair-
ing.[32]


Table 1 also shows the concentration dependence of the D
values for samples of LiCl in the 20–100 mm range. The de-
crease in the diffusion coefficient when the concentration is
increased (ca. 7.7 %) arises from both aggregation and sol-
vent viscosity effects and is in the range observed by us pre-
viously.[20,33]


HMPA is a highly polar, aprotic solvent that has been em-
ployed as an additive in lithium chemistry.[34,35] Its usefulness
stems from its ability to strongly coordinate the amide
oxygen atom to lithium to afford [Li(hmpa)n]


+ . The various
7Li, 1H, and 31P PGSE data for 60 mm solutions of lithium
chloride containing 12 equivalents of HMPA at ambient
temperature in THF are also given in Table 1. The agree-
ment between the 1H and 31P PGSE data provides a check
on the reliability of the 7Li results in that these nuclei reside
within the same cation, assuming HMPA complexation.


The coordination of the larger HMPA, in place of THF,
to the lithium center slows the translation of the lithium
cation and produces a decrease in the 7Li D value (DD =


�1.23 � 10�10 m2 s�1). Because of equilibrium effects, the
movement of the HMPA is slowed as well. As expected, the
1H, 7Li, and 31P NMR spectra all show single resonances,
owing to facile ligand exchange at ambient temperature.


To suppress the dynamics, a 60 mm solution of LiCl in
THF (without HMPA) was cooled to 155 K and studied. De-
creasing the temperature had only a small effect on the ap-
pearance of the 1D 7Li NMR spectra for the lithium chlo-
ride/THF sample. The observed 7Li line width at 155 K,
Dn1/2 = 4.1 Hz, is only slightly larger than that found at
299 K, Dn1/2 = 2.2 Hz. The D value at 155 K (see Table 2) is
much smaller, owing to the increased solution viscosity;
however, as this viscosity value has been estimated previous-
ly,[23] the radius rH, calculated from the Stokes–Einstein
equation,[30] indicates that the lithium environment is un-
changed relative to the ambient-temperature diffusion data.


For the LiCl sample with 12 equivalents of HMPA at
155 K, Figure 3 shows two 7Li signals, d = 0.14 and
�0.18 ppm. The low-frequency resonance appears as a re-


solved quintet (2J(P, Li) = 7.6 Hz) owing to the spin-spin
coupling of the four 31P atoms of the coordinated HMPA,
and thus can be assigned to the [Li(hmpa)4]


+ ion 1. The re-
maining signal arises from solvated LiCl. Below 173 K, the
1H NMR spectrum of this sample reveals two methyl reso-
nances at d = 2.74 and 2.68 ppm, with the higher frequency
signal corresponding to coordinated HMPA. The 31P NMR
spectrum shows a new signal at d = 27.36 ppm (2JP,Li =


7.6 Hz), which is assigned to the [Li(hmpa)4]
+ ion 1. The


corresponding 31P,31P 2D exchange spectrum (Figure 4a)
clearly shows that, despite the observed multiplicity on the
high-frequency signal, the solvent HMPA is still exchanging
with the complexed HMPA at 155 K. Figure 4 b shows an
1H,31P gHMQC spectrum, which permits the assignment of
the methyl groups in the complexed HMPA.


Table 2 also provides data from the 1H, 7Li, and 31P PGSE
measurements at 155 K for the HMPA sample, as well as
data for the 60 mm reference solution of HMPA. From these
low-temperature data we calculate an rH value of about
7.7 � in THF for the [Li(hmpa)4]


+ ion. The solid-state struc-
ture of [Li(hmpa)4]


+ has been described.[36] From these X-
ray data one can estimate the rotational radius[37] to be
about 6.7 �. This discrepancy is to be expected, as the solid-
state r value does not involve a solvent shell. In any case the
PGSE results confirm the simple mononuclear cationic
structure in solution.


Lithium triphenylmethane (2): Lithium triphenylmethane,
LiCPh3 2, has been studied previously by UV spectrosco-
py,[38] various NMR methods,[39] and X-ray crystallography.[40]


These studies demonstrate that the LiCPh3 salt should be
considered as a solvent-separated salt in solution, and that


Table 2. D [�1010 m2 s�1] and rH [�] values[a] in THF at 155 K.


Nucleus D[b] rH
[c] r[d] d (7Li) Dv1/2


LiCl 7Li 0.252 4.3 4.7 0.55 4.1
HMPA 1H 0.351 3.1 3.0


31P 0.350 3.1
LiCl + HMPA


Solvated LiCl 7Li [e] 0.14 14.6
1H[f] 0.351 3.1
31P[f] 0.352 3.1


[Li(hmpa)4]
+ , 1 7Li 0.142 7.7 6.7 �0.18 17.6


1H 0.142 7.7
31P 0.140 7.8


[a] 60 mm solutions. [b] Experimental error is about �2 %. [c] Standard
deviation is about �0.1 �. [d] Estimated by using Chem3D, by averaging
the distances between the centroid and the outer hydrogen. [e] Not ob-
tained. [f] Free HMPA. h (THF, 155 K) = 10.431 � 10�3 Kg s�1 m�1.


Figure 3. Variable-temperature 7Li NMR of a 60 mm LiCl solution in
THF with 12 equivalents of HMPA added (155.45 MHz).
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decreasing the temperature generally favors the separated
ions.[41] However, Bauer and Lochmann[42] report a 7Li,1H
HOESY contact for this salt (0.35 m) in THF at room tem-
perature, which implies some (perhaps only brief) contact.


Table 3 shows our 1H and 13C NMR data for LiCPh3 at
299 K in THF. These data are in good agreement with those
reported by Sandel and Freedam,[39a] and later by Jackman


et al.[39b] The 13C chemical shift
of the anionic carbon, d =


90.1 ppm, is found at higher fre-
quency than that of the sp3-hy-
bridized precursor, d =


57.3 ppm, in analogy with the
known 13C data for the ipso-
carbon atom of phenyllithium[43]


and other metalated phenyl de-
rivatives.[44] The low-frequency
shift of C-4 is consistent with
delocalization of some negative
charge into the phenyl rings.


Tables 4 and 5 show the
PGSE results for 60 mm solu-
tions of LiCPh3 and HCPh3 in
THF at both ambient tempera-
ture and 155 K. The equiva-
lence of the experimental D


values for both the cation and anion in LiCPh3 at 299 K in-
dicates strong ion pairing. Moreover, the calculated rH value
of 6.4 � is much larger than that expected for either the iso-
lated [Li(thf)4]


+ ion or the triphenylmethide anion. Our
PGSE data do not allow us to distinguish between a contact
ion pair (CIP) with, perhaps, fewer than four THF solvent
molecules, and a solvent-separated ion pair (SSIP). Howev-


Figure 4. a) 2D 31P,31P EXSY NMR (161.92 MHz) and b) 2D gHMQC (400.13 MHz) of the 60 mm sample LiCl
plus HMPA in THF at 155 K. The [Li(hmpa)4]


+ ion is indicated as 1.


Table 3. 1H and 13C NMR data[a] for LiCPh3, LiC13H9, Li(2-Ph)C9H7, and LiC4H7S2 in THF at 299 K.


Site 1H JH,H
13C


LiCPh3 2


1
2
3
4
5


–
–
7.40 (7.20)
6.60 (7.34)
6.04 (7.26)


–
–
8.6, 1.2
8.6, 7.0
7.0, 1.2


90.1 (57.3)
149.7 (144.6)
123.8 (129.7)
127.5 (128.4)
112.5 (126.4)


LiC13H9 9
1, 8
2, 7
3, 6
4, 5
4a
8a
9


7.37 (7.62)
6.87 (7.35)
6.50 (7.43)
7.98 (7.90)
–
–
5.98 (3.97)


8.0, 0.9
8.0, 6.6, 1.1
7.7, 6.6, 0.9
7.7, 1.1
–
–


116.1 (125.2)
119.0 (126.9)
108.1 (126.9)
118.6 (120.0)
123.2 (143.6)
137.7 (142.2)


65.8 (36.9)


Li(2-Ph)C9H7 10
1, 3
2
4, 7
5, 6
3a, 7a
8
9
10
11


6.38 (3.91, 7.40)
–
7.30 (7.44, 7.55)
6.44 (7.31, 7.23)
–
–
7.79 (7.80)
7.22 (7.45)
6.93 (7.33)


–


–
–
8.4, 1.4
8.4, 7.2
7.2, 1.4


88.2 (39.0, 126.6)
128.6 (136.5)
117.2 (121.0, 123.7)
111.58 (126.7, 124.9)
129.5 (145.8, 143.6)
141.2 (146.8)
128.6 (125.8)
129.5 (128.8)
120.5 (127.6)


LiC4H7S2 13


2
4,6
5


2.75 (3.79)
2.33 (2.81)
2.07 (2.03)


25.5 (27.1)
33.6 (31.7)
30.8 (29.9)


[a] The spectral data for the neutral precursor are given in parentheses.
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er, we note that the 7Li line width is only slightly broader
(Dn1/2 = 10.2 Hz) than that of the [Li(thf)4]


+ ion as a Cl�


salt (Dn1/2 = 2.2 Hz), suggesting that the local symmetry at
the lithium ion has not changed drastically.


The low-temperature NMR measurements for 2 were
both informative and surprising. In contrast to many organo-
lithium compounds, the methanide 13C chemical shift


changes by less than 1 ppm be-
tween 298 and 155 K. Further,
the absence of a detectable
13C,7Li coupling constant over
the whole range of tempera-
tures strongly suggests an ionic,
as opposed to a covalent, inter-
action between these two
atoms. The 7Li line width, Dn1/2


= 2.6 Hz, is even smaller than
that observed at ambient tem-
perature (Dn1/2 = 10.2 Hz), de-
spite the more viscous solvent,
which suggests tetrahedral sym-
metry at the lithium atom.


The 1H and 7Li PGSE data at
155 K show differing rates of
translation for the lithium and
triphenylmethide moieties and
thus smaller and different rH


values of 4.9 and 4.2 �, respec-
tively. These results imply little
or no interaction between these
ions at this temperature. The
cation and anion are translating
independently (thus explaining
the smaller line width of the
lithium signal) with the 4.9 �
value in good agreement with
our expectation for the
[Li(thf)4]


+ ion. It would appear
that, at low temperature in
THF solution, mobile ions are
favored, whereas at ambient
temperature the ions pair
strongly. There is no tempera-
ture at which covalent bonding
between the Li and the anionic
carbon is preferred. We shall
offer an explanation for this
temperature dependence after
discussing all of the remaining
salts.


We have found three X-ray
structures in which a Li(CPh)3


moiety is involved.[40] Com-
pounds 3 and 4 were crystal-
lized from Et2O and n-hexane
solution, respectively. Complex
5 was prepared from THF using


two moles of crown ether per mole of triphenyl derivative.
The solid-state structure of LiCPh3 prepared from THF is
not known.


To complement the diffusion data for LiCPh3, we allowed
HCPh3 to react with nBuLi in THF at �30 8C for 60 min.
Addition of n-pentane to the red solution, followed by stor-
age overnight at RT, afforded air-sensitive crystals of


Table 4. D [� 1010 m2 s�1] and rH [�] values[a] in THF at 299 K.


Nucleus D[b] rH
[c] r[d] d (7Li) Dn1/2


LiCPh3 2 7Li 7.40 6.4 �0.45 10.2
1H 7.38 6.4


HCPh3
1H 12.5 3.8 4.0


LiFlu 9 7Li 8.85 5.4 �1.44 13.8
1H 8.81 5.4


HFlu 1H 17.44 2.7 3.2
LiInd 10 7Li 8.89 5.3 �3.24 5.0


1H 9.16 5.2
HInd 1H 15.96 3.0 3.9
HDith 1H 20.17 2.4 2.6
LiHMDS 16 7Li 11.4 4.2 0.78 11.0
60 mm


1H 11.3 4.2
LiHMDS[e] 16 7Li 9.51 5.0 1.10 32.6
600 mm


1H 9.55 5.0
HMDS 16.7 2.8 3.2
TMSS 10.9 4.3 4.4


[a] 60 mm solutions unless otherwise noted. [b] Experimental error is about �2%. [c] Standard deviation is
about �0.1 �. [d] Estimated by using Chem3D, by averaging the distances between the centroid and the outer
hydrogen. [e] Measurements obtained in a 0.6 m sample using a coaxial NMR tube (ID = 1.96 mm; OD =


2.97 mm) separated by a spacer. h (THF, 299 K) = 0.461 � 10�3 Kg s�1 m�1.


Table 5. D [�1010 m2 s�1] and rH [�] values[a] in THF at 155 K.


Nucleus D[b] rH
[c] r[d] d (7Li) Dn1/2


LiCPh3 2 7Li 0.224 4.9 �0.41 2.6
1H 0.258 4.2


HCPh3
1H 0.282 3.9 4.0


LiFlu 9 7Li 0.223 4.9 �1.13 2.8
1H 0.253 4.3


HFlu 1H 0.396 2.8
LiDith[e] 13 7Li 5.23 4.4 0.11 3.6
252 K 1H 5.22 4.4
HDith[e] 1H 9.31 2.4 2.6
252 K
LiDith 13 7Li [f] 0.16 19.5


1H 0.245 4.5
HDith 1H 0.447 2.4 2.6
LiHMDS[e,g] 16
mononuclear 7Li 5.14 4.3 0.66 8.5
250 K 1H 5.17 4.3
dinuclear 7Li 4.32 5.3 1.33 9.8
250 K 1H 4.26 5.3
HMDS[e,g] 1H 7.83 2.8 3.2
250 K
TMSS 1H 0.233 4.3 4.4


[a] 60 mm solutions unless otherwise noted. [b] Experimental error is about �2%. [c] Standard deviation is
about �0.1 �. [d] Estimated by using Chem3D, by averaging the distances between the centroid and the outer
hydrogen. [e] A coaxial NMR tube (ID = 1.96 mm; OD = 2.97 mm) separated by a spacer was used. [f] Not
obtained. [g] 0.60 m ; h (THF, 155 K) = 10.431 � 10�3 Kgs�1 m�1; h (THF, 250 K) = 0.825 � 10�3 Kg s�1 m�1; h


(THF, 252 K) = 0.801 � 10�3 Kgs�1 m�1.
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[{Li(THF)4}(CPh3)] 2 suitable for X-ray diffraction (see
[Eq. (1)]). Compound 2 is quite stable for several weeks in
the absence of air or moisture.


The X-ray crystal structure determination[45] of 2
(Figure 5) supports the description of the proposed solvent-
separated ion pair (SSIP) in which one half of the “free”
Ph3C


� carbanion, as well as the cationic [Li(thf)4]
+ moiety,


are generated by crystallographic twofold symmetry. The
main structural feature in the carbanion Ph3C


� is the pres-
ence of a central trigonal-planar carbon atom (C1), which


allows delocalization of the negative charge into the adja-
cent rings.[46] This feature is observed in almost all carban-
ionic moieties attached to heterocycles or phenyl rings re-
ported so far in the literature (e.g., Ph3C


� ,[40b, 47] Ph2pyC� ,[48]


or py2CH� ,[49] with py = pyridyl). The planes of the phenyl
rings deviate from the ideal planar alignment (~22.28 for
Ph1 and Ph1’ and ~26.48 for Ph2). Consequently, the carb-
anion reveals a propeller-like structure. The average of the
three C1�Cipso bond lengths, about 1.45 �, is in excellent
agreement with those values found in the structure of 5,
1.45 �, in which all three separations are identical.


The structure of [(Li([12]crown-4)2](CPh3) (5), can also be
thought of as a separated ion pair in which the average
angle of the propeller ring conformation is 31.28, similar to
that found for 2. Consequently, the diffusion data at 155 K,
together with the X-ray structure for 2, support separated
ions.


Fluorenyllithium (9): Fluorenyllithium has been extensively
studied. Ultraviolet-visible[3a,50] and conductivity[3a,51] mea-
surements suggest that this salt forms a solvent-separated
ion pair (SSIP) in THF at temperatures below �30 8C, and is
predominantly ion paired when the temperature is above
25 8C. These findings were corroborated by Edlund using 13C
NMR spectroscopy[52] and later on by Schleyer and Bauer[53]


by using a 6Li,1H HOESY NMR approach. Only five X-ray
examples of fluorenyllithium (9) have been reported.[54] Of
these, the most relevant to the present discussion are the di-
ethyl ether complex, [C13H9Li(Et2O)2]


[54c] (6), the quinucli-
dine salt, [C13H9Li(NC7H13)2]


[54a] (7), and the diglyme com-
plex [Li(C13H9)(diglyme)2] (8).[54e] Salts 6 and 7 are thought
to be CIPs, whereas 8 has been characterized as an SSIP.


Fluorenyllithium 9 in THF solution could be prepared in
an analogous fashion to that used for 2. 13C and 1H NMR
data for 9 are also shown in Table 3. In the 13C NMR spec-
trum the anionic carbon resonance is found at d =


65.8 ppm. This represents a high-frequency shift relative to
the neutral precursor at d = 36.9 ppm. These 13C and 1H
NMR data are in complete agreement with those described
in the literature.[52,55]


The 1H and 7Li PGSE results for a 60 mm solution of 9 in
THF at ambient temperature are given in Table 4. The
equivalent D values for both the anion and cation point to
an ion pair in THF solution. The 7Li line width of 13.8 Hz is,


Figure 5. Molecular structure and numbering scheme for
[{Li(thf)4}(CPh3)] (2). The thermal ellipsoids are drawn at a 30% proba-
bility level. Hydrogen atoms of the THF molecules have been omitted
for clarity. Selected bond lengths [pm] and angles [8]: C1�C10 144.2(2),
C1�C20 147.2(3), Li1�O1 189.7(3), Li1�O2 190.3(4); C11-C10-C15
113.9(2), C21-C20-C21’ 115.3(2), C10-C1-C10’ 123.7(2), C10-C1-C20
118.1(1); (equivalent atoms generated by �x+1, �y+2, z and �x, �y+


2, z).
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once again, slightly broader, in agreement with our observa-
tions for 2. From the X-ray structure of [C13H9Li(Et2O)2] 6,
one can estimate a rotational radius of 4.9 �. Therefore, the
5.4 � rH value based on the measured D value is satisfacto-
ry. Consequently, we suggest that the fluorenyllithium (9)
exists as a mononuclear ion pair at 299 K in THF. The D
and rH values for a 60 mm sample of the neutral precursor
(HFlu) in THF are also shown. Diffusion data from a so-
lution of 9 at 155 K gave rH values of 4.9 � and 4.3 � for
the cation and anion respectively. These data point again to
well-separated ions (Dn1/2 = 2.8 Hz) under these conditions.
We assume that the increase in the size of the anion relative
to the rH value for fluorene (HFlu) is related to a solvent
shell.


Crystals of fluorenyllithium were obtained by treatment
of fluorene with nBuLi in THF at �60 8C for 10 min and
then subsequent layering of the orange solution with n-pen-
tane at �40 8C for 12 h (see [Eq. (2)]). Diffraction studies on
these air-sensitive, low-melting (m.p. ca. �30 8C) crystals
support the formulation [C13H9Li(thf)4]; however, apart
from determining the unit cell and recognizing the
[Li(thf)4]


+ ion, the data could not be satisfactorily refined
owing to disorder.


(2-Phenyl)indenyllithium (10): The indenyl anion represents
yet another interesting model system for solvation and ion-
pairing studies because of its rigidity and thermal stability.
Its lithium salts have been extensively investigated by UV-
visible,[56] NMR,[39b, 52a, 57] and X-ray methods.[58] Table 3
shows our 13C and 1H NMR data for the 2-phenyl derivative
10. The 1H and the 13C spectra show six and nine individual
resonances, respectively, as would be expected from a struc-
ture possessing a mirror plane. In the 13C spectrum the ob-
served C-2 (d = 128.6 ppm) and C-1,3 (d = 88.2 ppm) reso-
nances (see Table 3) are in accord with what is found for
other h3-C9H7 derivatives.[59]


Only two X-ray structures of indenyllithium derivatives
have been reported. Both were described as contact ion
pairs.[58] For the TMEDA salt [C9H7Li(N2C6H16)] (11),[58a]


the lithium atom is coordinated to one bidentate TMEDA
molecule and to the indenyl group with an equal distance of
2.377 �. On the other hand, the salt 12,[58b] crystallized in
THF, shows a lithium cation coordinated by three molecules
of THF.


Table 4 shows D and rH values for 10 at 299 K. The rH


values for cation and anion, 5.3 � and 5.2 �, respectively,
are almost identical. The rH value of 5.3 �, based on the
measured D value, is satisfactory when compared to the r


values estimated from the x-ray structures of 11 and 12 (4.6
and 5.0 �, respectively). Consequently, we suggest that the
(2-phenyl)indenyllithium species 10 exists as a mononuclear
ion pair in THF. The D and rH values for a 60 mm sample of
the neutral precursor (HInd) in THF are also shown in
Table 4.


2-Lithio-1,3-dithiane (13): There is considerable evidence
that the anionic carbon of 2-lithio-1,3-dithiane (13) is sp3-hy-
bridized and very localized. This conclusion is supported by
the low-frequency 13C chemical shift of the lithiated carbon
(d = 25.8 ppm) relative to the neutral precursor (d =


31.7 ppm).[60,61] Low-temperature (173 K) 13C NMR mea-
surements on 2-(6Li)lithio-2-(13C)-dithiane, reported by See-
bach and coworkers[61] reveal a triplet, J(6Li, 13C) = 10.1 Hz,
for C-2. As this multiplicity implies a single 6Li atom, 13
must be either a mononuclear salt or a dinuclear aggregate
with the two components held together by an S�Li�C
bridge. Cryoscopic measurements[62] in THF confirm that
the 2-methyl derivative of 13 is mononuclear. The HMPA
titration technique has been applied to 13 and reveals a con-
tact ion pair (CIP).[63]


X-ray crystal structures for the lithium-bridged dinuclear
2-methyl-2-lithiodithiane TMEDA (14)[64] and the mononu-
clear salt, [(2-phenyl-2-lithiodithiane)(tmeda)(thf)] (15)[65]


have been described previously.


To the best of our knowledge the THF solution structure
of 13 is as yet unknown. Salt 13 is not stable in THF at
299 K but is stable at 252 K. Our 13C data (d anionic CH =


25.5 ppm, 1J(13C, 1H) at 173 K = 132.5 Hz) are in agreement
with those reported by Seebach et al. .[61] Variable-tempera-
ture 7Li spectra reveal a significant temperature dependence
of the line width (Figure 6) with Dn1/2 at 173 K = 15.3 Hz
relative to 3.6 Hz value at 253 K.[66]


Table 5 gives diffusion data for 13 in THF at 252 K and re-
veals that ion pairing persists at this temperature (rH =


4.4 � for both ions[30]). At 155 K the 7Li resonance is even
broader than at 173 K, Dn1/2 = 19.5 Hz, and the longitudinal
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relaxation time, T1 = 32 ms, is rather short. Consequently,
only the 1H D value was obtained. Nevertheless, the rH


value of 4.5 � at 155 K, is similar to that found at 252 K and
suggests that the two ions remain close. This rH of 4.5 �, al-
though smaller[30] than the 5.0 � estimated for 15, suggests
that, in THF solution, the 2-lithio-1,3-dithiane 13 exists as a
mononuclear species. The D and rH values for a 60 mm


sample of the neutral precursor (HDith) in THF are also
shown in Tables 4 and 5.


Lithium hexamethyldisilazide Li[N(SiMe3)2]: It was report-
ed early on that Li[N(SiMe3)2] (16) demonstrates a mononu-
clear/dinuclear equilibrium in THF.[67] Subsequent studies
using 6Li and 15N-labeled Li[N(SiMe3)2],[68] confirmed the
earlier conclusions. Solid-state structures of Li[N(SiMe3)2]
aggregates containing oxygen or nitrogen polydentate li-
gands reveal the existence of both mononuclear and dinu-
clear solvated species. The most relevant for our discussion
are the mononuclear structures 17 and 18, containing
TMEDA and N,N,N’,N’’,N’’-pentamethyldiethylenetriamine,
respectively,[69] and the bridged mono-solvated dinuclear salt
19.[70]


The position of the equilibrium for [Li{N(SiMe3)}2] in
THF is recognized to be a function of concentration.[67] The
observed mononuclear/dinuclear ratio for a 0.69m sample is
51:49; for a 0.069 m solution, this ratio changes to 88:12.[67]


For this reason, two samples of different concentration,


0.060 m and 0.60 m were prepared. At room temperature the
1H NMR of a 0.060 m solution of Li[N(SiMe3)2] in THF con-
sists of a sharp singlet at d = �0.09 ppm, whereas in the 7Li
NMR spectrum a single resonance with a line width of Dn1/2


= 11.0 Hz at d=1.10 ppm is found. For the 0.6 m sample,
the observed lithium resonance was considerably broader,
Dn1/2 = 32.6 Hz (see Table 4). 1H and 7Li PGSE diffusion
data for the two concentrations, 0.060 m and 0.60 m, at 299 K
are given in Table 4.


When the temperature for the 0.6 m sample is decreased
(see Figure 7), two distinct species are observed in both 1H


and 7Li NMR spectra. Integration of the 1H NMR spectrum
afforded a mononuclear/dinuclear ratio of 44:56. 1H and 7Li
PGSE measurements at 250 K,[71] a temperature at which
the two lithium resonances are relatively sharp, gave the dif-
fusion data shown in Table 5. Representative 7Li diffusion
data for the 0.6 m sample are shown in Figure 8. From the
X-ray structure of model 19, we can estimate a radius of
about 5.6 �. We find a D value for the mononuclear salt
that corresponds to a fairly small rH value of 4.3 �.[31] The D
value for the presumed dinuclear species affords an rH value
of 5.3 �, which is much closer to the 5.6 � suggested from
the solid-state study on 19. To the best of our knowledge
this represents the first application of 7Li PGSE measure-
ments to the recognition of different lithium aggregates in
solution, in this case mononuclear and dinuclear lithium
amides.


Conclusion


These various lithium salts nicely show that PGSE methods
are quite useful for recognizing ion pairing (or the lack
thereof) and aggregation in THF solution. For several of the
organolithium species it is now clear that ion pairing is fa-


Figure 6. Variable-temperature 7Li NMR spectra of a 60 mm solution of
lithium-1,3-dithiane 13 in THF (the 7Li line widths Dn1/2 are indicated).


Figure 7. Variable-temperature 7Li NMR spectra of a 0.6m solution of
LiHMDS 16 in THF (155.45 MHz).
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vored at 299 K but the ions are well separated at 155 K;
however for the dithianyl salt 13, the low-temperature data
show that the ions remain together. The explanation for the
observed temperature dependence of the ion pairing is not
completely clear; however, it is known[72] that the dielectric
constant of THF increases markedly (more than doubles!)
on cooling from ambient temperature to 155 K. Consequent-
ly, we assign the increased stability of the separated ions at
155 K to a marked increase in the stability of the separated
ions due to increased solvation. For the lithium amide, the


PGSE results allow the two different aggregation states to
be readily recognized and, where available, the solid-state
structures support the PGSE data. The D values for the
simple LiX salts reflect the relative stability of the
[Li(thf)4]


+ ion. Clearly, THF represents a “special” solvent
in that, in contrast to dichloromethane,[6,20] where partial ion
pairing is normal, THF shows a tendency to separate the
ions at low temperature.


Experimental Section


General : Glassware was dried overnight in a 110 8C oven to remove
moisture. THF was freshly distilled from potassium before use. All chem-
icals used for sample preparation were obtained from Merck, Sigma–Al-
drich, or Fluka and were of reagent grade. HMPA was distilled from
CaH2, and stored under N2 over molecular sieves. HMPA is a carcinogen-
ic agent, so adequate precautions were taken to avoid all forms of expo-
sure. All reactions and sample manipulations were carried out using stan-
dard Schlenk techniques under nitrogen. The NMR samples were pre-
pared in standard 5-mm NMR tubes, which were flushed with nitrogen,
oven dried, and fitted with a plastic cap. The outside top portion of the
tube was held securely by paraffin film and grease.


Lithium halides : [D8]THF (0.5 mL) was added to oven-dried 5-mm NMR
tubes containing the corresponding salt. The addition of HMPA (31.5 mL,
360 mmol) was performed on a 60 mm sample of LiCl (0.64 mg, 60 mmol)
placed in an N2 flushed Schlenk tube. To get the HMPA to dissolve, the
tube had to be repeatedly warmed slightly and shaken.


Organolithiums : LiCPh3, LiC13H9, Li(2-Ph)C9H7, LiC4H7S2, and Li[N-
(SiMe3)2] were obtained as air-sensitive species by adding 1.1 equivalent
of nBuLi (1.6 m in n-hexane) to a cooled solution (N2 liquid/acetone) of
the neutral precursors HCPh3, HC13H9, H(2-Ph)C9H7, HC4H7S2, and
HN(SiMe3)2 in [D8]THF solution. Lithium triphenylmethane (LiCPh3)
was generated by the addition of nBuLi (21 mL, 1.6 m in n-hexane) to
oven-dried NMR tubes containing triphenylmethane (60 mmol, 7.33 mg)
and freshly distilled [D8]THF (0.5 mL) cooled to �78 8C. The addition
generated a dark red solution upon mixing.


The same protocol was applied for the remaining lithium species, which
became dark orange, green, colorless, and light yellow upon shaking, for
fluorenyllithium (LiC13H9), (2-phenyl)indenyl lithium (Li(2-Ph)C9H7), 2-
lithio-1,3-dithiane (LiC4H7S), and lithium bis(trimethylsilane) amide
(LiHMDS), respectively.


NMR spectroscopy: All multinuclear room- and low-temperature experi-
ments were performed on a 400 MHz Bruker AVANCE spectrometer
equipped with a microprocessor-controlled gradient unit and an inverse
multinuclear probe with an actively shielded z axis gradient coil. 1H
NMR spectra were referenced to the residual signal of [D7]THF at d =


1.76 ppm as an internal standard. 31P and 7Li NMR chemical shifts are re-
ferred to external 85% H3PO4 for 31P (161.923 MHz) and LiCl 9.7m in
D2O for 7Li (155.454 MHz).


The PGSE NMR diffusion measurements were carried out using the
stimulated echo pulse sequence.[5,6] The shape of the gradient pulse was
rectangular, and its strength varied automatically in the course of the ex-
periments. The D values were determined from the slope of the regres-
sion line ln(I/Io) versus G2, according to Equation (a). I/Io = observed
spin echo intensity/intensity without gradients, G = gradient strength, D


= delay between the midpoints of the gradients, D = diffusion coeffi-
cient, d = gradient length.


ln
�


I
I0


�
¼ �ðgdÞ2G2


�
D� d


3


�
D ðaÞ


The measurements were carried out without spinning. The sample tem-
perature was calibrated before the PGSE measurements by introducing a
thermocouple inside the bore of the magnet. The calibration of the gradi-


Figure 8. a) Plot of the ln(I/Io) versus arbitrary units proportional to the
square of the gradient amplitude for 1H (anion) and 7Li (cation) PGSE
diffusion measurements on a 0.6m sample of LiHMDS (HMDS =


N(SiMe3)2) in THF solution at 250 K. 1H (d = 3 ms; D = 69 ms); 7Li (d


= 11 ms; D = 28 ms); b) After correcting for the gyromagnetic ratio of
7Li, D and d, the slopes observed for the 1H and 7Li measurements are
identical within the experimental error.
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ents was carried out by means of a diffusion measurement of HDO in
D2O (DHDO = 1.9� 10�9 m2 s�1)[73] , which afforded a slope of 2.022 10�4).
We believe that our previously reported experimental error in D values,
�2 %, can be extended to the measurements performed here. All of the
data leading to the reported D values afforded lines whose correlation
coefficients were above 0.999. To check the reproducibility, three differ-
ent measurements with different diffusion parameters (D and/or d) were
carried out. The gradient strength was incremented in 8% steps from
10% to 90%, so that 8–10 points could be used for regression analysis.


A measurement of 1H, 7Li, and 31P T1 was carried out before each diffu-
sion experiment, and the recovery delay set to (3–5)T1. Table 6 below
gives the 7Li T1 (ms) values for all the lithiated species of interest.


Details for the PGSE measurements :
1H PGSE diffusion measurements : Room-temperature diffusion parame-
ters: D = 19–68 ms, d = 2–3 ms; at low temperature: D = 27–68 ms, d


= 3–12 ms. The number of scans varied between 8 and 16 per increment.
Typical experimental times were 0.5–1 h.
7Li and 31P PGSE diffusion measurements : To obtain a suitable attenua-
tion for these nuclei, the diffusion delay D and/or the gradient strength d


were increased. With D values higher than 200 ms no signal could be ac-
quired. The most suitable option available was then a considerable incre-
ment of the gradient lengths (d):
31P PGSE : At room temperature: D = 16–33 ms, d = 3–8 ms; at low
temperature: D = 38–60 ms, d = 19–24 ms. The number of scans varied
between 64 and 512 scans per increment. Typical experimental times
were 1–4 h.
7Li PGSE : At room temperature: D = 18–95 ms, d = 4–6 ms; at low
temperature: d = 28–77 ms, d = 10–26 ms. The number of scans varied
between 64 and 200 scans per increment. Typical experimental times
were 1–4 h.


To avoid convection, the PGSE diffusion measurements at 250 K were
carried out using a commercial coaxial insert (ID = 1.96 mm, OD =


2.97 mm) inserted into a standard 5 mm NMR tube and held in a concen-
tric manner with a spacer.[74]
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Photoreaction of [Ru(hat)2phen]2+ with Guanosine-5’-Monophosphate and
DNA: Formation of New Types of Photoadducts


Romain Blasius,[a] H�l�ne Nierengarten,[b] Michel Luhmer,[c] Jean-FranÅois Constant,[d]


Eric Defrancq,[d] Pascal Dumy,[d] Alain van Dorsselaer,[b] C�cile Moucheron,[a] and
Andr�e Kirsch-DeMesmaeker*[a]


Introduction


Transition-metal complexes have been extensively studied as
probes of nucleic acids and metal-containing drugs during
the last decade. Platinum complexes such as cis-


[PtCl2(NH3)2] and derivatives are certainly the best exam-
ples of application of such compounds in chemotherapy.[1,2]


The activity of these platinum drugs versus a variety of dif-
ferent types of cancer originates from their “dark” reaction
with DNA, first by substitution of one or two chloride li-
gands by water molecules, followed by substitution by adja-
cent guanines in the DNA. Important toxic side effects of
these drugs have motivated researchers to develop other
metal-containing complexes. In this context, the interaction
and photoreaction of RuII complexes with DNA have been
the subject of intensive studies.[3–11] Some of these com-
pounds turned out to be particularly attractive. In fact, they
are able to produce, upon illumination, addition of the
metal-containing complex to the guanine units of DNA,
which inhibits certain enzymes such as RNA polymerase.[12]


They could thus offer different advantages: i) their action
would be triggered exclusively under illumination, a better
control of the activity could thus be expected, ii) the type of
their photoadducts is quite different from known metal-con-
taining adducts; indeed contrary to the Pt complexes, their
coordination sphere around the metal is kept unchanged
after the photoadduct formation. The consequences at the
level of the activity or effect of such photoadducts on the
cellular function could thus be different and open the way
to potential novel drugs.


We have shown in the past that the complexation of RuII


to p-deficient ligands such as TAP (1,4,5,8-tetraazaphenan-


Abstract: [Ru(hat)2phen]2+ (HAT=


1,4,5,8,9,12-hexaazatriphenylene,
phen=1,10-phenanthroline) interacts
with a good affinity with polynucleo-
tides and DNA by intercalation, de-
spite the presence of a second volumi-
nous ancillary HAT ligand. It photo-
reacts with guanosine-5’-monophos-
phate (GMP). From HPLC, ESMS and
NMR analyses, it can be concluded


that this complex forms photoadducts
with GMP. In contrast to the photoad-
ducts isolated with Ru–TAP complexes
(TAP=1,4,5,8-tetraazaphenanthrene),
the photoadducts with [Ru(hat)2-


phen]2+ contain a covalent link be-
tween the oxygen atom of the guanine
unit and a HAT ligand. Formation of
oxidised photoadducts and compounds
resulting from the addition of two
GMP entities to the complex are also
detected as side products. In the pres-
ence of oligo- and polynucleotides,
[Ru(hat)2phen]2+ yields photoadducts
when guanine bases are present.
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threne) led to complexes that, upon illumination oxidise the
guanine units[13–15] by an electron transfer from the guanine
base to the excited Ru complex.[4,13,15–17] The resulting ligand
radical anion in the complex and guanine radical cation un-
dergo an acid–base reaction with protonation of the com-
plex and deprotonation of the guanine unit. The two radicals
react and lead to formation of a photoadduct with a cova-
lent link between these two species.[4,13,14, 18–20] However,
most of the TAP based photoreactive complexes studied
until now exhibit a low affinity for polynucleotides and
DNA.


An increased affinity for the polynucleotides can be ach-
ieved by using extended aromatic ligands such as the well
known DPPZ (dipyrido[3,2-a ;2’,3’-c]phenazine)[21–24] or the
PHEHAT (1,10-phenanthrolino[5,6-b]1,4,5,8,9,12-hexaaza-
triphenylene)[25, 26] ligand that intercalate into the stacking of
bases. However, these ligands do not make the resulting
complexes photoreactive.


In this work, we examine the behaviour of [Ru(hat)2-
phen]2+ (phen = 1,10-phenanthroline) (Figure 1) in the pres-
ence of mono- and polynucleotides. The goal is two-folded:
i) to show whether a HAT ligand is capable of playing the
role of a typical intercalating ligand such as dppz or
PHEHAT and thus capable of favouring the interaction with
DNA, and ii) to check and study the photoreactivity of
[Ru(hat)2phen]2+ versus mono-, polynucleotides and nucleic
acids.


Results


Interaction with polynucleotides—Comparison with the
TAP complexes : Figure 2 shows the dependence of the rela-
tive emission intensities I/I0 of [Ru(hat)2phen]2+ as a func-
tion of the concentration of polynucleotide (in equivalents
of phosphate) in buffered solution at pH 7 (10 mm Tris-
HCl). The concentration of the complex (ct) was kept con-
stant. The relative emission intensity decreases in the pres-
ence of calf thymus (CT)-DNA till a plateau value of 0.18
(Figure 2, Table 1). This emission quenching originates from
an electron transfer from the guanine bases of DNA to the
excited complex.[15, 16] At the highest DNA concentration,
the luminescence quenching (I¥/I0) is comparable to that ob-


served with [Ru(tap)3]
2+ [4,13] (I¥/I0 =0.2)[27] but is higher than


for the TAP homologous complex [Ru(tap)2phen]2+ (I¥/I0 =


0.35 under the same conditions)[28] which has approximately
the same oxidizing power as [Ru(hat)2phen]2+ . This indi-
cates that the process of electron transfer is more efficient
in [Ru(hat)2phen]2+ than in [Ru(tap)2phen]2+ despite the
same redox properties. This could be due as demonstrated
below to a better interaction of [Ru(hat)2phen]2+ with CT-
DNA. The luminescence quenching contrasts the lumines-
cence enhancement of [Ru(hat)2phen]2+ in the presence of
[poly(dA-dT)]2 up to a plateau value of 1.84 due to i) a pro-
tection of the luminophore by the polynucleotide from H2O
or O2


[29] and ii) the absence of quenching because [Ru(hat)2-
phen]2+ in the excited state cannot oxidise adenine or thy-
mine units. A higher plateau value is reached in the case of
[Ru(hat)2phen]2+ than for the TAP complexes[4,13,28] because
of a better protection of excited [Ru(hat)2phen]2+ by the
polynucleotide. The titration curves in Figure 2 reflect the
shift of the binding equilibrium of [Ru(hat)2phen]2+ for
DNA and [poly(dA-dT)]2 with the polynucleotide concen-
tration. The ([polynucleotide]/ct)1=2


ratios correspond to 50 %
of the maximum variation of the emission; these values
change inversely with the values of the association constants.
Thus, the comparison of these ([polynucleotide]/ct)1=2


ratios
in Table 1 indicates the relative magnitudes of the binding
constants.[30] The ([polynucleotide]/ct)1=2


value is lower for
[Ru(hat)2phen]2+ than for other RuII complexes whose affin-
ity constants were determined previously by luminescence
titration in the same conditions (Table 1), thus again in
agreement with a better interaction of this complex with
polynucleotides. Titrations by luminescence of [Ru(hat)2-
phen]2+ with CT-DNA were also investigated by emission
lifetimes measurements. The ratios t/t0 and I/I0 as a function
of the CT-DNA concentration (in phosphate equivalents)
are compared in Figure 3. The difference between the two
curves suggests that the emission quenching of [Ru(hat)2-
phen]2+ by the guanine bases of CT-DNA is not only dy-
namic, but there is also contribution of some static quench-
ing. This latter can be calculated according to Equation (1):


Figure 1. Structure of [Ru(hat)2phen]2+ (PHEN=1,10-phenanthroline,
HAT =1,4,5,8,9,12-hexaazatriphenylene) and guanine for the numbering
of the protons.


Figure 2. Emission titration of rac [Ru(hat)2phen]2+ with CT-DNA (*)
and [poly(dA-dT)]2 (&). All the experiments were performed in the pres-
ence of 10 mm Tris-HCl buffer, pH 7. The concentration of [Ru(hat)2-


phen]2+ (ct) was kept constant at 5 mm while the polynucleotide concen-
tration (expressed in phosphate concentration) was increased; I is the
emission intensity in the presence of the polynucleotide and I0 is the
emission intensity in the absence of polynucleotide.
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As ¼ 1� I=I0


t=t0
ð1Þ


where As is the contribution of static quenching, I (or t) the
emission intensity (or lifetime) in the presence of CT-DNA
and I0 (or t0) the emission intensity (or lifetime) in the ab-
sence of CT-DNA. A 45 % contribution of static quenching
is calculated from Equation (1) for [Ru(hat)2phen]2+ with
CT-DNA. This contribution is more important than the
15 % static quenching previously determined for the non-in-
tercalating complex [Ru(tap)2phen]2+ ,[31] which indicates
again a better binding of the HAT than the TAP compound.


The binding equilibrium constants determined as de-
scribed in the Experimental Section from the emission titra-
tion curves, are given in Tables 1 and 2. It may be concluded
that [Ru(hat)2phen]2+ interacts less efficiently with polynuc-
leotides than complexes containing a classical intercalating
ligand such as a DPPZ or a PHEHAT ligand. However,
[Ru(hat)2phen]2+ presents a much higher affinity for the
polynucleotides than the TAP photoreactive ruthenium(ii)
complexes, which would originate from a better partial inter-
calation of one HAT ligand between the stacking of bases.


According to the data of reverse salt titrations with NaCl
(see Experimental Section), the binding of [Ru(hat)2phen]2+


releases only 0.9 counterions, thus less than expected. Such


low ZY values could be attributed to a coupled anion re-
lease upon Na+ addition as suggested in the literature.[30, 32]


The salt effect analysis also allows the separation of the
binding free energy DG 0 into two different contributions.
These thermodynamic parameters are given in Table 2 and
are compared to the values obtained for other RuII com-
plexes. They show that the interaction is essentially control-
led by non-electrostatic interactions, as it is the case for
some intercalating complexes (Table 2), in contrast to non-
intercalating compounds such as [Ru(bpy)2phen]2+ .


This study of interaction of [Ru(hat)2phen]2+ with poly-
nucleotides was completed by viscosity measurements. The
viscosity data with CT-DNA[33] in the presence of [Ru(hat)2-
phen]2+ are compared in Figure 4 with those obtained
for the known intercalators [Pt(bpy)(py)2]


2+ and
[Pt(bpy)(en)]2+ (en=ethylenediamine) that are also doubly
charged metal complexes.[34–37] The behaviours are similar,
the increase of viscosity is, however, slightly lower with
[Ru(hat)2phen]2+ than with ethidium bromide.[32]


In conclusion, all these data indicate intercalation of a
HAT ligand of [Ru(hat)2phen]2+ , at least partially, despite
the presence of the second rather large HAT ligand.


Photoadduct formation with GMP : Photoadduct formation
between a complex and mono-
nucleotides can be monitored
by UV/Vis absorption spectro-
scopy.[15,18,20, 38] Steady state illu-
minations were carried out with
the complex alone and in the
presence of GMP. No change in
the absorption spectra were ob-
served after several hours of il-
lumination of the complex
alone; this suggests that [Ru-
(hat)2phen]2+ does not undergo
photodechelation. By contrast,


Figure 3. Relative emission intensity (*) and relative emission lifetime
(*) for [Ru(hat)2phen]2+ titrated with CT-DNA. The experiments were
performed in the presence of 10 mm Tris-HCl buffer, pH 7. The concen-
tration of [Ru(hat)2phen]2+ (ct) was kept constant at 5 mm while the
DNA concentration (expressed in equivalents of phosphate concentra-
tion) was increased; I(t) is the emission intensity (lifetime) in the pres-
ence of CT-DNA and I0(t0) is the emission intensity (lifetime) in the ab-
sence of CT-DNA.


Table 1. Relative plateau values (I¥/I0) from the titration curves with CT-DNA or [poly(dA-dT)]2 and corre-
sponding calculated binding constants (Kobs) in Tris-HCl buffer, for [Ru(hat)2phen]2+ and other reference com-
pounds.


Compound Poly-
nucleotide


[NaCl]
/mm


I¥/I0 ([poly-
nucleotide]


/ct)1=2


Kobs/104
m
�1


rac-[Ru(hat)2phen]2+ CT-DNA 0 0.18 6 24
[poly(dA-dT)]2 0 1.84 5 38


rac-[Ru(bpy)2phen]2+ [30] CT-DNA 0 1.84 21 0.84
rac-[Ru(tap)2phen]2+ [28, 31] CT-DNA 0 0.35 16 3.9
L-[Ru(phen)2dppz]2+ [21] CT-DNA 50 – – 170
D-[Ru(phen)2dppz]2+ [21] CT-DNA 50 – – 320


Table 2. Comparison of thermodynamic parameters[a] corresponding to
the binding of RuII complexes to DNA.


Complex Kobs/
104


m
�1


DG 0/
kJ mol�1


ZY DG 0
pe/


kJ mol�1
DG 0


ne/
kJ mol�1


rac-[Ru(hat)2phen]2+ 0.56 �21.1 0.9 �6.7 �14.4
rac-[Ru(bpy)2-
phen]2+ [30]


0.055 �15.6 1.6 �11.6 �4.0


D-[Ru(phen)3]
2+ [32] [b] 0.97 �22.6 1.4 �10.0 �13.0


L-[Ru(phen)3]
2+ [32] [b] 1.07 �23.0 1.2 �8.8 �14.2


rac-[Ru-
(phen)2dppz]2+ [21] [b]


320 �37.2 1.9 �13.8 �23.4


ethidium[32] [b] 49.4 �32.2 0.75 �5.0 �27.2


[a] Kobs : binding constant of the complex to DNA in solution containing
50 mm NaCl and 10 mm Tris-HCl buffer (pH 7) at 25 8C unless otherwise
specified. DG 0 : binding free energy. DG 0


pe and DG 0
ne: the polyelectrolyte


and the non-electrostatic contributions to the binding free energy, respec-
tively. The polyelectrolyte contribution for [Na+]=50 mm was calculated
from DG 0


pe =ZYRT ln[M+] whereas the non-electrostatic part of the free
energy was calculated by difference, DG 0 =�RT lnKobs =DG 0


ne + DG 0
pe.


[b] Experiments performed in solution containing 50 mm NaCl and 5 mm


Tris-HCl buffer (pH 7.1) at 20 8C.
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changes of absorption were recorded as a function of visible
irradiation of [Ru(hat)2phen]2+ (2 � 10�5


m) in the presence
of GMP (2� 10�2


m, 100 mm Tris-HCl pH 7). The results are
shown in Figure 5 for solutions saturated with oxygen and
argon. An increase of the absorption between 300 and
475 nm occurs in both cases and the enhancement is much
more important around 300 nm for the oxygen than for the
argon saturated solution. The evolution of the absorption
spectra in an air-saturated solution was intermediate be-
tween the two other cases.


ES mass spectrometry analysis of the photoproducts formed
in the presence of GMP : In order to explain the differences


in the evolution of the absorption spectra under oxygen, air
and argon, the products formed under illumination were an-
alysed by electrospray mass spectrometry (ESMS). For
these analyses, the photoproducts were first separated by
HPLC. Figure 6 shows a typical chromatogram obtained
after visible irradiation of [Ru(hat)2phen]2+ in the presence
of GMP in argon saturated aqueous solution. The first peak
(at 1 min) has the same retention time and absorption spec-
trum as GMP (lmax = 272 nm). The peak detected at 7.7 min
in the chromatogram exhibits a bathochromic absorption
(lmax = 302 nm) compared with the absorption of GMP. This
might indicate the presence of oxidised GMP such as in 8-
oxoguanosine monophosphate for example (lmax =292 nm).
All the peaks detected after 14 minutes correspond to
metal-containing complexes because they exhibit a strong
absorption in the visible region, typical of MLCT absorp-
tions. The peak at 14–15 min is attributed to the starting
complex [Ru(hat)2phen]2+ , as indicated by the absorption
and ES mass spectra (legend of Figure 6). The set of peaks
detected between 18 and 25 min and collected together be-
cause no efficient separation could be obtained gave the
ESMS data gathered in Table 3. Two species (m/z 555.5,
27 % and m/z 1110.2, 8 %) correspond to a photoadduct
formed between [Ru(hat)2phen]2+ and i) a neutral GMP
(thus A + C � 2 H) or ii) a negatively charged GMP (thus
A + D � 2 H). A third species (m/z 449.7, 100 %) corre-
sponds to an adduct between [Ru(hat)2phen]2+ and a gua-
nine (thus A + B � 2 H). The loss of the sugar phosphate
could stem from decomposition in ESMS analysis. Indeed,
when GMP alone was analysed directly by ES mass spec-


trometry, the sugar and phos-
phate residues were also parti-
ally lost. Finally in the set of
peaks at 18–25 min (Table 3),
another species was detected at
m/z 736.5. This peak fits with
the mass of a biadduct, that is,
the addition of two uncharged
GMP nucleotides on one [Ru-
(hat)2phen]2+ (thus A + 2C
� 4 H). As this peak corre-
sponds to a secondary photo-
product, we did not succeed to
obtain enough material (even
for longer illumination times,
see below) to determine the
structure of the biadduct or to
gather arguments in favour of
the addition of the two GMP
entities to the same ligand or to
two different ligands. The ab-
sorption spectra of the five
HPLC peaks at 18–25 min were
quite similar and exhibited a
hypsochromic shift of 17 nm
compared with the starting
complex (from 410 nm for the


Figure 4. Titration of CT-DNA (6.0 � 10�4
m) with [Ru(hat)2phen]2+ by


viscosity measurements (*) and the known intercalators [Pt(bpy)(py)2]
2+


(*) and [Pt(bpy)(en)]2+ (&), in 2 mm phosphate buffer and 9 mm NaCl.
h= intrinsic viscosity of sonicated DNA in the presence of the complex.
h0 = intrinsic viscosity of sonicated DNA in the absence of the complex.
r= [complex]/[DNA], [DNA] in phosphate equivalents.


Figure 5. a) and b): Changes in the absorption spectra of [Ru(hat)2phen]2+ (2 10�5
m) under visible irradiation


in the presence of GMP (2 10�2
m) at pH 7. a) oxygen-saturated solution. b) Argon-saturated solution; t=0, 15,


30, 60, 90, 120, 150, 180 min. c) and d) Evolution of the absorption of [Ru(hat)2phen]2+ under visible irradia-
tion in the presence of GMP as a function of time under argon (*), air (&) and oxygen (^); c) at 360 nm; d) at
470 nm.
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starting complex, to 393 nm). Such shifts were observed pre-
viously for photoadducts between polyazaaromatic RuII


complexes and GMP.[15, 20,38] The ESMS data for the products
around 37 min are given in Table 4. The predominant peak


(m/z 457.7) would correspond to a photoadduct of [Ru-
(hat)2phen]2+ with one oxidised guanine residue, and the
two other peaks (m/z 563.8 and 1126.2) to similar photoad-
ducts that have kept their phosphate (non-ionised and ion-
ised, respectively). The absorption spectra of the corre-
sponding HPLC peaks (at 37 min) also present a hypsochro-
mic shift of the MLCT band from 410 to 382 nm as com-
pared to the starting [Ru(hat)2phen]2+ .


Experiments for longer illumination times of [Ru(hat)2-


phen]2+ in the presence of GMP were also carried out.
Under these conditions, the relative amount of products that


could correspond to biadducts
increased (Table 5). Among
them, masses that fit with the
addition of two guanines, or
two guanidines or one guanine
plus one guanidine, could be
found. Isotopic distributions of
all the peaks corresponding to
the masses of the mono- and
biadducts are in agreement
with the calculated distribution
(see Supporting Information).


It was also observed that the
amount of photoadduct formed
under illumination (3 h) de-
pends strongly on the oxygen
concentration in solution. Un-
reacted [Ru(hat)2phen]2+ de-
creases with increasing oxygen


concentration and the peaks at 7.7 and 37 min increase in
agreement with their attribution to oxidised GMP and oxi-
dised photoadducts, respectively. Moreover the total amount
of photoadduct increases with higher oxygen concentrations


contrary to what was expected.


Characterisation of the photo-
adduct(s): In order to gain in-
formation on the structure of
the photoadduct(s) (corre-
sponding to the HPLC peaks at
18–25 min), the photoreaction
under argon was scaled up to


produce larger amounts of the target compounds. The pho-
toadducts formed in such a photolysed solution were isolat-
ed by cation-exchange chromatography followed by a fur-
ther separation by HPLC. Since the sample isolated in this
way did not contain biadduct as shown by ESMS, this
sample was characterised by 1H NMR spectroscopy in D2O
and in [D6]DMSO. The chemical shifts for the photoad-
duct(s) in D2O are gathered in Table 6 (for 1H NMR spec-
trum and DQF-COSY spectrum see Supporting Informa-
tion). The formation of photoadduct between the [Ru(hat)2-
phen]2+ and another moiety such as GMP should result in


Figure 6. Chromatogram of the solution after 3 h of irradiation of [Ru(hat)2phen]2+ in the presence of GMP
under argon. The detection was performed by absorption at 410 nm. ES mass spectrometry data: Peak at 14–
15 min, [Ru(hat)2phen]2+ ([M�2Cl�]2+ calculated m/z 374.9; found m/z 375.2; relative intensity 100 % and
[M�2Cl�+CF3COO�]+ calculated m/z 862.7; found m/z 863.2; relative intensity 25 %), the set of peaks be-
tween 18 and 25 min, see Table 3 and at 37 min, see Table 4.


Table 3. Mass spectra of the products between 18 and 25 min.


m/z Calculated m/z Intensity (%) Charge Product[a]


449.7 449.4 100 2+ A + B � 2 H
555.5 555.5 27 2+ A + C � 2 H
736.5 736.1 12 2+ A + 2 C � 4H


1110.2 1109.9 8 1+ A + D � 2 H


[a] A=complex (cf. Figure 1), B=guanine, C= GMP with the phosphate
under the form H2PO4


� , and D=GMP with the phosphate under the
form HPO4


2� ; �2H= formation of the covalent bond between the ruthe-
nium(ii) complex and the base with loss of two hydrogen atoms.[13, 14, 18–20]


Illumination time: 3 h.


Table 4. Mass data for the products eluted after 37 min.


m/z Calculated m/z Intensity (%) Charge Product[a]


457.7 457.4 100 2+ A + B + O � 2H
563.8 563.5 28 2+ A + C + O � 2H


1126.2 1125.9 20 1+ A+ D + O � 2 H


[a] A, B, C and D, as defined in Table 3. O =oxygen atom.


Table 5. Mass data for the products between 18 and 25 min after longer
illumination times (t=10 h).


m/z Calculated m/z Intensity (%) Charge Product[a]


449.5 449.4 82 2 + A + B � 2 H
524.2 524.0 22 2 + A + 2 B � 4H
555.5 555.5 28 2 + A + C � 2 H
630.0 630.0 57 2 + A + B + C � 4H
736.5 736.1 100 2 + A + 2 C � 4H


[a] A, B, C and D, as defined in Table 3.
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the loss of the C2 symmetry of the complex and induce a dif-
ferentiation of most of the protons. This is clearly observed
in the NMR spectrum. Furthermore, the signals 2 and 7 of
the HAT ligand (Figure 1 for the numbering) do not inte-
grate to four protons as in the spectrum of [Ru(hat)2phen]2+,
but for three protons, which indicates the loss of one proton
due to the photoadduct formation. The integrations of the
other protons on the HAT and phen ligands are the same as
in the starting [Ru(hat)2phen]2+ . Consequently the photoad-
duct is clearly formed on the positions 2 and 7 of the HAT
ligand. Furthermore, two systems corresponding to two geo-
metric isomers can be identified with a DQF-COSY spec-
trum. Integration indicates an excess (70:30) of isomer B
(covalent bond in the photoadduct at position 2 of the HAT
ligand) over isomer A (covalent bond in the photoadduct at
position 7 of the HAT ligand) (Figure 7).


In order to gain information on the position of the cova-
lent bond on the guanine moiety, we performed NMR meas-
urements with the photoadduct in [D6]DMSO, which pre-


vents the exchange of the heteroatomic protons. In this
spectrum, we could observe the presence of two protons on
the exocyclic nitrogen with the disappearance of proton
number 1 of the guanine moiety (see Figure 1 for the num-
bering of the guanine protons). This leads us to the conclu-
sion that the guanine moiety is linked to the HAT ligand via
the nitrogen 1 or the exocyclic oxygen (enol tautomer). On
the other hand, the NMR data also show that the photoad-
duct should contain the sugar phosphate moiety (signals
from 4.1 to 5.9 ppm in the DQF-COSY spectrum).


In conclusion, the NMR analyses indicate that two photo-
adduct isomers (A and B, Figure 7) are formed. Moreover
as the sugar moiety is chiral and as the metal centre can be
D or L, two diastereosiomers can exist for each isomer A
and B. The four HPLC peaks at 18–25 min could thus corre-
spond to these four compounds.


The photoadduct analysed by NMR spectroscopy was also
characterised by absorption spectroscopy and steady-state
and time-resolved emission. The band between 370 and
420 nm (Figure 8) exhibits a hypso- and hyperchromic effect
when the absorption of the sample and that of [Ru(hat)2-
phen]2+ is adjusted to the same absorption at 460 nm. The
emission of the photoadduct is extremely weak compared
with that of [Ru(hat)2phen]2+ ; indeed if we assume that the
absorption coefficients are on the same order of magnitude
at 460 nm (thus when the absorbance is adjusted at the
same value at this wavelength), the photoadduct emits at
the same lmax (650 nm) but ~250 times less than [Ru(hat)2-
phen]2+ and with an emission lifetime of ~5 ns, thus much
shorter than the emission lifetime of [Ru(hat)2phen]2+


(640 ns).


Photoadduct formation with CT-DNA and oligonucleotides :
Steady state illuminations of [Ru(hat)2phen]2+ were also
carried out in the presence of CT-DNA under argon, air and
oxygen. Figure 9 shows the changes of the absorption spec-


Table 6. NMR data in D2O. Chemical shifts of the aromatic protons of the photoadducts. HH
X refers to the protons on a HAT ligand, HP


X refers to the pro-
tons on the phen ligand and G8 refers to proton 8 of the guanosine-5’-monophosphate.


[Ru(hat)2phen]2+ Adduct A (30 %) Adduct B (70 %)
Proton d Int. Proton d Int. d Int.


HH
10,11 9.47 4 H HH


10,11a 9.51
and
9.43


2 H 9.51
and
9.43


2H


HH
10,11b 9.48 2H 9.47 2H


HH
7 9.20 2H HH


7a 9.03 1H
HH


7b 9.13 1H 9.20 1H
HH


2 9.15 2H HH
2a 9.06 1H


HH
2b 9.24 1H 9.22 1H


HH
6 8.70 2H HH


6a 8.45 1H 8.32 1H
HH


6b 8.44 1H 8.28 1H
HH


3 8.49 2H HH
3a 8.52 1H 8.41 1H


HH
3b 8.90 1H 8.74 1H


HP
4,7 8.81 2H HP


4,7 8.80 2H 8.80 2H
HP


5,6 8.36 2H HP
5,6 8.34 2H 8.34 2H


HP
2,9 8.27 2H HP


9 8.26 1H 8.22 1H
HP


2 8.22 1H 8.45 1H
HP


3,8 7.81 2H HP
3,8 7.81 2H 7.81 2H


G8 G8 8.46 1H 8.46 1H


Figure 7. Structures proposed for the two photoadduct isomers between
[Ru(hat)2phen]2+ and GMP. R represents the sugar-phosphate group of
the GMP moiety.
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tra as a function of the illumination time for a ratio CT-
DNA (in nucleotides equivalents) over complex concentra-
tion of 100 ([Ru(hat)2phen]2+ = 2�10�5


m ; [DNA]=2 �
10�3


m). An increase of the absorption appeared around
400 nm; however, no oxygen effect was detectable (Fig-
ure 9a and b). These absorption changes are similar to those
observed with GMP (except the absence of oxygen effect)
and would thus correspond to the formation of photoad-
ducts on the guanine residues of CT-DNA. In order to con-
firm this, illumination experiments were performed with oli-
godeoxyribonucleotides.


Denaturing gel electrophoresis experiments with 17-mer oli-
godeoxyribonucleotides : The formation of photoadducts
with synthetic oligonucleotides was monitored by gel elec-
trophoresis in denaturing conditions. Three different double


stranded oligonucleotides containing guanines in different
sequences (Figure 10) were illuminated with visible light
(above 350 nm) in the presence of [Ru(hat)2phen]2+ and in
the presence of [Ru(tap)2phen]2+ as a standard. Duplex se-
quence 0, which does not contain any guanine residue was
used as a blank. Figure 11 shows the electrophoregram ob-
tained for a typical illumination experiment of duplex se-
quence 3 (10�6


m) in the presence of [Ru(hat)2phen]2+ (2 �
10�5


m) in aerated buffered solution (Tris-HCl, 5 mm, pH 7).
Lane A corresponds to the non-illuminated sample and lane
B to the same sample after 30 min illumination, in both
cases in the absence of [Ru(hat)2phen]2+ . In lane C, the
duplex was illuminated for 30 min in the presence of [Ru-
(hat)2phen]2+ . One can observe the appearance of a less
mobile species corresponding to the photoaddition of ruthe-
nium complex on the oligonucleotide. Illumination experi-
ments performed with the oligonucleotide duplex 0 (which
does not contain guanines) did not lead to the occurrence of
a slower migrating band. The occurence of frank breaks
during illumination was not detected as illustrated by the
absence of bands of higher mobility.


The formation of guanine oxidation products was investi-
gated by chemical treatment (using hot piperidine) or enzy-
matic treatment (using fpg or formamido pyrimidine glyco-
sylase) on oligonucleotides isolated from the gel after their
illumination with the complex. Both treatments are known
to cleave DNA at oxidised guanine positions (Fpg is specific
for 8-oxo deoxyguanosine and other products of guanine ox-
idation) and would produce shorter fragments of higher mo-
bility on an electrophoresis gel.[39–46] For this purpose, the
slower migrating band (called “photoadducts”) and the
band which migrates as the starting material (“17 mers”
which might contain non modified strand and/or strand con-
taining guanine oxidation products) were isolated from the
gel and treated with piperidine or Fpg. Lane D and G corre-
spond to the “17 mers” and the “photoadducts”, respective-
ly, before the treatment. Piperidine treatment (lane E), as


Figure 8. Absorption spectra of the photoadduct and [Ru(hat)2phen]2+ in
water. The absorption was adjusted to the same value for the two com-
pounds in their MLCT band at 460 nm.


Figure 9. Changes in the absorption spectra of [Ru(hat)2phen]2+ (2 �
10�5


m) under visible irradiation in the presence of CT-DNA (2 � 10�3
m)


at pH 7. a) Air-saturated solution. b) Argon-saturated solution. Irradia-
tion: t = 0, 15, 30, 60, 90, 120, 150, 180 min.


Figure 10. The different sequences of oligodeoxyribonucleotide duplexes
for the gel electrophoresis experiments.
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well as Fpg treatment (lane F) of the “17 mers” did not
induce strand cleavage. In the case of the isolated slower mi-
grating band, piperidine treatment (lane H) produced a spe-
cies migrating as the starting oligonucleotide but no cleav-
age products. The Fpg treatment had no effect. These results
strongly suggest that the illumination in the presence of the
Ru complex did not produce oxidised guanine residues.


The slower migrating oligonucleotide (attributed to pho-
toadduct formed with guanine) was also treated with exonu-
clease III (lane I). This enzyme is responsible for 80 % of
the repair of abasic sites in Escherichia coli and has a strong
3’ exonuclease activity (it digests an oligonucleotide into
mononucleotides, starting from its 3’ end[44,47]). The exonu-
clease III treatment (lane I) induced the quasi total transfor-
mation of the retarded products into a faster and smeary
band. Nevertheless, this “faster” species migrated more
slowly than the starting 17 mer oligonucleotide.


The results obtained with the other sequences (sequences
1 and 2), as well as with [Ru(tap)2phen]2+ , were qualitative-
ly similar to those described above with [Ru(hat)2phen]2+


and sequence 3.


Discussion


The photoadduct in Figure 7 could be formed in the follow-
ing way. Previous studies have shown that the electron trans-
fer from the guanine unit to the excited complex[4,13, 15–17] is
followed by the protonation of the reduced ligand. Actually
the transferred electron would be located essentially on the
nitrogen atoms in para position of the chelated nitrogens,
where protonation would occur. Afterwards, the thus
formed radical on a carbon atom in b position of the chelat-
ing nitrogens would react with the guanine radical. This
would lead to the structure of the photoadduct of Figure 7


after re-aromatisation of the HAT. Furthermore, the excess
of isomer B compared with A would be explained by more
sterical hindrances in A, induced by the second HAT ligand
as compared to the phen ligand. Moreover, in the NMR
spectra in [D6]DMSO, proton 1 of the guanine moiety has
disappeared whereas the two protons on the exocyclic nitro-
gen are still present. Therefore, we suggest that the covalent
bond would be formed via the oxygen atom of the guanine
moiety. Indeed, it has been shown that the guanine radical
cation deprotonates on nitrogen 1[48–50] and leads to a radical
mainly located on the oxygen atom of the guanine.[51–55]


Figure 7 shows the two resulting putative structures of the
photoadducts in agreement with all the above-mentioned
data.


The difference in the absorption spectra of the starting
complex [Ru(hat)2phen]2+ and photoadduct (Figure 8) can
be explained by the effect of substitution by the guanine
moiety. The guanine unit attached via the oxygen atom
plays the role of an electron donor group which should de-
stabilise mainly the ligand centred p* orbitals of the so-
modified HAT ligand and, to a lesser extent, the metal cen-
tred dp orbitals. Therefore the dp–p* transition from the
Ru toward the HAT–GMP ligand, should shift hypsochromi-
cally as observed experimentally. By contrast, the emission
maximum does not shift compared with that of the starting
complex because the weak remaining emission originates
from the lowest excited triplet state, that is, the 3MLCT
(metal-to-ligand charge transfer) of the Ru-nonmodified
HAT. The weak emission and shortening of the lumines-
cence lifetime of the photoadduct could stem from an intra-
molecular electron transfer from the attached GMP moiety
to the metal-containing species in the excited state.


When the illumination of the complex with GMP is per-
formed in the presence of oxygen, the ESMS analyses sug-
gest also the appearance of a minor photoproduct that is, a
photoadduct between [Ru(hat)2phen]2+ and an oxidised
guanine moiety. Notably such oxidised species are produced
only with GMP and not with polynucleotides. Several mech-
anisms discussed in the literature can explain the formation
of such oxidised guanine bases: i) appearance of singlet
oxygen, produced by photosensitization[39,40,51, 56–62] ii) forma-
tion of OHC or O2C� radicals that could originate from the re-
action of the transient monoreduced ruthenium complex
with O2


[4,15,17,25, 40,42, 52,61,63, 64] iii) formation of the radical
cation GMPC+ [40,48,51] Furthermore, since the transformation
of GMPC+ into 8-oxoguanine does not necessarily require
the presence of oxygen in solution,[40, 48,51] the detection of
some oxidised guanine units in the photoadducts during illu-
minations under argon is thus not surprising.


The results show also that with increasing oxygen concen-
trations in solution, [Ru(hat)2phen]2+ disappears more rap-
idly. This might be explained by the fact that oxidised gua-
nine units such as for example 8-oxoguanine moieties are
better reductants (0.53 eV vs NHE) than guanine moieties
(0.85 eV vs NHE).[40] Consequently, the formation under il-
lumination and in the presence of oxygen, of a better elec-
tron donor than GMP, increases the efficiency of the reac-


Figure 11. Photoadduct formation between [Ru(hat)2phen]2+ and double
stranded oligonucleotide sequence 3 (32P-5’-end-labeled at the guanine
containing strand) analysed by denaturing gel electrophoresis. Lane A:
non-illuminated duplex. Lane B: duplex illuminated for 30 min in the ab-
sence of [Ru(hat)2phen]2+ . Lane C: duplex illuminated in the presence of
[Ru(hat)2phen]2+ . Lane D: product isolated by purifying the fastest band
from lane C. Lane E: same as D but after piperidine treatment at 90 8C
for 1 hour. Lane F: product isolated by purifying the fastest band from
lane C and after Fpg treatment. Lane G: product isolated by purifying
the slowest band from lane C. Lane H: same as G but after piperidine
treatment. Lane I same as G but after exonuclease III treatment.
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tion with time and explains the faster disappearance of the
starting complex and faster appearance of photoproducts.


In the presence of CT-DNA, the spectroscopic data as a
function of the illumination time show also the appearance
of photoadducts but interestingly, no oxygen effect could be
detected in this case. This would suggest that maybe no oxi-
dised guanine units is formed during visible irradiation due
to a reduced access of O2 or water to the three transient
species formed in the CT-DNA (three different species may
be considered as possible source of production of oxidized
guanine via the above-mentioned mechanisms: the excited
and reduced metal complex and the guanine radical cation).
Actually the results of the gel electrophoresis experiments
performed with [Ru(hat)2phen]2+ in the presence of synthet-
ic oligodeoxyribonucleotides are in agreement with this hy-
pothesis (see below).


By gel electrophoresis in denaturing conditions, the pho-
toadducts formation with the guanine residues in 17 mer oli-
gonucleotides is evidenced by the detection of species with a
lower mobility. By contrast, oligonucleotides containing no
guanine (sequence 0) did not give rise to the formation of
this retarded band. Illumination in the absence of [Ru(hat)2-
phen]2+ and incubation in presence of the metal-containing
complex in the dark did not produce retarded bands con-
firming that the covalent binding of the metal complex to
the oligonucleotide was due to light treatment. The absence
of faster migrating bands on the gel indicates the absence of
frank breaks as it has been reported for other RuII com-
plexes.[6,40,65]


Treatment of the oligonucleotide isolated from the gel
after illumination, by piperidine or Fpg enzyme, did not
induce the formation of faster migrating species. This strong-
ly suggests that oxidised guanine moieties were not pro-
duced. This result is in agreement with the conclusion drawn
from the absorption experiments. The piperidine treatment
of the slow migrating oligonucleotide isolated from the gel
(attributed to photoadduct) (see lane H in Figure 11) trans-
formed partly this species into another species migrating as
the starting oligonucleotide. This could be due to a partial
dechelation of the photoanchored [Ru(hat)2phen]2+ . The
loss of a [Ru(hat)(phen)]2+ species leads to an oligonucleo-
tide with the second HAT ligand remaining bound to a gua-
nine residue. This modification does not introduce a change
of charge and the slight increase in mass is not expected to
induce a dramatic change in mobility. This dechelation of
the ruthenium complex was also evidenced on the free [Ru-
(hat)2phen]2+ for which a similar piperidine treatment in-
duced a loss of emission, a decrease in intensity of the
metal-to-ligand charge transfer band in the absorption spec-
trum and the appearance of a new bathochromic absorption
band characteristic of a bis-chelated complex. The treatment
of the purified photoadduct with the repair enzyme exonu-
clease III showed that the action of this enzyme is inhibited,
at least partially, by the presence of the photoadduct. The
reaction products migrated faster than the photoadducts but
more slowly than a 17 mer suggesting that the 3’ to 5’ exonu-
clease activity removes only a few nucleotides. The mass in-


crease and the positive charges brought by the RuII complex
retards the shortened oligonucleotide and makes it to mi-
grate more slowly than the 17 mer starting material.


Conclusion


The results of this work show that [Ru(hat)2phen]2+ presents
a much stronger interaction with CT-DNA and polynucleo-
tides than the previously studied photoreactive non-interca-
lating ruthenium(ii)–TAP complexes. The different results
suggest that this affinity enhancement is due to a partial in-
tercalation of one of the HAT ligands between the stacking
of bases of CT-DNA or polynucleotides.


[Ru(hat)2phen]2+ photoreacts with GMP and leads to the
formation of two photoadducts, geometrical isomers be-
tween [Ru(hat)2phen]2+ and one guanine unit. It is obvious
that the photoadducts with [Ru(hat)2phen]2+ represent a
type of adducts quite different from the dark adducts
formed with Pt complexes and mononucleotides or DNA
since contrary to the Pt compounds, the chelation sphere is
not lost in the RuII photoadducts.


Different minor photoproducts were also detected: photo-
adducts between [Ru(hat)2phen]2+ and one oxidised guanine
unit (depending on the conditions), and biadducts between
the complex and two guanine units. This is the first time
that such biadducts are observed. Photoadducts formation
occurred also during the illumination of [Ru(hat)2phen]2+


with CT-DNA or synthetic oligonucleotides containing gua-
nine bases. However, in that case no indication of oxidised
guanine units was found.


Experimental Section


Materials : The synthesis and characterisation of [Ru(hat)2phen]2+ and
[Ru(tap)2phen]2+ were performed as previously described.[15] The concen-
trations of the metal-containing complexes were determined optically
using the absorption coefficient value e given in the literature.[15] The
Tris-HCl buffer (pH 7) stock standard solution was purchased from
Sigma and the water was purified with a Millipore Milli-Q system. Calf
thymus DNA (CT-DNA) and [poly(dA-dT)]2 were purchased from Phar-
macia. CT-DNA was dialysed exhaustively against a phosphate buffer so-
lution and subsequently against water. The CT-DNA and [poly(dA-dT)]2


concentrations are expressed in base pairs (bp) and were determined
spectrophotometrically (CT-DNA: e260 =6600 m


�1 cm�1 per phosphate;
[poly(dA-dT)]2: e262 =6600 m


�1 cm�1 per phosphate).


The oligonucleotides (sequences 0, 1, 2, 3) were prepared by automated
DNA synthesis on an Expedite DNA synthesiser (Perkin–Elmer) using
standard b-cyanoethylphosphoramidite chemistry on a 1 mm scale. The
oligonucleotides were purified by PAGE (polyacrylamide gel electropho-
resis) by using TBE buffer and urea (7 m).


Instrumentation : The absorption spectra were recorded on a Perkin–
Elmer Lambda UV/Vis spectrophotometer. The emission spectra were
obtained with a Shimadzu RF-5001 PC spectrofluorimeter equipped with
a xenon lamp (250 W) as exciting source and a Hamamatsu R-928 red
sensitive photomultiplier tube for detection. The spectra were corrected
for the instrument response. The luminescence lifetimes were measured
by time-resolved single-photon counting (SPC) with an Edinburgh Instru-
ments (Edinburgh, UK) FL-900 spectrometer, equipped with an N2-filled
discharge lamp (with a gas pressure of 0.4 bar, a 1.3 mm gap and 5.6 kV
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between the electrodes) and a Peltier-cooled Hamamatsu R-995 photo-
multiplier tube. The emission decays were analysed with the Edinburgh
Instruments software (version 3.00), based on non-linear least-squares re-
gressions using a modified Marquardt algorithm. Excitation at 379 nm
was used and the emission was measured at 646 nm, which corresponds
to the emission maximum of [Ru(hat)2phen]2+ .


The photoadduct was characterised by NMR and ESMS analyses. The
NMR spectra were recorded in D2O and in [D6]DMSO with a 600 MHz
Varian spectrometer. Electrospray mass spectra were obtained with an
ES triple quadrupole mass spectrometer Quattro II (Micromass, Altrin-
cham, UK) in the laboratory of Professor A. van Dorsselaer, at the Uni-
versity Louis Pasteur (Strasbourg, France).


Viscosity measurements were performed on a Cannon-Ubbelhode semi-
microdilution viscosimeter (Series No 75, Cannon Instrument Co.) at the
University of Messina (Messina, Italy). The viscosimeter contained 2 mL
of sonicated CT-DNA solution (600 base pairs).


Analytical HPLC was performed on a Waters 600 controller with a
Waters 600 pump and 996 Photodiode Array Detector, using an analyti-
cal Nova-Pak C18 (3.9 � 150 mm) column. The separation of the photo-
products was carried out by HPLC.


Binding equilibrium


Polynucleotide titrations : The binding constants of [Ru(hat)2phen]2+ to
DNA were determined from luminescence titrations at fixed concentra-
tions of complex (5 mm) with increasing concentrations of polynucleo-
tides. The samples were excited at 408 nm, and the emission intensities
were measured at 646 nm and corrected for the instrument response. The
ruthenium/polynucleotide solutions were continuously stirred and al-
lowed to equilibrate for 10 min before each measurement. All measure-
ments were performed under air-saturated conditions.


Binding equilibrium constants and associated thermodynamic parame-
ters : Quantitative treatment of the titration data allows the determina-
tion of the affinity constants.[66, 67] Like for other complexes, we chose the
McGhee and von Hippel model[66] which describes random non-coopera-
tive binding to a lattice [Eq. (2)]:


n


cf
¼ Kobs


ð1�nnÞn
½1�ðn�1Þn�n�1


ð2Þ


n is the binding ratio cb/[polynucleotide] (cb is the concentration of bound
complex, [polynucleotide] is the concentration of the polynucleotide ex-
pressed in base pairs, bp), Kobs is the apparent binding constant for the
experimental conditions (10 mm Tris-HCl buffer, pH 7, with or without
50 mm NaCl, Tables 1 and 2), n is the average size of the binding site ex-
pressed in number of base pairs, and cf is the concentration of free com-
plex. For the treatment of the data, the concentrations of bound (cb) and
free (cf) complex for each concentration of DNA have to be determined.
A mathematical approximation,[30] was used to calculate these concentra-
tions. The advantage of this mathematical procedure is the fact that the
I¥/I0 value can be retrieved from the curves where a plateau is not yet
reached (which was the case for the titrations in the presence of 50 mm


NaCl). For the calculation, the binding site size was fixed to 3 bp.


Salt dependence : Samples of ruthenium–DNA in Tris-HCl buffer (10 mm,
pH 7) were used to perform reverse salt titrations with NaCl. The con-
centration of [Ru(hat)2phen]2+ was fixed to 5 mm with [DNA]/[Ru] ratios
of 75. The results were treated as previously described[21, 30, 32, 68, 69] in order
to determine the thermodynamic parameters of the binding and compare
the binding free energies with the values reported for other complexes.
These reverse titrations yielded the concentration of bound complex at
each salt concentration [M+] and the corresponding calculated Kobs.
Equation (3) is obtained from the polyelectrolyte theory of Record:[68, 69]


dlog Kobs=dlog ½Mþ� ¼ �ZY ð3Þ


where Z is the charge of the metal-containing complex and Y is the frac-
tion of counterions associated with each DNA phosphate (Y=0.88 for
double-stranded B-form DNA).[68] Thus ZY=1.76 for complexes bearing
a 2 + charge (number of Na+ counterions released upon binding).


Gel electrophoresis : The guanine containing oligonucleotides were 5’-
end-labeled by T4 polynucleotide kinase using [g32P]-ATP
3000 Ci mmol�1 (Perkin Elmer Life Sciences) at 37 8C for 30 min. Double
stranded target DNA was prepared by heating the radioactively labeled
oligonucleotides with their complementary strand to 90 8C for 5 min and
then annealing by slow cooling (1 h) to RT. A solution of [Ru(hat)2-


phen]2+ (2 � 10�5
m) in 5 mm Tris-HCl buffer (pH 7) and 32P-labeled


duplex oligonucleotide (10�6
m) was illuminated for 30 min at 4 8C with a


mercury/xenon lamp (Oriel 200 W) by using a KNO2 solution as filter.
The piperidine treatments were carried out by adding piperidine (1 m,
100 mL) to the duplex solutions and by heating at 90 8C for one hour. The
samples were then lyophilised and washed/lyophilised twice with water
(100 mL). Fpg was provided by M. Saparbaev (Institut Gustave Roussy
Villejuif-France). A typical experiment was performed by treating sam-
ples purified by gel electrophoresis with 60 ng of Fpg in 20 mL incubation
buffer (Hepes/KOH 70 mm, KCl 100 mm, EDTA 1 mm, pH 7) at 37 8C for
one hour. Exonuclease III was purchased from Pharmacia
(200 units mL�1). The enzyme (360 units) and the sample were incubated
at 37 8C for 1 h in 10 mL of the enzyme buffer (HEPES/KOH 50 mm


pH 7, KCl 50 mm, CaCl2 5 mm, DTT 1 mm). Samples of the various incu-
bation mixtures (2 mL) were dissolved in 8 mL of the loading buffer (95 %
formamide, 0.1% xylene cyanol, 0.1% bromophenol blue). The DNA
products were separated by electrophoresis on polyacrylamide gel (20 %
with a 19:1 ratio of acrylamide to bisacrylamide) containing urea (7 m) in
TBE buffer (90 mm Tris-borate, pH 8, 2 mm EDTA). The gels were vi-
sualised by autoradiography using Kodak X-OMAT AR films and were
counted with an Instant Imager (Packard Instrument).


Continuous irradiation in presence of GMP and CT-DNA : Continuous
irradiation in presence of GMP or CT-DNA was performed with a mer-
cury vapour lamp (Osram HBO 200 W) and a 2000 W quartz halogen
lamp (Philips), cooled by a system of water circulation. IR (water) and
UV (KNO2) cut-off filters were inserted between the irradiation cell and
the exciting source. All the experiments were performed with argon-, air-
and oxygen-saturated solutions (2 mL) containing [Ru(hat)2phen]2+


(2.10�5
m) and GMP (2.10�3


m) or CT-DNA (expressed in phosphate
equivalents).


Isolation of the photoadduct : A solution (100 mL) of [Ru(hat)2phen]2+


(5.6 � 10�5
m), Na2GMP (2 � 10�3


m) and H2GMP (10�3
m) (pH 6) was illu-


minated for 5 h in a Pyrex photoreactor, under continuous stirring and
Ar bubbling, using a 125 W medium-pressure mercury lamp. The evolu-
tion of the photoreaction was followed simultaneously by absorption
spectroscopy and analytical HPLC. The photoadduct was separated from
the starting complex and ruthenium-containing side-products by cation-
exchange chromatography. The excess of GMP was removed by HPLC,
using a gradient from 0–80 % acetonitrile (100–20% water) over 42 min
at a flow rate of 2 mL min�1. Both eluting solvents contained 0.05 % tri-
fluoroacetic acid.
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Introduction


The last decade has seen extensive research devoted to the
study of magnetic interactions between paramagnetic cen-
ters in exchange-coupled systems, which is fired by the
growing interest in molecule-based magnetic materials.[1,2]


One of the major incentives is to obtain nanoscale molecu-
lar magnets, and current activities focus on increasing the
nuclearity of single-molecule clusters that have ground elec-
tronic states with a large spin[3] and enhancing the anisotro-
py of single-molecule type systems.[4] Nickel(ii) is an attrac-
tive spin carrier for this purpose owing to its large single-ion
zero-field splitting. A similarly active line of research is


aimed at the synthesis and characterization of materials with
molecular architectures extending to one, two, or three di-
mensions of space and exhibiting long-range magnetic order-
ing.[2,5,6]


For all these intertwined facets of research within the
field of molecule-based magnetism, the flexidentate azido
bridge plays a central role, since it may propagate different
kinds of magnetic coupling depending on its mode of coor-
dination.[7,8] A variety of molecular architectures for azido
compounds of different dimensionality have been discov-
ered,[8–13] in particular in nickel(ii) chemistry.[8–12] Magneto-
structural correlations for the two major binding modes of
the azido ligand have emerged: m-1,1 azido bridges (end-on,


Abstract: Pyrazolate-based dinucleat-
ing ligands with thioether-containing
chelate arms have been used for
the synthesis of a family of novel
tetranuclear nickel(ii) complexes
[L2Ni4(N3)3(O2CR)](ClO4)2 that incor-
porate three azido bridges and one car-
boxylate (R = Me, Ph). Molecular
structures have been elucidated by X-
ray crystallography in four cases, re-
vealing Ni4 cores with a unique topolo-
gy in which two of the azido ligands


adopt an unusual m3-1,1,3 bridging
mode. The compounds were further
characterized by mass spectrometry, IR
spectroscopy, and variable-temperature
magnetic susceptibility measurements.
Magnetic data analyses indicate a com-
bination of significant intramolecular


ferromagnetic and antiferromagnetic
exchange interactions that give rise to
an overall ST = 0 ground state. The
sign and the magnitude of the individu-
al couplings have been rationalized in
the framework of the common magne-
tostructural correlations for end-to-end
and end-on azido linkages, suggesting
that these correlations also remain
valid for the respective fragments of
multiply bridging m3-1,1,3 azido ligands.


Keywords: azide ligands · magnetic
properties · molecular magnetism ·
nickel · tetranuclear complexes


[a] Prof. Dr. F. Meyer, S. Demeshko, Dr. G. Leibeling
Institut f�r Anorganische Chemie
Georg-August-Universit�t Gçttingen
Tammannstrasse 4, 37077 Gçttingen (Germany)
Fax: (+49) 551-393-063
E-mail : franc.meyer@chemie.uni-goettingen.de


[b] Priv.-Doz. Dr. B. Kersting
Institut f�r Anorganische und Analytische Chemie
Universit�t Freiburg
Albertstrasse 21, 79104 Freiburg (Germany)


[c] Dr. E. Kaifer, Dr. H. Pritzkow
Anorganisch-Chemisches Institut, Universit�t Heidelberg
Im Neuenheimer Feld 270, 69120 Heidelberg (Germany)


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/chem.200400945 Chem. Eur. J. 2005, 11, 1518 – 15261518







A) usually mediate ferromagnetic (F) coupling, whereas m-
1,3 azides (end-to-end, D) in most cases entail antiferromag-
netic (AF) behavior. Few compounds with a triply bridging
m3-1,1,1 mode B are known, mostly in {M4(N3)4} cubane clus-
ters.[14] Examples for the m3-1,1,3 mode E (in which both AF
and F exchange might occur) are very scarce and have only
been reported for few 2D or 3D polymeric coordination net-
works[15] or most recently for some Ni4 complexes.[11,12] In
most cases, however, at least one of the M�N distances is
very long, which limits their description as genuine m3-1,1,3
type azido ligands.[11,15] Novel m4-1,1,1,1 (C)[16] and m4-1,1,3,3
(F)[12,17] azide binding modes have only recently been report-
ed. The paucity of complexes with the more unusual azide
binding modes C, E, and F is highly unsatisfactory, since
these types of azide bridges are particularly suited for the
linking of several metal ions in high-nuclearity clusters and
for the construction of 2D and 3D networks of paramagnetic
metal centers. This is of major relevance, since magnetic or-
dering is essentially a three-dimensional property, and the
design of a molecule-based magnet requires control of the
molecular architecture along all three dimensions of
space.[18] Hence, there is considerable interest in the explora-
tion of these multiply bridging azide ligands in oligometallic
clusters.


We recently communicated the first example of an unpre-
cedented class of tetranuclear
nickel(ii) complexes that fea-
ture two different types of
azide ligands, including genuine
m3-1,1,3 azide bridges.[12] The
present contribution gives a de-
tailed report on the structural
and spectroscopic characteris-
tics of a series of these unique
complexes and describes their
magnetic properties.


Results and Discussion


Synthesis and structural charac-
terization of the complexes :
We have previously shown that
pyrazolate-based bimetallic complexes with accessible coor-
dination sites can serve as suitable building blocks for the
assembly of polynuclear[11,17] aggregates or 1D extended-
chain compounds with alternating bridges.[19,20] The first ex-
ample (2 a) of the new type 2 tetranuclear complexes was
obtained serendipitously when we set out to assemble a 1D
alternating chain from dinickel(ii) building blocks
[L1Ni2(OAc)]2+ , which was anticipated to occur upon re-
placement of the labile acetone ligands in 1[21] by potentially
bridging azide ions (Scheme 1). Unexpectedly however,
treatment of a solution of 1 with NaN3 led to a reshuffling
of all azide and acetate ligands, giving the Ni4 complex 2 a in
good yield. Further experiments revealed that various type 2
complexes can be prepared directly from appropriate


amounts of the respective components (Scheme 2). Pyrazo-
late-based ligands with different thioether substituents (L1:
R = Et; L2: R = iPr)[17,22] as well as different carboxylates
have been used in order to evaluate the scope of these sys-
tems.


The tetranuclear nature of all these new complexes is in-
dicated by FAB mass spectrometry. While the most intense
signal corresponds to the species [LNi2(N3)(O2CR’)]+ , a
signal for [L2Ni4(N3)3(O2CR’)(ClO4)]+ with the expected
isotopic distribution pattern can be clearly detected in all
cases. The FAB mass spectrum of 2 b is depicted in Figure 1
as an example.


A detailed picture of the molecular structures of 2 a–2 c
was obtained by X-ray crystallography. The overall structure
of the cation and the unique central Ni4 core of 2 c are de-
picted in Figure 2 as an example. Table 1 lists selected in-
teratomic distances and bond angles for all three complexes,
and a general numbering scheme is depicted in Figure 3.
Complex 2 a could be crystallized with two different solvate


Scheme 2. Targeted synthesis of the complexes.


Scheme 1. Initial synthesis of 2a from 1.
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molecules (acetone or CH2Cl2), but the molecular structures
for the two forms are almost identical.


The central core structures are quite similar for all three
compounds investigated. The tetranuclear units consist of
two LNi2 fragments that are connected by three azido li-
gands and a single bridging carboxylate (in the crystal struc-
tures of 2 b and 2 c the two subunits are related by a C2


axis). Two of the azido ligands are found in the rare m3-1,1,3
mode, whereas the third exhibits end-to-end binding be-
tween Ni2 and Ni2a (or Ni4, respectively). Ni�Nazide bond
lengths for the m3-1,1,3 azides (2.094(2)–2.160(3) �) are


somewhat longer than for the m-1,3 azide (2.058(3)–
2.091(3) �), but they are still in the usual range for azido li-
gands,[8,9] in contrast to most other systems with a m3-1,1,3
azide, which usually exhibit at least one very long M�N dis-
tance.[11,15] Whereas the end-to-end azido bridge is symmet-
ric (d(N�N) = 1.172(2)–1.180(3) �), the m3-1,1,3 bridges
display markedly lengthened and shortened N�N bonds, re-
spectively (d(N10�N11)/d(N17�N18) = 1.187(3)–1.202(3) �
versus d(N11�N12)/d(N16�N17) = 1.160(3)–1.168(3) �).
Further geometric parameters important with respect to the
magnetic properties are the Ni�N�Ni angles for the end-on
bridging part of the m3-1,1,3 azides, which lie in the narrow
94.4(1)–97.0(1)8 range, as well as the Ni�N�Nazide angles
(see Table 1). Dihedral Ni�NNN�Ni torsion angles along
the m3-1,1,3 azide are in the 10.4–27.68 range (Ni1/Ni2 and
Ni3/Ni4) and in the 95.6–108.08 range (Ni1/Ni2a(Ni4) and
Ni2/Ni1a(Ni3)), while being 99.6–116.98 along the m-1,3
bridge. Despite the more bulky isopropyl substituents of the
ligand side arms in 2 c, metric parameters for the three com-
plexes differ only slightly. Subtle differences may have some
effect on magnetic properties of the Ni4 cores, however, as is
analyzed in more detail below. All nickel(ii) ions in 2 a–c are


six-coordinate, which leaves
two of the thioether side arms
of the pyrazolate ligands dan-
gling (Scheme 2, Figure 2). The
tetranickel entities are wrapped
in their surrounding ligand ma-
trices and are well separated
from each other within the crys-
tal lattice with closest intermo-
lecular Ni···Ni contacts of
7.03 � (2 a·0.75 acetone),
7.18 � (2 a·1.95CH2Cl2), 7.63 �
(2 b·2CH2Cl2), or 8.60 � (2 c).


Values for the nas(N3) stretch-
es observed in the IR spectra of
the new complexes are collect-
ed in Table 2. All compounds
feature a medium intensity
band at about 2043 cm�1 and a
very strong band at about
2083 cm�1 (with an additional
shoulder at 2092 cm�1 in the
case of 2 a). We tentatively
assign the former to the m-1,3


azide and the latter to the m3-1,1,3 bridges, in accordance
with the trends in IR absorption observed for other pyrazo-
late-based dinuclear and tetranuclear nickel(ii) complexes
with azido ligands in various binding modes.[23,11, 17]


Magnetic properties : Magnetic susceptibility measurements
were carried out for powdered samples of complexes 2 a, 2 b,
and 2 c in two different fields (2000 G and 5000 G), in a tem-
perature range from 2.0 to 295 K. In no case was any signifi-
cant field dependence of the magnetic data observed. Plots
of the magnetic susceptibility cM versus T and of the product


Table 1. Selected interatomic distances [�] and angles [8] for complexes 2a, 2b, and 2c.


2a (from acetone) 2a (from CH2Cl2) 2 b 2 c


Ni1�N10//Ni3�N18 2.118(2)//2.143(2) 2.097(2)//2.152(3) 2.123(2) 2.135(2)
Ni1�N10a(N18)//Ni3�N10 2.150(2)//2.146(2) 2.160(2)//2.137(3) 2.133(2) 2.156(2)
Ni2�N12//Ni4�N16 2.115(3)//2.098(2) 2.099(3)//2.094(3) 2.094(2) 2.104(3)
Ni2�N13//Ni4�N15 2.058(3)//2.070(2) 2.067(3)//2.091(3) 2.089(2) 2.080(3)
N10�N11//N18�N17 1.194(3)//1.202(3) 1.191(3)//1.195(3) 1.196(3) 1.187(3)
N11�N12//N17�N16 1.168(3)//1.165(3) 1.163(3)//1.166(3) 1.165(3) 1.160(3)
N13�N14//N14�N15 1.172(3)//1.174(3) 1.172(3)//1.180(3) 1.176(2) 1.166(3)
Ni1�O60//Ni3�O61 2.018(2)//2.011(2) 2.032(2)//2.012(2) 2.034(2) 2.036 (2)
Ni1···Ni1a(Ni3) 3.151(1) 3.171(1) 3.175(1) 3.181(2)
Ni1···Ni2//Ni3···Ni4 4.479(1)//4.461(1) 4.444(1)//4.451(1) 4.466(1) 4.449(2)
Ni2···Ni2a(Ni4) 5.493(1) 5.498(1) 5.536(1) 5.589(2)
Ni1···Ni2a(Ni4)//Ni2···Ni1a(Ni3) 5.499(1)//5.419(1) 5.466(1)//5.427(1) 5.406(1) 5.494(2)
Ni1�N10�Ni1a(Ni3)//Ni1�N18�Ni3 95.3(1)//94.4(1) 97.0(1)//94.7(1) 96.5(1) 95.7(1)
Ni1-N10-N11//Ni3-N18-N17 120.2(2)//115.4(2) 118.8(2)//115.2(2) 118.8(2) 115.1(2)
Ni1-N10a(N18)-N11a(N17)//Ni3-N10-N11 124.0(2)//123.6(2) 122.4(2)//125.7(2) 123.8(2) 129.8(2)
Ni2-N12-N11//Ni4-N16-N17 116.9(2)//122.3(2) 117.9(2)//122.6(2) 118.6(2) 121.6(2)
Ni2-N13-N14//Ni4-N15-N14 128.1(2)//126.1(2) 128.6(2)//122.7(2) 125.6(2) 126.0(2)
Ni1-N10-N12-Ni2//Ni3-N18-N16-Ni4 14.1(2)//10.4(2) 20.7(2)//10.6(2) 17.3(2) 27.6(2)
Ni2-N12-N10-Ni1a(Ni3)//Ni4-N16-N18-
Ni1


108.0(2)//105.5(2) 105.2(2)//104.3(2) 105.4(2) 95.6(2)


Ni2-N13-N13a(N15)-Ni2a(Ni4) 99.6(2) 104.1(2) 106.5(2) 116.9(2)


Figure 1. Positive-ion FAB-MS spectrum of 2b ; the inset shows the ex-
perimental (lower) and theoretical (upper) isotopic distribution
pattern for dinuclear [L1Ni2(N3)(O2CPh)]+ and tetranuclear
[L1


2Ni4(N3)3(O2CPh)(ClO4)]+ ions, respectively.
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cMT versus T for 2 a–2 c measured at 2000 G are depicted in
Figure 4.


For all complexes, cMT decreases rapidly when the tem-
perature is lowered. At room temperature the cMT values
are in the 3.35–3.62 cm3 Kmol�1 range, that is, much lower
than the value expected for four uncoupled nickel(ii) centers
(4.83 cm3 Kmol�1 for g = 2.2). This is indicative of signifi-
cant antiferromagnetic exchange coupling within the Ni4


core, which is also evident from the broad maxima of the cM


versus T curves that occur around 170–200 K. The cMT
values tend towards zero at low temperatures, in accordance
with dominant antiferromagnetic exchange and an ST = 0


ground state. The rise of cM at very low temperatures is
probably due to some residual paramagnetic impurity.


Considering the molecular topology of the complexes we
can expect six magnetic exchange pathways according to
Figure 5. As a simplifying approximation for magnetic data
analysis, we assume twofold symmetry in all Ni4 skeletons
with J1,2 = J3,4 and J1,4 = J2,3. The overall coupling scheme
thus comprises one intradimer coupling by way of the pyra-
zolate and the cis-type end-to-end linkage of an m3-1,1,3
azide (J1,2/J3,4), but three interdimer couplings: one through
the carboxylate and the end-on linkages of the m3-1,1,3
azides (J1,3), the second along the m-1,3 azide bridge (J2,4),
and the third along the diagonals (trans-type end-to-end
linkages of m3-1,1,3 azides) of the Ni4-core (J1,4/J2,3). The ex-
perimental cMT data were analyzed by means of an appro-
priate model based on the isotropic Heisenberg–Dirac–van-
Vleck (HDvV) exchange Hamiltonian in Equation (1), in
which an additional term accounts for the Zeeman splitting
and the g values are assumed to be identical for all posi-
tions.[24]


H ¼ �2 J1,2ðŜ1Ŝ2 þ Ŝ3Ŝ4Þ�2 J1,3ðŜ1Ŝ3Þ�2 J2,4ðŜ2Ŝ4Þ


�2 J1,4ðŜ1Ŝ4 þ Ŝ2Ŝ3Þ þ
X


gmBBŜiz


ð1Þ


Since the paramagnetic impurity and zero-field splitting
effects were not taken into account, only data above 30 K
(2 a), 29 K (2 b), and 25 K (2 c) were included in the fitting
procedure. The solid lines in Figure 4 represent the best fits
to the experimental data for complexes 2 a–2 c, which yield
the parameters compiled in Table 3. Two dominant antifer-
romagnetic couplings and two ferromagnetic interactions
are found for all complexes. Alternative models with, for ex-
ample, three antiferromagnetic and one ferromagnetic inter-


Figure 3. General numbering scheme for the central Ni4 cores of 2 a–2c.


Table 2. Selected IR absorptions of complexes 2a–2c [cm�1].


complex nas(N3)


2a 2042 (m), 2081 (vs), 2092 (sh)
2b 2043 (m), 2083 (vs)
2c 2043 (m), 2083 (vs)


Figure 2. View of the molecular structure of the cation of 2 c (left) and of its central tetranuclear core (right). In the interest of clarity all hydrogen atoms
have been omitted.
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actions clearly gave a worse fit. It should be noted that be-
cause of the symmetry of the Hamiltonian the individual in-
teractions J1,3, J1,2/J3,4, J1,4/J2,3, and J2,4 are not unambiguously


assigned to the topological J values in Figure 5, but assign-
ment is based on rationalization in view of the known mag-
netostructural correlations for nickel(ii) azido systems.[8]


To interpret the magnetic parameters determined for the
various complexes, it appears reasonable to first consider
separately the individual fragments of the tetranuclear
framework. Ni1 and Ni2 (as well as Ni3 and Ni4) are span-
ned by the pyrazolate and by an end-to-end azide (as part
of the central m3-1,1,3-azide), corresponding to J1,2 and J3,4 in
Figure 5. While some exchange contribution from the pyra-
zolate is certainly present, it is likely that the azide provides
the dominant exchange pathway within the pyrazolate-based
bimetallic subunits.[21] Furthermore, there are two end-to-
end interdimer linkages through the m3--1,1,3-azide between
the pyrazolate-based subunits (Ni1-NNN-Ni2a/Ni4 and Ni2-
NNN-Ni1a/Ni3, corresponding to J1,4 and J2,3).


These different types of end-to-end azido connectivities
established by the m3-1,1,3-azides are distinguished by drasti-
cally different Ni-NNN-Ni torsion angles, which are small
(10.4–27.68) in the intradimer, but large (95.6–108.08) in the
interdimer case. Finally, Ni2 and Ni2a (or Ni4, respectively)
are also connected by an end-to-end azide, the coupling
pathway denoted J2,4.


A number of dinuclear nickel(ii) complexes with only a
single m-1,3 azido bridge have been characterized magneti-
cally.[25] For magnetostructural correlation, two geometric
parameters are usually considered: the angles Ni-N-N and
the dihedral angle f along the azide ligand.[8,26] For a Ni-
NNN-Ni torsion angle of f = 1808, the antiferromagnetic
coupling is predicted to have a maximum at Ni-N-N angles
around 1088 and to decrease at larger angles. On the other
hand, the maximum coupling for all Ni-N-N angles is ex-
pected for a torsion of 1808 (or 08). However, the effect of
torsion should be less pronounced than the effect of bond
angle. In the absence of any constraining ligand scaffold, Ni-
N-N angles in dinuclear complexes or 1D extended systems
with one m-1,3 azido bridge tend to lie in the 1158–1458
range with f = 1408–1808, resulting in J values in the �8 to
�55 cm�1 range.[8,17] Particularly strong antiferromagnetic
coupling of around �50 cm�1 has been observed for some
1D chain complexes with a trans-{Ni-(m-1,3-N3)-Ni} motif
featuring acute Ni-N-N angles (120.9 or 115.6/116.88, respec-
tively) and a large f (1808 or 175.58, respectively),[27] or in a
dinickel(ii) complex with extremely obtuse Ni-N-N angles of
109.98.[8,28] In the case of complexes 2 a–2 c, Ni-N-N angles
for the intradimer linkages involving the m3-1,1,3-azide are
found in the narrow 115.6–121.78 range, and Ni1-NNN-Ni2
and Ni3-NNN-Ni4 torsion angles are not very far from zero


Figure 4. Plots of cM (solid circles) and cMT (open circles) versus temper-
ature for 2 a (top), 2 b (middle), and 2 c (bottom) at 2000 G; the solid
lines represent the calculated curve fits (see text).


Figure 5. Magnetic coupling scheme for the complexes 2a–2 c.


Table 3. Best fit parameters for complexes 2a–2 c.


Complex 2 a 2b 2c


J1,3 [cm�1] +57 + 25 +27
J1,2/J3,4 [cm�1] �51 �61 �53
J2,3/J1,4 [cm�1] �18 �12 �3
J2,4 [cm�1] +6 +5 +6
g 2.29 2.38 2.30
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(10.4–27.68). A large antiferromagnetic intradimer coupling
on the order of �50 cm�1 can thus be anticipated for 2 a–2 c,
in accordance with experimental findings for J1,2/J3,4 which
are safely assigned to the intradimer coupling. Among the
series of three complexes 2 a–2 c, intradimer Ni-NNN-Ni tor-
sion angles are largest for 2 c (27.68) but somewhat smaller
for 2 a and 2 b (10.4–20.78). However, care should be taken
when trying to relate the magnetic exchange constants to
such minor differences of the metric parameters deduced
from single crystal X-ray structures. First, values in Table 3
obtained from fits to the magnetic data can only be viewed
as approximate values, since effects such zero-field splitting
have not been taken into account. Second, magnetic meas-
urements were performed on dried powered samples that in
the case of 2 a and 2 b have lost the solvent of crystallization
included in the crystal lattice. Although no major structural
rearrangments are to be expected upon extrusion of the sol-
vent molecules, subtle changes of bond angles cannot be
fully excluded.


In contrast to the more common situation discussed
above, the antiferromagnetic contribution for an end-to-end
azido linkage is predicted to become negligible if the torsion
f along Ni-NNN-Ni approaches an orthogonal orientation
close to 908, or if the Ni-N-N bond angles exceed 1558.[8] A
ferromagnetic interaction should result for this particular ar-
rangement. Very few examples of such ferromagnetically
coupled nickel(ii) systems with m-1,3 azido bridges have
hitherto been discovered.[29,30,31] One is a dinuclear complex
of a cryptate ligand that enforces unusual quasilinearity of
the central Ni-NNN-Ni unit (Ni-N-N angles close to
1658),[30] whereas the others are 1D compounds[29] and a Ni4


complex[31] that exhibit appropriate Ni-NNN-Ni torsion
angles (f = 110.48, 106.88, 75.78, or 76.48, respectively). In
the latter cases, positive J values in the +7 to + 3 cm�1


range have been attributed to quasiorthogonality between
the magnetic metal orbitals and the relevant azide p orbitals,
which causes minimal overlap integrals through the bridge
and hence a vanishing antiferromagnetic exchange contribu-
tion.[29] Interdimer torsion angles of the diagonal end-to-end
Ni1-NNN-Ni2a/Ni4 and Ni2-NNN-Ni1a/Ni3 linkages involv-
ing the m3-1,1,3-azide are found in the 104.3–108.08 range for
2 a and 2 b, and the situation is even more close to orthogon-
ality for 2 c (f = 95.68). Accordingly, antiferromagnetic cou-
pling J2,3/J1,4 should be much less pronounced than the intra-
dimer coupling J1,2/J3,4, as is observed experimentally. The
interdimer interaction for J2,3/J1,4 is still antiferromagnetic,
however, which is presumably due to the Ni-N-N angles
being significantly smaller than 1558 (mean value for 2 a–2 c :
120.78). On the other hand, the m-1,3 azido bridge connect-
ing Ni2 and Ni2a/Ni4 exhibits somewhat larger Ni-N-N
angles (mean value 126.28) in conjunction with appropriate
Ni-NNN-Ni torsion (f = 99.6–116.98) to apparently reach
the ferromagnetic regime, and J2,4 is found to be around
+5 cm�1 for 2 a–2 c. Interestingly, the combination of strong
ferromagnetic coupling propagated through the {Ni(m-1,1-
N3)2Ni} linkage between Ni1 and Ni3/Ni1a (J1,3, see below)
and dominant antiferromagnetic intradimer exchange


(J1,2, J3,4) should lead to some degree of frustration in the Ni4


array if the interdimer coupling J2,4 were not of the ferro-
magnetic type.


Dinuclear nickel(ii) complexes with two end-on azido
bridges and a {Ni(m-1,1-N3)2Ni} central core generally fea-
ture Ni�N�Ni angles q in the narrow 101–1058 range and J
values between + 13 and + 37 cm�1.[8,9] DFT calculations
suggested a clear correlation between the exchange coupling
and q, with the interaction predicted to be ferromagnetic for
all the range of q angles explored.[32] For the {Ni(m-1,1-
N3)2Ni} core, a maximum is expected at q�1048. Ferromag-
netic exchange has even been reported for a m-1,1 azido-
bridged nickel(ii) dimer with a very large q value of 129.38,
corroborating that a m-1,1 azido group may be considered an
almost universal ferromagnetic coupler.[33] On the other
hand, the out-of-plane displacement of the azide should
only have a minor influence. Ni1-N10-Ni3/Ni1a and Ni1-
N18-Ni3 bond angles involving the m3-1,1,3-azide in com-
plexes 2 a–2 c are quite acute in the narrow range 94.4–97.08.
Significant ferromagnetic interaction between Ni1 and Ni1a/
Ni3 can thus be anticipated, in accordance with the values
obtained for J1,3 (Table 3). The main structural difference
between 2 a (J1,3 = ++57 cm�1) and 2 b, 2 c (J1,3 = ++ 25 and
+27 cm�1, respectively) is the presence of an acetate versus
benzoate bridge spanning Ni1 and Ni1a/Ni3. While J1,3 is
clearly dominated by the ferromagnetic contribution arising
from the {Ni(m-1,1-N3)2Ni} motif, it might be speculated that
the benzoate imparts a more significant antiferromagnetic
contribution than the acetate, reducing J1,3 in the case of 2 b
and 2 c.


Conclusion


A series of tetranuclear nickel(ii) azido complexes com-
posed of pyrazolate-based bimetallic building blocks has
been characterized structurally and magnetically. The Ni4


cores feature a unique topology and incorporate two azido
ligands in the unusual m3-1,1,3 bridging mode, in addition to
a m-1,3 azide. Two types of ferromagnetic and two types of
antiferromagnetic exchange interactions propagated by the
different azido bridges have been identified, the combina-
tion of which gives rise to an overall ST = 0 ground state.
Magnetic couplings have been rationalized in the framework
of the common magnetostructural correlations for end-to-
end and end-on azido linkages,[8] suggesting that these corre-
lations also remain valid for the respective fragments of
multiply bridging m3-1,1,3 azido ligands. The results are in
accordance with similar conclusions recently reached for m4-
1,1,3,3 azides.[17] Future work will probe the possibilities of
using such multiply bridging azides—which allow linkage of
several metal ions—as efficient magnetic exchange media-
tors in high-nuclearity clusters and extended coordination
networks.
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Experimental Section


General : Commercial grade chemicals were used for synthetic proce-
dures, and solvents were dried by established processes. Ligands HL1 and
HL2 were synthesized according to the reported method.[17, 22] Microanaly-
ses were performed by the Analytisches Labor des Instituts f�r Anorga-
nische Chemie der Universit�t Gçttingen. IR spectra were recorded as
KBr pellets on a Digilab Excalibur. Mass spectra were obtained with a
Finnigan MAT 95 (FAB-MS). The susceptibility measurements were car-
ried out with a Quantum-Design MPMS-5S SQUID magnetometer in the
range from 295 to 2 K. The powdered samples were contained in a gel
bucket and fixed in a nonmagnetic sample holder. Each raw data file for
the measured magnetic moment was corrected for the diamagnetic con-
tributions of the sample holder and the gel bucket. The molar susceptibil-
ities were corrected for diamagnetism by using the Pascal constants and
the increment method according to Haberditzl.[34]


Caution! Although no problems were encountered in this work, transi-
tion-metal perchlorate and azide complexes are potentially explosive and
should be handled with proper precautions.


General synthesis of the complexes: For 2 a, a solution of HL1 (256 mg,
0.535 mmol) in methanol (30 mL) was treated with KOtBu (1 equiv,
63 mg, 0.535 mmol), Ni(ClO4)2·6H2O (1.75 equiv, 294 mg, 0.803 mmol),
and Ni(O2CMe)2·4 H2O (0.25 equiv, 33 mg, 0.134 mmol). For 2b and 2 c, a
solution of HL1 (256 mg, 0.535 mmol) or HL2 (286 mg, 0.535 mmol), re-
spectively, in methanol (30 mL) was treated with KOtBu (1 equiv, 63 mg,
0.535 mmol), Ni(ClO4)2·6H2O (2 equiv, 391 mg, 1.07 mmol), and
NaO2CPh (0.5 equiv, 39 mg, 0.268 mmol). After stirring the mixture for
2 h at room temperature the solution was evaporated to dryness and the
residue was taken up in acetone (25 mL). NaN3 (52 mg, 0.803 mmol) was
added and the reaction mixture stirred for a further 24 h. The precipitate
was separated by filtration and the resulting green solution was layered
with light petroleum ether (boiling range 40–60 8C, 75 mL) to obtain
green crystals of the product 2 a (187 mg, 43 %), 2b (202 mg, 46%), or 2 c
(270 mg, 58%). In the case of 2a, some crystalline material was redis-
solved in CH2Cl2 and crystals could be obtained from that solvent after
layering the solution with light petroleum.


Analytical data for 2 a : (crystals from acetone) IR (KBr): ñ = 2092 (sh),
2081 (vs, n(N3


�)), 2042 (m, n(N3
�)), 1707 (w, n(C=O)acetone), 1584 (m,


n(C=O)acetate), 1090 cm�1 (vs, n(ClO4
�); MS (FAB + , nibeol): m/z (%):


1474 (6) [(L1)2Ni4(N3)3(O2CMe)(ClO4)]+, 753 (12) [L1Ni2(O2CMe)
(ClO4)]+ , 736 (25) [L1Ni2(N3)(ClO4)]+ , 696 (100) [L1Ni2(N3)(O2CMe)]+ ,
677 (35), [L1Ni2(N3)2]


+ ; elemental analysis calcd (%) for C44H85Cl2Ni4-


N17O10S8·0.75 C3H6O (1618.02): C 34.33, H 5.47, N 14.72; found: C 34.20,
H 5.58, N 14.87.


Analytical data for 2 a : (crystals from CH2Cl2) elemental analysis calcd
(%) for C44H85Cl2Ni4N17O10S8·0.5 CH2Cl2 (1616.93): C 33.06, H 5.36, N
14.73, Cl 6.58; found: C 33.21, H 5.15, N 14.08, Cl 6.06.


Analytical data for 2 b : IR (KBr): ñ = 2083 (vs, n(N3
�)), 2043 (m,


n(N3
�)), 1598 (m), 1563 (m, n(C=O)benzoate), 1097 cm�1 (vs, n(ClO4)); MS


(FAB + , nibeol): m/z (%): 1536 (7) [(L1)2Ni4(N3)3(O2CPh)(ClO4)]+ , 758
(100) [L1Ni2(N3)(O2CPh)]+ , 677 (33) [L1Ni2(N3)2]


+ , 635 (18) [L1Ni2(N3)]+


; elemental analysis calcd (%) for C49H87Cl2Ni4N17O10S8 (1636.53): C
35.96, H 5.36, N 14.55; found: C 36.12, H 5.19, N 14.59.


Analytical data for 2c : IR (KBr): ñ = 2083 (vs, n(N3
�)), 2043 (m,


n(N3
�)), 1600 (m), 1564 (m, n(C=O)benzoate), 1098 cm�1 (vs, n(ClO4)); MS


(FAB + , nibeol): m/z (%): 1648 (8) [(L2)2Ni4(N3)3(O2CPh)(ClO4)]+ , 814
(100) [L2Ni2(N3)(O2CPh)]+ , 735 (24) [L2Ni2(N3)2]


+ , 693 (16) [L2Ni2(N3)]+


; elemental analysis calcd (%) for C57H103Cl2Ni4N17O10S8 (1748.74): C
39.15, H 5.94, N 13.62; found: C 39.27, H 6.02, N 13.70.


X-ray crystallographic study : Data collection for 2 a and 2 b was carried
out on a Nonius Kappa CCD diffractometer at 200 K, for 2 c on a Bruker
AXS CCD diffractometer at 297 K using graphite-monochromated MoKa


radiation (l = 0.71073 �). Structures were solved by direct methods
(SHELXS-97) and refined by full-matrix least-squares techniques based
on F2 (SHELXL-97).[35] Atomic coordinates and thermal parameters of
the nonhydrogen atoms were refined in fully anisotropic models. Hydro-
gen atoms were included by using the riding model with Uiso tied to Uiso


of the parent atoms. Crystal data and refinement details are listed in
Table 4. CCDC-149456 (2 a·0.75 acetone), CCDC-244075
(2a·1.95 CH2Cl2), CCDC-149457 (2 b), and CCDC-244076 (2c) 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.


Table 4. Crystal data and refinement details for complexes 2 a, 2b, and 2c.


2a (from acetone) 2 a (from CH2Cl2) 2b 2 c


formula C44H85Cl2Ni4N17O10S8·0.75 C3H6O C44H85Cl2Ni4N17O10S8·1.95 CH2Cl2 C49H87Cl2Ni4N17O10S8·2 CH2Cl2 C57H103Cl2Ni4N17O10S8


Mr [gmol�1] 1618.02 1740.12 1806.39 1748.74
crystal size [mm] 0.30 � 0.20 � 0.20 0.40 � 0.30 � 0.30 0.50 � 0.35 � 0.30 0.40 � 0.10 � 0.10
crystal system monoclinic monoclinic monoclinic monoclinic
space group P21/c P21/c I2/a C2/c
a [�] 21.140(4) 20.951(4) 21.654(4) 27.9271(11)
b [�] 16.348(3) 15.571(3) 15.490(3) 15.9843(6)
c [�] 22.316(5) 22.906(5) 22.828(5) 22.4234(9)
a [8] 90 90 90 90
b [8] 113.59(3) 103.02(3) 104.61(3) 126.286 (1)
g [8] 90 90 90 90
volume [�3] 7068(2) 7280(3) 7410 8068.5(5)
1calcd [gcm�3] 1.521 1.588 1.619 1.440
Z 4 4 4 4
F(000) 3384 3616 3752 3672
temperature [K] 200 200 200 297(2)
hkl range �28 to 28, �22 to 22, �30 to 30 �27 to 27, �20 to 20, �29 to 29 �28 to 28, �20 to 18, �29 to 29 �37 to 30, 0 to 21, 0 to 29
2q range [8] 3.4 to 58.0 3.3 to 55.2 3.7 to 55.0 3.1 to 56.6
measd reflns 43065 33 488 14906 42 837
unique reflns 18801 [R(int) = 0.0446] 16 737 [R(int) = 0.0396] 8461 [R(int) = 0.0348] 10 022 [R(int) = 0.0470]
obsd reflns [I>2s(I)]12 291 11734 6505 6876
refinined params 887 902 442 580
resid electron density [e ��3] 0.970 and �0.670 0.728 and �0.562 0.911 and �0.749 0.616 and �0.438
R1 [I>2s(I)]0.0423 0.0376 0.0406 0.0404
wR2 (refinement on F2) 0.1167 0.0956 0.1076 0.1177
goodness-of-fit 1.043 1.023 1.051 1.050
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Lamellar Bridged Silsesquioxanes: Self-Assembly through a Combination of
Hydrogen Bonding and Hydrophobic Interactions


Jo�l J. E. Moreau,*[a] Luc Vellutini,[a] Michel Wong Chi Man,[a] Catherine Bied,[a]


Philippe Dieudonn�,[b] Jean-Louis Bantignies,[b] and Jean-Louis Sauvajol[b]


Introduction


The use of sol–gel processing has proved to be a powerful
method for the production of solid hybrid materials.[1,2]


Over the last decade, polysilsesquioxanes arising from the
sol–gel hydrolysis of polysilylated organic molecules[3–8] have
allowed the synthesis of new organic/inorganic hybrids by
design. The properties of the resulting hybrid solids can be
tuned by the introduction of appropriate organic functionali-
ty into the silicate network through covalent linkage. Bridg-
ed silsesquioxanes have proven efficient, for example, as
enantioselective heterogeneous catalysts,[6] as electrochemi-


cally active solids,[7] as extracting solids for lanthanides and
actinides,[8] as materials for optics and opto-electronics.[9]


These functional hybrid silicates, prepared by hydrolysis of
alkoxyorganosilanes in solution, are amorphous solids de-
spite some intermolecular interactions, and organisation be-
tween the organic fragments has been suspected on the
basis of chemical reactivities.[7,10]


Nanostructuring and control over morphology in hybrid
solids are of great interest for the design of polyfunctional
materials.[11] Recently, the surfactant-mediated pathway,[12]


originally used to produce periodic mesoporous silicas, has
been successfully extended to bridged silsesquioxanes.[13]


The use of an external surfactant resulted in shape-control-
led hybrids[14] and in hybrids with highly ordered hexagonal
mesoporous structures.[13,14] In silsesquioxane hybrids, the
bridging organic unit itself can be used to direct the struc-
ture of the solid network without addition of an external
structure-directing agent. Weak interactions between precur-
sor molecules during the hydrolysis–condensation of trial-
koxysilanes has been shown to influence the kinetic parame-
ters of the gelation[15] and to modify the texture and mor-
phology of silsesquioxane.[16] Anisotropic organisation due
to interactions between rigid aromatic units was interesting-
ly demonstrated by the generation of birefringent silses-
quioxane materials.[17] Moreover, mesoporous phenylene-


Abstract: The synthesis of four bis-
(trialkoxysilylated) organic molecules
capable of self-assembly—
(EtO)3Si(CH2)3NHCONH�(CH2)n�
NHCONH(CH2)3Si(OEt)3 (n = 9–
12)—associating urea functional groups
and alkylidene chains of variable
length is described. These compounds
behave as organogelators, forming
supramolecular assemblies thanks to
the intermolecular hydrogen bonding
of urea groups. Whereas fluoride ion-
catalysed hydrolysis in ethanol in the


presence of a stoichiometric amount of
water produced amorphous hybrids,
acid-catalysed hydrolysis in an excess
of water gave rise to the formation of
crystalline lamellar hybrid materials
through a self-organisation process.
The structural features of these nano-
structured organic/inorganic hybrids


were analysed by several techniques:
attenuated Fourier transformed infra-
red (ATR-FTIR), solid-state NMR
spectroscopy (13C and 29Si), scanning
and transmission electron microscopy
(SEM and TEM) and powder X-ray
diffraction (PXRD). The reaction con-
ditions, the hydrophobic properties of
the long alkylidene chains and the hy-
drogen-bonding properties of the urea
groups are determining factors in the
formation of these self-assembled
nanostructured hybrid silicas.
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self-organised hybrids
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bridged silsesquioxanes with ordered hexagonal pore struc-
ture and crystalline pore walls have been obtained recent-
ly.[18]


We recently developed a new and efficient approach for a
controlled synthesis of organically bridged silicas through
the design and hydrolysis of trialkoxyorganosilanes that ex-
hibit hydrogen-bonding interactions,[9c,19, 20] providing a route
to the generation of self-organised hybrid silicas. As demon-
strated in the case of silicas,[21] transcription of the chiral
properties of the molecular precursor to the hybrid solid
was achieved. Under acidic conditions in water, helical hy-
brids with controlled handedness formed upon hydrolysis of
the R,R or S,S enantiomers of diurea derivatives of trans-
(1,2)-diaminocyclohexane.[19a] Long-range ordered hybrids
were achieved when hydrogen-bonding interactions were
combined with aromatic p–p or
hydrophobic interaction.[19b, 20]


The organic bridging substruc-
ture plays an important role in
controlling the arrangement of
the crystalline lamellar materi-
al. In the work in this paper we
have studied the contribution of
the main organic alkylidene bridging substructure in combi-
nation with the urea groups in the self-organisation of these
hybrid solids. We report self-organised lamellar bridged sil-
sesquioxanes obtained by the acid-catalysed (HCl) hydroly-
sis of bis(trialkoxysilylated) organic molecules combining
urea functional groups and alkylidene chains of variable
length: (EtO)3Si(CH2)3NHCONH�(CH2)n�
NHCONH(CH2)3Si(OEt)3, with n = 9–12. Whereas sol–gel
hydrolysis–condensation produced amorphous materials
when catalysed by fluoride ion in ethanol, acid-catalysed hy-
drolysis allowed the generation of long-range ordered self-
organised lamellar bridged silsesquioxanes with variable in-
terlamellar distances depending on the lengths of the organ-
ic spacers.


Results and Discussion


We have studied how the combination of the self-assembly
properties of urea groups[22–24] with the hydrophobic interac-
tions provided by long hydrocarbon chains can direct the hy-
drolysis–condensation of linear bis-trialkoxysilylalkanes in
order to generate self-organised hybrids with tuneable la-
mellar spacings (Scheme 1).


Synthesis of silyl precursors containing long hydrocarbon
chains : The four molecular precursors P9 to P12, containing
nine- to twelve-carbon alkylene units, were synthesized by
treatment of a,w-diamino or a,w-diisocyanato alkanes with
3-(isocyanatopropyl)triethoxysilane or 3-(aminopropyl)tri-
ethoxysilane, respectively (Scheme 2).


The reactions between the amino groups and the isocya-
nates to form ureas were quantitative, and the reaction
products were easily purified after elimination of the solvent


and washing with dry cold pentane. The pure precursors P9–
P12 were isolated as microcrystalline solids in 80–93 %
yields, and were soluble in CH2Cl2, THF or EtOH. As has
been observed for related bis(urea)-based molecules[22–24]


P9–P12 behave as gelators in CHCl3 or toluene at low con-
centrations (ca. 10 g L�1). Evidence for the intermolecular
association of the urea groups was obtained from the FTIR
spectra of the precursors P9–P12 in solution and in the solid
state. Diluted CHCl3 solutions of the precursors showed the
vibrations characteristic of free urea groups:[25] nN�H = 3445,
nC=O (amide I) = 1654 and dN�H (amide II) = 1538 cm�1. At
higher concentrations, as organogels the vibration bands
shifted towards lower frequencies: �125 cm�1 for nN�H and
�35 cm�1 for nC=O. At the same time, the dN�H band shifted
by + 35 cm�1 towards higher frequencies. This behaviour is
characteristic of strongly associated urea groups between
P9–P12 molecules.[25] In the solid state, the observed vibra-
tions for the four microcrystalline precursors appeared at
1623 cm�1 (nC=O) and 1577 cm�1 (dN�H). The Dn value
(nC=O�dN�H) of 46 cm�1 is indicative of strong association of
the urea groups by hydrogen bonds. No significant variation
in the hydrogen bond strength as a function of chain length
(nine to twelve carbon atoms) was observed, since identical
Dn values were measured for P9–P12. Some differences ap-
peared in the nN�H region, with the solid-state spectra of P9–
P12 exhibiting bands at 3347 and 3319 cm�1, in comparison
with the solution spectra (nN�H = 3445 cm�1) and the gel
spectra (nN�H = 3320 cm�1). These are indicative of two
types of N�H bonds, the stronger being centred at low fre-
quency (3319 cm�1) at a value close to the value observed in
the organogel. Similar behaviour was observed for all pre-
cursor molecules whatever the length of the alkylene chain.
Clearly the intermolecular associations by hydrogen bonds
are weakly sensitive to the length of the spacer.


Scheme 1. Synthesis of self-organised lamellar alkylene-bridged silses-
quioxanes.


Scheme 2. Synthesis of the precursors Px (x = 9–12).
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Hydrolysis–condensation of P9–P12 : The hydrolysis–con-
densation of the four precursors, to give hybrid networks,
was performed under two different sets of reaction condi-
tions: with nucleophilic catalysis, in which case the conden-
sation is the faster reaction, and with acid catalysis, in which
hydrolysis is the faster step.


This was first achieved under normal sol–gel conditions
by dissolution of the molecular precursor in ethanol and
subsequent addition of a stoichiometric amount of water
(6 mol equiv) and a catalytic quantity of NH4F. The viscosity
of the reaction mixture increased up to the formation of a
transparent gel phase after 24 h. The system was cured for
48 h, and the obtained solid materials A9–A12 were dried
overnight at 110 8C (Scheme 3). We then studied different
reaction conditions without EtOH solvent, with use of a
large excess of water to favour hydrophobic intermolecular
interaction between precursor molecules. Hydrolysis–con-
densation was achieved in the presence of HCl as catalyst
(pH 2; to ensure fast hydrolysis of the precursors). Products
obtained in this manner were not soluble but partly dis-
solved upon hydrolysis. Heating of the heterogeneous mix-
ture at 80 8C for 48 h resulted in condensation and afforded
the solid materials L9–L12 (Scheme 3) after drying as in the
previous case.


The compositions of the hybrid materials A9–A12 and
L9–L12 were characterised by elemental analysis and by 13C
and 29Si solid-state NMR spectroscopy. The analysis re-
vealed N/Si ratios of 2:1 for all solids, consistent with the
structures represented in Scheme 3, indicating that the or-
ganic substructure was retained during the hydrolysis–con-
densation whatever the reaction conditions; this was also
confirmed upon examination of the solid-state 13C NMR
spectra of all materials. The spectra of A12 and L12 are
shown in Figure 1 as examples.


The signals at d= 160, 43, 34, 31, 26 and 11 ppm corre-
spond to the carbonyl and sp3 carbon atoms of the alkyl
chain. The absence of signals at d= 18 and 58 ppm (ethoxy
groups) is indicative of complete hydrolysis of the Si�OEt
groups under the reaction conditions. Interestingly, the lines
in L12 appeared narrower than their counterparts in A12,
which reflects a more homogeneous arrangement and higher
mobility of the organic substructure in L12 than in A12.
Similar observations were made for the other materials, and
were confirmed upon examination of the 29Si NMR spectra
(Figure 2).


Broader signals were observed for A12, with resonances
at d=�58 [T2: CSi(OSi)2OH] and �67 ppm [T3: CSi(OSi)3]
corresponding to a degree of condensation of 90 %. The


Scheme 3. Synthesis of lamellar (L9–L12) or amorphous (A9–A12) bridged silsesquioxanes.


Figure 1. 13C CP-MAS solid-state NMR spectra of hybrid silicas A12 and
L12.


Figure 2. 29Si CP-MAS NMR solid-state spectra of hybrid silicas A12 and
L12.
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spectra of L12 revealed sharper signals at d=�49 [T1:
CSi(OSi)(OH)2], �58 [T2: CSi(OSi)2OH] and �67 ppm [T3:
CSi(OSi)3] with a degree of condensation of 65 %. The much
higher degree of condensation, resulting in a more rigid
hybrid network in A12 than in L12, is consistent with the
previous NMR observations, and is a result of the different
reaction conditions. Fluoride ion catalysis gives fast conden-
sation in relation to the hydrolysis rate, and results in a
highly condensed and rigid hybrid network. Conversely,
rapid hydrolysis and slower condensation occur in the acid-
catalysed reaction and this results in a less condensed hybrid
network.[4,26]


Structural ordering in hybrids A9–A12 and L9–L12 : X-ray
analysis of the various hybrids revealed interesting features.
The diffraction diagrams of materials A9–A12 showed
broad bands consistent with essentially amorphous struc-
tures, as usually observed for related silsesquioxanes.[3,4]


Conversely, the X-ray diffraction spectra of materials L9–
L12 showed intense Bragg peaks indicative of medium- to
long-range ordered lamellar structures (Figure 3).


A first intense peak (001) at a low q value (0.241, 0.240,
0.229 and 0.215 ��1for hybrids L9 to L12, respectively) was
observed. Peaks of lower intensity at q values of 0.65–0.72
and 0.86–0.96 ��1 could be associated with third (003) and
fourth (004) orders of the high intensity peaks (001) at low
q values. This corresponds to characteristic distances of 26.3
to 29.2 � for materials L9 to L12, respectively. Interestingly,
these distances are compatible with the lengths of the organ-
ic spacers in the precursors containing hydrocarbon chains
with nine to twelve carbon atoms. A schematic representa-
tion of the structure of the lamellar hybrids is shown in
Scheme 4.


This schematic representation is based on the recent de-
termination of the structures of related materials containing
(1,4)-bis(ureido)phenylene-bridged units.[20] It consists of
ribbons containing the organic substructures bonded by in-
termolecular hydrogen bonds of the urea groups. The dif-
fraction peaks at the lowest q values (Figure 3) could de-
scribe the distances between si-
lylated ribbons. The other
peaks at higher q values (1.45–
1.70 ��1) in the diffraction dia-
grams could be attributed to in-
termolecular distances along a
ribbon controlled by the urea
units (4.5 �) associated through
hydrogen bonds or to in-plane
ordering.[9c,20]


On going from L12 to L9
(Figure 3), the most intense
peak shifted towards higher
q values, consistently with a de-
crease in the organic chain
length from twelve to nine
carbon atoms. At the same
time, some broadening of the


peaks appeared, indicative of an increase in amorphous
character with decreasing chain length. Shorter organic
chains containing six to eight carbon atoms have been
shown to afford amorphous hybrids whatever the reaction
conditions.[27]


Figure 3. a) X-ray diffraction diagrams of the ordered hybrid silicas L9–
L12 ; b) expansion of the region q=0.60–1.10 ��1.


Scheme 4. Schematic representation of the structures of the ordered hybrid silicas L9–L12.
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Electron microscopy studies on the various hybrids re-
vealed morphologies consistent with their amorphous or or-
dered structures. Scanning electron microscopy (SEM)
images of materials A9–A12 are presented in Figure 4.
These show dense, compact solids with granular morpholo-
gies.


Conversely, the hybrids L9–L12 presented homogeneous
lamellar morphologies consisting of thin plates 1–3 mm wide,
3–30 mm long and 0.05–0.5 mm thick (Figure 5). These plates
look like flexible films, which are still arranged in layers for
shorter chain lengths, particularly in L9.


Interestingly, the transmission electronic microscopy
(TEM) images confirmed the layered structures by showing
some well ordered features with lamellar spacings
(Figure 6). The interlayer spacings observed in the TEM
images are consistent with the lengths of the organic spacers
and with the distances calculated from the Bragg peaks at
low q values. Additionally, the half-widths at the half-
maxima of these peaks allowed correlation lengths of 270–
350 � to be determined, in the same order of magnitude as
the plate thickness observed from the TEM images.


The organisation and long-range order in L9–L12 ap-
peared to be dependent on the hydrophobic properties of
the alkylene spacers in the organic substructures. The forma-
tion of the lamellar hybrid phase was only observed upon
hydrolysis–condensation in water, whereas this produced
amorphous hybrids when the less hydrophobic ethanol was
used. The combination of hydrogen-bond and hydrophobic
interactions allowed ordered hybrids to be generated.


Hydrogen-bonding interactions in amorphous and lamellar
hybrids : The characteristic IR vibrations of the urea groups


are an interesting probe for ex-
ploring hydrogen-bonding inter-
actions between organic sub-
structures in the hybrid network
and can also provide evidence
for preferential orientation and
organisation within the materi-
als.


The IR spectra of the amor-
phous materials A9 to A12,
measured at room temperature,
are quite similar. The spectrum
of A12 over two wavenumber
ranges (ñ = 2800–3500 and
1500–1800 cm�1) is given as an
example in Figure 7.


Broad bands are observed at
3374 cm�1 (nN�H), 1645 cm�1


(nC=O) and 1577 cm�1 (dN�H).
These wavenumbers are indica-
tive of hydrogen-bonded urea
groups, but in agreement with
the amorphous character of
A12, corresponding to a non-
homogeneous distribution of


hydrogen bonding, which is responsible for the broadening
of the bands in the IR spectrum. The lamellar hybrids L9–
L12 also gave similar spectra, though with narrower bands
than those observed for A9–A12, centred at 3348 and
3320 cm�1 (nN�H), 1623 cm�1 (nC=O) and 1585 cm�1 (dN�H)
(Figure 8).


These vibrations appeared similar to those observed for
the precursors in the solid state; however, more strongly hy-
drogen-bonded urea groups appeared in the lamellar hybrid
solid. The value of Dn (= 38 cm�1) was lower than that in
the precursors (Dn = 46 cm�1). This difference arises from a
shift of the dN�H vibration (1585 versus 1577 cm�1) towards
higher frequencies, indicating that N�H deformation is a
more sensitive indicator of hydrogen-bonding interactions.
The vibration modes also showed temperature dependence,
which was studied over the 260 K to 10 K range. The lamel-
lar hybrid L10 showed Dn values from 34 cm�1 (260 K) to
22 cm�1 (10 K) towards lower frequencies, indicating stron-
ger hydrogen-bonding interactions at low temperatures. The
same trend, though weaker, was observed in the case of the
amorphous solid A10, with Dn values of 72 cm�1 (260 K)
and 52 cm�1 (10 K).


The above results clearly showed that the hydrogen-bond-
ing interactions were playing an important role in control-
ling the structures of the hybrids. Since hydrogen bonds are
directional interactions, it was of interest to explore their
possible anisotropic orientation within the solid. This was
studied by FTIR by the attenuated total reflection (ATR)
technique through examination of the polarisation depend-
ence of the vibration modes. The FTIR-ATR spectra of the
amorphous A12 and lamellar L12 hybrids are shown in
Figure 9. H-polarisation refers to transmission spectra ob-


Figure 4. SEM images of amorphous hybrid silicas A9–A12 with granular morphology.
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tained with the electric vector parallel to the diamond/
hybrid solid interface, V-polarisation to transmission spectra
with the electric vector at 458 to the interface. The amor-
phous hybrid A12 gave similar H- and V-polarisation spec-
tra. Conversely, strong polarisation dependence was ob-
served in the case of L12, both for amide I (nC=O) and for
amide II (dN�H). The modes at 1618 cm�1 (nC=O) and
1583 cm�1 (dN�H) in the H-polarisation shift to 1621 and
1579 cm�1, respectively, in the V-polarisation. Similar results
were obtained for materials A10, A11, L10 and L11. The Dn


values are given in Table 1.
The strong decrease in Dn in the lamellar hybrid is in per-


fect agreement with the presence of oriented hydrogen-
bonded urea groups in the lamellar hybrids. The lower value


of Dn in H-polarisation in rela-
tion to that in V-polarisation is
related to a more significant
contribution of hydrogen-bond
strength for modes polarised in
the H-polarisation than in the
V-polarisation. The pressure ap-
plied on the sample induces ori-
entation of the layered hybrid
parallel to the ATR prism sur-
face. The above observations
are consistent with the model in
Scheme 4 with hydrogen-
bonded urea groups in planes
perpendicular to the lamellae
and carbonyl groups oriented
parallel to the lamellar plan.


Discussion : The above results
show that the synthesis of the
hybrid solid, the result of the
formation of strong covalent si-
loxane (Si�O�Si) bonds, is con-
trolled by weak intermolecular
interactions between the organ-
ic substructures. This shows that
self-organisation processes can
be easily used in hybrid silses-
quioxanes to produce nano-
structured materials. The com-
bination of hydrogen-bonding
interactions and hydrophobic
interactions appeared crucial in
directing the hybrid network
formation.


The reaction conditions also
have a crucial role. A large
excess of water in the hydroly-
sis–condensation step appeared
necessary. Organised lamellar
hybrids were obtained in water,
whereas the use of a stoichio-
metric amount of water in etha-


nol afforded amorphous solids. This is probably related to
more favourable development of hydrophobic interactions
in water than in the less polar ethanol. The nature of the
catalyst also plays an important role. As already mentioned,


Figure 5. SEM images of ordered hybrid silicas L9–L12.


Table 1. Polarisation dependence of Dn (= nC=O�dN�H) values for A10–
A12 and L10–L12.


Amorphous or
lamellar hybrid


Dn [cm�1]
H-polarisation


Dn [cm�1]
V-polarisation


A10 62 62
A11 62 62
A12 66 66
L10 34 39
L11 33 40
L12 35 42
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catalysis by nucleophilic fluoride ion, which allows fast con-
densation, results in an amorphous material. Conversely,
acid catalysis, which allows fast hydrolysis and slower con-
densation than under nucleophilic catalysis conditions, pro-
vides organised lamellar solids. Accordingly, the average
degree of condensation of the siloxane network appeared
higher for the amorphous material produced by fluoride
ion-catalysed hydrolysis–condensation than for the organ-
ised material arising from acid catalysis of the reaction (90
versus 65 %). Clearly, rapid condensation to form a rigid
and a highly condensed siloxane network resulted in amor-
phous material. In contrast, the slower and more limited
condensation to form a more flexible siloxane network fav-
oured the arrangement of the
organic fragments, which self-
assembled through a combina-
tion of hydrogen-bonding inter-
actions between urea groups
and hydrophobic interactions
between the alkylene chains.
The precursors, which hydrolyse
to Si�OH-containing molecules,
behave as amphiphilic mole-
cules capable of self-assembly
(Scheme 5).


The production of dimeric or
oligomeric association of the
precursor molecules may en-
hance inter-aggregate condensa-
tion rates. We have previously
reported entropy-favoured con-
densation by use of metal tem-
plating effects for related mate-
rials.[15] The condensation can
produce ladder-type oligomeric


structures, which may then condense into a layered network.
However further studies to clarify the exact mechanistic
pathway are necessary. Whereas the precursors dissolved in
ethanol, they did not completely dissolve in water upon hy-


Figure 6. TEM images of lamellar hybrid silicas L9–L12.


Figure 7. IR spectrum of amorphous hybrid silica A12.


Figure 8. IR spectra of lamellar hybrid silicas L9–L12.
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drolysis of Si�OEt groups. The reaction mixture is heteroge-
neous and the hybrid network formation may also arise
from some hydrolysis–condensation in the solid state. The
use of a soluble phenylene-bridged precursor has recently
allowed a better insight into the self-organisation mecha-
nism.[20] The above studies allowed self-organised hybrids to
be generated on the basis of the self-assembly properties of
the molecular precursors. Hydrogen-bonding interactions
between organic substructures in the hybrid network ap-
peared stronger than intermolecular hydrogen bonding in
the microcrystalline precursor. Strongly oriented hydrogen-
bonded urea groups were characterised in the case of the or-


ganised lamellar solid. The role of the hydrocarbon chain is
also important, since some amorphous contribution ap-
peared in the lamellar material upon reduction of the chain
length to nine carbon atoms.


Conclusion


Hybrid silsesquioxane materials are of great interest in of-
fering a possible synthesis of nanostructured materials by
design. In the context of molecular engineering, the self-con-
densation properties of the precursor molecules can be
tuned to form supramolecular assemblies. Here a combina-
tion of hydrogen-bonding and hydrophobic interactions al-
lowed the formation of lamellar materials, the stacking of
the organic substructures directing the condensation of the
inorganic silicate network. We are currently investigating
the structuring of materials by supramolecular engineering.
The synthesis of programmed precursor molecules with ap-
propriate tuning of their self-assembling properties should
allow the generation of materials with structuring at differ-
ent nano- to microscopic scales. Moreover, the introduction
of functional groups should give rise to materials of interest,
for example, for molecular recognition, advanced catalysis,
electronics, opto-electronics and magnetism.


Experimental Section


General information and techniques : The syntheses of the molecular pre-
cursors were carried out under nitrogen atmosphere by use of a vacuum
line and Schlenk techniques. 3-Isocyanotopropyltriethoxysilane was pur-
chased from Aldrich and was distilled before use. The other reagents and
solvents were purchased from ABCR, Acros, Aldrich, Alfa-aesar, Fluka
and Lancaster and were used without any further purification. n-Pentane
was distilled from LiAlH4, dichloromethane from P2O5, and ethanol from
magnesium turnings. Melting points were determined on an electrother-
mal apparatus (IA9000 series) and are uncorrected. Elemental analyses
were carried out by the “Service Central d’Analyse du CNRS” in Vernai-
son, France.
1H, 13C and 29Si NMR spectra in solution were recorded on Bruker
AC 200 and AC 250 spectrometers at room temperature in deuterated
chloroform as solvent and with TMS as internal reference. 1H, 13C and
29Si solid-state NMR spectra were obtained on Bruker FT-AM 200 or FT-
AM 400 spectrometers by use of cross-polarization and magic-angle spin-
ning techniques (CP-MAS) with TMS as reference for the chemical
shifts.


Scheme 5. Schematic representation of the hydrolysis–condensation process affording organised hybrids.


Figure 9. Polarisation dependence of the FTIR-ATR spectra of A12 and
L12.
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BET surface areas were obtained with a Micromeritics Gemini 2375 ap-
paratus.


TEM images were performed with a JEOL 200 CX microscope and a
JEOL JEM 2010 microscope. SEM images were obtained with a
JEOL 6300F apparatus.


Powder X-ray diffraction (PXRD) measurements and data treatment
were performed at the “Groupe de Dynamique des Phases Condens�es”
in Montpellier. The X-ray diffraction experiments were carried out on
solid powders in glass capillaries (1 mm diameter) in a transmission con-
figuration. A copper rotating anode X-ray source (4 kW) with a multilay-
er focusing “Osmic” monochromator giving high flux (108 photons s�1)
and punctual colimation was employed. lKa = 1.542 �. An “Image
plate” 2D detector was used. The diffraction curves were obtained,
giving diffracted intensity as a function of the wave vector q. The diffract-
ed intensity was corrected by exposition time, transmission and intensity
background coming from diffusion by an empty capillary.


Routine IR data were obtained on a Perkin–Elmer 1000 FT-IR spectro-
photometer.


Attenuated total reflection IR (FTIR-ATR) spectra with polarised light
were measured on a Perkin–Elmer spectrum one with a KRS5 polariser.


General method for the preparation of the precursors : In a typical syn-
thesis, 1,9-diaminononane (1.12 g, 7 mmol) was dissolved in dried di-
chloromethane (40 mL) under nitrogen in a Schlenk tube. 3-Isocyanato-
propyltriethoxysilane (3.53 g, 14.3 mmol) was slowly added by syringe at
room temperature. The mixture was stirred for 12 h and the solvent was
removed in vacuum to give an off-white solid. This was washed three
times with dried n-pentane and finally dried in vacuo.


1,9-Bis[(triethoxysilyl)propylureido]nonane (P9): Yield: 4.57 g, 90 %;
m.p. 115–117 8C; 1H NMR (200 MHz, CDCl3): d = 0.52–0.6 (m, 4H;
CH2Si), 1.15 (t, 18 H; CH3), 1.36–1.56 (m, 18H; 9� CH2), 3.05–3.08 (m,
8H; CH2�NH), 3.75 (q, 12H; OCH2), 5.43–5.49 ppm (m, 4H; NH); 13C
NMR (200 MHz, CDCl3): d = 159.1 (CO), 58.3 (OCH2), 42.8, 40.0 (2 C;
CN), 30.2, 29.2, 28.9, 26.6, 23.7 (5 C; CH2), 11.2 (CH3), 7.6 ppm (CH2Si);
29Si NMR (250 MHz, CDCl3): d = �45 ppm; IR (KBr, pellet): ñ = 957,
1076, 1104 (nSi�O), 1576 (dN�H), 1622 (nC=O), 2855, 2934, 2976 (nC�H),
3342 cm�1 (nN�H); elemental analysis calcd (%) for C29H64O8N4Si2: C
53.34, H 9.88, N 8.58; found: C 53.09, H 9.88, N 8.48.


1,10-Bis[(triethoxysilyl)propylureido]decane (P10): The preparation of
this compound was as described for P9, but starting from 1,10-diaminode-
cane (1.03 g, 6 mmol) and g-isocyanatopropyltriethoxysilane (3 g,
12.12 mmol). After drying under vacuum (2 � 10�2 mm Hg), P10 was ob-
tained as a white solid. Yield: 3.7 g, 93 %; m.p. 114–116 8C; 1H NMR
(200 MHz, CDCl3): d = 0.50–0.59 (m, 4H; CH2Si), 1.14 (t, 18H; CH3);
1.4, 1.55 (m, 20H; 10� CH2); 3.0, 3.1 (m, 8 H; CH2�NH); 3.73 (q, 12 H;
OCH2); 5.47 (2 H; NH), 5.51 ppm (2 H; NH); 13C NMR (200 MHz,
CDCl3): d = 159.13 (CO), 58.3 (OCH2), 42.8, 40.2 (2 � C�N), 30.2, 29.3,
29.2, 26.8, 23.7 (5 � CH2), 18.2 (CH3), 7.6 ppm (Si�CH2); 29Si NMR
(250 MHz, CDCl3): d = �45 ppm; IR (KBr pellet): ñ = 958, 1079, 1104
(nSiO), 1576 (dNH), 1623 (nCO), 2853, 2932, 2976 (nCH), 3341 cm�1 (nNH); el-
emental analysis calcd (%) for C30H66O8N4Si2: C 54.02, H 9.97, N 8.40;
found: C 53.70, H 9.91, N 8.34.


1,12-Bis[(triethoxysilyl)propylureido]dodecane (P12): The preparation of
this compound was as described for P9, but starting from 1,12-diamino-
dodecane (1.6 g, 8 mmol) and g-isocyanatopropyltriethoxysilane (4 g,
16.1 mmol). After drying under vacuum (2 � 10�2 mm Hg), P12 was ob-
tained as a white solid. Yield: 5.2 g, 93 %, m.p. 120–121 8C; 1H NMR
(200 MHz, CDCl3): d = 0.56–0.65 (m, 4H; CH2Si), 1.19 (t, 18H; CH3),
1.4, 1.62 (m, 24H; 12 � CH2), 3.0, 3.13 (m, 8 H; CH2�NH), 3.78 (q, 12 H;
OCH2), 5.89 (2 H; NH), 5.0 ppm (2 H; NH); 13C NMR (200 MHz,
CDCl3): d = 158.7 (CO), 58.4 (OCH2), 42.9, 40.5 (2 � C�N), 30.3, 29.4,
29.3, 29.2, 26.8, 23.7 (6 � CH2), 18.3 (CH3), 7.6 ppm (Si�CH2); 29Si NMR
(250 MHz, CDCl3): d = �45.3 ppm; IR (KBr, pellet): ñ = 958, 1079,
1168 (nSiO), 1577 (dNH), 1625 (nCO), 2851, 2930, 2976 (nCH), 3347 cm�1


(nNH); elemental analysis calcd (%) for C32H70O8N4Si2: C 55.29, H 10.15,
N 8.06; found: C 55.02, H 10.21, N, 8.26.


Undecane-1,11-dioyl dichloride : Under nitrogen, thionyl chloride (3.46 g,
29 mmol) was slowly added to a stirred solution of undecane-1,11-dicar-


boxylic acid (1.95 g, 8 mmol) suspended in dry CH2Cl2 (20 mL). After the
mixture had been heated at reflux overnight, the solvent and unreacted
thionyl chloride were evaporated in vacuum and the residual liquid was
distilled. Yield: 2 g, 90%; b.p. 120–122 8C (5 � 10�2 mm Hg); 1H NMR
(200 MHz, CDCl3): d = 1.27 (m, 14 H; CH2), 1.7 (m, 4H; CH2CH2CO),
2.87 ppm (t, 4H; CH2CO); 13C NMR (200 MHz, CDCl3): d = 173.73
(CO), 47.07 (CH2CO), 29.31, 29.21, 28.99, 28.37, 25.03 (5 � CH2); IR
(KBr): ñ = 1794 cm�1 (nCO).


1,11-Diisocyanatoundecane : Undecane-1,11-dioyl dichloride (3.73 g,
13.3 mmol) in acetone (5 mL) was added slowly to a cooled solution
(0 8C) of sodium azide (3.58 g, 55.16 mmol) in acetone (30 mL). After
stirring for 4 h (0 8C to RT), the reaction mixture was transferred under
nitrogen into a three-necked flask containing toluene (440 mL) and the
mixture was heated at 65 8C overnight. The solvent was removed and the
liquid residue was filtered on celite and washed with pentane. The sol-
vent was removed under vacuum and the liquid residue was purified by
distillation. Yield: 2.3 g, 73 %; b.p.: 114 8C (5 � 10�2 mm Hg); 1H NMR
(200 MHz, CDCl3): d = 1.31 (m, 14 H; CH2), 1.53–1.63 (m, 4H;
CH2CH2CO), 3.28 ppm (t, 4 H; CH2NCO); 13C NMR (200 MHz, CDCl3):
d = 93.7 (NCO), 42.98 (CH2NCO), 31.28, 29.38, 28.9, 26.5 ppm (4 �
CH2); IR (KBr): ñ = 2274 cm�1 (nNCO); elemental analysis calcd (%) for
C13H22O2N2: C 65.5, H 9.31, N 11.76; found: C 65.63, H 9.39, N 11.85.


1,11-Bis[(triethoxysilyl)propylureido]undecane (P11): (3-Aminopropyl)-
triethoxysilane (4.33 g, 19.58 mmol) was slowly added at 0 8C to a stirred
solution of 1,11-diisocyanatoundecane (2.32 g, 9.74 mmoles) in dry
CH2Cl2 (20 mL). After the mixture had been stirred overnight, the sol-
vent was removed in vacuo to yield an off-white solid. Unreacted (3-ami-
nopropyl)triethoxysilane was removed by washing with dry pentane.
After drying under vacuum (2 � 10�2 mm Hg), P11 was obtained as a
white solid. Yield: 5.3 g, 80%; m.p.: 112–114 8C; 1H NMR (200 MHz,
CDCl3): d = 0.57–0.65 (m, 4H; CH2Si), 1.2 (t, 18 H; CH3), 1.44, 1.58 (m,
22H; 11� CH2), 3.07, 3.17 (m, 8H; CH2�NH), 3.78 (q, 12 H; OCH2), 4.87
(2 H; NH), 4.98 ppm (2 H; NH); 13C NMR (200 MHz, CDCl3): d =


158.84 (CO), 58.37 (OCH2), 42.85, 40.33 (2 � C�N), 30.27, 29.29, 29.20,
29.14, 26.76, 23.69 (6 � CH2), 18.26 (CH3), 7.62 ppm (Si�CH2); 29Si NMR
(250 MHz, CDCl3): d = �45.1 ppm; IR (KBr, pellet): ñ = 958, 1079,
1106 (nSiO), 1577 (dNH), 1623 (nCO), 2851, 2931, 2976 (nCH), 3346 cm�1


(nNH); elemental analysis calcd (%) for C31H68O8N4Si2: C 54.67, H 10.07,
N 8.23; found: C 54.68, H 10.03, N 8.40.


Acid-catalysed hydrolysis and polycondensation


General method for the preparation of the lamellar bridged silsesquiox-
anes L9–12 : A mixture containing a molar ratio of Px/H2O/HCl 1:600:0.2
was vigorously stirred at 80 8C for 1 h and then allowed to stand for 48 h
at the same temperature. The solid, which formed quantitatively, was re-
covered by filtration and was successively washed with H2O, EtOH and
acetone. After drying (110 8C, 6 h) the solid was collected as a white
powder.


Synthesis of L9 : 13C CP MAS NMR: d = 11.6, 31.7, 43.4, 160.1 ppm; 29Si
CP MAS NMR: d = �38.4, �48.7, �57.8 ppm; IR (KBr, pellet): ñ =


917 (nSi�OH), 1030.4, 1128.2 (nSi�O), 1584 (dNH), 1629.1 (nCO), 2855.5
(nCHsym), 2931.7 (nCHasym), 3355.4 cm�1 (nNH); N2 BET surface area:
13.1 m2 g�1; elemental analysis calcd (%) for C17H36O6N4Si2: C 45.51, H
8.09, N 12.49, Si 12.52; found: C 44.83, H 8.17, N, 12.25, Si 11.9.


Synthesis of L10 : 13C CP MAS NMR: d = 11.6, 26.4, 31.5, 34.0, 42.8,
160.2 ppm; 29Si CP MAS NMR: d = �48.12, �57.02, �66.56 ppm; IR
(KBr, pellet): ñ = 892, 1022, 1095 (nSiO), 1586 (dNH), 1623 (nCO), 2851
(nCHsym), 2927 (nCHasym), 3346 cm�1 (nNH); N2 BET surface area:
43.2 m2 g�1; elemental analysis calcd (%) for C18H38O6N4Si2: C 46.73, H
8.28, N 12.11, Si 12.14; found: C 46.88, H 8.24, N 12.12, Si 12.30.


Synthesis of L11: 13C CP MAS NMR: d = 12.2, 25.5, 33.3, 43.4,
160.3 ppm; 29Si CP MAS NMR: d = �38.9, �48.5, �57.3, �66.7 ppm; IR
(KBr, pellet): ñ = 919, 1030, 1115 (nSiO), 1585 (dNH), 1625 (nCO), 2855
(nCHsym), 2932 (nCHasym), 3348 cm�1 (nNH); N2 BET surface area :
60.4 m2 g�1; elemental analysis calcd (%) for C19H40O6N4Si2: C 47.87, H
8.46, N 11.75, Si 11.78; found: C 47.85, H 8.48, N 12.01, Si 11.7.


Synthesis of L12 : 13C CP MAS NMR: d = 11.1, 27.0, 31.5, 34.2, 42.9,
160.1 ppm; 29Si CP MAS NMR: d = �49, �58, �67 ppm; IR (KBr,
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pellet): ñ = 893, 1023, 1125 (nSiO), 1585 (dNH), 1625 (nCO), 2850 (nCHsym),
2923 (nCHasym), 3349 (nNH) cm�1; N2 BET surface area: 41.7 m2 g�1; elemen-
tal analysis calcd (%) for C20H42O6N4Si2: C 48.95, H 8.63, N 11.42, Si
11.45; found: C 48.51, H 8.74, N 11.49, Si 11.15.


Fluoride-catalysed hydrolysis and polycondensation


General method for the preparation of the amorphous bridged silses-
quioxanes A9–12 : These materials were synthesised by hydrolysis of the
silylated bis-urea precursor in a mixture of ethanol, water and NH4F at a
molar ratio of Px/EtOH/H2O/NH4F 1:60:6:0.01. The reaction was carried
out as follows: Px was dissolved in freshly distilled ethanol containing
NH4F and water and the homogeneous solution was allowed to stand at
20 8C. Gelation had occurred after 24 h. After curing at 20 8C for 48 h,
the gel was powdered. After air drying, the solid was collected, washed
with EtOH and acetone and then dried (110 8C, 6 h), yielding a white
powder.


Synthesis of A9 : 13C CP MAS NMR: d = 10.2, 18.5, 30.1, 41.1, 161 ppm;
29Si CP MAS NMR: d = �58.7, �66.3 ppm; IR (KBr, pellet): ñ = 941.2
(nSi�OH), 1003, 1138 (nSiO), 1566.6 (dNH), 1657.1 (nCO), 2851.6 (nCHsym),
2928.2 (nCHasym), 3339.7 (nNH) cm�1; N2 BET surface area: 3.8 m2 g�1; ele-
mental analysis calcd (%) for C17H34O5N4Si2: C 47.41, H 7.96, N 13.01, Si
13.04; found: C 46.60, H 8.13, N 12.41, Si 12.35.


Synthesis of A10 : 13C CP MAS NMR: d = 10.3, 18.8, 30.0, 41.4,
159.9 ppm; 29Si CP MAS NMR: d = �59.0, �66 ppm; IR (KBr, pellet):
ñ = 920, 1029, 1132 (nSiO), 1572 (dNH), 1645 (nCO), 2857 (nCHsym), 2931
(nCHasym), 3380 (nNH) cm�1; N2 BET surface area: 7 m2 g�1; elemental anal-
ysis calcd (%) for C18H36O5N4Si2: C 48.62, H 8.16, N 12.6, Si 12.63;
found: C 46.89, H 8.23, N 11.99, Si 12.0.


Synthesis of A11: 13C CP MAS NMR: d = 11.0, 18.7, 30.3, 41.1,
58.,160.2 ppm; 29Si CP MAS NMR: d = �58.5, �66.6 ppm; IR (KBr,
pellet): ñ = 917, 1026, 1131 (nSiO), 1571 (dNH), 1646 (nCO), 2858 (nCHsym),
2932 (nCHasym), 3384.8 (nNH) cm�1; N2 BET surface area: 2.2 m2 g�1; ele-
mental analysis calcd (%) for C19H38O5N4Si2: C 49.75, H 8.35, N 12.21, Si
12.25; found: C 48.23, H 8.37, N 12.19, Si 11.90.


Synthesis of A12 : 13C CP MAS NMR: d = 10.7, 30.4, 40.3, 159.9 ppm;
29Si CP MAS NMR: d = �58.54, �66.48 ppm; IR (KBr, pellet): ñ =


920, 1027, 1136 (nSiO), 1574 (dNH), 1646 (nCO), 2856 (nCHsym), 2932 (nCHasym),
3374 (nNH) cm�1; N2 BET surface area: 3.5 m2 g�1; elemental analysis
calcd (%) for C20H40O5N4Si2: C 50.82, H 8.53, N 11.85, Si 11.88; found: C
48.77, H 8.64, N 11.24, Si 11.3.


Acknowledgements


The authors gratefully acknowledge the “Minist�re de la Recherche”
(ACI 2000: Physicochimie de la mati�re complexe) and the CNRS for fi-
nancial supports.


[1] a) C. Sanchez, F. Ribot, New J. Chem. 1994, 18, 1007 – 1047; b) Or-
ganic/inorganic hybrid materials (Eds.: R. M. Laine, C. Sanchez,
C. J. Brinker, E. Giannelis), MRS Symp. vol. 519, 1998 ; c) Organic/
inorganic hybrid materials II, (Eds.: R. M. Klein, M. Deguire, F. Lor-
raine, J. Mark), MRS Symp. vol. 576, 1999 ; d) Organic/inorganic
hybrid materials III (Eds.: R. M. Laine, C. Sanchez, C. J. Brinker),
MRS Symp. vol. 628, 2000 ; e) J. J. E. Moreau, L. Vellutini, M.
Wong Chi Man, C. Bied, J- L. Bantignies, P. Dieudonn�, J-L. Sauva-
jol, Mater. Res. Soc. Symp. Proc. 2002, 726, 235 –242.


[2] Functional Hybrid Materials (Eds.: P. Gomez-Romero, C. Sanchez),
Wiley-VCH, 2004.


[3] a) K. J. Shea, D. A. Loy, O. W. Webster, Chem. Mater. 1989, 1, 512 –
513; b) K. J. Shea, D. A. Loy, O. W. Webster, J. Am. Chem. Soc.
1992, 114, 6700 –6710.


[4] R. J. P. Corriu, J. J. E. Moreau, P. Th�pot, M. Wong Chi Man, Chem.
Mater. 1992, 4, 1217 –1224.


[5] a) D. A. Loy, K. J. Shea, Chem. Rev. 1995, 95, 1431 –1442; b) R. J. P.
Corriu, D. Leclercq, Angew. Chem. 1996, 108, 1524 – 1540; Angew.


Chem. Int. Ed. , 1996, 35, 1420 –1436; c) R. J. P. Corriu, Angew.
Chem. 2000, 112, 1432 – 1455; Angew. Chem. Int. Ed. 2000, 39, 1376 –
1398; d) K. J. Shea, J. J. E. Moreau, D. Loy, R. J. P. Corriu, B. Boury,
in Functional Hybrid Materials (Eds.: P. Gomez-Romero, C. San-
chez), Wiley-VCH, 2004, pp. 50.


[6] a) J. J. E. Moreau, M. Wong Chi Man, Coord. Chem. Rev. 1998, 178–
180, 1073 – 1084, and references therein; b) E. Lindner, T. Schneller,
F. Auer, H. A. Mayer, Angew. Chem. 1999, 111, 2288 – 2309; Angew.
Chem. Int. Ed. 1999, 38, 2155 –2174; c) A. Adima, J. J. E. Moreau,
M. Wong Chi Man, J. Mater. Chem. 1997, 7, 2331 –2333; d) A.
Adima, J. J. E. Moreau, M. Wong Chi Man, Chirality 2000, 5–6, 411 –
420; e) P. Hesemann, J. J. E. Moreau, Tetrahedron: Asymmetry 2000,
11, 2183 –2194; f) U. Schubert, N. H�sing, A. Lorenz, Chem. Mater.
1995, 7, 2010 –2027.


[7] R. J. P. Corriu, J. J. E. Moreau, P. Th�pot, M. Wong Chi Man, C.
Chorro, J.-P. L�re-Porte, J- L. Sauvajol, Chem. Mater. 1994, 6, 640 –
649.


[8] a) J.-C. Broudic, O. Conocar, J. J. E. Moreau, D. Meyer, M. Wong
Chi Man, J. Mater. Chem. 1999, 9, 2283 –2285; b) S. Bourg, J.-C.
Broudic, O. Conocar, J. J. E. Moreau, D. Meyer, M. Wong Chi Man,
J. Mater. Chem. 2001, 11, 491 – 499; c) D. Meyer, O. Conocar, J. J. E.
Moreau, M. Wong Chi Man FR 2770 153, 1999.


[9] a) E. Z. Faraggi, Y. Sorek, O. Levi, Y. Avny, D. Davidov, R. Neu-
mann, R. Reisfield, Adv. Mater. 1996, 8, 833 – 835; b) F. Chaput, D.
Reihl, Y. L�vy, J. P. Boilot, Chem. Mater. 1993, 5, 589 – 591; c) O.
Dautel, J.-P. L�re-Porte, J. J. E. Moreau, M. Wong Chi Man, Chem.
Commun. 2003, 2662 –2663; d) H. W. Oviatt, K. J. Shea, S. Kalluri,
Y. Shi, W. H. Steier, L. R. Dalton, Chem. Mater. 1995, 7, 493 – 498;
e) J. Livage, F. Babonneau, C. Sanchez, in Sol–gel Optics: Processing
and Applications (Ed.: L. C. Klein), Kluwer, Boston, 1994, p. 39;
f) D. Avnir, S. Braun, D. Levy, M. Ottolenghi, in Sol–gel Optics:
Processing and Applications (Ed.: L. C. Klein), Kluwer, Boston,
1994, p. 303.


[10] R. J. P. Corriu, J. J. E. Moreau, P. Th�pot, M. Wong Chi Man, Chem.
Mater. 1996, 8, 100 –106.


[11] a) M. E. Davis, Nature 2002, 413, 813 – 821; b) M. J. MacLachlan, I.
Manners, G. A. Ozin, Adv. Mater. 2000, 12, 675 –681.


[12] a) C. T. Kresge, M. E. Leonowicz, W. J. Roth, J. C. Vartuli, J. S.
Beck, Nature 1992, 359, 710 – 712; b) J. S. Beck, J. C. Vartuli, W. J.
Roth, M. E. Leonowicz, C. T. Kresge, K. D. Schmitt, C. T.-W. Chu,
D. H. Olson, E. W. Sheppard, S. B. McCullen, J. B. Higgins, J. L.
Schlenker, J. Am. Chem. Soc. 1992, 114, 10 834 –10 843; c) S. Inagaki,
Y. Fukushima, K. Kuroda, J. Chem. Soc. Chem. Commun. 1993,
680 – 681; d) Q. Huo, D. I. Margolese, U. Ciesla, P. Feng, T. E. Gier,
P. Sieger, R. Leon, P. M. Petroff, F. Sch�th, G. D. Stucky, Nature
1994, 368, 317 –321.


[13] a) S. Inagaki, S. Guan, Y. Fukushima, T. Ohsuna, O. Terasaki, J. Am.
Chem. Soc. 1999, 121, 9611 –9622; b) S. Guan, S. Inagaki, T. Ohsuna,
O. Terasaki, J. Am. Chem. Soc. 2000, 122, 5660 –5661; c) B. J. Melde,
B. T. Holland, C. F. Blanford, A. Stein, Chem. Mater. 1999, 11,
3302 – 3308; d) T. Asefa, M. J. MacLachlan, N. Coombs, G. A. Ozin,
Nature 1999, 402, 867 –871; e) C. Yoshina-Ishii, T. Asefa, M. J. Ma-
cLachlan, N. Coombs, G. A. Ozin, Chem. Commun. 1999, 2539 –
2540; f) M. J. MacLachlan, T. Asefa, G. A. Ozin, Chem. Eur. J. 2000,
6, 2507 –2511; g) T. Asefa, C. Yoshina-Ishii, M. J. MacLachlan, G. A.
Ozin, J. Mater. Chem. 2000, 10, 1751 –1755; h) A. Sayari, S. Hamou-
di, Y. Yang, I. L. Moudrakovski, J. R. Ripmeester, Chem. Mater.
2000, 12, 3857 –3863; i) A. Stein, B. T. Melde, R. C. Schroden, Adv.
Mater. 2000, 12, 1403 – 1419; j) Y. Lu, H. Fan, N. Doke, D. A. Loy,
R. A. Assink, D. A. LaVan, C. J. Brinker, J. Am. Chem. Soc. 2000,
122, 5258 –5261.


[14] a) A. Sayari, S. Hamoudi, Chem. Mater. 2001, 13, 3151 – 3168;
b) M. P. Kapoor, Q. Yang, S. Inagaki, J. Am. Chem. Soc. 2002, 124,
15176 –15177.


[15] R. J. P. Corriu, J. J. E. Moreau, P. Th�pot, M. Wong Chi Man, J.
Mater. Chem. 1994, 4, 987 –989.


[16] A. Shimojima, K. Sugahara, K. Kuroda, Angew. Chem. 2003, 115,
4191 – 4194; Angew. Chem. Int. Ed. 2003, 42, 4057 –4060.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1527 – 15371536


J. J. E. Moreau et al.



www.chemeurj.org





[17] a) B. Boury, R. J. P. Corriu, V. Le Strat, P. Delord, M. Nobili, Angew.
Chem. 1999, 111, 3366 – 3370; Angew. Chem. Int. Ed. 1999, 38, 3172 –
3173; b) F. Ben, B. Boury, R. J. P. Corriu, P. Delord, M. Nobili,
Chem. Mater. 2002, 14, 730 –738.


[18] S. Inagaki, S. Guan, T. Ohsuna, O. Terasaki, Nature 2002, 416, 304 –
307.


[19] a) J. J. E. Moreau, L. Vellutini, M. Wong Chi Man, C. Bied, J. Am.
Chem. Soc. 2001, 123, 1509 – 1510; b) J. J. E. Moreau, L. Vellutini,
M. Wong Chi Man, C. Bied, J.-L. Bantignies, P. Dieudonn�, J.-L.
Sauvajol, J. Am. Chem. Soc. 2001, 123, 7957 – 7958; c) N. Liu, K. Yu,
B. Smarsly, D. R. Dunphy, Y.-B. Jiang, C. J. Brinker, J. Am. Chem.
Soc. 2002, 124, 14540 –14 541; d) J. J. E. Moreau, L. Vellutini, M.
Wong Chi Man, C. Bied, Chem. Eur. J. 2003, 9, 1594 – 1999.


[20] J. J. E. Moreau, B. P. Pichon, M. Wong Chi Man, C. Bied, H. Pritz-
kow, J.-L. Bantignies, P. Dieudonn�, J.-L. Sauvajol, Angew. Chem.
2004, 116, 205 –208; Angew. Chem. Int. Ed. 2004, 43, 203 –206.


[21] a) Y. Ono, K. Nakashima, M. Sano, J. Hojo, S. Shinkai, Chem. Lett.
1999, 1119 – 1120; b) J. H. Jung, Y. Ono, K. Hanabusa, S. Shinkai, J.
Am. Chem. Soc. 2000, 122, 5008 – 5009.


[22] a) M. de Loos, J. van Esch, I. Stokroos, R. M. Kellogg, B. L. Feringa,
J. Am. Chem. Soc. 1997, 119, 12675 –12 676; b) J. van Esch, F.


Schoonbeek, M. de Loos, H. Kooijman, A. L. Spek, R. M. Kellogg,
B. L. Feringa, Chem. Eur. J. 1999, 5, 937 –950; c) M. de Loos, J. va-
n Esch, R. M. Kellogg, B. L. Feringa, Angew. Chem. 2001, 113, 633 –
636; Angew. Chem. Int. Ed. 2001, 40, 613 –616; d) V. D. Laan, B. L.
Feringa, R. M. Kellogg, J. Van Esch, Langmuir 2002, 18, 7136 – 7140.


[23] a) J. H. Jung, Y. Ono, S. Shinkai, Chem. Eur. J. 2000, 6, 4552 –4557;
b) K. J. C. Van Bommel, A. Friggeri, S. Shinkai, Angew. Chem. 2003,
115, 1010 –1030; Angew. Chem. Int. Ed. 2003, 42, 980 – 999.


[24] a) F. Lortie, S. Boileau, L. Bouteiller, Chem. Eur. J. 2003, 9, 3008 –
3014; b) V. Simic, L. Bouteiller, M. Jalabert, J. Am. Chem. Soc.
2003, 125, 13148 – 13154.


[25] J. Jadzyn, M. Stockhauser, B. Zywucki, J. Phys. Chem. 1987, 91,
754 – 757.


[26] Sol–gel Science: The Physics and Chemistry of Sol–gel Processing
(Eds.: C. J. Brinker, G. W. Scherer) Acad. Press, New York, 1990,
pp. 116 –136.


[27] P. Dieudonn�, L. Vellutini, M. Wong Chi Man, J.- L. Bantignies, J.-L.
Sauvajol, C. Bied, J. J. E. Moreau, unpublished results. .


Received: October 6, 2004
Published online: January 20, 2005


Chem. Eur. J. 2005, 11, 1527 – 1537 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1537


FULL PAPERLamellar Bridged Silsesquioxanes



www.chemeurj.org






Organic–Inorganic Hybrids Based on Novel Bimolecular
[Si2W22Cu2O78(H2O)]12� Polyoxometalates and the Polynuclear Complex
Cations [Cu(ac)(phen)(H2O)]n


n+ (n=2, 3)


Santiago Reinoso, Pablo Vitoria, Leire San Felices, Luis Lezama,* and
Juan M. Guti�rrez-Zorrilla*[a]


Introduction


Hybrid organic–inorganic materials have attracted an in-
creasing interest in recent years owing to the possibility of
combining the different characteristics of the components to
get unusual structures, properties, or applications. Polyoxo-
metalates (POM)[1] are one of the most widely used inorgan-
ic components in a wide range of fields, such as catalysis,
medicine, molecular magnetism or material science,[2] owing
to their extreme variability of composition, structure, elec-
tronic properties and applications. In this way, the design of
new composite materials incorporating POMs and transi-
tion-metal (TM)-complex moieties constitutes an emerging


area of interest. To date, several hybrid compounds based
on vanadium[3] and molybdenum[4] isopolyanions have been
reported, but in contrast, examples of Keggin heteropolyan-
ions and their derivatives as the inorganic component are
still limited.[5]


Currently, we are exploring the applicability of TM-mono-
substituted Keggin POMs and TM carboxylate dinuclear
complexes for the preparation of new magnetically attrac-
tive hybrid compounds by auto-assembly processes of the in-
organic and metalorganic building blocks generated in situ,
as an alternative synthetic method to the hydrothermal tech-
niques that are generally employed.[6] Our investigations on
the Cu–ac–phen system (ac =acetate; phen= 1,10-phenan-
throline) have shown that the reaction of Cu–phen com-
plexes with the [SiW11O39Cu(H2O)]6� Keggin POM and ace-
tate anions in the presence of ammonium or rubidium cat-
ions leads not only to the formation of the expected
[Cu2(ac)2(phen)2(H2O)2]


2+ dimer and subsequent interaction
with the POM, but also to further coordination of a Cu–ac–
phen monomer to the mentioned dimer and to the conden-
sation of the Keggin units. Herein, we report the synthesis,
crystal structure, and magnetic properties of the isostructur-
al hybrid compounds A7[Cu2(ac)2(phen)2(H2O)2][Cu3(ac)3-
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(phen)3(H2O)3][Si2W22Cu2O78(H2O)]·�18 H2O (A=NH4
+


(1), Rb+ (2)), which are constructed from interpenetrated
inorganic and metalorganic sublattices containing the novel
bimolecular Keggin POMs, [Si2W22Cu2O78(H2O)]12� and Cu–
ac–phen trimers, [Cu3(ac)3(phen)3(H2O)3]


3+ , respectively.
DFT calculations of the polynuclear cationic copper com-
plexes have been performed to check the influence of pack-
ing in the complex geometry and determine the magnetic
exchange pathways.


Results and Discussion


Description of the crystal structure : Compound 1 crystallizes
in the triclinic space group P1̄ with one [Si2W22-


Cu2O78(H2O)]12� dimeric polyanion, one [Cu2(ac)2-
(phen)2(H2O)2]


2+ dimer, one [Cu3(ac)3(phen)3(H2O)3]
3+


trimer, seven ammonium ions,
and one water of hydration in
the asymmetric unit. In the case
of compound 2, cell parameters
obtained from low-quality crys-
tals[7a] and powder samples[7b]


confirm that the compounds are
isostructural. Crystallographic
data for compound 1 are given
in Table 1.


The [Si2W22Cu2O78(H2O)]12�


POM can be described as the
product of the condensation of
two a-[SiW11CuO39(H2O)]6�


Keggin units, each of which


consists of a central SiO4 tetrahedron surrounded in an ideal
Cs symmetry by four, vertex-sharing M3O13 trimers of edge-
sharing MO6 octahedra. One of the Keggin units shows a
preference for the copper atom in the Cu1 octahedron
(83 %), whereas the copper atom in the other Keggin unit is
disordered over eight positions, with the occupancy factors
in the range from 4 % for W14 to 19 % for W22, being 18 %
for W13. Thus, the Keggin units are bound by a Cu-O-W
bridge in which the Cu1�O1 and W13�O1 lengths differ
significantly (2.12 and 1.79 �, respectively), and the
Cu1-O1-W13 angle is 1588. These structural parameters are
very similar to those of the Cu-O-W bridge (Cu�O 2.25,
W�O 1.75 �, Cu-O-W angle 1588) present in the
[SiW11CuO39]n


6n� chain of the previously described com-
pound K5[Cu(ac)(pmdien)][SiW11CuO39]·12 H2O (pmdien=


N,N,N’,N’’,N’’-pentamethyldiethylentriamine.[11b] In this com-
pound there is no disorder in the position of the transition
metal inside the POM.


The terminal water molecule coordinated to the Cu atom
in one Keggin unit is thus replaced by a terminal O atom
bonded to a W atom of the other unit. The subsequent for-
mation of a Cu-O-W bridge connects the two polyanions
which are rotated by 1108 with respect to each other
(Figure 1). Although this type of TM-O-W bridge has been
observed in cyclic[8] and chainlike polymolecular Keggin
POMs with TM= MnII,[9] CoII,[10] or CuII,[11] to our knowledge
[Si2W22Cu2O78(H2O)]12� is the first bimolecular TM-disubsti-
tuted Keggin POM with this type of bridge reported.


Table 2 displays ranges and mean values of M�O bond
lengths for both a-Keggin subunits of compound 1 together
with the optimized ones for the copper-monosubstituted a-
Keggin and the [a-SiW12O40]


4� polyanions. Owing to the dis-
order of the Cu atom over the whole of subunit 2, it has only
been possible to give Cu�O bond data only for subunit 1.
As can be seen, the only substantial difference between both
monosubstituted subunits is the wider range of variation of
the W-bridging�O lengths in subunit 1, owing to the distor-
tion induced by the presence of a localized copper atom.


The Jahn–Teller effect associated with octahedral cop-
per(ii) ions in the POMs induces an elongation of monosub-


Table 1. X-ray crystallographic data for compound 1.


formula C70H131Cu7N17O112Si2W22


Mw [g] 7520.5
cystal system triclinic
space group P1̄1
Z 2
T [K] 293
a [�] 17.786(1)
b [�] 18.075(1)
c [�] 23.922(1)
a [8] 89.109(3)
b [8] 88.035(4)
g [8] 86.756(4)
V [�3] 7672.9(7)
1calcd [gcm�3] 3.183(3)
m [mm�1] 17.614
diffractometer Xcalibur
q limits [8] 2.9–25
collected reflections 44 914
unique reflections (Rint) 26 272 (0.055)
observed reflections [I>2s(I)] 14 386
refined parameters 1431
max. res. electron density [e�3] 2.968
R(F)[a] [I>2s(I)] 0.0582
wR(F2)[a] (all data) 0.1467


[a] R(F)=� j jFo j� jFc j j /� jFo j , wR(F2)=�(F2
o�F2


c)
2/�[w(F2


o)]1/2.


Figure 1. Structure of the bimolecular Keggin POM, [Si2W22Cu2O78(H2O)]12� ( ORTEP view).
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stituted Keggin anions along the Cu�Wtrans direction. More-
over, the different coordination sphere of Cu and W centers
produces a distortion in the whole skeleton of the Keggin


anion. This is nicely reproduced
in the DFT-optimized structure
and is also observed in the
monosubstituted Keggin anion
(see Figure S4 in the Support-
ing Information) present in the
polymeric compound K5[Cu-
(ac)(pmdien)][SiW11CuO39]
·12 H2O.[11b] The longer equato-
rial Cu�O bond lengths
(around 2 �) promote a short-
ening of the corresponding W�
O bonds (~1.80 �) and a subse-
quent lengthening of equatorial
W�Otrans ones (Figure 2). This
effect propagates along the
POM surface, attenuating to-
wards the W atom opposite the
Cu center, and leading to an al-
ternating series of short and
long W�O bonds. This fact is
not observed either in copper-


monosubstituted POM, where the copper atom is disordered
over several positions (for example in subunit 2), or in the
DFT-optimized nonsubstituted a-Keggin POM.


The [Cu2(ac)2(phen)2(H2O)2]
2+ dimer is similar to that re-


ported by Tokii and co-workers.[12] It comprises two square-
pyramidal Cu atoms bridged by two acetate anions in a syn–
syn fashion with a Cu�Cu length of 3.06 �. Each basal
plane is formed by two phenanthroline N atoms and two
acetate O atoms, the apical position being occupied by a
water molecule (Figure 3a). The phenanthroline ligands are
almost parallel and ring-to-ring stacked, revealing intramo-
lecular p interactions with average interplanar and intercen-
troidal distances of 3.46 and 3.61 �, respectively.


The [Cu3(ac)3(phen)3(H2O)3]
3+ trinuclear complex can be


seen as the product of the axial coordination of a [Cu(ac)-
(phen)(H2O)2]


+ monomer (defined by the Cu6 coordination
sphere) to a dimer (defined by Cu4 and Cu5) analogous to
that described above. Thus, the apical water molecule of the
square-pyramidal Cu5 atom is replaced by an acetate O
atom (O108) belonging to the distorted 4 + 1 + 1 octahedral
coordination sphere of Cu6. This fact results in the acetate
anion acting as a m2-k


1O,k2O bridge between the Cu atoms
which are separated by 4.33 � (Figure 3b). This type of
bridging mode of the acetate ligand has been previously ob-
served in [Cu(ac)(dien)](ClO4).[13] The geometric parameters
of the Cu4�Cu5 fragment are similar to those of the dimer.
On the other hand, the equatorial plane of Cu6 is composed
of two phenanthroline N atoms, one acetate O atom, and
one water molecule, the axial positions being occupied by
one water molecule, and the O108 acetate oxygen atom.
The phenanthroline ligands in the trimer are also almost
parallel and ring-to-ring stacked: the geometry of the p in-
teraction between phenanthrolines 4 and 5 is similar to that
found in the dimer, whereas phenanthrolines 5 and 6 form
an angle of 88, and show similar interplanar and intercen-


Table 2. Ranges and (mean) M�O bond lengths [�] for the POM in compound 1 and for the optimized poly-
anions.[a]


Compound 1: [Si2W22Cu2O78(H2O)]12� Optimized polyanions
Subunit 1 Subunit 2 [SiW11O39Cu(H2O)]6� [SiW12O40]


4�


W�Oa 2.28–2.39 (2.34) 2.30–2.37 (2.34) 2.32–2.44 (2.39) 2.393
W�Ob 1.78–2.02 (1.91) 1.85–1.98 (1.91) 1.81–2.03 (1.93) 1.923
W�Oc 1.79–2.06 (1.92) 1.88–1.96 (1.93) 1.82–2.03 (1.94) 1.935
W�Ot 1.70–1.76 (1.74) 1.69–1.83 (1.75) 1.76–1.77 (1.76) 1.740
Si�Oa 1.61–1.65 (1.63) 1.61–1.65 (1.63) 1.63–1.66 (1.65) 1.650
Cu�Oa 2.35 2.319
Cu�Ob 1.96, 1.97 2.011
Cu�Oc 1.98, 2.02 2.018
Cu�Ot 2.12 2.286
Cu�Si 3.446 3.377
Si�WCutrans


3.539 3.589
W�Si 3.50–3.58 (3.53) 3.49–3.54 (3.52) 3.56–3.64 (3.60) 3.588
Cu�Wtrans 6.983 6.964
OCu�OWtrans


10.781 10.709
W�Wtrans 7.01–7.09 (7.05) 7.02–7.07 (7.04) 7.15–7.21 (7.19) 7.172
O�Otrans 10.36–10.52 (10.44) 10.39–10.52 (10.46) 10.61–10.69 (10.66) 10.619


[a] Oa: oxygen atoms belonging to the central SiO4 tetrahedron; Ob: bridging oxygen atoms between corner-
sharing MO6 octahedra; Oc: bridging oxygen atoms between edge-sharing MO6 octahedra; Ot: terminal
oxygen atoms.


Figure 2. W�O equatorial bond length variations induced by the presence
of a copper atom in monosubstituted Keggin POMs.
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troidal distances (3.55 and
3.58 �, respectively). Selected
bond lengths and angles for the
cationic species are displayed in
Table 3.


The inorganic sublattice con-
sists of rows of [Si2W22-
Cu2O78(H2O)]12� POMs running
along the [1̄10] direction: the
POMs are placed parallel to the
c axis and hydrogen-bonded by
ammonium ions, which alterna-
tively interact with trimers and
triads of two adjacent POMs
(Figure 4a). These POM rows
are further hydrogen bonded
along the [110] direction by am-
monium–water–ammonium
links, which connect tetramers
belonging to two neighboring


Figure 3. [Cu(ac)(phen)(H2O)]n
n + cationic complexes: n=2 (a); n=3 (b) (ORTEP views).


Table 3. Bond lengths [�] and angles [8] for the experimental and optimized [Cu(ac)(phen)(H2O)]n
n+ cationic complexes.


[Cu2(ac)2(phen)2(H2O)2]
2+ [Cu3(ac)3(phen)3(H2O)3]


3+


Compound 1 B3 LYP Ref. 12 Compound 1 B3 LYP


Cu2 coordination sphere Cu4 coordination sphere
Cu2�O100 2.01(2) 1.931 1.939(6) Cu4�O104 1.96(2) 1.946
Cu2�O102 1.93(2) 1.951 1.984(6) Cu4�O106 1.94(2) 1.945
Cu2�N1 2.02(2) 2.008 2.010(7) Cu4�N41 1.99(2) 2.027
Cu2�N10 2.02(2) 2.006 2.029(7) Cu4�N50 2.00(2) 2.002
Cu2�0110 2.21(2) 2.290 2.201(7) Cu4�O112 2.20(2) 2.297
O100-Cu2-O102 89.6(8) 92.7 92.8(2) O104-Cu4-O106 89.9(6) 93.3
O100-Cu2-N10 165.9(8) 167.2 165.8(3) O104-Cu4-N50 168.5(7) 174.0
O100-Cu2-O110 93.1(7) 97.5 92.2(2) O104-Cu4-O112 90.8(6) 80.1
O102-Cu2-N1 167.1(8) 173.1 172.8(3) O106-Cu4-ON41 168.9(7) 157.8
O102-Cu2-O110 92.4(7) 81.6 89.4(2) O106-Cu4-O112 89.7(7) 102.9
N1-Cu2-N10 84.0(7) 83.0 81.6(3) N41-Cu4-N50 82.9(6) 82.3
N1-Cu2-O110 100.4(7) 94.2 95.8(3) N41-Cu4-O112 101.1(6) 99.3
N10-Cu2-O110 100.7(6) 94.8 100.9(3) N50-Cu4-O112 100.5(6) 101.6
Cu3 coordination sphere Cu5 coordination sphere
Cu3�O101 1.96(2) Cu5�O105 1.87(2) 1.963
Cu3�O103 1.93(2) Cu5�O107 1.92(2) 1.963
Cu3�N21 2.01(2) Cu5�N61 2.15(2) 2.023
Cu3�N30 1.97(2) Cu5�N70 2.06(2) 2.022
Cu3�O111 2.28(2) Cu5�O108 2.11(2) 2.337
O101-Cu3-O103 93.4(7) O105-Cu5-O107 95.0(9) 94.20
O101-Cu3-N30 173.8(8) O105-Cu5-N70 169.8(9) 169.6
O101-Cu3-O111 89.6(7) O105-Cu5-O108 93.6(8) 97.2
O103-Cu3-N21 176.1(7) O107-Cu5-ON61 168.1(9) 167.3
O103-Cu3-O111 90.8(6) O107-Cu5-O108 91.0(9) 85.4
N21-Cu3-N30 84.1(7) N61-Cu5-N70 78.4(9) 82.0
N21-Cu3-O111 91.0(6) N61-Cu5-O108 96.5(8) 105.9
N30-Cu3-O111 92.4(6) N70-Cu5-O108 93.8(8) 91.6


Cu6 coordination sphere
Cu6�O109 2.00(2) 1.935
Cu6�O114 1.97(2) 2.007
Cu6�N81 1.96(2) 1.999
Cu6�N90 2.00(2) 2.005
Cu6�O113 2.33(2) 2.330
Cu6�O108 2.56(2)
O109-Cu6-O114 92.2(7) 91.2
O109-Cu6-N90 172.3(7) 163.4
O109-Cu6-O113 94.0(6) 95.7
O109-Cu6-O108 59.6(6)
O114-Cu6-N81 174.3(8) 170.8
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POMs of adjacent rows (Figure 4b). This type of arrange-
ment leads to open-framework inorganic layers parallel to
the (001) plane.


The [Cu2(ac)2(phen)2(H2O)2]
2+ dimers (d) are embedded


in POM layers with their O and C atoms involved in a ex-
tended network of N�H···O and C�H···O interactions with
the ammonium ions and the POM surface, respectively. On
the other hand, the [Cu3(ac)3(phen)3(H2O)3]


3+ trimers (t)
occupy the interlaminar space between adjacent layers in
such a way that zigzag metalorganic columns are formed


Table 3. (Continued)


[Cu2(ac)2(phen)2(H2O)2]
2+ [Cu3(ac)3(phen)3(H2O)3]


3+


Compound 1 B3 LYP Ref. 12 Compound 1 B3 LYP


O114-Cu6-O113 91.0(7) 81.2
O114-Cu6-O108 87.2(7)
N81-Cu6-N90 82.2(8) 82.8
N81-Cu6-O113 92.3(8) 107.3
N81-Cu6-O108 91.9(7)
N90-Cu6-O113 91.6(7) 100.7
N90-Cu6-O108 114.9(7)
O113-Cu6-O108 153.5(6)


Cu2···Cu3 3.056(4) 3.300 3.063(3) Cu4···Cu5 3.087(4) 3.952
Cu5···Cu6 4.331(4) 5.536


basal and aromatic ligand plane dihedral angles[a]


Cu2�phen2 20.7(6) 6.7 9.9 Cu4�phen4 14.3(6) 10.1
Cu3�phen3 2.0(6) Cu5�phen5 10.0(8) 5.3


Cu6�phen6 1.1(7) 5.7
Cu2�Cu3 22.5(7) 41.6 22.9 Cu4�Cu5 24.0(8) 73.1


Cu5�Cu6 16.5(8) 79.1
phen2�phen3 3.9(5) 44.4 4.9 phen4�phen5 1.1(6) 65.6
rotation angle[b] 3.7(6) 25.2 4.9 rotation angle 12.3(7)


phen5�phen6 7.6(6) 79.5
rotation angle �10.4(7)


[a] Planes: Cu2: O100, O102, N1, N10; Cu3: O101, O103, N21, N30; Cu4: N41, N50, O104, O106; Cu5: N61, N70, O105, O107; Cu6: N81, N90, O109,
O114; phen2: N1, N10, C2�C14; phen3: N21, N30, C22�C34; phen4: N41, N50, C42�C54; phen5: N61, N70, C62�C74; phen6: N81, N90, C82�C94.
[b] The rotation angle between phenanthrolines i and j is defined by the average value of the following Ci-Cui-Cuj-Cj torsion angles: i=2, j= 3: C13-Cu2-
Cu3-C33, C14-Cu2-Cu3-C34; i=4, j=5: C53-Cu4-Cu5-C73, C54-Cu4-Cu5-C74; i=5, j=6: C73-Cu5-Cu6-C93, C74-Cu5-Cu6-C94.


Figure 4. Views of the inorganic sublattice along a) the [110] and b) the
[1̄10] directions. Copper centers are represented as dark octahedra, am-
monium cations as large gray circles, and water molecules as small black
circles.


Figure 5. View of a metalorganic column crossing the inorganic sublat-
tice: (top) in the (1̄10) plane, dotted lines indicate intermolecular p inter-
actions; (bottom) along the [111̄] direction. Ammonium cations and
water molecules have been removed for clarity.
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that cross the inorganic framework obliquely in the [111̄] di-
rection (Figure 5).


The metalorganic columns show a dimer-trimer-trimer-
dimer (..d-t-t-d..) sequence, with the cationic species held
together by p interactions involving the central ring of the
phenanthroline ligands. The most favorable p interaction
occurs between the trimers. In contrast, those involving the
dimers are less favorable owing to the geometric constraints
imposed by the inorganic sublattice. Thus, in the case of the
interaction between dimers and trimers, a lengthening of the
average interplanar and intercentroidal distances owing to
the tilting of the ligands (128) is observed. Moreover, the
dimer–dimer interaction, which takes place in the space be-
tween two adjacent POMs in a row, shows a long intercen-
troidal distance (4.27 �) between the parallel ligands placed
at an interplanar distance of 3.44 �. This results in a small
overlap of the aromatic rings. Intramolecular and intermo-
lecular contacts for the cationic species are listed in Table 4.


Optimizations of both copper cationic complexes have
been performed to examine the influence of the packing on
their geometries. Whereas the calculated bond lengths and
angles show a good agreement with experimental data
(Table 3), there are noticeable differences in the basal and
aromatic ligand plane dihedral angles. Although in the ex-
perimental compounds the phenanthroline ligands are
almost parallel and ring-to-ring stacked with dihedral angles
smaller than 88, the optimized cationic complexes show a
much more open and twisted structure. Thus, in the dimeric
fragments the angles are 44.48 and 65.68 for the dimer and
trimer, respectively. The most remarkable fact is that phen5
and phen6 ligands are almost perpendicular. These observa-
tions confirm the importance of p interactions not only in
the crystal packing of compounds containing aromatic rings,
but also in determining the geometry of these rather floppy
complexes.


EPR spectroscopy : X-band powder EPR spectra of com-
pound 1 recorded at different temperatures between 4.2 and
290 K are illustrated in Figure 6 (similar results obtained for


compound 2 are included in the Supporting Information).
The room-temperature X-band spectrum displays a broad
anisotropic resonance centered at approximately 3200 G, as
expected for copper(ii) systems. Moreover, three less intense
signals are observed at about 1600, 2500, and 3900 G. Such
spectra are usually associated with well-isolated triplet spin
states with relatively small zero-field splitting. The low-field
signal corresponds to a DMS =�2 forbidden transition.
Lowering the temperature of the samples to 4.2 K results in
better resolution of the central (3200 G) line, with partially
resolved hyperfine structure. On the other hand, the intensi-
ty of the other resonances diminishes with temperature
below 100 K, and the signals vanish at 4.2 K, in line with
strong antiferromagnetic coupling.


The severe overlap of the individual lines in the DMS =�
1 region precludes any attempt to extract the principal com-
ponents of the g tensors or to evaluate the zero-field split-
ting from the X-band spectra. Q-band EPR experiments
were therefore performed between 120 and 290 K, which
led to a considerable improvement of the resolution of the
spectra (Figure 7). In addition to the half-field signal (ca.
5700 G), at least eight more signals can be detected between
9500 and 12 500 G.


In spite of the presence of seven different copper(ii) chro-
mophores in both compounds, the number of observable
EPR signals must be drastically reduced by the averaging ef-
fects of the magnetic exchange. In fact, taking into account
the structural features and possible exchange pathways, a
maximum of three contributions to the EPR spectra could
be expected. The simplest one is that corresponding to the
copper in monosubstituted POMs. As previously analyzed in
analogous systems,[6] this paramagnetic center gives rise to
an axial EPR signal (gk=2.426; g?=2.095) with well-de-
fined hyperfine structure in the parallel region of the spec-


Table 4. Inter and intramolecular p interactions for the cationic com-
plexes in compound 1.[a]


DZ [�] ANG [8] DC [�]


intermolecular p interactions
dimer–trimer Cg2�Cg6i 3.21(2) 12.2(8) 3.65(2)
trimer–trimer Cg4�Cg4ii 3.29(1) 0.0(6) 3.53(1)
trimer–dimer Cg6�Cg2i 3.50(2) 12.2(8) 3.65(2)
dimer–dimer Cg3�Cg3i 3.44(1) 0.0(6) 4.27(1)


intramolecular p interactions
dimer Cg2�Cg3 3.46(1) 4.3(7) 3.61(1)
trimer Cg4�Cg5 3.42(2) 1.1(8) 3.56(2)
trimer Cg5�Cg6 3.55(2) 8.2(8) 3.58(2)


[a] Cgi: centroid of the central ring of phenanthroline i (i =2: C5, C6,
C11�C14; i=3: C25, C26, C31�C34; i=4: C45, C46, C51�C54; i=5:
C65, C66, C71�C74; i=6: C85, C86, C91�C94); DZ: perpendicular dis-
tance of Cgi on ring j; ANG: dihedral angle between planes i and j; DC:
distance between ring centroids. Symmetry codes: i: 1�x, 1�y, 1�z ; ii :
2�x, 2�y, �z.


Figure 6. Temperature dependence from 4.2 to 290 K of the powder X-
band EPR spectra for compound 1.
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trum (Ak= 90 �10�4 cm�1). Another set of EPR lines must
come from the [Cu2(ac)2(phen)2(H2O)2]


2+ dimers. Owing to
the nonfavorable p stacking of the phenanthroline rings,
these entities are probably isolated from a magnetic point of
view, giving rise to typical triplet state EPR spectra. Finally,
the contribution of the [Cu3(ac)3(phen)3(H2O)3]


3+ trinuclear
species is more difficult to predict, but the higher nuclearity
and the favorable intertrimeric p interactions probably lead
to a broad unresolved band in the g=2 region.


According to the analysis above, two of the resonances
observed in the Q-band spectra (see Figure 7), as well as the
low-temperature X-band signal, can be attributed to the
monomeric species. On the other hand, no evidence of sig-
nals corresponding to isolated trimeric entities has been
found. The rest of the observed resonances are consistent
with a triplet spin state and must be ascribed to the
[Cu2(ac)2(phen)2(H2O)2]


2+ dimers. We have tried to fit them
using the reported formulae for the transition fields along
the principal axes,[14] but no reasonable fitting was obtained,
suggesting the existence of noncollinear g and D tensors.
This misalignment between g and D is not surprising taking
into account the fact that the orthogonal axes to the equato-
rial planes of the copper chromophores present an apprecia-
ble deviation with respect to the copper–copper intradimer
direction.[15]


Magnetic properties : The thermal evolution of the magnetic
molar susceptibility and the cmT product, being cmT=meff


2/8,
is displayed in Figure 8 for compound 1 and in the Support-
ing Information for compound 2. For both compounds, cm


increases continuously with decreasing temperature and no
maximum is observed. At high temperature (T>150 K), the
susceptibility data are well described by Curie–Weiss expres-
sions, being Cm = 3.04 cm3 K mol�1, q=�24.1 K for 1 and
Cm=3.06 cm3 K mol�1, q=�21.8 K for 2. The values of cmT at
300 K for compounds 1 and 2 are 2.827 and
2.867 cm3 K mol�1, respectively, which are in good agreement


with the presence of seven noncorrelated CuII ions
(2.625 cm3 K mol�1, considering g=2). Additionally, when
the systems are cooled down from 300 to approximately
20 K, the cmT product decreases reaching values close to
1.32 cm3 K mol�1, and remains approximately constant below
20 K. This behavior indicates the presence of relatively
strong antiferromagnetic interactions between some of the
CuII ions, whereas the rest appear to be uncoupled.


The simultaneous presence of trimeric, dimeric, and mono-
meric CuII entities in these compounds, together with the
absence of significant peaks in the susceptibility curves,
makes an exact theoretical treatment of the experimental
data practically impossible. To obtain an operative expres-
sion for the magnetic susceptibility that allows us to evalu-
ate the strength of the different exchange interactions, some
approximations are needed to reduce the large number of
adjustable parameters. In this way, we have compared the
experimental curves with those calculated with Equation (1),
where N, b, and k have their usual meaning, g is the average
g-factor of the copper–acetate–phenanthroline complexes
and g’ is the local g-factor of the Cu-monosubstituted
Keggin-POMs.


cm ¼
Ng2b2½1þ expð�D1=kTÞ þ 10 expð�D2=kTÞ�


4 kT½1þ expð�D1=kTÞ þ 2 expð�D2=kTÞ�


þ 2 Ng2b2


kT½3þ expð�JD=kTÞ� þ
2 Ng02b2


4 kT


ð1Þ


The first term in Equation (1) corresponds to the magnet-
ic molar susceptibility of a S= 1=2 linear trimer with a negli-
gible interaction between nonadjacent ions.[16] D1 and D2 are
the energy gaps between the three spin states of the trimer,
being related to the exchange parameters (JT1 for Cu4�Cu5
and JT2 for Cu5�Cu6) through Equations (2)–(5).


D1 ¼ Eð1=2,�Þ�Eð1=2,þÞ ð2Þ


Figure 7. Q-band EPR powder spectrum for compound 1 registered at
120 K. The dotted line shows the expected contribution of the copper
substituted POMs.


Figure 8. Thermal evolution of the magnetic susceptibility and cmT prod-
uct for compound 1. Continuous lines represent the least-squares fit to
Equation (1).
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D2 ¼ Eð3=2Þ�Eð1=2,þÞ ð3Þ


Eð3=2Þ ¼ �ðJT1 þ JT2Þ=4 ð4Þ


Eð1=2,�Þ ¼ ðJT1 þ JT2Þ=4�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðJT1�JT2Þ2 þ JT1


2 þ JT2
2�=8


p


ð5Þ


The second term in Equation (1) is the classical Bleaney–
Bowers equation for a dinuclear copper(ii) complex,[17]


being JD, the singlet–triplet energy gap; and the last term
corresponds to the paramagnetic contribution of the copper
substituted POMs. Intermolecular interactions have been in-
tentionally suppressed to avoid an excessive number of vari-
ables.


Least-square fits of Equation (1) to the data were per-
formed by minimizing the function (6), where NP is the
number of data points and NV is the number of variable pa-
rameters.


R ¼ f
XNP


i¼1


½cmðexpÞi�cmðcalÞi�2=ðNP�NVÞg1=2 ð6Þ


If all five magnetic parameters are allowed to vary freely
in the fitting procedure, many sets of solutions are obtained
depending on the starting points. Therefore, we tried to in-
troduce some restrictions. First, the g’ value was held fixed
at 2.204, as deduced from the EPR spectra, and the number
of possible solutions decreases considerably. Second, as can
be seen in DFT-calculated frontier molecular orbitals for
the trimer (Figure 9 b), the Cu5�Cu6 exchange pathway in-
volves the nonmagnetic dz2 orbitals of the CuII ions and it is
significantly longer than the Cu4�Cu5 one. JT2 was therefore
allowed to vary only between �JT1/10 and JT1/10. Within
these hypotheses, two reasonable solutions were obtained
(Table 5) that showed a very good agreement between ex-
perimental and fitted data (Figure 8).


Starting the fitting process with identical JT1 and JD


values, solution A was obtained. The corresponding set of
calculated parameters implies that magnetic interactions be-
tween the Cu4 and Cu5 atoms of the trimeric entities and
the Cu2 and Cu3 atoms of the dimers are of similar strength,
in good agreement with the close geometry of both frag-
ments. Moreover, the low JT2 value obtained indicates negli-
gible exchange through the syn–anti single acetate bridge of
the trimer units. Therefore, for this solution the system
could be considered as the sum of two independent dimers
plus a monomeric contribution. This assumption is support-
ed by the observed cmT values at low temperatures, which
are in good agreement with those expected for three mag-
netically independent CuII ions. Moreover, the calculated J
values are also in concordance with the deduced Weiss tem-
peratures, which must be approximately one half of the ex-
change integrals for dimeric systems with S= 1=2.[18]


A somewhat different solution B is obtained when non-
equivalent exchange constants are utilized as starting param-
eters. In this case, the calculated intradimeric interactions
are larger than the intratrimeric ones. It is noteworthy that
the obtained singlet–triplet energy gap for the dimer (�
�89 cm�1) agrees better than the one fitted by solution A
with the experimental value of �86 cm�1 obtained by Tokii
et al. for [Cu(ac)(phen)(H2O)]2(NO3)·4 H2O. This complex


Figure 9. DFT-calculated frontier single-occupied molecular orbitals
(SOMOs) for [Cu(ac)(phen)(H2O)]n


n+ cationic complexes: n=2 (a); n=


3 (b).


Table 5. Least-squares-fitted experimental and DFT calculated coupling
constants (cm�1) for the [Cu(ac)(phen)(H2O)]n


n+ cationic complexes.


Trimer Dimer
Compound/fit g JT1 JT2 JD R (x104)


1/[A] 2.11 �80.7 �0.04 �80.7 2.88
1/[B] 2.11 �74.1 3.90[a] �89.5 2.87
2/[A] 2.13 �81.3 �0.23 �81.3 8.91
2/[B] 2.13 �70.6 3.42[a] �96.8 8.71
basis set
6–31G(d) �65.5 0.46 �77.0
TZVP + DZ �92.7 0.43 �116.8
TZVP + SVP �70.3 0.50 �88.7 (�89)[b]


TZVP + SVP+SV �70.7 0.50 �89.5


[a] The JT2 coupling constant value is poorly defined and severely overes-
timated by the fitting procedure. Such a high value would be noticeable
in the cm and cmT curves, and it can be safely assumed that its real value
is much closer to zero. [b] Value obtained from ref. [19] calculated using
B3 LYP and a very similar basis set to the one used in this work.
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exhibits a similar dimeric unit with the calculated value
(�89 cm�1) using the same procedure as the one used in this
work.[19] Besides, even if this solution yields slightly lower R
values, the calculated curves are similar. Thus, DFT calcula-
tions have been carried out for the experimental geometries
to identify the most correct description of the system.


Regardless of the basis set used, all calculations afford
magnetic coupling constants that qualitatively support the
solutions given by fitting B. Antiferromagnetic interactions
are larger in the dimer than in the trimer, the ratio JD/JT1 in
the range 1.2–1.3 is in good agreement with the fitted data
and a very small ferromagnetic coupling between the dimer-
ic fragment and the [Cu(ac)(phen)(H2O)2]


+ monomer of the
trimer (Table 5). In fact, the calculated exchange parameters
with the basis set of highest quality (triple-962 valence for
the metal atoms and split valence for the rest, with polariza-
tion functions in all of them (TZVP +SVP)) deviates by less
than 5 % from the fitted experimental data afforded by fit-
ting B.


The significant difference between the magnetic coupling
constants of the dimer and the dimeric unit of the trimer
could be due, in principle, to two main factors: 1) variations
in the geometrical parameters, especially those related to
the coordination sphere of copper atoms, and 2) changes in
one apical ligand, such as replacement of a water molecule
in the dimer by the [Cu(ac)(phen)(H2O)2]


+ group bridged
to the dimeric subunit through an acetate ligand. To check
the influence of this second factor the exchange coupling
constant has been calculated for the dimeric subunit of the
trimer, without modifications in the geometry except that a
water molecule replaced the [Cu(ac)(phen)(H2O)2]


+ group
in the apical position. The result, �69.1 cm�1, is almost iden-
tical to the experimental and calculated values for the
trimer, which indicates that this apical replacement has neg-
ligible influence on the value of the coupling constant. Thus,
the difference must be attributed to a coupled and complex
variation in several geometrical parameters between the
dimer and the trimer.


Conclusion


The reaction between a copper monosubstituted Keggin
POM and Cu–ac–phen complexes generated in situ affords
a hybrid inorganic–metalorganic compound based on inor-
ganic and metalorganic interpenetrated sublattices. The
former consists of a bidimensional arrangement of the hy-
drogen-bonded bimolecular Keggin POM, [Si2W22-
Cu2O78(H2O)]12�, a product of the condensation of two a-
[SiW11CuO39(H2O)]6� Keggin units by formation of a Cu-O-
W bridge. To our knowledge this is the first discrete bimo-
lecular TM-disubstituted-Keggin POM reported. The metal-
organic sublattice is formed by copper complexes of general
formula [Cu(ac)(phen)(H2O)]n


n+ (n=2, 3), which p stack
along the [111̄] direction.


DFT calculations on [Cu(ac)(phen)(H2O)]n
n+ cationic


complexes have shown the strong influence of packing on


the complex geometry. In the crystal structure, the phenan-
throline ligands are disposed almost parallel to each other
to facilitate both intra- and intermolecular p interactions. In
the calculated structures, the parallel arrangement is lost in
favor of very open and twisted structures with angles be-
tween the phenantholine planes ranging from 45 to 808.


EPR studies show a strong antiferromagnetic coupling be-
tween copper atoms in the [Cu(ac)(phen)(H2O)]n


n+ cationic
complexes and the presence of magnetically isolated copper
atoms in each Keggin subunit of the POM.


Magnetic susceptibility studies together with the invalua-
ble help of DFT calculations of the magnetic coupling con-
stants, confirm the presence of antiferromagnetic coupling
in the dimer and the dimeric unit of the trimer. They also in-
dicate negligible exchange through the syn–anti single ace-
tate bridge of the trimer units. DFT calculations show that
the significant difference between the magnetic coupling
constants of the dimer and the dimeric unit of the trimer
must be attributed to variations in several geometrical pa-
rameters between the dimer and the trimer, whereas the re-
placement of an apical water ligand by an acetate bridge has
a negligible influence.


Experimental Section


All reagents were used as purchased without further purification. The
K8[a-SiW11O39] precursor was synthesized as described in reference [20] .
Microanalyses: C, H, N: LECO CHNS-932 analyser; Cu, Rb: Perkin-
Elmer 4110ZL analyser. FTIR: Mattson 1000 FT-IR spectrometer. TG/
DTA: TA Instruments SDT2960 thermobalance (100 mL min�1 flow, syn-
thetic air; 20–600 8C at a rate of 5 8C min�1).


Synthesis of 1: A solution of CuCl2·2 H2O (34 mg, 0.2 mmol), K8[a-
SiW11O39] (644 mg, 0.2 mmol), and an excess of ammonium acetate in
water (30 mL) was heated to 100 8C for 1 h. A solution containing
CuCl2·2 H2O (68 mg, 0.4 mmol) and 1,10-phenanthroline (79 mg,
0.4 mmol) in water (30 mL) was added, and a blue precipitate appeared.
The reaction mixture was stirred for 2 h, then the precipitate was re-
moved by filtration. Prismatic blue crystals suitable for X-ray diffraction
were obtained from the mother liquor by slow evaporation. Elemental
analysis calcd (%) for C70Cu7H95N17O94Si2W22·18H2O: C 11.14, H 1.75, N
3.15, Cu 5.89; found: C 10.89; H 1.65; N 3.20; Cu 5.74; IR (KBr pellets):
acetate: ñ =1622 (w), 1578 (m), 1421 (m); POM: 1003 (w), 951 (s), 901
(vs), 795 (vs), 687 (s), 534 cm�1 (m); themogravimetric(TG)/differential
thermogravimetric analysis (DTA) shows a dehydration step below
150 8C partially overlapped with the collapse of the crystal structure; it
involves the loss of approximately 22 water molecules.


Synthesis of 2 : Compound 2 was prepared by a method similar to that
used for the synthesis of 1 except that an excess of rubidium acetate was
employed. Elemental analysis calcd (%) for C70Cu7H67N10O94Rb7-
Si2W22·18 H2O: C 10.48, H 1.29, N 1.75, Cu 5.55, Rb 7.46; found: C 10.54,
H 1.21, N 1.72, Cu 5.40, Rb 7.66; IR (KBr pellets): acetate: ñ =1624 (w),
1577 (m), 1425 (m); POM: 1003 (w), 947 (s), 897 (vs), 793 (vs), 683 (s),
534 cm�1 (m); TG/DTA shows a dehydration step below 150 8C partially
overlapped with the collapse of the crystal structure; it involves the loss
of approximately 24 water molecules.


Magnetic measurements and EPR spectra: Magnetic susceptibility : Quan-
tum Design MPMS-7 SQUID magnetometer (T range: 5–300 K; applied
field: 0.1 T; diamagnetic corrections: estimated from Pascal�s constants).


EPR powder spectra : Bruker ESP300 spectrometer (X and Q bands)
equipped with Oxford low temperature devices (magnetic field calibra-
tion: NMR probe; determination of the frequency inside the cavity:
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Hewlett-Packard 5352B microwave frequency counter; maintenance of
the crystal structures in powder samples was confirmed by powder X-ray
diffraction; computer simulation: WINEPR-SimFonia, version 1.5,
Bruker Analytische Messtechnik GmbH).


X-ray crystallography : Data collection for 1 and 2 was performed at
room temperature on a Xcalibur single-crystal diffractometer (graphite
monochromated MoKa radiation, l=0.71073 �), fitted with a Sapphire
CCD detector. For compound 1, a total of 1532 frames of data was col-
lected with an exposure time of 20 s per frame, using the w-scan tech-
nique with a frame width of Dw= 0.308. Data frames were processed
(unit cell determination, intensity data integration, correction for Lorentz
and polarization effects, and analytical absorption correction) using the
CrysAlis software package.[21] Neutral atom scattering factors and anoma-
lous dispersion factors were taken from the literature.[22] The structure
was solved by using direct methods (DIRDIF 99).[23] Heavy atoms and
the oxygen atoms belonging to the polyanion were refined anisotropically
by a full-matrix least-squares refinement of F2. Copper atoms in the poly-
anion were delocalized over all tungsten positions and their population
parameters were refined without restriction, resulting in the expected
number of one copper ion per Keggin subunit. Hydrogen atoms of the
phenanthroline and acetate species were placed in calculated positions
and refined with a riding model. SHELXL97[24] was used for structure re-
finement of the compounds. The crystallographic calculations were per-
formed by using the WINGX software package.[25] CCDC-242455 con-
tains the supplementary crystallographic data for compound 1. These
data can be obtained free of charge at www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; e-mail :
deposit@ccdc.cam.ac.uk).


For compound 2 the powder X-ray diffraction pattern was collected on a
Philips-1470 diffractometer using CuKa1 radiation (l=1.54059 �). Data
were collected by scanning in the 2q range 5–508 with increments of
0.028. The pattern matching was performed by using the FULLPROF
program.[26]


Computational details : All the quantum calculations have been carried
out by using the Gaussian03 program,[27] except the initial optimization
of the trimer geometry, which was done using PC GAMESS version 6.4[28]


of the GAMESS (US) package.[29] Both programs were run on computers
with GNU/Linux operating systems.


Density functional theory and specifically Becke�s hybrid method with
three parameters[30] based on nonlocal exchange and correlation function-
als, as implemented in Gaussian03 (B3 LYP), has been used in all calcula-
tions. Experimental data were used as the starting point in the global op-
timizations of [SiW12O40]


4� (Td) and [SiW11O39Cu(H2O)]6� (Cs, S= 1=2)
Keggin polyanions, and [Cu2(ac)2(phen)2(H2O)2]


2+ (C2, S = 1=2) and
[Cu3(ac)3(phen)3(H2O)3]


3+ (C1, S = 3=2) cationic complexes. For the cation-
ic complexes, the standard 6–31G(d)[31] basis has been chosen for all
atoms. This basis contains polarization[32] functions in all atoms, except
hydrogen. In the case of the Keggin anions, the Los Alamos effective
core potential combined with a DZ basis (LANL2DZ)[33] was chosen for
the transition metals, as a compromise between accuracy and computa-
tional power available, and for the remaining atoms the D95V basis[34]


was used.


The exchange coupling constants Jij (defined through the phenomenologi-
cal Heisenberg Hamiltonian: Hij =�Jij·Si·Sj) of the binuclear and trinu-
clear complexes have been calculated by using the broken-symmetry
computational strategy of Ruiz et al. ,[35] which has been shown to provide
good results compared to experimental data. These calculations have
used the experimental structure, since the calculated coupling constants
are very sensitive to small deviations in the geometrical parameters. For
the evaluation of the coupling constants of the copper(ii) dimer com-
plexes, two separate DFT calculations have been carried out, from which
the energies of the triplet state (EHS) and a broken-symmetry singlet con-
figuration (EBS) are obtained, whereupon the coupling constant is given
approximately by Equation (7).


JD ¼ EBS�EHS ð7Þ


To calculate both exchange coupling constants of the trinuclear complex,
JT1 and JT2, the above mentioned method was carried out on a model
molecule in which the copper atom not involved in the coupling is substi-
tuted by a diamagnetic Zn2+ ion.[36]


Besides the 6–31G(d) basis set, several combinations of the double- and
triple-z basis sets, with or without polarization functions, of Ahlrichs and
co-workers[37] were used to check its influence on the calculated values.


The magnetic molecular orbitals shown in Figure 9 were calculated with
the complexes at their experimental geometries and highest spin states.
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Reaction Mechanism of Porphyrin Metallation Studied by Theoretical
Methods


Yong Shen[a, b] and Ulf Ryde*[a]


Introduction


Metal complexes of tetrapyrroles are common in biological
systems, for example, haem, chlorophyll, vitamin B12 and
coenzyme F430. Together, they provide essential cofactors
for a huge number of enzymes. Therefore, they have attract-
ed much interest from all parts of chemistry.[1] These cofac-
tors are synthesised in the organism in a complicated se-
quence of reactions. One step in this sequence is the inser-
tion of the metal ion into the tetrapyrrole ring system. This
step has been extensively studied both in solution[2,3] and in


biological systems, in which the reaction is catalysed by so-
called chelatases.[4–9]


In particular, the metallation of a porphyrin molecule has
been studied by many groups.[10–14] The consensus seems to
be that the reaction mechanism in solution consists of the
following steps: deformation of the porphyrin ring, outer-
sphere association of the solvated metal ion and the por-
phyrin, exchange of a solvent molecule with the first pyrro-
lenine nitrogen atom, chelate-ring closure with the expulsion
of more solvent molecules, first deprotonation of a pyrrole
nitrogen atom and finally deprotonation of the second nitro-
gen atom, which leads to the formation of the metallopor-
phyrin (some authors prefer to switch the first two steps).


The rate by which metal ions are inserted into the por-
phyrin ring typically follows the order Cu>Zn>Mn, Co,
Fe>Ni>Cd @Mg.[3,11] For most metals, the formation of the
first bond to the porphyrin ring seems to be rate limit-
ing.[10,11,13, 14] Thus, the metallation reaction is similar to a
normal solvent-exchange reaction, although the rate is 5–11
orders of magnitude slower.[14] This slowing is normally at-


[a] Dr. Y. Shen, Prof. U. Ryde
Department of Theoretical Chemistry, Lund University
Chemical Centre, P. O. Box 124, 221 00 Lund (Sweden)
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Abstract: We have studied the reaction
mechanism for the insertion of Mg2+


and Fe2+ into a porphyrin ring with
density functional calculations with
large basis set and including solvation,
zero-point and thermal effects. We
have followed the reaction from the
outer-sphere complex, in which the
metal is coordinated with six water
molecules and the porphyrin is doubly
protonated, until the metal ion is in-
serted into the deprotonated porphyrin
ring with only one water ligand remain-
ing. This reaction involves the stepwise
displacement of five water molecules
and the removal of two protons from
the porphyrin ring. In addition, a step
seems to be necessary in which a por-
phyrin pyrrolenine nitrogen atom


changes its interaction from a hydrogen
bond to a metal-bound solvent mole-
cule to a direct coordination to the
metal ion. If the protons are taken up
by a neutral imidazole molecule, the
deprotonation reactions are exothermic
with minimal barriers. However, with a
water molecule as an acceptor, they
are endothermic. The ligand exchange
reactions were approximately thermo-
neutral (�20 kJ mol�1, with one excep-
tion) with barriers of up to 72 kJ mol�1


for Mg and 51 kJ mol�1 for Fe. For Mg,
the highest barrier was found for the


formation of the first bond to the por-
phyrin ring. For Fe, a higher barrier
was found for the formation of the
second bond to the porphyrin ring, but
this barrier is probably lower in so-
lution. No evidence was found for an
initial pre-equilibrium between a
planar and a distorted porphyrin ring.
Instead, the porphyrin becomes more
and more distorted as the number of
metal–porphyrin bonds increase (by up
to 191 kJ mol�1). This strain is released
when the porphyrin becomes depro-
tonated and the metal moves into the
ring plane. Implications of these find-
ings for the chelatase enzymes are dis-
cussed.


Keywords: density functional calcu-
lations · iron · magnesium · metala-
tion · porhyrinoids
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tributed to the distortion of the porphyrin ring needed to
form the first bonds to the metal. Thus, porphyrins that are
distorted already in the free-base form (e.g., by bulky side-
chains or substituents on the pyrrole nitrogen atoms) have a
103–105 higher rate of metallation.[15]


Solvent-exchange reactions have been extensively studied
also by theoretical methods, especially water exchange.[16–19]


However, the metallation of porphyrins does not seem to
have been studied before, even if many theoretical investi-
gations have been published for haem, chlorophyll, vitamin
B12, coenzyme F430, Mg porphyrin and even for ferrochela-
tase.[20–33]


The intermediate formed after the chelate ring closure is
often called a sitting-atop complex (SAT).[34] This complex
has been much discussed.[35–40] Recently, sitting-atop com-
plexes of Cu2+ with various porphyrins in acetonitrile have
been characterised by kinetic measurements, extended X-
ray absorption fine structure (EXAFS) and nuclear magnet-
ic resonance (NMR) methods.[10, 41,42] The complex was sug-
gested to be six-coordinate with three kinds of Cu–N inter-
actions with bond lengths of 205, 198 and 232 pm for pyrro-
lenine nitrogen atoms of the porphyrin and for acetonitrile
nitrogen atoms at equatorial and axial sites, respectively.[10]


We have performed a density
functional study of possible
SAT complexes between por-
phyrin and Mg2+ , Fe2+ or
Cu2+ .[43] We showed that there
are numerous possible struc-
tures with 1–5 solvent mole-
cules, one or two metal ions
and cis or trans protonation of
the porphyrin ring. Many of
these have similar energies and
their relative stabilities vary
with the metal ion. Therefore, the interpretation of the
EXAFS data is far from straightforward.[38,43]


In this paper, we use these data to study the detailed
mechanism of the metallation reaction of porphyrin rings
with Mg2+ and Fe2+ . We have characterised all transition-
state structures on the pathway from the outer-sphere com-
plex to metallated porphyrin (i.e., complexes involving 1–6
water molecules). For each step, we calculated the reaction
and activation energies, including solvation, zero-point and
thermal effects. We also studied the deprotonation of the
pyrrole nitrogen atoms in the SAT by imidazole or water
molecule in two subsequent steps. Together, these results
give an important insight in the metallation reaction and in-
dicate that the consensus reaction mechanism has to be
modified in a some aspects. They also give some clues to the
corresponding biological reaction in the chelatase enzymes.


Results and Discussion


In the following, we will first describe the results for the
metallation of a porphyrin ring by Mg2+ in a rather detailed


way. Then, the corresponding results for Fe2+ will be briefly
described, emphasizing differences between Fe2+ and Mg2+ .
Finally, we will discuss the effect of including an extra water
molecule, hydrogen bonded to the porphyrin pyrrole hydro-
gen atoms on the opposite side of the ring, and the metalla-
tion of a methylated porphyrin ring.


Formation of the first Mg�NPyrn bond : As mentioned in the
introduction, the three first steps in the metallation of por-
phyrin are usually suggested to be deformation of the por-
phyrin ring, outer-sphere association of the solvated metal
ion and the (protonated) porphyrin, and exchange of a sol-
vent molecule with the first pyrrolenine nitrogen atom
(NPyrn, i.e., an unprotonated porphyrin nitrogen atom).[10–14]


The formation of the outer-sphere complex is usually as-
sumed to be diffusion controlled.[10,11] This reaction is hard
to study by quantum chemical methods. Therefore, we have
only optimised the structure of the outer-sphere complex,
which is shown in Figure 1. It is 92 kJ mol�1 less stable than
isolated Mg(H2O)6 and PorH2; however, this energy is very
uncertain, because it involves extensive energy corrections
of differing signs from solvation, thermal effect and the
method (all reported energies in the text are DG values, in-


cluding solvation effects; the individual terms are presented
in the tables). As can be seen in Table 1, the Mg�O distan-
ces in the outer-sphere complex are 204–213 pm, compared
to 210 pm in the free Mg(H2O)6 complex. The Mg�N distan-
ces are 390–508 pm. The strain energy of the porphyrin ring
is 28 kJ mol�1 (i.e., the energy of PorH2 in this complex com-
pared to that in its optimised vacuum geometry; Table 2).


It has earlier been suggested that there should be a rapid
equilibrium between a planar and a distorted porphyrin, in
which the pyrrolenine nitrogen atoms become more exposed
to the solvent. This equilibrium should then provide the first
step of the metallation reaction. If this was the case, there
should be a distorted structure as a local minimum on the
potential-energy surface of the porphyrin molecule. For our
porphyrin model, we have not been able to find such a
structure. Instead, the ring system distorts successively as
the Mg�N bonds are formed. Thus, in our view, the distor-
tion of the porphyrin ring is a part of all steps in the metal-
lation reaction, not a separate, initial step. However, it
should be noted that if explicit water molecules are included
in the calculations (on the side opposite to Mg), the por-
phyrin ring becomes significantly distorted, owing to hydro-


Figure 1. The first reaction of Mg(H2O)6 with PorH2, 6+0 to 5+1,1N.
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gen bonds formed by water and
the central pyrrole nitrogen
atoms.[43] This will be discussed
below.


Therefore, we have followed
the reaction as the successive
exchange of water ligands with
the nitrogen atoms of the por-
phyrin. The resulting Mg–ligand
distances are given in Table 1
and energies are compiled in
Table 2. In the first step, one of
the water molecules in the first
coordination shell of Mg is re-
placed by an NPyrn atom, giving
rise to the complex in Figure 1c.
It has five first-sphere water
molecules, one second-sphere
water molecule and Mg forms
one bond to the porphyrin with
an Mg�NPyrn distance of
232 pm. The other NPyrn atom
forms a hydrogen bond to an
Mg-bound water molecule. We
will call this type of structure
5+1,1N in the following (indi-
cating five first- and one
second-sphere water molecules
and only one bond between the
metal ion and the porphyrin
ring). It is 21 kJ mol�1 less
stable than the outer-sphere
complex, mainly owing to un-
favourable solvation and ther-
mal effects. The strain energy
has increased by 7 kJ mol�1.


The transition state between
these two structures (Figure 1b)
nicely represents the exchange
reaction: the Mg�NPyrn distance
is 332 pm and the Mg�O dis-
tance of the reacting water mol-
ecules is 249 pm. It is
72 kJ mol�1 less stable than the
outer-sphere complex and it is
characterised by an imaginary
frequency of 119 cm�1, the ei-
genvector of which nicely fol-
lows the O–Mg–N reaction co-
ordinate.


Formation of the second Mg�
NPyrn bond : Next, we want to
form the second Mg�NPyrn


bond. It turned out that this is
not fully straight forward,
owing to the strong hydrogen


Table 1. Mg–ligand distances [pm] in the studied Mg complexes.


Complex Mg�NPyrn Mg�NPyr Mg�O


6+0 449.3, 414.5 390.1, 508.0 204.1, 210.5, 210.8, 211.1, 211.2, 213.4
ts 65 332.1, 447.9 403.5, 413.0 206.4, 208.3, 209.5, 211.8, 212.1, 248.9
5+1,1N 232.0, 432.1 365.4, 368.2 205.8, 210.1, 212.5, 213.0, 213.7, 377.7


5+0,1N 230.5, 429.4 360.3, 368.2 205.8, 211.3, 211.9, 213.1, 214.5
ts 54 218.7, 415.0 341.3, 355.4 205.1, 209.3, 209.8, 210.9, 280.8
4+1,1N 216.0, 414.9 343.4, 345.3 202.6, 204.3, 207.5, 213.8, 390.7


4+0,1N 214.0, 408.9 338.2, 341.0 203.3, 206.7, 207.4, 214.6
ts 4 227.2, 300.1 259.2, 308.5 214.8, 216.0, 217.2, 220.2
4+0 242.8, 246.8 266.6, 267.5 223.2, 223.5, 223.7, 223.8


4+0 242.8, 246.8 266.6, 267.5 223.2, 223.5, 223.7, 223.8
ts 432 239.4, 240.5 269.6, 252.9 216.7, 218.0, 228.2, 254.2
3+1 232.6, 235.6 233.5, 283.1 208.7, 214.4, 220.4, 412.7


4+0,1N 214.0, 408.9 338.2, 341.0 203.3, 206.7, 207.4, 214.6
ts 431 211.5, 396.3 326.5, 331.4 197.3, 202.8, 203.3, 271.7
3+1,1N 210.2, 390.5 314.6, 331.7 194.0, 203.3, 203.4, 377.3


3+0,1N 210.4, 361.2 249.6, 338.4 197.4, 204.9, 208.8
ts 3 216.8, 286.9 234.8, 288.1 207.2, 210.7, 211.5
3+0 232.0, 233.0 230.8, 281.3 212.7, 215.7, 219.0


3+0 232.0, 233.0 230.8, 281.3 212.7, 215.7, 219.0
ts 32 224.5, 228.4 234.9, 254.9 210.8, 213.9, 272.2
2+1 222.5, 222.7 241.5, 243.9 208.8, 210.2, 421.4


2+0 221.9, 221.9 236.7, 237.8 211.7, 212.9
ts 21 216.4, 218.2 230.9, 232.9 204.4, 272.0
1+1 214.7, 215.2 228.2, 228.4 199.7, 413.4


6+0+PorH2 +H2O 408.6, 438.1 392.8, 493.3 203.7, 210.6, 210.7, 211.5, 212.0, 213.4
ts 65 +PorH2 +H2O 334.4, 445.9 407.2, 409.1 206.1, 207.8, 210.1, 211.7, 212.6, 247.0
5+1,1N+PorH2 +H2O 228.6, 428.8 354.4, 368.7 203.3, 214.0, 214.6, 214.9, 215.1, 375.0


6+0 PorHCH3 435.9, 482.3 407.8, 450.0 201.9, 209.2, 211.2, 211.7, 211.8, 211.9
ts 65 PorHCH3 333.1, 450.1 400.9, 440.8 205.0, 208.8, 210.0, 212.7, 212.8, 246.4
5+1,1N PorHCH3 230.4, 433.4 367.5, 384.5 203.2, 212.7, 213.7, 214.2, 214.6, 377.1


3+0,1N PorHCH3 208.6, 360.6 252.8, 344.6 195.3, 205.6, 209.2
ts 3 PorHCH3 210.9, 306.0 241.8, 289.8 204.0, 210.4, 211.2
3+0,2N PorHCH3 228.6, 228.6 231.7, 277.0 215.0, 220.1, 222.2


Mg�NPyrn Mg�NPyr Mg�O NPyr�H NIm�H


[(H2O)2MgPorH2]+ Im 218.6, 218.8 237.3, 237.5 214.2, 214.5 105.8, 105.8 196.5, 196.8
ts H2Im 219.9, 220.4 227.1, 242.6 213.5, 215.0 103.3, 116.9 150.8, 297.7
[(H2O)2MgPorH] + ImH 219.4, 221.0 214.4, 246.9 213.1, 218.6 102.8, 187.0 105.8, 371.8


[(H2O)2MgPorH] + Im 214.5, 216.9 213.0, 234.5 216.7, 232.6 110.5 165.0
ts HIm 215.6, 217.0 215.5, 230.2 217.6, 229.2 127.8 132.6
[(H2O)2MgPor]+ ImH 215.7, 217.7 216.2, 223.7 219.2, 228.6 165.5 109.5


Mg�NPyrn Mg�NPyr Mg�O NPyr�H OWat�H


[(H2O)2MgPorH2]+ H2O 221.2, 221.2 236.8, 237.0 212.9, 213.1 104.9, 104.9 191.7, 191.9
[(H2O)2MgPorH] +H3O 218.2, 230.7 220.7, 246.6 210.6, 216.3 103.0, 149.3 105.0, 264.9


[(H2O)2MgPorH] +H2O 211.7, 217.9 220.2, 241.7 215.4, 222.0 107.4 166.9
[(H2O)2MgPor]+H3O 216.4, 221.6 224.8, 233.1 215.0, 218.2 143.8 109.0


[(H2O)MgPorH2] 212.6, 212.7 226.0, 226.2 205.1
[(H2O)MgPorH2] +H2O 212.3, 212.3 224.1, 224.1 205.8, 285.1 104.8, 104.8 195.7, 195.7
[(H2O)MgPorH] +H3O 211.4, 216.0 218.5, 230.3 205.6 103.4, 150.6 104.8, 291.8
[(H2O)MgPorH] 206.5, 210.1 210.1, 229.1 209.7
[(H2O)MgPorH] +H2O 205.3, 225.8 208.5, 208.7 213.7, 232.2 104.1 189.6
[(H2O)MgPor]+H3O 210.7, 211.4 217.3, 222.5 208.2 144.3 109.2
[(H2O)mgPor] 208.2, 208.2 210.6, 210.8 217.5


[H2O+ (H2O)mgPor] 209.6, 210.1 210.7, 211.6 210.5, 381.2
[MgPor] 207.2, 207.2 207.2, 207.2
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Table 2. Energies [in kJ mol�1] of the optimised Mg complexes. DE is the relative energy at the BP86/6-31G* level. DDMethod is the change in relative
energy at the B3LYP/6-311 +G(2d,2p) level. DDSolv and DDThermal are the changes in the relative energy owing to solvation and thermal (zero-point,
as well thermal corrections to the Gibbs free energy) effects, respectively. DG is the final estimate of the free energy. Edeprot is the deprotonation energy
of the complex in solution. DEPorph is the energy of the porphyrin ring in this complex, relative to optimised structure in vacuum. Finally, Imag f is the
value of the imaginary frequency [cm�1] for the transition structure.


DE DDSolv DDMethod DDThermal DG Edeprot DEPorph Imag f


Mg(H2O)6 +PorH2 225.7 �214.6 �38.8 �64.9 �92.5 �1326.1 0.0 –
6+0 0.0 0.0 0.0 0.0 0.0 – 27.5 –
ts 65 39.3 14.5 11.4 6.4 71.6 – – 118.6
5+1,1N �19.5 22.3 7.9 10.3 21.0 – 34.5 –


5+0,1N 0.0 0.0 0.0 0.0 0.0 �1240.4 35.7 –
ts 54 12.5 6.0 5.6 4.4 28.4 – – 93.7
4+1,1N �21.8 4.2 �2.6 5.6 �14.6 – 36.3 –


4+0,1N 0.0 0.0 0.0 0.0 0.0 �1177.7 39.3 –
ts 4 51.5 6.8 16.3 7.8 82.4 – – 52.5
4+0 48.9 11.2 22.5 6.4 88.9 �1110.3 92.8 –


4+0 0.0 0.0 0.0 0.0 0.0 �1110.3 92.8 –
ts 432 1.5 1.2 �0.1 1.7 4.4 – – 94.7
3+1 �30.4 7.1 �19.3 �8.9 �51.5 – 114.5 –


4+0,1N 0.0 0.0 0.0 0.0 0.0 �1177.7 39.3 –
ts 431 11.8 7.6 1.9 �1.2 20.1 – – 112
3+1,1N �15.5 20.0 �0.2 �9.5 �5.2 – 52.1 –


3+0,1N 0.0 0.0 0.0 0.0 0.0 �1161.9 75.5 –
ts 3 14.0 1.5 3.5 10.7 29.7 – – 92.8
3+0 4.6 0.7 2.9 8.6 16.7 �1140.0 120.1 –


3+0 0.0 0.0 0.0 0.0 0.0 �1140.0 120.1 –
ts 32 7.1 4.5 1.6 6.1 19.4 – – 112.9
2+1 �9.3 14.6 �9.6 �1.6 �5.8 – 150.4 –


2+0 0.0 0.0 0.0 0.0 0.0 �1125.7 158.1 –
ts 21 9.5 4.3 2.1 3.4 19.3 – 105.6
1+1 �14.3 20.3 �5.0 1.1 2.1 – 182.7 –


1+0 – – – – – �1097.3 195.4 –


[(H2O)2MgPorH2]+ Im 0.0 0.0 0.0 0.0 0.0 – – –
ts H2Im 1.8 2.3 4.3 �8.2 0.1 – – 74.4
[(H2O)2MgPorH] + ImH �26.6 �4.1 �7.2 �2.9 �40.8 – – –


[(H2O)2MgPorH] + Im 0.0 0.0 0.0 0.0 0.0 – – –
ts HIm 4.2 �4.2 9.0 �10.5 �1.4 – – 773.6
[(H2O)2MgPor]+ ImH �2.4 �15.2 0.3 �0.2 �17.4 – 13.1 –


[(H2O)2MgPorH2]+ H2O 0.0 0.0 0.0 0.0 0.0 – – –
[(H2O)2MgPorH] +H3O 0.0 �13.3 11.3 �2.7 74.0 – 114.9 –


[(H2O)2MgPorH] +H2O 0.0 0.0 0.0 0.0 0.0 – – –
[(H2O)2MgPor]+H3O 0.0 4.6 19.4 4.4 70.3 – 23.3 –


[(H2O)MgPorH2] +H2O 0.0 0.0 0.0 0.0 0.0 – – –
[(H2O)MgPorH] +H3O 0.0 �16.6 9.6 �1.2 75.0 – – –


[(H2O)MgPorH] +H2O 0.0 0.0 0.0 0.0 0.0 – – –
[(H2O)MgPor]+H3O 0.0 �3.8 17.4 1.1 80.0 – – –


[(H2O)MgPorH2] +H2O
[a] 0.0 0.0 0.0 0.0 0.0 – – –


[(H2O)MgPorH] +H3O
[a] 0.0 67.3 18.1 �0.5 24.2 – – –


[(H2O)MgPorH] +H2O
[a] 0.0 0.0 0.0 0.0 0.0 – – –


[(H2O)MgPor]+H3O
[a] 0.0 �201.5 23.8 0.1 83.6 – – –


H2O+ [(H2O)MgPor] – – – – – – 5.8 –
[(H2O)MgPor] – – – – – – 7.7 –
[MgPor] – – – – – – 9.1 –


6+0PorH2 +H2O 0.0 0.0 0.0 0.0 0.0 – 64.4 –
ts 65PorH2 +H2O 0.0 11.8 4.4 3.9 70.7 – – 117.4
5+1,1NPorH2 +H2O 0.0 18.9 5.4 5.7 16.0 – 69.4 –


6+0 PorHCH3 0.0 0.0 0.0 0.0 0.0 – 22.9 –
ts 65 PorHCH3 52.1 10.3 11.3 9.6 83.2 – – 109.1
5+1,1N PorHCH3 �14.0 20.5 8.6 15.8 30.9 – 31.0 –


3+0,1N PorHCH3 0.0 0.0 0.0 0.0 0.0 – 73.0 –
ts 3 PorHCH3 6.9 2.1 5.8 12.2 27.0 – 87.5 77.4
3+0,2N PorHCH3 �16.0 2.9 5.8 16.3 9.0 – 91.3 –


[a] Separated reactants and products.
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bond between an Mg-bound water molecule and the second
NPyrn atom. Thus, we must remove this hydrogen bond as
well as move another water molecule into the second coor-
dination sphere. It turned out that this has to be done in
separate steps.


Therefore, we started out from a complex with five first
sphere water molecules (Figure 2), obtained by removing
the second-sphere water molecule from the product of the
previous reaction (we always removed second-sphere water
molecules in this way to reduce the computational load and
to minimise the problem of multiple local minima). Then,
we moved one of the water molecules into the second coor-
dination sphere, yielding the 4+1,1N complex in Figure 2c.
In this complex, the Mg ion is five-coordinate and the por-
phyrin strain has only increased by 1 kJ mol�1. It is
15 kJ mol�1 more stable than the 5+0,1N complex.


The transition state between these two structures is
28 kJ mol�1 less stable than the reactant complex. It has a
Mg�O distance of 281 pm (214 pm in the reactant and
390 pm in the product complex).


Next, we tried to find the transition from the 4+0,1N
structure to the corresponding 4+0,2N structure, that is, the
exchange of the NPyrn�water hydrogen bond with a Mg�
NPyrn bond (Figure 3). The resulting structure has two Mg�


NPyrn bonds of 243 and 247 pm. However, the formation of
the second Mg�NPyrn bond increases the distortion of the
porphyrin ring to 93 kJ mol�1. Therefore, this structure is
89 kJ mol�1 less stable than the 1N complex, with rather
large corrections from the basis set, solvation and thermal
effects.


The corresponding transition state has slightly smaller cor-
rections. Therefore, it is 3 kJ mol�1 less stable than the prod-
uct without any corrections, but 7 kJ mol�1 more stable than


the product complex (82 kJ mol�1 less stable than the reac-
tant). The second Mg�NPyrn bond is 247 pm (409 pm in the
reactant and 300 pm in the transition state). It is notable
that all the Mg�O bonds (215–220 pm) are elongated rela-
tive to the reactant complex (203–215 pm), but appreciably
shorter than in the product (223–224 pm). This elongation is
caused by the quite short interactions between the two NPyr


atoms (i.e. , the protonated pyrrole nitrogen atoms of the
porphyrin ring) and Mg (267, 259–308 and 338–341 pm in
the product, transition state and the reactant, respectively).
The transition state involves a rotation of the water mole-
cules around the Fe�NPyrn axis and a partial formation of
the Mg�NPyrn bond.


Formation of the third Mg�N bond : The next step in the
metallation reaction is to move the third water molecule
into the second coordination sphere, which also will lead to
the formation of a third Mg�N bond. This reaction (4+0!
3+1, Figure 4) is quite straightforward and similar to the
first reaction. The product has two short Mg�NPyrn bonds of


233 and 236 pm and one Mg�
NPyr bond of 234 pm (the other
Mg�NPyr interaction is 283 pm).
The porphyrin strain energy has
increased by 22 kJ mol�1; how-
ever, it is 51 kJ mol�1 more
stable than the reactant (4+0)
complex. Therefore, the transi-
tion state is only 4 kJ mol�1 less
stable than the reactant. The
Mg�O bond length of the ex-
changing water molecule goes


from 224 to 413 pm, through 254 pm in the transition state.


An alternative and better reaction path : The instability of
the 4+0 complex and the stability of the 3+1 complex led us


to study also an alternative re-
action. It is conceivable that the
second Mg�NPyrn bond does not
form before the Mg�NPyr bond,
owing to the favourable hydro-
gen bond to NPyrn. Therefore,
we also tested the exchange of
a fourth water molecule from a
five coordinate complex, that is,
the reaction 4+0,1N!3+1,1N
(Figure 5). The product
(3+1,1N) has only one Mg�


NPyrn bond of 210 pm; the two Mg�NPyr interactions are 315
and 332 pm. On the other hand, it has three strong bonds to
water, 194–203 pm. Thus, it is essentially four-coordinate.
The porphyrin strain is quite high, 52 kJ mol�1, but it is
slightly (5 kJ mol�1) more stable than the 4+0,1N complex.


The corresponding transition state represents a normal
solvent-exchange reaction, in which one Fe�O distance in-
creases from 215 to 377 pm, through 272 pm in the transition
state. The transition state is 20 kJ mol�1 less stable than the


Figure 2. The second reaction of Mg: 5+0,1N to 4+1,1N.


Figure 3. The third reaction of Mg: 4+0,1N to 4+0.
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reactant complex. This energy is only slightly larger than
that found for the 4+0!3+1 reaction.


Therefore, we continued to study the 3+0,1N!3+0,2N
reaction (Figure 6). This reaction is similar to the corre-
sponding 4+0 reaction in Figure 3. The length of the formed
Mg�NPyrn bond goes from 361 to 233 pm through 287 pm in
the transition state. The latter is 30 kJ mol�1 less stable than
the reactant, whereas the product is 17 kJ mol�1 less stable.
Thus, it is appreciably more favourable to go via the 3+1,1N
complex than via the 4+0 complex; the maximum barrier is
reduced from 82 to 30 kJ mol�1.


It is possible that the strong destabilisation of the the 4+0
complex is an artefact of the small models used in this inves-
tigation (i.e. , with many more water molecules, the coordi-
natively unsaturated 4+1,1N and 3+1,1N complexes may be
destabilised). However, the important result of this part of
the investigation is that there is a low-energy path for the
formation of the second and third Mg�N bonds, indicating
that the formation of the first Mg�NPyrn bond is the rate-lim-
iting step. This is in accordance with experimental
data.[10,11,13, 14]


Formation of the fourth Mg�N bond : The fourth Mg�N
bond is formed when the fourth water molecule is moved
into the second coordination sphere, which we model as the
3+0!2+1 reaction in Figure 7. The product is almost sym-
metric with two short Mg�NPyrn bonds of 223 pm and two


longer Mg�NPyr bonds of 242
and 244 pm. The two Mg�O
bonds are 209 and 210 pm. It is
6 kJ mol�1 more stable than the
reactant complex. The porphyr-
in strain energy is 150 kJ mol�1.


The transition state is inter-
mediate between the two struc-
tures: the Mg�NPyr bond has
decreased from 281 to 255 pm
and the Mg�O bond has in-
creased from 219 to 272 pm. It
is 19 kJ mol�1 less stable than
the reactant complex. Thus, this
reaction is far from rate-limit-
ing.


Exchange of the fifth water
molecule : In the porphyrin, the
Mg ion can only keep one of
the water molecules in the first


coordination sphere (it is likely that it will eventually take
up another water molecule on the other side of the porphy-
rin ring plane). Therefore, one more water molecule has to
move into the second coordination sphere. We have also in-
cluded this reaction, 2+0!1+1, in our investigation, depict-
ed in Figure 8. This reaction is similar to the other reactions
of the same type. Thus, the Mg�O distance increases from
213 to 413 pm through 272 pm in the transition state. This
change is accompanied by a shortening of the Mg�NPyrn and
Mg�NPyr bonds from 222 and 236–237 to 215 and 228 pm, re-
spectively. The reaction is almost thermoneutral (DG=++


2 kJ mol�1) and the transition state is only 19 kJ mol�1 above
the reactant.


The first deprotonation of the porphyrin ring : We have seen
how the four Mg�N bonds can be formed by successive
movement of water molecules into the second coordination
sphere of the Mg ion. The next step in the formation of Mg–
porphyrin complex should be the displacement of the two
pyrrole hydrogen atoms by some base. In principle, this can
happen in any step of the previous reactions, that is, for in-
termediates with six to one water molecules. However, it
seems most likely that the deprotonation takes place after
the formation of the four Mg�N bonds. This is also in ac-
cordance with the deprotonation energies presented in
Table 2. They show that the proton affinities (uncorrected
energies in water) of the various complexes decreases with


Figure 4. The fourth reaction of Mg: 4+0 to 3+1.


Figure 5. The alternative third reaction of Mg: 4+0,1N to 3+1,1N.


Figure 6. The alternative fourth reaction of Mg: 3+0,1N to 3+0.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1549 – 15641554


U. Ryde and Y. Shen



www.chemeurj.org





the number of water molecules, so that it is most likely that
the proton is removed in the 2+0 or 1+0 complexes. There-
fore, we have modelled this reaction for the 2+0 complex.


The proton acceptor in this reaction depends on the
system of interest. In pure water, it must be a water mole-
cule. In ferrochelatase, several different residues have been
suggested, for example, His-183 and Tyr-13 (numbering ac-
cording to the enzyme from Bacillus subtilis).[9,44] In this in-
vestigation, we have tested two different molecules. imida-
zole (Im) and water (Wat). This choice is quite arbitrary, but
imidazole has an intermediate pKa(~7.0),[45] whereas water
is the ultimate acceptor of the proton in solution. Thus, our
choice should not be interpreted as that we suggest that His
is the proton acceptor in ferrochelatase. Instead, we want to
test different alternatives and get a feeling of the barriers in-
volved.


The first proton transfer from pyrrole to imidazole is a
simple and pure reaction, as can be seen in Figure 9. Before
the reaction, imidazole is hydrogen-bonded symmetrically to
the two pyrrole hydrogen atoms with a NIm�H distance of
196–197 pm and with NPyr�H bonds of 106 pm. After the re-
action, there is a NIm�H bond of 106 pm and a NPyr�H hy-
drogen bond of 187 pm. At the same time, the correspond-
ing Mg�N bond length decreases from 237 to 214 pm, ac-
companied by an increase in the other Mg�N bond lengths.
The transition state is reactant-like with NIm�H and NPyr�H


distances of 151 and 117 pm. It has a single imaginary fre-
quency of 74 cm�1, showing a neat N–H–N reaction coordi-
nate. The activation energy is only 0.1 kJ mol�1, indicating
that the reaction should be very rapid. The product state is
41 kJ mol�1 more stable than the reactant state.


Second deprotonation of the porphyrin ring : Next, we re-
moved the protonated imidazole and added a new neutral
imidazole (modelling the interchange of the proton with
bulk solvent). This complex (Figure 10) formed a stronger
hydrogen bond than that of the reactant in the previous re-
action, with a NIm�H distance of 165 pm and a NPyr�H bond
of 110 pm. In the product the distances are almost inverted,
and in the transition state the two distances are almost
equal, 133 and 128 pm. Without any corrections, the barrier
for the reaction is 4 kJ mol�1. However, with the corrections,
the transition state actually becomes 1 kJ mol�1 more stable
than the reactant. The product is 17 kJ mol�1 more stable
than the reactant complex.


Interestingly, the product is not the magnesium–porphyrin
complex, but instead a SAT complex with three short Mg�
NPyrn distances of 216–218 pm and one longer distance of
224 pm. This last bond is to the NPyrn atom that forms a hy-
drogen bond to the protonated imidazolium cation. The two
Mg�O distances are 219 and 229 pm. However, when the
imidazolium ion is removed, the complex spontaneously


(without any barrier) reorganis-
es to a 1+1 complex with four
Mg�NPyrn bonds of 210–212 pm
and a Mg�O bond of 210 pm
(Figure 13). Owing to the fact
that the Mg ion is only five-co-
ordinate, without any ligand
below the porphyrin ring, it is
displaced 34 pm out of the por-
phyrin plane towards the water
ligand. The porphyrin strain is
6 kJ mol�1 (relative to free


Figure 7. The fifth reaction of Mg: 3+0 to 2+1.


Figure 8. The sixth reaction of Mg: 2+0 to 1+1.


Figure 9. The first deprotonation of Mg 2+0 by imidazole.
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Por2�). If the second-sphere water molecule is removed, the
Mg ion moves closer to the ring plane (25 pm above the
mean plane). However, when this water ligand is also re-
moved, the Mg ion moves into the ring plane.


Deprotonation by water : If we use water as the proton ac-
ceptor instead, the energetics change appreciably. In particu-
lar, both deprotonations become strongly uphill (by 70–
74 kJ mol�1). The energy goes steadily up when the protons
are moved from the porphyrin to water, so no transition
structure could be found for any of the reactions. The reac-
tants and the products are shown in Figure 11 and 12. The


same applies if the deprotonation takes place in the complex
with only one water molecule (75–80 kJ mol�1, see Table 2).
However, some of the effects seem to come from an unfav-
ourable interaction between H3O


+ and the porphyrin com-
plex. If we calculate the energies only for the separated re-


actants and products (H2OFePorH2
2+ +H2O!H2OFePorH+


+H3O
+), at least the first deprotonation is only slightly


uphill (24 kJ mol�1), whereas the second deprotonation is
still strongly uphill (85 kJ mol�1). Unfortunately, these ener-
gies are quite uncertain with large solvation effects.


These results clearly show the importance of having a
proton acceptor with a proper acidity. For our simplified
model systems, imidazole is more basic than the sitting-atop
complexes, whereas water is not. It is likely that the depro-
tonation may be facilitated by hydrogen-bonded networks,
which may rapidly transport the proton away from the sit-
ting-atop complexes.


The metallation reactions with Fe2+ : Next, we repeated all
the calculations also with Fe2+ , that is, we studied the metal-
lation of PorH2 by Fe(H2O)6


2+ . The results of this investiga-
tion are presented in Figure 14 and in Tables 3 (geometries)
and 4 (energies). Most of the reactions are completely anal-
ogous to the corresponding reactions for Mg2+ . In this sec-
tion, we will therefore concentrate on the notable differen-
ces.


The most conspicuous difference is that Fe decreases the
proton affinity of its water ligands. Therefore, it is observed
in many complexes that one of the water ligands donates
one of its protons to PorH2, forming a FeOHPorH3


+ com-
plex. In some cases, both the FeOH2PorH2 and FeOH-
PorH3


+ forms exists, whereas in others, only the latter form
can be obtained (unless constraints are introduced). In par-
ticular, all 1N complexes, are of the latter type. This adds a
complication to some of the reactions (e.g. the n+0,1N!
n+0,2N reactions), because they will involve both a change
in the iron ligand sphere and a transfer of a proton. There-
fore, the reactants and transition states of these reactions
(from 4+0 ,1N and 3+0,1N) have been obtained by con-
straining the transferred proton to reside on the water mole-
cule.


The first notable difference between Mg and Fe is the
structure of the outer-sphere 6+0 complex. As can be seen
by comparing Figures 1 and 14a, these two complexes have
slightly different structures. In the Mg complex, a water
molecule forms hydrogen bonds to both the NPyrn atoms,
whereas in the Fe complex, two different water molecules
form a hydrogen bond to each of the NPyrn atoms. We have
confirmed that the complexes actually are different and true
minima by performing a frequency analysis (no imaginary


Figure 10. The second deprotonation of Mg 2+0 by imidazole.


Figure 11. The first deprotonation of Mg 2+0 by water.


Figure 12. The second deprotonation of Mg 2+0 by water.


Figure 13. The fully deprotonated Mg 1+1 and 1+0.
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frequencies) and by interchanging the metals and reoptimis-
ing.


Moreover, for Fe another form of the 6+0 complex exists
in which the proton on one of the hydrogen-bonded water
molecules has been transferred to the NPyrn atom. We call


this complex 6+0,OH (Figure 14c). It is actually 6 kJ mol�1


more stable than the normal 6+0 complex. The transition
state between these two structures is only 1 kJ mol�1 less
stable than the 6+0 complex. Moreover, the 6+0,OH com-
plex is actually the starting point of the first ligand exchange


Figure 14. The structure of the various Fe complexes: a) 6+0; b) ts 6OH; c) 6+0,OH; d) ts 65; e) 5+1,1N; f) 5+0,1N;
g) ts 54; h) 4+1,1N; i) 4+0,1N; j) ts 4; k) 4+0; l) 4+0; m) ts 432; n) 3+1; o) 4+0,1N; p) ts 432; q) 3+1,1N; r) 3+0,1N;
s) ts 3; t) 3+0,2N; u) 3+0; v) ts 32; w) 2+1; x) 2+0; y) ts 21; z) 1+1; aa) [(H2O)2FePorH2] + Im; bb) H2O +


[(H2O)FePorH] + ImH; cc) [(H2O)FePorH] + Im; dd) tsHIm; ee) [(H2O)FePor]+ ImH.
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reaction, which has an appreciably lower barrier for Fe than
for Mg (33 versus 72 kJ mol�1).


The rest of the reactions for Fe are similar to those with
Mg (cf. Figure 14). The energies of the various reaction


steps for Mg and Fe are com-
pared in Figure 15. Thus, the
path through the 3+1,1N com-
plex is much more favourable
than the path through the
4+0,2N complex. The other re-
actions have barriers of 4–
51 kJ mol�1. The highest barrier
is observed for the the
3+0,1N!3+0,2N isomerisation
and is caused mainly by the
stability of the 3+0,1N com-
plex (reaction energy
43 kJ mol�1). Thus, this step has
a higher barrier than the first
step, in contrast to Mg. Howev-
er, it is likely that the relative
stabilities of the 3+0,1N and
2N complexes will change if
more water molecules are in-
cluded in the calculations.
Moreover, the 3+0,1N!
3+0,2N isomerisation may be
facilitated in aqueous solution,
because then the NPyrn···H�O
hydrogen bond (in the 3+0,1N
complex) will be less important,
because it can be replaced by
hydrogen bonds to water in-
stead.


In the first deprotonation of
the porphyrin by imidazole,
starting from the complex with
two water molecules (2+0), no
barrier was found. Moreover,
one of the water ligands moved
into the second coordination
sphere of Fe during the reaction
(Figure 14 bb). A final differ-
ence between Mg and Fe is that
for the latter metal ion, there is
a much stronger stabilisation
(exothermic reaction energy) of
the last complexes in the reac-
tion (the 1+1 complex and the
two deprotonation products).
Thus, the total reaction is ~
100 kJ mol�1 more exothermic
for Fe than for Mg. This indi-
cates that it is easier to deprot-
onate the porphyrin ring with
Fe than with Mg. This may also
explain, together with the lower


activation barrier for Fe, why there is a need for ATP in
magnesium chelatase, but not in ferrochelatase.[4–9] However,
deprotonation by water is still strongly unfavourable
(Table 4).


Table 3. Fe–ligand distances [pm] in the studied Fe complexes.


Fe�NPyrn Fe�NPyr Fe�O


6+0 427.7, 429.3 409.0, 457.9 204.3, 204.6, 218.6, 218.9, 219.9, 229.9
ts 6OH 426.7, 429.9 406.4, 461.6 202.5, 206.1, 219.3, 219.9, 220.7, 228.4
6+0,OH 429.9, 450.1 419.1, 467.2 190.1, 217.6, 219.2, 222.7, 227.7, 231.2
ts 65 377.4, 467.9 428.2, 433.7 190.3, 215.5, 217.7, 221.1, 222.6, 277.9
5+1,1N,OH 224.1, 451.0 362.7, 367.5 193.8, 218.9, 219.2, 223.2, 228.1, 381.9


5+0,1N,OH 225.4, 451.3 364.4, 367.0 192.9, 217.3, 220.5, 226.6, 227.8
ts 54 211.4, 409.0 340.7, 350.6 196.3, 218.2, 220.2, 224.5, 291.2
4+1,1N,OH 215.6, 428.8 347.3, 355.7 188.5, 212.7, 222.2, 226.8


4+0,1N constr. 201.7, 409.3 334.2, 338.8 212.4, 212.6, 214.5, 224.6
ts 4 215.7, 294.3 245.9, 302.7 222.7, 223.8, 224.7, 227.3
4+0 237.0, 238.0 258.7, 259.9 228.7, 229.1, 229.4, 229.7


4+0 237.0, 238.0 258.7, 259.9 228.7, 229.1, 229.4, 229.7
ts 432 231.8, 235.3 251.1, 258.9 224.7, 227.4, 233.7, 252.8
3+1 223.1, 226.2 241.8, 252.6 224.6, 225.3, 226.2, 437.9


4+0,1N,OH 215.4, 429.4 351.5, 352.2 187.7, 220.3, 220.5, 225.3
ts 431 209.3, 417.0 340.5, 341.3 187.8, 213.2, 216.5, 273.2
3+1,1N,OH 208.4, 403.9 331.9, 332.4 186.2, 208.9, 210.3, 389.1


3+0,1N,OH 206.0, 405.9 331.0, 334.1 185.2, 212.5, 213.7
3+0,1N constr. 200.2, 378.4 298.8, 326.4 197.5, 209.2, 211.5
ts 3 208.0, 275.8 228.5, 292.2 212.8, 216.6, 222.7
3+0 221.2, 223.6 238.5, 256.3 223.1, 225.3, 231.7


3+0,1N,OH 206.0, 405.9 331.0, 334.1 185.2, 212.5, 213.7
ts 3 cis 201.9, 242.9 336.7, 353.1 204.9, 211.5, 215.4
3+0cis 205.5, 205.6 342.3, 344.7 213.9, 220.3, 222.2


3+0 221.2, 223.6 238.5, 256.3 223.1, 225.3, 231.7
ts 32 219.1, 223.2 240.2, 241.2 222.7, 223.7, 260.6
2+1 214.8, 215.6 241.9, 243.5 213.3, 217.3, 413.8


2+0 214.2, 214.3 239.6, 239.7 217.4, 217.5
ts 21 211.6, 212.3 233.7, 236.5 210.8, 252.2
1+1 208.9, 209.6 228.6, 229.7 200.9, 409.9


Fe�NPyrn Fe�NPyr Fe�O NPyr�H NIm�H


[(H2O)2FePorH2]+ Im 213.6, 213.7 236.1, 238.9 216.3, 220.8 105.5, 105.7 197.1, 200.5
(H2O)+ [(H2O)FePorH] + ImH 208.1, 208.7 206.9, 238.4 204.1, 411.4 102.9, 193.7 105.1, 414.5


(H2O)+ [(H2O)FePorH] + Im 205.6, 206.0 202.8, 231.5 208.1, 375.6 109.8 166.8
ts HIm 206.8, 207.2 204.7, 225.8 207.8, 374.7 127.2 133.5
(H2O)+ [(H2O)FePor]+ ImH 207.8, 209.1 206.1, 216.4 208.6, 378.4 172.5 108.0


[(H2O)FePorH] + Im 200.0, 204.7 205.0, 232.7 215.8 109.8 166.5
ts HIm 201.6, 205.6 206.8, 226.1 215.3 125.2 135.3
[(H2O)FePor]+ ImH 203.9, 207.4 208.7, 213.8 216.1 176.4 107.3


Fe�NPyrn Fe�NPyr Fe�O NPyr�H OWat�H


[(H2O)2FePorH2]+ H2O 208.0, 208.2 226.5, 227.0 207.7 104.6, 104.8 197.9, 203.8
[(H2O)2FePorH] +H3O 206.2, 213.7 214.9, 234.1 208.2 103.0, 151.9 104.7, 302.9


[(H2O)2FePorH] +H2O 200.3, 205.6 205.7, 237.2 214.4 105.1 177.4
[(H2O)2FePor]+H3O 206.6, 207.3 215.4, 224.3 212.7 143.7 108.8


[(H2O)FePor] 205.6, 206.6 207.9, 208.6 223.6
[FePor] 206.2, 206.2 206.2, 206.2
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The effect of water on the opposite side : We have previous-
ly found that the porphyrin ring becomes quite distorted if it
is allowed to form hydrogen bonds to water molecules
through the central nitrogen atoms (strain energy 70–
75 kJ mol�1).[43] It is conceivable that such a distortion may
significantly facilitate the metallation of the porphyrin ring
(also in the chelatases, in which there is a strategically locat-
ed Tyr-13 residue). We therefore repeated the calculations
of first reaction step with Mg (which is rate-limiting in this
system) with a water molecule on the side of the porphyrin
opposite to the metal ion, forming two symmetric hydrogen
bonds to the pyrrole hydrogen atoms (Figure 16).


However, as can be seen in Table 2, this did not change
the reaction energies significantly: The activation barrier is
still 71 kJ mol�1 and the reac-
tion energy is 16 kJ mol�1 (72
and 21 kJ mol�1 without the
extra water molecule). There-
fore, water molecules on the
opposite side of the porphyrin
ring do not seem to affect the
reaction energies significantly.
Yet, there is a clear distortion
of the complex by the extra
water molecules: the porphyrin
strain energy increases by ~


36 kJ mol�1 in both the reactant and the product complexes.


Metallation of a methylated porphyrin ring : Likewise, it is
known that already distorted porphyrin rings (e.g., by bulky
side-chains or substituents on the pyrrole nitrogen atoms)
have a 103–105 higher rate of metallation than undistorted
ring systems.[15] In order to look for the source of this effect,
we have also studied the first reaction step for Mg with a
porphyrin ring methylated on one of the two pyrrole rings
(PorHCH3, Figure 17). However again, we do not see any
significant increase in the reaction rate of this step: On the
contrary, both the activation and reaction energies increase
by ~10 kJ mol�1 (to 83 and 31 kJ mol�1, as can be seen in
Table 2). However, as expected, the strain energy of the por-
phyrin ring (this time compared to the free PorHCH3 ring)
decreases by ~4 kJ mol�1.


The reason why we do not see any significant effect of the
distortion of the porphyrin ring is probably that the 6+0 and
5+0,1N complexes have a similar and quite low strain ener-
gies, 27–34 kJ mol�1. Effects of a distortion of the porphyrin
ring would be expected primarily when the strain energy
changes during the reaction. Therefore, we also studied the
3+0,1N!3+0,2N reaction step, in which the porphyrin
strain energy increases from 75 to 120 kJ mol�1 (Figure 18).
In this case, we obtained a somewhat larger effect of the
methylation of the porphyrin ring: The reaction energy de-
creased from 17 to 9 kJ mol�1 and the activation energy de-
creased from 30 to 27 kJ mol�1 (the effect is larger without
the corrections: from 5 to 16 kJ mol�1 for the reaction


energy and from 14 to
7 kJ mol�1 for the activation
energy). This is accompanied
by a decrease in the porphyrin
strain energy from 75 to
73 kJ mol�1 for the reactant and
from 120 to 91 kJ mol�1 for the
product. Thus, we see some
effect of the methylation in this
step, even if it is not very large.


Conclusion


In this paper, we have studied
the metallation of a porphyrin by a fully solvated metal ion,


Figure 15. The reaction and activation free energies of the various reac-
tion steps for the Mg2+ (full line) and Fe2+ (dashed line) complexes.


Figure 16. The first reaction of Mg(H2O)6 with PorH2, 6+0 to 5+1,1N with an extra water molecule on the side
of the porphyrin opposite to the Mg ion.


Figure 17. The first reaction of Mg(H2O)6 with the methylated PorHCH3 ring: 6+0 to 5+1,1N.


Chem. Eur. J. 2005, 11, 1549 – 1564 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1559


FULL PAPERPorphyrin Metallation



www.chemeurj.org





Mg2+ or Fe2+ . The results provide some interesting insights
into this important reaction. First, we note that rate-limiting


step for the Mg reaction is the exchange of the first ligand.
This is in accordance with available experimental


Table 4. Energies of the optimised Fe2+ complexes. The entries are explained in the legend of Table 2.


DE DDSolv DDMethod DDThermal DG DEPorph Imag f


Fe(H2O)6 + PorH2 0.0 �233.6 �52.7 �65.7 �99.4 0.0 –
6+0 0.0 0.0 0.0 0.0 0.0 31.1 –
ts 6OH 0.1 �0.4 2.5 �1.6 0.5 – 79.1
6+0,OH �20.3 19.1 �4.4 �0.2 �5.8 18.1 –
ts 65 1.2 14.3 3.6 8.1 27.3 – 60.0
5+1,1N,OH �59.1 19.3 21.7 24.0 5.8 – –


5+0,1N,OH 0.0 0.0 0.0 0.0 0.0 68.7 –
ts 54 36.7 �2.9 �1.2 �3.8 28.8 – �64.7
4+1,1N,OH �5.6 13.6 �9.2 �14.5 �15.7 – –


4+0,1N constr. 0.0 0.0 0.0 0.0 0.0 45.4 –
ts 4 47.6 2.8 13.7 13.3 77.5 – 102.4
4+0 41.5 5.8 14.5 12.6 74.4 91.5 –


4+0 0.0 0.0 0.0 0.0 0.0 91.5 –
ts 432 1.5 0.5 0.2 0.7 3.0 41.4
3+1 �29.0 7.0 �16.8 �9.2 �48.0 – –


4+0,1N 0.0 0.0 0.0 0.0 0.0 45.4 –
ts 431 7.4 2.9 0.7 0.5 11.5 – 100.8
3+1,1N �33.4 10.9 �5.8 �2.2 �30.4 – –


3+0,1N 0.0 0.0 0.0 0.0 0.0 59.0 –
3+0,1N constr. 27.0 �13.5 2.9 �8.1 8.2 – –
ts 3 55.6 �11.4 �0.2 7.3 51.3 – 80.5
3+0 42.6 �8.1 �1.1 9.7 43.1 134.5 –


3+0,1N 0.0 0.0 0.0 0.0 0.0 59.0 –
ts 3 cis 95.1 �11.0 13.7 �8.6 89.1 – 1442.6
3+0cis 25.5 �5.0 0.5 �0.6 20.4 – –


3+0 0.0 0.0 0.0 0.0 0.0 134.5 –
ts 32 4.3 2.1 0.5 2.4 9.2 – 88.8
2+1 �24.0 8.0 �7.3 �5.6 �28.9 – –


2+0 0.0 0.0 0.0 0.0 0.0 167.2 –
ts 21 0.2 1.1 6.2 0.4 7.2 – 90.9
1+1 �35.4 18.5 4.4 �0.4 �12.9 – –


1+0 – – – – – 191.4 –


[(H2O)2FePorH2]+ Im 0.0 0.0 0.0 0.0 0.0 – –
(H2O)+ [(H2O)FePorH] + ImH �72.9 3.3 �3.2 �8.0 �80.7 – –


(H2O)+ [(H2O)FePorH] + Im 0.0 0.0 0.0 0.0 0.0 – –
ts HIm 4.4 (�0.1)[a] �4.8 6.5 �3.1 3.0 – 802.9
(H2O)+ [(H2O)FePor]+ ImH �7.0 (�25.3)[a] �19.6 0.0 4.2 �22.5


[(H2O)FePorH] + Im 0.0 0.0 0.0 0.0 0.0 – –
ts HIm 3.9 �4.6 6.1 �7.1 �1.7 – 750.4
[(H2O)FePor]+ ImH �9.4 �21.1 �1.8 3.6 �28 – –


[(H2O)FePorH2] +H2O 0.0 0.0 0.0 0.0 0.0 – –
[(H2O)FePorH] +H3O 0.0 �20.3 12.6 �1.4 68.9 – –


[(H2O)FePorH] +H2O 0.0 0.0 0.0 0.0 0.0 – –
[(H2O)FePor]+H3O 0.0 �5.7 8.7 7.5 70.7 – –


[(H2O)FePor] – – – – – 15.3 –
[FePor] – – – – – 14.2 –


[a] For the intermediate-spin triplet state.
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data.[10,11,13, 14] The calculated activation energy is 72 kJ mol�1.
This is similar to the activation energy estimated for por-
phyrin metallation by Mg catalysed by pyridine,
66 kJ mol�1.[3] Pyridine probably catalyses the deprotonation
of the porphyrin ring, which otherwise may become rate
limiting, as we saw for deprotonation with water.


For Fe, the formation of the first bond between Fe and
the porphyrin has an appreciably lower activation energy of
33 kJ mol�1. However, the next step (5+0,1N!4+1,1N) has
a slightly higher barrier (40 kJ mol�1, calculated from the
6+0,OH complex) and the 3+0,1N!3+0,2N isomerisation
has an even higher barrier, 51 kJ mol�1. In the isomerisation
step, we essentially go from one to four Fe–porphyrin bonds
in one step (the three Fe�N distances change from 331–
409 pm to 224–256 pm). It is probable that this barrier is an
artefact of the small model systems that gives a too high sta-
bility of complexes with a low coordination number. Howev-
er, the results are fully consistent with the fact that the met-
allation of a porphyrin is appreciably faster with Fe than
with Mg.[3]


The other steps of the metallation reaction have lower ac-
tivation barriers. Thus, these reactions are faster than the
first exchange reaction, and should therefore be of little
mechanistic significance. Likewise, the barriers for the de-
protonation are less than 1 kJ mol�1 if the proton acceptor is
imidazole. Therefore, these reactions should also be rapid
provided that there are proton acceptors in the solvent and
that the pH is not too low.


Interestingly, we see no evidence for a preceding equilib-
rium between a planar and deformed porphyrin ring; no
local minimum with a distorted porphyrin ring was found. In
fact, the barrier for the first step of the metallation reaction,
the formation of the first bond between the metal and the
porphyrin, is not even reduced if the porphyrin is distorted
by methylation of one of the pyrrole nitrogen atoms or by
hydrogen bonds on the side opposite to the metal ion. How-
ever, the porphyrin is strongly distorted in the intermediates,
by 27–195 kJ mol�1. This indicates, that the deformation
energy is included in the activation and reaction energies of
all the reaction step, rather than being a multiplicative equi-
librium factor.[43] It is notable that these well-defined strain
energies are appreciably higher than what has been experi-
mentally estimated, 10–30 kJ mol�1.[14,46]


It has been discussed whether the ligand-exchange reac-
tions during the metallation are dissociative or associative.[12]


Although we have not systematically investigated these
competing mechanisms for all steps, we have found low bar-


riers for most ligand-exchange reactions with a concerted
mechanism, whereby the new bond is formed in the same
step as the old bond is broken (cf. Figure 1). However, for
the formation of the second bond to the porphyrin ring (the
chelate formation), a dissociative mechanism seems to be
necessary, owing to the strong hydrogen bond between a
metal-bound water molecule and the other NPyrn atom in the
1N complexes (the 4+1,1N complex has a five-coordinate
metal ion). Moreover, our results indicate that a doubly dis-
sociative mechanism is most favourable, that is, the lowest
barriers are found if we go via the 3+0,1N complex (which
has a four-coordinate metal ion). However, as discussed
above, this may be an artefact of the small model systems
used.


Our results indicate that the reaction mechanism is more
complicated than what is normally assumed, namely, involv-
ing individual steps for the exchange of each of the five
water molecules that has to leave the metal ion before the
four bonds to the porphyrin complex can be formed. In ad-
dition, there must be two deprotonation steps (as has been
recognised before) and one step going from the stable 1N
complexes (with only one Fe�NPyrn bond, whereas the
second NPyrn atom forms a hydrogen bond to one of the
metal-bond solvent molecules) to a complex with two Fe�
NPyrn bonds. Thus, the full mechanism should involve nine
steps (if we include also the formation of the outer-sphere
complex), rather than the six steps normally discussed.[10–14]


This reaction mechanism is summarised in Table 5.


Figure 18. The fourth reaction of Mg with the methylated PorHCH3 porphyrin: 3+0,1N to 3+0.


Table 5. Suggested reaction mechanism for the metallation of porphyrins,
starting from a six-coordinate metal ion. Note that the order of the steps
(especially the position of steps 5, 8 and 9 relative to steps 3, 4, 6 and 7)
is not fixed. Step 10 is optional.


Step Reaction


1 Formation of an outer-sphere complex of the hydrated metal and
the porphyrin.


2 Formation of the first metal–porphyrin bond by the exchange of
one water ligand.


3 Exchange of the second water ligand.
4 Exchange of the third water ligand.
5 Formation of the second metal–porphyrin bond (going from a 1N


to a 2N complex).
6 Exchange of the fourth water ligand.
7 Exchange of the fifth water ligand.
8 Deprotonation of the third pyrrole ring of the porphyrin.
9 Deprotonation of the fourth pyrrole ring of the porphyrin.


10 Formation of a second axial bond of the metal on the opposite
side of the porphyrin ring.
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Finally, it should be noted that other types of complexes
may also be involved in the reaction mechanism, for exam-
ple, complexes in which the metal ion is coordinated to two
different porphyrin rings or complexes in which the two pro-
tons in the centre of the porphyrin ring reside on nitrogen
atoms that are in cis, rather than trans, positions. In our pre-
vious quantum mechanical study, no complex with two por-
phyrin rings were found for Mg, whereas they were found
but were energetically unfavourable for Fe.[43] However, the
cis complexes with three and four water molecules are more
stable than the corresponding trans complexes for both Mg
and Fe (by 14–45 kJ mol�1), but still slightly less stable than
the corresponding 1N complexes, except for the Mg 3+0
complexes. Thus, it is possible that the barrier of our rate-
limiting step for Fe (3+0,1N!3+0,2N) is reduced by ~
18 kJ mol�1[43] by involving the 3+0 cis complex. We have
tried to model such a trans–cis isomerisation for the 3+0 1N
complex (Figure 19 and Table 4). However, the barrier for


this step turned out to be prohibitively high (89 kJ mol�1). It
is also possible that the isomerisation from the trans to the
cis porphyrin is facilitated or avoided by deprotonation of
the porphyrin ring. The matter may be even more compli-
cated by coupling to the proton transfer between the por-
phyrin ring and the metal-bound water molecules, observed
for the Fe complexes. For these reasons, we have not pro-
ceeded with these studies further.


The present calculations also give some clues to the met-
allation reactions taking place in the magnesium chelatase
and ferrochelatase enzymes. First, we have seen that the
main problem in the metallation is to get rid of the original
water solvation shell. In ferrochelatase, it seems that parts
of this desolvation takes place during the binding of the
metal to the enzyme. Recent crystallographic studies with
zinc and cadmium have identified a metal-binding site close
to the porphyrin site, but with only four (Zn) or five (Cd) li-
gands, His-183, Glu-264, Tyr-13 (only Cd) and two or three
water molecules.[47] These studies were performed without
any porphyrin (otherwise, the metal would be directly incor-
porated into the porphyrin ring), which may change the re-
sults somewhat (Tyr-13, which is involved in the binding of
Cd only, resides on the opposite side of the porphyrin when
it is bound).[44] Thus, it is likely that Fe2+ binds to His-183
and Glu-264 together with 1–3 solvent molecules in the fer-
rochelatase–porphyrin complex, implicating a reduction of


the coordination number to 3–5. Clearly, this will facilitate
the metallation of the porphyrin ring. In crystal structures of
ferrochelatase, a fully solvated Mg ion is found ~700 pm
from the Zn site. It is possible that this also represents a in-
termittent binding site for a fully solvated Fe2+ ion, during
its binding to the metal site close to the porphyrin ring, and
that 3–5 water molecules are stripped of the metal ion
during its movement to His-183 and Glu-264. However, it
should also be mentioned that other groups have suggested
that the metal rather binds on the opposite side of the por-
phyrin ring, with Tyr-13 and His-88 as a possible ligands.[48]


Second, our calculations also indicate that there needs to
be a proper group for the deprotonation of the porphyrin
ring in the protein. This group should be on the side of the
porphyrin ring opposite to the metal ion. If the metal binds
to His-183 and Glu-283, then Tyr-13 is the most likely candi-
date. It is located only 312 pm from one of the N atoms in
the porphyrin ring.[47] Another candidate on this side of the


porphyrin ring is His-88
(590 pm). On the opposite side
of the ring there are only the
two putative Zn ligands His-183
(377 pm) and Glu-264
(561 pm). In addition, there are
a number of water molecules
around the porphyrin ring (es-
pecially opposite to the Zn
site), with a distance of down to
330 pm to the porphyrin N
atoms. From mutation studies,
it is known that His-183 and


Glu-264 are essential for the reactivity, whereas a Tyr13Phe
mutant has only 20–30 % lower activity than the wild-type
enzyme (M. Hansson, unpublished data). This gives some
strength to the suggestion of His-183 and Glu-264 as metal-
binding residues, but indicates that the porphyrin ring is
probably deprotonated directly by the water molecules
available in the binding cleft. This indicates that the depro-
tonation of the porphyrin in the protein is easier than in
pure water. We are currently studying the ferrochelatase re-
action in the protein with combined quantum and molecular
mechanics (QM/MM) methods.


Computational Methods


We have studied the metallation of a porphyrin (PorH2, that is, a por-
phyrin ring without any side chains) with Mg2+ (the central ion in chloro-
phyll) and Fe2+ (the central ion in haem). The metal has been allowed to
coordinate to 1–6 water molecules. In addition, we have studied the de-
protonation of PorH2 by an imidazole (Im) group or a water molecule.
Complexes between a metal ion, PorH2 and a number of water molecules
are denoted by n+m, in which n and m are the number of first- and
second-sphere water molecules of the metal ion.


Geometry optimisations were performed with the density functional
BP86 method, which consists of Becke�s 1988 gradient corrected ex-
change functional, combined with Perdew�s 1986 correlation function-
al.[49, 50] These calculations employed the 6-31G* basis set for all atoms,
except for the metals, for which the TZVP (Mg) or the DZP (Fe) basis


Figure 19. The fourth reaction of Fe with PorH2, involving an isomerisation between trans and cis form of the
3+0 complex (trans 3+0,1N to cis 3+0).
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sets of Sch�fer et al. were used.[51, 52] This last basis set was enhanced with
one d, one f and two p-type functions with exponents of 0.1244, 1.339,
0.134915 and 0.041843. These calculations were sped up by expansion of
the Coulomb interactions in auxiliary basis sets, the resolution-of-identity
approximation.[53, 54]


After the geometry optimisation, accurate energies were calculated by
using the three-parameter hybrid functional B3LYP, as implemented in
the Turbomole package.[55] In these calculations, the 6-311+ G(2d,2p)
basis set was used for the light atoms (including Mg) and the basis set for
Fe was enhanced an s function with the exponent 0.01377232 and the
single f function was replaced by two functions with exponents 2.5 and
0.8. Inclusion of diffuse functions during the geometry optimisation af-
fected the relative energies by less than 1 kJ mol�1.[43]


Density functional methods have been shown to give excellent geome-
tries for transition-metal complexes (including haem models with various
axial ligands), with errors in the bond distances of 0–7 pm.[56–58] In partic-
ular, the B3LYP method is known to give the most accurate energies of
the widely used density functionals.[20, 21, 59] Calibrations on transition-
metal complexes have shown that the geometries and energies do not
change significantly if the method or the basis sets are improved from
the present level.[60]


Solvation effects were estimated by single-point calculations by using the
continuum conductor-like screening model (COSMO).[61, 62] These calcula-
tions were performed at the same level of theory as the geometry optimi-
sation and with default values for all parameters (implying a water-like
probe molecule) and a dielectric constant (e) of 80. For the generation of
the cavity, a set of atomic radii had to be defined. We used the optimised
COSMO radii in Turbomole (130, 200, 183 and 172 pm for H, C, N and
O, respectively, and 200 pm for the metals).[63]


The zero-point energy and thermal corrections to the Gibbs free energy
(at 298 K and 1 atm pressure, by using an ideal-gas approximation[64])
were calculated from a frequency calculation, obtained with the Gaussi-
an 98 software,[65] with the same method and basis set as in the geometry
optimisation. The same software was used for the optimisation of the
transition-state structures, whereas all the other calculations were carried
out with the Turbomole 5.6 software.[66] We made use of default conver-
gence criteria in the respective program. Several starting structures were
tried for most complexes, but only the structure with the lowest energy
of each type is reported.


Calculations on iron were complicated by the presence of several possi-
ble spin states. For Fe2+ these are the low-spin singlet state, the inter-
mediate-spin (IS) triplet state and the high-spin (HS) quintet state. With
weak-field ligands, like water, Fe2+ attains a HS ground state, and Fe2+ is
consequently HS in aqueous solution.[16, 19] This also applies to most five-
coordinate haem complexes, but FePor is known to have a IS ground
state (with a low-lying excited HS state, which is stabilised by distortion
of the haem ring) and six-coordinate haem complexes are in general low-
spin, although water complexes may show a mixture of several spin
states.[22, 31, 33] Therefore, we assumed that all iron complexes were HS and
unrestricted open-shell theory was employed for these calculations.


However, the assumption was checked for several complexes. For exam-
ple, the HS state is 122, 54 and 15 kJ mol�1 more stable than the IS state
for the [Fe(H2O)6]


2+ , [FePorH2(H2O)]2+ and the [FePorH(H2O)]+ com-
plexes, respectively (and the singlet state is even less stable). It is only
for the [FePor(H2O)] complex that the triplet state is more stable than
the HS state (by 12 kJ mol�1), and it is not clear if this calculation may be
trusted, because B3 LYP indicates that a five-coordinate deoxyhaem
model has a IS ground state, although experiments show that it should be
HS.[22, 24, 33] However, these results clearly show that the HS state is appro-
priate for all reactions, except perhaps the final one. Therefore, we have
also studied the last reaction [(H2O)FePorH)]+ Im![(H2O)FePor+


ImH)] in the IS state, which changed the activation energy by less than
5 kJ mol�1 (Table 4).
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Aryl Palladium Carbene Complexes and Carbene–Aryl Coupling Reactions


Ana C. Alb�niz,* Pablo Espinet,* Raffll Manrique, and Alberto P�rez-Mateo[a]


Introduction


Diamino (C(NR’2)2) and N-heterocyclic carbenes are cur-
rently used as ligands in palladium-catalyzed transforma-
tions.[1,2] Their good donor properties, which are easily
modulated by varying the substituents, and the high stability
of the palladium complexes formed, due to the reduced
electrophilicity of the carbene, provide catalysts that are
often superior to their phosphane-based analogues. Many of
their catalytic processes presumably involve “[PdR(car-
bene)n]” intermediates,[3] and understanding the reactivity of
these species may be important in order to assess the suita-
bility of a given ligand for a chosen transformation, and to
explain how catalyst deactivation occurs. However, only a
few examples of reactivity involving the carbene ligand have
been reported. Cavell and co-workers have reported the for-
mation of imidazolium salts by decomposition of alkyl, aryl,
or acyl palladium complexes bearing N-heterocyclic car-
benes [Eq. (1)].[4] Theoretical studies discount an R-migra-
tion process and support a concerted reductive elimination


mechanism for the decomposition.[4a] The same process has
been described for aryl palladium complexes.[5] Recently,
Danopoulos, Green, and co-workers observed methyl migra-
tion to an N-heterocyclic carbene in the reaction of the free
ligand with [PdMe2(tmeda)] (tmeda= tetramethylethylene-
diamine), and proposed a migratory insertion mechanism in
a palladium carbene intermediate.[6]


In contrast to the numerous very stable palladium–diami-


nocarbene complexes, those with only one amino group are
still rare.[7] Moreover, palladium complexes with carbene li-
gands of the type CR’’(OR’) (R’’ = hydrocarbyl),[8] or lack-
ing substituents containing a heteroatom (CR’’2),[9] are elu-
sive species, although they are often proposed as intermedi-
ates in various Pd-catalyzed reactions. Thus, the cyclopropa-
nation of alkenes with diazoalkanes,[10] the dimerization of
Group 6 metal carbenes,[11] and a change in the regioselec-
tivity of Stille couplings (called cine-substitution),[12] are all
thought to involve palladium–carbene complexes as inter-
mediates. In this context, we have already communicated
the C�C coupling reactions of complexes on “[PdR(car-
bene)]” intermediates in which the carbene ligand has only
one amino or one alkoxy substituent.[13] Herein, we report a


Abstract: Transmetalation of an amino-
carbene moiety from
[W(CO)5{C(NEt2)R}] to palladium
leads to isolable monoaminocarbene
palladium aryl complexes [{Pd(m-
Br)Pf[C(NEt2)R]}2] (R = Me, Ph; Pf
= C6F5). When [W(CO)5{C(OMe)R}]
is used, the corresponding palladium
carbenes cannot be isolated since these
putative, more electrophilic carbenes
undergo a fast migratory insertion
process to give alkyl palladium com-
plexes. These complexes could be stabi-


lized in the h3-allylic form for R = 2-
phenylethenyl or in the less stable h3-
benzylic fashion for R = Ph. Hydroly-
sis products and a pentafluorophenylvi-
nylic methyl ether (when R = Me)
were also observed. The monoamino-
carbenes slowly decompose through
carbene–aryl coupling to produce the


corresponding iminium salts and, de-
pending on the reaction conditions, the
corresponding hydrolysis products. The
electrophilicity of the carbene carbon,
which is mainly determined by the
nature of the heteroatom group, con-
trols the ease of evolution by carbene–
aryl coupling. Accordingly, no car-
bene–aryl coupling was observed for a
diaminocarbene palladium aryl com-
plex.
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detailed account of this C�C coupling, including the isola-
tion and X-ray structural determination of key products.


Results and Discussion


Synthesis and characterization of palladium monoaminocar-
bene and diaminocarbene complexes : Two diaminocarbene–
palladium derivatives were prepared according to Scheme 1.


Complex 1 was synthesized by nucleophilic attack of an
amine on a coordinated isonitrile.[14] The facile displacement
of the coordinated amine by triphenylphosphane gave com-
plex 2.


Monoaminocarbene complexes were obtained by carbene
transmetalation from the tungsten–carbene complexes 3 a
and 3 b to the (pentafluorophenyl)palladium derivative 4.
This method, which had been previously applied only to the
preparation of more stable diaminocarbene complexes,[15] af-
forded the dimeric palladium monoaminocarbenes 5
(Scheme 2). The by-product [W(CO)5(NCMe)] was ob-


served in the 1H NMR and IR spectra of the reaction mix-
ture.[16] Complexes 5 could be isolated as white or yellowish
solids in yields of 50–60 %. The addition of phosphanes to
solutions of 5 gave the monomeric complexes 6 a, 6 b, and
7 a. The cationic derivative 8 a was obtained from complex
5 a and a stoichiometric amount of AgBF4 in CH3CN.


The synthetic method could not be extended to the prepa-
ration of palladium methoxycarbenes. The reactions of tung-
sten methoxycarbenes [W(CO)5{C(OMe)R}] (R = Ph, 9 a ;
R = Me, 9 b ; R = CH=CHPh, 9 c) with complex 4 led only
to decomposition products. These are discussed later and
their analysis suggests that transmetalation does occur, but
that the intermediate palladium carbene complexes undergo
a fast migratory insertion reaction.


Complexes 1 and 2 exist as mixtures of atropisomers in
solution due to restricted rotation about the C(carbene)�N
bonds.[17] Up to four stereoisomers are possible for each
complex, but NMR signals for only three are observed at
room temperature in CDCl3 for 1, whereas just two of these
isomers are apparently observed for complex 2. Low-tem-
perature spectra of a solution of 2 reveal the presence of the
four expected atropisomers, but fast interconversion be-
tween some of them leads to two equilibrium signals being
observed at room temperature. Complex 8 a has a cis stereo-
chemistry according to its 1H NMR spectrum, two signals
being observed for the Me groups of the nitrile ligands.


In CDCl3 solution, complexes 5 exist as mixtures of two
isomers, out of the four possible arrangements of the ligands
in this dimeric structure (Figure 1). These are tentatively as-
signed the syn–trans and anti–trans structures. The 1.3:1 mix-
tures of syn and anti isomers can be observed by 1H NMR
spectroscopy at room temperature for both trans-5 a and
trans-5 b. These isomers can also be distinguished by 19F and
13C NMR spectroscopy at 253 K in the case of trans-5 a.
When complexes 5 are kept in solution for several days, the
syn–cis and anti–cis isomers are slowly formed from their
trans parents, along with the decomposition products to be
discussed later. Both trans-5 and the slowly produced cis-5
are converted into complexes 6 upon addition of a stoichio-
metric amount of PPh3.


Abstract in Spanish: La transmetalaci�n de un grupo amino-
carbeno desde [W(CO)5{C(NEt2)R}] al paladio lleva al aisla-
miento de los complejos ar�licos de paladio que contienen un
grupo monoaminocarbeno [{Pd(m-Br)Pf[C(NEt2)R]}2] (R =


Me, Ph; Pf = C6F5). Cuando se usa [W(CO)5{C(OMe)R}]
no se pueden aislar los correspondientes carbenos de paladio
ya que estos supuestos carbenos, mucho m�s electrof�licos,
sufren un r�pido proceso de inserci�n migratoria para dar
complejos alqu�licos de paladio. Estos alquilos pueden ser es-
tabilizados como h3-alilo para R = 2-feniletenilo o como h3-
bencilo, menos estable, para R = Ph. Tambi�n se observan
los productos de hidr�lisis y un metil pentafluorofenilvinil
�ter (si R = Me). Los monoaminocarbenos se descomponen
lentamente mediante acoplamiento carbeno–arilo dando las
correspondientes sales de iminio y, dependiendo de las condi-
ciones de reacci�n, los correspondientes productos de hidr�li-
sis. La electrofilia del carbono carb�nico, determinada funda-
mentalmente por la naturaleza del sustituyente con hetero�to-
mo, controla la facilidad de evoluci�n mediante acoplamiento
carbeno–arilo. As�, no se observ� acoplamiento carbeno–
arilo en el caso de un complejo ar�lico de paladio con un
grupo diaminocarbeno.


Scheme 1. Synthesis of palladium diaminocarbene complexes.


Scheme 2. Synthesis of aryl palladium carbene complexes 5–8.
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The 1JC,P values for complexes 2, 6, and 7 (about 145–
156 Hz) support a trans-carbene–phosphane arrangement.
This isomer is thermodynamically preferred because it
avoids a trans arrangement of the ligands with the higher
trans influence. An X-ray crystal structure determination of
complex 7 a confirmed this structure (Figure 2). The carbene
ligand and the pentafluorophenyl group are in a mutually


cis arrangement and lie perpendicular to the palladium coor-
dination plane. The C=N bond length is consistent with a
double bond, reflecting the important donation of the lone
pair of the amino group to the vacant p orbital of the car-
bene-carbon atom. The Pd(1)�C(1) bond length, which is
very similar to the Pd(1)�C(12) bond length, corresponds to
a single bond (Table 1).


All of the prepared complexes show 13C resonances typi-
cal for an sp2 carbon atom in a carbene moiety bound to
palladium. Complexes 1 and 2 display resonances at d =


190–198 ppm, in the upper portion of the range found for di-


amino carbene complexes (cf. [PdX2{C(NR)CH=


CH(NR)}L], d = 165–195 ppm).[4c] For the monoaminocar-
bene complexes, the carbene-arbon signal appears in the
range d = 229–244 ppm, halfway between the chemical
shifts seen for the diaminocarbene complexes and the only
reported example of a methoxycarbene–palladium complex
(trans-[Pd{C(OMe)Me}(C6Cl5)(PPhMe2)2], d = 335 ppm).[8b]


The shieldings reflect the increase in electron density on the
carbene carbon atom (and consequently the decrease in
electrophilicity of the coordinated carbene) depending on
the electron donation from the substituents (1 OMe <


1 NEt2 < 2 NR2). These data, the IR absorption observed
between 1572 and 1592 cm�1 for n(C–N), and the C�N dis-
tance found in the solid-state structure of 7 a support a
larger contribution from the resonance form chosen to
depict these Pd complexes in Scheme 2.


Carbene–aryl coupling reactions : The variations in electro-
philicity of the coordinated carbene-carbon atom, as re-
vealed by the 13C resonances, are reflected in the reactivities
of the molecules. Thus, solutions of the diamino carbene 2
in CDCl3, monitored by NMR spectroscopy for 20 days at
room temperature, remain unaltered. A solution of 2 kept at
50 8C for 10 days also remains unchanged. Under the same
conditions, the analogous monoaminocarbene 6 a undergoes
33 % decomposition after 10 days, as discussed later. In the
extreme case, the reactions of the methoxycarbene tungsten
complexes 9 a,b with 4 lead only to the decomposition prod-
ucts of the presumed methoxycarbene palladium intermedi-
ates, as discussed below (see Scheme 4). A detailed study of
these reactions has been carried out.


Decomposition pathways from aminocarbene–palladium
complexes: The slow decomposition of the aminocarbene–
palladium complexes gives, after several days, organic prod-
ucts resulting from carbene–pentafluorophenyl coupling.
The decomposition of complexes 5 affords the three types of
products depicted in Scheme 3: the iminium salts 10 along


Figure 1. Isomeric structures for complexes 5.


Figure 2. Molecular structure of 7a (ORTEP plot, hydrogen atoms have
been omitted for clarity).


Table 1. Selected bond lengths [�] and angles [8] for complex 7a.


Pd(1)�C(1) 2.030(5) C(1)�N(1) 1.291(6)
Pd(1)�C(2) 2.016(5) C(1)�C(2) 1.498(7)
Pd(1)�Br(1) 2.4743(12) N(1)�C(8) 1.484(7)
Pd(1)�P(1) 2.3071(19) N(1)�C(10) 1.479(6)
C(1)-Pd(1)-Br(1) 87.95(14) Pd(1)-C(1)-N(1) 125.0(4)
P(1)-Pd(1)-Br(1) 90.22(6) Pd(1)-C(1)-C(2) 117.6(3)
C(1)-Pd(1)-C(12) 90.96(19) C(1)-N(1)-C(8) 124.3(4)
P(1)-Pd(1)-C(12) 90.94(15) C(1)-N(1)-C(10) 121.7(5)


Scheme 3. Carbene–pentafluorophenyl coupling and hydrolysis reactions
for palladium aminocarbene complexes.
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with the hydrolysis products 11 and, in the case of R = Me,
the vinylic amine 12. Concomitant trans/cis isomerization of
5 is also observed (Figure 1), but both isomers decompose
to the same organic compounds. Hydrolysis processes affect-
ing 10 (and also 12 in the case of complex 5 b) lead to ke-
tones (11) as final decomposition products.


The decomposition of complexes 6 (L = PPh3) in solution
produces only the ketone 11 a in the case of 6 a, or a mixture
of 11 b and 12 in the case of 6 b. Kinetic experiments carried
out with different starting concentrations of 6 a (and 6 b) in-
dicated that this decomposition is an intramolecular process.


The decomposition of the cationic complex 8 a led cleanly
to the iminium salt 10 a, which could be isolated with BF4


�


as the counterion. The X-ray crystal structure of 10 a is
shown in Figure 3.


The iminium salts 10 are the products of a formal reduc-
tive elimination from the aminocarbene–pentafluorophenyl–
palladium complexes. Hydrolysis of 10 produces the ketones
11, and deprotonation of 10 b yields the vinylic amine 12.
The actual distribution of these products depends on the re-
action conditions (particularly on the amounts of water and
base present), which affect the stability of 10. Deliberate ad-
dition of water increases the rate of disappearance of 10 a
by hydrolysis. The auxiliary ligands liberated in the decom-
position processes (Br� or PPh3) can act as bases in CDCl3


solution, and hence they influence the ratio of 10 to hydroly-
sis and deprotonation products (e.g., 10 a and 11 a are pro-
duced from 5 a ; 11 a from 6 a ; and just 10 a from 8 a).[18]


Decomposition pathways from presumed alkoxycarbene–
palladium complexes : The reactions of the methoxycarbene
tungsten complexes 9 a, b with 4 give the products shown in
Scheme 4. They are the result of migratory insertion in the
putative palladium–carbene complexes analogous to 5 a,b,
followed by evolution of the alkyl palladium complex A
thus generated (Scheme 4). The possible competition of a
Pd-catalyzed carbene dimerization was not observed.[11]


The intermediate A can be trapped in the form of a h3-
allyl complex, 13, when the carbene substituent is 2-phenyl-
ethenyl. Complex 13 is moderately stable in solution and


can be isolated and fully characterized. Its X-ray crystal
structure is shown in Figure 4 top, and selected distances
and angles are collected in Table 2. The molecule is a
bromo-bridged dimeric species with the two allyl ligands
having a mutually cis C(2) arrangement and a trans C(1) ar-
rangement (Figure 4, bottom). The allyl ligand has an anti-
pentafluorophenyl syn-OMe configuration at C1 and a syn
arrangement at C(3). The Pd�C(allyl) bond lengths are simi-
lar to the distances found for other substituted palladium
allyls.[19] Bent halide bridges are common for dimeric cis-
allyl palladium complexes.[20] This bending places the Pd
atoms quite close to each other (3.0608 �).


Figure 3. Molecular structure of 10 a-BF4 (ORTEP plot, hydrogen atoms
have been omitted for clarity). Selected distances [�] and angles [8]:
C(1)�N(1) 1.305(10), C(1)�C(11) 1.515(12), C(1)�C(21) 1.484(11);
C(11)-C(1)-C(21) 116.1(7), N(1)-C(1)-C(11) 122.6(7), N(1)-C(1)-C(21)
121.2(9), C(1)-N(1)-C(2) 122.6(8), C(1)-N(1)-C(4) 122.8(7).


Scheme 4. Transmetalation, migratory insertion, and hydrolysis reactions
in palladium methoxycarbene complexes.


Figure 4. Molecular structure of 13 : top: ORTEP plot of the molecule
(hydrogen atoms have been omitted for clarity); bottom: drawing show-
ing the coordination sphere of the palladium atoms and the bridge geom-
etry.
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In CDCl3 solution at room temperature, complex 13 appa-
rently exists as a mixture of two isomers in a 1.2:1 ratio, but
at 213 K four isomers are clearly seen, which correspond to
the four possible arrangements of a substituted allyl in a
dimer (combinations of cis- and trans-allyl groups with cis
and trans C1 arrangements). As the temperature is in-
creased, fast exchange occurs among some of the isomers to
give the signals observed at room temperature. The ex-
change must occur by bridge cleavage and recombination,
as studied previously for other dimeric allylic derivatives.[21]


The structure of the allyl moiety is retained in solution and
no syn–anti exchange is observed. Hindered rotation is ob-
served for the Pf group in an anti sterically congested posi-
tion, and two distinct Fortho signals are observed in the 19F
NMR spectrum even at 323 K, indicating a high barrier for
the rotation process.


For R = Ph (Scheme 4), the h3-benzylic complex 14 is
formed, which is unstable in solution but can be isolated as
a yellowish solid. It was identified on the basis of its NMR
spectra. Its 1H NMR spectrum shows a characteristic high
field shift for the aromatic proton involved in the h3 Pd-
bound benzylic moiety (d = 5.55 ppm).[22] The 19F NMR
spectrum of 14 is similar to that of 13, showing two broad
signals for the two nonequivalent Fortho atoms due to restrict-
ed rotation of the Pf group, and chemical shifts (d = �135.9
and �127.5 ppm) consistent with an anti stereochemistry for
the Pf group bound to C(1). Besides 14, decomposition
products 15 a and 11 a were observed in the reaction mix-
ture. These are the result of methoxide attack on A (or on
14 in the case of the benzylic derivative) and hydrolysis of
A (or 14) as well as of 15 a.[23] Eventually, the final product
of the reaction is in all cases the ketone 11 a.


For R = Me, no intermediate alkyl complex was ob-
served, but fast b-H elimination from this putative complex
can account for the formation of the vinylic ether 16, ob-
served in the reaction mixture along with the methanolysis
and hydrolysis products 15 b and 11 b. Compounds 16 and
15 b are also susceptible to hydrolysis to the fluorinated ace-
tophenone 11 b.


Along with the hydrolysis or methanolysis of intermediate
A (or of 14), an alternative route to compounds 11 and 15
might involve a nucleophilic attack on the putative initial
palladium carbene complex, which would be very electro-
philic, and subsequent reductive elimination (Scheme 4). Al-


though we have no indication that this mechanism is operat-
ing, it cannot be ruled out.


It should be noted that complex 13 undergoes a similar
hydrolysis process since it eventually decomposes to the
ketone Pf(CO)CH=CHPh (17) when kept in CDCl3 solution
for 11 days [Eq. (2)].


The expression “migratory reductive elimination” has
been coined to describe reactions in which the mechanism
for C�C bond formation in the transition state is a migra-
tion of one of the groups to the other hydrocarbyl moiety,
rather than a concerted weakening of both Pd�C bonds. It
has been proposed in theoretical work on the reductive
elimination of vinylpalladium derivatives[24] and silylene-
and germylene–methylpalladium complexes,[25] and has
found experimental support in certain methyl–aryl cou-
plings, as well as in aryl–X (X = SR, OR, NR2) reductive
eliminations in palladium complexes.[26] The mechanism op-
erating in the decomposition of the methoxy- and monoami-
nocarbenes of palladium must pertain to this type, although
the products formed are formally the result of a migratory
insertion (CR’’(OR’)) or a reductive elimination
(CR’’(NR’2)). The stability of the iminium salts formed in
the decomposition of the monoaminocarbenes is possibly re-
sponsible for driving the reaction to these products, whereas
the formation of oxonium derivatives is not a favored route.


Conclusion


The results described herein clearly indicate that the electro-
philicity of the carbene-carbon atom in these systems con-
trols the ease of C�C coupling. This reaction can be de-
scribed as a result of the interaction of the electron density
of the pentafluorophenyl group with the electrophilic car-
bene-carbon atom. The carbene substituents modulate the
electron density on the carbene-carbon atom, and the migra-
tory insertion rates observed (C(NR’2)2 < CR’’(NR’2) <


CR’’(OR’)) follow the opposite trend of electron-donating
properties of the heteroatom-containing groups (C(NR’2)2 >


CR’’(NR’2) > CR’’(OR’)). The hydrocarbyl substituents
have less influence on the carbene electrophilicity. The ar-
rangement of the phenyl ring in complex 7 a (perpendicular
to the plane formed by C(2)–C(1)—N(1), Figure 2) and the
rotation of the phenyl group about the C(2)�C(1) bond ob-
served in solution for complexes a suggest that electron de-
localization from this substituent to the carbene carbon is
negligible. Thus, the small differences in reactivity found for
the R groups arise mainly from inductive effects. Irrespec-
tive of the R group (Me or Ph), complexes 5 (and 6) decom-
pose over a period of days, as compared with the extremely
reactive undetected methoxycarbenes or the totally unreac-
tive diamino derivatives.


Table 2. Selected bond lengths [�] and angles [8] for complex 13.


Pd(1)�C(1) 2.190(11) C(1)�C(2) 1.413(14)
Pd(1)�C(2) 2.093(11) C(2)�C(3) 1.426(15)
Pd(1)�C(3) 2.127(11) C(1)�O(1) 1.379(12)
Pd(1)�Br(2) 2.5347(14) C(1)�C(21) 1.483(14)
Pd(1)�Br(2 A) 2.5522(16) C(3)�C(11) 1.445(14)
Pd(1)�Pd(1 A) 3.0608(17)
Br(2)-Pd(1)-Br(2 A) 87.75(6) C(1)-C(2)-C(3) 116.1(11)
C(1)-Pd(1)-C(3) 67.8(4) O(1)-C(1)-C(21) 105.9(9)
C(1)-Pd(1)-Br(2A) 103.7(3) O(1)-C(1)-Pd(1) 121.0(7)
C(3)-Pd(1)-Br(2) 101.5(3) C(21)-C(1)-Pd(1) 110.0(8)


C(11)-C(3)-Pd(1) 119.9(8)
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The reactivity observed with the electron-poor pentafluoro-
phenyl group is thought to be a slow model for other aryls.
Pentafluorophenyl monoaminocarbenes of palladium are
just stable enough to be characterized, but are sufficiently
reactive for their evolution by C�C coupling to be observed.
More nucleophilic aryls bound to palladium are expected to
react similarly but faster.


Experimental Section


All manipulations were carried out using Schlenk techniques. Solvents
were dried and distilled under nitrogen prior to use. 1H, 13C, 19F, and 31P
NMR spectra were recorded on Bruker AC-300 and ARX-300 spectrom-
eters. Chemical shifts (in d units, ppm) were referenced to TMS for 1H
and 13C, to CFCl3 for 19F, and to H3PO4 for 31P. The spectral data were re-
corded at 293 K unless otherwise noted. IR spectra were recorded on a
Perkin Elmer FT-1720 X spectrophotometer. C, H, and N elemental anal-
yses were performed on a Perkin-Elmer 240 microanalyzer. Complex
4,[21b] and the tungsten carbenes 3a, 3b,[27] 9a, 9b,[28] and 9 c,[29] were pre-
pared according to literature methods.


[PdClPf{C(NHMe)(NHBz)}(NH2Bz)] (Pf = C6F5, 1): The complex was
prepared following a similar method to that described elsewhere.[14a]


BzNH2 (0.124 mL, 1.14 mmol) was added to a stirred suspension of
[{Pd(m-Cl)Pf(CNMe)}2]


[30] (0.200 g, 0.286 mmol) in CH2Cl2 (20 mL). After
9 h, concentration to dryness and addition of Et2O (3 mL) and n-pentane
(10 mL) afforded a colorless oil, which was stirred for 12 h. Complex 1
was obtained as a white solid, which was collected by filtration, washed
with n-pentane (2 � 5 mL), and dried in air. Yield: 90% (0.290 g). Three
atropisomers deriving from hindered rotation about both C(carbene)�N
bonds were found in solution at room temperature (10:6:1 ratio).
Isomer 1: 1H NMR (300 MHz, CDCl3): d = 7.38–7.09 (m, 10H; Ph), 6.63
(m, 1 H; HNCH2Ph), 5.61 (m, 1H; HNCH3), 4.29 (d, J = 5.6 Hz, 2 H;
HNCH2Ph), 3.73 (m, 2 H; PdNH2CH2), 3.51 (d, J = 4.6 Hz, 3H;
HNCH3), 2.50 ppm (m, 2H; PdNH2CH2); 19F NMR (282 MHz, CDCl3): d


= �162.5 (m, 2 F; m-Pf), �159.9 (t, 1 F; p-Pf), �118.1 ppm (m, 2 F; o-Pf).
Isomer 2: 1H NMR (300 MHz, CDCl3): d = 7.38–7.09 (m, 10 H; Ph), 6.44
(m, 1 H; HNCH3), 5.58 (m, 1H; HNCH2Ph), 5.34 (d, J = 5.1 Hz, 2 H;
HNCH2Ph), 3.73 (m, 2 H; PdNH2CH2), 2.78 (d, J = 4.6 Hz, 3H;
HNCH3), 2.50 ppm (m, 2H; PdNH2CH2); 19F NMR (282 MHz, CDCl3): d


= �162.5 (m, 2 F; m-Pf), �159.9 (t, 1 F; p-Pf), �118.4 ppm (m, 2 F; o-Pf).
Isomer 3: 1H NMR (300 MHz, CDCl3): d = 7.38–7.09 (m, 10 H; Ph),
6.40* (m, 1 H; HNCH2Ph), 6.28 (m, 1 H; HNCH3), 5.21 (m, 2 H;
HNCH2Ph), 3.73 (m, 2 H; PdNH2CH2), 3.51* (3 H; HNCH3), 2.50 ppm
(m, 2 H; PdNH2CH2); 19F NMR (282 MHz, CDCl3): d = �162.9 (m, 2 F;
m-Pf), �160.4 (t, 1F; p-Pf), �117.3 ppm (m, 2F; o-Pf); 13C{1H} NMR
(75.4 MHz, CDCl3): d = 190.92, 190.13 ppm (isomers 1 and 2, Pd�Ccar-


bene); IR (Nujol): ñ = 1594, 1552 cm�1 (C=N); elemental analysis calcd
(%) for C22H21ClF5N3Pd: C 46.82, H 3.75, N 7.45; found: C 46.86, H 3.71,
N 7.34.


*Signal overlapped with signals of the other isomers.


[PdClPf{C(NHMe)(NHBz)}PPh3] (Pf = C6F5, 2): PPh3 (0.0861 g,
0.328 mmol) was added to a stirred suspension of 1 (0.1250 g,
0.222 mmol) in CH2Cl2 (6 mL). After 2 h, complete evaporation of the
solvent and treatment of the residue with n-hexane afforded 2 as a white
solid, which was collected by filtration, washed with n-hexane (2 � 5 mL),
and dried in air. Yield: 87% (0.1394 g). Two atropisomers deriving from
hindered rotation about both C(carbene)�N bonds were found in so-
lution at room temperature (1.25:1 ratio). Isomer 1: 1H NMR (300 MHz,
CDCl3): d = 7.61–7.54 (m, 6 H; PPh3), 7.45–7.26 (m, 14H; PPh3/Ph), 6.70
(m, 1H; HNCH2Ph), 5.72 (m, 1H; HNMe), 4.30 (d, J = 5.0 Hz, 2 H;
HNCH2Ph), 3.56 ppm (d, J = 4.4 Hz, 3H; HNCH3); 19F NMR
(282 MHz, CDCl3): d = �163.5 (m, 2F; m-Pf), �162.4 (t, 1F; p-Pf),
�117.4 ppm (m, 2F; o-Pf); 31P{1H} NMR (121.4 MHz, CDCl3): d =


21.30 ppm. Isomer 2: 1H NMR (300 MHz, CDCl3): d = 7.61–7.54 (m,
6H; PPh3), 7.45–7.26 (m, 14 H; PPh3/Ph), 6.49 (m, 1H; HNMe), 5.72 (m,


1H; HNCH2Ph), 5.36 (d, J = 5.2 Hz, 2H; HNCH2Ph), 2.77 ppm (d, J =


4.9 Hz, 3 H; HNCH3); 19F NMR (282 MHz, CDCl3): d = �163.4 (m, 2 F;
m-Pf), �162.3 (t, 1 F; p-Pf), �117.8 ppm (m, 2 F; o-Pf); 31P{1H} NMR
(121.4 MHz, CDCl3): d = 21.69 ppm; 13C{1H} NMR (75.4 MHz, CDCl3):
d = 198.5, 198.4 ppm (d, 2JP,C = 147, 156 Hz; isomers 1 and 2, Pd�Ccar-


bene); IR (Nujol): ñ = 1577 cm�1 (C=N); elemental analysis calcd (%) for
C33H27ClF5N2PPd: C 55.09, H 3.78, N 3.89; found: C 55.28, H 3.90, N
3.67.


trans-[{Pd(m-Br)Pf[CPh(NEt2)]}2] (Pf = C6F5, trans-5 a): Complex 4
(0.3000 g, 0.689 mmol) was added to a solution of 3 a (0.3342 g,
0.689 mmol) in MeCN (15 mL) at room temperature. After 18 h, the sol-
vent was evaporated and the residue was extracted with CHCl3. The re-
sulting solution was filtered through activated charcoal and then concen-
trated to a small volume (ca. 2 mL). Addition of Et2O (10 mL) and cool-
ing to �20 8C afforded 5a as a yellow solid, which was collected by filtra-
tion, washed with cold n-hexane (4 � 4 mL), and dried in air. Yield: 58%
(0.204 g). trans-5 a exists as a mixture of syn and anti isomers (5 a, 5 a’) in
solution in a 1.3(5a):1(5a’) ratio. 1H NMR (300 MHz, CDCl3): d = 7.5–
7.2 (m, 3 H; m-, p-Ph, 5 a/5a’), 6.77 (m, 2 H; o-Ph, 5 a/5a’), 5.23 (m, J =


13.3, 7.4 Hz, 1 H; CHH, 5a’), 5.11 (m, J = 14.5, 7.2 Hz, 2 H; CH2, 5 a),
5.09 (m, 1H; CHH, 5 a’), 3.53 (m, J = 14.4, 7.2 Hz, 1H; CH’H, 5 a/5a’),
3.40 (m, 1H; CHH’, 5a’), 3.38 (m, 1H; CHH’, 5a), 1.55 (t, J = 7.4 Hz,
3H; CH3, 5 a’), 1.50 (t, J = 7.2 Hz, 3H; CH3, 5 a), 1.02 (t, J = 7.2 Hz,
3H; CH’3, 5a’), 1.01 ppm (t, J = 7.2 Hz, 3 H; CH’3, 5a); 19F NMR
(282 MHz, CDCl3): d = �163.8 (m, 2 F; m-Pf, 5a/5 a’), �160.6 (t, 1F; p-
Pf, 5a/5a’), �117.4 ppm (m, 2F; o-Pf, 5a/5a’); 19F NMR (282 MHz,
CDCl3, 253 K): d = �164.0 (m, 1 F; m-Pf, 5 a’), �163.8 (m, 1F; m-Pf,
5a), �162.6 (m, 1F; m-Pf, 5a), �162.3 (m, 1F; m-Pf, 5 a’), �160.1 (t, 1 F;
p-Pf, 5a), �160.0 (t, 1F; p-Pf, 5a’), �117.9 (m, 1F; o-Pf, 5a’), �117.5 (m,
2F; o-Pf, 5a), �117.1 ppm (m, 1F; o-Pf, 5 a’); 13C{1H} NMR (75.4 MHz,
CDCl3, 253 K): d = 229.2 (s; Pd�C, 5a’), 228.9 (s; Pd�C, 5 a), 146.7 (m,
1JC,F = 228.9 Hz; o-Pf, 5 a/5a’), 141.1 (s; i-Ph, 5a), 140.9 (i-Ph, 5a’),
139.7–113.0 (i-, m-, p-Pf, 5 a/5a’), 128.6 (m-Ph, 5a/5 a’), 128.4 (s; p-Ph, 5 a/
5a’), 122.1 (br s; o-Ph, 5a/5 a’), 57.6 (s; CH2, 5a/5a’), 46.9 (s; C’H2, 5 a/
5a’), 13.8 (s; CH3, 5a/5a’), 12.5 ppm (s; C’H3, 5a/5 a’); IR (Nujol): ñ =


1601, 1580 cm�1 (C=N); elemental analysis calcd (%) for
C34H30Br2F10N2Pd2: C 39.68, H 2.94, N 2.72; found: C 39.47, H 2.90, N
2.62.


trans-[{Pd(m-Br)Pf[CMe(NEt2)]}2] (Pf = C6F5, trans-5b): Complex 4
(0.4107 g, 0.943 mmol) was added to a solution of 3 b (0.3990 g,
0.943 mmol) in CH2Cl2 (5 mL) at room temperature. After 5 h, the so-
lution was filtered through activated charcoal and then concentrated to a
small volume (ca. 3 mL). Addition of Et2O (8 mL) and cooling to �20 8C
afforded 5b as a pale-gray solid, which was collected by filtration,
washed with cold n-hexane (2 � 5 mL), and dried in air. Yield: 50%
(0.2137 g). trans-5b is a mixture of syn (5b) and anti (5 b’) isomers in so-
lution in a 1:0.7 ratio). 1H NMR (300 MHz, CDCl3): d = 4.90 (m, 1H;
CHH, 5 b/5b’), 4.75 (m, J = 13.6, 7.2 Hz, 1H; CHH, 5b), 4.69 (m, J =


12.9, 7.2 Hz, 1 H; CHH, 5b’), 3.54 (m, J = 18.3, 7.3 Hz, 2H; CH2, 5 b/
5b’), 2.74 (s, 3 H; C(NR2)CH3, 5b’), 2.73 (s, 3 H; C(NR2)CH3, 5b), 1.39 (t,
J = 7.2 Hz, 3H; CH3, 5 b/5b’), 1.11 ppm (t, J = 7.3 Hz, 3H; CH3, 5 b/
5b’); 19F NMR (282 MHz, CDCl3): d = �163.5 (m, 2F; m-Pf), �160.6 (t,
1F; p-Pf), �116.6 ppm (m, 2F; o-Pf); IR (Nujol): ñ = 1592 cm�1 (C=N);
elemental analysis calcd (%) for C24H26Br2F10N2Pd2: C 31.85, H 2.90, N
3.10; found: C 32.03, H 2.53, N 3.11.


[PdBrPf{CPh(NEt2)}(PPh3)] (Pf = C6F5, 6 a): PPh3 (0.0380 g,
0.145 mmol) was added to a solution of 5a (0.0700 g, 0.068 mmol) in
CH2Cl2 (8 mL). After stirring for 1 h at room temperature, the solvent
was completely evaporated and the brown residue was crystallized from
n-hexane at �20 8C to afford a pale-orange solid. Yield: 69 % (0.073 g).
1H NMR (300 MHz, CDCl3): d = 7.60–7.45 (m, 6 H; PPh3), 7.35–7.20 (m,
12H; PPh3/Ph), 6.95 (m, 2 H; o-Ph), 4.92 (q, J = 7.3 Hz, 2 H; CH2), 3.61
(m, J = 13.3, 7.3 Hz, 1H; CH’H), 3.42 (m, J = 13.3, 7.3 Hz, 1H; CHH’),
1.63 (t, J = 7.3 Hz, 3 H; CH3), 1.12 ppm (t, J = 7.3 Hz, 3 H; CH’3); 19F
NMR (282 MHz, CDCl3): d = �164.6 (m, 1 F; m-Pf), �163.2 (m, 1F; m-
Pf), �162.4 (t, 1F; p-Pf), �117.2 (m, 1 F; o-Pf), �116.4 ppm (m, 1 F; o-
Pf); 31P{1H} NMR (121.4 MHz, CDCl3): d = 21.73 ppm (d, 4JF,P =


7.15 Hz); 13C{1H} NMR (75.4 MHz, CDCl3, 263 K): d = 241.6 (d, 2JC,P =
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142.4 Hz; Pd�C), 145.1 (m, 1JC,F = 222.5 Hz; o-Pf), 141.8 (s; i-Ph), 139.0–
120.0 (i-, m-, p-Pf), 134.1 (d, 2JC,P = 11.6 Hz; o-PPh3), 130.6 (d, 1JC,P =


41.9 Hz; i-PPh3), 130.0 (s; p-PPh3), 128.2 (s; m-Ph), 127.7 (d, 3JC,P =


9.7 Hz; m-PPh3), 127.6 (s; p-Ph), 122.3 (s; o-Ph), 57.3 (s; CH2), 46.3 (d,
4JC,P = 6.0 Hz; C’H2), 13.6 (s; CH3), 12.5 ppm (s; C’H3); IR (Nujol): ñ =


1600, 1583 cm�1 (C=N); elemental analysis calcd (%) for
C35H30BrF5NPPd: C 54.11, H 3.89, N 1.80; found: C 54.44, H 3.99, N
1.99.


[PdBrPf{CMe(NEt2)}(PPh3)] (Pf = C6F5, 6 b): This complex was pre-
pared following the same procedure as described for 6 a, but allowing
12 minutes of reaction time. Yield: 54%. 1H NMR (300 MHz, CDCl3): d


= 7.65–7.50 (m, 6 H; PPh3), 7.45–7.20 (m, 9H; PPh3), 4.61 (m, J = 13.5,
7.2 Hz, 1H; CHH), 4.55 (m, J = 13.6, 7.2 Hz, 1 H; CHH), 3.56 (m, J =


18.5, 7.3 Hz, 2H; CH2), 2.78 (d, 4JH,P = 4.1 Hz, 3H; C(NR2)CH3), 1.41 (t,
J = 7.2 Hz, 3H; CH3), 1.16 ppm (t, J = 7.3 Hz, 3 H; CH’3); 19F NMR
(282 MHz, CDCl3): d = �163.7 (m, 1F; m-Pf), �163.3 (m, 1F; m-Pf),
�162.4 (t, 1F; p-Pf), �117.5 (m, 1F; o-Pf), �115.0 ppm (m, 1 F; o-Pf);
31P{1H} NMR (121.4 MHz, CDCl3): d = 21.12 ppm (s); 13C{1H} NMR
(75.4 MHz, CDCl3, 263 K): d = 240.8 (d, 2JC,P = 148.4 Hz; Pd�C), 145.3
(m, 1JC,F = 224.7 Hz; o-Pf), 140.0–118.0 (i-, m-, p-Pf), 134.1 (d, 2JC,P =


11.7 Hz; o-PPh3), 130.7 (d, 1JC,P = 41.2 Hz; i-PPh3), 130.0 (s; p-PPh3),
128.0 (d, 3JC,P = 10.0 Hz; m-PPh3), 58.1 (s; CH2), 44.7 (d, 4JC,P = 6.8 Hz;
C’H2), 29.6 (s; C(NR2)CH3), 12.9 (s; CH3), 12.4 ppm (s; C’H3); IR
(Nujol): ñ = 1590 cm�1 (C=N); elemental analysis calcd (%) for
C30H28BrF5NPPd: C 50.41, H 3.95, N 1.96; found: C 50.38, H 3.78, N
2.20.


[PdBrPf{CPh(NEt2)}(PMe3)] (Pf = C6F5, 7a): This complex was pre-
pared following the same procedure as described for the preparation of
6a, but using a 1 m solution of PMe3 in THF. Yield: 50%. 1H NMR
(300 MHz, CDCl3): d = 7.4–7.2 (m, 3H; m-, p-Ph), 6.80 (m, 2H; o-Ph),
4.75 (q, J = 7.2 Hz, 2H; CH2), 3.51 (m, J = 13.4, 7.2 Hz, 1H; CH’H),
3.37 (m, J = 13.6, 7.2 Hz, 1H; CHH’), 1.54 (t, 3 H, J = 7.2 Hz; CH3),
1.19 (d, 2JH,P = 9.6 Hz, 9H; PCH3), 1.08 ppm (t, J = 7.2 Hz, 3 H; CH’3);
19F NMR (282 MHz, CDCl3): d = �163.8 (m, 1F; m-Pf), �162.9 (m, 1 F;
m-Pf), �160.8 (t, 1 F; p-Pf), �116.5 ppm (m, 2 F; o-Pf); 31P{1H} NMR
(121.4 MHz, CDCl3): d = �17.34 ppm (d, 4JF,P = 7.9 Hz); 13C{1H} NMR
(75.4 MHz, CDCl3, 253 K): d = 244.3 (d, 2JC,P = 151.3 Hz; Pd�C), 145.8
(m, 1JC,F = 225.4 Hz; o-Pf), 142.1 (s; i-Ph), 138.0–133.0 (m-, p-Pf), 128.2
(s; m-Ph), 127.2 (s; p-Ph), 121.6 (s; o-Ph), 117.8 (m; i-Pf), 56.9 (s; CH2),
46.0 (d, 4JC-P = 6.7 Hz; C’H2), 14.3 (d, 1JC,P = 28.1 Hz; PCH3), 13.2 (s;
CH3), 12.2 ppm (s; C’H3); IR (Nujol): ñ = 1572 cm�1 (C=N); elemental
analysis calcd (%) for C20H24BrF5NPPd: C 40.67, H 4.10, N 2.37; found:
C 40.35, H 3.79, N 2.32.


[PdPf{CPh(NEt2)}(NCMe)2]BF4 (Pf = C6F5, 8a): AgBF4 (0.0382 g,
0.196 mmol) was added to a solution of 5a (0.0995 g, 0.097 mmol) in
MeCN (9 mL). The mixture was stirred for 45 minutes, protected from
light, and then it was filtered through activated charcoal and MgSO4. The
filtrate was concentrated to dryness and the resulting residue was crystal-
lized from n-hexane to afford 8a as a white solid. Yield: 32%
(0.00368 g). 1H NMR (300 MHz, CDCl3): d = 7.37 (m, 3 H; m-, p-Ph),
6.64 (m, 2H; o-Ph), 5.17 (m, 1H; CHH), 4.80 (m, 1H; CHH), 3.60 (m,
2H; CH’2), 2.54 (s, 3H; NCCH3), 2.24 (s, 3 H; NCCH’3), 1.62 (t, J =


7.0 Hz; CH3), 1.11 ppm (t, J = 7.0 Hz; CH’3); 19F NMR (282 MHz,
CDCl3): d = �162.4 (m, 2 F; m-Pf), �158.2 (t, 1 F; p-Pf), �152.5 (s, 4 F;
BF4), �119.1 ppm (m, 2F; o-Pf); 13C{1H} NMR (75.4 MHz, CDCl3,
253 K): d = 220.6 (s; Pd�C), 147.4 (m, 1JC-F = 221.7 Hz; o-Pf), 141.4 (i-
Ph), 138.9 (m, 1JC,F = 237.5 Hz; p-Pf), 136.8 (m, 1JC,F = 248.8 Hz; m-Pf),
129.60 (s; m-, p-Ph), 122.8 (s; o-Ph), 109.4 (t, 2JC,F = 48.5 Hz; i-Pf), 58.7
(s; CH2), 49.1 (s; C’H2), 13.8 (s; CH3), 12.8 ppm (s; C’H3); elemental
analysis calcd (%) for C21H21BF9N3Pd: C 41.79, H 3.51, N 6.96; found: C
41.72, H 3.29, N 7.07; IR (Nujol): ñ = 1609, 1594 cm�1 (C=N).


Decomposition of the monoaminocarbene–palladium complexes: Solu-
tions of 0.01–0.02 mmol of complexes trans-5 a, trans-5b, 6 a, 6b, and 8 a
in CDCl3 (0.6 mL) were prepared in 5 mm NMR tubes under nitrogen at
room temperature. The solutions were then monitored by 1H and 19F
NMR spectroscopy over a period of days, and when the decomposition
was complete, the resulting products were identified and separated by
preparative TLC. Details of partial decompositions are given below. All


the products led eventually to the ketones 11 a or 11b when kept in so-
lution for long periods of time.


Decomposition of trans-5 a : The composition of the solution after four
days was: trans-5 (55 %), cis-5a (14 %), 10 a·Br (14 %), 11 a (12 %).


cis-5a : 1H NMR (300 MHz, CDCl3): d = 7.70–7.14 (3 H; Ph), 6.85 (m,
2H; Ph), 5.10* (m, 2 H; CH2), 3.50* (m, 2H; CH’2), 1.50 (t, 3 H; CH3),
1.09 ppm (t, 3 H; CH’3); 19F NMR (282 MHz, CDCl3): d = �165.0 (m,
2F; m-Pf), �162.8 (t, 1F; p-Pf), �116.6 ppm (m, 2F; o-Pf).


*Signal overlaps with signals of the trans isomers.


10a-Br :[31] 1H NMR (300 MHz, CDCl3): d = 7.90–7.50 (5 H; Ph), 4.67 (q,
J = 7.3 Hz, 2 H; CH2), 4.58 (q, J = 7.3 Hz, 2H; CH’2), 1.70 (t, J =


7.3 Hz, 3H; CH3), 1.45 ppm (t, J = 7.3 Hz, 3H; CH’3); 19F NMR
(282 MHz, CDCl3): d = �155.4 (m, 2F; m-Pf), �142.1 (t, 1F; p-Pf),
�135.3 ppm (m, 2F; o-Pf); 13C{1H} NMR (75.4 MHz, CD3CN): d = 172.9
(s; =C), 149.0–132.0 (o-, m-, p-Pf), 135.7 (s; p-Ph), 131.7 (s; i-Ph), 130.7
(s; o-Ph), 129.9 (s; m-Ph), 109.3 (t, J = 15.9 Hz; i-Pf), 55.0 (s; CH2), 53.8
(s; C’H2), 13.9 (s; CH3), 13.6 ppm (s; C’H3).


11a : 1H NMR (300 MHz, CDCl3): d = 7.87 (m, 2H; o-Ph), 7.70 (m, 1H;
p-Ph), 7.54 ppm (m, 2 H; m-Ph); 19F NMR (282 MHz, CDCl3): d =


�160.3 (m, 2F; m-Pf), �150.9 (t, 1F; p-Pf), �140.3 ppm (m, 2F; o-Pf);
MS (70 eV): m/z (%): 272 (22) [M+], 195 (15) [PfCO+], 167 (48) [Pf+],
117 (100), 77 (74) [Ph+], 51 (61).


Decomposition of trans-5b : The composition of the solution after four
days was: trans-5 b (26 %), cis-5b (17 %), 10 b-Br (23 %), 12 (19 %), 11b
(15 %).


cis-5b : 1H NMR (300 MHz, CDCl3): d = 5.05 (m, 1H; CHH), 4.78* (m,
1H; CHH), 3.65* (2 H; CH’2), 2.65 (s, 3 H; C(NR2)CH3), 1.52* (3 H;
CH3), 1.20* ppm (3 H; CH3); 19F NMR (282 MHz, CDCl3): d = �164.8
(m, 2 F; m-Pf), �162.3 (t, 1F, p-Pf), �117.1 ppm (m, 2 F, o-Pf).


*Signal overlaps with signals of other compounds.


10b-Br : 1H NMR (300 MHz, CDCl3): d = 4.85* (2 H; CH2), 4.23 (q, 2 H;
CH’2), 3.27 (s, 3 H; C(NR2)CH3), 1.71 (t, J = 7.3 Hz, 3H; CH3),
1.61* ppm (3 H; CH’3); 19F NMR (282 MHz, CDCl3): d = �155.1 (m, 2 F;
m-Pf), �143.9 (t, 1F; p-Pf), �136.2 ppm (m, 2F; o-Pf).


*Signal overlaps with signals of other compounds.


11b : 1H NMR (300 MHz, CDCl3): d = 2.62 ppm (s, 3 H; CH3); 19F NMR
(282 MHz, CDCl3): d = �160.5 (m, 2F; m-Pf), �149.4 (t, 1F; p-Pf),
�141.2 ppm (m, 2F; o-Pf); MS (70 eV): m/z (%): 210 (43) [M+], 195
(100) [PfCO+], 167 (40) [Pf+], 117 (24), 43 (30).


12 : 1H NMR (300 MHz, CDCl3): d = 4.19 (d, J = 0.8 Hz, 1 H; =CHH),
3.85 (d, J = 0.8 Hz, 1 H; =CHH), 3.00 (q, J = 7.1 Hz, 4H; CH2),
1.06 ppm (t, J = 7.1 Hz, 6 H; CH3); 19F NMR (282 MHz, CDCl3): d =


�162.7 (m, 2F; m-Pf), �155.7 (t, 1F, p-Pf), �141.6 ppm (m, 2 F, o-Pf);
MS (70 eV): m/z (%): 265 (73) [M+], 250 (100) [M+�Me], 236 (84), 193
(94) [PfCCH2


+], 181 (26), 143 (47), 58 (50).


Synthesis of 10a-BF4 :[31] A solution of 8a (0.1600 g, 0.265 mmol) in
CHCl3 was stirred for six days at room temperature. The yellow solution
slowly became a dark suspension. After this time, the mixture was fil-
tered through activated charcoal and the filtrate was concentrated to dry-
ness. The residue was triturated with n-hexane to afford a yellowish solid,
which was collected by filtration, washed with n-hexane, and dried in
vacuo. Yield: 0.0604 g (55 %). 1H NMR (300 MHz, CDCl3): d = 7.80–
7.50 (m, 5H; Ph), 4.42 (q, J = 7.3 Hz, 2 H; CH3), 4.29 (q, J = 7.2 Hz;
CH’2), 1.61 (t, J = 7.3 Hz, 3 H; CH3), 1.43 ppm (t, J = 7.2 Hz, 3 H;
CH’3); 19F NMR (282 MHz, CDCl3): d = �156.4 (m, 2 F; m-Pf), �153.5
(s, 4 F; BF4), �142.8 (tt, J = 21.5 Hz, 5.1 Hz, 1 F; p-Pf), �136.1 ppm (m,
2F; o-Pf); 13C{1H} NMR (75.4 MHz, CDCl3): d = 173.3 (s; =C), 148.0–
137.0 (o-, m-, p-Pf), 135.9 (s; p-Ph), 131.9 (s; i-Ph), 130.8 (s; o-Ph), 129.9
(s; m-Ph), 109.4 (t, 2JC,F = 16.2 Hz; i-Pf), 54.8 (s; CH2), 53.7 (s, C’H2),
13.9 (s; CH3), 13.4 ppm (s, C’H3); IR (Nujol): ñ = 1598 cm�1 (C=N); ele-
mental analysis calcd (%) for C17H15BF9N: C 49.19, H 3.64, N 3.37;
found: C 48.98, H 3.54, N 3.27.


[{Pd(m-Br)[(h3-C(Pf)(OMe)CHCHPh]}2] (Pf = C6F5, 13): The palladium
complex 4 (0.1930 g, 0.444 mmol) was added to a solution of 9 c (0.2088 g,
0.444 mmol) in CH2Cl2 (20 mL) in a flask immersed in a cold bath at
�25 8C. After stirring for 25 min at low temperature, the flask was taken
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out of the cold bath and was left to stand until the mixture reached room
temperature. The solution was then filtered through activated charcoal
and the filtrate was concentrated to dryness. The residue was triturated
with n-hexane, collected by filtration, washed with n-hexane (10 � 3 mL),
and dried in air. Yield: 64% (0.1421 g). Complex 13 was found to be a
mixture of isomers (13, 13’) in solution in a 1.2(13):1(13’) ratio (see text).
1H NMR (300 MHz, CDCl3): d = 7.55–7.15 (m, 5H; Ph, 13/13’), 5.76 (d,
J = 11.5 Hz, 1 H; H2, 13), 5.74 (d, J = 11.5 Hz, 1H; H2, 13’), 4.21 (d, J =


11.5 Hz, 1H; H3, 13), 4.19 (d, J = 11.5 Hz, 1 H; H3, 13’), 3.83 (s, 3 H;
OCH3, 13’), 3.79 ppm (br s, 3 H; OCH3, 13); 19F NMR (282 MHz, CDCl3):
�161.0 (br m, 2 F; m-Pf, 13/13’), �151.5 (t, 1 F; p-Pf, 13), �151.4 (t, 1 F; p-
Pf, 13’), �136.0 (m, 1 F; o-Pf, 13/13’), �128.0 ppm (m, 1 F; o-Pf, 13/13’);
13C{1H} NMR (75.4 MHz, CDCl3, 273 K): 147.0–130.0 (o-, m-, p-Pf, 13/
13’), 136.5 (s; i-Ph, 13/13’), 129.0 (s; m-Ph, 13/13’), 128.5 (s; p-Ph, 13/13’),
128.1 (s; o-Ph, 13/13’), 114.6 (s; C1(OMe)Pf, 13/13’), 110.8 (m; i-Pf, 13/
13’), 84.0 (s; C2H, 13), 83.4 (s; C2H, 13’), 70.9 (s; C3HPh, 13), 70.8 (s;
C3HPh, 13’), 57.3 ppm (s; OCH3, 13/13’); elemental analysis calcd (%)
for C32H20Br2F10O2Pd2: C 38.47, H 2.02; found: C 38.94, H 2.07.


Decomposition of 13 : A solution of 13 (0.008 g, 0.008 mmol) in CDCl3


(0.6 mL) was monitored by 1H and 19F NMR spectroscopy. After 11 days
at room temperature, complete decomposition to the ketone
PfC(O)(CH=CHPh) (17) was observed. Ketone 17 could be separated by
preparative TLC using a mixture of n-hexane/CH2Cl2 (1:1) (Rf = 0.3).
1H NMR (300 MHz, CDCl3): d = 7.62–7.40 (m, 5 H; Ph), 7.48 (m, J =


16.0 Hz, 1H; H3), 7.04 ppm (m, J = 16.0 Hz, 1H; H2); 19F NMR
(282 MHz, CDCl3): d = �160.3 (m, 2F; m-Pf), �150.6 (t, 1F; p-Pf),
�140.9 ppm (m, 2F; o-Pf).


[{Pd(m-Br)[h3-PhC(Pf)(OMe)]}2] (Pf = C6F5, 14): Complex 4 (0.1082 g,
0.248 mmol) was added to a stirred red solution of 9 a (0.1103 g,
0.248 mmol) in THF (10 mL). The reaction mixture immediately turned
dark and it was stirred under N2 at room temperature for 40 min. Acti-
vated charcoal was then added and the suspension was filtered. The fil-
trate was cooled to �20 8C and concentrated to dryness. Addition of
Et2O (3 mL) to the residue afforded a yellowish solid, which was collect-
ed by filtration, washed with cold n-hexane, and dried in vacuo. Yield:
32% (0.038 g). 1H NMR (300 MHz, CDCl3, 263 K): d = 8.15–7.30 (m,
4H; Ph), 5.55 (m, 1H; benz-h3-Ph), 3.51 ppm (m, 3H; OCH3); 19F NMR
(282 MHz, CDCl3, 263 K): d = �160.6 (m, 2F; m-Pf), �150.5 (t, 1 F; p-
Pf), �135.9 (br m, 1F; o-Pf), �127.5 ppm (br m, 1F; o-Pf).


Complete decomposition of 14 in CDCl3 was observed after 12 h at room
temperature and gave a mixture of PfC(OMe)2Ph (15 a) and Pf(CO)Ph
(11a). A similar mixture of pentafluorophenyl-containing products (14,
15a, 11a) is observed when complex 4 and the tungsten carbene 9a are
mixed in CDCl3 solution at room temperature.


15a : 1H NMR (300 MHz, CDCl3): d = 7.61 (m, 2H; Ph), 7.46 (m, 1H;
Ph), 7.34 (m, 2H; Ph), 3.23 ppm (s, 6 H; OCH3); 19F NMR (282 MHz,
CDCl3): d = �162.5 (m, 2 F; m-Pf), �155.0 (t, 1 F; p-Pf), �139.4 ppm (m,
2F; o-Pf); MS (70 eV): m/z (%): 287 (48) [M+�OMe], 195 (47)
[PfCO+], 167 (59) [Pf+], 117 (44), 77 (100) [Ph+], 74 (10), 51 (47).


Reaction of [W(CO)5{C(OMe)Me}] (9 b) and 4 : Complex 4 (0.0376 g,
0.086 mmol) was added to a solution of 9b (0.0330 g, 0.086 mmol) in
CDCl3 (0.6 mL). The mixture turned dark, and after 5 h at room temper-
ature the 19F NMR spectrum showed the disappearance of 4 and the
presence of a mixture of 16, 15 b, and 11 b in solution.


15b : 1H NMR (300 MHz, CDCl3): d = 3.26 (s, 6H; OCH3), 1.67 ppm (s,
3H; CH3); 19F NMR (282 MHz, CDCl3): d = �162.7 (m, 2 F; m-Pf),
�155.5 (t, 1F; p-Pf), �140.7 ppm (m, 2 F; o-Pf); MS (70 eV): m/z (%):
241 (23) [M+�Me], 225 (69) [M+�OMe], 195 (70), 194 (39) [CMePf+],
167 (48) [Pf+], 117 (58), 84 (100), 43 (69).


16 : 1H NMR (300 MHz, CDCl3): d = 4.64 (d, J = 3.3 Hz, 1 H; =CHH),
4.40 (d, J = 3.3 Hz, 1H; =CHH), 3.71 ppm (s, 3H; OCH3); 19F NMR
(282 MHz, CDCl3): d = �162.5 (m, 2F; m-Pf), �154.8 (t, 1F; p-Pf),
�141.2 ppm (m, 2F; o-Pf); MS (70 eV): m/z (%): 224 (69) [M+], 195
(21), 194 (100), 193 (40), 181 (91) [CH2Pf+], 167 (11) [Pf+], 161 (38), 143
(51), 117 (38), 93 (24).


Crystal structure determinations : Crystals suitable for X-ray analysis
were obtained by slow evaporation of the solvent from a solution of 7 a


in CH2Cl2 at room temperature, by cooling a solution of 10 a-BF4 in a
mixture of CH2Cl2/Et2O at �20 8C, or by slow evaporation of the solvent
from a solution of 13 in a mixture of CH2Cl2/n-hexane. Each crystal was
mounted on the tip of a glass fiber. X-ray measurements were made
using a Bruker SMART CCD area-detector diffractometer with Mo-Ka


radiation (l = 0.71073 �). Intensities were integrated and the structures
were solved by direct methods.[32] Non-hydrogen atoms were refined ani-
sotropically and hydrogen atoms were constrained to ideal geometries
and refined with fixed isotropic displacement parameters.


7a : Monoclinic P2(1)/c : a = 9.168(6), b = 19.028(12), c = 13.969(9) �;
b=102.235(13)8 ; V = 2382(3) �3; formula unit: C20H24BrF5NPPd with Z
= 5; formula weight = 590.68; calculated density = 2.059 gcm�3 ; F(000)
= 1460; m(MoKa) = 3.211 mm�1. A total of 9864 reflections were collect-
ed (1.848>q>21.698). Full-matrix least-squares refinement (on F2) based
on 2921 independent reflections converged with 267 variable parameters
and no restraints. R1 = 0.0316, for F2>2s(F2); wR2 = 0.0749.[33] GoF
(F2) = 0.937. D1max = 0.669, D1min = �0.336 e�3.


10a-BF4: Monoclinic P2(1)/c : a = 8.737(12), b = 14.604(19), c =


15.47(2) �; b = 99.42(2)8 ; V = 1947(4) �3; formula unit: C17H15BF9N
with Z = 4; formula weight = 415.11; calculated density = 1.416 gcm�3 ;
F(000) = 840; m(MoKa) = 0.143 mm�1. 8288 reflections were collected
(1.938>q>23.258). Full-matrix least-squares refinement (on F2) based on
2784 independent reflections converged with 255 variable parameters
and no restraints. R1 = 0.0996, for F2>2s(F2); wR2 = 0.2788.[33] GoF
(F2) = 0.952. D1max = 0.302, D1min = �0.285 e�3.


13 : Monoclinic C2/c : a = 25.073(5), b = 11.506(3), c = 12.449(3) �; 908,
b = 114.073(4)8 ; V = 3279.1(12) �3; formula unit: C32H20Br2F10O2Pd2


with Z = 4; formula weight = 999.10; calculated density =


2.024 gcm�3 ; F(000) = 1920; m(MoKa) = 3.621 mm�1. 7567 reflections
were collected (1.788>q>23.328). Full-matrix least-squares refinement
(on F2) based on 2630 independent reflections converged with 218 varia-
ble parameters and no restraints. R1 = 0.0482, for F2>2s(F2); wR2 =


0.0831.[33] GoF (F2) = 0.942. D1max = 0.571, D1min = �0.506 e �3.


CCDC-178512, CCDC-246145, and CCDC-246146 contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge,
CB2 1EZ, UK; fax: (+44) 1223-336033; or deposit@ccdc.cam.ac.uk).
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a-Helical Polypeptide Microcapsules Formed by Emulsion-Templated Self-
Assembly


Masa-aki Morikawa,[a] Masakuni Yoshihara,[b, c] Takeshi Endo,[b, d] and
Nobuo Kimizuka*[a]


Introduction


Polymer microspheres are an important class of functional
materials that are widely used in encapsulation, separation,
and biological applications.[1] Hollow microcapsules of pepti-
des are of particular interest, because of their intrinsic com-
patibility with biomolecules, high biodegradability, and ther-
mal responsiveness that can be endowed by designing suita-
ble primary (and secondary) structures. In spite of these
promising features, studies on the self-assembly of polypep-
tides are rather limited to short peptides[2,3] or amphiphilic
diblock peptides that contain large non-peptide segments.[4]


In addition, formation of polypeptide self-assemblies are so
far limited to aqueous bilayer vesicles,[2] crystalline tubes,[5]


b-sheet aggregates,[6] and hydrogel networks.[7] Although the
formation of vesicles from high-molecular-weight diblock
polypeptides has been recently reported by Bellomo et.
al,[2e] it still remains a challenge to develop stable microcap-
sules that are self-assembled from simple polypeptides with
well-defined secondary structures.


In this study, we have synthesized anionic a-helical
poly(g-benzyl l-glutamate)s (1, number-averaged degree of
polymerization: n1a = 12, n1 b =32) and investigated their


emulsion-templated self-assembly into hollow microspheres.
Poly(g-benzyl l-glutamate)s (PBLG) are typical a-helical
peptides that provides hydrophobic rigid-rod structures.[8] A
diglycolic acid unit was introduced to enhance the hydrophi-
licity of the N-terminus. These polypeptides give oil-in-
water microemulsions, and hollow microspheres are sponta-
neously formed upon rapid evaporation of the organic
phase.
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Abstract: a-Helical peptide microcap-
sules were prepared by the emulsion-
templated self-assembly of amphiphilic
poly(g-benzyl l-glutamate)s (PBLG) 1.
By mixing solutions of 1 in dichlorome-
thane (in the form of a sodium salt)
with water, oil-in-water emulsions were
obtained. Spontaneous stripping of the
dichloromethane phase caused a de-


crease in the diameter of the micro-
droplets and finally stable microcap-
sules formed. The microcapsules con-
tain an inner aqueous phase as ob-


served by confocal laser scanning mi-
croscopy (CLSM). Binding of
hydrophobic pyrene molecules to the
polypeptide shell was also demonstrat-
ed. The present polypeptide microcap-
sules are stable even after drying in air
and they would serve as supramolec-
ular vehicles for both hydrophobic and
water-soluble molecules.


Keywords: amphiphiles · emulsion ·
microcapsules · polypeptides · self-
assembly
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Results and Discussion


Formation of oil-in-water emulsions stabilized by amphiphil-
ic a-helical polypeptides : The amphiphilic peptides 1 a and b
are poorly soluble in pure water even in the form of sodium
salts. This is due to the overwhelming hydrophobicity of the
PBLG unit relative to the small hydrophilic group. On the
other hand, these peptides are readily soluble in dichloro-
methane. Figure 1 shows circular dichroism (CD) spectra of


1 (concentration: 0.5 unit mm in dichloromethane). CD spec-
tra below 220 nm were not obtained because of the interfer-
ence of solvent. These spectra possess minima at 222 nm,
which is characteristic of a-helical structures. The helicities
determined by the molar ellipticity at 222 nm were approxi-
mately 68 % for 1 a (n=12; [q]222 =2.3 � 104 deg cm2 dmol�1)
and 97 % for 1 b (n=32; [q]222 =3.3 � 104 deg cm2 dmol�1). It
is reasonable that the longer peptide gives a higher content
of a-helical structures.


Upon mixing solutions of 1 in dichloromethane
(5 unit mm, 1 mL) and an aqueous phase containing equimo-
lar sodium hydroxide (CH2Cl2/water=1:2 or CH2Cl2/metha-
nol/water =1:1:1, v/v), microemulsions were obtained. After
keeping the emulsions at room temperature for about 5 min
(CH2Cl2/water=1:2, v/v) or for a day (CH2Cl2/methanol/
water= 1:1:1, v/v), aqueous layers separate from the micro-
emulsion layers. These emulsion layers were stable for 2–
3 days. In microscopic observations, these emulsion layers
were placed on a glass slide without using a cover glass. This
is to allow rapid evaporation of the dichloromethane phase.


Figure 2 shows dark-field optical microscopy images of
emulsions in the course of dichloromethane evaporation.
The emulsions initially contained dichloromethane droplets
with diameters of 5–60 mm (Figure 2a, 1 b, CH2Cl2/water=


1:2, v/v). The average diameter of the droplets became
smaller when methanol was added to the mixture (less than
30 mm, CH2Cl2/methanol/water =1:1:1, v/v). The diameter of
the droplets also decreased with time (5–30 mm after 2 min,
Figure 2b) and reached a final size (less than 10 mm) after
3 minutes. These particles are hollow as can be seen from a


magnified image (Figure 2c, inset). The reduction in size of
dichloromethane droplets and the formation of hollow pep-
tide capsules were also observed for 1 a.


The formation process of microcapsules was investigated
in more detail by using confocal laser scanning microscopy
(CLSM, lex at 488 nm). The aqueous phase in the microe-
mulsions was stained with sodium fluorescein (0.1 mm). Fig-
ure 3a, b shows CLSM images of the emulsions which have


been kept for one hour prior to observation. Microparticles
with diameters of approximately 1–5 mm are abundantly ob-
served. The presence of an aqueous phase inside the micro-
particles is confirmed by the fluorescence image and height
profiles (scanned in Figure 3b).


Interestingly, polypeptide microcapsules are stable in air,
even after drying. A droplet of the emulsions (CH2Cl2/


Figure 1. Circular dichroism spectra of the peptides in dichloromethane:
a) 1a ; b) 1 b. Concentration, 0.5 unit mm. Cell length, 1 mm.


Figure 2. Dark-field optical micrograph images of the oil–water emul-
sions: a) as prepared; b) after 2 minutes; c) after 3 minutes. [1 b]=


5 unit mm, CH2Cl2/water =1:2, v/v.


Figure 3. CLSM fluorescence images of aqueous peptide 1 b microcap-
sules after removal of the dichloromethane phase (a, b), and SEM
images (c: 1a ; d: 1b) of the peptide microcapsules. Sodium fluorescein
(0.1 mm) was dissolved in the aqueous phase and emulsified at a CH2Cl2/
water ratio of 1:2, v/v. The fluorescence images were obtained with the
excitation wavelength of 488 nm and fluorescence intensity was visualized
at wavelengths below 505 nm.
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water= 1:2, v/v) was placed on a carbon-coated copper grid
and the specimens were then dried and observed by scan-
ning electron microscopy (SEM, acceleration voltage, 25 kV,
Figure 3c, d). Interestingly, microspheres with diameters of
2–7 mm (1 a) and 1–4.5 mm (1 b) are abundantly observed,
with a small number of fractured particles (Figure 3d). The
thickness of the shells is estimated to be approximately 200–
500 nm, which is considerably larger than the molecular
lengths of amphiphilic polypeptides (ca. 2.5 nm for 1 a ; ca.
6 nm for 1 b). Therefore, the shells of the microcapsules are
composed of an assembly of polypeptides.


FTIR spectra of the dried microcapsules prepared on
CaF2 plates are shown in Figure 4. The peaks observed
around 1700–1750 cm�1 are assigned to the C=O stretching


band of the side-chain ester groups. In the case of 1 b, the
amide I band is observed at 1656 cm�1 (Figure 4b) and is as-
signed to a-helical structures maintained in the capsules. On
the other hand, a new amide I band at 1625 cm�1 is addition-
ally observed for the shorter oligopeptide 1 a, which is typi-
cal of b-sheet structures (Figure 4a). As described already,
the a-helical content of 1 a in dichloromethane is lower than
that of 1 b. Casting of the solutions of 1 a in dichloromethane
on CaF2 plates leads to the observation of the amide I band,
which is absent in solutions, and it is likely that the intermo-
lecular hydrogen bonds are formed from non-helical frac-
tions of 1 a during the evaporation of solvent. A similar
mechanism would be responsible for the formation of b-
sheet structures in the cast microcapsules.


Figure 5 schematically illustrates the emulsion-templated
self-assembly of amphiphilic polypeptides. At first, amphi-
philic polypeptides are adsorbed onto the oil/water interface
of the microdroplets. As the spontaneous stripping of di-
chloromethane proceeds, the rest of the monomerically dis-
solved polypeptides are accumulated at the interface and


multilayered shells are formed. The self-assembled polypep-
tide shells are stable enough to maintain the microcapsule
structures (diameters smaller than 10 mm) and the inner
aqueous phase is formed during the assembling process. The
use of emulsion templating is indispensable for the forma-
tion of microcapsules, as it is difficult to dissolve powdery
samples of 1 a and b directly in pure water. It is also worth
noting that the hollow micro-architectures remain intact on
the surface even after solvent evaporation. These observa-
tions clearly demonstrate the pronounced stability of the
present polypeptide microcapsules, in contrast to the con-
ventional aqueous lipid vesicles.


Doping of hydrophobic pyrene molecules in the layered
polypeptide shell : The peptide microcapsule can trap hydro-
phobic molecules. As a hydrophobic fluorescent probe,
pyrene was dissolved in dichloromethane (concentration of
pyrene and amphiphilic peptides, 10 mm and 5 unit mm, re-
spectively) and was emulsified as described earlier. Figure 6
shows the CLSM image of the obtained microcapsules. The


Figure 4. FTIR spectra of the peptide microcapsules immobilized on
CaF2 plates: a) 1a ; b) 1 b.


Figure 5. Schematic illustration of the emulsion-templated self-assembly
process for 1 b. Oil–water (o/w) emulsions are converted to smaller poly-
peptide microcapsules upon spontaneous stripping of dichloromethane.
In the case of the shorter oligopeptide 1 a, b-sheet structures are partly
formed during solvent evaporation.


Figure 6. CLSM image of aqueous peptide microcapsules after the re-
moval of the dichloromethane phase. Peptide 1b (5 unit mm) and pyrene
(10 mm) were dissolved in dichloromethane and emulsified at a CH2Cl2/
water ratio of 1:2, v/v. The fluorescence image was obtained with an exci-
tation wavelength of 364 nm and the fluorescence intensity was visualized
at wavelengths below 385 nm. The scale bar represents 2 mm.
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ultraviolet excitation wavelength available for the CLSM
apparatus employed was 364 nm, and the fluorescence inten-
sity was monitored at wavelengths longer than 385 nm.
Though the excitation wavelength of 364 nm is redshifted
compared to those commonly used for pyrene chromo-
phores (ca. 330–340 nm),[9] blue fluorescence images of the
microcapsule structures were successfully observed. The
fluorescence spectrum showed a broad maximum around
470 nm, which is characteristic of the pyrene excimer emis-
sion.[9,10] It is reported that ground-state pyrene dimers dis-
play a redshifted absorption and are excitable even at
longer wavelengths of 340–380 nm.[10] Therefore, the ob-
served blue fluorescence in Figure 6 indicates that pyrene
molecules are concentrated and form aggregates in the poly-
peptide shells.


Microscale hollow spheres of organic and inorganic poly-
mers have been prepared by using the layer-by-layer (LBL)
adsorption technique,[11] emulsion-templated interfacial
polymerization, or sol–gel reactions.[12, 13] In the LBL proce-
dures, sacrificial colloidal templates need to be subsequently
removed by thermal or chemical etching. This etching proc-
ess is not compatible with the amphiphilic self-assembly of
peptides. As far as we are aware, application of oil–water
emulsions for interfacial self-assembly has been limited to
latex particles.[14] The present emulsion-templated self-as-
sembly technique allows facile doping of hydrophobic mole-
cules in the stable polypeptide shells, and we envision these
properties will possess attributes useful for microcapsule-re-
lated technologies.


Conclusion


The main conclusion of the present study is that stable mi-
crocapsules are easily obtained by emulsion-templated self-
assembly of a-helical polypeptides. The emulsion-directed
approach provides an opportunity to prepare stable micro-
capsules, even if amphiphilic components are not readily
soluble in water. We expect numerous applications of the
polypeptide microcages, such as robust supramolecular res-
ervoirs and micro-scaffolds for biomolecules, which will be
reported in due course.


Experimental Section


Synthesis of the peptide amphiphiles (1): g-Benzyl l-glutamate N-carbox-
ylic anhydride (BLG–NCA) was prepared by the reaction of triphosgene
(2.1 g, 7 mmol, Wako Pure Chemical Ind., Ltd.) with g-benzyl l-gluta-
mate (5.0 g, 21 mmol, nacalai tesque) in dry tetrahydrofuran at 55 8C.
BLG–NCA was then polymerized with freshly distilled n-propylamine
(Wako Pure Chemical Ind., Ltd.) in chloroform at room temperature.
The degree of polymerization of the peptide segments was controlled by
adjusting the feed molar ratio of the monomer (BLG–NCA; [M]) to the
initiator (n-propylamine; [I]): [M]/[I] =10 (1 a) or 30 (1b). After stirring
for 3 h, the reaction mixture was poured into a large amount of diethyl
ether and purified by repeating the precipitation. The obtained poly(g-
benzyl l-glutamate) was then treated with diglycolic anhydride (10 equiv
relative to the peptides, Tokyo Kasei Kogyo Co., Ltd.) in dry chloroform


at room temperature for 7 days. The reaction mixture was purified by
washing with water at pH 3.0 and then dried in vacuo. Chemical struc-
tures and purity of the samples were confirmed by 1H NMR and FTIR
spectra for 1a and b. 1H NMR (400 MHz, [D6]DMSO, 25 8C, TMS): d=


0.8 (t, 3H; CH3-), 1.4 (m, 2 H; CH3CH2-), 1.8–2.6 (b, 4H � n ; -CH2CH2-),
3.0 (b, 2 H; -NHCH2-), 3.8–4.4 (b, H � n ; -(O=C)CHRNH-), 4.0 (s, 2H; -
NH(C=O)CH2O-), 4.1 (s, 2H; -OCH2-(COOH)), 5.0 (b, 2H � n ; benzyl-
CH2-), 7.3 (b, 5H � n ; benzyl-H), 7.8–8.6 ppm (b, 1H � n ; NH); IR (film):
ñmax =3300, 1730, 1650, 1550 cm�1. The number-average degree of poly-
merization for polypeptide 1 was determined by using an 1H NMR
method, by comparing proton peaks of the terminal methyl and benzyl
groups.


Preparation of the microemulsions : The polypeptides are soluble in di-
chloromethane or chloroform at a concentration of 5 unit mm. To obtain
microemulsions, equimolar sodium hydroxide was dissolved in an aque-
ous phase. Upon mixing dichloromethane solutions of 1 with the aqueous
phase, by shaking by hand or ultrasonication, oil-in-water (o/w) microe-
mulsions were easily obtained. The addition of methanol was effective in
enhancing the stability of the microemulsions. Water was purified with a
Direct-Q system (Millipore, Co.) and was used throughout this study.


Measurements : Circular dichroism (CD) spectra were recorded on a
JASCO J-720 spectropolarimeter equipped with a Peltier-type thermo-
static cell holder. A quartz cell of 1 mm path length was used. 1H NMR
spectra were obtained on a Varian INOVA 400 spectrometer. Infrared
spectra were recorded on a JASCO FTIR 460 Plus spectrometer. Dark-
field optical microscopy and confocal laser scanning microscopy (CLSM)
were conducted with Olympus BHF and Carl Zeiss LSM510 instruments
with a 63x oil-immersion objective, , respectively. Scanning electron mi-
croscopy (SEM) was conducted on a Hitachi S-5000 instrument operated
at 25 kV.
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3-Fluoropiperidines and N-Methyl-3-fluoropiperidinium Salts: The
Persistence of Axial Fluorine


Aiming Sun,[a] David C. Lankin,*[b] Kenneth Hardcastle,[a] and James P. Snyder*[a]


Introduction


The dynamic properties of substituted cyclohexanes repre-
sent one of the cornerstones of conformational analysis.
Mono-substituted analogues universally prefer a substitutent
to occupy the equatorial orientation, although the energy
gap between equatorial and axial conformations can typical-
ly range from 0.5 to 5.0 kcal mol�1 depending on the nature
of the substituent and the medium.[1] Occasionally claims
are made to the contrary,[2,3] but they correspond either to
an organomercurial system[3] or to error.[4] Ordinarily, cyclo-
hexanes with multiple substitutents and ring-atom replace-
ment by heteroatoms behave in a similar manner.[5,6] One
unusual exception is the family of N-protonated 3-fluoro-
and 3,5-difluoropiperidines. In water these compounds exist
almost exclusively with the fluorine atom(s) occupying an
axial and diaxial orientation, respectively.[7,8] The source of
the ring inversion found for six-membered rings has been at-


Abstract: It has previously been shown
that the fluorine atom in N-protonated
3-fluoropiperidine salts in water strong-
ly prefers the axial orientation in the
six-membered ring chairs. In the pres-
ent work we examine the proposition
that the N-methyl salts are equally dis-
posed to present axial fluorine. Initial-
ly, we explored this point by comparing
the structures of the corresponding
NH2


+ , NHMe+ , and NMe2
+ salts by


means of density functional theory
(DFT), ab initio, and MMFF force
field calculations with and without
aqueous solvation models. The predic-
tions unambiguously pointed to axial
fluorine for all salts investigated, in-
cluding those with simultaneous axial F
and (N)Me. The calculations were fol-
lowed by synthesis of the correspond-
ing series of 4,4-diphenylpiperidinium


salts. These were evaluated by one-
and two-dimensional NMR spectrosco-
py in [D6]DMSO to fully corroborate
the axial disposition of the fluorine in
each of the compounds. X-ray crystal
structure determinations were likewise
performed for the diphenyl-3-fluoro
NH2


+ and NMe2
+ systems to substanti-


ate axial-F. Comparison of the X-ray
structures of the fluorinated and un-
fluorinated NMe2


+ salts reveals that
the fluorine resides axial in spite of
substantial steric compression. While
the charge-dipole phenomenon respon-


sible for the axial-F conformation in
the parent protonated fluoropiperidini-
um compounds carries over to doubly
alkylated salts, we show that it extends
to molecular orientation in the packing
of the unit cells in the solid state as
well. Finally, using the computational
methods that successfully motivated
our synthesis and structural work, we
have made predictions for a number of
new structures and re-examined some
parallel results reported by the Eliel
group in the early 1970s. Although C�
F···H�N hydrogen bonds are reported
to be weak and few in number, the
CF···HN charge-dipole orienting effect
is a powerful directing force that
matches the hydrogen-bond in both its
energetic contribution and conforma-
tional consequences.
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tributed to a four-center dipole–dipole interaction between
parallel CF and NH bonds as in 1 a. Recently, we reported
the operation of this effect in a molecule possessing a freely
rotating CH2F moiety.[9]


In the present work, we examine the proposition that re-
placement of (NH2)


+ with (NMe2)
+ provides chair piperi-


dines in which the axial fluorine survives in spite of appa-
rent steric congestion afforded by axial methyl and the short
C-N ring bonds. The study is supported by results of density
functional theory (DFT) predictions, chemical synthesis, and
detailed one- and two-dimensional NMR spectroscopy and
X-ray crystallographic analysis.


Results and Discussion


Preliminary predictions: That the fluorine atom(s) in proto-
nated 3-fluoro- and 3,5-difluoropiperidines prefer to occupy
an axial orientation was first predicted from the results of
molecular modeling. Both molecular mechanics (MM) and
quantum-mechanical methods (QM) unambiguously fore-
cast that the population of the F-axial conformer would
strongly dominate the equilibrium between the interconvert-
ing chair piperidines in both the gas phase and aqueous so-
lution. Follow-up synthesis and NMR evaluation of the equi-
librium positions of a number of analogues fully confirmed


these earlier predictions.[7,8] Table 1 displays typical results
for the protonated 3-fluoropiperidine 1 using the 6–
311G(d,p) basis set supplemented with DFT (Becke3 LYP),
MP2 correlation or a continuum solvation model (H2O). In
all cases, the axial fluorine conformer 1 a is estimated to
show a population above 99 % as observed. By comparison,
fluorocyclohexane in solution sustains an equatorial/axial
ratio in the range of 65:35 depending on the solvent.[10] Sub-
sequent investigations involving molecular modeling of the
conformational profile of an acyclic variant possessing the
NH/FC charge–dipole interaction was likewise substantiated
in all details by extensive NMR experiments.[9]


Accordingly, we considered a similar strategy to evaluate
the hypothesis that a cationic axial N-methyl group in piper-
idine 2 is sufficiently polar to induce fluorine at C-3 to
prefer an axial orientation. The intuitive basis for this ex-
pectation resides in the computational fact that N-methyl
groups with a formal charge on nitrogen redistribute that
charge primarily to the hydrogen atoms of the methyl group
when evaluated by quantum-chemical methods.[11, 12] We sur-
mised that the residual charge on hydrogen in the axial
methyl group of 2 would provide sufficient electrostatic pull-
ing power to induce the partially negatively charged fluorine
to occupy a position of closest proximity; that is, F-axial 2 a.
The equatorial form 2 b sacrifices the electrostatic attraction


Table 1. Absolute and relative energies for axial and equatorial conformers of piperidines and salts derived from DFT, MP2, and MMFF calculations
with and without a continuum solvation model.[a]


E(abs) [au] and DE(rel) [kcal mol�1] (pop %) MMFF/H2O
basis 1[b] DErel (%) basis 2[c] DErel (%) basis 3[d] DErel (%) DErel (%)[e]


1a �351.615 82 0.0 (99.99) �351.720 43 0.0 (99.5) �350.735 09 0.0 (99.6) 0.0 (99.6)
1b �351.607 28 5.4 (0.01) �351.715 50 3.1 (0.5) �350.729 97 3.2 (0.4) 3.3 (0.4)
2a �430.256 49 0.0 (99.9) �430.341 10 0.0 (97.6) �429.103 65 0.0 (97.2) 0.0 (99.5)
2b �430.250 05 4.0 (0.1) �430.337 56 2.2 (2.4) �429.100 28 2.1 (2.8) 3.1 (0.5)
4a �813.602 10 0.0 (99.95) �813.692 74 0.0 (100) 0.0 (99.8)
4b �813.594 89 4.5 (0.05) �813.691 97 9.8 (0.0) 3.8 (0.2)
5a �852.920 02 0.0 (99.95) �852.985 04 0.0 (99.3) 0.0 (99.7)
5b �852.912 80 4.5 (0.05) �852.980 72 2.9 (0.7) 3.4 (0.3)
6a �892.227 64 0.0 (99.8) �892.297 33 0.0 (99.7) 0.0 (99.7)
6b �892.221 73 3.7 (0.2) �892.291 77 3.5 (0.3) 3.4 (0.3)
11a �852.528 97 1.8 (4.6) �852.534 34 0.7 (23.5) 0.3 (37.6)
11b �852.531 96 0.0 (95.4) �852.535 46 0.0 (76.5) 0.0 (62.4)
18a �390.558 52 0.91 (17.7) �390.561 52 0.4 (33.0) �389.446 22 0.5 (30.1) 0.1 (45.8)
18b �390.559 98 0.0 (82.3) �390.562 18 0.0 (67.0) �389.446 96 0.0 (69.9) 0.0 (54.2)
19a �390.940 79 0.0 (99.5) �391.010 65 0.0 (95.1) �389.897 28 0.0 (96.0) 0.0 (94.4)
19b �390.932 32 5.3 (0.01) �391.006 31 2.7 (1.0) �389.892 69 2.9 (0.7) 3.6 (0.2)
19c �390.935 64 3.2 (0.5) �391.007 61 1.9 (3.9) �389.894 17 2.0 (3.3) 1.0 (5.4)
19d �390.928 61 7.6 (0.0) �391.002 37 5.2 (0.02) �389.889 30 5.1 (0.02) 4.9 (0.02)


[a] Compounds 4 a/4b, 5a/5 b, and 6 a/6b are conformers of compounds 12, 13, and 14, respectively. [b] Becke3 LYP/6–311G(d,p)//Becke3LYP/6–
311G(d,p) except for the diphenyl analogues 4–6 and 11 which employ Becke3 LYP/6–31G*//MMFF/GABA/H2O. [c] Becke3LYP/6–311G(d,p)/PCM//
Becke3LYP/6–311G(d,p)/PCM except for diphenyl analogues 4–6 and 11 which employ Becke3LYP/6–31G*/PCM//MMFF/GABA/H2O. [d] MP2/6–
311G(d,p)//Becke3 LYP/6–311G(d,p). [e] MMFF/GBSA/H2O.
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by placing the oppositely charg-
ed centers at a much greater
distance.


Such attraction is, of course,
offset by the close approach of
two axial substituents in the six-
membered ring. The cyclohex-
ane A-value for methyl is sub-
stantial (1.74 kcal mol�1),
whereas that for fluorine is con-
siderably less (0.25–0.42 kcal -
mol�1) but still positive.[10] The
values together signal a significant steric effect between ax-
ially disposed F and Me and imply that axial fluorine in 3,3-
dimethylfluorocyclohexane, 3, will be disfavored relative to
the equilibrium position in fluorocyclohexane. NMR meas-
urements for 3 in CS2 at �85 8C reveal an 0.64 kcal mol�1


free energy difference between axial and equatorial con-
formers corresponding to a population of 85 % for equatori-
al 3 b.[13] While the halogen atoms (Cl, Br, and I) in the


other 3,3-dimethylhalocyclohexanes are sufficiently bulky to
reveal no trace of the axial isomer by NMR spectroscopy,
the F···Me steric effect is surprisingly diminutive. Relative to
fluorocyclohexane, the presence of an axial methyl group in-
creases the conformational free energy by only 0.34 kcal -
mol�1 and decreases the axial population by just 15–25 %.
This can be understood by a comparison of the van der
Waals radii. The fluorine vdw radius (1.47 �)[14] is only 23 %
larger than that of hydrogen
(1.20 �), whereas that for chlor-
ine (1.75 �) is expanded by
46 %. Nevertheless, the confor-
mational equilibrium in 3 over-
whelmingly favors the equatori-
al conformer. Since the C�N
bonds in the piperidinium salt 2
are approximately 0.06 � short-
er than their C�C counterparts
in 3,[15,16, 17] the 1,3 diaxial steric
component of the total molecu-
lar energy for the former is ex-
pected to drive the equilibrium
even further in the direction of
the equatorial form.


With these considerations as
background, we performed cal-
culations for 2 a and 2 b as well
as for the 4,4-diphenyl ana-
logues 4 and 5. Specifically, the
conformers of 2 were optimized


with the density functional Becke3 LYP/6–311G(d,p) proto-
col both in the gas phase and in “water” using the polarized
continuum model of Tomasi and co-workers[18] and reevalu-
ated for energy using MP2 correlation. Similar to the results
for 1, the F-axial conformation is predicted to dominate at
> 99 %.


Structures 4–6 are too large for full DFT or ab initio opti-
mization. Therefore, they were optimized with the MMFF
force field[19] coupled to a continuum water model and em-
ployed in subsequent single point DFT calculations (Beck-
e3 LYP/6–31G*). Again both protio and methyl analogues
are posited to present axial-F (4 a–6 a) at the >99 % popula-
tion level (Table 1). Interestingly, the MMFF/GBSA/H2O
force field provides a very similar account of energies and
populations for 1 and 2. These molecular mechanics and
quantum-chemical calculations motivated the synthesis and
spectroscopic measurements described below.


Experimental justification for using the MMFF structures
in this context is documented in Table 2 and constitutes
comparison with the corresponding X-ray structures to be
discussed below. For the NH2


+ system 4 a, the (N)H···F dis-
tances determined by MMFF and X-ray structural analysis
are identical (2.60 �). Similarly, the C�N and C�F bond


Table 2. Selected distances and angles for pipiridines and salts[a] derived from Becke3LYP/6–311G** [b] and
MMFF/GABA/H2O optimization[c] and X-ray crystallography.[d]


Distances [�] q [8] f [8] f [8][e] q [8] f [8]
(N)H···F (XC)H···F (X)CCF XC�CF RX···CF MeXC MeX�CC


1a 2.311 – 104.8 60.2 1.7 60.2 1.7
1b 3.993 105.4 175.3 127.4 175.3 127.4
2a – 2.220 108.5 70.8 0.2 70.8 0.2
2b – 4.073 104.6 174.5 125.8 174.5 125.8
3a – 2.359 109.5 71.3 �1.3 71.3 �1.3
3b – 4.177 108.3 175.8 124.1 175.8 124.1
4a/12[d] 2.602 – 106.9 60.6 �7.2 – –
4a’ 2.468 – 106.4 59.2 �3.8 – –
4b’ – 4.046 108.4 -176.8 120.8 – –
6a/14[d] – 2.223 109.1 67.9 �4.4 111.2 �74.6
6a’ – 2.260 107.5 67.5 �3.9 111.6 �75.0
6b’ – 4.078 107.9 177.9 117.5 111.2 �74.6
11[d] – – 108.3 65.0 �124.5 110.8 177.5
11’ – – 106.9 65.6 �122.1 110.3 178.3
18a – – 108.9 69.1 �111.4 111.7 176.4
18b – – 108.2 178.0 �15.4 112.0 172.9


[a] Compounds 4a/4 b and 6 a/6b are conformers of compounds 12 and 14, respectively. [b] Basis set 2, Table 1.
[c] Structures marked with a prime (e.g. 4 a’) are force-field optimized. [d] Structures determined by X-ray
crystallography. [e] Improper torsions: Me�X···C�F or H�X···C�F, where X=N, C.


Chem. Eur. J. 2005, 11, 1579 – 1591 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1581


FULL PAPERPersistence of Axial Fluorine



www.chemeurj.org





lengths are within 0.01 �, whereas bond angles around the
C�F bond are within one degree. The cationic NHMe ana-
logue 5 a likewise shows excellent geometric agreement be-
tween modeled and crystallographic structures (Table 2).


Synthesis: Although we have analyzed the problem of 3-flu-
oropiperidine conformation in terms of a minimally substi-
tuted ring, we have elected to utilize the 4,4-diphenyl series
in the present investigation. Not only are these compounds
easily synthesized, but interpretation of 2D NMR spectra
and production of crystals for X-ray analysis are greatly sim-
plified. Preparation of the target 3-fluoro-4,4-diphenylpiperi-
dines 10–14 was initiated from the commercially available
Boc-protected piperidone 7 (Scheme 1). Using literature
procedures of the Terlings Park group,[20] fluorinated inter-
mediate 9 was prepared in two steps in 85 and 70 % yields,
respectively. Fluorinated diphenylpiperidine 10 was obtained
as a colorless oil (85%) by TfOH-catalyzed double electro-
philic addition to benzene using the procedure developed by
Klumpp et al.[21] Protonation and methylation provided salts
12–14 and the neutral piperidine 11. Compounds 11, 12, and
14 were crystallized to provide samples suitable for X-ray
crystallographic analysis (see below). The N-methyl proto-
nated salt 13 was not isolated but generated by protonation
in situ for analysis by NMR spectroscopy.


To compare fluorinated and unfluorinated salts, piperidine
16 was generated directly from commercially available 4-pi-
peridone 15 by the same procedure used for the preparation
of 10. Methylation provided the iodide salt 17, which was
subjected to X-ray crystallographic analysis.


Determination of the structure and conformation in
[D6]DMSO solution by NMR spectroscopy: The solution
structures of piperidinium salts 12 and 14 as well as the pro-
tonated form (CF3COOD) of the free base 11, namely 13,
were confirmed by extensive one- and two-dimensional


NMR (1H/13C/gCOSY/gNOESY/gHSQC/gHMBC) investi-
gations in [D6]DMSO. The results presented in Tables 3–6
summarize the 1H and 13C chemical shift assignments, the
1H, 1H, and 1H, 19F coupling constants, and the 19F chemical
shifts, respectively. The assignment strategy for this series of
compounds involved: 1) complete assignment of the protons
for each of the piperidines 12–14 using gCOSY, which pro-
vides information about proton coupling networks, and
gNOESY (Figure 1), which affords information about spatial
relationships (stereochemistry) via the nuclear Overhauser
effect; 2) use of the one-bond C,H correlation experiment
(gHSQC) for assignment of the protonated carbon atoms in
each of the piperidines, and 3) use of gHMBC for obtaining
H,C correlations two and three bonds away. Careful evalua-
tion of all of the measured coupling constants (Table 5) and
stereochemical information derived from the gNOESY ex-


Scheme 1. Synthesis of 10–14. a) TMSCl, Et3N, DMF; b) Selectfluor, CH3CN; c) TfOH, C6H6; d) CH3I, NaHCO3; e) HCl (g), CHCl3; f) CH3I, KOH, ace-
tone; g) TfOH, C6H6; h) CH3I, CH2Cl2.


Table 3. 1H chemical shift assignments for diphenylpiperidinium salts 12,
13, and 14 and free base 11; [D6]DMSO, 25 8C, ppm.[a]


Proton NH2
+ (12) NHMe+ (13) NMe2


+ (14) NMe (11)


H-2 ax 3.145 dd 3.357 dd 3.598 dd [b]


H-2 eq 3.607 t 3.909 t 4.074 t [b]


H-3 6.287 br.d 6.436 br.d 6.426 br.d 5.861 d
H-5 ax 2.513 t 2.526 t 2.588 t [b]


H-5 eq 3.056 d 3.217 d 3.196 d [b]


H-6 ax 2.699 t 2.865 t 3.100 t [b]


H-6 eq 3.263 d 3.494 d 3.676 d [b]


H-2’,6’ 7.405 dd 7.416 dd 7.427 dd 7.365 dd
H-3’,5’ 7.303 t 7.306 t 7.313 t 7.249 t
H-4’ 7.164 tt 7.164 tt 7.175 tt 7.108 tt
H-2’’,6’’ 7.423 dd 7.502 dd 7.504 dd 7.399 dd
H-3’’,5’’ 7.367 t 7.379 t 7.371 t 7.269 t
H-4’’ 7.234 tt 7.243 tt 7.248 tt 7.126 tt
N-Me –- 2.800 s 3.255 s (eq) 2.092 s


3.123 s (ax)


[a] All assignments were confirmed by 2D NMR (gCOSY, gNOESY,
gHSQC, gHMBC) experiments. [b] Shifts from 2.02–2.90 ppm broadened
presumably by proton exchange.
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periments provides a complete solution structure for each of
the fluoropiperidines. The 1H NMR spectra (400 MHz) of
piperidine salts 12–14 exhibited well-resolved proton signals
associated with both the piperidine ring and the two dis-
tinctly different phenyl rings (axial and equatorial). Resolu-


tion of scalar J-coupling and spatial relationships attributed
to the phenyl ring protons was crucial for derivation of an
unequivocal and self-consistent set of assignments for all 1H
and 13C signals in the diphenylpiperidine series.


An interesting feature of the 13C chemical shifts for 11
and 13 relates to calculated charge distribution. As noted
above, while the positive charge on ammonium salts is gen-
erally assigned intuitively to the more electronegative nitro-
gen atom, quantum-chemical charge calculations routinely
show it to have preferentially migrated to the hydrogen
atom of (N)H or to the protons of an N-methyl group
((NC)H3) leaving both N and C partially negatively charged
(see Figure 3 and S6 in the Supporting Information).[11]


13C NMR chemical shifts support this idea. For example, the
(N)Me 13C chemical shifts for neutral 11 and cationic 13 are
found at d= 45.3 and and 42.5 ppm, respectively; the methyl
carbon atom of the cation is more shielded (Dd=2.8 ppm)
than the corresponding carbon atom in the neutral species .
A similar relationship exists for carbon atoms C-2 and C-6
in the neutral and cationic systems yielding an average 13C
shielding of 1.9 ppm for the three carbon atoms bound to
the N atom in the protonated salt (cf. Table 4 and Figure S6
in the Supporting Information). The NBO[11,12] atomic charg-
es at carbon bonded to nitrogen for Becke3 LYP/6–
311G(d,p) optimized structures of 18 a and the correspond-
ing protonated cation 19 a are nearly equivalent with values
of �0.35, �0.22, �0.18 and �0.34, �0.20, �0.16, respectively
(see Figure S6 in the Supporting Information). While the
differences in the two sets of charges do not translate con-


veniently into 13C chemical shifts, they do suggest that, if
charges are a significant factor, then the shifts for the am-
monium cation should be similar to those for the neutral
amine as observed.


To put this analysis in perspective, we note that 13C chemi-
cal shifts are not fully attributable to atomic charge accumu-
lation. Unlike the diamagnetic shielding characterizing
proton chemical shifts (sd), 13C shifts are dominated by para-
magnetic shielding (sp). The latter is composed of three con-
tributions as expressed by the Ramsey–Karplus–Pople equa-
tion (sp� (1/DE)<1/r3> (�Qij)).[22] The DE and �Qij terms
correspond to electronic excitation to low-lying electronic
states and p-bonding, respectively. Since saturated carbon,
amines, and ammonium salts possess neither characteristic,
the contributions are expected to be relatively small. The <


1/r3> contribution is a radial distribution term reflecting the
average distance of 2p electrons from the nucleus. It paral-
lels the inductive effect at protons, and given the electron-
withdrawing effect of nitrogen, most likely makes the largest
contribution in the present cases to the chemical shifts of
C(N). Consequently, we regard it as plausible that the rela-
tive deshielding of the latter centers for 11 relative to 13


Table 4. 13C chemical shift assignments and nJC,F for diphenylpiperidinium
salts 12, 13, and 14 and free base 11; [D6]DMSO, 25 8C, ppm.[a]


Carbon NH2
+ (12) NHMe+ (13) NMe2


+ (14) NMe (11)


C-2 43.0 52.8 60.3 55.1
2JC,F =21.0 2JC,F = 20.7 2JC,F =19.3 2JC,F =20.2


C-3 88.0 89.1 89.4 90.9
1JC,F =174.5 1JC,F = 173.6 1JC,F =175.8 1JC,F =173.8


C-4 46.8 46.5 46.5 47.4
2JC,F =19.8 2JC,F = 20.2 2JC,F =19.9 2JC,F =17.9


C-5 25.3 26.3 23.9 29.8
C-6 39.7 50.4 58.6 51.0
C-1’ 144.3 144.5 143.8 144.2 br
C2’,6’ 125.8 126.4 126.5 126.8
C3’,5’ 128.4 128.6 128.6 128.1
C-4’ 126.2 126.4 126.5 125.7
C-1’’ 141.5 141.3 141.2 144.4 br


3JC,F =6.7 3JC,F = 7.0 3JC,F =7.2
C2’’,6’’ 126.5 126.7 126.6 127.1
C-3’’,5’’ 129.1 129.4 129.4 128.5
C-4’’ 126.8 127.0 127.1 126.0
N-Me – 42.5 (eq) 56.6 (eq) 45.3 (eq)


51.1 (ax), JC,F =6.5


[a] All assignments were confirmed by 2D NMR (gCOSY, gNOESY,
gHSQC, gHMBC) experiments.


Table 5. 1 H,1H, and 1H,19F coupling constants for diphenylpiperidinium
salts 12, 13, and 14 ; [D6]DMSO, 25 8C, Hz.


J(H,H) or J(H,F) NH2
+ (12) NHMe+ (13) NMe2


+ (14)
2J(H,H)
2J2ax,2eq �14.4 �13.8 �14.5
2J5ax,5eq �16.1 �15.0 �16.3
2J6ax,6eq �13.0 �11.3 �13.6
3J(H,H)
3J5ax,6ax 12.6 12.5 12.4
aromatic rings
3J2’,3’=


3J6’,5’ 8.3 8.2 8.2
3J4’,3’=


3J4’,5’ 8.3 8.2 8.2
4J2’,4’=


4J6’,4’ 1.6 1.6 1.6
3J2’’,3’’=


3J6’’,5’’ 8.3 8.2 8.2
3J4’’,3’’=


3J4’’,5’’ 8.3 8.2 8.2
4J2’’,4’’=


4J6’’,4’’ 1.6 1.6 1.6
2J(H,F) or 3J(H,F)
2JH-3,F 42.9 40.5 42.8
3JH-2ax,F 40.0 40.5 39.3
3JH-2eq,F 10.4 11.8 10.7
3JH-2eq,F 10.7 11.8 10.7


Table 6. 19F chemical shifts for diphenylpiperidinium salts 12, 13, and 14 ;
[D6]DMSO, 25 8C, ppm.[a,b]


NH2
+ (12) NHMe+ (13) NMe2


+ (14)


�193.8 �192.7 �190.1


[a] 19F chemical shifts are expressed in ppm relative to external
CF3COOH (TFA) (d=�76.4 ppm) relative to CFCl3 (d= 0.00 ppm).
[b] The 19F chemical shift for the free base of the N-Me compound in
[D6]DMSO was observed at d=�189.6 ppm.
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owes its origin in large measure to the sizeable negative
charge at nitrogen-bonded carbon in the ammonium cation.


The influence of the fluorine atom on the proton spectra
of piperidines 12–14 provides a valuable marker for assess-
ing structure and conformation. Characterized by 19F spin–
spin coupling (vicinal) to each of the equatorial and axial
protons at C-2 of the piperidine ring and by spin-spin cou-
pling to the proton at C-3 (geminal coupling, Figure 1a), the
spectra are completely compatible with observations report-
ed earlier for 3-fluoropiperidine hydrochloride 1 a in D2O
solution.[7]


The fluorine atom also exhibits spin-spin coupling to
carbon atoms in the immediate “local neighborhood” proxi-
mal to the fluorine (Figure 1b). Fluorine coupling to C-3
(1JC,F), C-2, and C-4 (2JC,F) and the ipso-carbon of the axial
phenyl ring C-1’’ (3JC,F) was observed for piperidines 12–14.
The latter assignments were rendered unequivocal on two
counts. First, the proton signals originating from each of the
phenyl rings were clearly observable, and second the axial
and equatorial nature of each phenyl ring could be evaluat-
ed from a combined analysis of the gCOSY, gNOESY,
gHSQC, and gHMBC two-dimensional NMR data. For the
dimethylpiperidinium compound 14, a long-range 13C,19F
coupling from the fluorine atom to the axial methyl group
was also observed (6.5 Hz). This type of coupling, mediated
by means of a through-space F···H interaction, has been ob-
served in fluorinated steroid systems between an axial
(beta) fluorine at C-6 and the angular methyl group at C-
19.[23]


The solution conformational profile for all three piperidi-
nium salts 12–14 is consistent with an essentially exclusive
axial fluorine atom located at C-3. This is clearly indicated
by: 1) the large (40.5–42.9 Hz) vicinal 3JH,F coupling constant
between the fluorine atom attached to C-3 and the axial


proton at C-2 for each of the
salts (Table 5), 2) a large vicinal
3JH,H coupling constant (12.4-
12.6 Hz) between axial protons
at C-5 and C-6, and 3) the sub-
stantial coupling (6.7–7.2 Hz,
Table 4) between the fluorine
atom and the ipso-carbon atom
C-1’’ of the axial phenyl ring.
With respect to 1), the maxi-
mum observed vicinal 3JH,F for
an F-C-C-H dihedral angle of
1808 (47–48 Hz) occurs in cyclo-
hexanes.[24,25] The somewhat re-
duced values observed for pi-
peridinium salts 12–14 (40.5–
42.9 Hz), the largest thus far
observed for this type of 3JH,F


coupling, result from attenua-
tion by the electronegative
charged ring nitrogen. Nonethe-
less, they correspond to a fully
anti F-C-C-H dihedral angle as


predicted by a carefully parameterized Karplus relationship
for 3JH,F for couplings.[24] Thus, couplings 1)–3) in
[D6]DMSO are consistent with a conformationally biased pi-
peridinium system in which the equatorial conformers are
populated to such a minimal extent that only the axial con-
formers make a significant contribution to the NMR spectra.
They likewise conform in detail to the computational predic-
tions that 12–14 exist as the axial conformers 4 a–6 a, respec-
tively, in polar solution (Table 1).


The axial and equatorial methyl groups bonded to the ni-
trogen atom in piperidine 14 are clearly differeniated by the
gNOESY measurements. The axial methyl shows NOE
cross peaks to the equatorial protons at C-2 and C-6, the
axial proton at C-5, and the equatorial methyl group attach-
ed to the nitrogen atom. The latter displays NOE cross
peaks to both axial and equatorial protons attached to C-2
and C-6 and to the axial N-methyl group. In protonated 11,
namely 13, the methyl group bonded to the nitrogen atom
exhibits NOE cross peaks only to the axial and equatorial
protons at C-2 and C-6. No cross peaks were observed from
the N-methyl group to the axial proton at C-5 strongly sug-
gesting that protonation of 11 to give 13 occurs in an axial
manner. This point is elaborated below in connection with
calculations of the relative energies for the four isomers
19 a–19 c.


The 1H NMR spectrum of the neutral piperidine 11 was
also investigated as a preliminary to generating its protonat-
ed form 13. In both CDCl3 and [D6]acetone (400 MHz,
25 8C) although the aromatic and N-Me protons are sharp,
the remaining ring protons (including the 2-H(CF)) are
somewhat broad indicative of dynamic broadening. Raising
the temperature of the sample to 50 8C in the NMR spec-
trometer causes sharpening of the ring proton signals. Spec-
ulating that the latter was due to residual HI from N-meth-


Figure 1. Scalar and cross relaxation pathways from NMR analysis of piperidines 12, 13, and 14 ; a) 3J(H,F);
b) 3J(C,F); c) piperidine ring NOE cross-peaks; d) NOE cross-peaks associated with the 4,4-phenyl rings.
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ylation and/or HCl from deuterated chloroform, we stirred
the CDCl3 NMR sample with basic alumina, evaporated it
to dryness, and took up the residue in C6D6. The resulting
1H NMR spectrum (25 8C) proved to be sharp, well-resolved
and nearly identical to the CDCl3 spectrum recorded at
50 8C. Slow equilibration between neutral 11 and a low con-
centration of its protonated form, 13, appears to be respon-
sible for the line broadening.


X-ray crystallography and charge distribution: Single-crystal
X-ray structure determination has been carried out for pi-
peridine 11 and piperidinium salts 12, 14, and 17. The results
are in complete accord with the present and previous[7,8]


NMR measurements, but for the first time structural details
for the 3-fluoropiperidinium salts are available. Selected in-
ternal variables for 12 are depicted in Figure 2a. Most strik-


ing is the geometry around the NH···FC dipoles. The H···F
separation at 2.60 � is clearly outside values ascribed to the
usual hydrogen-bond, as are the N�H···F and H···F�C
angles. The latter and the improper NH···FC torsion
(f(NH···FC) �6.98) do reflect, however, that the N�H and
C�F bonds are nearly parallel and planar. The geometry is
precisely that required for a strong dipole–dipole association
accompanied by a charge–dipole component as illustrated
by structure 1 a and Figure 3a. We note that although a
dipole moment cannot be assigned to a charged molecule,


local intramolecular dipole–dipole interactions nonetheless
operate. In the present case, the atomic charge calculations
depicted in Figure 3a and Figure S6 in the Supporting Infor-
mation suggests that the C�F and N�H bond dipoles are of
similar magnitude. A more graphic illustration compares the
electrostatic potential energy surface of conformational iso-
mers 1 a and 1 b in Figure 4. The F-axial form clearly brings
two charge-complementary surfaces together.


Within the Becke3 LYP/6–311G(d,p)/PCM solvation
model, the axial isomer 1 a is less solvated than equatorial
1 b by 3.6 kcalmol�1, a number slightly higher than that pre-
viously derived by AMSOL calculations.[7] In water, al-
though the equatorial form is computed to be more stabi-
lized by solvation, the axial form persists with an advantage
of at least 2.5 kcal mol�1 based on the lack of observation of
the equatorial form by NMR spectroscopy or X-ray crystal-
lography. Accordingly, the intramolecular NH···FC interac-
tion is suggested to amount to >4–6 kcal mol�1, a quantity
generally associated with another more familiar type of non-
covalent interaction; namely, a reasonably strong hydrogen
bond.


A similar analysis for the fluorodimethylpiperidinium
salts 2 a and 2 b likewise indicates the equatorial isomer to
be favored by solvation in the PCM aqueous continuum
model; DDGsolv(eq�ax)=�2.0 kcal mol�1. Nonetheless only
F-axial 6 a/14 is observed both in solution and in the solid
state. For 1 a, with the (N)H···F(C) separation at the van der
Waals boundary (2.60 versus 2.67 �, the sum of F (1.47) and
H (1.20) radii),[14] the axial halogen is a balance between
coulombic and solvation forces. For dimethyl compound 2 a,
the situation appears to be a bit more complicated, since
1,3-diaxial repulsion effects would appear to be involved as
well. Figure 2b illustrates that for 6 a/14 the H···F separation
of 2.22 � is 0.45 � below the sum of the van der Waals
radii, as is the C···F distance of 2.91 � (vdW sum=3.17 �;
Dr=0.26 �). The crowding is manifested by subtle but coor-
dinated atom movements in the molecule. Comparison with
the unfluorinated dimethyl salt 17 provides a measure of the
effect. Figure 2b and c illustrate that the NMe2 group and


Figure 2. Selected internal variables from the X-ray structures of piperidi-
nium salts; a) 12 (4a), the NH···FC local geometry; improper torsion
f(NH···FC)=6.98 ; b) 14 (6a), (N)CH···F local geometry; improper tor-
sion f((N)CH···FC) =40.68 ; and c) 17, local geometry around N+Me2.


Figure 3. Mulliken charges obtained at the Becke3LYP/6–311G(d,p)
level. a) 1a ; b) 2a.


Figure 4. Chair conformers of piperidinium salt 1 (Becke3LYP/6–
311G(d,p) optimized) complemented by HF/6–31G(d,p) electrostatic po-
tential surfaces; blue corresponds to regions of strong positive charge,
while red reflects strong negative charge; a) and c) equatorial 1 b ; b) and
d) axial 1a.
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the C�F bond in 6 a/14 have retreated from one another.
Thus, the Me-N-Me angle is diminished, whereas the C-N-
Me and Me-N-centroid angles are enlarged in 17 relative to
those in 14 reflecting the backward movement of the axial
N-methyl group. Similarly, fluorine backpedaling in 6 a/14 is
indicated by the slight reduction in the C4-C-F bond angle
relative to that in 12 (Figure 2a). Accompanying these angu-
lar deformations, slight stretching of the N�Me and C�F
bonds is observed in 6 a/14. Although each individual struc-
tural variation in the latter is small, the cumulative changes
make it clear that the compacted F and Me atoms are at-
tempting to minimize 1,3-diaxial steric repulsion. It is impor-
tant to add that the relative errors in the bond lengths and
angles, ~0.008 � and 0.58, respectively, are well below the
deformations noted above.


Remarkably, the combination of solvation favoring the F-
equatorial conformation and the repulsive elements inherent
in the F-axial conformer are insufficient to favor the F-equa-
torial form for 6 a/14 in either solution or the solid state.
The short intramolecular distances (Figure 2b) and comple-
mentary electrostatic forces shown in Figure 3b appear to be
the source of conformational preference. While calculated
partial charges are well known to arise as a consequence of
the partitioning scheme,[26] the depicted values nonetheless
reflect the distribution expected for a significant Me···F at-
traction as well as charge polarization in the methyl group
to maximize the interaction.[11] A very similar set of partial
charges obtain for the MMFF optimized structure 4 a evalu-
ated as a single point at the Becke3 LYP/6–31G* level
(Table 1). Within the PCM aqueous continuum model, the
charges shown in Figure 3 are attenuated by 5–10 % for 4 a,
but otherwise present the identical picture. A somewhat dif-
ferent distribution would arise by including explicit water
molecules in the calculation, although it will certainly offer
the same qualitative description.


Finally, we have also obtained the X-ray crystal structure
of the neutral fluorinated piperidine 11. Surprisingly, the
compound displays an axial fluorine. Given that both NMR
and the conformational analysis (Table 1) suggest that the
two conformers exist side by side in a dynamic equilibrium,
the molecule must enjoy stabilizing interactions with neigh-
boring molecules in the solid state. The unit cell analysis
presented below provides a clear basis for this viewpoint.


Interaction within the unit cells : Examination of the unit
cells for the piperidine crystal structures reveals a number
of interesting features. For compound 11, the rings present
as dimers as illustrated in Figure 5. Reminiscent of the
methyl–fluorine interaction in 4 a/12 (Figure 2b and Fig-
ure 3b), the fluorine is associated with C�H bonds adjacent
to centers bearing electronegative atoms at distances just
below the van der Waals sum (2.52–2.54 � versus the vdW
sum of 2.67 �[14]). It is difficult to distinguish whether the in-
teractions in free amine 11 are energetically productive, or
simply allowable. Nevertheless, the atomic associations are
entirely consistent with observations described above and
below.


Quaternary salts 4 a/12 and 6 a/14 evidence intermolecular
contacts very similar to those observed intramolecularly for
6 a/14. The latter, for example, presents a pair of CH bonds
adjacent to the nitrogen center in a chelating type arrange-
ment with fluorine as shown in Figure 6a. The H···F separa-


tions are well below the van der Waals radii, and the 2.3–
2.4 � separations are only 0.08–0.18 � longer than the cor-
responding intramolecular distances. It is safe to conclude
that the forces between molecules in the crystal are not
benign, but provide association energies of the same order
of magnitude as that sustained by NMe and F in the same
molecule. Surprisingly, protonated 4 a/12 does not involve
NH···FC association in the crystal, but shows NCH···FC en-
counters instead (Figure 6b). Apparently, the diaxial intra-
molecular forces are sufficiently strong to damp cross-mole-
cule interactions at the NH2


+ center in the crystal. Again
the intermolecular distances are identical to those observed
in 6 a/14 with presumably the same consequences for crystal
stability.


Further possible examples of the charge–dipole effect : The
predominance of axial fluorine in 6/14 makes it clear that
the CF···MeN+ interaction is significant. This raises the
question as to whether there is an effective competition be-
tween the latter and the CF···HN+ interaction in 5/13. X-ray
and NMR analyses for the compound allow the conclusion
that the piperidine ring sustains a trans-diaxial interaction
between fluorine and the C2 vicinal proton. However, no in-
formation has been forthcoming regarding the simultaneous
axial disposition of both the N-methyl group and the fluo-
rine atom in 5/13, that is, 19 d.


Figure 5. Chair CH···FC interactions in the X-ray crystal structure of 11;
H···F separations are given in �.


Figure 6. Intermolecular CH···FC interactions in the X-ray crystal struc-
tures of 6 a/14 (a) and 4 a/12 (b); H···F separations are given in �.
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The issue has been examined by evaluating the four con-
formers 19 a–19 d with DFT/H2O supplemented by single
point MP2/H2O calculations (Table 1). The form with F-


axial and methyl group equatorial, 19 a, is the global mini-
mum with a predicted population of 95–96 % in agreement
with the X-ray structure for 5 a. However, the axial–axial
conformer 19 d is posited to participate in the equilibrium at
298 K with a population of 3–4 %. The A-value for methyl-
cyclohexane (1.75 kcalmol�1)[10] corresponds to the same
population for the axial-methyl group conformation. The
relatively short N�C bond lengths in the ring most certainly
occasion steric repulsion as described for 6 a/14 (Figure 2).
Yet the double axial system 19 d compensates electrostatical-
ly such that the energy penalty amounts to only that of a
single axial methyl in cyclohexane. In an effort to obtain ex-
perimental verification of the presence of the conformation
represented by 19 d, the gNOESY spectrum of 13 was care-
fully examined for a cross peak between the N-methyl
group and the axial proton at C-5. If such a cross-peak is
present, it proved too weak to observe. Finally, the F-equa-
torial isomers 19 b and 19 c are estimated to contribute
<1 % to the dynamic equilibrium.


Three additional structures, 25–27, appeal to us as inter-
esting synthetic targets that would extend the principles de-
scribed in this work. Both 25 and 26 can, in principle, exist
as triaxial and axial-di-equatorial conformers in solution.


Using the solvent-based methods described above (e.g.
Becke3 LYP/6–31G*/PCM/H2O//MMFF/GABA/H2O), we
predict that the triaxial forms will predominate with predict-
ed populations of >99 and 54 % (298 K), respectively. The
nearly 50:50 population for axial and equatorial isomers of
di-tert-butyl compound 26 is surprising. Like 6 a/14, the axial
isomer is crowded with predicted F···H distances ranging
from 2.1–2.3 � (cf. Figure 2). However, the axial tert-butyl
group for the optimized structure is not symmetrically dis-


posed above the ring plane. It rotates one of its methyl
groups to provide maximal interaction with only one of the
two axial F atoms. Once again electrostatic F···H interaction
appears responsible for the predicted outcome. As is well-
known, calculated atomic charge distribution alternates
down a chain of atoms. In 26, the 6–31G(d,p) natural
(NBO) charges[11] for the chain N-C(ax-tBu)-C-H varies as
follows: �0.32, + 0.16, �0.71, + 0.24 (+ 0.26, +0.27). The
corresponding Mulliken charges on the protons of the CH3


group near the axial F atoms are +0.14, + 0.15, and + 0.19.
As a result, the coulombic interactions between the tBu
group and the axial F atom (�0.42 (NBO), �0.39 (Mul-
liken)) in 26 are of the same order of magnitude as for axial
6 a/14 (cf. Figure 3). Figure S5 in the Supporting Information
provides an illustration of the tBu methyl group···ax-F at-
traction similar to that shown in Figure 4 and Figure 7.[27]


Thus, in spite of the severe axial crowding, a significant pop-


ulation of the diaxial fluorine conformation is predicted.
Structure 27 can sustain three chair piperidine conforma-
tions for the fluorine pairs: ax–ax, eq—ax, and eq–eq. These


are prognosticated to equili-
brate with populations of >99,
<0.01, and <0.01 % (298 K),
respectively.


Finally, while this work and
its recent precursors[7,8,9] focus
exclusively on the conforma-
tional properties of fluoropiper-


idines, it is not the first effort to take advantage of electro-
static effects to tip the balance in favor of axial orientation
in six-membered rings. Substitution of cyclohexanol and its
benzoate with electronegative groups at C-4 elicits eq/ax
ratios from 49/51 to 26/74 at low temperatures.[28] Piperidine
salts with RO, Br, and F at C-4 provide a similar spread for
eq/ax conformers.[29,30] Dimethylpiperidinium ions with OH
and OAc at C-3 were reported to give eq/ax ratios of 49/52
and 34/66, respectively, in perdeuteromethanol.[28] These


Figure 7. Chair conformers of dimethylpiperidinium salt 2 (Becke3LYP/
6–311G(d,p) optimized) complemented by HF/6–31G(d,p) electrostatic
potential surfaces; blue corresponds to regions of strong positive charge,
while red reflects strong negative charge; a) and c) equatorial 2 b ; b) and
d) axial 2a.
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ratios correspond to a relative stabilization of the axial con-
former by 0.1–0.8 kcal mol�1. Even more striking is the posi-
tion of the acid-catalyzed chemical equilibrium in substitut-
ed dioxolanes 28 reported in a series of publications by the
Eliel group.[31]


Of particular relevance to the present work are the charg-
ed substituents X=Me2S


+ , NH3
+ , NHMe2


+ , and NMe3
+ all


of which were shown to exist as 28 a. The latter was deter-


mined to be more stable than 28 b by >2.0 kcal mol�1 corre-
sponding to an axial population of >97 % at 298 K in vari-
ous polar carboxylic acid solvents. To examine the consisten-
cy of these results with our own, we have modeled the con-
figurational diastereomers of 28 for X= NH3


+ and NMe3
+


with the Becke3 LYP/6311G(d,p)/PCM//MMFF/GABA/H2O
protocol. Both ammonium substituents are predicted to
favor the axial form 28 a by 4–6 kcal mol�1 in agreement
with observation. The optimized structures are fully compat-
ible with those derived for the piperidines (Figure 8). Specif-


ically, for 28 a (X= NH3
+) the calculated NH···O distance of


2.60 � is very similar to that derived for the NH···F separa-
tions in 1 a, 4 b/12, and 5 a/13 (2.60 �, Figure 2) Likewise,
the closest (NCH2)H···O distance in 28 a (X= NMe3


+) is
2.61 �, slightly longer than the (NCH2)H···F separation in
14 and 19 c (2.22 �). Equally important are the dipole orien-
tations. As with the piperidines discussed above, the NR
and CO bonds do not satisfy the classical hydrogen bonding
geometries, instead conforming to a favorably oriented
charge–dipole or dipole–dipole interaction. In 12/4 a and
28 a (X=NH3


+) the improper torsions f(NH···XC) are 6.9
and 5.68, respectively, whereas the bond angles around the
NH and XC centers (X=F and O) are similar (cf. Figure 2
and Figure 8). A comparison of the N-methylated systems
14/6 a and 28 a (X=NMe3


+) demonstrates a similar corre-
spondence. In this pair of comparisons, the two parallel C�
O bonds in the dioxane rings of 28 plays the same role as
the single C�F bond in the fluoropiperidines.


Summary and Conclusions


Predictions based on density functional theory that 3-fluoro-
piperidine salts exist exclusively as the F-axial conformers
have been substantiated by the synthesis of a series of 4,4-
diphenyl analogues, detailed analysis of the conformation by
NMR spectroscopy in D2O and X-ray crystallography. Of
particular importance is the finding that the N,N-dimethyl
salt 14, like its less encumbered NH2


+ and NHMe+ counter-
parts, was predicted and then established to likewise display
axial-fluorine in solution and the solid state in spite of con-
siderable diaxial steric compression. Short range CH···FC
charge–dipole interactions mediated by positive charge ac-
cumulation at hydrogen atoms of the N-methyl groups are
sufficient to counterbalance the latter. An overall energetic
advantage for axial fluorine is estimated to be 4–6 kcal -
mol�1, very similar to that of a strong hydrogen bond. The
intramolecular phenomenon appears to be more general as
illustrated by its intermolecular operation in the solid state
for 11, 12, and 14 as well. The surprising appearance of axial
fluorine in neutral 11 in the crystal is attributable to this
source.


Three additional points are noteworthy. First, the use of
the MMFF force field to optimize molecular geometries fol-
lowed by single-point large basis set DFT and/or MP2 calcu-
lations provides energy differences that are equivalent to
using a full quantum-chemical treatment throughout (cf.
Table 1). This strategy should prove useful in evaluating
larger structures that push the limits of computational re-
sources. Second, the MMFF/DFT strategy has been applied
to the analysis of a series of previously reported dioxolanes
28 that exhibit unusual conformational profiles. The charge–
dipole effect in both its geometric and energetic manifesta-
tions carries over to such cyclic structures as it does to acy-
clic systems.[9] The phenomenon is certainly general and
likely to express itself broadly across biologically active
small molecules[32,33, 34] and protein systems alike.[35] In this
context we have predicted that a series of highly crowded
structures (25–27) should also conform to the F-axial para-
digm.


Finally, while the conformational analysis of any number
of substituted cyclohexanes and piperidines yields a mixture
of rapidly equilibrating conformers,[1,27,28, 29] the 3-fluoropi-
peridine salts are satisfyingly “clean”. Yet the energy differ-
ence is certainly no more than 2–3 kcal mol�1, a quantity at-
tributable to a small but productive charge attenuated
dipole–dipole interaction. It is conceivable that the over-
whelming axial bias in 3-fluorinated piperidines can be used
productively in organic synthesis. The substitution might be
used to guide the regiochemistry of a synthetic reaction or
to control product stereochemistry in the spirit of a chiral
auxiliary. Subsequent reductive removal of fluorine would
restore the unhalogenated heterocycle.


Figure 8. Selected internal variables from MMFF/GBSA/H2O optimiza-
tion of Eliel and Alcudia�s axial dioxanes; a) 28a (X=NH3


+) the
NH···OC local geometry; the improper torsion f(NH···OC)=5.68 ; b) 28a
(X= NMe3


+) the (NC)H···OC local geometry; the improper torsion
f((N)CH···OC)= 62.68.
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Experimental Section


General : Melting points were determined by using a Thomas–Hoover ca-
pillary melting point apparatus and are reported without correction.
Mass spectrometric analysis was provided by the Emory University Mass
Spectrometry Center. Routine proton and carbon NMR spectra mea-
sured during synthesis were obtained on Varian Inova-400 (400 MHz) or
Varian Inova-600 (600 MHz) spectrometers. Solvent for NMR was deu-
teriochloroform with residual chloroform (d=7.26 ppm for proton and
d=77.7 ppm for carbon) taken as internal reference and reported in
parts per million (ppm). TLC and preparative thin-layer chromatography
(PTLC) were performed on precoated, glass-backed plates (silica gel 60
F254; 0.25 mm thickness) from EM Science and were visualized by UV
lamp. Chromatography was performed with silica gel (230–400 mesh
ASTM) or neutral alumina (80–200 mesh) from EM Science using the
“flash” method.[36] Elemental analyses were performed by Atlantic Mi-
crolab Inc. Norcross, Georgia. All solvents and other reagents were pur-
chased from Aldrich Chemical Co., Milwaukee. The reagents were used
as received. All reactions were performed under anhydrous nitrogen at-
mosphere in oven-dried glassware.


1-tert-Butoxycarbonyl-1,2,3,6-tetrahydro-4-(trimethylsilyloxy)pyridine
(8):[20] To a stirred solution of 7 (995 mg, 5 mmol) in dry DMF (5 mL)
was added TMSCl (0.76 mL, 6 mmol) and then dry Et3N (1.68 mL,
12 mmol). The mixture was stirred at 80 8C overnight (about 20 h), dilut-
ed with hexane, and washed with NaHCO3 (3 � 5 mL). The organic layer
was washed with brine and dried over Na2SO4. Purification by chroma-
tography using hexane/EtOAc (9:1) as eluent gave 8 (1.15 g, 85%) as a
colorless oil: 1H NMR (400 MHz, CDCl3): d=0.20 (s, 9H), 1.45 (s, 9 H),
2.15 (m, 2H), 3.52 (t, J =5.7 Hz, 2 H), 3.85 (m, 2H), 4.78 ppm (m, 1H).


1-tert-Butoxycarbonyl-3-fluoro-4-piperidone (9):[20] Selectfluor reagent
(3.9 g, 11 mmol) was added to a stirred solution of 8 (2.71 g, 10 mmol) in
dry MeCN (100 mL) at 0 8C, warmed to room temperature for about
1.5 h, then poured into EtOAc (20 mL), washed with brine, and dried
over Na2SO4. The product was first purified by chromatography using
hexane/EtOAc (2:1) as eluent, then rechromatographed on alumina
using MeOH/EtOAc (5:95) as eluent to give 9 (493 mg, 70%) as a color-
less oil: 1H NMR (400 MHz, CDCl3): d= 1.50 (s, 9 H), 2.48–2.60 (m, 2H),
3.20–3.27 (m, 2 H), 4.18 (m, 1H), 4.44 (m, 1 H), 4.84 ppm (m, 1 H).


4,4-Diphenyl-3-fluoro-piperidine (10): TfOH (0.5 mL) was added drop-
wise to a stirred solution of 9 (10 mg, 46 mmol) in dry benzene (0.5 mL).
The solution was stirred at room temperature for 2.5 h, then poured into
CHCl3 (5 mL), washed with saturated NaHCO3, dried over MgSO4, con-
centrated in vacuo, and purified by chromatography with EtOAc/MeOH/
Et3N (3:1:0.01) as eluent. Compound 10 was obtained as a colorless solid
(10.0 mg, 85%): m.p. 65–67 8C; 1H NMR (600 MHz, CDCl3): d= 1.88 (m,
1H), 2.51 (m, 2H), 2.78–2.82 (m, 1 H), 3.00–3.04 (m, 1 H), 3.14 (dd, J=


14, 35 Hz, 1 H), 3.24–3.26 (m, 1 H), 5.48 (m, 1H), 7.14–7.35 ppm (m,
10H); 13C NMR (600 MHz, CDCl3): d=32.57, 42.43, 46.89, 46.90, 47.02,
47.04, 90.92, 92.09, 126.21, 126.46, 127.01, 127.30, 128.43, 128.90, 143.86,
143.90, 145.99 ppm; MS (FAB+): m/z : 256.2.


N-Methyl-4,4-diphenyl-3-fluoro-piperidine (11): To a solution of 4,4-di-
phenyl-3-fluoropiperidine 10 (20 mg, 80 mmol) in dry dichloromethane
(2 mL) was added iodomethane (11 mg, 80 mmol) and saturated NaHCO3


(20 mL). The reaction was monitored by TLC, which showed that starting
material had disappeared after 20 min. The mixture was quenched with
aqueous NaHCO3 and extracted with dichloromethane (2 � 5 mL). The
combined organic phases were washed with brine, dried over anhydrous
Na2SO4, and purified by chromatography with EtOAc/MeOH (3:1) as
eluent to give compound 11 as a colorless solid (10 mg, 47%): 1H NMR
(600 MHz, CDCl3): d=2.28 (s, 3H), 2.40 (m, 1 H), 2.48–2.50 (m, 1 H),
2.66 (m, 1H), 2.73–2.81 (m, 2H), 2.95 (m, 1H), 5.52 (m, 1H), 7.15–
7.37 ppm (m, 10 H); X-ray crystal structure.


4,4-Diphenyl-3-fluoro-piperidine·HCl (12): Piperidine 10 (57 mg,
0.24 mmol) dissolved in CHCl3 (5 mL) was treated with hydrochloride
gas for 2 h to form the hydrochloride salt. Recrystallization from MeOH/
diethyl ether gave 12 as a white solid (58 mg, 83%): m.p. 184–185 8C;
1H NMR (600 MHz, CDCl3): d=2.73 (br t, 1H), 3.07–3.12 (m, 2H), 3.50


(m, 1H), 3.57 (d, J=14 Hz, 1 H), 3.78 (t, J =11 Hz, 1H), 6.21–6.28 (m,
1H), 7.25–7.49 ppm (m, 10H); MS (FAB+): m/z : 256.3; X-ray crystal
structure.


N-Methyl-4,4-diphenyl-3-fluoropiperidine·TFA (13): Piperidine 11 was
taken up in [D6]DMSO and its proton and 13C NMR spectra recorded.
Subsequently, two drops of trifluoroacetic acid (TFA) were added to the
NMR tube and the corresponding spectra of the salt were recorded. See
Table 3 and Table 4 for the spectra. No attempt was made to isolate the
compound beyond this exercise.


N,N-Dimethyl-3-fluoro-4,4-diphenylpiperidinium iodide (14): Compound
10 (79 mg, 0.31 mmol) was treated with potassium hydroxide (119 mg,
2.12 mmol) in acetone. The reaction mixture was refluxed for 20 min,
then iodomethane (1 mL) was added dropwise to the mixture. After re-
fluxing for 2 h, the reaction mixture was filtered and the filtrate was
evaporated to furnish a white solid; recrystallization from MeOH/diethyl
ether delivered 14 as a white solid (90 mg, 71 %): m.p. 278—280 8C;
1H NMR (600 MHz, D2O): d=3.04–3.17 (m, 2 H), 3.12 (s, 3 H), 3.33 (s,
3H), 3.34–3.37 (m, 2H), 3.68 (d, J =13 Hz, 1 H), 3.83 (dd, J =15, 39 Hz,
1H), 4.08 (t, J=12 Hz, 1 H), 6.29 (m, 1H), 6.27–7.50 ppm (m, 10H); MS
(FAB+): m/z : 284.4 [M�I]+ ; elemental analysis calcd (%) for C19H23FNI:
C 55.47, H 5.60, N 3.41; found: C 54.89, H 5.62, N 3.36; X-ray crystal
structure.


N,N-Dimethyl-4,4-diphenylpiperidinium iodide (17): 1-Methyl-4-piperi-
done (15) (8.0 mmol, 0.9 g) was dissolved in dry benzene (5 mL), treated
with TfOH (5 mL), and stirred at room temperature for 3 h. The reaction
mixture was then poured into ice- water, neutralized with NaHCO3 (s),
and extracted with CHCl3 (3 � 10 mL). The combined organic phase was
washed with brine, dried with MgSO4, and concentrated in vacuo to give
diphenylpiperidine 16 (2.0 g) as a white solid (quantitative yield), which
was used for the next step without further purification. Compound 17
was prepared by refluxing a solution of 16 (251 mg, 1.0 mmol) in CH2Cl2


(5 mL) and CH3I (1.0 mL) for 1 h. After removal of the solvent, the resi-
due was recrystallized from MeOH/diethyl ether to obtain a light yellow
solid 17[37] (350 mg, 89%): m.p. 302–303 8C; MS (FAB+): m/z : 266.4
[M�I]+ ; X-ray crystal structure.


NMR spectroscopy: For the detailed structural work on piperidines 11,
12, 13, and 14 the NMR data was collected on a Varian INOVA-400
high-resolution NMR spectrometer equipped with a 5-mm Nalorac 4N
Plus probe. The 1H, 13C, and 19F observation frequencies were 400, 100,
and 376 MHz, respectively. Samples were dissolved in [D6]DMSO
(Isotec) and run in 5-mm NMR tubes (Wilmad 535) at 25 8C. The
carbon-13 multiplicity was deduced from the gradient-enhanced-HSQC
(gHSQC) heterocorrelation data, the APT (attached proton test), and/or
the DEPT-135 experiments. All other two-dimensional experiments
(gCOSY, gNOESY, gHMQC) were the gradient-enhanced versions[38] as
provided in the Varian VNMR 6.1B version of the software.


Crystal structure analysis : The best available crystals of 11, 12, 14, and 17
were coated with Paratone N oil, suspended in small fiber loops, and
placed in a cooled nitrogen gas stream at 100 K on a Bruker D8 SMART
1000 CCD sealed tube diffractometer with graphite-monochromated
CuKa (1.54178 �) radiation. Data were measured by using a series of
combinations of phi and omega scans with 10 s frame exposures and 0.3 8
frame widths, except for 11 that had 30 s frame times. Data collection, in-
dexing, and initial cell refinements were all carried out using SMART[39]


software. Frame integration and final cell refinements were done by
using SAINT[40] software. All four data sets were corrected for absorption
using the program SADABS.[41]


The structures were solved by using direct methods and difference Fouri-
er techniques (SHELXTL, V5.10).[42] The hydrogen atoms were located
in difference Fourier maps or positioned by using the HFIX command in
SHELXTL, and were included in the final cycles of least-squares with
isotropic Uij values. All non-hydrogen atoms were refined anisotropically
in 11 and 17, but in 12 and 14 only the F, Cl, N and I, F atoms, respective-
ly, were anisotropically refined. Scattering factors and anomalous disper-
sion corrections are taken from the International Tables for X-ray Crys-
tallography.[43] Structure solution, refinement, graphics and generation of
publication materials were performed by using SHELXTL, V5.10 soft-
ware.
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CCDC-247306–CCDC-247309 contain the supplementary crystallograph-
ic data for compounds 11, 12, 14 and 17, respectively, in this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223–336–033; or e-
mail: deposit@ccdc.cam.ac.uk).


Computational aspects Molecular mechanics calculations were carried
out with MacroModel 6.5.[44] Ab initio and DFT calculations were per-
formed with the Gaussian 98 series of programs.[45] All structures were
geometry-optimized either with the solvent-enhanced MMFF/GBSA/
H2O force field (MacroModel 6.5), the DFT method Becke3LYP/6–
311G(d,p) or the latter coupled to the Tomasi continuum solvation
model for water[18] (PCM), that is, Becke3 LYP/6–311G(d,p)/PCM.
Single-point calculations were performed at three levels of theory: Beck-
e3LYP/6 31G*//MMFF/GBSA/H2O, Becke3LYP/6–311G(d,p)//MMFF/
GBSA/H2O, or MP2/6–311G(d,p)/PCM//Becke3LYP/6–311G(d,p)/PCM.
The HF/6–31G* electrostatic surfaces of Figure 4 and Figure 5 were gen-
erated within Spartan 02[46] from the MMFF-optimized structures. Con-
former populations were calculated by using a Boltzmann distribution at
298 K (or other temperature when specified). Unit cell analysis leading
to Figure 6 and Figure 7 were performed with CCD�s Mercury pro-
gram.[47]
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[MnIII
2 (5-Rsaltmen)2NiII(pao)2(L)]2+ : An ST =3 Building Block for a Single-


Chain Magnet That Behaves as a Single-Molecule Magnet


Hitoshi Miyasaka,*[a] Tomohiro Nezu,[a] Kunihisa Sugimoto,[c] Ken-ichi Sugiura,[a]


Masahiro Yamashita,[a, b] and Rodolphe Cl�rac*[d]


Introduction


An active research domain in the field of molecule-based
magnetism is devoted to the design of new molecular or


one-dimensional (1D) systems exhibiting slow relaxation of
their magnetization. This type of behavior was first observed
in molecular clusters often called single-molecule magnets
(SMMs).[1] Since the discovery of SMM behavior in the
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Abstract: MnIII-NiII-MnIII linear-type
trinuclear complexes bridged by oxi-
mate groups were selectively synthe-
sized by the assembly reaction of
[Mn2(5-Rsaltmen)2(H2O)2](ClO4)2 (5-
Rsaltmen2�=N,N’-(1,1,2,2-tetramethyl-
ethylene) bis(5-R-salicylideneiminate);
R=Cl, Br) with [Ni(pao)2(phen)]
(pao�= pyridine-2-aldoximate; phen =


1,10-phenanthroline) in methanol/
water: [Mn2(5-Rsaltmen)2Ni(pao)2-
(phen)](ClO4)2 (R=Cl, 1; R=Br, 2).
Structural analysis revealed that the
[MnIII-ON-NiII-NO-MnIII] skeleton of
these trimers is in every respect similar
to the repeating unit found in the pre-
viously reported series of 1D materials
[Mn2(saltmen)2Ni(pao)2(L1)2](A)2 (L1 =


pyridine, 4-picoline, 4-tert-butylpyri-
dine, N-methylimidazole; A=ClO4


� ,
BF4


� , PF6
� , ReO4


�). Recently, these


1D compounds have attracted a great
deal of attention for their magnetic
properties, since they exhibit slow re-
laxation of the magnetization (also
called single-chain magnet (SCM) be-
havior). This unique magnetic behavior
was explained in the framework of
Glauber�s theory, generalized for
chains of ferromagnetically coupled
anisotropic spins. Thus, in these 1D
compounds, the [MnIII-ON-NiII-NO-
MnIII] unit was considered as an ST =3
anisotropic spin. Direct-current mag-
netic measurements on 1 and 2 confirm
their ST =3 ground state and strong


uniaxial anisotropy (D/kB��2.4 K), in
excellent agreement with the magnetic
characteristic deduced in the study on
the SCM series. The ac magnetic sus-
ceptibility of these trimers is strongly
frequency-dependent and characteristic
of single-molecule magnet (SMM) be-
havior. The relaxation time t shows a
thermally activated (Arrhenius) behav-
ior with t0�1 � 10�7 s and Deff/kB�
18 K. The effective energy barrier for
reversal of the magnetization Deff is
consistent with the theoretical value
(21 K) estimated from jD jS2


T. The
present results reinforce consistently
the interpretation of the SCM behavior
observed in the [Mn2(saltmen)2Ni-
(pao)2(L1)2](A)2 series and opens new
perspectives to design single-chain
magnets.


Keywords: heterometallic com-
plexes · magnetic properties ·
single-chain magnets · single-
molecule magnets
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mixed-valent MnIII=IV
12 cluster [Mn12O6(O2CCH3)12(H2O)4],[2]


a large number of transition-metal-based SMM clusters
have been reported.[3–9] In these materials, the slow relaxa-
tion of the magnetization is induced by individual molecules
and the combined effect of their uniaxial anisotropy (D)
and high-spin ground state (ST). These two characteristics
create an energy barrier (D= jD jS2


T for integer spin and D=


jD j (S2
T�1/4) for half-integer spin) between the two thermo-


dynamically equivalent spin configurations �ms, that is, be-
tween spin-up and spin-down states. Therefore, below a
characteristic temperature called the blocking temperature
TB, the thermal energy is no longer able to overcome the
energy barrier and allow the spin to explore the two config-
urations. Thereby, the spin is trapped or “frozen” in one of
the two equivalent potentials. This molecular property can
be observed at the bulk level when a magnetic field is ap-
plied at which the magnetization of the material saturates
below TB. Thus the relaxation time of the magnetization t


can be measured as a function of temperature by using the
direct time dependence of the magnetization or the frequen-
cy dependence of the ac susceptibility. It exhibits thermally
activated behavior [Arrh�nius law, Eq. (1)], where t0 is a
pre-exponential factor characteristic of the molecular
system, Deff the effective energy barrier (equal to D when
quantum tunneling of the magnetization is not efficient),
and kB the Boltzmann constant.


tðTÞ ¼ t0exp
�


Deff


kBT


�
ð1Þ


Recently, a few 1D systems,[10–13] so-called single-chain
magnets (SCMs),[11a] have also been reported, which exhibit
a slow relaxation of the magnetization like SMMs. This be-
havior has been described in the framework of Glauber dy-
namics, developed in the 1960s for chains of ferromagneti-
cally coupled Ising spins. According to this theoretical work,
the relaxation time of the magnetization can be described
[Eq. (2)][14] , as Ĥ=�2 JFS2


T


P
i


sis(i+ 1), where ti is a pre-ex-


ponential factor introduced phenomenologically by Glauber
to describe the individual reversal dynamics of Ising spins
(ST) composing the chain, JF is the ferromagnetic interaction
between ST spins along the chain, and s=++1 or �1.


tðTÞ ¼ tiðTÞexp
�


8 JFS2
T


kBT


�
ð2Þ


Recently, SCM behavior was reported for different type
of chains (homo- or heterospin systems in ferro- or ferri-
magnetic arrangements),[10–13] and the Glauber theory has
been treated as a rough approach to describe their magnetic
behavior.[10,11a, 13] Although a unified theoretical approach
has not yet been developed for understanding the SCM be-
havior of all these materials, the series of 1D materials
[Mn2(saltmen)2Ni(pao)2(L1)2](A)2 (saltmen2�= N,N’-(1,1,2,2-
tetramethylethylene) bis(salicylideneiminate); pao�=pyri-
dine-2-aldoximate; L1 = pyridine, 4-picoline, 4-tert-butylpyri-


dine, N-methylimidazole; A= ClO4
� , BF4


� , PF6
� , ReO4


�)
offered us the opportunity to generalize Glauber�s approach
in the case of a finite anisotropy D.[11b, c] Indeed, these com-
pounds proved to be the prototypical SCM example of a
chain with ferromagnetically coupled spins and finite aniso-
tropy. Detailed experimental analyses of their magnetic be-
havior allowed us to estimate that the repeating spin units
constituting the chains have an ST = 3 spin ground state, a
large uniaxial anisotropy D/kB��2.5 K, and are ferromag-
netically coupled along the chain (JF/kB�+0.7 K) (Sche-
me 1).[11a,b] Generalizing Glauber�s theory, we expressed the


thermal variation of the relaxation time t(T) as a function
of the characteristics of the repeating unit [Eq. (3)][11b,c] ,
where t0 is a pre-exponential factor characteristic of the re-
peating unit.


tðTÞ ¼ t0exp
�
ð8 JF þ jDjÞS2


T


kBT


�
ð3Þ


Therefore, the energy gap D is no longer jD jS2
T [or jD j


(S2
T–1/4)] observed for an SMM, or 8JFS2


T for an SCM with
ferromagnetically coupled Ising spins, but (8 JF + jD j )S2


T for
the case of a SCM with ferromagnetically coupled aniso-
tropic spins. In these compounds, the effective energy gap
has been measured as Deff/kB�70 K, which compares with a
theoretical estimate of 73 K from (8 JF + jD j )S2


T. Based on
this work, we can imagine a case in which the repeating
units of the previous chain are independently separated as
JF�0. This would allow us 1) to probe directly their intrinsic
magnetic characteristics (ST and D), and 2) to confirm the
results reported for the SCM materials. Moreover, if the
magnetic characteristics of these compounds are preserved
when isolated, they should exhibit SMM behavior with an
energy gap of Deff/kB = jD jS2�22 K.


Scheme 1.
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To probe these ideas, we synthesized two new MnIII-NiII-
MnIII trinuclear compounds: [Mn2(5-Rsaltmen)2Ni(pao)2-
(phen)](ClO4)2 (R=Cl, 1; Br, 2). Here we describe the syn-
thesis, crystal structures, and detailed magnetic properties of
these compounds having a core in every respect similar to
the repeat unit of the SCM materials introduced above.


Results and Discussion


Starting materials and synthesis of the trinuclear com-
pounds : In solution MnIII salen-type Schiff base complexes
are present as an equilibrium mixture (Scheme 2) of a mon-
omeric form [Mn(SB)(S)2]


+ and an out-of-plane dimeric
form [Mn2(SB)2(S)2]


2+ (SB: salen-type Schiff base ligand, S:
unidentate solvent ligand).[15] In the Mn/saltmen series, the
dimeric species have in many cases been found in the solid
state, although their geometry depends dramatically on
packing and ligand-field donation of unidentate ligands (i.e. ,
solvent molecules S or counter anions).[15] Therefore, it was
not surprising to find that the freshly synthesized Mn/5-


Rsaltmen2� (R= Cl and Br) precursors adopt an out-of-
plane dimeric geometry, [Mn2(5-Rsaltmen)2(H2O)2](ClO4)2,
in the solid state, as shown in Figure 1 a for R=Br. Never-
theless, the monomeric form [Mn(5-Rsaltmen)(MeOH)2]-


ClO4 can be also isolated by re-
crystallizing the dimeric species
from MeOH/water (Figure 1 b
for R=Br). Although both
dimer and monomer could thus
be involved in assembly reac-
tions with a coordination
donor, the present work is de-
voted to the assembly reaction
of the out-of-plane dinuclear
complexes [Mn2(5-Rsaltmen)2-
(H2O)2](ClO4)2 (R=Cl, Br) with
NiII precursors (vide infra).


NiII pyridine-2-aldoximate
(pao�) complexes [NiII-
(pao)2(bpy)] and [NiII(pao)2-
(phen)] (bpy =2,2’-bipyridine,
phen=1,10-phenanthroline),[16]


were chosen as the coordina-
tion donor and used for the
first time in assembly reactions.Scheme 2.


Figure 1. Structures of out-of-plane dimer (a) and monomer (b) for the
MnIII(5-Brsaltmen) complex (50 % probability thermal ellipsoids). Hy-
drogen atoms are omitted for clarity.
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These Ni complexes have six conformational isomers,
namely, NO-trans-(D,L), py-trans-(D,L), and cis-(D,L), in
which trans and cis are defined by the arrangement of the
two pao� ligands around the NiII ion (Scheme 3). Although
these Ni complexes should be able to explore the different
conformations in solution, both NiII precursors have always
been isolated as a racemic mixture of the NO-trans confor-
mations in the crystal.[16] The racemic mixture was employed
in the following assembly reactions.


The assembly reactions of [Mn2(5-Rsaltmen)2(H2O)2]-
(ClO4)2 (R=Cl, Br) with [Ni(pao)2(L2)] (L2 =2,2’-bpy, 1,10-
phen) in a molar ratio of 1:2 were carried out in MeOH/
H2O. [NiII(pao)2(bpy)] leads under most reaction conditions
to a mixture of products. By using [Mn2(5-Brsaltmen)2-
(H2O)2](ClO4)2 in the reaction, the 2:1 chain form, analo-
gous to the [Mn2(saltmen)2Ni(pao)2(L1)2](A)2 series,[11a,b] was
finally isolated.[17] A similar reaction with [Mn2(5-Clsalt-
men)2(H2O)2](ClO4)2 led to two cases of production of a
mixture of 2:1 chain and 2:1 trimer species and production
of 2:1 chain. The former was found when the reaction was
carried out in MeOH/H2O, in which the mixture ratio was
strongly influenced by the reaction procedure, while the
latter was found when it was carried out in MeOH/EtOH.[17]


When [NiII(pao)2(phen)] was employed, trinuclear com-
plexes [Mn2(5-Rsaltmen)2Ni(pao)2(phen)](ClO4)2·n·solvent
(R=Cl, 1; Br, 2) are systematically and reproducibly ob-
tained as brown needlelike microcrystalline materials in
high yield. Single crystals for X-ray crystallography and
magnetic measurements were obtained by slow diffusion in


MeOH/H2O (see Experimental Section). These synthetic re-
sults illustrate how the type of ligand (5-Rsaltmen or bpy/
phen) influences the final architecture in these systems, for
example, ligand field at the metal center, ligand–metal inter-
action, and packing effects.


Structural description : Compounds 1 and 2 were structurally
characterized by single-crystal X-ray analysis. The two com-
pounds are isostructural, having a similar unit cell and the
same space group of P21/c (no. 14). ORTEP plots of the cat-
ions of 1 and 2 are depicted in Figure 2. Selected bond
lengths and angles are summarized in Table 1. In the asym-
metric cationic trinuclear unit, two [MnIII(5-Rsaltmen)]+


groups (R=Cl, Br) and an NiII(pao)2(phen) unit are linked
through oximate bridges of the NiII moiety to form a [MnIII-
ON-NiII-ON-MnIII] linear motif.


The NiII ion has a distorted octahedral coordination
sphere with two bidentate pao� and one phen molecule.
Therefore the Ni moiety exhibits two chiral conformations
D and L in which the pao� ligands are arranged in a cis
mode with a NO-trans positions (see Scheme 3). The NO-
trans forms of Ni precursor are thus preserved in the assem-
bly process.[16] The oximato functions of the Ni(pao)2(phen)
moiety are coordinated to the MnIII ion of [Mn(5-Rsalt-
men)]+ groups at their apical position with bond lengths
and angles of Mn(1)�O(3) 2.063(3), 2.065(4) �; Mn(2)�
O(4) 2.062(3), 2.059(4) �; Mn(1)-O(3)-N(3) 136.2(2),
136.7(4)8 ; and Mn(2)-O(4)-N(5) 136.3(2), 135.6(4)8, respec-
tively, for 1 and 2. Slightly smaller Mn-O-N bending angles
(131.8–134.98) and longer apical Mn�Ooximato bond lengths
(2.100–2.122 �)were found in the family of [Mn2(saltmen)2-


Ni(pao)2(L1)2](A)2 compounds.[11a,b] Whereas the coordina-
tion sphere of the Mn sites in these 1D compounds is clearly
octahedral with a Jahn–Teller distortion, the Mn ions in the
present trinuclear compounds assume a square-pyramidal
geometry. The vacant apical position of the usual octahedral
MnIII geometry is however weakly in contact with the 5-R
(R=Cl, Br) group of neighboring trimeric units
(Mn(1)···Cl(4)* 3.492(1), Mn(2)···Cl(2)** 3.347(1) � for 1,
and Mn(1)···Br(4)* 3.561(1) and Mn(2)···Br(2)** 3.418(1) �
for 2, with the following symmetry operation: * 1+x, 1/2�y,
1/2+z ; ** �1+x, 1/2�y, �1/2+z). The Mn···Cl distances
are slightly shorter than the Mn···Br distances, in agreement
with the higher electronegativity of Cl. The equatorial Mn�
X bond lengths (X=N or O of the 5-Rsaltmen2� ligand) are
in the range of 1.859(5)–1.990(6) �, significantly shorter
than the apical Mn�Ooximato bond, as expected for a Jahn–
Teller distortion.


The packing arrangement of the trinuclear units in 1 is
shown in Figure 3 (the same view can be obtained for iso-
structural 2). The Mn-Ni-Mn axes of the trinuclear units are
located in the ac plane with a ···D,L,D,L··· alternating ar-
rangement of the Ni moieties along the c axis, and
···D,D,D,D··· or ···L,L,L,L··· arrangements along the a axis.
The shortest intermolecular metal–metal distance is 7.54 �
for 1 and 7.59 � for 2 [Mn(1)···Mn(2)], found between mol-
ecules along the a axis (metal–metal distances between mol-


Scheme 3.
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ecules along the c axis range from 10.34 to 10.45 � for 1,
and from 10.39 to 10.51 � for 2 ; and those in the a+c direc-
tion are 8.95 � for 1 and 9.34 � for 2). Close contacts of the
Mn ions with the 5-R atoms (R=Cl for 1 and Br for 2) of
neighboring molecules (dashed lines in Figure 3) form a
quasi-1D chain. Furthermore, p–p stacking of the phenyl
rings of the 5-Rsaltmen2� ligand between neighboring mole-
cules (C···C 3.27–3.54 � for 1 and 3.26–3.63 � for 2) forms a
two-dimensional array of trinuclear units.


Magnetic properties : The dc magnetic susceptibility was
measured on a polycrystalline sample of 1 and 2 in the tem-
perature range of 1.8–300 K at an applied field of 1 kOe.
The magnetic properties of the two isostructural compounds
are, as expected, almost identical and hence only the data of
1 are shown (see Supporting Information for 2). Above
120 K, the susceptibility obeys the Curie–Weiss law with C=


6.5 and 6.6 cm3 K mol�1 and q=


�41 and �42.4 K for 1 and 2,
respectively. The Curie con-
stants are in reasonable agree-
ment with the value expected
for a magnetically diluted spin
system consisting of two S= 2
MnIII ions and one S= 1 NiII


ion. Moreover, the negative
Weiss constant indicates the
presence of dominant antiferro-
magnetic exchange interaction
between spin carriers. As ob-
served for the [Mn2(saltmen)2-


Ni(pao)2(L1)2](A)2 series (q�
�25 to �35 K), the Weiss con-
stant principally reflects mag-
netic interactions between MnIII


and NiII through the oximato
bridge.[11b] As shown in Fig-
ures 4 and S1 (Supporting Infor-
mation), cT gradually decreases
from 300 K (5.83 and
5.69 cm3 K mol�1 for 1 and 2, re-
spectively) to a minimum at
about 72 K (4.83 and
4.68 cm3 K mol�1 for 1 and 2).
Below 72 K, cT first increases
to reach a maximum at 22 K
(5.18 and 4.98 cm3 K mol�1 for 1
and 2) before its final decrease
down to 1.17 and
1.27 cm3 K mol�1 at 1.82 K for 1
and 2, respectively. Based on
the structural description of 1
and 2 and the trinuclear nature
of the compound, an MnIII-NiII-
MnIII model (SMn =2, SNi =1)
was used to fit the magnetic
data.[11a] A Heisenberg Hamilto-


nian was used to derive the susceptibility [Eq. (4)], where J
is the exchange interaction between MnIII and NiII ions
through the �ON� bridge, ST the total spin operator of the
trimer (ST =SMn1 +SNi +SMn2), and STz is the projection of ST


along the magnetic field Hz applied in the z direction.


Ĥ ¼ �2 JfŜMn1 � ŜNi þ ŜNi � ŜMn2g þ gmBSTzHz ð4Þ


Fitting of the experimental data was only possible down
to 45 K and led to a first estimation of J of around �22 K
for both compounds. Although this model was able to repro-
duce qualitatively the minimum of cT, this was not the case
for its final decrease below 22 K (Figure 4, blue line). Anti-
ferromagnetic interactions between trinuclear units (result-
ing from intermolecular p–p stacking and Mn···X weak con-
tacts that mainly produce a two-dimensional interacting net-
work, as shown in Figure 3) and anisotropic effects (induced


Figure 2. Structure of trinucear Mn-Ni-Mn cations in a) 1 and b) 2 with the atomic numbering scheme for se-
lected atoms (50 % probability thermal ellipsoids). Hydrogen atoms are omitted for clarity.
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by the zero-field splitting, ZFS, of the metal ions) are proba-
bly responsible for the low-temperature magnetic behavior
and hence should be taken into account. Therefore, as a first
approach, intertrinuclear interactions were introduced in the
previous model in the mean-field approximation
[Eq. (5)][18] , where z is the number of next-neighbour trinu-
clear units and J’ is the average magnetic interaction be-
tween trinuclear compounds.


c ¼ ctrinuclear


1� 2zJ0


Ng2m
2
B


ctrinuclear
ð5Þ


As shown Figure 4 (red line), this model reproduces quali-
tatively well the magnetic data with J/kB =�24.3(1) K, g=


2.00(2), and zJ/kB =�0.18(2) K for 1 (with J/kB =


�24.0(1) K, g=1.97(2), and zJ/kB =�0.19(2) K for 2). The
obtained J values are in good agreement with those estimat-
ed for related materials. Indeed, J has been estimated to
range between �21 and �26 K in the family of SCMs
[Mn2(saltmen)2Ni(pao)2(L1)2](A)2


[11a,b] and in a series of Ni-
Mn-Mn-Ni tetranuclear complexes [Mn(5-R-saltmen)Ni-
(pao)(bpy)2]2(ClO4)4 (R=H, Cl, Br, MeO).[19] The antiferro-
magnetic interaction J between MnIII and NiII ions via
�ON� bridges leads to an ST = 3 ground state for both trinu-
clear compounds. As seen in Figure 4 below 10 K, antiferro-
magnetic interactions between trimers evaluated around
�0.2 K are not able to completely reproduce the experimen-
tal data, that is, the anisotropy may be relevant to improving
the model. Instead of making a heavy numerical procedure
to model the susceptibility including J, g, zJ, and D, a de-
tailed analysis of the dependence on magnetization field was
made to determine these two last parameters.


The field dependence of the magnetization was measured
up to 70 kOe and down to 1.82 K (Figure 5 for 1 and Fig-
ure S2 for 2 (Supporting Infomation) without observation of
hysteresis. At this lowest temperature and before a quasilin-
ear regime of the magnetization above 40 kOe, a step in the
field dependence appears at 9.986 and 9.380 kOe, respec-
tively, for 1 and 2 (values obtained from dM/dH versus H


Figure 3. Packing diagram of 1 projected on the ac plane. The edge-to-
edge (e-to-e) and face-to-face (f-to-f) p–p stacking interactions are la-
beled. Dashed lines indicate Mn···Cl contacts.


Figure 4. Temperature dependence of cT for 1 at 1 kOe. The solid blue
and red lines are the fits for model with Heisenberg Mn-Ni-Mn trinuclear
units and the same model taking into account interactions between these
units in the mean-field approximation, respectively (see text). Inset: En-
larged view of the low-temperature region.


Table 1. Bond lengths [�] and angles [8] around metal ions for 1 and 2 with esti-
mated standard deviations in parentheses.


Atom 1 2 Atom 1 2


Mn1�O1 1.877(3) 1.876(5) Mn1�O2 1.872(2) 1.859(5)
Mn1�N1 1.983(3) 1.974(5) Mn1�N2 1.985(3) 1.976(5)
Mn1�O3 2.063(3) 2.065(4) Mn1···X4[a] 3.492(1) 3.561(1)
Mn2�O5 1.882(3) 1.888(5) Mn2�O6 1.891(3) 1.884(5)
Mn2�N9 1.985(3) 1.990(6) Mn2�N10 1.987(3) 1.978(6)
Mn2�O4 2.062(3) 2.059(4) Mn2···X2[b] 3.347(1) 3.418(1)
Ni1�N3 2.059(3) 2.060(5) Ni1�N4 2.069(3) 2.073(5)
Ni1�N5 2.054(3) 2.057(5) Ni1�N6 2.082(3) 2.090(5)
Ni1�N7 2.057(3) 2.059(6) Ni1�N8 2.085(3) 2.089(6)
Ni1-N3-O3 123.3(2) 124.0(4) N4-Ni1-N3 79.0(1) 79.1(2)
N5-Ni1-N3 172.6(1) 172.4(2) N6-Ni1-N3 97.3(1) 97.1(2)
N7-Ni1-N3 93.5(1) 93.4(2) N8-Ni1-N3 89.8(1) 90.1(2)
N5-Ni1-N4 94.9(1) 95.0(2) N6-Ni1-N4 91.4(1) 92.5(2)
N7-Ni1-N4 170.7(1) 170.2(2) N8-Ni1-N4 94.0(1) 93.3(2)
Ni1-N5-O4 122.7(2) 122.9(4) N6-Ni1-N5 78.6(1) 78.2(2)
N7-Ni1-N5 92.9(1) 93.0(2) N8-Ni1-N5 94.8(1) 95.1(2)
N7-Ni1-N6 95.1(1) 94.7(2) N8-Ni1-N6 171.8(1) 171.5(2)
N8-Ni1-N7 80.3(1) 80.3(2) O3-Mn1-O1 92.4(1) 92.8(2)
O2-Mn1-O1 90.6(1) 91.2(2) N1-Mn1-O1 92.0(1) 91.7(2)
N2-Mn1-O1 156.5(1) 155.7(2) O3-Mn1-O2 103.2(1) 102.5(2)
N1-Mn1-O2 169.4(1) 170.2(2) N2-Mn1-O2 92.3(1) 92.3(2)
Mn1-O3-N3 136.2(2) 136.7(4) N1-Mn1-O3 87.0(1) 86.7(2)
N2-Mn1-O3 109.5(1) 109.9(2) N2-Mn1-N1 81.3(1) 81.3(2)
Mn2-O4-N5 136.3(2) 135.6(4) O5-Mn2-O4 91.1(1) 92.3(2)
O6-Mn2-O4 103.0(1) 102.0(2) N9-Mn2-O4 87.9(1) 87.8(2)
N10-Mn2-O4 106.0(1) 107.0(2) O6-Mn2-O5 92.1(1) 93.0(2)
N9-Mn2-O5 91.6(1) 91.1(2) N10-Mn2-O5 160.8(1) 158.4(2)
N9-Mn2-O6 168.3(1) 169.2(2) N10-Mn2-O6 92.4(1) 92.5(2)
N10-Mn2-N9 80.7(1) 80.1(2)


[a] Symmetry operation: 1 +x, 1/2�y, 1/2 +z. [b] Symmetry operation: �1 +x,
1/2�y, �1/2+ z.
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plots, inset to Figure 5 and Figure S2 in the Supporting In-
formation). By attributing this field Hex to a field induced
parallel alignment of antiferromagnetic coupled ST =3 trinu-
clear units,[20] zJ’ can be estimated at �0.22(2) and
�0.21(2) K for 1 and 2, respectively.[21,22] These values are in
excellent agreement with those deduced from the mean-
field approach (vide supra) used to fit the temperature de-
pendence of the susceptibility. Moreover, these intertrinu-
clear interactions would eventually lead to long-range anti-
ferromagnetic ordering at a critical temperature roughly es-
timated (from the mean-field approximation: TN =


2 zJST(ST + 1)/3 kB) as 1.76 and 1.66 K for 1 and 2 respective-
ly. Therefore, at 1.82 K these compounds are probably not
in their long-range antiferromagnetic ordered state but are
nevertheless strongly correlated. In this case, the short-
range order allows us to estimate the intertrinuclear interac-
tions. Above 40 kOe, the magnetization linearly increases
with increasing applied field to reach 4.8 and 4.7 mB at
70 kOe for 1 and 2, respectively. The fact that saturation is
not observed up to 70 kOe highlights the strong anisotropy
of the material. Considering that above 40 kOe only the
hard direction of the anisotropy still resists the field align-
ment of the magnetization,[23] D can be estimated by extrap-
olating the linear behavior of the magnetization to its value
at complete saturation Msat =gST. The anisotropic fields
were estimated to be Ha�107 kOe for 1 and 109 kOe for 2.
These values yield an anisotropic parameter D for the trinu-
clear unit close to �2.40(5) K in both cases.[24] To confirm
this result, D was also obtained from the analysis of the re-
duced magnetization plot M versus H/T by taking into ac-
count that only the ground state ST = 3 is populated in the
experimental temperature range of 1.8–4.5 K and between
40 and 70 kOe[20] (Figure 6 for 1 and Figure S3 in the Sup-
porting Information for 2). Without ZFS contribution, the
various isofield magnetization curves should be superim-
posed and M would saturate at Msat. The nonsuperimposi-
tion of these plots clearly indicates the presence of ZFS. As
seen in Figure 6, their numerical simulations yielded D/kB =


�2.30(5) and �2.31(5) K for 1 and 2, respectively. These


values are in very good agreement with those estimated
from Ha and also very close to those reported for [Mn2(salt-
men)2Ni(pao)2(py)2](ClO4)2 (D/kB =�2.5 K).[11c] The de-
tailed analysis of the dc magnetic measurements has clearly
established the magnetic characteristics of these trinuclear
ST =3 anisotropic compounds (J, g, and D) and also the
magnetic interaction between them (zJ). All these parame-
ters are summarized in Table 2.


As observed for single-molecule magnets, the presence of
a uniaxial anisotropy D creates an energy barrier D/kB = jD j
S2


T between the two ms =�3 levels. From the magnetic char-
acteristics of 1 and 2 deduced from the dc measurements, D/
kB can be estimated to be around 21 K (Table 2), and there-
fore SMM behavior should be observed. To probe this possi-
bility, the ac magnetic susceptibility was measured in these
two compounds. The measurements were performed on
polycrystalline samples of 1 and 2 in the temperature range
of 1.8–5 K at zero dc field and with an 3 Oe ac field. In-
phase (c’) and out-of-phase (c’’) components of the ac sus-
ceptibility are shown in Figure 7 for 1 and in Figure S4 in
the Supporting Information for 2. As expected for an SMM,
both c’ and c’’ components are strongly dependent on fre-


Figure 5. Field dependence of the magnetization for 1 at 1.82 K. The
dashed line represents the expected saturation of the magnetization at
Msat =gST, where g is the Land� factor deduced from the cT fitting
(Table 2). The solid red line is a linear fit of the high-field magnetization,
and its intersection with Msat corresponds to Ha. Inset: Numerical deriva-
tive of M relative to H as a function of H.


Figure 6. Plot of M versus H/T for 1 in the temperature range below
4.5 K. The solid lines are simulated curves (see text).


Table 2. Magnetic characteristics of the trinuclear complexes 1 and 2.


1 2


J/kB [K] �24.3(1) �24.0(1)
g 2.00(2) 1.97(2)
D/kB [K][a] �2.4(5) �2.4(5)
D/kB [K][b] �2.30(5) �2.31(5)


zJ/kB [K][c] �0.18(2) �0.19(2)
zJ/kB [K][a] �0.22(2) �0.21(2)
D/kB [K][d] 21.1(1) 21.2(1)
t0 [s][e] 1.2(1) � 10�7 1.5(1) � 10�7


Deff/kB [K][e] 18.3(1) 18.2(1)


[a] From analysis of M versus H curves. [b] From plots of reduced mag-
netization. [c] From analysis of the temperature dependence of the mag-
netic susceptibilities. [d] Calculated from the average value of the D pa-
rameters reported in this table. [e] Deduced from analysis of the ac sus-
ceptibility (see Figure 8).
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quency n, and a single relaxation mode of the magnetization
is observed.


Experimentally, the temperature dependence of the relax-
ation time t can be obtained at a given frequency, from the
temperature of the maximum in the c’’ versus T plot, also
called the blocking temperature TB (t(TB)=1/2 pn). There-
fore, plots of t versus 1/T can be deduced for 1 and 2
(Figure 8). Between 3 and 1.8 K, the relaxation time follows
an Arrhenius behavior with effective activation energies
Deff/kB of 18.3(1) and 18.2(1) K and pre-exponential factors
t0 of 1.2(1) � 10�7 and 1.5(1) �10�7 s for 1 and 2, respectively.
The Deff/kB values are slightly lower than that of D/kB =21 K


calculated from the ZFS parameters and the spin ground
state of these compounds (Table 2). This was already noted
in other SMM systems[4a] and has been attributed to quan-
tum tunneling of the magnetization, which allows the mag-
netization to find an alternative route of relaxation. There-
fore, this effect reduced the thermal energy barrier found
experimentally at low temperatures.


Conclusion


Two MnIII-NiII-MnIII linear trinuclear compounds 1 and 2
have been synthesized, structurally characterized, and mag-
netically investigated. These complexes have the same [Mn-
ON-Ni-NO-Mn] core as the repeating unit of the 1D chain
compounds [Mn2(saltmen)2Ni(pao)2(L1)2](A)2. For these 1D
materials, the slow relaxation of the magnetization (i.e. ,
SCM behavior) was first described on the basis of Glauber�s
theory[14] for chains of ferromagnetically coupled Ising
spins.[11a] Since the repeating unit has experimentally a finite
anisotropy D, the theory was extended to chains of ferro-
magnetically coupled anisotropic spins with a generalized
description that explained well the experimentally observed
relaxation of magnetization.[11b,c] Therefore, the magnetic
characteristics of this repeating unit (i.e., spin ground state
and anisotropy) play a crucial role in obtaining and under-
standing SCM behavior. In the present work, these charac-
teristics were directly obtained by investigating a discrete
unit of 1 and 2 having effectively an ST = 3 ground state with
a large uniaxial anisotropy around �2.4 K. These results
thus confirm the corresponding parameters obtained indi-
rectly for the repeat unit of the SCM materials and verify
the validity of the hypothesis made to describe the SCM be-
havior. Moreover, as we expected, ac magnetic measure-
ments established that 1 and 2 display single-molecule
magnet behavior due to their ST = 3 ground state and uniax-
ial anisotropy. Despite the fact that such SMM behavior is
relatively rare and has so far been seen only in a few hetero-
metallic systems,[9] a more interesting point is the perspec-
tive opened by this study; it suggests that SCMs can be de-
signed by connecting ferromagnetic SMMs into 1D chains.
Doubtless this strategy will be explored in the near future
and may lead to new SCMs with high blocking tempera-
tures.


Experimental Section


General procedures and materials : All chemicals and solvents used in
the syntheses were of reagent grade. The ligand H25-Rsaltmen (R =Cl,
Br) was synthesized by reaction of 5-bromo- or 5-chlorosalicylaldehyde
with 1,1,2,2-tetramethylethylenediamine in methanol/water. [Ni(pao)2-
(phen)]·n solvent (pao�=pyridine-2-aldoximate, phen =1,10-phenanthro-
line) were also prepared according to literature methods.[16]


[Mn2(5-Rsaltmen)2(H2O)2](ClO4)2 (R =Cl, Br): Mn(O2CCH3)3·2H2O
(1.34 g, 10 mmol) and then NaClO4 (624 mg, 5.1 mmol) were added to a
boiling methanol solution (80 mL) containing 5 mmol of H25-Rsaltmen
(3.38 g, R =Br; 1.97 g, R =Cl). The resulting solution was stirred at


Figure 7. Temperature and frequency dependence of the real (c’) and
imaginary (c’’) parts of the ac susceptibility for 1. The solid lines are
guides for eye.


Figure 8. Semilog plot of relaxation time t vs 1/T for 1 and 2. The solid
line represents the least-squares linear fit of the experimental data with
the Arrhenius law (see text). The best-fit parameters are listed in
Table 2.
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about 50 8C for 30 min, and then water (30 mL) was slowly added during
heating. After filtration, the filtrate was allowed to stand at room temper-
ature for one week to form block crystals of [Mn2(5-Rsaltmen)2(H2O)2]-
(ClO4)2 (31 % for R= Cl, 72 % for R=Br). [Mn2(5-Clsaltmen)2(H2O)2]-
(ClO4)2·2H2O: elemental analysis (%) calcd for C40H44N4O16Cl6Mn2: C
41.44, H 3.83, N 4.83; found: C 41.27, H 3.89, N 4.79; IR (KBr): ñ=1605
(nC=N); ñ= 1067, 1099, 1123, 1148 (nCl�O) cm�1; magnetic measurements:
Jintradimer/kB =1.6 K, DMn/kB =�2.5 K, zJinterdimer/kB =�0.30 K, and g =2.05
with H=gmBH(S1 + S2)�2 JdimerS1·S2 +DMn[S


2
1z +S2


1z] and Equation (5) ap-
plied to the case of a dimer.[18] [Mn2(5-Brsaltmen)2(H2O)2](ClO4)2: ele-
mental analysis (%) calcd for C40H44N4O14Br4Cl2Mn2: C 36.81, H 3.40, N
4.29; found: C 36.94, H 3.48, N 4.10; IR (KBr): ñ=1602 (nC=N); 1069,
1108, 1146 (nCl�O) cm�1; magnetic measurements: Jintradimer/kB =1.1 K, DMn/
kB =�2.6 K, zJinterdimer/kB =�0.24 K, and g =1.95 with H=gmBH(S1 +


S2)�2 JdimerS1·S2 +DMn[S
2
1z +S2


1z] and Equation (5) applied to the case of a
dimer.[18]


[Mn(5-Brsaltmen)(MeOH)2]ClO4 : Recrystallization of [Mn2(5-Brsalt-
men)2(H2O)2](ClO4)2 crystals from MeOH/H2O leads to the formation of
[Mn(5-Brsaltmen)(MeOH)2]ClO4, which was confirmed by single-crystal
X-ray crystallography (vide infra).


[Mn2(5-Clsaltmen)2Ni(pao)2(phen)](ClO4)2 (1): A methanol solution
(20 mL) of [Ni(pao)2(phen)2]·2CHCl3·1.5 H2O (182 mg, 0.25 mmol) was
added to a methanol solution (20 mL) of [Mn2(5-Clsaltmen)2(H2O)2]-
(ClO4)2·2H2O (141 mg, 0.12 mmol). After stirring for 1 min, water
(10 mL) was added to the mixture, and the solution filtered. Pale brown
microcrystals precipitated (146 mg, 71 % based on Mn) overnight at
room temperature while stirring. Single crystals of 1 were obtained by
diffusion (Mn precursor in MeOH, Ni precursor in water). Elemental
analysis (%) calcd for 1·4H2O, C64H66N10O18Cl6Mn2Ni: C 46.74, H 4.05, N
8.52; found: C 46.70, H 3.85, N 8.64; IR (Nujol): ñ= 1600 (nC=N); ñCl�O =


1099 cm�1.


[Mn2(5-Brsaltmen)2Ni(pao)2(phen)](ClO4)2 (2): A methanol solution
(20 mL) of [Ni(pao)2(phen)2]·2.5 CHCl3 (195 mg, 0.25 mmol) was added
to a methanol solution (20 mL) of [Mn2(5-Brsaltmen)2(H2O)2](ClO4)2


(163 mg, 0.13 mmol). Water (10 mL) was added to the mixture, and the
solution immediately filtered. The mixture was allowed to stand for sev-
eral days at room temperature to form brown needle-type crystals
(180 mg, 78 % based on Mn). Single-crystals of 2 were obtained by diffu-
sion (Mn precursor in MeOH/Ni precursor in water). Elemental analysis
(%) calcd for 2·6H2O, C64H70N10O20Br4Cl6Mn2Ni: C 41.36, H 3.80, N
7.54; found: C 41.24, H 3.72, N 7.63; IR (Nujol): ñ=1590 (nC=N); 1097
(nCl�O) cm�1.


Physical measurements : Infrared spectra were measured on KBr disks or
Nujol mulls with a Shimadzu FT-IR-8600 spectrophotometer. Magnetic
susceptibilities were measured with a Quantum Design SQUID magneto-
meter MPMS-XL; dc measurements were collected from 1.8 to 300 K
and from �70 kOe to 70 kOe; ac measurements were performed at vari-
ous frequencies from 1 to 1488 Hz with an ac field amplitude of 3 Oe and
no dc field applied. The general measurements were performed on finely
ground polycrystalline samples. Experimental data were corrected for the
sample holder and for the diamagnetic contribution calculated from
Pascal constants.[25]


Crystallography : Single crystals of [Mn2(5-Brsaltmen)2(H2O)2](ClO4)2,
[Mn(5-Brsaltmen)(MeOH)2]ClO4, 1, and 2 were prepared as described in
the synthetic procedures. Single crystals were mounted on a glass rod.
The crystal dimensions were 0.2� 0.2 � 0.8 mm for [Mn2(5-Brsaltmen)2-
(H2O)2](ClO4)2, 0.1� 0.15 � 0.2 mm for [Mn(5-Brsaltmen)(MeOH)2]ClO4,
0.10 � 0.02 � 0.01 mm for 1, and 0.20 � 0.02 � 0.02 mm for 2. The measure-
ment temperature was 93�1 K for all compounds. Data were collected
on a Rigaku CCD diffractometer (Saturn70) with graphite-monochro-
mated MoKa radiation (l=0.71069 �). The structures were solved by
direct methods (SIR97)[26] and expanded by Fourier techniques
(DIRDIF99).[27] The non-hydrogen atoms were refined anisotropically,
while hydrogen atoms were introduced as fixed contributors. Full-matrix
least-squares refinements on F2 based on 5117 for [Mn2(5-Brsaltmen)2-
(H2O)2](ClO4)2, 4897 for [Mn(5-Brsaltmen)(MeOH)2]ClO4, 12 576 for 1,
and 12577 observed reflections for 2 and 318, 345, 978, and 909 variable
parameters, respectively, converged with unweighted and weighted agree-


ment factors of R1 =� j jFo j� jFc j j /� jFo j (I>2.00 s(I) and all data) and
wR2= [�w(F2


o�F2
c)


2/�w(F2
o)


2]1/2 (all data). A Sheldrick weighting scheme
was used. Neutral atom scattering factors were taken from Cromer and
Waber.[28] Anomalous dispersion effects were included in Fcalcd ; the
values Df’ and Df’’ were those of Creagh and McAuley.[29] The values for
the mass attenuation coefficients are those of Creagh and Hubbel.[30] All
calculations were performed with the CrystalStructure crystallographic
software package.[31]


Crystal data for [Mn2(5-Brsaltmen)2(H2O)2](ClO4)2 :
C40H44N4O14Cl2Br4Mn2, M=1305.20, monoclinic P21/c (no. 14), a=


7.349(4), b=15.684(9), c=19.415(12) �, b=90.275(7)8, V=


2237.8(23) �3, Z=2, 1calcd =1.937 g cm�3, F000 =1296.00, 2qmax =62.18.
Final R1=0.041 (I>2.00 s(I)), R1=0.056 (all data), wR2 =0.107 (all
data), GOF= 1.014 for 318 parameters and a total of 20527 reflections,
6295 of which were unique (Rint =0.043). The linear absorption coeffi-
cient m for MoKa radiation was 43.38 cm�1. Application of an empirical
absorption correction resulted in transmission factors ranging from 0.62
to 1.00. The data were corrected for Lorentzian and polarization effects.
Max. positive and negative peaks in DF map were 1max = 1.18 e ��3 and
1min =�0.96 e ��3.


Crystal data for [Mn(5-Brsaltmen)(MeOH)2]ClO4·MeOH :
C23H32N2O9Cl2Br2Mn, M =730.71, monoclinic P21/n (no. 14), a=8.426(2),
b=29.020(6), c =11.663(3) �, b= 100.499(3)8, V=2804.0(11) �3, Z =4,
1calcd =1.731 gcm�3, F000 =1472.00, 2 qmax =62.0 8. Final R1=0.043 (I>
2.00 s(I)), R1= 0.052 (all data), wR2 =0.0.134 (all data), GOF =1.085 for
345 parameters and a total of 25 655 reflections, 7930 of which were
unique (Rint =0.076). The linear absorption coefficient m for MoKa radia-
tion was 34.77 cm�1. Application of an empirical absorption correction re-
sulted in transmission factors ranging from 0.67 to 1.00. The data were
corrected for Lorentzian and polarization effects. Max. positive and nega-
tive peaks in DF map were 1max =0.92 e ��3 and 1min =�0.84 e��3.


Crystal data for 1·6H2O: C64H70N10O20Cl6Mn2Ni, M=1680.61, monoclinic
P21/c (no. 14), a=16.612(4), b=21.467(4), c= 20.662(4), b=102.578(4)8,
V=7191.6(26) �3, Z=4, 1calcd =1.552 gcm�3, F000 =3456.00, 2qmax =62.48.
Final R1=0.050 (I>2.00 s(I)), R1=0.072 (all data), wR2 =0.132 (all
data), GOF= 1.039 for 978 parameters and a total of 69818 reflections,
21170 of which were unique (Rint =0.054). The linear absorption coeffi-
cient m for MoKa radiation was 9.06 cm�1. Application of an empirical ab-
sorption correction resulted in transmission factors ranging from 0.93 to
1.00. The data were corrected for Lorentzian and polarization effects.
Max. positive and negative peaks in DF map were 1max = 1.06 e ��3 and
1min =�0.72 e��3.


Crystal and experimental data for 2·2H2O·MeOH :
C65H66N10O17Cl2Br4Mn2Ni, M =1818.39, monoclinic P21/c (no. 14), a=


16.732(2), b =21.252(4), c =20.756(3) �, b =100.59(8)8, V= 7254(1) �3,
Z=4, 1calcd =1.665 gcm�3, F000 =3656.00, 2 qmax =55.08. Final R1=0.059
(I>2.00 s(I)), R1=0.114 (all data), wR2=0.152 (all data), GOF =1.005
for 909 parameters and a total of 80326 reflections, 16 023 of which were
unique (Rint =0.104). The linear absorption coefficient m for MoKa radia-
tion was 29.56 cm�1. Application of an empirical absorption correction re-
sulted in transmission factors ranging from 0.93 to 1.00. The data were
corrected for Lorentzian and polarization effects. Max. positive and nega-
tive peaks in DF map were 1max =1.44 e ��3 and 1min =�0.61 e��3.


CCDC-249738 ([Mn2(5-Brsaltmen)2(H2O)2](ClO4)2), CCDC-249739
([Mn(5-Brsaltmen)(MeOH)2]ClO4), CCDC-249736 (1), and CCDC-
249737 (2) 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.


Acknowledgement


We thank Prof. T. Kuroda-Sowa (Kinki University) for simulating the re-
duced magnetization and Mr. Tomokura Madanbashi and Ms. Hitomi Ta-
kahashi (Tokyo Metropolitan University) for help in X-ray crystallo-
graphic analyses. H.M. is grateful for financial support from the
PRESTO project, Japan Science and Technology Agency (JST), and a


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1592 – 16021600


H. Miyasaka, R. Cl�rac et al.



www.chemeurj.org





Grant-in-Aid for Scientific Research from the Ministry of Education,
Culture, Sports, Science, and Technology, Japan. M.Y. is grateful for fi-
nancial support from the CREST project of JST. R.C. thanks the CNRS,
the University of Bordeaux 1, and the Conseil Regional d’Aquitaine for
financial support.


[1] Reviews: G. Christou, D. Gatteschi, D. N. Hendrickson, R. Sessoli,
MRS Bull. 2000, 25, 66; D. Gatteshi, R. Sessoli, Angew. Chem. 2003,
115, 278; Angew. Chem. Int. Ed. 2003, 42, 268 –297.


[2] a) P. D. W. Boyd, Q. Li, J. B. Vincent, K. Folting, H. -R. Chang,
W. E. Streib, J. C. Huffman, G. Christou, D. N. Hendrickson, J. Am.
Chem. Soc. 1988, 110, 8537; b) A. Caneschi, D. Gatteschi, R. Sessoli,
J. Am. Chem. Soc. 1991, 113, 5873; c) R. Sessoli, H.-L. Tsai, A. R.
Schake, S. Wang, J. B. Vincent, K. Folting, D. Gatteschi, G. Christou,
D. N. Hendrickson, J. Am. Chem. Soc. 1993, 115, 1804.


[3] Mn12 derivatives: a) H. J. Eppley, H.-L. Tsai, N. de Vries, K. Folting,
G. Christou, D. N. Hendrickson, J. Am. Chem. Soc. 1995, 117, 301;
b) S. M. J. Aubin, Z. Sun, L. Pardi, J. Krzystek, K. Folting, L.-C.
Brunnel, A. L. Rheingold, G. Christou, D. N. Hendrickson, Inorg.
Chem. 1999, 38, 5329; c) M. Soler, S. K. Chandra, D. Ruiz, E. R. Da-
vidson, D. N. Hendrickson, G. Christou, Chem. Commun. 2000,
2417; d) H.-L. Tsai, T.-Y. Jwo, G.-H. Lee, Y. Wang, Chem. Lett.
2000, 346; e) S. M. J. Aubin, Z. Sun, H. J. Eppley, E. M. Rumberger,
I. A. Guzei, K. Folting, P. K. Gantzel, A. L. Rheingold, G. Christou,
D. N. Hendrickson, Inorg. Chem. 2001, 40, 2127; f) T. Kuroda-Sowa,
M. Lam, A. L. Rheingold, C. Frommen, W. M. Reiff, M. Nakano, J.
Yoo, A. L. Maniero, L.-C. Brunel, G. Christou, D. N. Hendrickson,
Inorg. Chem. 2001, 40, 6469; g) D. N. Hendrickson, G. Christou, H.
Ishimoto, J. Yoo, E. K. Brechin, A. Yamaguchi, E. M. Rumberger,
S. M. J. Aubin, Z. Sun, G. Aromi, Polyhedron 2001, 20, 1479; h) C.-
D. Park, S. W. Rhee, Y. Kim, W. Jeon, D.-Y. Jung, D.-H. Kim, Y. Do,
H.-C. Ri, Bull. Korean Chem. Soc. 2001, 22, 453; i) A. Forment-
Aliaga, E. Coronado, M. Feliz, A. Gaita-Arino, R. Llusar, F. M.
Romero, Inorg. Chem. 2003, 42, 8019; j) M. Soler, W. Wernsdorfer,
Z. Sun, J. C. Huffman, D. N. Hendrickson, G. Christou, Chem.
Commun. 2003, 2672; k) N. E. Chakov, W. Wernsdorfer, K. A.
Abboud, D. N. Hendricson, G. Christou, J. Chem. Soc. Dalton Trans.
2003, 2243; l) M. Soler, W. Wernsdorfer, K. A. Abboud, J. C. Huff-
man, E. R. Davidson, D. N. Hendrickson, G. Christou, J. Am. Chem.
Soc. 2003, 125, 3576; m) T. Kuroda-Sowa, T. Nogami, H. Konaka,
M. Maekawa, M. Munakata, H. Miyasaka, M. Yamashita, Poly-
hedron 2003, 22, 1795 –1801; n) H. Zhao, C. P. Berlinguette, J.
Bacsa, A. V. Prosvirin, J. K. Bera, S. E. Tichy, E. J. Schelter, K. R.
Dunbar, Inorg. Chem. 2004, 43, 1359; o) G.-Q. Bian, T. Kuroda-
Sowa, H. Konaka, M. Hatano, M. Maekawa, M. Munakata, H.
Miyasaka, M. Yamashita, Inorg. Chem. 2004, 43, 4790.


[4] Mn SMMs: a) S. M. J. Aubin, M. W. Wemple, D. M. Adams, H. Tsai,
G. Christou, D. N. Hendrickson, J. Am. Chem. Soc. 1996, 118, 7746;
b) J. Yoo, E. K. Brechin, A. Yamaguchi, M. Nakano, J. C. Huffman,
A. L. Maniero, L.-C. Brunel, K. Awaga, H. Ishimoto, G. Christou,
D. N. Hendrickson, Inorg. Chem. 2000, 39, 3615; c) J. Yoo, A. Yama-
guchi, M. Nakano, J. Krzystek, W. E. Streib, L.-C. Brunel, H. Ishi-
moto, G. Christou, D. N. Hendrickson, Inorg. Chem. 2001, 40, 4604;
d) C. Boskovic, E. K. Brechin, W. E. Streib, K. Folting, D. N. Hen-
drickson, G. Christou, J. Am. Chem. Soc. 2002, 124, 3725; e) E. K.
Brechin, C. Boskovic, W. Wernsdorfer, J. Yoo, A. Yamaguchi, E. C.
Sanudo, T. Concolino, A. L. Rheingold, H. Ishimoto, D. N. Hen-
drickson, G. Christou, J. Am. Chem. Soc. 2002, 124, 9710; f) E. K.
Brechin, M. Soler, J. Davidson, D. N. Hendrickson, S. Parsons, G.
Christou, Chem. Commun. 2002, 2252; g) C. Boskovic, R. Bircher,
P. L. W. Tregenna-Piggott, H. U. G�del, C. Paulsen, W. Wernsdorfer,
A.-L. Barra, E. Khatsko, A. Neels, H. Stoeckli-Evans, J. Am. Chem.
Soc. 2003, 125, 14046; h) H. Miyasaka, R. Cl�rac, W. Wernsdorfer,
L. Lecren, C. Bonhomme, K. Sugiura, M. Yamashita, Angew. Chem.
2004, 116, 2861; Angew. Chem. Int. Ed. 2004, 43, 2801; i) A. J. Tasio-
poulos, A. Vinslava, W. Wernsdorfer, K. A. Abboud, G. Christou,
Angew. Chem. 2004, 116, 2169; Angew. Chem. Int. Ed. 2004, 43,
2117; j) M. Murugesu, M. Habrych, W. Wernsdorfer, K. A. Abboud,


G. Christou, J. Am. Chem. Soc. 2004, 126, 4766; k) M. Soler, W.
Wernsdorfer, K. Folting, M. Pink, G. Christou, J. Am. Chem. Soc.
2004, 126, 2156; l) M. Murugesu, J. Raftery, W. Wernsdorfer, G.
Christou, E. Brechin, Inorg. Chem. 2004, 43, 4203; m) E. C. Sanudo,
W. Wernsdorfer, K. A. Abboud, G. Christou, Inorg. Chem. 2004, 43,
4137; n) L. M. Wittick, K. S. Murray, B. Moubaraki, S. R. Batten, L.
Spiccia, K. Berry, Dalton Trans. 2004, 1003; o) N. Aliaga-Alcalde,
R. S. Edwards, S. O. Hill, W. Wernsdorfer, K. Folting, G. Christou, J.
Am. Chem. Soc. 2004, 126, 12503.


[5] Fe SMMs: a) C. Delfs, D. Gatteschi, L. Pardi, R. Sessoli, K. Wie-
ghardt, D. Hanke, Inorg. Chem. 1993, 32, 3099; b) A. L. Barra, A.
Caneschi, A. Cornia, F. Fabrizi de Biani, D. Gatteschi, C. Sangregor-
io, R. Sessoli, L. Sorace, J. Am. Chem. Soc. 1999, 121, 5302; c) D.
Gatteschi, R. Sessoli, A. Cornia, Chem. Commun. 2000, 725; d) H.
Oshio, N. Hoshino, T. Ito J. Am. Chem. Soc. 2000, 122, 12602; e) C.
Benelli, J. Cano, Y. Journaux, R. Sessoli, G. A. Solan, R. E. P. Win-
penny, Inorg. Chem. 2001, 40, 188; f) J. C. Goodwin, R. Sessoli, D.
Gatteschi, W. Wernsdorfer, A.K. Powell, S. L. Heath, J. Chem. Soc.
Dalton Trans. 2000, 1835; g) H. Oshio, N. Hoshino, T. Ito, M.
Nakano, J. Am. Chem. Soc. 2004, 126, 8805.


[6] Ni SMMs: a) C. Cadiou, M. Murrie, C. Paulsen, V. Villar, W. Werns-
dorfer, R. E. P. Winpenny, Chem. Commun. 2001, 2666; b) H.
Andres, R. Basler, A. J. Blake, C. Cadiou, G. Chaboussant, C. M.
Grant, H.-U. G�del, M. Murrie, S. Parsons, C. Paulscn, F. Semadini,
V. Villar, W. Wernsdorfer, R. E. P. Winpenny, Chem. Eur. J. 2002, 8,
4867; c) E.-C. Yang, W. Wernsdorfer, S. Hill, R. S. Edwards, M.
Nakano, S. Maccagnano, L. N. Zakharov, A. L. Rheingold, G. Chris-
tou, D. N. Hendrickson, Polyhedron 2003, 22, 1727; d) M. Moragues-
C�novas, M. Helliwell, L. Ricard, �. Rivi�re, W. Wernsdorfer, E.
Brechin, T. Mallah, Eur. J. Inorg. Chem. 2004, 2219.


[7] V SMMs: S. L. Castro, Z. Sun, C. M. Grant, J. C. Bollinger, D. N.
Hendrickson, G. Christou, J. Am. Chem. Soc. 1998, 120, 2365.


[8] Co SMMs: E. Yang, D. N. Hendrickson, W. Wernsdorfer, M.
Nakano, L. N. Zakharov, R. D. Sommer, A. L. Rheingold, M. Ledez-
ma-Gairaud, G. Christou, J. Appl. Phys. 2002, 91, 7382.


[9] Mixed-metal SMMs: a) A. R. Schake, H. Tsai, R. J. Webb, K. Folt-
ing, G. Christou, D. N. Hendrickson, Inorg. Chem. 1994, 33, 6020;
b) J. J. Sokol, A. G. Hee, J. R. Long, J. Am. Chem. Soc. 2002, 124,
7656; c) S. Karasawa, G. Zhou, H. Morikawa, N. Koga, J. Am.
Chem. Soc. 2003, 125, 13676; d) H. J. Choi, J. J. Sokol, J. R. Long,
Inorg. Chem. 2004, 43, 1606; e) S. Osa, T. Kido, N. Matsumoto, N.
Re, A. Pochaba, J. Mrozinski, J. Am. Chem. Soc. 2004, 126, 420;
f) C. M. Zaleski, E. C. Depperman, J. W. Kampf, M. L. Kirk, V. L.
Pecoraro, Angew. Chem. 2004, 116, 4002; Angew. Chem. Int. Ed.
2004, 43, 3912.


[10] a) A. Caneschi, D. Gatteschi, N. Lalioti, C. Sangregorio, R. Sessoli,
G. Venturi, A. Vindigni, A. Rettori, M. G. Pini, M. A. Novak,
Angew. Chem. 2001, 113, 1810; Angew. Chem. Int. Ed. 2001, 40,
1760; b) A. Caneschi, D. Gatteschi, N. Lalioti, C. Sangregorio, R.
Sessoli, G. Venturi, A. Vindigni, A. Rettori, M. G. Pini, M. A.
Novak, Europhys. Lett. 2002, 58, 771; c) L. Bogani, A. Caneschi, M.
Fedi, D. Gatteschi, M. Massi, M. A. Novak, M. G. Pini, A. Rettori,
R. Sessoli, A. Vindigni, Phys. Rev. Lett. 2004, 92, 20, 207 204-1; d) L.
Bogani, A. Caneschi, M. Fedi, D. Gatteschi, M. Massi, M. A. Novak,
M. G. Pini, A. Rettori, R. Sessoli, A. Vindigni, Phys. Rev. Lett. 2004,
92, 20, 207 204 – 207 201.


[11] a) R. Cl�rac, H. Miyasaka, M. Yamashita, C. Coulon, J. Am. Chem.
Soc. 2002, 124, 12 837; b) H. Miyasaka, R. Cl�rac, K. Mizushima, K.
Sugiura, M. Yamashita, W. Wernsdorfer, C. Coulon, Inorg. Chem.
2003, 42, 8203; c) C. Coulon, R. Cl�rac, L. Lecren, W. Wernsdorfer,
H. Miyasaka, Phys. Rev. B 2004, 69, 132 408.


[12] a) R. Lescou	zec, J. Vaissermann, C. Ruiz-P�rez, F. Lloret, R. Car-
rasco, M. Julve, M. Verdaguer, Y. Dromzee, D. Gatteschi, W. Werns-
dorfer, Angew. Chem. 2003, 115, 1521; Angew. Chem. Int. Ed. 2003,
42, 1483; b) L. M. Toma, R. Lescou	zec, F. Lloret, M. Julve, J. Vais-
sermann, M. Verdaguer, Chem. Commun. 2003, 1850.


[13] a) T. Liu, D. Fu, S. Gao, Y. Zhang, H. Sun, G. Su. Y. Liu, J. Am.
Chem. Soc. 2003, 125, 13976; b) N. Shaikh, A. Panja, S. Goswami, P.
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Size-Selective Formation of C78 Fullerene from a Three-Dimensional Polyyne
Precursor


Yoshito Tobe,*[a] Rui Umeda,[a] Motohiro Sonoda,[a] and Tomonari Wakabayashi[b]


Introduction


Since the discovery of fullerene[1] and its preparative-scale
production,[2] the chemistry of fullerenes has been extensive-
ly developed mainly for the most abundant C60 and C70.
However, little has been done for fullerenes larger than C70,
even though the larger fullerenes are expected to display in-
teresting properties that are not conceivable with C60 and
C70.


[3] This is mainly because the larger fullerenes are
formed in low yields as hard-to-isolate mixtures of by-prod-
ucts of the production of C60 and C70 and because there
exists an increasing number of possible isomers with an in-
creasing number of the carbon atoms.[4] The only exception
to this trend is the endohedral fullerenes,[5] most of which
have a carbon cage larger than C82, but there are still a very
limited number of them available. Thus, the size-selective
and geometry-selective formations of large fullerenes are
two important problems hitherto unsolved in fullerene sci-
ence. The chemical synthesis of fullerenes from structurally
well-defined precursors is promising in these respects com-
pared to the nonselective methods such as vaporization of
graphite and combustion of hydrocarbons. Indeed, Scott


et al. have shown that the appropriately designed polycyclic
aromatic hydrocarbon C60H30 converts into the C60


+ ion se-
lectively upon laser irradiation in the gas phase by C�C
bond formation accompanying the dehydrogenation.[6]


Moreover, they reported the first size-selective preparation
of C60 by the high-temperature pyrolysis of the related chlor-
ohydrocarbon C60H27Cl3.


[7] Cyclic polyynes can be regarded
as viable precursors of C60 fullerene, since Roskamp and Jar-
rold proposed a mechanism for C60 fullerene formation to
explain ring formation between spiraling polyyne chains.[8] It
should be pointed out that they also predicted that similar
polyyne cyclization of appropriate precursors would form
larger fullerenes as well through similar pathways. Experi-
mentally, Diederich and co-workers first observed the size-
selective formation of the fullerene C60


+ by the gas-phase
coalescence of the cyclic polyyne C30


+ , which was produced
size-selectively from a well-defined precursor.[9] Although a
relatively strong peak for the C70


+ ion was detected by simi-
lar coalescence of C18


+ and C24
+ , many other carbon clusters


ions were also formed; size-selective formation of larger
fullerenes has not so far been achieved.[10] In connection
with the polyyne route to fullerenes, Rubin and co-workers
and our group have developed independently an approach
to C60 from well-defined, three-dimensional (3D) polyyne
precursors C60H6 and C60Cl6, which were generated from the
corresponding precursors by expulsion of stable fragments
such as carbon monoxide[11] or indane[12] by laser irradiation.
Indeed, the 3D polyynes collapsed into C60 ions (both nega-
tive and positive) accompanied by the loss of hydrogen and/
or chlorine atoms. Even though the preparative-scale syn-
thesis of C60 has not yet been achieved by this route, we
planned to extend it to the size-selective formation of larger


Abstract: Multicyclic cagelike cyclo-
phanes 2 a and 2 b containing cyclobu-
tene rings have been prepared as pre-
cursors of three-dimensional polyynes
C78H18 (1 a) and C78H12Cl6 (1 b), respec-
tively. Laser irradiation of 2 a and 2 b
induced expulsion of the aromatic frag-


ment, indane, to give the three-dimen-
sional polyyne anions C78H18


� and
C78H12Cl6


� , respectively. Whereas the


former anion lost only four hydrogen
atoms to form C78H14


� , complete loss
of all hydrogen and chlorine atoms was
observed from the latter anion, to yield
a C78


� ion that has a fullerene structure
which was proven by its characteristic
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fullerenes. Namely, on the basis
of a speculative mechanism for
polyyne cyclization,[12b, 13] we en-
visioned that insertion of ben-
zene (shaded in Scheme 1) or
phenylene units into the poly-
yne chain of the C60 precursor
would lead to the formation of
higher fullerenes of C60 + 18n


(n=1, 2 …), as shown in
Scheme 1 for D3-C78 as an ex-
ample. Accordingly, we de-
signed 3D polyynes 1 a and 1 b
as precursors of C78 and cage-
like cyclophanes 2 a and 2 b
having [4.3.2]propellane units
as precursors of the polyynes
1 a and 1 b, respectively.[14] We
disclose here the synthesis of
cyclophanes 2 a and 2 b, the
generation of polyynes 1 a and
1 b from them, and the size-se-
lective formation of C78 fuller-
ene from the chlorine-contain-
ing polyyne 1 b.


Results and Discussion


The synthesis of precursors 2 a and 2 b is shown in
Scheme 2.[15] Selective removal of the trimethylsilyl group
from the diethynylpropellane derivative 3 a[14] gave 3 b. Sub-
sequent Pd-catalyzed cross-coupling of 3 b with diethyl-(4-
iodophenyl)triazene[16] gave compound 4 a, and deprotection
of the triisopropylsilyl group gave 4 b. Pd-catalyzed cross-
coupling of three equivalents of 4 b with the tris(bromoethy-
nyl)benzene derivative 5 a afforded the triad 6 a, and the


Scheme 1. A speculation for the spiraling polyyne cyclization for C78H18


and C78H12Cl6 to form C78.


Scheme 2. Synthesis of precursors 2a and 2b of three-dimensional polyynes 1 a and 1 b.
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subsequent transformation of the triazene to iodo group
gave 7 a. The final cross-coupling reaction of 7 a with an in
situ generated terminal alkyne derived from 8 a[12] by remov-
al of the triisopropylsilyl group yielded the multicyclic cage-
like compound 2 a. Similarly, coupling of 4 b with the tri-
chloro derivative 5 b to form 6 b followed by iodination gave
7 b, which was subjected to cross-coupling with an in situ
prepared terminal alkyne derived from 8 b[12b] to furnish the
hexachloro derivative 2 b.


Laser-desorption (LD) time-of-flight (TOF) mass spectra
of 2 a and 2 b were recorded by irradiation of the solid sam-
ples with a nitrogen laser (337 nm) followed by detection of
the negative ions in the reflectron mode (Figure 1). Laser
ionization/desorption of 2 a leads principally to the forma-
tion of the negative ion of 1 a (C78H18


�) by extrusion of six
indane fragments from the molecular ion, which is not de-
tected (Figure 1a). The peaks due to the anions
[C78H18(indane)]� and [C78H18(indane)2]


� , in which one or
two cyclobutene rings are still intact, are also observed. As
shown in the inset of Figure 1a, the loss of four hydrogen
atoms down to C78H14


� (m/z 960) was observed. The isotope
distribution of the peaks at m/z 960–962 strongly suggests
the absence of intermediate anions such as C78H15


� and
C78H16


� , indicating that the loss of four hydrogen atoms
takes place simultaneously. However, in contrast to the
anion C60H6


� which loses six hydrogen atoms to form
C60


� ,[11,12] the anions C78H18
� and C78H14


� are resistant to fur-
ther elimination of hydrogen, just as observed for
C60H18


� ,[17] indicating that the hydrogen losses accompanied
by the polyyne cyclization are not kinetically favorable. In
addition, further fragmentation due to the loss of C2, the
collapse process characteristic to fullerene cations[18] and
anions,[19] from C78H14


� was not observed. These results
strongly suggest that the C78H14 anion does not possess a
fullerene-like structure. On the other hand, the halogenated
derivatives are known to serve better than the correspond-
ing hydrocarbon as precursors of fullerenes,[7,12b, 20] presuma-
bly because the facile cleavage of C�Cl bonds would pro-
vide favorable funnels for the intramolecular ring closure.
Indeed, expulsion of most of the hydrogen and chlorine
atoms takes place simultaneously from the chlorinated
anion C78H12Cl6


� generated by laser ionization/desorption of
precursor 2 b (Figure 1b and c). As shown in the inset of Fig-
ure 1 b, the distribution of the peaks at m/z 936–944 indi-
cates the presence of C78


� together with C78H2
� and C78H4


�


in which two or four hydrogen atoms are still intact. Fig-
ure 2a shows the observed peak distribution which is nicely
reproduced by simulation assuming the distribution of C78


� ,
C78H2


� , C78H4
� , and C78H6


� in a ratio of 10:10:4:1 (Fig-
ure 2b). The relative ratio of these ions did not change upon
increasing the laser fluence. It is rather surprising that the
hydrogen-containing anions such as C78H2


� and C78H4
� are


resistant to dehydrogenation in spite of their high degree of
unsaturation. It is not clear, however, whether these species
possess fullerene structures. On the other hand, the C78


� ion
is more likely to have a fullerene structure; as shown in Fig-
ure 1b, small peaks due to the fragmentation by loss of C2


from C78
� down apparently to C70


� were observed at rela-
tively high laser fluence, which are characteristic to the full-
erene ions.[18,19] Carbon and hydrocarbon ions larger than
C78


� up to C86
� formed by C2 addition are also observed,


similar to the situation for the C60 anion formed from its
polyyne precursors.[11, 12] These fragmentation peaks were
not observed in the mass spectrum at low laser fluence (Fig-
ure 1c). For the lower mass region, the calculated isotope


Figure 1. a) Negative-ion mode laser desorption TOF mass spectrum of
2a [C78H18(indane)6]


� . Inset: Expansion of the spectrum for C78H18
� and


C78H14
� . b) Negative-ion mode laser desorption TOF mass spectrum of


2b [C78H12Cl6(indane)6]
� at relatively high laser fluence. Inset: Expansion


of the spectrum for C78
� and C78Hn


� (n=2, 4, 6). c) Negative-ion mode
laser desorption TOF mass spectrum of 2 b [C78H12Cl6(indane)6]


� at rela-
tively low laser fluence.
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distributions for C76 to C70 (Figure 3b) fit the observed spec-
trum (Figure 3a), indicating that the C2 loss occurs exclusive-
ly from the C78


� ion. On the other hand, the peak distribu-
tions for the higher mass region (Figure 4b) calculated by
assuming C80 + C80H + C80H2 (10:1:3), C82 + C82H (10:3),
C84 + C84H + C84H2 (10:3:3), and C86 + C86H + C86H2


(10:3:3) fit the observed spectrum (Figure 4 a), indicating
that the C2 uptake occurs to both C78


� and C78H2
� . These re-


sults strongly suggest that the C78
� ion generated from 1 b


possesses a fullerene structure.
Further spectroscopic characterization by, for example, ul-


traviolet photoelectron spectroscopy (UPS) should confirm
this conjecture. For C78 fullerene, there are five possible
geometrical isomers, three of which have been isolated and
identified by the three different research groups.[21] The dif-
ference between the distributions of the isomers reported
from the different groups was interpreted in terms of the
temperature and pressure of a buffer gas, suggesting the
presence of kinetically controlled pathways for the forma-
tion of the isomers rather than their equilibration.[22] Identi-
fication of the geometry of the C78


� ion thus formed to clari-
fy the geometrical selectivity is the subject of our current in-
vestigation.


The importance of the well-defined 3D structure for the
efficient cyclization of the polyyne chains is exemplified by
the failure to form C78 from the highly unsaturated acyclic
polyyne 9 (C78H18Cl12) having 78 carbon atoms under similar
conditions. Compound 10,[15] a precursor of polyyne 9, was
prepared by cross-coupling of 7 b with (2,4,6-trichlorophen-
yl)butadiyne (Scheme 3). As shown in Figure 5, the nega-
tive-mode laser desorption TOF mass spectrum of 10 exhib-
its strong peaks centered at m/z 1380 corresponding to poly-


Figure 2. a) Observed peak distribution for C78
� and C78Hn


� (n= 2, 4, 6).
b) Calculated peak distribution for C78


� , C78H2
� , C78H4


� , and C78H6
� in a


ratio of 10:10:4:1.


Figure 3. a) Observed spectrum for the lower mass region (C70
� , C72


� ,
C74


� , and C76
�). b) Calculated isotope distribution for C70 to C76.


Figure 4. a) Observed spectrum for the higher mass region (C80
� , C82


� ,
C84


� , and C86
�). b) Calculated peak distributions assuming C80 + C80H +


C80H2 (10:1:3), C82 + C82H (10:3), C84 + C84H + C84H2 (10:3:3), and C86


+ C86H + C86H2 (10:3:3).
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yne 9 formed by extrusion of three indane units from 10.
However, the loss of only one chlorine atom, forming
C78H18Cl11


� (m/z centered at 1344), was observed from 9.
Further losses of hydrogen and chlorine atoms are not ob-
served at all even under high laser fluence, apparently indi-
cating the absence of kinetically favored pathways for the
polyyne cyclization from ill-defined polyynes such as 9.


In summary, we have synthesized the multicyclic com-
pounds 2 a and 2 b containing cyclobutene rings as precur-
sors of three-dimensional polyynes, C78H18 and C78H12Cl6.
Laser irradiation of 2 a and 2 b induced expulsion of the aro-
matic fragment, indane, giving the polyyne anions C78H18


�


and C78H12Cl6
� , respectively, and subsequent cyclization of


the polyyne chain of the latter anion gave rise to the size-se-
lective formation of C78


� . Since it should be possible to con-
struct well-defined polyyne precursors larger than 2 a and
2 b, this method would be applicable to the size-selective for-
mation of even larger, tubular fullerenes.


Experimental Section


General : 1H and 13C NMR spectra were recorded on a Varian Mercury
300, a JEOL JNM AL-400, or a Varian Unity Inova 500 spectrometer in
CDCl3 and with Me4Si or residual solvent as an internal standard at
30 8C. The multiplicity in the 13C NMR spectra was determined by DEPT
spectra and was indicated by (s), (d), (t), and (q) for quaternary, tertially,
secondary, and primary carbon atoms, respectively. IR spectra were re-
corded as KBr disks with a JASCO FTIR-410 spectrometer. Mass spec-
tral analyses were performed on a JEOL JMS-700 spectrometer for EI
and FAB ionization. The LD-TOF mass measurements were recorded on
a Shimadzu/Kratos AXIMA-CFR spectrometer. Melting points were
measured with a hot-stage apparatus and are uncorrected. Column chro-
matography and TLC were performed with Merck silica gel 60 (70–
230 mesh ASTM) and Merck silica gel 60 F254, respectively. Preparative
HPLC was undertaken with a JAI LC-908 chromatograph using
600 mm � 20 mm JAIGEL-1H and 2H GPC columns with CHCl3 as the
eluent. All reagents were obtained from commercial suppliers and used
as received. Solvents were dried (drying agent in parentheses) and distil-
led prior to use: THF (LiAlH4 followed by sodium benzophenone ketyl),
benzene (CaH2), Et3N (KOH), Et2O (CaH2).


Triazene 4a : A solution of 3a[14] (3.00 g, 7.13 mmol) in THF (50 mL) was
added to a solution of K2CO3 (2.02 g, 14.6 mmol) in MeOH (80 mL) with
stirring at room temperature. After being stirred for 1 h, the reaction
mixture was filtered and diluted with Et2O. The solution was washed
with brine, dried over anhydrous MgSO4, and concentrated in vacuo to
give the deprotected product which was used without purification. The
crude sample was dissolved in Et3N (ca. 20 mL), which had been de-
gassed thoroughly by bubbling argon for 1 h, and the solution was added
dropwise under an argon atmosphere to a solution of [PdCl2(PPh3)2]
(443 mg, 383 moml), CuI (128 mg, 674 moml), and N,N-diethyl-N’-(4-iodo-
phenyl)triazene[16] (2.18 g, 7.19 mmol) in degassed Et3N (25 mL) over 1 h.
After being stirred for 2 h, the reaction mixture was filtered and the fil-
trate was concentrated in vacuo. The residue was passed through a short
plug of silica gel (n-hexane/EtOAc 9:1). Purification by preparative
HPLC afforded triazene 4 a (3.19 g, yield 85% for two steps) as an
orange oil: 1H NMR (300 MHz, CDCl3): d=7.41–7.33 (m, 4H), 5.89–5.85
(m, 4H), 3.77 (q, J =7.0 Hz, 4H), 2.60–1.94 (m, 2 H), 1.64–1.43 (m, 2H),
1.31–1.17 (m, 2H), 1.27 (t, J =7.0 Hz, 6H), 1.10 ppm (br s, 21H);
13C NMR (75 MHz, CDCl3): d =151.24 (s), 132.70 (s), 132.62 (d), 132.49
(s), 128.96 (d), 128.90 (d), 121.73 (d), 121.55 (d), 120.33 (d), 119.02 (s),
99.11 (s), 97.81 (s), 95.47 (s), 82.09 (s), 56.02 (s), 55.74 (s), 33.03 (t), 32.87
(t), 18.82 (t), 18.66 (q), 11.25 ppm (d) (the signals of diethyltriazenyl
carbon atoms were not observed because of extensive broadening.); IR
(KBr): ñ =3026, 2941, 2864, 2189, 2126, 1573, 1463, 1432, 1396, 1329,
1238, 1108, 840, 761 cm�1; MS (EI): m/z 523 [M+]; HRMS (EI) calcd for
C34H45N3Si 523.3383, found 523.3403.


Trispropellane 6a : A solution of tetra-n-butylammonium fluoride
(TBAF) (1 m in THF, 3.9 mL, 3.9 mmol) was added dropwise to a solution
of propellane 4 a (1.01 g, 1.98 mmol) in THF (50 mL). After being stirred
for 1 h, the mixture was diluted with water, and then THF was removed
by evaporation. The mixture was extracted with Et2O, and the extract


Scheme 3. Synthesis of precursors 10 of acyclic polyyne 9.


Figure 5. Negative-ion mode laser desorption TOF mass spectra of 10
[C78H18Cl12(indane)3], exhibiting peaks due to 9 (C78H18Cl12


�) at m/z cen-
tered at 1380.
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was washed with brine and dried over anhydrous MgSO4. The solvent
was removed by evaporation to give 4b which was used in the next step
without purification. The crude samples of 4b and 5 a[14] (194 mg,
502 mmol) were dissolved in benzene (21 mL), and the solution was
added dropwise to a solution of [Pd2(dba)3]·CHCl3 (52.1 mg, 50.3 m mol),
CuI (11.3 mg, 59.3 mmol), and 1,2,2,6,6-pentamethylpiperidine (PMP)
(360 mL, 309 mg, 1.99 mmol) in benzene (8.0 mL) over 15 min at room
temperature. After being stirred for 2 h, the reaction mixture was con-
centrated and passed through a short plug of silica gel (Et2O). The eluate
was washed with 0.5 n HCl. The organic layer was washed with saturated
NaHCO3 solution and brine, and dried over anhydrous MgSO4. After re-
moval of the solvent under reduced pressure, purification by preparative
HPLC afforded 6a (562 mg, yield 90 % for two steps) as a yellow solid:
m.p. 141–143 8C; 1H NMR (300 MHz, CDCl3): d= 7.55 (s, 3 H), 7.45 and
7.37 (AA’BB’, JA,B =8.4 Hz, 12H), 5.92–5.88 (m, 12H), 3.76 (q, J=


7.2 Hz, 12 H), 2.04–2.00 (m, 6 H), 1.76–1.50 (m, 6 H), 1.35–1.23 (m, 6H),
1.26 ppm (t, J =7.2 Hz, 18H); 13C NMR (75 MHz, CDCl3) d=151.59 (s),
137.37 (s), 136.16 (d), 132.86 (d), 129.16 (s), 128.48 (d), 123.08 (s), 122.03
(d), 121.89 (d), 120.38 (d), 118.35 (s), 97.80 (s), 82.03 (s), 81.17 (s), 78.33
(s), 76.02 (s), 75.48 (s), 56.57 (s), 56.42 (s), 33.09 (t), 33.06 (t), 18.80 ppm
(t) (the signals of diethyltriazenyl carbons were not observed because of
extensive broadening.); IR (KBr): ñ= 3027, 2925, 2850, 2172, 2126, 1578,
1395, 1330, 1237, 1201, 1159, 1079, 842, 737, 734, 680 cm�1; MS (FAB): m/
z 1246 [M+].


Iodopropellane 7a : A solution of triazene 6a (491 mg, 394 mmol) and I2


(72.1 mg, 284 mmol) in MeI (55 mL) was charged to a pressure bottle.
The reaction mixture was degassed thoroughly by bubbling argon for
15 min, and then the vessel was sealed with a screw cap and heated at
100 8C for 34 h. After the reaction mixture had cooled to room tempera-
ture, the solvent was removed under reduced pressure. The residue was
diluted with Et2O, and the solution was washed with aqueous sodium thi-
osulfate (10 %) and brine, and dried over anhydrous MgSO4. After the
solvent was removed in vacuo, the product was purified by chromatogra-
phy on silica gel (n-hexane/CHCl3 9:1) to give 7 a (379 mg, 73%) as a
yellow solid: m.p. 124–126 8C; 1H NMR (300 MHz, CDCl3): d =7.67 and
7.21 (AA’BB’, JA,B =8.3 Hz, 12 H), 7.55 (s, 3H), 5.95–5.85 (m, 12H), 2.10–
1.98 (m, 6 H), 1.70–1.43 (m, 6H), 1.36–1.22 ppm (m, 6H); 13C NMR
(75 MHz, CDCl3) d =137.55 (s), 137.37 (d), 136.48 (s), 136.23 (d), 133.41
(d), 130.64 (s), 128.24 (d), 128.20 (d), 123.03 (s), 122.21 (d), 122.01 (d),
121.88 (d), 95.55 (s), 95.14 (s), 83.22 (s), 81.36 (s), 78.73 (s), 75.92 (s),
75.15 (s), 56.73 (s), 56.56 (s), 33.02 (t), 18.81 ppm (t); IR (KBr): ñ=3024,
2943, 2847, 2184, 2123, 1575, 1481, 1389, 1056, 1006, 905, 877, 861, 818,
742, 680 cm�1; MS (FAB): m/z 1327 [M+ + H].


Cage compound 2a : A solution of TBAF (1 m, 64 mL, 64 mmol) in THF
(17 mL), which had been degassed thoroughly by bubbling argon for 1 h,
was dropwise by using a syringe pump (0.17 mL min�1) to a solution of
[Pd(PPh3)4] (38.4 mg, 33.2 mmol), CuI (4.7 mg, 25 mmol), 8a[14] (34.7 mg,
29.2 mmol), and 7a (38.2 mg, 28.8 mmol) in degassed Et3N (20 mL) under
an argon atmosphere at room temperature. After being stirred for 1 h,
HCl (ca. 200 mL, 0.5n) was slowly poured at 0 8C, and the reaction mix-
ture was extracted with Et2O. The extract was washed with saturated
NaHCO3 solution and brine, and dried over anhydrous MgSO4. After re-
moval of the solvent, the residue was subjected to chromatography on
silica gel (n-hexane/AcOEt 7:3). The product was further purified by
preparative HPLC to afford 2a (2.7 mg, 11%) as a yellow solid: decom-
posed gradually from about 140 8C; 1H NMR (400 MHz, CDCl3): d=7.54
(s, 6 H), 7.42 (s, 12H), 5.94–5.85 (m, 24 H), 2.10–1.96 (m, 12 H), 1.72–1.44
(m, 12H), 1.38–1.20 ppm (m, 12 H); 13C NMR (75 MHz, CDCl3) d=


136.66 (s), 136.15 (s), 131.76 (d), 130.74 (s), 128.05 (d), 128.02 (d), 122.86
(s), 122.65 (s), 122.03 (d), 121.90 (d), 96.05 (s), 84.17 (s), 81.22 (s), 78.67
(s), 75.77 (s), 75.02 (s), 56.77 (s), 56.56 (s), 33.20 (t), 19.02 ppm (t); IR
(KBr): ñ=3026, 2932, 2850, 2187, 1577, 1438, 1375, 1076, 876, 836, 756,
734, 691 cm�1; LD TOF-MS (Figure 1a).


Trispropellane 6 b : A solution of TBAF (1 m in THF, 1.5 mL, 1.5 mmol)
was added dropwise to a solution of propellane 4 a (320 mg, 0.611 mmol)
in THF (15 mL). After being stirred for 1 h, the mixture was diluted with
water and extracted with Et2O. The extract was washed with brine, and
dried over anhydrous MgSO4, and the solvent was removed by evapora-


tion to give a crude sample of 4b. This product 4b and 5b[14] (93.8 mg,
191 mmol) were dissolved in benzene (10 mL), which had been degassed
thoroughly by bubbling argon for 1 h, and the solution was added drop-
wise to a solution of [Pd2(dba)3]·CHCl3 (20.5 mg, 19.8 mmol), CuI (3.7 mg,
19 mmol), PMP (150 mL, 129 mg, 839 mmol) in degassed benzene (10 mL)
over 15 min at room temperature. After being stirred for 2 h, the reaction
mixture was concentrated and passed through a short plug of silica gel
(Et2O). The eluate was washed with 0.5n HCl (100 mL). The organic
layer was washed with saturated NaHCO3 solution and brine, and dried
over anhydrous MgSO4. After removal of the solvent under reduced
pressure, purification by preparative HPLC afforded 6b (151 mg, yield
58% for two steps) as a yellow solid: m.p. 142–144 8C; 1H NMR
(300 MHz, CDCl3): d= 7.47 and 7.38 (AA’BB’, JA,B =8.5 Hz, 12H), 5.92
(s, 12H), 3.77 (q, J =7.2 Hz, 12H), 2.12–2.02 (m, 6H), 1.71–1.47 (m, 6 H),
1.36–1.20 (m, 6 H), 1.27 ppm (t, J =7.2 Hz, 18H); 13C NMR (75 MHz,
CDCl3) d=151.66 (s), 141.00 (s), 138.28 (s), 132.90 (d), 128.64 (s), 128.45
(d), 128.35 (d), 128.30 (d), 122.33 (s), 122.11 (d), 121.93 (d), 120.40 (d),
118.23 (s), 98.38 (s), 85.40 (s), 82.10 (s), 78.69 (s), 77.89 (s), 75.67 (s),
56.77 (s), 56.51 (s), 33.16 (t), 33.08 (t), 18.82 ppm (t) (the signals of dieth-
yltriazenyl carbons were not observed because of extensive broadening.);
IR (KBr): ñ =3026, 2933, 2872, 2850, 2178, 1577, 1423, 1395, 1328, 1237,
1201, 1158, 1096, 841, 774, 723, 674 cm�1; MS (FAB): m/z 1346–1352 (the
most abundant peak at 1349, [M+]).


Iodopropellane 7 b : A solution of triazene 6 b (447 mg, 331 mmol) and I2


(59 mg, 0.23 mmol) in MeI (50 mL) was charged to a pressure bottle. The
reaction mixture was degassed thoroughly by bubbling argon for 15 min,
and then the vessel was sealed with a screw cap and heated at 100 8C for
63 h. After the reaction mixture was cooled to room temperature, the sol-
vent was removed under reduced pressure. The residue was diluted with
Et2O, and the solution was washed with aqueous sodium thiosulfate
(10 %) and brine, and dried over anhydrous MgSO4. After the solvent
was concentrated in vacuo, the residue was dissolved in CHCl3 and n-
hexane was added to this solution to give a yellow precipitate, which was
collected by filtration and washed with n-hexane to give 7b (369 mg) as a
yellow solid. The filtrate was concentrated in vacuo, the residue was puri-
fied by chromatography on silica gel (n-hexane/CHCl3 8:2) to afford an
additional sample of 7 b (40 mg, combined yield 86 %): decomposed grad-
ually from about 170 8C; 1H NMR (300 MHz, CDCl3): d=7.68 and 7.21
(AA’BB’, JA,B =8.2 Hz, 12H), 5.98–5.84 (m, 12H), 2.10–1.98 (m, 6H),
1.72–1.44 (m, 6 H), 1.36–1.24 ppm (m, 6H); 13C NMR (75 MHz, CDCl3)
d=141.15 (s), 137.58 (d), 137.37 (s), 133.44 (d), 130.12 (s), 128.22 (d),
128.09 (d), 122.30 (d), 122.12 (d), 121.78 (s), 96.06 (s), 95.28 (s), 85.26 (s),
83.22 (s), 78.32 (s), 78.25 (s), 77.20 (s), 75.81 (s), 56.83 (s), 56.79 (s), 33.10
(t), 33.04 (t), 18.82 ppm (t); IR (KBr): ñ =3026, 2945, 2847, 2850, 2186,
1569, 1481, 1389, 1317, 1057, 1006, 846, 819, 774, 740, 674 cm�1; MS
(FAB): m/z 1428–1433 (the most abundant peak at 1430, [M+]).


Cage compound 2b : A solution of TBAF (1 m, 136 mL, 136 moml) in THF
(17 mL), which had been degassed thoroughly by bubbling argon 1 h, was
dropwise by a syringe pump (0.17 mL min�1) to a solution of [Pd(PPh3)4]
(36.0 mg, 31.2 mmol), CuI (6.1 mg, 32 mmol), 8b[14] (42.4 mg, 32.8 moml),
and 7b (46.8 mg, 32.7 moml) in degassed Et3N (27 mL) under an argon at-
mosphere at room temperature. After the mixture had been stirred for
1 h, HCl (ca. 200 mL, 0.5 n) was slowly added, and the reaction mixture
was extracted with CHCl3. The extract was washed with saturated
NaHCO3 solution and brine, and dried over anhydrous MgSO4. After re-
moval of the solvent, the residue was subjected to chromatography on
silica gel (n-hexane/CHCl3 1:1). The product was further purified by
preparative HPLC to afford 2 b (4.0 mg, 7%) as a yellow solid: decom-
posed gradually from 150 8C; 1H NMR (300 MHz, CDCl3): d =7.43 (s,
12H), 5.95–5.85 (m, 24H), 2.10–1.98 (m, 12 H), 1.72–1.44 (m, 12H), 1.38–
1.24 ppm (m, 12H); 13C NMR (125 MHz, CDCl3) d =141.40 (s), 137.53
(s), 132.03 (d), 130.34 (s), 128.19 (d), 128.09 (d), 122.78 (s), 122.26 (s),
122.13 (d), 96.54 (s), 85.13 (s), 84.22 (s), 78.25 (s), 78.15 (s), 75.58 (s),
56.79 (s), 56.66 (s), 33.12 (t), 33.03 (t), 18.81 ppm (t); IR (KBr): ñ =3028,
2948, 2850, 2191, 1391, 1075, 836, 774, 695 cm�1; LD TOF-MS (Figure 1b
and c).


1-(2,4,6-Trichlorophenyl)-4-(trimethysilyl)butadiyne :[23] A solution of
MeLi–LiBr in Et2O (1.5 m, 0.75 mL, 1.13 mol) was added to a solution of
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1,4-bis(trimethylsilyl)butadiyne (203 mg, 1.04 mmol) in Et2O (6.0 mL)
with stirring at 0 8C, and then mixture was slowly warmed up room tem-
perature. After being stirred for 24 h, the reaction mixture was slowly
poured into a saturated aqueous NH4Cl solution cooled to 0 8C (ca.
50 mL). The aqueous phase was extracted with Et2O, and the organic
layer was dried over anhydrous Na2SO4. The solvent was removed under
reduced pressure below room temperature, and the residue was dissolved
in Et3N (ca. 6 mL), which had been degassed thoroughly by bubbling
argon for 1 h. The above solution was added under an argon atmosphere
into a solution of [Pd2(dba)3]·CHCl3 (63.3 mg, 61.2 mmol), CuI (20.2 mg,
106 mmol), PPh3 (84.2 mg, 321 mmol), and 1,3,5-trichroro-2-iodobenzene
(115 mg, 374 mmol) in degassed Et3N (1.0 mL) at 50 8C. After being stir-
red for 4 h, the reaction mixture was filtered and the filtrate was concen-
trated in vacuo. The residue was passed through a short plug of silica gel
(n-hexane). Purification by preparative HPLC afforded the butadiyne de-
rivative (63.4 mg, yield 56% for two steps) as a colorless solid; m.p. 64–
65 8C; 1H NMR (300 MHz, CDCl3): d =7.33 (s, 2H), 0.26 ppm (s, 9H);
13C NMR (75 MHz, CDCl3): d =138.86 (s), 134.92 (s), 127.67 (d), 120.61
(s), 94.90 (s), 86.93 (s), 84.63 (s), 69.06 (s), �0.23 ppm (q); IR (KBr): ñ=


3113, 3076, 2957, 2925, 2853, 2101, 1561, 1536, 1449, 1385, 1371, 1251,
1090, 1019, 974, 849, 761, 655 cm�1; MS (EI): m/z 304, 302, 300 (rel. inten-
sity ca. 1:2:2, [M+]); HRMS (EI) calcd for C13H11


35Cl37Cl2Si,
C13H11


35Cl2
37Cl1Si, and C13H11


35Cl3Si 303.9640, 301.9667, and 299.9696,
found 303.9643, 301.9658, and 299.9679, respectively.


Acyclic polyyne precursor 10 : A solution of the above butadiyne
(55.3 mg, 183 mmol) in THF (3.0 mL) was added to a solution of K2CO3


(46.7 mg, 338 mmol) in MeOH (3.0 mL) with stirring at room tempera-
ture. After being stirred for 1 h, the reaction mixture was filtered and di-
luted with Et2O. The solution was washed with brine, dried over anhy-
drous MgSO4, and concentrated in vacuo to give a crude sample of the
deprotection product. The crude product was dissolved in Et3N (ca.
8 mL), which had been degassed thoroughly by bubbling argon for 1 h,
and the solution was added under an argon atmosphere to a solution of
[Pd(PPh3)4] (14.5 mg, 12.5 mmol), CuI (3.2 mg, 17 mmol), and 7 b (53.5 mg,
37.4 mmol) in degassed Et3N (3.0 mL) at room temperature. After being
stirred for 2 h, the reaction mixture was filtered and the filtrate was con-
centrated in vacuo. The residue was passed through a short plug of silica
gel (n-hexane/CHCl3 1:1). Purification by preparative HPLC afforded 10
(59.9 mg, yield 92% for two steps) as a brown solid: decomposed gradu-
ally from about 140 8C; 1H NMR (300 MHz, CDCl3): d=7.50 and 7.46
(AA’BB’, JAB = 7.3 Hz, 12H), 7.34 (s, 6 H), 5.95–5.84 (m, 12H), 2.10–1.99
(m, 6 H), 1.72–1.43 (m, 6 H), 1.37–1.22 ppm (m, 6 H); 13C NMR (75 MHz,
CDCl3) d=140.96 (s), 138.66 (s), 136.95 (s), 134.96 (s), 132.30 (d), 131.87
(d), 130.31 (s), 127.99 (d), 127.87 (d), 127.70 (d), 123.41 (s), 122.13 (d),
122.16 (d), 122.00 (d), 121.55 (s), 96.20 (s), 85.20 (s), 84.62 (s), 84.55 (s),
84.26 (s), 78.47 (s), 78.27 (s), 77.20 (s), 75.93 (s), 75.58 (s), 75.24 (s), 56.98
(s), 56.91 (s), 33.29 (t), 33.22 (t), 19.04 ppm (t); IR (KBr): ñ=3026, 2943,
2848, 2207, 1601, 1572, 1533, 1448, 1387, 1371, 1318, 1185, 1139, 1081,
1016, 857, 836, 818, 774, 759, 702, 674 cm�1; LD TOF-MS (Figure 5).
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Stereoselective Syntheses of Dihydroxerulin and Xerulinic Acid,
Anti-Hypocholesterolemic Dyes from the Fungus Xerula melanotricha


Achim Sorg,[a] Konrad Siegel,[b] and Reinhard Br�ckner*[a]


Introduction


Some time ago, a collaboration of the groups of Anke and
Steglich on constituents from the fungus Xerula melanotri-
cha Dçrfelt resulted in the isolation and structure elucida-
tion of three heavily unsaturated, intensely yellow g-alkyli-
denebutenolides:[1] xerulin (1), dihydroxerulin (2), and xeru-
linic acid (3 ; Scheme 1).[2] Xerulin and dihydroxerulin were
characterized as 10:90–35:65 mixtures, whereas xerulinic
acid was obtained pure. Each of these compounds sup-
pressed the biosynthesis of cholesterol in human HeLa S3
cells through inhibition of HMG-SCoA synthase (EC
4.1.3.5).[2] In the same cell system, 3—other than 1 and 2—
also suppressed the synthesis of RNA at IC50 �100 mm.[2]


Even more than their pharmacologic activities, their struc-
tural uniqueness turned xerulin and its alikes into attractive
synthetic targets. Siegel—from our group—achieved the first
laboratory syntheses of dihydroxerulin (2)[3] and xerulin
(1),[4] Rossi et al.[5] and Negishi/Alimardanov[6] the respec-
tive numbers two. The latest advent to these accomplish-
ments has been our recently published total synthesis of xer-
ulinic acid (3).[7,8] In the following, we disclose this synthesis


in full detail. In addition, we describe the successful termi-
nation of a related route providing dihydroxerulin (2).


Each of these syntheses utilized novel reagents. They
were conceived starting from the unprecedented retrosyn-
thetic disconnections shown in Scheme 2. They are distinct
from our first approach to dihydroxerulin[3] and our ap-
proach to xerulin[4] since we would form C�C rather than


Abstract: The title compounds 2 and 3,
which are inhibitors of the biosynthesis
of cholesterol, were synthesized in a
convergent and perfectly stereoselec-
tive manner. In the key step, bromobu-
tenolide 6 (obtained from levulinic acid
in two steps) was coupled with either
of the novel bis(stannanes) trans,cis,


-trans-35 or trans,trans,trans-35 [each
accessible from 3-(tributylstannyl)allyl
alcohol (17) in four steps], giving g-al-


kylidenebutenolide trans,trans,trans-32.
This compound was coupled with iodo-
diyne 42 or the bromoenediynoate 44
leading to dihydroxerulin (2) and to
the (trimethylsilylethyl)ester 45 of xer-
ulinic acid, respectively. Deprotection
of the latter provided totally synthetic
xerulinic acid (3) for the first time.


Keywords: butenolides · C�C cou-
pling · natural products · polyene ·
stannane


[a] Dr. A. Sorg, Prof. Dr. R. Br�ckner
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Albert-Ludwigs-Universit�t
Albertstrasse 21, 79104 Freiburg (Germany)
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Scheme 1. Dyes from Xerula melanotricha.


Scheme 2. Proposed retrosynthesis.
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C=C bonds in the endgame. The latter approach—by Wittig
reactions—was non-stereoselective[3,4] while the present ap-
proach was expected to be rigorously stereoselective: We
wanted to establish the stereogenic C=C bonds correctly
configured first and carry them on unaltered thereafter, that
is, while joining appropriate precursors under Pd catalysis.[9]


Because of the relative stability of organotin compounds
under many reaction conditions, we were biased towards
them, that is, aimed for Stille couplings[10] as key C�C bond
forming steps. Based on this analysis, we chose terminally
halogenated type-4 enediynes, the conjunctive bis(stannane)
5, and the previously unknown butenolide 6[11] as the core
intermediates of our approach. Ultimately, we replaced bis-
(stannane) 5 by either of its “dehydration products”, that
is, the novel hexatrienylbis(stannanes) trans,cis,trans- or
trans,trans,trans-35 (see Schemes 8 and 9, respectively). The
transformations described in the following suggest that bute-
nolide 6 may become as generally useful for making g-alkyl-
idenebutenolides as bis(stannanes) 35 in a general synthesis
of conjugated trienes.


Results and Discussion


Initially, we derived the g-(monobromomethylene)buteno-
lide 6 from the known g-(dibromomethylene)butenolide 10
(Scheme 3). Compound 10 had been prepared more than a
century ago[12] from the easily accessible dibromolevulinic
acid 8[13] but its structure was established much later.[14] The
reagents providing 10 were 2:1 oleum/conc. H2SO4. Optimiz-
ing temperature and reaction times, we could prepare this
compound without competing formation[12] of the isomeric
a-bromo-g-(bromomethylene)butenolide: The combination
50–60 8C/6 min provided 10 in 28 % yield. (Monobromome-
thylene)butenolide 6 was formed by the Z-selective reduc-
tion of (dibromomethylene)butenolide 10 with stoich.
Bu3SnH/cat. [Pd(PPh3)4] (method: see ref. [15]) which pro-


ceeded in 51 % yield. All in all, this is a three-step synthesis
of compound 6 from levulinic acid.[11]


Alternatively, we treated methyl monobromolevulinate
9[16] with concentrated H2SO4 at 100 8C for 20 min. Through
lactonization of the tautomeric enol and oxidation, this ren-
dered the same Z-configured (monobromomethylene)bute-
nolide 6. However, we could not increase its yield over
20 %.


Subsequently, we short-cut this synthesis by treating di-
bromolevulinic acid 8 with a succession of two reagents (as
indicated in the patent literature[17]): P4O10 dehydrated—pre-
sumably by leading to an enolester containing a Z-config-
ured BrHC=C�O group; addition of NEt3


[18] eliminated
HBr. This two-step procedure was four times as high-yield-
ing as the three-step access and as perfectly stereoselective.


The original center-piece 5 en route—according to the
design of Scheme 2—to xerulinic acid was synthesized after
C-silylating[19] propargyl alcohol (11 ! 72 % 12 ; Scheme 4).


Oxidation with PCC[20] gave propiolaldehyde 13[21] (76 %).
Addition of propargylmagnesium bromide (!14[22]) and de-
silylation with potassium carbonate in methanol[23] furnished
hexadiynol 15[24] (68 % yield over the 2 steps). Radical-chain
hydrostannylation[25] of both C�C bonds was realized work-
ing in Bu3SnH (3 equiv). It proceeded regio- and trans-selec-
tively and yielded bis(stannane) 5 in 60 % yield.


Scheme 3. Synthesis of the butenolide fragment. a) Br2 (2.1 equiv),
CH2Cl2, 0 8C ! RT, 2 h; 63 % (ref.[13] 40%). b) Br2 (1.0 equiv), MeOH,
room temperature ! D, 2 h; 38 % (ref.[16] 30%). c) Ref.[11] oleum/conc.
H2SO4 2:1 (v :v), 50–60 8C, 6 min; 28%. d) Conc. H2SO4, 100 8C, 20 min;
20%. e) i) P4O10 (1.2 equiv), CH2Cl2, 0 8C ! D, 1 h; filtration; ii) NEt3


(1.03 equiv), CH2Cl2, 0 8C ! D, 1 h; 55%. f) Ref.[11] Bu3SnH (1.10 equiv),
[Pd(PPh3)4] (0.10 equiv), THF, 65 8C, 3 h; 51%. Positional numbers in
compound 6 analogous to 1–3.


Scheme 4. a) BuLi (2.2 equiv), THF, �78 8C, 30 min, Me3SiCl (2.2 equiv),
! room temperature, 12 h; HCl (2 m), room temperature, 1 h; 72 %.
b) PCC on silica gel (w/w 1:1; 1.63 equiv), CH2Cl2, 0 8C, 8 h; 76%.
c) Propargyl bromide (1.0 equiv), Mg (1.5 equiv), HgCl2 (2 mol %), Et2O,
0 8C, 90 min; 13, �10 8C, 10 min, 0 8C, 1 h; used crude. d) K2CO3


(1.0 equiv), MeOH, RT, 14 h; 68% over the two steps. e) Bu3SnH
(3.0 equiv), AIBN (20 mol %), no solvent, 80 8C, 8 h; 60 %. f) 5
(2.00 equiv), [Pd(dba)2] (4 mol %), AsPh3 (15 mol %), addition of 6 in
20 min, THF, RT, 1 h; 55% (47:53 16 :iso-16).
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Bis(stannane) 5 caused an inconvenience when monocou-
pled with (bromomethylene)butenolide 6 (Scheme 4): The
constitutional isomers 16 and iso-16 arose as an inseparable
1:1 mixture. Hence, the two tributylstannyl groups in alcohol
5 differed with respect to their location but not their reactiv-
ity. This was not so much a nuisance synthetically: Each
isomer—without the need for separation!—had to be treat-
ed identically in order to advance towards target 3. Yet, the
formation of a mixture of compounds 16/iso-16 and of iso-
meric mixtures derived therefrom were a nuisance spectros-
copically: Structure identifications became tedious.


In order to identify the NMR resonances of monocou-
pling products 16 and iso-16, we synthesized compound 16
independently from the tin-containing alcohol 17
(Scheme 5); the latter was obtained from propargyl alcohol
by cuprostannylation/protonolysis.[26] Dess–Martin oxida-
tion[27] delivered the equally known[28] aldehyde 18. 1,2-Ad-
dition of propargylmagnesium bromide rendered the tribu-
tylstannylated enynol 20. Stille coupling[9] with the bromi-
nated butenolide 6 provided the C�C-containing compound
21. Its alkyne moiety was hydrostannylated with Bu3SnH in
the presence of 2 mol % of [PdCl2(PPh3)2]—with stereo- but
without regiocontrol. After flash chromatography on silica
gel,[29] we isolated equal amounts of compounds 16 and 22.
The NMR spectra of the former allowed identifying the
NMR signals of compound iso-16 in the previously men-
tioned 16/iso-16 mixture (Scheme 4; Table 1).


The synthesis of the siloxylated type-4 enediyne 27 began
with the synthesis of enediynol 25 from epichlorohydrin and
lithiobutadiyne (Scheme 6). The latter was generated in situ
from dichlorobutyne (23) and excess lithium amide.[30] This
reaction established the backbone and functional groups of
heptenediynol 25 in a single operation albeit only 17 %
yield. O-Silylation[31] (!26) and C-iodination[32] (!27) fol-
lowed with 75 and 87 % yield, respectively.


Scheme 7 depicts how we advanced from the enediynol 25
and the mixture of monocoupling products 16 and iso-16 to
the alcohol analogue 30 (“xerulinol”) and aldehyde ana-
logue 31 (“xerulinal”) of xerulinic acid (3). Pd-mediated
coupling between the starting materials gave 51 % of an in-
separable 1:1 mixture of isomers 28 and iso-28.[33] We re-
turned to working with single isomers compounds after the
subsequent dehydration: Treatment of the 1:1 mixture 28/
iso-28 with triflic anhydride and triethylamine allowed to


Table 1. 1H NMR shifts of 16, iso-16, and 22 (positional numbers analo-
gous to 1–3).


16 iso-16 22


2-H 6.18 5.97–6.21[a] 6.18
3-H 7.37 7.35 7.37
5-H 5.81 5.80 5.82
6-H 6.79 6.67 6.80
7-H 6.06 5.97–6.21[a] 6.06
8-H1or2 4.34 2.36–2.54[b] 4.24
9-H1 or2 dA = 2.39 4.21 dA =2.41


dB =2.50 dB =2.59
10-H0 or1 5.93 5.97–6.21[a] –
11-H1 or2 6.11 5.97–6.21[a] Z-H 5.36


E-H 5.81


[a] Overlapping signal of four protons of iso-16 and 2 protons of 16.
[b] Overlapping with signals of 169-H2


.


Scheme 5. a) Dess–Martin periodinane (1.3 equiv), CH2Cl2, 0 8C ! RT,
2.5 h; 93%. b) 19 (1.0 equiv), Mg (1.5 equiv), HgCl2 (2 mol %), Et2O,
0 8C, 90 min; 18, �10 8C, 10 min, 0 8C, 1 h; 68 %. c) [Pd(dba)2] (4 mol %),
AsPh3 (12 mol %), THF, RT, 2 h; 73%. d) Bu3SnH (1.20 equiv),
[PdCl2(PPh3)2] (2 mol %), THF, RT, 30 min; 36 % 16 and 37 % 22 (sepa-
rated).


Scheme 6. Synthesis of the first type-4 diyne fragment. a) LiNH2


(6.0 equiv), NH3 (l), �40 8C; addition of 24 (0.5 equiv), 3.5 h; ! RT,
12 h; 17%. b) tBuMe2SiCl (1.0 equiv), imidazole (2.0 equiv), CH2Cl2,
0 8C, 2 h; 75 %. c) BuLi (1.2 equiv), THF, �78 8C, 5 min; I2 (1.2 equiv),
�78 8C, 25 min, RT, 15 min; 87%.
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isolate the desired all-trans-configured elimination product
8,9trans-29 (48 %) after chromatographic separation from un-
assigned “isomers” (39%; possibly containing compound
8,9cis-29). Desilylation of 8,9trans-29 with HF/pyridine com-
plex[34] and Dess–Martin oxidation[27] led to “xerulinol” and
“xerulinal” successively (43 % yield over the two steps). Dis-
appointingly, under a variety of conditions we couldn�t oxi-
dize either of these compounds to obtain xerulinic acid—
plausibly because “xerulinal” was very unstable and readily
decomposed giving black unidentified materials.


Our failure of adjusting the oxidation state of the side-
chain of butenolide 31 from “carbonyl” to “carboxyl” im-
plied that we should work with the correct oxidation state
from earlier on. Consequently, we switched to incorporating
the enediyne ester 44 (to be presented in Scheme 10) instead
of the enediyne ether 27 (Scheme 7) as a type-4 reagent.


However, we did not engender 44 in an approach paralleling
that of Scheme 7—because of the lack of trans-selectivity of
its dehydration step (28/iso-28 ! 8,9cis- and 8,9trans-29).
Rather we considered the stannylated heptatrienylidenebu-
tenolide trans,trans,trans-32 as an ideal coupling partner of
enediyne ester 44. However, through dehydration compound
trans,trans,trans-32 wasn�t accessible in good yields, either
(Table 2).


This let us approach the same butenolide differently: by
mono-Stille couplings between (bromomethylene)butenolide
6 and the through-conjugated bis(stannanes) trans,cis,trans-
32 (Scheme 8) or trans,trans,trans-32 (Scheme 9). Each of
these couplings afforded the desired trans,trans,trans-isomer
of butenolide 32 with 100 % stereocontrol. The former reac-
tion revealed trans,trans,trans-selectivity as a surprise, the
latter by design.


The bis(stannylated) hexatriene trans,cis,trans-35 was as-
sembled from the tin-containing alcohol 17 (Scheme 8),
itself accessible through cuprostannylation/protonolysis from
propargyl alcohol.[26] We divided alcohol 17 between a
Dess–Martin oxidation[27] (! 93 % aldehyde 18[28]) and two
Mukaiyama redox condensations delivering sulfides 33 a
(92 %) and 33 b (96 %).[35] The latter, in contrast to the
former, could be oxidized with peroxomolybdate,[36] forming
sulfone 34 b (83 % yield). Deprotonation with KHMDS in
the presence of aldehyde 18 effected a (Sylvestre) Julia ole-
fination[37]—that is, a one-step variant of the (Marc) Julia–
Lythgoe olefination. It furnished bis(stannane) 35 in 66 %
yield[38] as a 96:4 mixture of isomers. From this degree of se-
lectivity we concluded—understandably[39]—that the 96 %
constituent was the trans,trans,trans-isomer. To our surprise,
the SELINCOR pulse sequence[40] revealed that this isomer
was trans,cis,trans-configured since the coupling J3,4 between


Scheme 7. Syntheses of “xerulinol” and “xerulinal”. a) 27 (1.5 equiv),
[Pd(dba)2] (5 mol %), AsPh3 (20 mol %), THF, RT, 24 h; 51%. b) NEt3


(5.0 equiv), Tf2O (1.5 equiv), CH2Cl2, �78 8C ! �20 8C, 2 h; 48 %
8,9trans-29 separated from 39 % of the indicated mixture. c) HF/pyridine
(134.1 equiv), THF, 0 8C, 5 h, <67 %. d) Dess–Martin periodinane
(1.2 equiv), CH2Cl2, RT, 1 h; >64 %; 43% over the two steps. e) Stream
of O2, AcOEt, cat. PtO2; no reaction. f) CrO3 (2.0 equiv), H2SO4, ace-
tone; decomp.; or NaClO2 (1.5 equiv), KH2PO4 (5.0 equiv), H2O2


(1.6 equiv), H2O/acetone; no reaction; or O2, CH2Cl2, RuCl3 (0.1 equiv);
no reaction.


Table 2. Dehydration of 1:1 mixtures 16/iso-16.


Reagents Solvent T [8C] Yield [%] Yield [%]
trans,trans,trans-32 “mixture”


DEAD/PPh3 CH2Cl2 �35!0 decomp. –
Ac2O/DBU/DMAP CH2Cl2 �35!0 9 –
Ms2O/H�nig�s base CH2Cl2 0 10 –
MsCl/NEt3/DMAP THF 0 decomp. –
Tf2O/pyridine CH2Cl2 �78!�30 30 7
Tf2O/NEt3 CH2Cl2 �78!�30 41 11
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the central protons was 10.9 Hz (a value inaccessible from
standard 1H NMR spectra because it refers to the coupling
between protons of identical chemical shifts). As we have


established since,[41] (Sylvestre) Julia olefinations of other al-
dehydes than compound 18 with sulfone 34 b and KHMDS
as a base exhibit comparable degrees of cis selectivity.


Notwithstanding the wrong double bond configuration of
bis(stannane) trans,cis,trans-35, we attempted pushing on to-
wards xerulinic acid by performing a Stille coupling[9] with
1.0 equivalent of butenolide 6 in the presence of [Pd(dba)2]/
AsPh3/CuI[42] (bottom of Scheme 8). This provided 55 % of a
single mono-coupling product to which we assigned struc-
ture trans,trans,trans-32. What formerly had been protons 3
and 4 of bis(stannane) trans,cis,trans-35 were now protons 8
and 9. Having different chemical shifts, protons 8 and 9 of
butenolide trans,trans,trans-32 display their coupling with
one another already in the ordinary 1H NMR spectrum. The
value J8,9 = 14.7 Hz established that this C=C bond possesses
the desired trans-configuration. We have no clue as to why
or how this complete inversion of the crucial C=C bond con-
figuration came about during the transformation 35 + 6 !
32.[43] In any event, it served us well and reproducibly.


Scheme 9 shows a stereochemically rational approach to
the previously obtained butenolide trans,trans,trans-32. It
proceeds via bis(stannane) trans,trans,trans-35. Like its
trans,cis,trans-isomer (cf. Scheme 8), this reagent was de-
rived from compound 17[26] (Scheme 9). In the present con-
text, this tin-containing alcohol was converted via the tin-
containing bromide 36 (82 %)[44] into the tin-containing sul-
fide 37 (90 %).[45] Oxidation with peroxomolybdate provided
the corresponding sulfone 38 (88 %).[36] Deprotonation with
Al2O3-supported KOH in the presence of CBr2F2


[46] induced
a Ramberg–B�cklund reaction.[47] Bis(stannane) 35 resulted
in 73% yield. It represented a 96:4 mixture of the trans,trans,
-trans- and the trans,cis,trans-isomer. This was inferred from
the ratio of the integrals over 2-H/5-H (trans,trans,trans-35 :
d2-H = d5-H = 6.56, trans,cis,trans-35 : d2-H = d5-H =7.08) and
from the magnitudes of the vicinal olefinic H,H coupling
constants in the major isomer (J1,2 = J5,6 =18.6 Hz, J3,4 =


15.1 Hz; the latter was determined in a SELINCOR experi-
ment[40]).


In order to couple bis(stannane) trans,trans,trans-35 and
(bromomethylene)butenolide 6 in a 1:1 ratio without too
much 1:2 coupling competing, we performed one Sn!Li ex-
change per reagent molecule first, a Li!Zn exchange next,
and a Negishi coupling[48] thereafter. This led to the desired
1:1 product trans,trans,trans-32 in 63 % yield (Scheme 9).[49]


The prefixes “trans” are founded on the magnitude of the
following H,H coupling constants (500 MHz, CDCl3): J6,7 =


14.9, J8,9 =14.7, and J10,11 = 18.7 Hz.
It is noteworthy that we were able to couple different


electrophiles at terminus C1 versus C6 of our bis(tributyl-
stannanes) trans,cis,trans- and trans,cis,trans-35 (Schemes 8
and 9, respectively). These differentiations are more chal-
lenging than realizing the C1- versus C4-differentiation in the
only unsymmetric biscoupling reported so far for the con-
ceptionally related butadiene-1,4-bis(trimethylstannane).[50a]


The synthesis of the type-4 enediynecarboxylate 44 began
with enediynol 25 (Scheme 10). Terminal bromination with
NBS/AgNO3


[51] led to bromoenediynol 39. The correspond-


Scheme 8. Stereoselective synthesis I of key intermediate trans,trans,
-trans-32. a) 33 a : Diethyl azodicarboxylate (1.09 equiv), PPh3


(1.10 equiv), 1-phenyl-1H-tetrazole-5-thiol (1.06 equiv), THF, 0 8C, 3 h;
92%; 33b : Diethyl azodicarboxylate (1.09 equiv), PPh3 (1.10 equiv),
benz-1,3-thiazole-2-thiol (1.05 equiv), THF, 0 8C, 1 h; 96 %. b) Same as a)
in Scheme 5. c) H2O2 (10 equiv), (NH4)6Mo7O24 (0.20 equiv), EtOH, 0 8C,
2 h; 83%. d) KHDMS (1.2 equiv), THF, �78 8C ! RT, 12 h; 66%. e) 6
(1.0 equiv), [Pd(dba)2] (5 mol %), AsPh3 (20 mol %), CuI (10 mol %),
THF, 40 8C, 2 h; 55%.


Scheme 9. Stereoselective synthesis II of key intermediate trans,trans,
-trans-32. a) CBr4 (1.21 equiv), CH2Cl2, 0 8C, addition of PPh3


(1.10 equiv), 1 h; 82 % (ref.[44] 81%). b) Na2S (0.5 equiv), Bu4N
+HSO4


�


(0.7 mol %), H2O/THF, RT, 7 h; 90%. c) H2O2 (10 equiv), (NH4)6Mo7O24


(0.2 equiv), EtOH, 0 8C ! RT, 1 h; 88%. d) KOH (30 % on Al2O3;
20 equiv), CBr2F2 (4 equiv), THF, 0 8C, 30 min; 73%. e) trans,trans,trans-
35 (1.3 equiv), nBuLi (1.3 equiv), THF, �78 8C, 20 min; ZnCl2 (1.3 equiv),
30 min; 6, [Pd(PPh3)4] (5 mol %), 0 8C, 1 h; 63 %. f) 6 (1.1 equiv),
[Pd(dba)2] (5 mol %), AsPh3 (20 mol %) THF, RT, 2 h; 44%.
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ing aldehyde 40 was generated by Dess–Martin oxidation[27]


(79 % yield). This aldehyde was carried on to carboxylic
acid 43 by a Lindgren oxidation[52] (89 % yield). Esterifica-
tion with (trimethylsilyl)ethanol in the presence of DCC
and DMAP provided 83 % of building block 44.[53]


The synthesis of another type-4 reagent—namely of iodo-
diyne 42—was required for enriching the present study by a
completely stereoselective synthesis of dihydroxerulin (2),
too. Following a procedure of ourselves,[3] we started with
the earlier mentioned (Scheme 6) generation of lithiobuta-
diyne from dichlorobutyne (23) and excess lithium amide
(Scheme 10).[30] Quenching with propyl bromide gave a
crude specimen of 1,3-heptadiyne (41). It was iodinated at
C-1 by treatment with iodine and morpholine at slightly ele-
vated temperature,[54] affording compound 42 in 43 % yield
over the two steps.


The carbon skeleton of xerulinic acid (3) was completed
by a Stille coupling[33] {[Pd(dba)2]/AsPh3


[55]} between the
brominated enediynecarboxylate 44 and the tin-containing
butenolide trans,trans,trans-32 (Scheme 11). Avoiding expo-
sure to atmospheric oxygen and daylight, this provided xeru-
linic acid ester 45 in 73 % yield. In the final step, this com-
pound was deprotected in 61 % yield by treatment with an-
hydrous Bu4NF in THF. The resulting synthetic specimen of
xerulinic acid showed the same 1H- and 13C- and 2D-NMR
data as the natural product[2,56] (Table 3; 500 and 126 MHz,
respectively). A 1H-coupled short-range H,C-COSY spec-
trum (500 MHz/125.7 MHz, [D6]DMSO) showed J9,8 =


14.7 Hz (along with J9,10 =11.0 Hz) in the 13C-9 signal (d=


134.70) and J8,9 =14.9 Hz (as well as J8,7 =11.2 Hz) in the


13C-8 signal (d=137.57). These values average 14.8 Hz for
the olefinic coupling across the C8=C9 bond of xerulinic acid
and proves the trans-configuration (established by Steglich,
Anke et al. by analyzing 1H NMR spectra in [D6]DMSO/
[D6]benzene mixtures[2]).


Likewise, dihydroxerulin (2) was obtained by the Stille
coupling[33] {[Pd(dba)2]/AsPh3/CuI[42]} of the iodinated diyne
42 with the stannylated heptatrienylidenebutenolide trans,
-trans,trans-32 (Scheme 11), namely in 70 % yield and—
other than in our original synthesis[3]—without another ster-
eoisomer interfering. In our earlier study,[3] we needed to
simulate the 800 MHz 8-H/9-H 1H NMR subspectrum of di-
hydroxerulin (2) in C6D6—which was higher-order—for un-
raveling J8,9 =14.8 Hz and thereby establishing the trans-con-
figuration of the C8=C9 bond of 2. This time, we extracted
J8,9 =14.9 Hz—as the average value of the 15.2 and 14.6 Hz
splittings, respectively, observed in the 13C resonances at d=


135.69 and 134.77 (C-8, C-9; not individually assigned)—di-
rectly from the 1H-coupled short-range H,C-COSY spec-
trum (500 MHz/125.7 MHz, [D6]benzene).


In summary, we realized a highly convergent and highly
stereoselective first-time synthesis of xerulinic acid (3) and
accomplished an equally convergent and equally stereoselec-
tive synthesis of dihydroxerulin (2). While these targets are
maybe no “complex” molecules it must be pointed out that
they are by no means easy to make: Their tendency—and
the tendency of several of their precursors—to “polymerize”
cannot be overestimated.


Our strategy towards 2 and 3 is distinct from all previous
strategies in the xerulin field. Both compounds were derived
from three building blocks, namely from the halogenated
diynes 42 or 44, respectively, either of the novel bis(stan-


Scheme 10. Syntheses of second and third type-4 diyne fragments. a) NBS
(1.30 equiv), AgNO3 (0.08 equiv), acetone, RT, 13 h; 79 %. b) Dess–
Martin periodinane (1.52 equiv), CH2Cl2, 0 8C ! RT, 2.5 h; 79 %.
c) Ref.[3] NaNH2 (3.0 equiv), NH3/DMSO (6:1), �33 8C; PrBr (1.1 equiv),
4 h; used crude. d) NaClO2 (2.1 equiv), KH2PO4 (2.5 equiv), 2-methyl-2-
butene (3.5 equiv), acetone/H2O 3:2, 0 8C; 89 %. e) Ref.[3] I2 (1.0 equiv),
morpholine (3.0 equiv), THF, 45 8C, 10 h; 43% over the two steps.
f) HOCH2CH2SiMe3 (1.2 equiv), DCC (1.1 equiv), DMAP (0.05 equiv),
ethyl acetate, 0 8C ! RT, 2 h; 83 %.


Scheme 11. a) 42 (1.8 equiv), [Pd(dba)2] (5.3 mol %), AsPh3 (17.3 mol %),
CuI (11.1 mol %), THF, RT, 5 h; 70 %. b) 44 (1.08 equiv), [Pd(dba)2]
(6 mol %), AsPh3 (19 mol %), THF, RT, 5 h; 73%. c) Bu4NF (1.5 equiv),
THF, 0 8C ! RT, 2 h; 61%.
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nanes) trans,cis,trans- or trans,trans,trans-35, and the easily
accessible (bromomethylene)butenolide 6.


The hexatriene-1,6-bis(tributylstannanes) trans,cis,trans-
and trans,cis,trans-35 ought to be valuable conjunctive C6 re-
agents—the first examples being provided in the present
study (Schemes 8 and 9, respectively)—, similarly as ethyl-
ene-1,2-bis(tributylstannane) which is a conjunctive C2 re-
agent[57] or similarly as butadiene-1,4-bis(trimethylstannane)
which is a conjunctive C4 reagent.[50,58] Pertinent studies are
underway in our laboratory. The (bromomethylene)buteno-
lide 6 in conjunction with the concise synthesis disclosed
here should make it a worthwhile precursor for the synthesis
of other g-alkylidenebutenolides, too. Thus, the target-ori-
ented work reported here entails methodological innovation
of a wider scope.


Experimental Section


All reactions were performed in oven-dried (110 8C) glassware under Ar.
Reactions with light-sensitive compounds were performed in brown glass-
ware or in ordinary glassware in a fume hood lined with UV protection
foil. THF was freshly distilled from K; CH2Cl2 and pyridine were distilled
from CaH2. Products were purified by flash chromatography[29] on Merck
silica gel 60 [eluents in brackets; volume of each collected fraction (mL)/
column diameter (cm): 1.3/1.0, 4/1.5, 8/2.0, 14/2.5, 14(!)/3.0, 30/4, 50/5, 80/
6; which fractions contained the isolated product is indicated in each de-
scription as “product in xx–yy”]. Yields refer to analytically pure sam-
ples. Isomer ratios were derived from suitable 1H NMR integrals. 1H


[CHCl3 (d =7.26) as internal standard in CDCl3, C6HD5 (d=7.15) as in-
ternal standard in C6D6 or (HD2C)(D3C)S=O (d=2.49) as internal stan-
dard in (CD3)2S=O] and 13C NMR [CDCl3 (center peak of the triplet d=


77.0) as internal standard in CDCl3, C6D6 (d =128.0) as internal standard
in C6D6 or (D3C)2S=O (d=39.5) as internal standard in (D3C)2S=O]:
Varian Mercury VX 300, Bruker AM 400 and Bruker DRX 500. Integrals
in accordance with assignments; coupling constants in Hz. The assign-
ments of 1H and 13C NMR resonances refer to the IUPAC nomenclature
and printed numbers belong to the side chain [except for dihydroxerulin,
xerulinic acid 2-(trimethylsilyl)ethyl ester, and xerulinic acid, which were
numbered as shown for the latter in Table 3]. Combustion analyses: E.
Hickl, Institut f�r Organische Chemie und Biochemie, Universit�t Frei-
burg. MS: Dr. J. Wçrth und C. Warth, Institut f�r Organische Chemie
und Biochemie, Universit�t Freiburg. IR spectra: Perkin–Elmer Paragon
1000. Melting points were measured on a Dr. Tottoli apparatus (B�chi)
and are uncorrected.


Dihydroxerulin (2): To a degassed solution of stannane trans,trans,trans-
32 (63.5 mg, 0.137 mmol) in THF (1.5 mL) [Pd(dba)2] (4.2 mg, 7.3 mmol,
0.053 equiv), AsPh3 (7.3 mg, 24 mmol, 0.17 equiv), CuI (2.9 mg, 15 mmol,
0.11 equiv), and iodoalkyne 42 (67.0 mg, 0.250 mmol, 1.82 equiv) were
added. After stirring for 5 h under exclusion of light the solvent was
evaporated in vacuo to afford a residue which was purified by flash chro-
matography (2.5 cm, cyclohexane/EtOAc 10:1, #11–23 cyclohexane/
EtOAc 5:1, #24–25 cyclohexane/EtOAc 2:1, product in #19–25) to afford
the title compound (25.2 mg, 70 %) as an orange solid; 1H NMR
(500 MHz), 13C NMR (125 MHz, C6D6), and IR spectrum similar to data
published earlier.[3] J8,9 was obtained by an 1H-coupled short-range C,H
correlation spectrum: 1) The signal at d =134.77 (C-8) is split by J =14.6
and J’=11.7 ! the larger one of these couplings is J8,9. 2) The signal at
d=135.69 (C-9) is only interpretable without simulation in the high-field
part, where it is split by J =15.2 and J’=11.5 ! the larger one of these
couplings is J9,8.


Xerulinic acid (3): At 0 8C Bu4N
+F� (1.0 m in THF, 161 mL, 0.161 mmol,


1.10 equiv) was added under light exclusion within 1 min to a solution of
ester 44 (57.2 mg, 0.146 mmol) in THF (2 mL). The solution was allowed
to warm to room temperature within 2 h. More Bu4N


+F� (1.0 m in THF,
58 mL, 0.058 mmol, 0.40 equiv) was added. After 2 h EtOAc (6 mL), H2O
(4 mL), and aq. NH4Cl (1 mL) were added. The aq. phase was extracted
with EtOAc (4 � 4 mL) and the combined organic phases were washed
with brine (2 � 2 mL). After drying with Na2SO4 the solvent was evapo-
rated in vacuo to afford a residue which was purified by flash chromatog-
raphy (2 � 3 cm, 4 mL fractions, EtOAc, product in #16–48) to afford the
title compound (26.0 mg, 61%) as an orange solid. 1H NMR (500 MHz,
[D6]DMSO): d= 6.08 (d, J11,10 =15.5, 11-H), 6.25 (d, J5,6 = 10.9, 5-H), 6.42
(d, J17,16 =15.8, 17-H), interlocked with 6.43 (d, J2,3 =5.2, 2-H), 6.60–6.68
(m, 9-H), 6.70–6.82 (m, 6-H, 7-H, 8-H), superimposes partly 6.82 (dd,
J16,17 =15.8, 7J16,11 =0.9, 16-H), 7.00 (dd, J10,11 = 15.4, J10,9 =11.2, 10-H), 7.85
(d, J3,2 =5.4, 3-H); a short-range H,H correlation spectrum (500 MHz,
[D6]DMSO) showed, amongst others, cross-peaks between the following
resonances: 5-H (d =6.25) , 6-H, 7-H, 8-H (d=6.70–6.82); 11-H (d=


6.08) , 10-H (d=7.00), 16-H (d= 6.82); 10-H (d=7.00) , 9-H (d=


6.60–6.68), 9-H (d=6.60–6.68) , 10-H (d= 7.00), 6-H, 7-H, 8-H (d=


6.70–6.82); 13C NMR (125 MHz, [D6]DMSO): d =77.34 (C-13), 80.88 (C-
14)*, 81.26 (C-15)*, 85.86 (C-12), 110.27 (C-11), 114.38 (C-5), 118.75 (C-
2), 122.63 (C-16), 128.37 (C-6), 134.70 (C-9), 134.80 (C-17), 137.57 (C-8),
138.02 (C-7), 144.26 (C-3), 146.45 (C-10), 149.61 (C-4), 165. 94 (C-18),
169.04 (C-1); *assignment (different from Steglich et al.[2]) by long-range
C,H correlation and 1H-coupled 13C NMR spectrum. A short-range C,H
correlation spectrum (500 MHz/125 MHz, [D6]DMSO) showed cross-
peaks between the following resonances: 11-H (d= 6.08) , C-11 (d=


110.27), 5-H (d=6.25) , C-5 (d=114.38), 17-H (d=6.42) , C-17 (d=


134.80)*, 2-H (d= 6.43) , C-2 (d=118.75)*, 9-H (d =6.60–6.68) , C-9
(d=134.70), 6-H, 7-H, 8-H (d=6.70–6.82) , C-6, C-7, C-8 (d=128.37,
137.57 and 138.02), 16-H (d =6.82) , C-16 (d=122.63), 10-H (d=7.00)
, C-10 (d =146.45), 3-H (d=7.85) , C-3 (d=144.26); *since the signals
of 2-H and 17-H are superimposed, the cross-peaks to C-2/C-17 had to
be distinguished by “narrow” (! 2-H) vs. “broad” (! 17-H due to its
larger H,H coupling). An 1H-coupled 13C NMR spectrum (125 MHz,
[D6]DMSO) revealed, amongst others: The “inner” alkyne 13C signals at


Table 3. 1H (500 MHz) and 13C NMR (126 MHz) chemical shifts of natu-
ral and synthetic xerulinic acid (3 ; [D6]DMSO). For the corresponding
data of natural and synthetic dihydroxerulin (2) see reference [3].


Proton Natural Synthetic Carbon Natural Synthetic


– 1 169.10 169.04
2 6.43 6.43 2 118.77 118.75
3 7.84 7.85 3 144.32 144.26
– 4 149.63 149.61
5 6.25 6.25 5 114.45 114.38
6 6.85 6.70 6 128.38 128.37
7 6.73 – 7 138.08 138.02
8 6.74 6.82 8 137.47 137.57
9 6.63 6.60–6.68 9 134.77 134.70
10 6.99 7.00 10 146.41 146.45
11 6.08 6.08 11 110.36 110.27
– 12 85.68 85.86
– 13 77.45 77.34
– 14 80.93 80.88[c]


– 15 81.11 81.26[c]


16 6.87[a] 6.82 16 121.97 122.63
17 6.48[a] 6.42 17 135.73[b] 134.80
– 18 166.14 165.94


[a] A copy of the original 1H NMR spectrum revealed that this (pub-
lished) value is a typographical error; the actually observed chemical
shift value was at higher field. [b] The original 13C NMR spectra show
d=135.73 (published) and d =135.17. [c] Assignments may be inter-
changeable.
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d=77.34 and d =81.26 occurred as t while the “outer” alkyne 13C signals
at d =80.88 (C-15) and d=85.86 (C-12) occurred as d. A long-range C,H
correlation spectrum (500 MHz/125 MHz, [D6]DMSO) showed, amongst
others, cross-peaks between the following resonances: 2-H (d=6.20) ,
C-3 (d =142.53), C-4 (d=149.73), C-1 (d=169.18), 10-H (d =7.00) , C-9
(d=134.70), C-8 (d=137.57), 9-H (d =6.60–6.68) , C-8 (d =137.57), C-7
(d=138.02), 10-H (d =7.00) , C-12 (d=85.86), 11-H (d =6.08) , C-13
(d=77.34), C-14 (d =81.26), 17-H (d=6.42) , C-15 (d=80.88), C-14
(d=81.26). 3-H (d =7.85) , C-2 (d= 118.75), C-4 (d =149.26), C-1 (d=


165.95). A 1H-coupled short-range C,H correlation spectrum (500 MHz/
125 MHz, [D6]DMSO) revealed, amongst others: d=6.41 (dd, 1JH,C =


167.3, J17,16 =16.1, 17-H), d=6.43 (dd, 1JH,C = 186.3, J2,3 =5.5, 2-H), d=


6.64 (only partly interpretable J9,8 =14.7, J9,10 =11.0, 9-H), d= 6.74 (ddd,
1JH,C =158.5, J7,6 =14.8, J7,8 =11.3, 7-H), d=6.75 (only partly interpreta-
ble, J8,9 =14.9, J8,7 =11.2, 8-H), d=6.79 (ddm, 1JH,C =159.6, J6,7 �14.5, J6,5


�11.5, 6-H); IR ([D6]DMSO): ñ =3465, 3025, 2250, 2185, 2130, 1770,
1745, 1700, 1610, 1530, 1330, 1290, 1265, 1190, 1110, 1095, 1030, 985, 935,
880, 835, 805 cm�1; (m/z): 292.07356 [M +] confirmed by HRMS (EI,
70 eV); elemental analysis calcd (%) for C18H12O4 (292.1): C 73.97, H
4.14; found: C 73.61, H 4.07.


trans,trans-1,6-Bis(tributylstannyl)-1,5-hexadien-3-ol (5): AIBN (534 mg,
3.26 mmol, 0.18 equiv) was added to a solution of diyne 15 (1.463 g,
17.95 mmol) and Bu3SnH (13.150 g, 45.190 mmol, 2.52 equiv) in toluene
(9 mL). The solution was stirred 4 h at 80 8C, then 11 h at room tempera-
ture The solvent was removed in vacuo and the residue purified by flash
chromatography (5.5 cm, cyclohexane/NEt3 100:2, product in #15–25) to
yield the title compound (7.269 g, 60 %) as a slightly yellow oil; 1H NMR
(500 MHz, CDCl3; contaminated with a small amount of Bu3SnX): d=


0.81–0.96 (m, 6� SnCH2CH2CH2CH3), superimposes 0.89 (t, Jvic = 7.2, 6�
SnCH2CH2CH2CH3), 1.23–1.37 (m, 6 � SnCH2CH2CH2CH3), 1.43–1.53 (m,
6� SnCH2CH2CH2CH3), 1.72 (d, JOH,3-H = 4.5, OH), 2.40 [m, presumably
interpretable as AB signal (dA =2.36, dB =2.45, JAB =13.7, in addition
split by JA,3 =JA,5 =6.9, 4JA,6 =0.9, JB,3 = 6.3*, JB,5 =5.1*, 4JB,6 =1.1, 4-H2),
4.14 (m, 3-H), 5.90–6.26 (m, 1-H, 2-H, 5-H, 6-H); *interchangeable;
13C NMR (75 MHz, CDCl3; peak of contaminant at d =10.31): d=9.46
(flanked by Sn isotope satellites as 2d, 1J119Sn,C-1’=


1J119Sn,C-1’’=344.0,
1J117Sn,C-1’=


1J117Sn,C-1’’=327.6, SnCH2CH2CH2CH3), 13.69 SnCH2CH2CH2-
CH3), 27.24 (flanked by Sn isotope satellites as 1 d, 3J119Sn,C-3’=


3J119Sn,C-3’’=
3J117Sn,C-3’=


3J117Sn,C-3’’=53.8, SnCH2CH2CH2CH3), 29.055 and 29.101 (2 � non
equivalent SnCH2CH2CH2CH3), 45.93 (C-4), 73.73 (C-3), 127.52, 132.90,
144.44, 150.13 (C-1, C-2, C-5, C-6); IR (film): ñ =3340, 2955, 2925, 2870,
2850, 1600, 1460, 1420, 1375, 1355, 1340, 1290, 1250, 1180, 1150, 1075,
1045, 1020, 990, 960, 875 cm�1; elemental analysis calcd (%) for
C30H62OSn2 (674.3): C 53.28, H 9.24; found: C 53.46, H 9.15.


Z-5-(Bromomethylene)-2(5H)-furanone (6): Method A : 5-Bromolevulinic
acid methyl ester (9 ; 724 mg, 5.46 mmol) was treated with conc. H2SO4


(7 mL) and stirred for 20 min at 100 8C. After cooling down, the mixture
was poured on ice and extracted with CH2Cl2 (3 � 30 mL). The combined
organic extracts were washed with brine (20 mL), dried with Na2SO4, and
exaporated in vacuo. The residue was purified by chromatography (2 cm,
cyclohexane/EtOAc 15:1, #5–9 cyclohexane/EtOAc 10:1, #10–24 cyclo-
hexane/EtOAc 5:1, product in #17–24). The title compound (119.0 mg,
20%) was obtained as a colorless solid. M.p. 83–84 8C.


Method B : Bu3SnH (127.0 mg, 439.9 mmol, 1.10 equiv) was added to a de-
gassed solution of dibromide 10 (101.4 mg, 399.5 mmol) and [Pd(PPh3)4]
(46.0 mg, 39.9 mmol, 0.10 equiv) in THF (3 mL). The mixture was stirred
for 3 h at 60 8C. After cooling to room temperature, the mixture was fil-
tered through a pad of Celite and washed thoroughly with EtOAc. The
solvent was evaporated in vacuo affording a residue which was purified
by repeated flash chromatography (2 cm, cyclohexane/EtOAc 10:1, #4–8
cyclohexane/EtOAc 5:1, #9–14 cyclohexane/EtOAc 2:1, product in #12–
14). The title compound (36.1 mg, 51%) was obtained as a colorless
solid. M.p. 82–84 8C.


Method C : At 0 8C P4O10 (12.62 g, 44.45 mmol, 1.2 equiv) was added to a
solution of dibromolevulinic acid (8 ; 10.15 g, 37.04 mmol) in CH2Cl2


(150 mL). After 30 min, the solution was allowed to reach room tempera-
ture and heated at reflux for 1.5 h. After cooling to room temperature, it
was filtered and concentrated in vacuo. A solution of the intermediate


(8.094 g) in CH2Cl2 (75 mL) was cooled to 0 8C, and NEt3 (5.29 mL,
3.84 g, 38.0 mmol, 1.03 equiv for 8) was added. After 1 h, the mixture was
first warmed to room temperature and then heated at reflux for 1 h. Aq.
NH4Cl (40 mL) was added, and the mixture extracted with (6 � 20 mL).
The combined organic extracts were dried with Na2SO4. Evaporation in
vacuo afforded a residue which was submitted to flash chromatography
(5 cm, cyclohexane/EtOAc 20:1, #8–17 cyclohexane/EtOAc 10:1, #18–36
cyclohexane/EtOAc 2:1, product in #21–36) to afford the title compound
(3.544 g, 55% with respect to 8) as a slightly yellow solid. M.p. 82–84 8C;
1H NMR (300 MHz, CDCl3): d=6.11 (s, 1’-H), 6.32 (d, J3,4 = 5.6, 3-H),
7.38 (d, J4,3 =5.6, 4-H); the Z-configuration of the exocyclic double bond
was proved by the NOE observed at 4-H (d =7.38) while irradiating 1’-H
(d=6.11); 13C NMR (125 MHz, CDCl3): d=92.41 (C-1’)*, 120.76 (C-3)*,
141.72 (C-4)*, 152.41 (C-5), 168.23 (C-2); *distinguishable by a C,H-cor-
relation spectrum; IR (CDCl3): ñ =3075, 1780, 1750, 1725, 1640, 1555,
1170, 1110, 1075, 935, 885, 820, 780, 730 cm�1; elemental analysis calcd
(%) for C5H3BrO2 (174.4): C 34.32, H 1.73; found: C 34.20, H 1.61.


3,5-Dibromolevulinic acid (8):[13] A solution of Br2 (35.64 g, 0.2230 mol,
2.1 equiv) in CH2Cl2 (20 mL) was added dropwise to a solution of levulin-
ic acid (7; 12.32 g, 0.1062 mol) and 20 drops of HBr (45 % in H2O) in
CH2Cl2 (100 mL) at 0 8C. After stirring at room temperature for 2 h, the
mixture was washed with H2O (50 mL) and with aq. Na2S2O3 (50 mL).
The aq. phase was extracted with CH2Cl2 (4 � 20 mL). The combined or-
ganic extracts were dried with Na2SO4. Petroleum ether (60–80 8C) was
added under vigorous stirring. The resulting precipitate was filtered off
and the title compound (18.28 g, 63%; ref.:[13] 40 %) obtained as colorless
crystals. M.p. 110–111 8C; ref.:[13] 112–114 8C.


5-Bromolevulinic acid methyl ester (9):[16] At 70 8C a solution of Br2


(11.80 g, 73.84 mmol, 1.0 equiv) in MeOH (20 mL) was added dropwise
to a solution of levulinic acid (7; 8.60 g, 74.1 mmol) in MeOH (90 mL).
The mixture was heated at reflux for 2 h and cooled to room temperature
HBr was driven out with a stream of N2 (for 30 min). The solution was
washed with aq. NaHCO3 (40 mL) and the aq. phase extracted with
CH2Cl2 (4 � 20 mL). The combined organic phases were dried with
Na2SO4 and evaporated in vacuo. Flash chromatography (6.0 cm, cyclo-
hexane/EtOAc 20:1, #5–15 cyclohexane/EtOAc 15:1, #16–31 cyclohex-
ane/EtOAc 10:1, #32–55 cyclohexane/EtOAc 5:1, product in #24–55) af-
forded the title compound (5.82 g, 38%; ref.:[16] 30 %) as a colorless oil.


5-(Dibromomethylene)-2(5H)-furanone (10):[12, 13] Dibromolevulinic acid
8 (4.77 g, 17.4 mmol) was treated with a mixture of oleum (18 mL, 65 %
SO3) and conc. H2SO4 (9 mL). The solution was stirred at 50–60 8C for
6 min and poured onto ice. The mixture was extracted with CH2Cl2 (3 �
30 mL) and the combined organic phases were dried with Na2SO4. The
solvent was evaporated in vacuo to afford a residue which was submitted
to flash chromatography (5 cm, cyclohexane/EtOAc 15:1, #8–17 cyclohex-
ane/EtOAc 10:1, #18–25 cyclohexane/EtOAc 5:1; #11–25) to afford the
title compound (1.22 g, 28%; ref.:[13] 8 %; ref.[12] 43%) as a slightly yellow
solid. M.p. 132–134 8C; ref.:[12] no details; ref.:[13] 137 8C.


3-(Trimethylsilyl)-2-propyn-1-ol (12):[19] At �78 8C BuLi (1.4 m in hexane,
31.4 mL, 44.0 mmol, 2.2 equiv) was added to a solution of propargyl alco-
hol (11; 1.12 g, 20.0 mmol) in THF (100 mL). After stirring for 30 min at
this temperature Me3SiCl (4.89 g, 45.0 mmol, 2.2 equiv) was added. The
solution was warmed to room temperature and HCl (2 m, 50 mL) was
added. After stirring for 1 h the aq. phase was extracted with tBuOMe
(100 mL). The combined organic phases were washed with aq. NaHCO3


(100 mL) and brine (100 mL). The organic phase was dried with MgSO4


and the solvent evaporated in vacuo to afford an oily residue. The title
compound (1.855 g, 72 %; ref.:[19] 82 %) was obtained after distillation as
a colorless oil (b.p. 69–72 8C, 10 mbar; ref.:[19] 95–96 8C, 22 Torr).


3-(Trimethylsilyl)-2-propynal (13):[21] Alcohol 12 (11.90 g, 92.83 mmol)
was added dropwise at 0 8C within 10 min to a suspension of PCC
(32.56 g, 0.151 mol; 50 % on silica gel, 1.63 equiv) in CH2Cl2 (300 mL).
After 2 h the dark suspension was filtered twice through a pad of silica
gel and washed with CH2Cl2 (40 mL). The solvent was evaporated in
vacuo to afford an oily residue. The title compound (8.90 g, 76%; ref.:[21]


65%) was obtained after distillation as a slightly yellow oil (b.p. 44 8C,
20 mbar; ref.:[21] 52–57 8C, 30 Torr).
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1-(Trimethylsilyl)-1,5-hexadiyn-3-ol (14):[22] At 0 8C propargyl bromide
(80 % in toluene, 5.340 g, 44.9 mmol, >1.0 equiv) was added within
30 min to a suspension of Mg (1.638 g, 67.4 mmol, >1.5 equiv) and
HgCl2 (220 mg, 0.812 mmol, 2 mol %) in Et2O (50 mL). After stirring for
1 h at this temperature, this solution was added at �78 8C within 15 min
to a solution of propargyl aldehyde 13 (5.650 g, <44.9 mmol) in Et2O
(50 mL). After stirring for 15 min 0 8C and 30 min at room temperature,
the reaction was terminated by addition of aq. NH4Cl (45 mL) and H2O
(50 mL). The aq. phase was extracted with Et2O (3 � 50 mL). The com-
bined organic phases were dried with Na2SO4. The solvent was evaporat-
ed in vacuo to afford the crude product [7.420 g, contaminated with
24 mol % =13 wt % Et2O and a little amount of toluene; the yield of 14
was therefore 6.479 g (87 %; ref.:[22] 89 %)].


Novel preparation of 1,5-hexadiyn-3-ol (15):[24] Silylalkyne 14 (6.479 g,
39.10 mmol) was added to a solution of K2CO3 (5.470 g, 39.10 mmol,
1.0 equiv) in MeOH (90 mL). After 24 h the reaction was terminated by
addition of aq. NH4Cl (50 mL) and H2O (20 mL). The aq. phase was ex-
tracted with Et2O (4 � 60 mL) and the combined organic extracts were
washed with brine. After drying with Na2SO4 the solvent was evaporated
in vacuo to afford the title compound (2.898 g, 78%) as a slightly yellow,
unpleasantly smelling oil.


(Z)-5-[trans,trans-4-Hydroxy-7-(tributylstannyl)-2,6-heptadienylidene]-
2(5H)-furanone (16) and (Z)-5-[trans,trans-5-hydroxy-7-(tributylstannyl)-
2,6-heptadienylidene]-2(5H)-furanone (iso-16) as a 47:53 mixture : A de-
gassed solution of bromide 6 (152.3 mg, 0.874 mmol) in THF (2 mL) was
added within 20 min to a degassed solution of bis(stannane) 5 (1.182 g,
1.751 mmol, 2.00 equiv), [Pd(dba)2] (20.1 mg, 0.0348 mmol, 0.04 equiv),
and AsPh3 (42.3 mg, 0.137 mmol, 0.15 equiv) in THF (6 mL). After 1 h
the solvent was evaporated in vacuo and the resulting residue purified by
flash chromatography (2.5 cm, cyclohexane/EtOAc/NEt3 40:4:1, #9–14 cy-
clohexane/EtOAc/NEt3 40:10:1, #15–23 cyclohexane/EtOAc/NEt3


20:10:1, product in #17–24). The title compounds (233.1 mg, 55%) were
obtained as an inseparable 47:53 mixture [calculated from 1H NMR inte-
grals of 4’-H16 (d =4.34) and 5’-Hiso-16 (d =4.21) resp. 2’-H16 (d=6.79) and
2’-Hiso-16 (d= 6.67)] as yellow oils, which rapidly turned brown. 1H NMR
(500 MHz, CDCl3; assignment by comparison with the 1H NMR spectrum
of regioisomerically pure 16): d=0.74–0.97 (m, 3 � SnCH2CH2CH2CH3


each by 16 and iso-16), 1.30 (tq, both Jvic =7.4, 3 � Sn CH2CH2CH2CH3


each by 16 and iso-16), 1.41–1.56 (m, 3� SnCH2CH2CH2CH3 each by 16
and iso-16), 1.66 [d, JOH,5’=4.3, OH (iso-16)], 1.86 [d, JOH,4’=4.0, OH
(16)], 2.36–2.54 [m, 5’-H2 (16), 4’-H2 (iso-16)], 4.21 [m, 5’-H (iso-16)],
4.34 [m, 4’-H (16)], 5.80 [d, J1’,2’=11.2, 1’-H (iso-16)], 5.81 [d, J1’,2’=11.2,
1’-H (16)], 5.93 [ddd, J6’,7’=18.9, J6’,5’-H(1) =6.9, J6’,5’-H(2) = 6.3, 6’-H (16)],
5.97–6.21 [m, 3-H (16 and iso-16), 3’-H (16 and iso-16), 6’-H (iso-16), 7’-
H (iso-16)], superimposes 6.10 [d, J7’,6’=18.9, 4J7’,5’-H(1) =


4J7’,5’-H(2) =1.2, 7’-H
(16)], 6.67 [ddt, J2’,3’= 15.4, J2’,1’=11.2, 4J2’,4’-H(1) =


4J2’,4’-H(2) =1.4, 2’-H (iso-
16)], 6.79 [dd, J2’,3’=15.5, J2’,1’=11.3, Jallyl = 1.4 Hz, 2’-H (16)], 7.35 [d,
J4,3 = 5.4, 4-H (iso-16)], 7.37 [d, J4,3 =5.2, 4-H (16)]; IR (film): ñ =3425,
2955, 2925, 2870, 2855, 1780, 1750, 1645, 1545, 1465, 1375, 1335, 1110,
1065, 1045, 1025, 990, 975, 935, 880, 805, 670 cm�1; elemental analysis
calcd (%) for C23H38O3Sn (480.2): C 57.40, H 7.96; found: C 57.57, H
8.00.


trans-3-(Tributylstannyl)-2-propen-1-ol (17):[26] At �78 8C BuLi (1.45 m in
Hexan, 44.0 mL, 63.8 mmol, 2.23 equiv) was added within 1.5 h to a sus-
pension of CuCN (2.720 g, 30.37 mmol, 1.09 equiv) in THF (100 mL).
After warming to room temperature, the solution was immediately
cooled to �78 8C again. Freshly distilled Bu3SnH (17.67 g, 60.74 mmol,
2.18 equiv) was added within 15 min, followed by addition of freshly dis-
tilled propargyl alcohol (11; 1.56 g, 27.86 mmol). After 45 min, the so-
lution was warmed to �10 8C, diluted with tBuOMe (50 mL) and poured
onto aq. NH3-Lsg. (2.5 %, 100 mL). The aq. phase was extracted with
tBuOMe (5 � 50 mL), and the combined organic phases dried with
Na2SO4. The solvent was evaporated in vacuo to afford an oily residue
which was purified by flash chromatography (5 cm, cyclohexane/EtOAc/
NEt3 150:5:3, #17–52 cyclohexane/EtOAc/NEt3 100:10:3, #53–58 cyclo-
hexane/EtOAc/NEt3 50:5:1, product in #32–58) to afford the title com-
pound (8.227 g, 79 %; ref.:[26] 52%) as a slightly yellow oil.


trans-3-(Tributylstannyl)-2-propen-1-al (18):[28] At 0 8C Dess–Martin peri-
odinane (3.237 g, 7.632 mmol, 1.30 equiv) was added to a solution of alco-
hol 17 (2.038 g, 5.871 mmol) in CH2Cl2 (15 mL). The solution was al-
lowed to warm to room temperature within 2.5 h. After evaporation of
the solvent in vacuo the resulting residue was purified by flash chroma-
tography (4.5 cm, cyclohexane/EtOAc/NEt3 100:10:3, product in #2–7) to
afford the title compound (1.889 g, 93%) as a yellow oil.


trans-1-(Tributylstannyl)-1-hexen-5-yn-3-ol (20): At 0 8C propargyl bro-
mide (80 % in toluene, 278 mg, 1.87 mmol, 1.0 equiv) was added dropwise
to a suspension of Mg (69.1 mg, 2.88 mmol, 1.54 equiv) and HgCl2


(14.9 mg, 5.49 mmol, 0.003 equiv) in Et2O (5 mL). After 30 min the so-
lution was warmed to room temperature, and immediately cooled to 0 8C
again. The solution was added dropwise at 0 8C to a solution of aldehyde
18 (641.8 mg, 1.86 mmol) in Et2O (5 mL). After 45 min the reaction was
terminated by addition of phosphate buffer (pH 7.2, 10 mL). The aq.
phase was extracted with tBuOMe (5 � 10 mL) and the combined organic
phases were dried with Na2SO4. Evaporation of the solvent afforded an
oily residue which was purified by flash chromatography (3 cm, cyclohex-
ane/EtOAc/NEt3 250:10:6, #13–19 cyclohexane/EtOAc/NEt3 150:10:6,
product in #12–19) to afford the title compound (483.8 mg, 68%) as a
yellow oil. 1H NMR (500 MHz, CDCl3): d =0.83–0.97 (m, 3�
SnCH2CH2CH2CH3), superimposes 0.89 (t, Jvic =7.3, 3�
SnCH2CH2CH2CH3), 1.31 (tq, both Jvic =7.3, 3� SnCH2CH2CH2CH3),
1.42–1.57 (m, 3� SnCH2CH2CH2CH3), 2.00 (br. d, JOH,3 =4.8, OH), 2.04
(t, 4J6,4 =2.7, 6-H), AB signal (dA =2.44, dB =2.49, JAB =16.7, in addition
split by JA,3 =6.6, 4JA,6 =2.7, JB,3 =5.3, 4JB,6 =2.7, 4-H2), 4.26 (m, 3-H), 6.06
(dd, J2,1 =19.1, J2,3 =5.1, each peak flanked by Sn isotope satellites as 2 in-
terlocked d, 3J2,119Sn =62.9, 3J2,117Sn =60.1, 2-H), 6.26 (dd, J1,2 =19.2, J1,3 =


1.3, each peak flanked by Sn isotope satellites as 2 d, 2J119Sn =68.9 2J117Sn =


65.5, 1-H); 13C NMR (125 MHz, CDCl3; peaks of contaminant at 70.72
and 148.21): d =9.49 (flanked by Sn isotope satellites as 2 d, 1J119Sn,C-1’=


345.5, 1J117Sn,C-1’=330.6, 3 � SnCH2CH2CH2CH3), 13.68 (3 �
SnCH2CH2CH2CH3), 27.24 (3 � SnCH2CH2CH2CH3), 27.39 (C-4), 29.03
(flanked by Sn isotope satellites as 1 d, 2J119Sn,C-2’=


2J117Sn,C-2’=20.3, 3�
SnCH2CH2CH2CH3), 70.67 (C-6)*, 72.80 (C-3)*, 80.48 (C-5), 129.53 (C-
1)**, 148.23 (C-2)**; *,**distinguishable by a C,H correlation spectrum;
IR (film): ñ =3315, 2955, 2925, 2870, 2850, 1460, 1375, 1075, 1035, 990,
865, 690, 640, 595 cm�1; elemental analysis calcd (%) for C18H34OSn
(386.2): C 56.13, H 8.90; found: C 56.16, H 8.97.


(Z)-5-(trans-4-Hydroxy-2-hepten-6-ynylidene)-2(5H)-furanone (21): Stan-
nane 20 (238 mg, 0.618 mmol, 1.10 equiv) was added to a solution of bro-
mide 6 (97.5 mg, 0.561 mmol), [Pd(dba)2] (16.2 mg, 28.2 mmol,
0.05 equiv), and AsPh3 (24.2 mg, 79.1 mmol, 0.14 equiv) in THF (4 mL).
After 3 h the solvent was evaporated in vacuo to afford an oily residue
which was purified by flash chromatography (2.5 cm, cyclohexane/
EtOAc/NEt3 150:30:6, #11–16 cyclohexane/EtOAc/NEt3 100:50:5, #17–28
cyclohexane/EtOAc/NEt3 100:100:6, product in #21–28) to afford the title
compound (81.6 mg contaminated with 9.6 mol % =4.7 wt % tBuOMe,
hence 77.8 mg pure 21, 73 %), as a yellow, instable oil. It was directly
used in the next reaction without acquiring IR spectrum or elemental
analysis; 1H NMR (500 MHz, CDCl3; contains 9.6 mol % tBuOMe): d=


2.10 (t, 4J7’,5’=2.6, 7’-H), 2.50–2.54 (assignment by the integral: OH),
completely superimposed by AB signal (dA =2.52, dB =2.54, JAB =16.7, in
addition split by JA,4’=6.2, 4JA,7’=2.6, JB,4’=5.9, 4JB,7’= 2.6, 5’-H2), 4.46
(very br. ddd, J4’,5’-H(A) �J4’,5’-H(B) �J4’,3’ �5.8, 4’-H), 5.85 (d, J1’,2’=11.2, 1’-
H), 6.12 (ddd, J3’,2’=15.3, J3’,4’=5.8, 4J3’,1’=0.6, 3’-H), 6.20 (d, J3,4 =5.4, 3-
H), 6.84 (ddd, J2’,3’=15.5, J2’,1’=11.4, 4J2’,4’=1.4, 2’-H), 7.41 (d, J4,3 =5.4, 4-
H); 13C NMR (125 MHz, CDCl3; contains 9.6 mol % tBuOMe): d=27.33
(C-5’)*, 70.02 (C-4’)*, 71.34 (C-7’)*, 79.66 (C-6’), 113.36 (C-1’)**, 119.45
(C-3)***, 123.73 (C-2’)**, 140.25 (C-3’)**, 143.23 (C-4)***, 149.12 (C-5),
169.40 (C-2); *, **, ***distinguishable by a C,H correlation spectrum.


(Z)-5-[trans,trans-4-Hydroxy-7-(tributylstannyl)-2,6-heptadienylidene]-
2(5H)-furanone (16) and (Z)-5-[trans-4-hydroxy-6-(tributylstannyl)-2,6-
heptadienylidene]-2(5H)-furanone (22): Bu3SnH (83.0 mg, 0.285 mmol,
1.20 equiv) was added to a degassed solution of alkyne 21 (45.0 mg,
0.238 mmol) and [PdCl2(PPh3)2] (3.4 mg, 48 mmol, 0.02 equiv) in THF
(2 mL). After 30 min the solvent was evaporated in vacuo to afford an
oily residue which was purified by flash chromatography (2.5 cm, cyclo-
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hexane/EtOAc/NEt3 200:20:6, #17–27 cyclohexane/EtOAc/NEt3 200:30:6,
#28–45 cyclohexane/EtOAc/NEt3 200:40:6). Fractions #21–27 contained
22 (42.0 mg, 37%) and fractions #36–45 contained 16 (41.3 mg, 36%) as
yellow oils, which rapidly turned brown. Analytic data for 16 : 1H NMR
(500 MHz, CDCl3): d=0.80–0.95 (m, 3 � SnCH2CH2CH2CH3), superim-
poses 0.88 (t, Jvic =7.4, 3� SnCH2CH2CH2CH3), 1.30 (tq, both Jvic =7.4,
3� SnCH2CH2CH2CH3), 1.40–1.57 (m, 3� SnCH2CH2CH2CH3), 1.83 (d,
JOH,4’=3.7, OH), AB signal, which is not completely resolved in the A
part (dA =2.39, dB =2.50, JAB = 13.9, in addition split by JA,4’=JA,6’=7.1,
4JA,7’=1.0, JB,6’=6.2, JB,4’=5.0, 4JB,7’=1.3, 5’-H2), 4.34 (m, 4’-H), 5.81 (d,
J1’,2’=11.2, 1’-H), 5.93 (ddd, J6’,7’=18.8, J6’,5’-H(A) = 6.9, J6’,5’-H(B) = 6.2, 6’-H),
6.06 (ddd, J3’,2’= 15.4, J3’,4’=5.8, 4J3’,1’=0.7, 3’-H), one peak superimposed
by 6.11 (dt, J7’,6’=18.9, 4J7’,5’-H(A) =


4J7’,5’-H(B) =1.2, 7’-H), 6.18 (d, J3,4 =5.4, 3-
H)*, 6.79 (ddd, J2’,3’=15.5, J2’,1’=11.3, Jallyl =1.4, 2’-H), 7.37 (d, J4,3 =5.2, 4-
H); elemental analysis calcd (%) for C23H38O3Sn (480.2): C 57.40, H
7.96; found: C 57.44, H 8.12.


Analytic data for 22 : 1H NMR (500 MHz, CDCl3; peak of contaminant at
d=5.80): d= 0.87–1.01 (m, 3 � SnCH2CH2CH2CH3), superimposes 0.90 (t,
Jvic =7.3, 3� SnCH2CH2CH2CH3), 1.32 (tq, both Jvic =7.3, 3�
SnCH2CH2CH2CH3), 1.44–1.56 (m, 3� SnCH2CH2CH2CH3), 1.89 (d,
JOH,4’=2.8, OH), AB signal (dA =2.41, dB =2.59, JAB =13.7, in addition
split by JA,4’=9.2, flanked by Sn isotope satellites as 1 incompletely re-
solved d, 3JA,119Sn � 3JA,117Sn �60, JB,4’=4.0, flanked by Sn isotope satellites
as 1 incompletely resolved dm, 3JB,119Sn � 3JB,117Sn �17, 5’-H2), 4.24 (m, 4’-
H), 5.36 [d, Jgem =2.6, each peak flanked by Sn isotope satellites as 2 in-
terlocked d, 3J7’-H(Z),119Sn =60.6, 3J7’-H(Z),117Sn =58.1, 7’-H(Z)]*, 5.82 (d, J1’,2’=


11.4, 1’-H), low-field peak is exactly on middle peak of 5.81 [ddd, 2Jgem =
4J7’-H(E),5’-H(A) =


4J7’-H(E),5’-H(B) =1.7, each peak flanked by Sn isotope satel-
lites as 2 d, 3J7’-H(E),119Sn = 132.7, 3J7’-H(E),117Sn =127.4, 1’-H, 7’-H(E)]*, 6.06
(ddd, J3’,2’=15.5, J3’,4’=6.0, 4J3’,1’=0.7, 3’-H), 6.18 (d, J3,4 =5.00, 3-H), 6.80
(ddd, J2’,3’=15.5, J2’,1’=11.3, Jallyl =1.4, 2’-H), 7.37 (d, J4,3 =5.4, 4-H); *dis-
tinguishable by comparison with the 3JSn,H coupling constants of vinyl-
stannans: 3JH(Z),Sn =50–75 Hz and 3JH(E),Sn =100–150 Hz;[59] elemental anal-
ysis calcd (%) for C23H38O3Sn (480.2): C 57.40, H 7.96; found: C 57.34, H
8.13.


1,4-Dichloro-2-butyne (23):[3]


trans-2-Heptene-4,6-diyn-1-ol (25):[30] Li (6.80 g, 1.00 mol, 6.0 equiv) and
a catalytic amount of Fe(NO3)2·9 H2O were dissolved in liquid NH3


(1000 mL). After stirring at �45 8C for 1 h 1,4-dichloro-2-butyne (23 ;
40.96 g, 333 mmol, 2.0 equiv) was added within 75 min. After 15 min epi-
chlorohydrin (24 ; 15.42 mg, 0.1667 mol) was added within 40 min at the
same temperature. After 3.5 h NH4Cl (18 g) was added and the NH3 was
allowed to evaporate overnight. H2O (400 mL) was added and the aq.
phase extracted with tBuOMe (5 � 200 mL). The combined organic
phases were dried with MgSO4 and the solvent evaporated in vacuo. The
residue was purified by flash chromatography {5 cm, Al2O3 B [desacti-
vated with 10 vol. % HOAc (1.6 m)], cyclohexane, #20–39 cyclohexane/
EtOAc 3:1, #40–49 cyclohexane/EtOAc 1:1, product in #32–49} to afford
the title compound [2.943 g, 17%, contaminated with 1.472 g EtOAc
(40 mol %= 33 wt %); ref.:[30] 21 %] as a brown solid. Further removal of
the solvent led to complete decomposition of the product.


trans-1-(tert-Butyldimethylsiloxy)-2-heptene-4,6-diyne (26): At 0 8C tBu-
Me2SiCl (50 wt % in toluene, 1.215 g, 8.10 mmol, 1.0 equiv) was added to
a solution of heptendiynol 25 (849 mg, 8.09 mmol) and imidazole
(1.099 g, 16.17 mmol, 2.0 equiv) in CH2Cl2 (20 mL). After 2 h the solution
was poured on H2O (50 mL) and the aq. phase extracted with CH2Cl2


(2 � 20 mL). The solvent was evaporated in vacuo and the residue puri-
fied by flash chromatography (2 cm, cyclohexane/EtOAc 30:1, product in
#5–19) to afford the title compound (1.328 g, 75%) as a brown oil.
1H NMR (300 MHz, CDCl3): d=0.07 [s, Si(CH3)2], 0.91 [s, C(CH3)3], 2.40
(s, 7-H), 4.25 (dd, J1,2 =3.8, 4J1,3 =2.3, 1-H2), 5.80 (dm, J3,2 �15.7, 3-H),
6.43 (dt, J2,3 =15.8, J2,1 = 3.9, 6-H); IR (CDCl3): ñ=3305, 2955, 2930, 2885,
2860, 2205, 1255, 1195, 1135, 1065, 1010, 835 cm�1; elemental analysis
calcd (%) for C13H20OSi (221.1): C 70.85, H 9.15; found: C 70.62, H 8.89.


trans-1-(tert-Butyldimethylsiloxy)-7-iodo-2-heptene-4,6-diyne (27): At
�78 8C BuLi (1.4 m in hexane, 1.2 mL, 1.7 mmol, 1.2 equiv) was added to
a solution of enediyne 26 (300 mg, 1.37 mmol) in THF (10 mL). After
5 min I2 (423 mg, 1.64 mmol, 1.2 equiv) was added. After 25 min the cool-


ing bath was removed and the solution stirred for another 15 min. The
solvent was evaporated in vacuo and the residue purified by flash chro-
matography (2 cm, cyclohexane, #5–18 cyclohexane/EtOAc 10:1, product
in #10–18) to afford the title compound (416 mg, 87%) as a brown solid.
M.p. 36 8C; 1H NMR (300 MHz, CDCl3): d=0.06 [s, Si(CH3)2], 0.91 [s,
C(CH3)3], 4.26 (dd, J1,2 =3.9, 4J1,3 =2.3, 1-H2), 5.84 (dt, J3,2 =15.7, 4J3,1 =


2.3, 3-H), 6.40 (dt, J2,3 =15.7, J2,1 = 3.9, 2-H); IR (CDCl3): ñ=2955, 2930,
2055, 1730, 1255, 1135, 1065, 1010, 835 cm�1; elemental analysis calcd
(%) for C13H19IOSi (346.0): C 45.09, H 5.53; found: C 45.47, H 5.71.


Z-5-[all-trans-14-(tert-Butyldimethylsiloxy)-4-hydroxy-2,6,12-tetradeca-
triene-8,10-diynylidene]-2(5H)-furanone (28) as a 50 :50 mixture with the
5-hydroxy isomer (iso-28): A mixture of [Pd(dba)2] (3.3 mg, 5.8 mmol,
0.05 equiv) and AsPh3 (7.0 mg, 23 mmol, 0.2 equiv) was added to a so-
lution of diyne 27 (60 mg, 0.17 mmol, 1.5 equiv) and a 53:47 mixture of
the stannanes 16 and iso-16 (54.0 mg, 0.115 mmol) in THF (3 mL). After
24 h the solvent was evaporated in vacuo and the residue purified by
flash chromatography (2 cm, cyclohexane/EtOAc 3:1, #11–18 cyclohex-
ane/EtOAc 1:1, product in #16–18) to afford the title compounds as an
inseparable 50:50 mixture (24.0 mg, 51 %) as yellow oils; 1H NMR
(300 MHz, CDCl3): d=0.07 [s, Si(CH3)2], 0.91 (s, C(CH3)3], 2.42–2.57 [m,
5’-H2 (28), 4’-H2 (iso-28)], 4.25 (incompletely resolved dd, J14’,13’=3.7,
4J14’,12’=1.8, 14’-H2), 4.31–4.45 [m, 4’-H (28), 5’-H (iso-28)], 5.78–5.90 and
5.96–6.42 (2 m � 2 H bzw. 5 H; 3-H, 1’-H, 3’-H, 6’-H, 7’-H, 12’-H, 13’-H),
6.68 [dd, J2’,3’=15.5, J2’,1’= 11.3, 2’-H (28)], 6.79 [incompletely resolved
ddt, J2’,3’ �15.5, J2’,1’ �11.3, 4J2’,4’ �1.1, 2’-H (iso-28)], 7.37 [d, J4,3 = 5.2, 4-
H (28)*], partly superimposed by 7.38 [d, J4,3 =4.7, 4-H (iso-28)*]; *inter-
changeable; IR (CDCl3): ñ =2945, 2860, 1750, 1545, 1415, 1335, 1260,
1185, 1135, 1045, 975, 830 cm�1; (m/z)=353.12091 � 5 mDa [M +], con-
firmed by HRMS (EI, 70 eV).


Z-5-[all-trans-14-(tert-Butyldimethylsiloxy)-2,4,6,12-tetradecatetraene-
8,10-diynylidene]-2(5H)-furanone (trans-29): At �78 8C Tf2O (24.7 mg,
87.8 mmol, 1.5 equiv) was added to a 50:50 mixture of the alcohols 28 and
iso-28 (24.0 mg, 58.5 mmol) and NEt3 (29.5 mg, 293 mmol, 5.0 equiv) in
CH2Cl2 (5 mL). After 25 min the solution was allowed to warm to �20 8C
within 2 h. The solution was directly submitted to flash chromatography
(2 cm, cyclohexane/EtOAc 3:1). Fractions #4–9 contained 9.0 mg of se-
verely contaminated product(s) making a structural assignment impossi-
ble. Fractions #10–15 contained the title compound trans-29 (11.0 mg,
48%) as a yellow solid. 1H NMR [500 MHz, CDCl3; contains some con-
taminant(s)]: d =0.07 [s, Si(CH3)2], 0.91 (s, C(CH3)3], 4.27 (dd, J14’,13’=3.8,
4J14’,12’=2.4, 14’-H2), 5.77 (d, J7’,6’=15.4, 7’-H), 5.89 (d, J1’,2’=11.8, 1’-H;
completely superimposes and therefore only visible by the integral: J12’,13’


presumably up to 16 Hz, 12’-H), 6.18 (d, J3,4 =5.4, 3-H), 6.39 (dt, J13’,12’=


15.7, J13’,14’=4.0, 13’-H), 6.41–6.55 (m, 3’-H, 4’-H, 5’-H,), 6.78 (dd, J6’,7’=


15.2, J6’,5’=10.1, 6’-H), partly interlocked with 6.83 (dd, J2’,3’=13.9, J2’,1’=


11.8, 2’-H), 7.37 (d, J4,3 =5.2, 4-H); the H,H-correlation spectrum con-
firms the assignment by the following cross-peaks: 1) 14’-H2 (d= 4.27) ,
13’-H (d =6.39) , 12’-H (d=5.89); 2) 7’-H (d=5.77) , 6’-H (d=6.78)
, amongst others 5’-H (d=6.41–6.55, together with 3’-H and 4’-H); 3)
1’-H (d=5.89) , 2’-H (d=6.83) , 3’-H (d=6.41–6.55, together with 4’-
H and 5’-H); 4) 3-H (d =6.18) , 4-H (d= 7.37); IR (CDCl3): ñ =2930,
2875, 1775, 1750, 1530, 1445, 1415, 1330, 1260, 1120, 1065, 1045, 835 cm�1;
(m/z)=392.18077 � 5 mDa [M +] confirmed by HRMS (EI, 70 eV).


Z-5-(all-trans-14-Hydroxy-2,4,6,12-tetradecatetraene-8,10-diynylidene)-
2(5H)-furanone (30): At 0 8C HF/pyridine complex (50 mL, 1.2 mmol,
44.7 equiv) was added to silyl ether trans-29 (10.5 mg, 26.8 mmol) in THF
(5 mL). After 2 h 15 min more HF/pyridine complex (100 mL, 2.4 mmol,
89.6 equiv) was added. Silica gel (ca. 200 mg) was added after 2 h 45 min
and the mixture stirred at 0 8C for 15 min. After filtration through a pad
of Celite, the solvent was evaporated in vacuo and the residue purified
by flash chromatography (2 cm, cyclohexane/EtOAc 3:1, #10–21 cyclo-
hexane/EtOAc 1:3, product in #16–21) affording an orange solid
(5.0 mg). It contained aliphatic impurities, therefore the yield of the title
compound is < 67%; 1H NMR (300 MHz, CDCl3; contains insoluble ma-
terial): d =4.27 (dd, J14’,13’=4.6, 4J14’,12’=1.8, 14’-H2), 5.77 (d, J7’,6’=15.1, 7’-
H), 5.90 (d, J1’,2’=11.8, 1’-H; completely superimposes and therefore only
visible by the integral: J12’,13’ presumably up to 16 Hz, 12’-H), 6.19 (d,
J3,4 = 5.2, 3-H), 6.37–6.58 (m, 3’-H, 4’-H, 5’-H, 13’-H), 6.73–6.90 (m, 2’-H,
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6’-H), 7.37 (d, J4,3 = 5.4, 4-H); signal assignment by comparison with the
analogous resonances of precursor trans-29 ; the OH signal was not iden-
tified.


Z-5-(all-trans-14-Oxo-2,4,6,12-tetradecatetraene-8,10-diynylidene)-2(5H)-
furanone (31): Dess–Martin periodinane (9.1 mg, 21 mmol, >1.2 equiv)
was added to a solution of (impure) alcohol 30 (5.0 mg, � 18 mmol) in
CH2Cl2 (3 mL). After 1 h the mixture was directly submitted to flash
chromatography (2 cm, cyclohexane/tBuOMe 3:1, #8–26 cyclohexane/
tBuOMe 3:2, product in #20–26). The title compound (3.2 mg, >64 %;
43% over two steps) was obtained as a red solid; 1H NMR [500 MHz,
CDCl3, contains aliphatic signals (polymer?) and minor contaminants]:
d=5.81 (d, J7’,6’=15.5, 7’-H), 5.90 (d, J1’,2’=11.7, 1’-H), 6.21 (d, J3,4 =5.2,
3-H), 6.43–6.58 (m, 3’-H, 4’-H, 5’-H, 13’-H), 6.69 (dd, J12’,13’=15.9, 7J12’,7’=


0.8, 12’-H), 6.87 (dd, J2’,3’=14.2, J2’,1’=11.4, 2’-H), strongly interlocked
with 6.88 (dd, J6’,7’=15.4, J6’,5’=11.0, 6’-H), 7.38 (d, J4,3 =5.5, 4-H), 9.60 (d,
J14’,13’=7.6, 14’-H); the H,H-correlation spectrum confirms the assignment
by the following cross-peaks: 1) 3-H (d =6.21) , 4-H (d =7.38); 2) 1’-H
(d=5.90) , 2’-H (d=6.87) , 3’-H (d =6.43–6.58; together with 4’-H, 5’-
H and 13’-H); 3) 7’-H (d=5.81) , 6’-H (d=6.88) , 5’-H (d=6.43–6.58;
together with 3’-H, 4’-H and 13’-H); 4) 12’-H (d =6.69) , 13’-H (d=


6.43–6.58; together with 3’-H, 4’-H and 5’-H) , 14’-H (d=9.60); (m/z)=


276.07865 � 5 mDa [M +] confirmed by HRMS (EI, 70 eV).


(Z)-5-[all-trans-7-(Tributylstannyl)-2,4,6-heptatrienylidene]-2(5H)-fura-
none (trans,trans,trans-32): Method A : At �78 8C a solution of Tf2O
(246 mL, 412 mg, 1.46 mmol, 1.40 equiv) in CH2Cl2 (2 mL) was added
within 5 min via a transfer cannula (cooled with dry ice) to a solution of
alcohols 16/iso-16 (500.3 mg, 1.042 mmol) and NEt3 (0.74 mL, 0.54 g,
5.32 mmol, 5.11 equiv) in CH2Cl2 (5 mL). The solution was allowed to
warm to �20 8C within 2.5 h and recooled immediately to �78 8C. The so-
lution was poured on a short chromatography column (silica gel, 2�
8 cm) and eluated with cyclohexane/EtOAc/NEt3 200:20:5. After evapo-
ration of the solvent in vacuo the residue was purified by flash chroma-
tography (2.5 cm, cyclohexane/EtOAc/NEt3 200:10:5, #12–22 cyclohex-
ane/EtOAc/NEt3 200:20:5, product in #16–22) to afford the title com-
pound (198.2 mg, 41 %) as a yellow oil.


Method B : Stannane trans,cis,trans-35 (302.0 mg, 0.460 mmol, 1.0 equiv)
was added to a degassed solution of bromide 6 (80.0 mg, 0.460 mmol),
[Pd(dba)2] (13.8 mg, 0.024 mmol, 0.05 equiv), AsPh3 (27.8 mg,
0.091 mmol, 0.20 equiv), and CuI (8.7 mg, 0.046 mmol, 0.10 equiv) in
THF (3 mL). The solution was stirred at 40 8C for 2 h, the solvent evapo-
rated in vacuo and the residue purified by flash chromatography (2.5 cm,
cyclohexane/EtOAc/NEt3 100:5:4, #14–33 cyclohexane/EtOAc/NEt3


100:10:4, product in #23–33). The title compound (116.9 mg, 55 %) was
obtained as an orange oil.


Method C : At �78 8C BuLi (2.17 m in hexane, 0.11 mL, 0.24 mmol,
1.3 equiv) was added slowly to a solution of stannane trans,trans,trans-35
(156 mg, 0.238 mmol, 1.3 equiv) in THF (1.5 mL). After 25 min ZnCl2


(1.5 m in THF, 0.16 mL, 0.24 mmol, 1.3 equiv) was added and the solution
allowed to warm to �20 8C. After 1.5 h it was transferred at 0 8C within
4 min to a solution of bromide 6 (31.2 mg, 0.179 mmol) and [Pd(PPh3)4]
(10.3 mg, 8.95 mmol, 0.05 equiv) in THF (1 mL). After 1 h at this temper-
ature, the solution was concentrated in vacuo to half of its volume and
filtered through a pad of Celite. The solvent was evaporated in vacuo
and the residue purified by flash chromatography (2.5 cm, cyclohexane/
EtOAc/NEt3 200:20:2, #10–18 cyclohexane/EtOAc/NEt3 200:40:2, prod-
uct in #14–18) to afford the title compound (52.1 mg, 63 %) as a yellow
oil. 1H NMR (500 MHz, CDCl3): d =0.86–1.00 (m, 3�
SnCH2CH2CH2CH3), superimposes 0.90 (t, Jvic =7.3, 3�
SnCH2CH2CH2CH3), 1.32 (tq, both Jvic = 7.4 3� SnCH2CH2CH2CH3),
1.43–1.58 (m, 3� SnCH2CH2CH2CH3), 5.89 (d, J1’,2’=11.7, 1’-H)*, 6.14 (d,
J3,4 = 5.2, 3-H), AB signal (dA =6.31, dB =6.36, JAB =14.7, in addition split
by JA,3’=9.9, JB,6’= 9.2, A: 4’-H, B: 5’-H)*, 6.49 (d, J7’,6’= 18.8, 7’-H)*, su-
perimposes high-field peak of 6.53 (dd, J3’,2’=14.9, J3’,4’=9.8, 3’-H)*, 6.65
(dd, J6’,7’=18.6, J6’,5’=9.4, 6’-H)*, 6.75 (dd, J2’,3’=14.9, J2’,1’=11.7, 2’-H)*,
7.36 (d, J4,3 = 5.2, 4-H); *distinguishable by a H,H correlation spectrum;
1H NMR (500 MHz, C6D6; contains 2 mol % tBuOMe): d=0.94 (t, Jvic =


7.4, 3� SnCH2CH2CH2CH3), 0.97–1.04 (m, 3� SnCH2CH2CH2CH3), 1.38
(tq, both Jvic =7.4, 3� SnCH2CH2CH2CH3), 1.52–1.68 (m, 3�


SnCH2CH2CH2CH3), 5.15 (d, J1’,2’=11.7, 1’-H)*, 5.50 (d, J3,4 =5.5, 3-H),
6.05 (ddd, J4’,5’=14.8, J4’,3’=11.2, 4J4’,6’=0.5, 4’-H)*, 6.19 (dd, J3’,2’=14.8,
J3’,4’=11.2, 3’-H)*, 6.283 (d, J4,3 =5.2, 4-H), also superimposes 6.283 (!)
(ddd, only peaks #1, #2, #5, #7 and #8 of this signal visible, J5’,4’ �14.8,
J5’,6’ �10.3, Jallyl �0.7, 5’-H)*, 6.55 (d, J7’,6’=18.6, each peak flanked by Sn
isotope satellites as 1 unresolved d, 2J119Sn,7’ � 2J117Sn,7’ �66.4, 7’-H)*, 6.68
(dd, J2’,3’=14.8, J2’,1’=11.6, 2’-H)*, 6.77 (ddd, J6’,7’=18.5, J6’,5’=10.0, 4J6’,4’=


0.5, 6’-H)*; *distinguishable by a H,H correlation spectrum; 13C NMR
(125 MHz, C6D6): d =9.92 (flanked by Sn isotope satellites as 2 d,
1J119Sn,C-1’’=344.5, 1J117Sn,C-1’’=329.1, SnCH2CH2CH2CH3), 13.90
(SnCH2CH2CH2CH3), 27.67 (flanked by Sn isotope satellites as 1 d,
3J119Sn,C-3’’=


3J117Sn,C-3’’=54.2, SnCH2CH2CH2CH3), 29.54 (flanked by Sn iso-
tope satellites as 1 d, 2J119Sn,C-2’’=


2J117Sn,C-2’’=20.9, SnCH2CH2CH2CH3),
113.95 (C-1’)*, 118.45 (C-3)*, 126.57 (C-2’)*, 132.17 (C-4’)*, 138.35
(C-3’)*, 138.46 (C-7’)*, 138.81 and 141.93 (C-4, C-5’)*, 147.38 (flanked by
Sn isotope satellites as 1 d, 2J119Sn,C-6’=


2J117Sn,C-6’=9.1, C-6’)*, 149.30 (C-5),
168.64 (C-1); *assignment by a C,H correlation spectrum; IR (CDCl3):
ñ= 2960, 2930, 2870, 2860, 1775, 1750, 1595, 1580, 1545, 1530, 1335, 1150,
1110, 1065 cm�1; elemental analysis calcd (%) for C23H36O2Sn (462.2): C
59.63, H 7.83; found: C 59.86, H 7.70.


trans-(1-Phenyl-1,2,3,4-tetrazol-5-yl) [3-(tributylstannyl)-2-propenyl] sul-
fide (33 a): At 0 8C 1-phenyl-1H-tetrazole-5-thiol (385 mg, 2.16 mmol,
1.06 equiv), PPh3 (590 mg, 2.25 mmol, 1.10 equiv) and DEAD (389 mg,
2.23 mmol, 1.09 equiv) were added to a solution of alcohol 17 (708.8 mg,
2.042 mmol) in THF (8 mL). After 3 h the solvent was evaporated in
vacuo and the residue purified by flash chromatography (3 cm, cyclohex-
ane/EtOAc/NEt3 500:10:10, product in #5–14) to afford the title com-
pound (956 mg, 92 %) as a colorless oil. 1H NMR (500 MHz, CDCl3): d=


0.81–0.95 (m, 3 � SnCH2CH2CH2CH3 and 3� SnCH2CH2CH2CH3), 1.28
(tq, both Jvic =7.2, 3� SnCH2CH2CH2CH3), 1.37–1.54 (m, 3�
SnCH2CH2CH2CH3), 4.08 (m; the 4 highest paeks presumably interpreta-
ble as dd, J1’,2’= 6.5, Jallyl =1.2, flanking peaks probably due to 4JSn,H, 1’-
H2), 6.07 (dt, J2’,3’= 18.6, J2’,1’=6.5, each peak flanked by Sn isotope satel-
lites as 2 interlocked d, 3J119Sn,H =57.8, 3J117Sn,H =55.1, 2’-H), 6.35 (dt, J3’,2’=


18.8, Jallyl =1.2, each peak flanked by Sn isotope satellites as 2 interlocked
d, 2J119Sn,H =66.5, 2J117Sn,H =63.8, 3’-H), 7.52–7.60 (m, C6H5); 13C NMR
(125 MHz, CDCl3): d= 9.52 (flanked by Sn isotope satellites as 2 d,
1J119Sn,C-1’’=346.7, 1J117Sn,C-1’’=331.2, SnCH2CH2CH2CH3), 13.65
(SnCH2CH2CH2CH3), 27.18 (flanked by Sn isotope satellites as 1 d,
3J119Sn,C-3’’=


3J117Sn,C-3’’=54.8, SnCH2CH2CH2CH3), 28.98 (flanked by Sn iso-
tope satellites as 1 d, 2J119Sn,C-2’’=


2J117Sn,C-2’’=20.9, SnCH2CH2CH2CH3),
38.99 (C-1’)*, 123.88, 129.75 and 130.06 (each displays doubled intensity
which is surprising in view of assignment as Cpara, 2 � Cortho, 2 � Cmeta,
Cpara)*, 133.77 (Cipso), 136.09 (C-3’)*, 139.99 (flanked by Sn isotope satel-
lites as 1 d, 2J119Sn,C-2’=


2J117Sn,C-2’=9.1, C-2’)*, 153.94 (C-5); *assignment by
a C,H correlation spectrum; IR (film): ñ= 2955, 2925, 2870, 2850, 1595,
1500, 1465, 1410, 1385, 1280, 1245, 1075, 1050, 1015, 985, 875, 760, 695,
600, 460 cm�1; elemental analysis calcd (%) for C22H36N4SSn (508.2): C
52.08, H 7.15, N 11.04, S 6.32; found: C 52.20, H 7.19, N 11.09, S 6.39.


trans-(Benz-1,3-thiazol-2-yl) [3-(tributylstannyl)-2-propenyl] sulfide
(33 b): At 0 8C benz-1,3-thiazole-2-thiol (489 mg, 2.93 mmol, 1.05 equiv),
PPh3 (802 mg, 3.06 mmol, 1.10 equiv), and DEAD (530 mg, 3.05 mmol,
1.09 equiv) were added to a solution of alcohol 17 (966.0 mg,
2.784 mmol) in THF (12 mL). After 1 h the solvent was evaporated in
vacuo and the residue purified by flash chromatography (3 cm, cyclohex-
ane/NEt3 200:4, product in #5–9) to afford the title compound (1.326 g,
96%) as a yellow oil. 1H NMR (500 MHz, CDCl3): d =0.80–0.94 (m, 3�
SnCH2CH2CH2CH3), superimposes 0.85 (t, Jvic =7.3, 3�
SnCH2CH2CH2CH3), 1.26 (tq, both Jvic =7.3, 3� SnCH2CH2CH2CH3),
1.38–1.52 (m, 3 � SnCH2CH2CH2CH3), 4.03 (dd, J1’,2’=6.4, Jallyl =1.3, each
peak flanked by Sn isotope satellites as 1 d, 4J119Sn,H = 4J117Sn,H =2.7, 1’-H2),
6.10 (dt, Jtrans =18.5, J2’,1’=6.3, each peak flanked by Sn isotope satellites
as 2 interlocked d, 3J119Sn,H =58.6, 3J117Sn,H =56.1, 2’-H), 6.34 (dt, Jtrans =18.9,
Jallyl =1.3, each peak flanked by Sn isotope satellites as 2 interlocked d,
2J119Sn,H =68.1, 2J117Sn,H =65.4, 3’-H), 7.29 (ddd, J6,7 =8.1, J6,5 =7.2, 3J6,4 =1.2,
6-H)*, 7.41 (ddd, J5,4 = 8.2, J5,6 =7.2, 3J5,7 =1.1, 5-H)*, 7.75 (ddd, J7,6 =8.0,
3J7,5 =1.2, 4J7,4 =0.6, 7-H**, 7.87 (ddd, J4,5 =8.2, 3J4,6 =1.2, 4J4,7 =0.6, 4-
H)**; *,**interchangeable; 13C NMR (125 MHz, CDCl3): d=9.52
(flanked by Sn isotope satellites as 2 d, 1J119Sn,C-1’’=345.4, 1J117Sn,C-1’’=330.1,
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SnCH2CH2CH2CH3), 13.64 (SnCH2CH2CH2CH3), 27.19 (flanked by Sn
isotope satellites as 1 d, 3J119Sn,C-3’’=


3J117Sn,C-3’’=53.9, SnCH2CH2CH2CH3),
29.00 (flanked by Sn isotope satellites as 1 d, 2J119Sn,C-2’’=


2J117Sn,C-2’’=20.9,
SnCH2CH2CH2CH3), 39.57 (C-1’)*, 120.87 (C-7)*,**, 121.57 (C-4)*,**,
124.17 and 125.99 (C-5, C-6)*, 134.78 (C-3’)*, 135.33 (C-7a), 140.90
(flanked by Sn isotope satellites as 1 d, 2J119Sn,C-2’=


2J117Sn,C-2’=8.8, C-2’)*,
153.29 (C-3a), 166.57 (C-2); *interchangeable; **assignment by a C,H
correlation spectrum; IR (film): ñ=2955, 2925, 2850, 1590, 1460, 1430,
1375, 1310, 1240, 1075, 995, 875, 755, 725, 670, 595 cm�1; elemental analy-
sis calcd (%) for C22H35NS2Sn (497.1):C 53.23, H 7.11, N 2.82, S 12.92;
found: C 53.28, H 7.09, N 2.72, S 12.63.


trans-(Benz-1,3-thiazol-2-yl)-[3-(tributylstannyl)-2-propenyl]sulfone
(34 b): At 0 8C a solution of (NH4)6Mo7O24 (648.7 mg, 0.5253 mmol,
0.20 equiv) in H2O2 (30 % in H2O, 2.68 mL, 26.3 mmol, 10.0 equiv) was
added to a solution of sulfide 33 b (1.304 g, 2.623 mmol) in EtOH
(12 mL). After 2 h it was diluted with tBuOMe (10 mL) and H2O
(10 mL) was added. The organic phase was extracted with tBuOMe (2 �
10 mL). The combined organic phases were washed with aq. NaHSO3


(3 � 5 mL). The organic phase was concentrated in vacuo to half of its
volume and dried with Na2SO4. Evaporation of the solvent in vacuo af-
forded the title compound (1.152 g, 83 %) as a yellow solid (m.p. 42–
44 8C) which was used in the next reaction without further purification;
1H NMR (300 MHz, CDCl3, slightly contaminated in the aliphatic
region): d=0.67–0.95 (m, 3� SnCH2CH2CH2CH3), superimposes 0.82 (t,
Jvic =7.2, 3� SnCH2CH2CH2CH3), 1.19 (tq, both Jvic =7.2, 3�
SnCH2CH2CH2CH3), 1.29–1.45 (m, 3 � SnCH2CH2CH2CH3), 4.29 (dd with
broad stump due to unresolved 4JSn,H coupling, J1’,2’=6.7, Jallyl =1.0, 1’-H2),
5.96 (dt, Jtrans =18.9, J2’,1’=6.8, each peak flanked by Sn isotope satellites
as 2 interlocked d, 3J119Sn,H =61.3, 3J117Sn,H =59.3, 2’-H), 6.32 (d with unre-
solved allyl coupling, Jtrans = 18.9, each peak flanked by Sn isotope satel-
lites as 2 interlocked d, 2J119Sn,H =62.1, 2J117Sn,H = 59.8, 3’-H), 7.61 (m, 5-H,
6-H), 7.99 (m, 7-H)*, 8.23 (m, 4-H)*; *interchangeable; 13C NMR
(125 MHz, CDCl3; slightly contaminated): d =9.47 (flanked by Sn isotope
satellites as 2 d, 1J119Sn,C-1’’=348.5, 1J117Sn,C-1’’= 333.0, SnCH2CH2CH2CH3),
13.56 (SnCH2CH2CH2CH3), 27.09 (flanked by Sn isotope satellites as 1 d,
3J119Sn,C-3’’=


3J117Sn,C-3’’=55.7, SnCH2CH2CH2CH3), 28.81 (flanked by Sn iso-
tope satellites as 1 d, 2J119Sn,C-2’’=


2J117Sn,C-2’’=21.2, SnCH2CH2CH2CH3),
62.23 (flanked by Sn isotope satellites as 1 d, 3J119Sn,C-1’=


3J117Sn,C-1’=61.8, C-
1’)*, 122.16 and 125.44 (C-4, C-7)*, 127.54 and 127.91 (C-5, C-6)*, 131.11
(flanked by Sn isotope satellites as 1 d, 2J119Sn,C-2’=


2J117Sn,C-2’=12.7, C-2’)*,
136.80 (C-7a), 145.13 (flanked by Sn isotope satellites as 2 d, 1J119Sn,C-3’=


325.8, 1J117Sn,C-3’=311.2, C-3’)*, 152.67 (C-3a), 165.28 (C-2)*; *assignment
by a C,H correlation spectrum; IR (KBr): ñ =2960, 2925, 2870, 2860,
1470, 1460, 1420, 1375, 1340, 1320, 1240, 1150, 1125, 1025, 1000, 890, 765,
730, 705, 690 cm�1; (m/z)=472.04269 � 5 mDa [M +] confirmed by
HRMS (EI, 70 eV); elemental analysis calcd (%) for C22H35NO2S2Sn
(529.1): C 50.01, H 6.68, N 2.65, S 12.14; found: C 49.69, H 6.66, N 4.15,
S 11.48.


1-trans,3-cis,5-trans-1,6-Bis(tributylstannyl)-1,3,5-hexatriene (trans,cis,
-trans-35): At �78 8C KHDMS (1.0 m in THF, 0.47 mL, 0.47 mmol,
1.20 equiv) was added to a solution of aldehyde 18 (136 mg, 0.391 mmol)
and sulfone 34 b (265 mg, 0.502 mmol, 1.28 equiv) in THF (5 mL), giving
an orange solution. After warming to room temperature overnight, the
solution was diluted with tBuOMe (8 mL) and H2O (8 mL) was added.
The aq. phase was extracted with tBuOMe (3 � 6 mL). The combined or-
ganic phases were washed with brine (4 mL). After drying with Na2SO4


the solvent was evaporated in vacuo to afford an oily residue, which was
purified by flash chromatography [2.5 cm, Al2O3 (desactivated with 2 %
H2O), cyclohexane/NEt3 200:4, product in #3–5]. The title compound
(169 mg, 66 %) and its 3-trans-isomer (4 mg, 3 %) were obtained as an in-
separable slightly yellow oil. The cis/trans ratio was determined from
1H NMR integrals of cis-3-H/cis-4-H (d=5.90), cis-1-H/cis-6-H (d=6.32),
cis-2-H/cis-5-H (d =7.08) and trans-3-H/trans-4-H (d=6.15), trans-2-H/
trans-5-H (d= 6.55); 1H NMR (500 MHz, CDCl): d=0.86–0.99 (m, 6�
SnCH2CH2CH2CH3), superimposes 0.90 (t, Jvic =7.2, 6�
SnCH2CH2CH2CH3), 1.32 (tq, both Jvic =7.3, 6� SnCH2CH2CH2CH3),
1.43–1.59 (m, 6 � SnCH2CH2CH2CH3), 5.90 (m, higher order, 3-H, 4-H),
6.32 (d, J1,2 =J6,5 =18.5, each peak flanked by Sn isotope satellites as 2 in-
terlocked d, 2J119Sn,H = 71.9, 2J117Sn,H = 68.9, 1-H*, 6-H*), 7.08 (m, higher


order, each peak flanked by Sn isotope satellites, which are not exactly
interpretable, 2-H*, 5-H*); *distinguishable by a H,H correlation spec-
trum; 13C NMR (125 MHz, CDCl3): d=9.59 (flanked by Sn isotope satel-
lites as 2 d, 1J119Sn,C-1’=


1J119Sn,C-1’’= 344.8, 1J117Sn,C-1’=
1J117Sn,C-1’’=329.4,


SnCH2CH2CH2CH3), 13.69 (SnCH2CH2CH2CH3), 27.28 (flanked by Sn
isotope satellites as 1 d, 3J119Sn,C-3’=


3J119Sn,C-3’’=
3J117Sn,C-3’=


3J117Sn,C-3’’=54.2,
SnCH2CH2CH2CH3), 29.12 (flanked by Sn isotope satellites as 1 d,
2J119Sn,C-2’=


2J119Sn,C-2’’=
2J117Sn,C-2’=


2J117Sn,C-2’’=20.6, SnCH2CH2CH2CH3),
130.96 (flanked by Sn isotope satellites as 1 d, 3J119Sn,C-3 = 3J119Sn,C-4 =
3J117Sn,C-3 = 3J117Sn,C-4 =73.9, C-3, C-4)*, 136.42 (flanked by Sn isotope satel-
lites as 2 d, 1J119Sn,C-1 = 1J119Sn,C-6 =377.2, 1J117Sn,C-1 = 1J117Sn,C-6 =360.6, C-1,
C-6)*, 141.89 (flanked by Sn isotope satellites as 1 d, 2J119Sn,C-2 = 2J119Sn,C-5 =
2J117Sn,C-2 = 2J117Sn,C-5 = 9.7, C-2, C-5)*; *assignment by a C,H correlation
spectrum; the cis configuration of the C3=C4 double bond was proved by:
1) A SELINCOR experiment (500 MHz/125.7 MHz; CDCl3) revealed
the H,H coupling constants J3,4 �J3,2 = J4,5 �10.9 for the 13C signal at d=


130.96 (C-3/C-4). 2) An 1H-coupled C,H correlation spectrum (500/
125 MHz; CDCl3) revealed the same H,H coupling constants J3,4 �J3,2 �
J4,5 �10.9 for the 13C signal at d= 130.96 (C-3/C-4); IR (film): ñ =2955,
2925, 2850, 1575, 1465,1385, 1375, 1070, 985, 875, 865, 835, 690, 665, 595,
505 cm�1; elemental analysis calcd (%) for C30H60Sn2 (660.3): C 54.74, H
9.19; found: C 55.01, H 9.35.


all-trans-1,6-Bis(tributylstannyl)-1,3,5-hexatriene (trans,trans,trans-35):
To a vigorously stirred solution of sulfone 38 (200.0 mg, 0.276 mmol) in
THF (3 mL) freshly distilled CBr2F2 (0.10 mL, 0.23 g, 1.10 mmol, 4 equiv)
was added at 0 8C and in portions KOH [30 % on Al2O3; 1.049 g,
5.525 mmol, 20.0 equiv; prepared by adding KOH (315 mg, 5.53 mmol,
20.0 equiv) to a suspension of Al2O3 (612 mg, desactivated with 3 %
H2O) in dry MeOH (3 mL); the solvent was evaporated in vacuo and the
residue grinded under Ar with a spatula]. After stirring at room tempera-
ture for 30 min, the suspension was filtered through a pad of Celite and
washed with pentane (12 mL). Evaporation of the solvent afforded an
oily residue which was purified by flash chromatography [2.5 cm, Al2O3


(desactivated with 3% H2O), cyclohexane/EtOAc 500:5, product in #4]
to afford the title compound (132.3 mg, 73%) as a 96:4 mixture [deter-
mined from 1H NMR integrals of trans-2-H/trans-5-H (d=6.56), trans-3-
H/trans-4-H (d= 6.15) and cis-2-H/cis-5-H (d =7.08), cis 3-H/cis-4-H (d=


5.90)] as a slightly yellow oil; 1H NMR (500 MHz, CDCl3): d=0.83–0.97
(m, 6 � SnCH2CH2CH2CH3), superimposes 0.89 (t, Jvic =7.3, 6�
SnCH2CH2CH2CH3), 1.31 (tq, both Jvic =7.3, 6� SnCH2CH2CH2CH3),
1.41–1.58 (m, 6� SnCH2CH2CH2CH3), 6.15 (m, higher order, 3-H*, 4-
H*), 6.29 (d, J1,2 =J6,5 =18.6, each peak flanked by Sn isotope satellites as
2 interlocked d, 2J119Sn,H = 70.1, 2J117Sn,H =67.2, 1-H, 6-H), 6.56 (m, higher
order, each peak flanked by Sn isotope satellites, which are not exactly
interpretable, 2-H*, 5-H*); *distinguished by a H,H correlation spec-
trum; 13C NMR (125 MHz, CDCl3; slightly contaminated): d=9.57
(flanked by Sn isotope satellites as 2 d, 1J119Sn,C-1’=


1J119Sn,C-1’’=344.8,
1J117Sn,C-1’=


1J117Sn,C-1’’=329.4, 6� SnCH2CH2CH2CH3), 13.69 (6 �
SnCH2CH2CH2CH3), 27.27 (flanked by Sn isotope satellites as 1 d,
3J119Sn,C-3’=


3J119Sn,C-3’’=
3J117Sn,C-3’=


3J117Sn,C-3’’=54.5, 6� SnCH2CH2CH2CH3),
29.10 (flanked by Sn isotope satellites as 1 d, 2J119Sn,C-2’=


2J119Sn,C-2’’=
2J117Sn,C-2’=


2J117Sn,C-2’’=20.6, 6� SnCH2CH2CH2CH3), 134.47 (flanked by Sn
isotope satellites as 1 d, 3J119Sn,C-3 = 3J119Sn,C-4 = 3J117Sn,C-3 = 3J117Sn,C-4 =73.6, C-3,
C-4)*, 135.57 (flanked by Sn isotope satellites as 2 d, 1J119Sn,C-1 = 1J119Sn,C-6 =


380.0, 1J117Sn,C-1 = 1J117Sn,C-6 =363.3, C-1, C-6)*, 146.90 (flanked by Sn isotope
satellites as 1 d, 2J119Sn,C-2 = 2J119Sn,C-5 = 2J117Sn,C-2 = 2J117Sn,C-5 = 6.4, C-2, C-5)*;
*assignment by a C,H correlation spectrum; the trans configuration of
the C3=C4 double bond was proved by: 1) A SELINCOR experiment
(500 MHz/125 MHz CDCl3) revealed for the 13C signal at d=134.47 (C-3/
C-4) the H,H coupling constants J3,4 =15.1 and J3,2 =J4,5 =10.1. 2) An 1H-
coupled C,H correlation spectrum (500/125 MHz, CDCl3) revealed for
the 13C signal at d=134.47 (C-3/C-4) nearly the same H,H coupling con-
stants J3,4 =15.1 and J3,2 = J4,5 =10.3; IR (film): ñ =2955, 2925, 2870, 2860,
1575, 1465, 1420, 1375, 1340, 1290, 1265, 1180, 1150, 1070, 1045, 1005,
960, 875, 865, 785, 690, 665, 595 cm�1; (m/z) =603.20347 �5 mDa [M +


�Bu] was confirmed by HRMS (Cl, 120 eV); elemental analysis calcd
(%) for C30H60Sn2 (660.3): C 54.74, H 9.19; found: C 53.81, H 8.97.


trans-3-Bromo-1-(tributylstannyl)propene (36):[44] At 0 8C a solution of
PPh3 (1.935 g, 7.385 mmol, 1.10 equiv) in CH2Cl2 (8 mL) was added
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within 75 min to a solution of alcohol 17 (2.320 g, 6.686 mmol) and CBr4


(2.672 g, 8.707 mmol, 1.21 equiv) in CH2Cl2 (14 mL). After 1 h the so-
lution was concentrated in vacuo to half of its volume and pentane
(25 mL) was added. The precipitate was filtered off and the filtrate
washed with aq. NaHCO3 (10 mL). After drying with Na2SO4 the solvent
was evaporated in vacuo to afford an oily residue. Purification by flash
chromatography (4.5 cm, cyclohexane, product in #6–10) afforded the
title compound (2.247 g, 82%; ref.:[44] 81 %) as a colorless oil.


Bis[trans-3-(tributylstannyl)-2-propenyl] sulfide (37): A solution of bro-
mide 36 (443.0 mg, 1.056 mmol) in THF (2 mL) was added to a solution
of Na2S·9H2O (126.7 mg, 0.53 mmol, 0.50 equiv) and Bu4NHSO4 (2.4 mg,
0.001 mmol, 0.007 equiv) in H2O (2 mL). After vigorous stirring at room
temperature for 18 h, the emulsion was diluted with pentane (6 mL). The
aq. phase was extracted with pentane (2 � 4 mL). The combined organic
phases were dried with Na2SO4. Evaporation of the solvent in vacuo af-
forded an oily residue, which was purified by flash chromatography
(2.5 cm, cyclohexane/EtOAc 25:1, product in #2–3) to afford the title
compound (331.8 mg, 90 %) as a colorless oil. 1H NMR (300 MHz,
CDCl3): d =0.78–1.01 (m, 6� SnCH2CH2CH2CH3), superimposes 0.89 (t,
Jvic =7.2, 6� SnCH2CH2CH2CH3), 1.31 (tq, both Jvic =7.3, 6�
SnCH2CH2CH2CH3), 1.40–1.62 (m, 6� SnCH2CH2CH2CH3), 3.14 (d with
small extra peak in the middle showing transition to higher order, J1,2 =


5.9, 2� 1-H2), AB signal (dA =5.85, dB =5.95, JAB =18.8, in addition split
by JA,1 =6.0; each peak of A-part flanked by Sn isotope satellites as 1
dm, but superimposed by the 3-H signal and therefore not exactly inter-
pretable; in B-part each peak flanked by Sn isotope satellites as 1 dm,
2J119Sn,3-H � 2J117Sn,3-H �72; A: 2 � 2-H, B: 2 � 3-H); IR (film): ñ=2955, 2925,
2870, 2850, 1590, 1465, 1415, 1375, 1340, 1290, 1240, 1070, 1025, 1000,
985, 960, 875, 865, 690, 665, 615, 595, 505 cm�1; elemental analysis calcd
(%) for C30H62SSn2 (694.3): C 52.05, H 9.03, S 4.63; found: C 52.30, H
8.89, S 4.47.


Bis[trans-3-(tributylstannyl)-2-propenyl]sulfone (38): At 0 8C a solution
of (NH4)6Mo7O24 (103.2 mg, 0.0836 mmol, 0.20 equiv) in H2O2 (30 % in
H2O, 0.39 mL, 3.82 mmol, 9.0 equiv) was added dropwise to a solution of
sulfide 37 (294.8 mg, 0.4254 mmol) in EtOH (2 mL). After 15 min the so-
lution was allowed to warm to room temperature and stirred for 1 h at
this temperature. It was diluted with tBuOMe (2 mL) and pentane
(6 mL) and the aq. phase extracted with pentane (3 � 4 mL). The com-
bined organic phases were washed with aq. Na2S2O3 (2 mL) and dried
with MgSO4. The solvent was evaporated in vacuo affording an oily resi-
due which was purified by flash chromatography (2.5 cm, cyclohexane/
EtOAc 250:10, product in #2–6) to afford the title compound (271.9 mg,
88%) as a colorless oil. 1H NMR (499.9 MHz, CDCl3/TMS): d= ca. 0.89–
1.03 (m, 6� SnCH2CH2CH2CH3), superimposes 0.90 (t, Jvic =7.4, 6�
SnCH2CH2CH2CH3), 1.31 (tq, both Jvic =7.3, 6� SnCH2CH2CH2CH3),
1.42–1.58 (m, 6 � SnCH2CH2CH2CH3), 3.74 (d, J1,2 =6.9, 2� 1-H2), 6.02
(dt, J2,3 =18.9, J2,1 =6.8, each peak flanked by partly unresolved Sn iso-
tope satellites as 2 interlocked d, 3J119Sn,H =56.0, 3J117Sn,H �53.5, 2 � 2-H),
6.41 (d, J3,2 =18.9, each peak flanked von Sn isotope satellites als 2 inter-
locked d, 2J119Sn,H =63.6, 2J117Sn,H = 61.2, 2� 3-H); 13C NMR (125 MHz,
CDCl3): d=9.63 (flanked by Sn isotope satellites as 2 d, 1J119Sn,C-1’=348.5,
1J117Sn,C-1’=332.7, 6� SnCH2CH2CH2CH3), 13.66 (6 � SnCH2CH2CH2CH3),
27.22 (flanked by Sn isotope satellites as 1 d, 3J119Sn,C-3’=


3J117Sn,C-3’=55.1, 6�
SnCH2CH2CH2CH3), 29.07 (flanked by Sn isotope satellites as 1 d,
2J119Sn,C-3’=


2J117Sn,C-3’=21.2, 6� SnCH2CH2CH2CH3), 58.86 (flanked by Sn
isotope satellites as 1 d, 3J119Sn,C-1 = 3J117Sn,C-1 =60.9, 2 � C-1)*, 133.65
(flanked by Sn isotope satellites as 1 d, 2J119Sn,C-2 = 2J117Sn,C-2 = 11.8, 2� C-2)*,
142.67 (flanked by Sn isotope satellites as 2 d, 1J119Sn,C-3 =330.0, 1J117Sn,C-3 =


315.5, 2� C-3)*; *assignment by a C,H correlation spectrum; IR (film):
ñ= 2955, 2925, 2870, 2850, 1595, 1460, 1375, 1330, 1305, 1140, 1115, 1075,
990, 880, 690, 670, 610, 510 cm�1; elemental analysis calcd (%) for
C30H62O2SSn2 (726.3): C 49.75, H 8.63, S 4.43; found: C 49.57, H 8.54, S
4.22.


trans-7-Bromo-2-heptene-4,6-diyn-1-ol (39): A mixture of NBS
(266.8 mg, 1.499 mmol, 1.30 equiv) and AgNO3 (15.7 mg, 92.3 mmol,
0.08 equiv) was added to a solution of alcohol 25 (122.4 mg, 1.153 mmol,
together with 0.130 g EtOAc) in degassed acetone (8 mL). After stirring
for 13 h under exclusion of light the reaction was terminated by addition


of H2O (5 mL). The aq. phase was extracted with EtOAc (5 � 10 mL).
The combined organic phases were dried with MgSO4. Evaporation of
the solvent in vacuo afforded a residue which was purified by flash chro-
matography (2 cm, desactivated with 3 % NEt3, cyclohexane/EtOAc 5:1,
#13–23 cyclohexane/EtOAc 2:1, product in #17–23). The title compound
(167.5 mg, 79 %) was obtained as a brown solid. M.p. 68 8C; 1H NMR
(300 MHz, CDCl3): d=1.51 (br s, OH), 4.25 (dd, J1,2 =4.84, Jallyl =2.1, 1-
H2), 5.79 (dt, J3,2 =16.0, Jallyl = 2.1, 3-H), 6.45 (dt, J2,3 =16.0, J2,1 =4.8, 2-
H); 13C NMR (75.4 MHz, CDCl3/CDCl3): d= 44.12, 65.36, 72.31 and
74.86 (C-4, C-5, C-6, C-7), 62.66 (C-1), 108.26 (C-3)*, 146.52 (C-2)*; *as-
signment is based on increment calculation[60] which predicts d=108.9
(C-3) and d =143.4 (C-2); IR (CDCl3): ñ=3620, 3155, 2920, 2860, 2255,
2130, 1795, 1685, 1655, 1560, 1540, 1510, 1475, 1460, 1450, 1420, 1380,
1295, 1215, 1190 1090, 1015, 945, 935 cm�1; elemental analysis calcd (%)
for C7H5BrO (184.0): C 45.44, H 2.72; found: C 45.22, H 2.82.


trans-7-Bromo-2-heptene-4,6-diynal (40): At 0 8C Dess–Martin periodi-
nane (429.5 mg, 1.1013 mmol, 1.52 equiv) was added to a solution of alco-
hol 39 (133.1 mg, 0.7234 mmol) in CH2Cl2 (6 mL). The solution was al-
lowed to warm to room temperature within 2.5 h. Evaporation of the sol-
vent in vacuo afforded a residue which was purified by flash chromatog-
raphy (2.5 cm, cyclohexane/EtOAc 5:1, product in #2–9) to afford the
title compound (104.0 mg, 79%) as a brown solid [m.p. 111 8C (decomp.)]
which rapidly turned dark; 1H NMR (300 MHz, CDCl3): d =6.59 (d*, J=


3.8, 2-H, 3-H), 9.59 (dd*, 2J1,2 = 3J1,3 =3.7, 1-H); *presumably “deceptively
simple spectrum” instead of first-order spectrum; J2,3 determined by
1H NMR (300 MHz, C6D6): d=5.42 (d, J3,2 =16.0, 3-H), 6.01 (dd, J2,3 =


16.0, J2,1 =7.5, 2-H), 8.83 (d, J1,2 =7.5, 1-H); 13C NMR (75.4 MHz, CDCl3/
CDCl3): d=51.96, 64.71, 69.69 and 87.81 (C-4, C-5, C-6, C-7), 130.02 (C-
3)*, 142.36 (C-2)*, 192.40 (C-1); *assignment is based on increment cal-
culation[60] which predicts d =131.8 (C-3) and d =144.5 (C-2); IR
(CDCl3): ñ= 3155, 2980, 2825, 2735, 2255, 2210, 1795, 1685, 1650, 1595,
1560, 1470, 1385, 1290, 1255, 1215, 1165, 1120, 955, 925, 885, 770, 750,
725 cm�1; elemental analysis calcd (%) for C7H3BrO (181.9): C 45.94, H
1.65; found: C 45.71, H 1.66.


1,3-Heptadiyne (41):[3]


1-Iodo-1,3-heptadiyne (42):[3]


trans-7-Bromo-2-heptene-4,6-diynoic acid (43): To a solution of aldehyde
42 (105.3 mg, 0.5757 mmol) in degassed acetone (12 mL) 2-methyl-2-
butene (0.23 mL, 2.0 mmol, 3.5 equiv) and a solution of NaClO2 (80 %,
137.7 mg, 1.209 mmol, 2.10 equiv) and KH2PO4 (195.7 mg, 1.439 mmol,
2.50 equiv) in H2O (8 mL) were added at 0 8C. After 1 h H2O (10 mL)
was added and the solution acidified to pH 2 with HCl (1 m). After ex-
traction with EtOAc (5 � 5 mL) the combined organic phases were
washed with brine (2 � 5 mL) and dried with MgSO4. Evaporation of the
solvent in vacuo afforded a residue which was purified by flash chroma-
tography (2.5 cm, EtOAc, product in #2–7) to afford the title compound
(100.9 mg, 89%) as a brown solid. M.p. 128 8C (decomp.); 1H NMR
(300 MHz, CDCl3): d =6.37 (d, J2,3 =15.8, 2-H), 6.83 (d, J3,2 =15.8, 3-H);
13C NMR (75 MHz, CDCl3): d =49.99, 64.82, 70.07 and 84.07 (C-4, C-5,
C-6, C-7), 125.89 (C-3), 132.86 (C-2), 169.68 (C-1); IR (CDCl3): ñ =3155,
2985, 2900, 1815, 1795, 1695, 1615, 1470, 1380, 1300, 1215, 1095, 885 cm�1;
(m/z)=197.93164 � 5 mDa [M +], confirmed by HRMS (EI, 70 eV); ele-
mental analysis calcd (%) for C7H3BrO2 (197.9): C 42.25, H 1.52; found:
C 42.72, H 1.84.


trans-7-Bromo-2-heptene-4,6-diynoic acid 2-(trimethylsilyl)ethyl ester
(44): To a degassed solution of acid 43 (60.0 mg, 0.302 mmol) in EtOAc
(2 mL) 2-(trimethylsilyl)ethanol (50 mL, 41 mg, 0.35 mmol, 1.2 equiv),
DCC (4.87 m in THF, 65 mL, 0.32 mmol, 1.1 equiv), and DMAP (1.8 mg,
0.015 mmol, 0.05 equiv) were added at 0 8C. After 1 h the solution was al-
lowed to warm to room temperature and stirred for 1 h at this tempera-
ture. H2O (4 mL) was added and the aq. phase extracted with tBuOMe
(3 � 2 mL). The combined organic phases were washed with H2O (2 mL)
and dried with Na2SO4. Evaporation of the solvent in vacuo afforded a
residue which was purified by flash chromatography (2.5 cm, cyclohex-
ane/EtOAc 30:1, product in #2) to afford the title compound (74.7 mg,
83%) as a brown, instable oil, which was immediately used in the next
reaction. 1H NMR (300 MHz, CDCl3): d=0.05 (s, SiMe3), 1.02 (m, 2’-H2),
4.26 (m, 1’-H2), 6.35 (d, J2,3 =15.8, 2-H), 6.72 (d, J3,2 =16.0, 3-H); IR


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1610 – 16241622


R. Br�ckner et al.



www.chemeurj.org





(film): ñ=3265, 2955, 2885, 2120, 1740, 1725, 1710, 1375, 1310, 1235,
1180, 1065, 1045, 965, 935, 910, 870, 755 cm�1; m/z =315.9 [M(79Br) +


+NH4], 317.8 [M(81Br) ++NH4] confirmed by MS (DCI, NH3); due to
the instability of this compound, it was directly used in the next reaction
without further analysis.


Xerulinic acid 2-(trimethylsilyl)ethyl ester (45) [numbering analogous to
xerulinic acid (3)]: A mixture of [Pd(dba)2] (12.1 mg, 21.0 mmol,
0.06 equiv) and AsPh3 (20.6 mg, 67.3 mmol, 0.19 equiv) was added to a de-
gassed solution of stannane trans,trans,trans-32 (161.1 mg, 0.3470 mmol)
and bromide 44 (112.2 mg, 0.3744 mmol, 1.08 equiv) in THF (4 mL).
After stirring for 5 h under exclusion of light the solvent was evaporated
in vacuo to afford a residue which was purified by repeated flash chroma-
tography (2.5 cm, desactivated with cyclohexane/EtOAc/NEt3 200:20:8,
chromatography with cyclohexane/EtOAc 200:20, #10–22 cyclohexane/
EtOAc 200:40, #23–36 cyclohexane/EtOAc 200:60, #37–44 cyclohexane/
EtOAc 200:100, product in #35–44) to afford the title compound
(99.1 mg, 73%) as a red solid. M.p. 139–140 8C; 1H NMR (500 MHz,
CDCl3): d= 0.05 (s, SiMe3), 1.03 (m, CH2SiMe3), 4.26 (m, OCH2), 5.78 (d,
J11,10 =15.4, 11-H), 5.89 (d, J5,6 =11.7, 5-H), 6.20 (d, J2,3 =5.4, 2-H), 6.32
(d, J17,16 =16.0, 17-H), 6.41–6.56 (m, 7-H, 8-H, 9-H), 6.80–6.88 (m, 6-H,
10-H, 16-H), 7.37 (d, J3,2 =5.2, 3-H); a short-range H,H correlation spec-
trum (500 MHz, CDCl3) shows, amongst others, cross-peaks between the
following resonances: 11-H (d=5.78) , 10-H (d=6.80–6.88); 5-H (d=


5.89) , 6-H (d=6.80–6.88); 2-H (d= 6.20) , 3-H (d=7.37); 17-H (d=


6.32) , 16-H (d =6.80–6.88); 6-H, 10-H, 16-H (d=6.80–6.88) , 7-H, 8-
H (d=6.41–6.56); 13C NMR (125 MHz, CDCl3): d=�1.50 [Si(CH3)3],
17.29 (C-2’’), 63.31 (C-1’’), 78.27, 80.43, 82.45 and 85.31 (C-12, C-13, C-14,
C-15), 111.10 (C-11), 114.44 (C-5), 119.14 (C-2), 123.56 (C-16)*, 128.40
(C-6)*, 133.01 (C-17), 134.61 (C-9)**, 136.62 (C-8)**, 137.47 (C-7)**,
142.53 (C-3), 145.27 (C-10)*, 149.73 (C-4)***, 165.52 (C-18)***, 169.18
(C-1)***; *distinguished by a 1H-coupled short-range C,H correlation
spectrum; **,***assignment by a long-range C;H correlation spectrum; a
short-range C,H correlation spectrum (500 MHz/125 MHz, CDCl3) shows
cross-peaks between the following resonances: 11-H (d=5.78) , C-11
(d=111.10), 5-H (d=5.89) , C-5 (d=114.44), 2-H (d=6.20) , C-2 (d=


119.14), 17-H (d =6.32) , C-17 (d =133.01), 7-H, 8-H, 9-H (d=6.41–
6.56) , C-9 (d=134.47), C-8 (d=136.62), C-7 (d=137.47), 6-H, 10-H
(d=6.80–6.88) , C-6 (d= 128.40) and C-10 (d= 145.27), 16-H (d=6.82)
, C-16 (d=123.56), 3-H (d =7.37) , C-3 (d= 142.53). A 1H-coupled
short-range C,H correlation (500 MHz/125 MHz) revealed, amongst
others: d=6.44 (ddd, 1JH,C =156.3 Hz, J9,8 =12.8 Hz, J9,10 =12.0 Hz, 9-H),
d=6.51 (ddd, 1JH,C =156.6 Hz, J8,9 =14.6 Hz, J8,7 = 11.6 Hz, 8-H), d =6.53
(ddd, 1JH,C =154.3 Hz, J7,6 =15.2 Hz, J7,8 =11.3 Hz, 7-H), 6.82 (dd, 1JH,C =


168.7 Hz, J16,17 =16.1 Hz, 16-H), d=6.85 (ddd, 1JH,C =157.6 Hz, J10,11 =


15.1 Hz, J10,9 =11.1 Hz 10-H), d=6.86 (ddd, 1JH,C =159.2 Hz, J6,7 =


13.7 Hz, J6,5 =12.3 Hz, 6-H). A long-range C,H correlation spectrum
(500 MHz/125 MHz, CDCl3) shows (amongst others) cross-peaks be-
tween the following resonances: d=6.20 (2-H) , d=142.53 (C-3),
149.73 (C-4), 169.18 (C-1); d=7.37 (3-H) , d =149.73 (C-4), 169.18 (C-
1); d=5.89 (5-H) , d=137.47 (C-7), 142.53 (C-3), 149.73 (C-4); d=


111.10 (11-H) , d =145.27 (C-10), d=134.61 (C-9); IR (C6D6): ñ =3235,
2290, 2275, 2260, 1780, 1715, 1620, 1615, 1455, 1335, 1320, 1260, 1250,
1165, 1000, 935, 880, 820, 810 cm�1; UV (MeOH): lmax (lg e)=416 (4.83),
438 nm (4.78); (m/z)=392.14439 � 5 mDa [M +] confirmed by HRMS
(EI, 70 eV); elemental analysis calcd (%) for C23H24O4Si (392.1): C 70.38,
H 6.16; found: C 70.15, H 6.13.
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Synthesis of Two Linear PADRE Conjugates Bearing a Deca- or
Pentadecasaccharide B Epitope as Potential Synthetic Vaccines against
Shigella flexneri Serotype 2a Infection**


Fr�d�ric B�lot, Catherine Guerreiro, FranÅoise Baleux, and Laurence A. Mulard*[a]


Introduction


Diarrheal diseases resulting from bacterial or viral infections
account for more than 3 million deaths annually. Available
field data point to shigellosis, or bacillary dysentery, as the
major form of infection leading to this poor prognostic.
Indeed, the number of annual episodes of shigellosis was re-
cently estimated to be 164.7 million, with some 1.1 million
deaths among the victims.[1] Significantly, 163.2 million of
these episodes were reported in developing countries, partic-
ularly in areas where sanitary conditions are insufficient. Of
the four species of Shigella, Shigella flexneri is the major
one responsible for the endemic form of the disease in de-
veloping countries. Furthermore, field data indicate that
among the various S. flexneri strains known to be pathogenic
in humans, serotype 2a is the most prevalent. Infection,
which is spread by the feco-oral route, results from coloniza-
tion of the digestive tract by a number of bacteria as low as
a 100; this results in a high transmission rate. More than


69 % of the episodes and 61 % of all deaths attributable to
shigellosis involve children under five years of age, which is
of utmost concern. When it is considered that sanitary con-
ditions are not likely to improve rapidly in those areas at
risk and that the global impact of shigellosis cannot be ade-
quately controlled with the available means, a safe and ef-
fective vaccine against the most common serotypes of Shi-
gella would offer great potential to control the disease.
Indeed, the development of a vaccine against shigellosis is
of high priority, as stated by the World Health Organization
in its program against enteric diseases.[2] Several options, re-
sulting in the development of various experimental vaccines,
have been undertaken to reach this goal.[3–5] However, there
are as yet no licensed vaccines for shigellosis.


As for several other Gram-negative bacteria, S. flexneri 2a
lipopolysaccharide (LPS) is a major surface antigen. It is
both an essential virulence factor and a major target of the
infected host�s immune response.[6,7] Protection is serotype-
specific, a fact which points to the O-specific polysaccharide
(O-SP) moiety of the LPS as the target of the protective
immune response. In fact, the repeating unit of this polymer
of less than 30 kD defines the bacterium serotype. This
knowledge has been taken into account and has led to clini-
cal studies of at least three families of LPS-based candidate
Shigella vaccines, with two of them specifically involving the
O-SP moiety in the form of either the detoxified LPS or
synthetic fragments thereof. A critical point in the design of
such polysaccharide vaccines is that O-SPs are T-cell-inde-


[a] Dr. F. B�lot, C. Guerreiro, Dr. F. Baleux, Dr. L. A. Mulard
Unit� de Chimie Organique, URA CNRS 2128, Institut Pasteur
28 rue du Dr Roux, 75724 Paris Cedex 15 (France)
Fax: (+33) 145-688-404
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[**] PADRE =Pan HLA DR-binding epitope. Synthesis of ligands related
to the O-specific polysaccharides of Shigella flexneri serotype 2a and
Shigella flexneri serotype 5a, Part 13. For Part 12, see reference [22].


Abstract: The blockwise synthesis of
the 2-aminoethyl glycosides of a deca-
and a pentadecasaccharide made of
two and three repeating units, respec-
tively, of the Shigella flexneri seroty-
pe 2a specific polysaccharide is report-
ed. The strategy relies on trifluorome-
thanesulfonic acid mediated glycosyla-
tion of a pentasaccharide building
block acting as a glycosyl donor and a


potential glycoside acceptor. Both tar-
gets were made available in amounts
large enough for their subsequent con-
version into glycoconjugates. Indeed,
efficient elongation of the spacer


through an acetylthioacetyl moiety and
subsequent conjugation onto a Pan
HLA DR-binding epitope (PADRE)
T-cell-universal peptide resulted in two
fully synthetic neoglycopeptides, which
will be evaluated as potential vaccines
against S. flexneri serotype 2a infec-
tions.


Keywords: antigens · carbo-
hydrates · glycoconjugates · glyco-
peptides · vaccines
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pendent antigens,[8,9] which are not immunogenic by them-
selves. Nevertheless, benefiting from the successful conver-
sion of bacterial capsular polysaccharides from T-cell-inde-
pendent antigens to T-cell-dependent ones through their co-
valent coupling to a protein carrier, it was shown that O-SPs
could be turned into potent immunogens. Several polysac-
charide–protein conjugates, targeting either S. sonnei, S. dys-
enteriae 1, or S. flexneri 2a, were shown to be safe and im-
munogenic in adults[7,10] and also in young children when
evaluated in the latter.[11] In addition, a recent outbreak of
S. sonnei during a randomized, double-blind, field trial al-
lowed Robbins and co-workers to demonstrate that a candi-
date vaccine made of the corresponding detoxified LPS co-
valently linked with the nontoxic recombinant exoprotein A
of Pseudomonas aeruginosa conferred 74 % protection in
military recruits.[12] Even though encouraging data are avail-
able, detoxified-LPS–protein conjugate vaccines remain
complex constructs, especially when obtained from random-
ly activated polysaccharides. Their immunogenicity depends
on several parameters, among which are the length and
nature of the hapten as well as its loading on the protein. It
may be assumed that the use of well-defined synthetic oligo-
saccharides (OSs) suitable for single-point attachment on to
the carrier would allow better control and, consequently, the
optimization of the above-mentioned parameters. The fact
that low-molecular-weight OSs mimicking bacterial antigen-
ic determinants are immunogenic when conjugated onto a
protein carrier was demonstrated in the late 1930s[13,14] and
has been exploited on several occasions since then.[15] Sever-
al reports indicated that neoglycoproteins incorporating OSs
comprising one repeating unit or smaller fragments were im-
munogenic in mice.[16–18] Furthermore, others demonstrated
that conjugates incorporating haptens mimicking a single re-
peating unit of the natural antigen could induce fully protec-
tive antibodies in mice,[19, 20]


whereas short OSs representing
only part of the natural antigen
repeating unit appeared to al-
ready contain epitopes capable
of inducing protection in rabbits.[20] Along this line, we re-
cently reported the synthesis of three fully synthetic glyco-
conjugates as potential vaccines against S. flexneri 2a infec-
tion.[21] These incorporated short OS haptens, representative
of either part of or the whole repeating unit of the O-SP of
S. flexneri 2a.


The thymus dependence of an OS–protein conjugate in-
creases with shortening of the OS length. However, it is
known that epitope size can vary between species.[22] In par-
ticular, longer OSs may be required for an optimal immune
response in humans.[23] Indeed, it is anticipated that the
better, in terms both of antigenicity and secondary structure,
the O-SP mimics used as haptens, the better the immunoge-
nicity of the resulting glycoconjugates. For various reasons,
it is theorized that haptens made of at least two contiguous
repeating units may be necessary for the corresponding OS
conjugates to induce antipolysaccharide antibodies efficient-
ly,[24] as illustrated in the case of S. dysenteriae 1[25] or Strep-


tococcus pneumoniae 3.[19] Analogous observations resulted
from extensive work in the field of Haemophilus influen-
zae b glycoconjugate vaccines.[26] In the latter case, the suc-
cess of the approach in humans was recently demonstrat-
ed.[27] In addition, another important point was addressed,
that is, the need for the development of alternatives to the
most commonly used protein carriers that are compatible
with administration in humans. Relying on synthetic T-
helper peptides derived from conventional protein carriers
such as tetanus toxoid[28] or selected from the pathogen�s
own proteins[29] may be an option. To overcome the limita-
tions associated with the extensive polymorphism of human
leucocyte antigen (HLA) molecules, recombinant carrier
proteins constituted by strings of several human T-helper
antigens from various pathogen origins have also been pro-
posed.[30] In other strategies targeting an efficient T-helper
contribution in humans, nonnatural T-helper peptides, such
as the Pan HLA DR-binding epitope (PADRE), were engi-
neered based on their capacity to bind to a large number of
HLA class II molecules.[31] PADRE was found to be efficient
when evaluated as a carrier for carbohydrate B antigens,
such as the lacto-N-fucopentose II and a dodecasaccharide
from the O-SP of Salmonella typhimurium,[32] as well as
more recently when conjugated to various S. pneumoniae
polysaccharide antigens.[33]


An extension of the latter approach to the design of neo-
glycopeptides as potential vaccines against S. flexneri 2a in-
fection is reported in the following section.


Results and Discussion


The O-SP of S. flexneri 2a is a branched heteropolysacchar-
ide defined by the pentasaccharide repeating unit I.[34,35] It


features a linear tetrasaccharide backbone, which is
common to all S. flexneri O-SPs and comprises an N-acetyl
glucosamine (D) and three rhamnose residues (A, B, C).
The specificity of the serotype is associated with the a-d-
glucopyranosyl residue linked to position 4 of rhamnose C.


We described recently the synthesis of the ECD, B(E)CD,
and AB(E)CD fragments functionalized with an aminoethyl
spacer at their reducing end, and we demonstrated that the
latter could serve as a suitable anchoring point,[21] as illus-
trated by the synthesis of the corresponding PADRE neo-
glycopeptides. Parallel studies into the recognition of syn-
thetic fragments of the S. flexneri 2a O-SP by protective
monoclonal antibodies outlined the impact of chain elonga-
tion on the recognition process.[36] Taking both sets of data
into account, we report herein on the synthesis of the 2-ami-
noethyl glycosides of a decasaccharide (1) and a pentadeca-
saccharide (2), which correspond to a dimer [AB(E)CD]2


and a trimer [AB(E)CD]3 of the branched pentasaccharide
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I, respectively (Scheme 1). The synthesis is based on a mod-
ular approach involving three partners. Basically, it relies on
1) the use of appropriate haptens (3 and 4, respectively)
functionalized at the anomeric position with an aminoethyl
spacer, 2) the incorporation of a thioacetyl acetamido linker
as a masked thiol functionality, and 3) the use of a PADRE
peptide derivatized by a maleimido group on a C-terminal
lysine residue (5).


In considering targets 3 and 4, a disconnection at the D–
A linkage would appear most appropriate. However, others
have shown that such a disconnection strategy was not suita-
ble even with di- or trisaccharide building blocks;[37, 38] thus,
this route was avoided. More recently, disconnections at the
A–B, B–C, and C–D linkages were evaluated in this labora-
tory when the methyl glycoside of the frame-shifted deca-
saccharide D’A’B’(E’)C’DAB(E)C was successfully synthe-
sized.[39] It was demonstrated on that occasion that discon-
nection at the C–D linkage was indeed appropriate for the
construction of large fragments of the S. flexneri 2a O-SP.
Based on our experience in the field, we designed a block-
wise strategy to synthesize targets 3 and 4 that involved an
AB(E)C tetrasaccharide donor (6), a DAB(E)C potential
acceptor acting as a donor (7), and the recently disclosed ac-
ceptor 8,[21] bearing a masked aminoethyl spacer, as a pre-
cursor to the reducing end D residue (Scheme 1). Although
permanent blocking of the OH groups at positions 4D and
6D with an isopropylidene acetal may appear somewhat un-


usual, this choice was a key feature of the strategy. It was
based on former observations in the methyl glycoside series,
when it was demonstrated that its use could overcome some
of the known drawbacks of the corresponding benzylidene
acetal,[40,41] including the poor solubility. In order to reduce
the number of synthetic steps, it was found appropriate to
access the AB(E)C donor and the DAB(E)C building block
from a common key AB(E)C tetrasaccharide intermediate 9
(see Scheme 2).[39] Most of all, the design of the pentasac-
charide building block 7 was a key element to success.
Indeed, a leading concept of the overall strategy was to limit
the number of transformations at later stages in the synthe-
ses. With respect to the choice of 7, the reader�s attention is
drawn to 1) the permanent blocking of positions 4D and 6D


with an isopropylidene acetal, 2) the introduction of a par-
ticipating benzoyl group, which is resistant to Zempl�n de-
acylation, at position 2A, 3) the temporary protection of po-
sition 3D as an orthogonal acetate, 4) the early introduction
of the required acetamido functionality at position 2D, and
5) the activation of the anomeric position as a trichloroacet-
imidate (TCA). Indeed, the syntheses disclosed herein are
based on the use of the trichloroacetimidate chemistry,[42]


and known building blocks were used whenever possible.


Synthesis of the tetrasaccharide building block 6
(Scheme 2): The fully protected tetrasaccharide 9 could be
obtained in high yield when the condensation was run on a


Scheme 1. Retrosynthetic analysis of the aminoethyl glycoside haptens 1 and 2. a=d-alanine, Ac =acetyl, Bn =benzyl, Bz=benzoyl, Pfp= pentafluoro-
phenyl, TCA= trichloroacetimidate, X=cyclohexylalanine, Z=aminocaproic acid.
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15 g scale. Preparation of 6 was conveniently achieved with
67 % yield from this crucial intermediate according to a con-
ventional protocol, namely, selective removal of the anome-
ric allyl group and subsequent activation upon treatment of
the resulting hemiacetal with trichloroacetonitrile in the
presence of catalytic DBU.


Synthesis of the pentasaccharide building block 7
(Scheme 2): We recently described the synthesis of the
DAB(E)C building block 10 bearing a trichloroacetamido
function at position 2D by starting from the tetrasaccharide
9. Compound 10, now conveniently prepared on a 5–10 g
scale, was used successfully as the donor in the synthesis of
the D’A’B’(E’)C’DAB(E)C decasaccharide, once it had been
converted into the corresponding trichloroacetimidate.[39]


However, for the present study, we reasoned that conversion
of the trichloroacetamide moiety into the required acet-
amide at an early stage in the synthesis was preferable. Re-
ductive free-radical dechlorination of 10 by using Bu3SnH in
the presence of catalytic AIBN allowed the conversion of
the N-trichloroacetyl moiety into an N-acetyl group, to give
the known compound 11 (68 %), previously obtained ac-
cording to an alternative and somewhat lower yielding strat-
egy.[39] Controlled de-O-acetylation of 11 by using a catalytic
amount of methanolic sodium methoxide gave the triol 12,
which was next converted into the corresponding alcohol 13
upon reaction with 2,2-dimethoxypropane (81 % from 11).
Conventional acetylation at position 3D then gave the fully
protected intermediate 14 (94 %), with the good overall
yield of this three-step conversion (11!14, 76 %) outlining
its usefulness. The latter compound was transformed into
the hemiacetal 15 by following a two-step process, involving
iridium-complex-promoted isomerization of the allyl moiety
into the corresponding propen-1-yl group[43] and hydrolysis
of the latter upon treatment with mercuric chloride, since it
was originally demonstrated that labile isopropylidene


groups were stable to such neutral conditions.[44] Subsequent
treatment of 15 with trichloroacetonitrile in the presence of
catalytic DBU cleanly gave the key building block 7 (82 %
from 14).


Synthesis of the aminoethyl decasaccharide 3 (Scheme 3):
Previous glycosidation attempts in the series indicated that,
when run at low temperature or at room temperature, reac-
tions with the D acceptor 8 occasionally resulted in a some-
what poor yield of the condensation product. This was tenta-
tively explained by the still rather low solubility of 8. When
using 1,2-DCE as the solvent, the condensation could be
performed at higher temperature, which proved rewarding.
Indeed, optimized coupling conditions of 7 and 8, used in
slight excess, relied on the concomitant use of a catalytic
amount of triflic acid in the presence of 4 � molecular
sieves as the promoter and 1,2-DCE as the solvent, while
the condensation was performed at 75 8C, according to a
known protocol[45] that had recently been adapted to the use
of acceptor 8 in the S. flexneri series.[21] The fully protected
hexasaccharide 16 was isolated in a satisfactory 76 % yield.
The resistance of the two isopropylidene acetals to the harsh
acidic conditions of the glycosidation reaction is noteworthy.
The fact that the hemiacetal 15, resulting from the hydroly-
sis of the excess donor, can be recovered is a great advant-
age if one considers scaling up the process (not described).
Resistance of isolated benzoyl groups to Zempl�n transes-
terification has been reported.[46–48] It was also observed pre-
viously in the series, upon attempted removal of a benzoyl
group located at position 2C.[39] Thus, as anticipated, selective
deacetylation of the OH group at position 3 of the nonre-
ducing residue gave the D’AB(E)CD acceptor 17 in a yield
of 97 %; this result confirmed the orthogonality of the vari-
ous protecting groups in use at this stage. Condensation of
the latter and 6 was performed in 1,2-DCE with triflic acid
as the promoter. One may note that although the condensa-


Scheme 2. Synthesis of building blocks 6 and 7. a) 1. [Ir(cod){PCH3(C6H5)2}2]
+PF6


� (cat.), THF, room temperature, 2 h; 2. I2, THF/water, room tempera-
ture, 1 h; 3. CCl3CN, DBU, CH2Cl2, 0 8C, 1 h; b) see ref. [21]; c) Bu3SnH, AIBN (cat.), toluene, 100 8C, 1 h; d) MeONa (cat.), MeOH, room temperature,
25 min; e) Me2C(OMe)2, PTSA (cat.), DMF, room temperature, overnight; f) Ac2O, pyridine, room temperature, 2.5 h; g) 1. [Ir(cod){PCH3(C6H5)2}2]


+


PF6
� (cat.), THF, room temperature, 2 h; 2. HgO, HgBr2, acetone/water, room temperature, 1 h; h) CCl3CN, DBU, CH2Cl2, 0 8C, 1 h. AIBN =2,2’-azobis-


isobutyronitrile, All= allyl, cod=cycloocta-1,5-diene, DBU=1,8-diazabicyclo [5.4.0]undec-7-ene, DMF =N,N-dimethylformamide, PTSA =p-toluenesul-
fonic acid, THF= tetrahydrofuran.
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tion involves the construction of the C–D linkage, thus
somewhat resembling the preparation of hexasaccharide 16,
heating was not required and the glycosylation went
smoothly at 10 8C to give the fully protected decasaccharide
18 (82 %). Acidic hydrolysis of the acetals gave the tetraol
19 (75 %). Transesterification of the acyl groups was best
performed by overnight heating of 19 in methanolic sodium
methoxide. Final hydrogenolysis of the benzyl groups and
concomitant conversion of the azido group into the corre-
sponding amine gave the target 3 (71 % from 19). As ob-
served previously,[21,49] the latter transformation was best
performed under acidic conditions.


Synthesis of the aminoethyl pentadecasaccharide 4
(Scheme 4): The rather convenient access to building block
7 allowed larger sequences to be targeted. Thus, having the
hexasaccharide acceptor 17 in hand, we repeated the two-
step glycosylation/deacetylation process involving 7. Analo-
gously to the condensation step leading to the fully protect-
ed decasaccharide, condensation of 17 and the pentasacchar-
ide donor 7 in the presence of triflic acid was run at a tem-
perature below 5 8C. Under such conditions, the fully pro-
tected undecasaccharide 21 was isolated in an excellent
yield of 90 %, a result that once more outlines the compati-
bility of the rather labile isopropylidene groups with the gly-
cosylation conditions in use. Zempl�n transesterification at
the nonreducing OH group at position 3D of 21, resulting in
the required acceptor 22 (91 %), proved to be efficient. Con-
densation of this key intermediate with the tetrasaccharide
trichloroacetimidate donor 6 was performed according to
the same protocol, by using triflic acid as the promoter. The
fully protected pentadecasaccharide 23 was isolated in a sat-
isfactory yield of 82 %. Conversion of 23 into the target 4
was performed by running the stepwise sequence described
for the preparation of 3. Acidic hydrolysis of the isopropyli-
dene groups afforded the hexaol 24 (83 %). Again, the re-


sistance of the isolated benzoyl groups at position 2C to
methanolic transesterification could be overcome by running
the transesterification step at high temperature. Lastly, con-
ventional hydrogenolysis of the benzyl groups and concomi-
tant reduction of the azide moiety allowed the smooth con-
version of the de-O-acylated intermediate into the pentade-
casaccharide hapten 4 (65 % from 24). Interestingly, al-
though the number of synthetic steps involved may be some-
what challenging, the steps are generally high yielding and
large amounts of 4 are reachable.


Synthesis of the target conjugates 1 and 2 : Chemoselective
ligation of the carbohydrate B and peptide T epitopes was
achieved through coupling of the carbohydrate haptens pre-
functionalized with a thiol function and a maleimido group
correctly introduced at the C terminus of the T-helper pep-
tide, which allows specific and high-yielding modification of
the former in the presence of other nucleophiles.[50] Based
on reported data on the immunogenicity of various male-
imide-derived coupling agents,[51] 4-(N-maleimido)-n-buta-
noyl was selected as the linker. It was covalently linked to
the side-chain amino group of a lysine residue added to the
C terminus of the PADRE sequence (PADRE-Lys) accord-
ing to an in-house process,[21] which differs from that de-
scribed previously by others.[32] Treatment of 3 and 4 with
SAMA-Pfp resulted in the site-selective elongation of their
aminoethyl spacers with a thioacetyl acetamido linker to
yield 20 and 25 in 61 % and 63 % yield, respectively
(Schemes 3 and 4).[21] Derivatization could be monitored by
reversed-phase (RP) HPLC with detection at 215 nm, and
structure confirmation was based on MS and NMR spectro-
scopy analysis. Conjugation of the carbohydrate haptens to
the maleimido-activated PADRE-Lys (5) was performed in
phosphate buffer at pH 6.0 in the presence of hydroxyla-
mine[52] and monitored by RP HPLC. Lastly, RP HPLC pu-
rification gave the target neoglycopeptides 1 and 2 as single


Scheme 3. Synthesis of the decasaccharide hapten 20 bearing a masked-thiol-type spacer. a) TfOH (cat.), MS, 1,2-DCE, 75 8C, 2.5 h; b) MeONa (cat.),
MeOH, room temperature, 3 h; c) TfOH (cat.), MS, 1,2-DCE, �35 8C!10 8C, 2.5 h; d) 50 % aqueous TFA, CH2Cl2, 0 8C; 3 h; e) 1. MeONa (cat.),
MeOH, 55 8C, overnight; 2. 10% Pd/C, 1 n aqueous HCl, EtOH/EtOAc, room temperature, 72 h; f) SAMA-Pfp, 0.1 m phosphate buffer (pH 7.4), room
temperature, 1 h. 1,2-DCE =1,2-dichloroethane, MS=4 � molecular sieves, SAMA-Pfp=S-acetylthioglycolic acid pentafluorophenyl ester, Tf= triflate =


trifluoromethanesulfonyl, TFA = trifluoroacetic acid.
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products, whose identity was assessed by MS analysis, in
yields of 44 and 67 %, respectively.


Conclusion


The synthesis of the O-SP of S. flexneri Y by way of poly-
condensation of a tritylated cyanoethylidene tetrasaccharide
has been reported by others.[53] However, this is to our
knowledge is the first report of the total synthesis of fully
defined oligomeric repeating-unit glycosides mimicking the
branched bacterial O-SPs in the S. flexneri series. The strat-
egy disclosed herein gives access to extended fragments of
the O-SP of S. flexneri serotype 2a in a spacer-armed form
suitable for immunological studies. Indeed, by using so-
lution-phase methods, large enough amounts were made for
the synthesis of fully synthetic oligosaccharide conjugates as
potential vaccines targeting S. flexneri serotype 2a infection.
The preparation of such conjugates in the form of two linear
PADRE–oligosaccharide conjugates is exemplified. It is
noteworthy that the synthesis of the pentadecasaccharide 2
differs from that of the decasaccharide 1 by only two addi-
tional steps.


Experimental Section


General methods : Optical rotations were measured at 25 8C with a
Perkin–Elmer model 241 MC automatic polarimeter. TLC on precoated
slides of silica gel 60 F254 (Merck) was performed with solvent mixtures of


appropriately adjusted polarity. Detection was effected, when applicable,
with UV light and/or by charring with orcinol (35 mm) in 4 n aqueous
H2SO4 or EtOH/H2SO4 (95/5). Preparative chromatography was per-
formed by elution from columns of silica gel 60 (particle size: 60–43 mm).
RP HPLC (215 nm) was performed with a Kromasil 5 mm C18 100 �
4.6� 250 mm analytical column (flow rate: 1 mL min�1). NMR spectra
were recorded at 20 8C on a Bruker Advance 400 spectrometer (400 MHz
for 1H, 100 MHz for 13C). The external references were TMS (0.00 ppm
for both 1H and 13C) for solutions in CDCl3, and dioxane (67.4 ppm for
13C) and trimethylsilyl-3-propionic acid sodium salt (0.00 ppm for 1H) for
solutions in D2O. Proton signal assignments were made by first-order
analysis of the spectra as well as analysis of two-dimensional 1H–1H cor-
relation maps (COSY). Of the two magnetically nonequivalent geminal
protons at C-6, the one resonating at lower field is denoted H-6a and the
one at higher field is denoted H-6b. Interchangeable assignments in the
1H and 13C NMR spectra are marked with an asterisk. Sugar residues in
oligosaccharides are serially lettered according to the lettering of the re-
peating unit of the O-SP and are identified by a subscript in the listing of
signal assignments. Low-resolution mass spectra were obtained by fast-
atom-bombardment (FAB) MS in the positive-ion mode with dithioery-
thridol/dithio-l-threitol (4:1, MB) as the matrix, in the presence of NaI,
and with xenon as the gas. Anhydrous dichloromethane (DCM) and 1,2-
dichloroethane (1,2-DCE), sold on molecular sieves, were used as re-
ceived. 4 � powdered molecular sieves were kept at 100 8C and activated
before use by heating at 250 8C under vacuum. Solid-phase peptide syn-
thesis was performed by using standard 9-fluorenylmethoxycarbonyl
(Fmoc) chemistry protocols on a Pioneer peptide synthesizer (Applied
Biosystem). Fmoc-Lys(iv-Dde)-OH, Fmoc-Cha-OH, Fmoc-d-Ala-OH,
Fmoc-e-Ahx-OH and Boc-d-Ala-OH were purchased from NovaBio-
chem (iv-Dde=1-(4,4-dimethyl-2,6-dioxocyclohexlidene)-3-methylbutyl,
Cha (X)= cyclohexylalanine, e-Ahx (Z)=aminocaproic acid). All others
reagents and amino acids were purchased from Applied Biosystem.


(2-O-Acetyl-3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!2)-(3,4-di-O-
benzyl-a-l-rhamnopyranosyl)-(1!3)-[2,3,4,6-tetra-O-benzyl-a-d-gluco-
pyranosyl-(1!4)]-2-O-benzoyl-a-l-rhamnopyranosyl trichloroacetimidate
(6): (1,5-Cyclooctadiene)bis(methyldiphenylphosphine)iridium(i) hexa-


Scheme 4. Synthesis of the pentadecasaccharide hapten 25 bearing a masked-thiol-type of spacer. a) TfOH (cat.), MS, 1,2-DCE, �30 8C!5 8C, 2.5 h;
b) MeONa (cat.), MeOH, room temperature, 3 h; c) 50 % aqueous TFA, CH2Cl2, 0 8C, 3 h; d) 1. MeONa (cat.), MeOH, 55 8C, overnight; 2. 10 % Pd/C,
1n aqueous HCl, EtOH/EtOAc, room temperature, 48 h; e) SAMA-Pfp, 0.1 m phosphate buffer (pH 7.4), room temperature, 2 h.
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fluorophosphate (17 mg) was dissolved in THF (10 mL), and the resulting
red solution was degassed in an argon stream. Hydrogen was then bub-
bled through the solution, causing the color to change to yellow. The so-
lution was then degassed again in an argon stream. A solution of 9[39]


(550 mg, 0.37 mmol) in THF (3 mL) was degassed and added. The mix-
ture was stirred at room temperature for 2 h. A solution of I2 (188 mg,
0.74 mmol) in a mixture of THF (3.5 mL) and water (1 mL) was added.
The mixture was stirred at room temperature for 1 h and the volatiles
were evaporated. The residue was taken up in DCM and the organic
phase was washed successively with a solution of 5 % aqueous NaHSO3,
5% aqueous NaHCO3, water, and brine. The organic phase was dried by
being passed through a phase separator and was concentrated. The resi-
due was eluted from a column of silica gel with cyclohexane/EtOAc (9:1)
to give the corresponding hemiacetal (489 mg, 91%). Trichloroacetoni-
trile (360 mL) and DBU (6 mL) were added to a solution of the residue
(479 mg) in anhydrous DCM (3.1 mL) at 0 8C. After 1 h, toluene was
added and the mixture was concentrated. The residue was eluted from a
column of silica gel with cyclohexane/EtOAc (90:10!85:15) and 0.2 %
Et3N to give 6 as a white foam (389 mg, 74%); [a]D =++228 (c =1,
CHCl3); 1H NMR: d=8.72 (s, 1H, C=NH), 8.00–7.00 (m, 45H, Ph), 6.39
(d, 1 H, J1,2 =2.5 Hz, H-1C), 5.60 (dd, 1H, J2,3 =3.0 Hz, H-2C), 5.58 (dd,
1H, J1,2 =1.7, J2,3 =3.0 Hz, H-2A), 5.12 (d, 1 H, J1,2 =3.2 Hz, H-1E), 5.08
(m, 2H, H-1A, 1B), 5.00–4.00 (m, 16H, CH2Ph), 4.20 (dd, 1 H, H-3C), 4.05
(dd, 1H, H-3E), 4.00–3.35 (m, 14H, H-2E, 4E, 5E, 6aE, 6bE, 4C, 5C, 2B, 3B,
4B, 5B, 3A, 4A, 5A), 2.05 (s, 3 H, OAc), 1.42, 1.36, 1.00 (3d, 9H, H-6A, 6B,
6C) ppm; 13C NMR: d=170.3, 165.8 (2 C, C=O), 138–127 (Ph), 99.9 (2 C,
C-1A, 1B), 98.5 (C-1E), 94.7 (C-1C), 82.1, 81.2, 80.4, 80.0, 79.1, 78.1, 78.0,
75.2, 71.7, 71.2, 70.7, 69.5, 69.4, 68.7 (16 C, C-2A, 3A, 4A, 5A, 2B, 3B, 4B, 5B,
2C, 3C, 4C, 5C, 2E, 3E, 4E, 5E), 76.0, 75.7, 75.5, 75.1, 74.3, 73.3, 72.2, 71.2
(8 C, PhCH2), 68.5 (C-6E), 21.4 (OAc), 19.2, 18.5, 18.1 (C-6A, 6B, 6C) ppm;
elemental analysis calcd (%) for C91H96Cl3NO20: C 67.05, H 5.94, N 0.86;
found: C 66.44, H 6.21, N 0.93.


Allyl (2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-b-d-glucopyranosyl)-(1!
2)-(3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!2)-(3,4-di-O-benzyl-a-l-
rhamnopyranosyl)-(1!3)-[2,3,4,6-tetra-O-benzyl-a-d-glucopyranosyl-
(1!4)]-2-O-benzoyl-a-l-rhamnopyranoside (11): A mixture of 10[39]


(3.14 g, 1.6 mmol), Bu3SnH (2.5 mL, 9.3 mmol), and AIBN (240 mg) in
dry toluene (40 mL) was stirred for 30 min at room temperature under a
stream of dry argon and was then heated for 1 h at 100 8C, cooled, and
concentrated. The residue was eluted from a column of silica gel with pe-
troleum ether/EtOAc (3:2) to give 11 as a white foam (2.0 g, 68%);
[a]D =++38 (c =1, CHCl3); 1H NMR: d=8.00–7.00 (m, 45 H, Ph), 5.82 (m,
1H, All), 5.58 (d, 1 H, J2,NH =8.0 Hz, N-HD), 5.35 (dd, 1H, J1,2 =1.0, J2,3 =


2.3 Hz, H-2C), 5.19 (m, 2 H, All), 5.10 (d, 1H, J1,2 = 1.0 Hz, H-1A), 4.92
(dd, 1H, J2,3 =10.5, J3,4 =10.5 Hz, H-3D), 4.92 (d, 1H, J1,2 =3.3 Hz, H-1E),
4.90 (d, 1 H, J1,2 =1.7 Hz, H-1B), 4.89 (d, 1H, H-1C), 4.88 (dd, 1H, J4,5 =


10.0 Hz, H-4D), 4.62 (d, 1H, J1,2 =8.5 Hz, H-1D), 4.90–4.35 (m, 16 H,
CH2Ph), 4.40 (m, 1H, H-2B), 4.10–4.00 (m, 2 H, All), 4.08 (dd, 1H, J2,3 =


2.4 Hz, H-2A), 4.02 (dd, 1H, H-3C), 3.91 (m, 1H, H-2D), 3.90–3.70 (m,
11H, H-4C, 5C, 3A, 5A, 6aD, 6bD, 3E, 4E, 5E, 6aE, 6bE), 3.61 (dd, 1 H, J3,4 =


9.5 Hz, H-3B), 3.55 (m, 1H, H-5B), 3.41–3.40 (m, 3H, H-4A, 5D, 2E), 3.47
(m, 1 H, J4,5 =9.5, J5,6 =6.1 Hz, H-5B), 3.35–3.33 (m, 3 H, H-4A, 5D, 2E),
3.25 (dd, 1H, H-4B), 1.95, 1.70 (3 s, 9 H, OAc), 1.65 (s, 3H, NHAc), 1.32
(d, 3H, J5,6 =6.1 Hz, H-6A), 1.30 (d, 3H, J5,6 =6.0 Hz, H-6C), 0.97 (d, 3H,
J5,6 = 6.0 Hz, H-6B) ppm; 13C NMR: d =171.1, 170.8, 170.2, 169.6, 166.2
(5 C, C=O), 138.2–118.5 (Ph, All), 103.1 (C-1D), 101.4 (C-1B), 101.2 (C-
1A), 98.5 (C-1E), 96.4 (C-1C), 82.2 (C-3E), 81.7 (C-2E), 81.7 (C-4A), 80.4
(C-4B), 80.2 (C-3C), 79.0 (C-3A), 78.6 (C-3B), 78.1 (C-2A), 77.8 (C-4C), 77.6
(C-4E), 76.0, 75.8, 75.4, 74.7, 74.3, 74.2, 73.3, 70.5 (8 C, CH2Ph), 74.9 (C-
2B), 72.7 (C-2C), 72.6 (C-3D), 71.9 (2 C, C-5E, 5D), 69.1 (C-5B), 68.9 (2 C,
All, C-5A), 68.3 (C-6E), 67.8 (C-5C), 62.3 (C-6D), 54.6 (C-2D), 23.5
(NHAc), 21.1, 21.0, 20.8 (3 C, OAc), 19.0 (C-6C), 18.4 (C-6A), 18.2 (C-
6B) ppm; FAB MS for C104H117NO27 [M]+ (1913.1): m/z: 1936.2 [M+Na]+;
elemental analysis calcd (%) for C104H117NO27: C 68.90, H 6.50, N 0.77;
found: C 68.64, H 6.66, N 1.05.


Allyl (2-acetamido-4,6-O-isopropylidene-2-deoxy-b-d-glucopyranosyl)-
(1!2)-(3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!2)-(3,4-di-O-benzyl-a-
l-rhamnopyranosyl)-(1!3)-[2,3,4,6-tetra-O-benzyl-a-d-glucopyranosyl-
(1!4)]-2-O-benzoyl-a-l-rhamnopyranoside (13): The pentasaccharide 11


(2.65 g, 1.47 mmol) was dissolved in MeOH (20 mL). MeONa was added
until a value of pH 10 was reached. The mixture was stirred for 25 min
then treated with IR 120 (H+) resin until a neutral pH value was
reached. The solution was filtered and concentrated. The residue was
eluted from a column of silica gel with DCM/MeOH (9:1) to give the ex-
pected triol 12 which was then treated overnight at room temperature
with 2,2-dimethoxypropane (11 mL, 0.1 mol) and PTSA (20 mg,
0.17 mmol) in DMF (20 mL). Et3N was added and the solution was
evaporated. The residue was eluted from a column of silica gel with cy-
clohexane/EtOAc (1:1) and 0.2 % Et3N to give 13 as a white foam
(2.05 g, 81 % from 11); [a]D =++38 (c=1, CHCl3); 1H NMR: d=6.98–8.00
(m, 45 H, Ph), 6.17 (br s, 1H, NHD), 5.82 (m, 1 H, All), 5.30 (dd, 1H, J1,2 =


1.0, J2,3 = 3.0 Hz, H-2C), 5.11–5.25 (m, 2H, All), 5.06 (br s, 1H, H-1A), 4.92
(d, 1H, J1,2 =3.1 Hz, H-1E), 4.88 (d, 1H, J1,2 =1.6 Hz, H-1B), 4.84 (br s,
1H, H-1C), 4.35 (d, 1H, H-1D), 4.34 (dd, 1H, H-2B), 4.20–4.80 (m, 16 H,
CH2Ph), 4.05 (dd, 1 H, H-2A), 3.36 (dd, 1H, H-2E), 2.90–4.10 (m, 22H,
All, H-2D, 3A, 3B, 3C, 3D, 3E, 4A, 4B, 4C, 4D, 4E, 5A, 5B, 5C, 5D, 5E, 6aD, 6bD,
6aE, 6bE), 1.5 (s, 3 H, NHAc), 1.2–0.9 (m, 15H, C(CH3)2, H-6A, 6B,
6C) ppm; 13C NMR: d= 172.7, 164.9 (2 C, C=O), 137.7–116.7 (Ph, All),
102.3 (C-1D), 100.2 (C-1B), 100.0 (C-1A), 98.9 (C(CH3)2), 97.2 (C-1E), 95.1
(C-1C), 82.1, 82.0, 81.8, 81.6, 80.6, 80.3, 79.0, 78.8, 78.3, 77.8, 77.6, 75.7,
75.6, 75.0, 74.3, 72.8, 71.8, 71.6, 70.8, 70.3, 69.0, 68.5, 67.8, 67.4, 61.9, 60.8,
60.5, 29.4 (C(CH3)2), 22.7 (NHAc), 19.0 (C(CH3)2), 18.9, 18.4, 18.2 (3 C,
C-6A, 6B, 6C) ppm; FAB MS for C101H115NO24 [M]+ (1726.9): m/z : 1749.7
[M+Na]+ ; elemental analysis calcd (%) for C101H115NO24·H2O: C 69.52,
H 6.76, N 0.80; found: C 69.59, H 6.71, N 0.57.


Allyl (2-acetamido-3-O-acetyl-4,6-O-isopropylidene-2-deoxy-b-d-gluco-
pyranosyl)-(1!2)-(3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!2)-(3,4-di-
O-benzyl-a-l-rhamnopyranosyl)-(1!3)-[2,3,4,6-tetra-O-benzyl-a-d-glu-
copyranosyl-(1!4)]-2-O-benzoyl-a-l-rhamnopyranoside (14): A mixture
of 13 (2.05 g, 1.19 mmol) in pyridine (60 mL) was cooled to 0 8C. Acetic
anhydride (20 mL) was added and the solution was stirred for 2.5 h. The
solution was concentrated and coevaporated with toluene. The residue
was eluted from a column of silica gel with cyclohexane/EtOAc (2:1) and
0.2% Et3N to give 14 as a white foam (1.99 g, 94%); [a]D =++18 (c =1,
CHCl3); 1H NMR: d=6.95–8.00 (m, 45 H, Ph), 5.82 (m, 1H, All), 5.46 (d,
1H, J2,NH =8.0 Hz, NHD), 5.29 (dd, 1H, J1,2 =1.0, J2,3 =3.0 Hz, H-2C),
5.11–5.25 (m, 2H, All), 5.00 (br s, 1 H, H-1A), 4.90 (d, 1H, J1,2 =3.1 Hz, H-
1E), 4.85 (d, 1H, J1,2 =1.6 Hz, H-1B), 4.83 (br s, 1H, H-1C), 4.70 (dd, 1 H,
J2,3 = J3,4 =10.0 Hz, H-3D), 4.44 (d, 1H, H-1D), 4.34 (dd, 1H, H-2B), 4.20–
4.80 (m, 16H, CH2Ph), 4.02 (dd, 1H, H-2A), 3.37 (dd, 1 H, H-2E), 2.90–
4.10 (m, 21H, All, H-2D, 3A, 3B, 3C, 3E, 4A, 4B, 4C, 4D, 4E, 5A, 5B, 5C, 5D, 5E,
6aD, 6bD, 6aE, 6bE), 1.92 (s, 3 H, OAc), 1.57 (s, 3 H, NHAc), 1.27–0.90 (m,
15H, C(CH3)2, H-6A, 6B, 6C) ppm; 13C NMR: d =171.3, 170.3, 166.2 (3 C,
C=O), 138.7–117.9 (Ph, All), 103.9 (C-1D), 101.5 (C-1B), 101.4 (C-1A),
99.9 (C(CH3)2), 98.5 (C-1E), 96.3 (C-1C), 82.1, 81.7, 81.6, 80.3, 80.1, 78.8,
78.1, 77.8, 76.0, 75.8, 75.3, 75.1, 74.7, 74.2, 73.6, 73.3, 72.7, 71.9, 71.4, 70.8,
69.0, 68.8, 68.7, 68.4, 68.1, 67.8, 62.1, 55.0 (C-2D), 30.0 (C(CH3)2), 23.5
(NHAc), 21.6 (OAc), 19.2 (C(CH3)2), 19.0, 18.3, 18.2 (3 C, C-6A, 6B,
6C) ppm; FAB MS for C103H117NO25 [M]+ (1769.0): m/z: 1791.9 [M+Na]+;
elemental analysis calcd (%) for C103H117NO25: C 69.93, H 6.67, N 0.79;
found: C 69.77, H 6.84, N 0.72.


(2-Acetamido-3-O-acetyl-4,6-O-isopropylidene-2-deoxy-b-d-glucopyrano-
syl)-(1!2)-(3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!2)-(3,4-di-O-
benzyl-a-l-rhamnopyranosyl)-(1!3)-[2,3,4,6-tetra-O-benzyl-a-d-gluco-
pyranosyl-(1!4)]-2-O-benzoyl-a-l-rhamnopyranosyl trichloroacetimidate
(7): 1,5-Cyclooctadiene-bis(methyldiphenylphosphine)iridium hexafluoro-
phosphate (50 mg, 58 mmol) was dissolved in THF (10 mL), and the re-
sulting red solution was degassed in an argon stream. Hydrogen was then
bubbled through the solution, causing the color to change to yellow. The
solution was then degassed again in an argon stream. A solution of 14
(1.8 g, 1.02 mmol) in THF (20 mL) was degassed and added. The mixture
was stirred at room temperature overnight, then concentrated to dryness.
The residue was dissolved in acetone (9 mL), then water (2 mL), mercu-
ric chloride (236 mg), and mercuric oxide (200 mg) were added succes-
sively. The mixture was protected from light and stirred at room tempera-
ture for 2 h, then the acetone was evaporated. The resulting suspension
was taken up in DCM, washed twice with 50 % aqueous KI, water, and
saturated aqueous NaCl, dried, and concentrated. The residue was eluted
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from a column of silica gel with cyclohexane/EtOAc (3:2) and 0.2 %
Et3N to give the corresponding hemiacetal 15. Trichloroacetonitrile
(2.4 mL) and DBU (72 mL) were added to a solution of the residue in an-
hydrous DCM (24 mL) at 0 8C. After 1 h, the mixture was concentrated.
The residue was eluted from a column of silica gel with cyclohexane/
EtOAc (3:2) and 0.2 % Et3N to give 7 as a colorless oil (1.58 g, 82 %
from 14); [a]D =++28 (c =1, CHCl3); 1H NMR: d= 8.62 (s, 1 H, NH),
6.95–8.00 (m, 45 H, Ph), 6.24 (d, 1H, J1,2 =2.6 Hz, H-1C), 5.48 (dd, 1 H,
J2,3 = 3.0 Hz, H-2C), 5.41 (d, 1 H, J2,NH =8.4 Hz, NHD), 4.99 (br s, 1 H, H-
1A), 4.92 (d, 1H, J1,2 =3.2 Hz, H-1E), 4.88 (d, 1 H, J1,2 =1.6 Hz, H-1B), 4.69
(dd, 1H, J2,3 =J3,4 = 10.0 Hz, H-3D), 4.44 (d, 1H, H-1D), 4.34 (dd, 1 H, H-
2B), 4.20–4.80 (m, 16H, CH2Ph), 4.02 (dd, 1H, H-2A), 3.38 (dd, 1H, H-
2E), 2.90–4.10 (m, 19H, H-2D, 3A, 3B, 3C, 3E, 4A, 4B, 4C, 4D, 4E, 5A, 5B, 5C, 5D,
5E, 6aD, 6bD, 6aE, 6bE), 1.95 (s, 3 H, OAc), 1.55 (s, 3H, NHAc), 1.30–0.85
(m, 15H, C(CH3)2, H-6A, 6B, 6C) ppm; 13C NMR: d =172.4, 171.4, 166.9
(3 C, C=O), 140.2–128.9 (Ph), 104.2 (C-1D), 101.4 (2C, C-1A, 1B), 101.1
(C(CH3)2), 98.0 (C-1E), 94.8 (C-1C), 92.4 (CCl3), 82.1, 81.5, 80.2, 80.1,
78.6, 78.1, 77.8, 77.6, 76.0, 75.8, 75.5, 75.0, 74.3, 74.2, 73.5 (C-3D), 73.4,
71.9, 71.4, 71.0, 70.5, 69.2, 68.8, 68.3, 68.1, 62.1, 54.9 (C-2D), 29.3
(C(CH3)2), 23.4 (NHAc), 21.4 (OAc), 19.2 (C(CH3)2), 19.0, 18.2, 18.1 (3C,
C-6A, 6B, 6C) ppm; FAB MS for C102H113Cl3N2O25 [M]+ (1873.3): m/z :
1896.3 [M+Na]+ ; elemental analysis calcd (%) for C102H113Cl3N2O25: C
65.40, H 6.08, N 1.50; found: C 65.26, H 6.02, N 1.31.


2-Azidoethyl (2-acetamido-3-O-acetyl-2-deoxy-4,6-O-isopropylidene-b-d-
glucopyranosyl)-(1!2)-(3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!2)-
(3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!3)-[2,3,4,6-tetra-O-benzyl-a-
d-glucopyranosyl-(1!4)]-(2-O-benzoyl-a-l-rhamnopyranosyl)-(1!3)-2-
acetamido-2-deoxy-4,6-O-isopropylidene-b-d-glucopyranoside (16): A
mixture of donor 7 (745 mg, 0.4 mmol) and acceptor 8[21] (170 mg,
0.51 mmol), 4 � molecular sieves, and dry 1,2-DCE (12 mL) was stirred
for 1 h then cooled to 0 8C. Triflic acid (25 mL) was added. The stirred
mixture was allowed to reach room temperature over 10 min then stirred
again for 2.5 h at 75 8C. After cooling to room temperature, Et3N
(100 mL) was added and the mixture was filtered. After evaporation, the
residue was eluted from a column of silica gel with cyclohexane/EtOAc
(1:2) and 0.2 % Et3N to give 16 as a white foam (615 mg, 76 %); [a]D =++


08 (c =1, CHCl3); 1H NMR: d =6.95–7.90 (m, 45H, Ph), 6.02 (d, 1 H,
J2,NH =7.1 Hz, NHD), 5.46 (d, 1 H, J2,NH =8.6 Hz, NHD’), 5.20 (dd, 1 H,
J1,2 = 1.0, J2,3 =3.0 Hz, H-2C), 5.03 (d, 1H, J1,2 =8.1 Hz, H-1D), 5.02 (br s,
1H, H-1A), 4.92 (d, 1H, J1,2 =3.1 Hz, H-1E), 4.85 (d, 1H, J1,2 =1.6 Hz, H-
1B), 4.82 (br s, 1 H, H-1C), 4.70 (dd, 1 H, H-3D’), 4.44 (d, 1H, H-1D’), 4.30
(dd, 1 H, H-2B), 4.20–4.80 (m, 16 H, CH2Ph), 3.99 (dd, 1 H, H-2A), 3.37
(dd, 1 H, H-2E), 2.90–3.95 (m, 29H, H-2D, 2D’, 3A, 3B, 3C, 3D, 3E, 4A, 4B, 4C,
4D, 4D’, 4E, 5A, 5B, 5C, 5D, 5D’, 5E, 6aD, 6bD, 6aD’, 6bD’, 6aE, 6bE,
OCH2CH2N3), 2.00 (s, 3 H, NHAc), 1.92 (s, 3 H, OAc), 1.57 (s, 3H,
NHAc), 1.27–0.90 (m, 21H, 2� C(CH3)2, H-6A, 6B, 6C) ppm; 13C NMR:
d=172.1, 171.5, 170.3, 166.2 (4 C, C=O), 139.0–127.7 (Ph), 103.9 (C-1D’),
101.7 (C-1B), 101.2 (C-1A), 100.0 (C-1D), 99.9, 99.8 (2 C, C(CH3)2), 98.3
(C-1E), 97.8 (C-1C), 82.0, 81.7, 81.5, 80.8, 80.2, 80.1, 78.9, 78.6, 78.0, 77.9,
76.0, 75.9, 75.8, 75.3, 74.8, 74.6, 74.2, 74.0, 73.6, 73.5, 73.4, 73.0, 71.9, 71.4,
70.8, 69.1, 69.0, 68.8, 68.6, 68.0, 67.7, 67.6, 62.6, 62.1, 60.8, 59.7 (C-2D),
55.0 (C-2D’), 51.1 (CH2N3), 29.5 (C(CH3)2), 29.3 (C(CH3)2), 23.9 (NHAc),
23.5 (NHAc), 21.3 (OAc), 19.7 (C(CH3)2), 19.2 (C(CH3)2), 18.8, 18.4, 18.2
(3 C, C-6A, 6B, 6C) ppm; FAB MS for C113H133N5O30 [M]+ (2041.3): m/z :
2064.2 [M+Na]+ ; elemental analysis calcd (%) for C113H133N5O30: C
66.49, H 6.57, N 3.43; found: C 65.93, H 6.57, N 2.61.


2-Azidoethyl (2-acetamido-2-deoxy-4,6-O-isopropylidene-b-d-glucopyra-
nosyl)-(1!2)-(3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!2)-(3,4-di-O-
benzyl-a-l-rhamnopyranosyl)-(1!3)-[2,3,4,6-tetra-O-benzyl-a-d-gluco-
pyranosyl-(1!4)]-(2-O-benzoyl-a-l-rhamnopyranosyl)-(1!3)-2-acetami-
do-2-deoxy-4,6-O-isopropylidene-b-d-glucopyranoside (17): The hexasac-
charide 16 (615 mg, 0.30 mmol) was dissolved in MeOH (8 mL). MeONa
was added until a value of pH 9 was reached. The mixture was stirred for
3 h then treated with IR 120 (H+) resin until a neutral pH value was
reached. The solution was filtered and concentrated. The residue was
eluted from a column of silica gel with DCM/MeOH (25:1) and 0.2%
Et3N to give 17 as a white foam (590 mg, 97%); [a]D =++ 18 (c =1,
CHCl3); 1H NMR: d=8.00–7.00 (m, 45H, Ph), 6.10 (d, 1 H, NHD’), 6.05
(d, 1H, J2,NH =7.4 Hz, NHD), 5.20 (dd, 1 H, J1,2 = 1.7, J2,3 =3.0 Hz, H-2C),


5.10 (d, 1H, J1,2 = 1.0 Hz, H-1A), 4.99 (d, 1 H, J1,2 =8.3 Hz, H-1D), 4.96 (d,
1H, J1,2 =3.2 Hz, H-1E), 4.90 (d, 1 H, J1,2 = 1.0 Hz, H-1B), 4.86 (d, 1H,
J1,2 = 1.0 Hz, H-1C), 4.52 (d, 1H, J1,2 =7.5 Hz, H-1D’), 4.37 (dd, 1H, H-2B),
4.22 (dd, 1H, H-3D), 4.02 (dd, 1 H, H-2A), 4.80–4.00 (m, 16 H, CH2Ph),
4.00–2.95 (m, 30 H, H-2D, 4D, 5D, 6aD, 6bD, 2E, 3E, 4E, 5E, 6aE, 6bE, 3C, 4C,
5C, 3B, 4B, 5B, 3A, 4A, 5A, 2D’, 3D’, 4D’, 5D’, 6aD’, 6bD’, OCH2CH2N3), 2.00–
0.92 (6 s and 3d, 27H, NHAc, C(CH3)2, H-6A, 6B, 6C) ppm; 13C NMR
(partial): d=173.9, 172.1, 166.3 (3 C, C=O), 140.0–125.0 (Ph), 103.6 (C-
1D’), 101.7 (C-1B), 101.2 (C-1A), 100.2 (C(CH3)2), 100.2 (C-1D), 99.9
(C(CH3)2), 98.2 (C-1E), 97.8 (C-1C), 51.1 (CH2N3), 29.4, 29.3, 23.9, 22.8,
19.6, 19.2, 18.9, 18.4, 18.2 (C-6A, 6B, 6C, NHAc, C(CH3)2) ppm; FAB MS
for C111H131N5O29 [M]+ (1999.2): m/z : 2021.8 [M+Na]+ ; elemental analy-
sis calcd (%) for C111H131N5O29: C 66.68, H 6.60, N 3.50; found: C 66.63,
H 6.78, N 3.32.


2-Azidoethyl (2-O-acetyl-3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!2)-
(3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!3)-[2,3,4,6-tetra-O-benzyl-a-
d-glucopyranosyl-(1!4)]-(2-O-benzoyl-a-l-rhamnopyranosyl)-(1!3)-(2-
acetamido-2-deoxy-4,6-O-isopropylidene-b-d-glucopyranosyl)-(1!2)-
(3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!2)-(3,4-di-O-benzyl-a-l-
rhamnopyranosyl)-(1!3)-[2,3,4,6-tetra-O-benzyl-a-d-glucopyranosyl-
(1!4)]-(2-O-benzoyl-a-l-rhamnopyranosyl)-(1!3)-2-acetamido-2-
deoxy-4,6-O-isopropylidene-b-l-glucopyranoside (18): A mixture of alco-
hol 17 (110 mg, 55 mmol), trichloroacetimidate 6 (179 mg, 110 mmol) and
4 � molecular sieves in anhydrous 1,2-DCE (2.5 mL) was stirred for 1 h
under dry argon. After cooling at �35 8C, triflic acid (5 mL, 50 mmol) was
added dropwise and the mixture was stirred for 2.5 h while it was allowed
to reach 10 8C. Et3N (25 mL) was added, and the mixture was filtered and
concentrated. The residue was eluted from a column of silica gel with tol-
uene/EtOAc (4:1!3:1) and 0.2 % Et3N to give 18 as a white foam
(158 mg, 82%); [a]D =++188 (c =1, CHCl3); 1H NMR: d=8.00–6.90
(90 H, m, Ph), 5.90 (d, 1 H, J2,NH =7.0 Hz, NHD), 5.58 (d, 1H, J2,NH =


7.5 Hz, NHD’), 5.45, 5.22 (m, 2 H, J1,2 =1.0, J2,3 = 2.0 Hz, H-2C, 2C’), 5.12
(dd, 1 H, H-2A’), 5.11 (d, 1H, J1,2 = 8.3 Hz, H-1D), 5.05 (d, 1H, J1,2 =


1.0 Hz, H-1A), 5.01 (d, 1H, J1,2 =3.2 Hz, H-1E), 4.96 (d, 1 H, J1,2 =1.0 Hz,
H-1C), 4.94 (m, 2H, H-1E, 1B), 4.86 (d, 1H, H-1B), 4.82 (d, 1 H, H-1C),
4.72 (d, 1H, H-1D’), 4.70 (d, 1H, H-1A’), 4.90–4.20 (m, 36H, 16� OCH2Ph,
H-2B, 2B’, 3D, 3D’), 4.00–2.90 (m, 45H, H-2D, 4D, 5D, 6aD, 6bD, 3C, 4C, 5C, 2E,
3E, 4E, 5E, 6aE, 6bE, 3B, 4B, 5B, 2A, 3A, 4A, 5A, 2D’, 4D’, 5D’, 6aD’, 6bD’, 3C’, 4C’,
5C’, 2E’, 3E’, 4E’, 5E’, 6aE’, 6bE’, 3B’, 4B’, 5B’, 3A’, 4A’, 5A’, OCH2CH2N3), 2.00 (s,
3H, NHAc), 1.88 (s, 3 H, OAc), 1.86 (s, 3 H, NHAc), 1.40–0.82 (m, 30 H,
H-6A, 6B, 6C, 6A’, 6B’, 6C’, C(CH3)2) ppm; 13C NMR (partial): d =172.1,
171.4, 170.2, 166.2, 165.9 (5 C, C=O), 102.7 (C-1D’), 101.6, 101.2 (2C, C-1B,
1B’), 101.1 (C-1A), 99.8 (C-1D), 99.7 (C-1C), 98.2 (2 C, C-1E, 1A’), 97.2 (2 C,
C-1C, 1E), 63.3, 62.6 (2 C, C-6E, 6E’), 60.0, 57.8 (2 C, C-2D, 2D’), 51.0
(CH2N3), 29.5, 29.4 (2 C, C(CH3)2), 24.0 (2 C, NHAc), 21.3 (OAc), 19.6,
19.5 (2 C, C(CH3)2), 19.1, 18.9, 18.8, 18.5, 18.2, 18.1 (6 C, C-6A, 6B, 6C, 6A’,
6B’, 6C’) ppm; FAB MS for C200H225N5O48 [M]+ (3446.9): m/z : 3489.5
[M+Na]+ .


2-Azidoethyl (2-O-acetyl-3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!2)-
(3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!3)-[2,3,4,6-tetra-O-benzyl-a-
d-glucopyranosyl-(1!4)]-(2-O-benzoyl-a-l-rhamnopyranosyl)-(1!3)-(2-
acetamido-2-deoxy-b-d-glucopyranosyl)-(1!2)-(3,4-di-O-benzyl-a-l-
rhamnopyranosyl)-(1!2)-(3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!3)-
[2,3,4,6-tetra-O-benzyl-a-d-glucopyranosyl-(1!4)]-(2-O-benzoyl-a-l-
rhamnopyranosyl)-(1!3)-2-acetamido-2-deoxy-b-d-glucopyranoside (19):
A solution of TFA (2 mL) and water (2 mL) was added dropwise to a so-
lution of 18 (630 mg, 181 mmol) in DCM (12 mL) at 0 8C. The mixture
was stirred for 3 h at this temperature then concentrated by coevapora-
tion with water and then with toluene. The residue was eluted from a
column of silica gel with toluene/EtOAc (1:1) to give 19 as a white foam
(460 mg, 75 %); [a]D =++98 (c =1, CHCl3); FAB MS for C194H217N5O48


[M]+ (3386.8): m/z : 3409.2 [M+Na]+ ; elemental analysis calcd (%) for
C194H217N5O48·H2O: C 68.43, H 6.45, N 2.06; found: C 68.40, H 7.02, N
1.61.


2-Aminoethyl a-l-rhamnopyranosyl-(1!2)-a-l-rhamnopyranosyl-(1!3)-
[a-d-glucopyranosyl-(1!4)]-a-l-rhamnopyranosyl-(1!3)-2-acetamido-2-
deoxy-b-d-glucopyranosyl-(1!2)-a-l-rhamnopyranosyl-(1!2)-a-l-rham-
nopyranosyl-(1!3)-[a-d-glucopyranosyl-(1!4)]-a-l-rhamnopyranosyl-


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1625 – 16351632


L. A. Mulard et al.



www.chemeurj.org





(1!3)-2-acetamido-2-deoxy-b-d-glucopyranoside (3): A mixture of 19
(130 mg, 38 mmol) in MeOH (4 mL) was treated with MeONa until a
value of pH 9 was reached. The mixture was stirred for 1 h at room tem-
perature then heated at 55 8C overnight. After the mixture was cooled to
room temperature, IR 120 (H+) resin was added until a neutral pH value
was reached, and the solution was filtered and concentrated. The residue
was eluted from a column of silica gel with DCM/MeOH (25:1!20:1) to
give an amorphous residue. A solution of this residue in EtOH (1.5 mL),
EtOAc (150 mL), 1m HCl (66 mL, 2 equiv) was hydrogenated in the pres-
ence of Pd/C (100 mg) for 72 h at room temperature. The mixture was fil-
tered and concentrated into a residue which was eluted from a column of
C-18 resin with water then lyophilized to afford amorphous 3 as a white
foam (41 mg, 71 %); [a]D =�78 (c =1, water); 1H NMR (D2O; partial):
d=4.90 (m, 2H, J1,2 =3.5 Hz, H-1E, 1E’), 4.82, 4.76, 4.72, 4.67, 4.52, 4.51
(6 � br s, 6 H, H-1A, 1B, 1C, 1A’, 1B’, 1C’), 4.41 (d, 1H, J1,2 = 8.6 Hz, H-1D*),
4.29 (d, 1 H, J1,2 =8.6 Hz, H-1D’*), 1.77 (s, 6H, NHAc), 1.15–0.96 (m,
18H, H-6A, 6B, 6C, 6A’, 6B’, 6C’) ppm; 13C NMR (D2O; partial): d =174.8,
174.7 (2 C, C=O), 102.6 (C-1D*), 102.9, 101.8, 101.6, 101.4, 101.3 (6 C, C-
1A, 1B, 1C, 1A’, 1B’, 1C’), 100.8 (C-1D’*), 97.9 (2 C, C-1E, 1E’), 56.0, 56.4 (2 C,
2 C-6D, 6D’), 22.7, 22.6 (2 C, NHAc), 18.2, 17.2, 17.0, 16.9 (6 C, C-6A, 6B,
6C, 6A’, 6B’, 6C’) ppm; HRMS (MALDI) calcd (%) for C66H113N5O45Na
[M+ Na]+ : 1690.6544; found: 1690.6537.


2-Azidoethyl (2-acetamido-3-O-acetyl-2-deoxy-4,6-O-isopropylidene-b-d-
glucopyranosyl)-(1!2)-(3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!2)-
(3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!3)-[2,3,4,6-tetra-O-benzyl-a-
d-glucopyranosyl-(1!4)]-(2-O-benzoyl-a-l-rhamnopyranosyl)-(1!3)-(2-
acetamido-2-deoxy-4,6-O-isopropylidene-b-d-glucopyranosyl)-(1!2)-
(3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!2)-(3,4-di-O-benzyl-a-l-
rhamnopyranosyl)-(1!3)-[2,3,4,6-tetra-O-benzyl-a-d-glucopyranosyl-
(1!4)]-(2-O-benzoyl-a-l-rhamnopyranosyl)-(1!3)-2-acetamido-2-
deoxy-4,6-O-isopropylidene-b-d-glucopyranoside (21): A mixture of
donor 7 (835 mg, 0.44 mmol), acceptor 17 (590 mg, 0.3 mmol), 4 � molec-
ular sieves, and dry 1,2-DCE (12 mL), was stirred for 1 h then cooled to
�30 8C. Triflic acid (35 mL) was added. The stirred mixture was allowed
to reach 5 8C over 2.5 h. Et3N (150 mL) was added, and the mixture was
filtered. After evaporation, the residue was eluted from a column of
silica gel with cyclohexane/EtOAc (1:2) and 0.2% Et3N to give 21 as a
white foam (990 mg, 90%); [a]D =++108 (c=1, CHCl3); 1H NMR
(CDCl3; partial): d=6.95–7.90 (m, 90H, Ph), 5.98 (d, 1H, J2,NH =6.9 Hz,
NHD), 5.60 (d, 1H, J2,NH =7.5 Hz, NHD), 5.45 (d, 1 H, J2,NH =8.5 Hz,
NHD), 5.22 (dd, 1H, J1,2 =1.0, J2,3 =3.0 Hz, H-2C), 5.13 (dd, 1 H, J1,2 =1.0,
J2,3 = 3.0 Hz, H-2C), 5.08 (d, 1H, J1,2 =8.3 Hz, H-1D), 5.07 (br s, 1 H, H-1A),
5.04 (br s, 1 H, H-1A), 4.97 (d, 1 H, J1,2 =3.0 Hz, H-1E), 4.94 (d, 1 H, J1,2 =


3.0 Hz, H-1E), 4.90 (br s, 1H, H-1B), 4.86 (br s, 1H, H-1B), 4.82 (br s, 1 H,
H-1C), 4.73 (d, 1 H, H-1D), 4.70 (br s, 1H, H-1C), 4.43 (d, 1 H, H-1D), 4.20–
4.80 (m, 16H, CH2Ph), 2.00, 1.85, 1.58 (3 � s, 9H, NHAc), 1.95 (s, 3H,
OAc), 1.37–0.85 (m, 36H, 3� C(CH3)2, H-6A, 6B, 6C, 6A’, 6B’, 6C’) ppm;
13C NMR (partial): d= 171.7, 170.8, 169.8, 165.8, 165.4 (6 C, C=O), 139.0–
127.7 (Ph), 103.9 (C-1D), 102.8 (C-1D), 101.5 (2 C, C-1B), 101.3 (C-1A),
101.1 (C-1A), 100.0 (C-1D), 99.5, 99.3 (3 C, C(CH3)2), 98.3 (C-1E), 98.1
(2 C, C-1C, 1E), 97.8 (C-1C), 82.0, 81.7, 81.6, 81.4, 80.3, 80.2, 80.1, 79.5,
79.2, 78.9, 78.7, 78.4, 78.1, 77.9, 77.8, 77.6, 76.0, 75.8, 75.3, 75.2, 74.7, 74.4,
74.1, 74.0, 73.6, 73.5, 73.4, 73.3, 73.0, 72.7, 71.9, 71.4, 70.9, 70.8, 69.1, 69.0,
68.9, 68.7, 68.6, 68.5, 68.1, 67.8, 67.7, 67.5, 62.6, 62.3, 62.1, 60.8, 59.9, 57.9,
55.0 (3 C, C-2D, 2D’, 2D’’), 51.1 (CH2N3), 29.5, 29.4, 29.3 (3 C, C(CH3)2),
24.0, 23.9, 23.5 (3 C, NHAc), 21.3 (OAc), 19.7, 19.6, 19.2 (3 C, C(CH3)2),
18.9, 18.8, 18.6, 18.5, 18.2, 18.1 (6 C, C-6A, 6B, 6C, 6A’, 6B’, 6C’) ppm; FAB
MS for C211H242N6O53 [M]+ (3710.2): m/z : 3733.3 [M+Na]+ ; elemental
analysis calcd (%) for C211H242N6O53: C 68.31, H 6.57, N 2.27; found: C
68.17, H 6.74, N 2.12.


2-Azidoethyl (2-acetamido-2-deoxy-4,6-O-isopropylidene-b-d-glucopyra-
nosyl)-(1!2)-(3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!2)-(3,4-di-O-
benzyl-a-l-rhamnopyranosyl)-(1!3)-[2,3,4,6-tetra-O-benzyl-a-d-gluco-
pyranosyl-(1!4)]-(2-O-benzoyl-a-l-rhamnopyranosyl)-(1!3)-(2-acetam-
ido-2-deoxy-4,6-O-isopropylidene-b-d-glucopyranosyl)-(1!2)-(3,4-di-O-
benzyl-a-l-rhamnopyranosyl)-(1!2)-(3,4-di-O-benzyl-a-l-rhamnopyra-
nosyl)-(1!3)-[2,3,4,6-tetra-O-benzyl-a-d-glucopyranosyl-(1!4)]-(2-O-
benzoyl-a-l-rhamnopyranosyl)-(1!3)-2-acetamido-2-deoxy-4,6-O-isopro-
pylidene-b-d-glucopyranoside (22): The undecasaccharide 21 (990 mg,


0.27 mmol) was dissolved in MeOH (30 mL). MeONa was added until a
value of pH 9 was reached. The mixture was stirred for 3 h then treated
with IR 120 (H+) resin until a neutral pH value was reached. The so-
lution was filtered and concentrated. The residue was eluted from a
column of silica gel with toluene/EtOAc (1:1) and 0.2 % Et3N to give 22
as a white foam (900 mg, 91 %); [a]D =++158 (c=1, CHCl3); 1H NMR
(partial): d =6.95–8.00 (m, 90H, Ph), 6.19 (br s, 1 H, NHD*), 5.96 (d, 1H,
J2,NH =6.8 Hz, NHD’*), 5.57 (d, 1 H, J2,NH =6.8 Hz, NHD’’*), 5.22 (dd, 1H,
H-2C*), 5.13 (dd, 1 H, H-2C’*), 5.10 (d, 1H, H-1D), 5.07 (br s, 1H, H-1A*),
5.04 (br s, 1 H, H-1A’*), 4.96 (d, 1H, H-1E*), 4.94 (d, 1 H, H-1E’*), 4.85
(br s, 1 H, H-1B*), 4.84 (br s, 1H, H-1B’*), 4.82 (br s, 1 H, H-1C*), 4.70 (d,
1H, H-1C’*), 4.67 (d, 1 H, H-1D*), 4.44 (d, 1 H, H-1D’*), 4.20–4.80 (m,
16H, CH2Ph), 2.00, 1.85, 1.58 (3 � s, 9 H, NHAc), 1.37–0.80 (m, 36H,
C(CH3)2, H-6A, 6B, 6C, 6A’, 6B’, 6C’) ppm; 13C NMR (partial): d =172.8,
170.9, 170.3, 165.1, 164.7 (5 C, C=O), 139.0–127.7 (Ph), 103.5, 103.1 (2 C,
C-1D, 1D’), 101.5 (2 C, C-1B, 1B’), 101.2, 101.1 (2 C, C-1A, 1A’), 99.9 (C-1D’’),
99.0, 98.8, 98.7 (3 C, C(CH3)2), 98.3 (C-1E*), 98.1 (2 C, C-1C*, 1E’*), 97.8
(C-1C’*), 82.1, 82.0, 81.9, 81.7, 81.6, 81.5, 80.6, 80.3, 80.2, 80.1, 79.7, 79.1,
78.9, 78.5, 77.9, 77.6, 75.7, 74.9, 74.6, 74.3, 73.3, 73.0, 72.7, 71.9, 71.8, 69.1,
68.9, 68.7, 68.5, 68.0, 67.8, 67.7, 67.6, 67.5, 62.6, 62.3, 61.9, 60.5, 59.9, 57.4,
55.0 (3 C, C-2D, 2D’, 2D’’), 51.0 (CH2N3), 29.5, 29.3 (3 C, C(CH3)2), 24.0,
23.9, 22.7 (3 C, NHAc), 19.7, 19.6, 19.3 (3 C, C(CH3)2), 19.0, 18.9, 18.6,
18.5, 18.2, 18.1 (6 C, C-6A, 6B, 6C, 6A’, 6B’, 6C’) ppm; FAB MS for
C209H240N6O52 [M]+ (3668.1): m/z : 3690.8 [M+Na]+; elemental analysis
calcd (%) for C211H242N6O53: C 68.43, H 6.59, N 2.29; found: C 68.28, H
6.72, N 2.11.


2-Azidoethyl (2-O-acetyl-3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!2)-
(3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!3)-[2,3,4,6-tetra-O-benzyl-a-
d-glucopyranosyl-(1!4)]-(2-O-benzoyl-a-l-rhamnopyranosyl)-(1!3)-(2-
acetamido-2-deoxy-4,6-O-isopropylidene-b-d-glucopyranosyl)-(1!2)-
(3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!2)-(3,4-di-O-benzyl-a-l-
rhamnopyranosyl)-(1!3)-[2,3,4,6-tetra-O-benzyl-a-d-glucopyranosyl-
(1!4)]-(2-O-benzoyl-a-l-rhamnopyranosyl)-(1!3)-(2-acetamido-2-
deoxy-4,6-O-isopropylidene-b-d-glucopyranosyl)-(1!2)-(3,4-di-O-benzyl-
a-l-rhamnopyranosyl)-(1!2)-(3,4-di-O-benzyl-a-l-rhamnopyranosyl)-
(1!3)-[2,3,4,6-tetra-O-benzyl-a-d-glucopyranosyl-(1!4)]-(2-O-benzoyl-
a-l-rhamnopyranosyl)-(1!3)-2-acetamido-2-deoxy-4,6-O-isopropylidene-
b-d-glucopyranoside (23): A mixture of donor 6 (377 mg, 0.230 mmol),
acceptor 22 (427 mg, 0.115 mmol), 4 � molecular sieves, and dry 1,2-
DCE (10 mL) was stirred for 1 h then cooled to �30 8C. Triflic acid
(20 mL) was added. The stirred mixture was allowed to reach 5 8C over
2.5 h. Et3N (150 mL) was added, and the mixture was filtered. After evap-
oration, the residue was eluted from a column of silica gel with toluene/
EtOAc (3:1) and 0.2% Et3N to give 23 as a foam (490 mg, 82 %); [a]D =


+208 (c =1, CHCl3); 1H NMR (partial): d= 6.90–8.00 (m, 135 H, Ph),
5.95 (d, 1H, J2,NH =6.6 Hz, NHD*), 5.60 (d, 1 H, J2,NH =8.0 Hz, NHD’*),
5.59 (d, 1 H, J2,NH =7.5 Hz, NHD’’*), 5.44 (dd, 1H, H-2C), 5.22 (dd, 1 H, H-
2C), 5.10 (dd, 1H, H-2C), 2.20 (s, 3H, OAc), 2.00, 1.85, 1.84 (3 � s, 9 H,
AcNH), 1.40–0.80 (m, 45H, 3� C(CH3)2, H-6A, 6B, 6C, 6A’, 6B’, 6C’, 6A’’, 6B’’,
6C’’) ppm; 13C NMR (partial): d= 173.2, 172.6, 172.5, 171.3, 167.4, 167.0,
166.9 (C=O), 140.2–126.8 (Ph), 102.8, 102.7, 101.5, 101.3, 101.1, 99.9, 99.8,
98.1, 97.8, 82.0, 81.7, 81.5, 81.4, 80.2, 80.1, 79.6, 79.4, 78.9, 78.6, 78.0, 77.9,
77.6, 75.5, 73.4, 73.3, 73.0, 72.8, 71.9, 71.6, 69.4, 69.1, 69.0, 68.6, 67.8, 67.7,
67.6, 67.5, 62.6, 62.3, 60.0, 57.9, 57.7, 51.0 (CH2N3), 30.5 (3 C, C(CH3)2),
25.0, 22.4 (3 C, NHAc), 22.9 (OAc), 20.7, 20.6, 20.2 (3 C, C(CH3)2), 20.0,
19.9, 19.8, 19.7, 19.6, 19.3, 19.2, 19.1 (9 C, C-6A, 6B, 6C, 6A’, 6B’, 6C’, 6A’’, 6B’’,
6C’’) ppm; FAB MS for C298H334N6O71 [M]+ (5135.8): m/z : 5159.3
[M+Na]+ ; elemental analysis calcd (%) for C298H334N6O71: C 69.69, H
6.55, N 1.64; found: C 69.74, H 6.72, N 1.49.


2-Azidoethyl (2-O-acetyl-3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!2)-
(3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!3)-[2,3,4,6-tetra-O-benzyl-a-
d-glucopyranosyl-(1!4)]-(2-O-benzoyl-a-l-rhamnopyranosyl)-(1!3)-(2-
acetamido-2-deoxy-b-d-glucopyranosyl)-(1!2)-(3,4-di-O-benzyl-a-l-
rhamnopyranosyl)-(1!2)-(3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!3)-
[2,3,4,6-tetra-O-benzyl-a-d-glucopyranosyl-(1!4)]-(2-O-benzoyl-a-l-
rhamnopyranosyl)-(1!3)-(2-acetamido-2-deoxy-b-d-glucopyranosyl)-
(1!2)-(3,4-di-O-benzyl-a-l-rhamnopyranosyl)-(1!2)-(3,4-di-O-benzyl-a-
l-rhamnopyranosyl)-(1!3)-[2,3,4,6-tetra-O-benzyl-a-d-glucopyranosyl-
(1!4)]-(2-O-benzoyl-a-l-rhamnopyranosyl)-(1!3)-2-acetamido-2-
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deoxy-b-d-glucopyranoside (24): A solution of 50 % aqueous TFA
(3.0 mL) was added dropwise to a solution of the pentadecasaccharide 23
(480 mg, 93 mmol) in DCM (14 mL) at 0 8C. The mixture was stirred for
3 h then concentrated by coevaporation first with water and then with
toluene. The residue was eluted from a column of silica gel with toluene/
EtOAc (1:1) to give 24 as a white foam (390 mg, 83%); [a]D =++128 (c=


1, CHCl3); FAB MS for C289H322N6O71 [M]+ (5015.6): m/z : 5037.2
[M+Na]+ .


2-Aminoethyl a-l-rhamnopyranosyl-(1!2)-a-l-rhamnopyranosyl-(1!3)-
[a-d-glucopyranosyl-(1!4)]-a-l-rhamnopyranosyl-(1!3)-2-acetamido-2-
deoxy-b-d-glucopyranosyl-(1!2)-a-l-rhamnopyranosyl-(1!2)-a-l-rham-
nopyranosyl-(1!3)-[a-d-glucopyranosyl-(1!4)]-a-l-rhamnopyranosyl-
(1!3)-2-acetamido-2-deoxy-b-d-glucopyranosyl-(1!2)-a-l-rhamnopyra-
nosyl-(1!2)-a-l-rhamnopyranosyl-(1!3)-[a-d-glucopyranosyl-(1!4)]-a-
l-rhamnopyranosyl-(1!3)-2-acetamido-2-deoxy-b-d-glucopyranoside (4):
A solution of the partially deprotected pentadecasaccharide 24 (390 mg,
77 mmol) in MeOH (10 mL) was treated by MeONa until a value of
pH 10 was reached. The mixture was stirred overnight at 55 8C. After the
mixture was cooled at room temperature, IR 120 (H+) resin was added
until a neutral pH value was reached. The solution was filtered and con-
centrated. The residue was eluted from a column of silica gel with DCM/
MeOH (20:1) to give the benzylated residue (252 mg). A solution of this
residue in EtOH (3 mL), EtOAc (250 mL), and 1m HCl (106 mL) was hy-
drogenated in the presence of Pd/C (300 mg) for 48 h at room tempera-
ture. The mixture was filtered and concentrated. The residue was eluted
from a column of C-18 with water and freeze-dried to afford amorphous
4 (127 mg, 65 %); [a]D =�58 (c=1, water); 1H NMR (D2O; partial): d=


5.13 (m, 3H, H-1E, 1E’, 1E’’), 5.07, 4.99, 4.95, 4.90, 4.75 (m, 9H, H-1A, 1B,
1C, 1A’, 1B’, 1C’, 1A’’, 1B’’, 1C’’), 4.63, 4.51 (2 d, 3 H, J1,2 = 8.5 Hz, H-1D, 1D’,
1D’’), 2.00 (s, 9H, NHAc), 1.30–1.18 (m, 27H, H-6A, 6B, 6C, 6A’, 6B’, 6C’, 6A’’,
6B’’, 6C’’) ppm; 13C NMR (D2O; partial): d= 174.8, 174.7 (3 C, C=O), 102.9,
102.6, 101.7, 101.3, 100.8, 97.9, 81.8, 81.7, 79.6, 79.0, 76.3, 76.2, 73.0, 72.7,
72.4, 72.1, 71.6, 70.5, 70.1, 70.0, 69.7, 69.6, 69.4, 68.7, 68.6, 66.0, 61.0, 56.0,
55.4, 39.8, 22.7, 22.6 (NHAc), 18.2, 17.2, 17.0, 16.9 (9 C, C-6A, 6B, 6C, 6A’,
6B’, 6C’, 6A’’, 6B’’, 6C’’) ppm; MALDI MS for C98H166N4O67Na [M]+


(2493.96): m/z : 2494.96.


(S-Acetylthiomethyl)carbonylaminoethyl a-l-rhamnopyranosyl-(1!2)-a-
l-rhamnopyranosyl-(1!3)-[a-d-glucopyranosyl-(1!4)]-a-l-rhamnopyra-
nosyl-(1!3)-2-acetamido-2-deoxy-b-d-glucopyranosyl-(1!2)-a-l-rham-
nopyranosyl-(1!2)-a-l-rhamnopyranosyl-(1!3)-[a-d-glucopyranosyl-
(1!4)]-a-l-rhamnopyranosyl-(1!3)-2-acetamido-2-deoxy-b-d-glucopyra-
noside (20): A solution of SAMA-Pfp (2.8 mg, 9.5 mmol) in CH3CN
(60 mL) was added to the aminoethyl decasaccharide 3 (6.4 mg,
3.84 mmol) in 0.1m phosphate buffer (pH 7.4, 500 mL). The mixture was
stirred at room temperature for 1 h and purified by RP HPLC to give 20
(4.2 mg, 61%); HPLC (230 nm): Rt =14.17 min (99.9 % pure; Kromasil
5 mm C18 100 � 4.6 � 250 mm analytical column; 0–20 % linear gradient
of CH3CN in 0.01 m aqueous TFA over 20 min at a flow rate of
1 mL min�1); ES MS for C70H117N3O47S [M]+ (1784.76): m/z : 1784.70.


(S-Acetylthiomethyl)carbonylaminoethyl a-l-rhamnopyranosyl-(1!2)-a-
l-rhamnopyranosyl-(1!3)-[a-d-glucopyranosyl-(1!4)]-a-l-rhamnopyra-
nosyl-(1!3)-2-acetamido-2-deoxy-b-d-glucopyranosyl-(1!2)-a-l-rham-
nopyranosyl-(1!2)-a-l-rhamnopyranosyl-(1!3)-[a-d-glucopyranosyl-
(1!4)]-a-l-rhamnopyranosyl-(1!3)-2-acetamido-2-deoxy-b-d-glucopyra-
nosyl-(1!2)-a-l-rhamnopyranosyl-(1!2)-a-l-rhamnopyranosyl-(1!3)-
[a-d-glucopyranosyl-(1!4)]-a-l-rhamnopyranosyl-(1!3)-2-acetamido-2-
deoxy-b-d-glucopyranoside (25): A solution of SAMA-Pfp (2.8 mg,
9.6 mmol) in CH3CN (50 mL) was added to pentadecasaccharide 4
(9.4 mg, 3.8 mmol) in 0.1 m phosphate buffer (pH 7.4, 500 mL). The mix-
ture was stirred at room temperature for 2 h and purified by RP HPLC
to give 25 (6.3 mg, 63%); HPLC (230 nm): Rt =13.97 min (99.0 % pure;
Kromasil 5 mm C18 100 � 4.6 � 250 mm analytical column; 0–20 % linear
gradient of CH3CN in 0.01 m aqueous TFA over 20 min at a flow rate of
1 mL min�1); ES MS for C102H170N4O69S [M]+ (2588.53): m/z : 2588.67.


PADRE (thiomethyl)carbonylaminoethyl a-l-rhamnopyranosyl-(1!2)-
a-l-rhamnopyranosyl-(1!3)-[a-d-glucopyranosyl-(1!4)]-a-l-rhamno-
pyranosyl-(1!3)-2-acetamido-2-deoxy-b-d-glucopyranosyl-(1!2)-a-l-
rhamnopyranosyl-(1!2)-a-l-rhamnopyranosyl-(1!3)-[a-d-glucopyrano-


syl-(1!4)]-a-l-rhamnopyranosyl-(1!3)-2-acetamido-2-deoxy-b-d-gluco-
pyranoside (1): Compound 20 (6.0 mg, 3.36 mmol) was dissolved in water
(300 mL) and added to a solution of PADRE-Mal (7.1 mg, 4.0 mmol) in a
mixture of water (630 mL), CH3CN (120 mL), and 0.1m phosphate buffer
(pH 5.6, 750 mL). A solution (68 mL) of hydroxylamine hydrochloride
(139 mg mL�1) in 0.1m phosphate buffer (pH 5.6) was added, and the
mixture was stirred for 2 h. RP HPLC purification gave the pure target 1
(5.2 mg, 44%); HPLC (230 nm): Rt =10.03 min (100 % pure; Kromasil
5 mm C18 100 � 4.6� 250 mm analytical column; 20–50 % linear gradient
of CH3CN in 0.01 m aqueous TFA over 20 min at a flow rate of
1 mL min�1); ES MS for C153H254N24O65S [M]+ (3501.91): m/z : 3501.15.


PADRE (thiomethyl)carbonylaminoethyl a-l-rhamnopyranosyl-(1!2)-
a-l-rhamnopyranosyl-(1!3)-[a-d-glucopyranosyl-(1!4)]-a-l-rhamno-
pyranosyl-(1!3)-2-acetamido-2-deoxy-b-d-glucopyranosyl-(1!2)-a-l-
rhamnopyranosyl-(1!2)-a-l-rhamnopyranosyl-(1!3)-[a-d-glucopyrano-
syl-(1!4)]-a-l-rhamnopyranosyl-(1!3)-2-acetamido-2-deoxy-b-d-gluco-
pyranosyl-(1!2)-a-l-rhamnopyranosyl-(1!2)-a-l-rhamnopyranosyl-(1!
3)-[a-d-glucopyranosyl-(1!4)]-a-l-rhamnopyranosyl-(1!3)-2-acetami-
do-2-deoxy-b-d-glucopyranoside (2): Compound 25 (10.3 mg, 3.98 mmol)
was dissolved in water (350 mL) and added to a solution of PADRE-Mal
(9.0 mg, 5.0 mmol) in a mixture of water (740 mL), CH3CN (140 mL), and
0.5m phosphate buffer (pH 5.6, 890 mL). A solution (80 mL) of hydroxyla-
mine hydrochloride (139 mg mL�1) in 0.5m phosphate buffer (pH 5.7) was
added, and the mixture was stirred for 3 h. RP HPLC purification gave
the pure conjugate 2 (11.5 mg, 67%); HPLC (230 nm): Rt =9.07 min
(100 % pure; Kromasil 5 mm C18 100 � 4.6� 250 mm analytical column;
20–50 % linear gradient of CH3CN in 0.01 m aqueous TFA over 20 min at
a flow rate of 1 mL min�1); ES MS for C185H307N25O87S [M]+ (4305.69):
m/z : 4305.45.


Acknowledgements


The authors are grateful to J. Ughetto-Monfrin (Unit� de Chimie Organi-
que, Institut Pasteur) for recording the NMR spectra. The authors thank
the Bourses Roux Foundation for the postdoctoral fellowship awarded to
F.B. and the Institut Pasteur for its financial support (grant no.: PTR 99).


[1] K. L. Kotloff, J. P. Winickoff, B. Ivanoff, J. D. Clemens, D. L. Swer-
dlow, P. J. Sansonetti, G. K. Adak, M. M. Levine, Bull. W. H. O.
1999, 77, 651 –666.


[2] World Health Organization, Weekly Epidemiol. Rec. 1997, 72, 73 –
79.


[3] T. S. Coster, C. W. Hoge, L. L. van der Verg, A. B. Hartman, E. V.
Oaks, M. M. Venkatesan, D. Cohen, G. Robin, A. Fontaine-Thomp-
son, P. J. Sansonetti, T. L. Hale, Infect. Immun. 1999, 67, 3437 –3443.


[4] L. F. Fries, A. D. Montemarano, C. P. Mallett, D. N. Taylor, T. L.
Hale, G. H. Lowell, Infect. Immun. 2001, 69, 4545 – 4553.


[5] J. H. Passwell, E. Harlev, S. Ashkenazi, C. Chu, D. Miron, R.
Ramon, N. Farzan, J. Shiloach, D. A. Bryla, F. Majadly, R. Rober-
son, J. B. Robbins, R. Schneerson, Infect. Immun. 2001, 69, 1351 –
1357.


[6] D. Cohen, M. S. Green, C. Block, T. Rouach, I. Ofek, J. Infect. Dis.
1988, 157, 1068 –1071.


[7] D. Cohen, M. S. Green, C. Block, R. Slepon, I. Ofek, J. Clin. Micro-
biol. 1991, 29, 386 – 389.


[8] C. V. Harding, J. Kihlberg, M. Elofsson, G. Magnusson, E. R.
Unanue, J. Immunol. 1993, 151, 2419 – 2425.


[9] G. Y. Ishioka, A. G. Lamont, D. Thomson, N. Bulbow, F. C. A.
Gaeta, A. Sette, H. M. Grey, J. Immunol. 1992, 148, 2446 –2451.


[10] D. N. Taylor, A. C. Trofa, J. Sadoff, C. Chu, D. Bryla, J. Shiloach, D.
Cohen, S. Ashkenazi, Y. Lerman, W. Egan, R. Schneerson, J. B.
Robbins, Infect. Immun. 1993, 61, 3678 – 3687.


[11] S. Ashkenazi, J. H. Passwell, E. Harlev, D. Miron, R. Dagan, N.
Farzan, R. Ramon, F. Majadly, D. A. Bryla, A. B. Karpas, J. B. Rob-
bins, R. Schneerson, J. Infect. Dis. 1999, 179, 1565 –1568.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1625 – 16351634


L. A. Mulard et al.



www.chemeurj.org





[12] D. Cohen, S. Ashkenazi, M. S. Green, M. Gdalevich, G. Robin, R.
Slepon, M. Yavzori, N. Orr, C. Block, I. Ashkenazi, J. Shemer, D. N.
Taylor, T. L. Hale, J. C. Sadoff, D. Pavliovka, R. Schneerson, J. B.
Robbins, The Lancet 1997, 349, 155 –159.


[13] W. F. Goebel, J. Exp. Med. 1940, 72, 33– 48.
[14] W. F. Goebel, J. Exp. Med. 1939, 69, 353 – 364.
[15] V. Pozsgay in Oligosaccharide–protein conjugates as vaccine candi-


dates against bacteria, Vol. 56 (Ed.: D. Horton), Academic Press, San
Diego, 2000, pp. 153 – 199.


[16] E. Alonso de Velasco, A. F. M. Verheul, G. H. Veeneman, L. J. F.
Gomes, J. H. van Boom, J. Verhoef, H. Snippe, Vaccine 1993, 11,
1429 – 1436.


[17] W. T. M. Jansen, A. F. M. Verheul, G. H. Veeneman, J. H. van Boom,
H. Snippe, Vaccine 2002, 20, 19 –21.


[18] F. Mawas, J. Niggemann, C. Jones, M. J. Corbet, J. P. Kamerling,
J. F. G. Vliegenthart, Infect. Immun. 2002, 70, 5107 – 5114.


[19] B. Benaissa-Trouw, D. J. Lefeber, J. P. Kamerling, J. F. G. Vliegen-
thart, K. Kraaijeveld, H. Snippe, Infect. Immun. 2001, 69, 4698 –
4701.


[20] W. T. M. Jansen, S. Hogenboom, M. J. L. Thijssen, J. P. Kamerling,
J. F. G. Vliegenthart, J. Verhoef, H. Snippe, A. F. M. Verheul, Infect.
Immun. 2001, 69, 787 –793.


[21] K. Wright, C. Guerreiro, I. Laurent, F. Baleux, L. A. Mulard, Org.
Biomol. Chem. 2004, 2, 1518 – 1527.


[22] E. Alonso de Velasco, A. F. Verheul, A. M. van Steijn, H. A.
Dekker, R. G. Feldman, I. M. Fernandez, J. P. Kamerling, J. F. Vlie-
genthart, J. Verhoef, H. Snippe, Infect. Immun. 1994, 62, 799 –808.


[23] W. T. M. Jansen, H. Snippe, Indian J. Med. Res. 2004, 119 (Suppl),
7– 12.


[24] C. C. A. M. Peeters, P. R. Lagerman, O. der Weers, L. A. Oomen, P.
Hoogerhout, M. Beurret, J. T. Poolman in Methods Mol. Med.
Vol. 87: Vaccine Protocols, 2nd ed. (Eds.: A. Robinson, M. J.
Hudson, M. P. Cranage), Humana Press, Totowa, 2003, pp.153 –173.


[25] V. Pozsgay, C. Chu, L. Panell, J. Wolfe, J. B. Robbins, R. Schneerson,
Proc. Natl. Acad. Sci. USA 1999, 96, 5194 –5197.


[26] C. C. A. M. Peeters, D. Evenberg, P. Hoogerhout, H. K�yhty, L.
Saarinen, C. A. A. van Boeckel, G. A. van der Marel, J. H. van
Boom, J. T. Poolman, Infect. Immun. 1992, 60, 1826 – 1833.


[27] V. Verez-Bencomo, V. Fern�ndez-Santana, E. Hardy, M. E. Toledo,
M. C. Rodr�guez, L. Heynngnezz, A. Rodriguez, A. Baly, L. Her-
rera, M. Izquierdo, A. Villar, Y. Vald�s, K. Cosme, M. L. Deler, M.
Montane, E. Garcia, A. Ramos, A. Aguilar, E. Medina, G. ToraÇo,
I. Sosa, I. Hernandez, R. Mart�nez, A. Muzachio, A. Carmenates, L.
Costa, F. Cardoso, C. Campa, M. Diaz, R. Roy, Science 2004, 305,
522 – 525.


[28] D. Valmori, A. Pessi, E. Bianchi, G. P. Corradin, J. Immunol. 1992,
149, 717 –721.


[29] A. Kandil, N. Chan, M. Klein, P. Chong, Glycoconjugate J. 1997, 14,
13– 17.


[30] F. Falugi, R. Petracca, M. Mariani, E. Luzzi, S. Mancianti, V. Carin-
ci, M. L. Melli, O. Finco, A. Wack, A. D. Tommasco, M. T. d. Mag-


istris, P. Costantino, G. d. Giudice, S. Abrignani, R. Rappuoli, G.
Grandi, Eur. J. Immunol. 2001, 31, 3816 –3824.


[31] J. Alexander, J. Sidney, S. Southwood, J. Ruppert, C. Oseroff, A.
Maewal, K. Snoke, H. M. Serra, R. T. Kubo, A. Sette, H. M. Grey,
Immunity 1994, 1, 751 –761.


[32] J. Alexander, A.-F. d. Guercio, A. Maewal, L. Qiao, J. Fikes, R. W.
Chesnut, J. Paulson, D. R. Bundle, S. DeFrees, A. Sette, J. Immunol.
2000, 164, 1625 –1633.


[33] J. Alexander, M.-F. der Guercio, B. Frame, A. Maewal, A. Sette,
M. H. Nahm, M. J. Newman, Vaccine 2004, 22, 2362 –2367.


[34] D. A. R. Simmons, Bacteriol. Rev. 1971, 35, 117 –148.
[35] A. A. Lindberg, A. Karnell, A. Weintraub, Rev. Infect. Dis. 1991, 13,


S279 –S284.
[36] A. Phalipon, C. Costachel, A. Thuizat, F. Nato, B. V.-L. Normand,


V. Marcel-Peyre, P. Sansonetti, L. A. Mulard, J. Immunol. Chem.
2004, submitted.


[37] B. M. Pinto, K. B. Reimer, D. G. Morissette, D. R. Bundle, J. Org.
Chem. 1989, 54, 2650 –2656.


[38] B. M. Pinto, K. B. Reimer, D. G. Morissette, D. R. Bundle, Carbo-
hydr. Res. 1990, 196, 156 –166.


[39] F. B�lot, K. Wright, C. Costachel, A. Phalipon, L. A. Mulard, J. Org.
Chem. 2004, 69, 1060 –1074.


[40] J. Banoub, D. R. Bundle, Can. J. Chem. 1979, 57, 2091 – 2097.
[41] L. A. Mulard, C. Costachel, P. J. Sansonetti, J. Carbohydr. Chem.


2000, 19, 849 –877.
[42] R. R. Schmidt, W. Kinzy, Adv. Carbohydr. Chem. Biochem. 1994, 50,


21– 123.
[43] J. J. Oltvoort, C. A. A. van Boeckel, J. H. der Koning, J. van Boom,


Synthesis 1981, 305 – 308.
[44] R. Gigg, C. D. Warren, J. Chem. Soc. C 1968, 1903 – 1911.
[45] F. B�lot, D. Rabuka, M. Fukuda, O. Hindsgaul, Tetrahedron Lett.


2002, 43, 7743 –7747.
[46] A. Lipt�k, Z. Szurmai, P. Nanasi, A. Neszmelyi, Carbohydr. Res.


1982, 99, 13–21.
[47] Z. Szurmai, J. Ker�kgyarto, J. Harangi, A. Lipt�k, Carbohydr. Res.


1987, 164, 313 –325.
[48] Z. Szurmai, A. Lipt�k, G. Snatzke, Carbohydr. Res. 1990, 200, 201 –


208.
[49] Q. Li, H. Li, Q.-H. Lou, B. Su, M.-S. Cai, Z.-J. Li, Carbohydr. Res.


2002, 337, 1929 –1934.
[50] G. T. Hermanson, Bioconjugate techniques, Academic Press, New


York, 1996, p. 148.
[51] J. M. Peeters, T. G. Hazendonk, E. C. Beuvery, G. I. Tesser, J. Immu-


nol. Methods 1989, 120, 133 – 143.
[52] H. F. Brugghe, H. A. M. Timmermans, L. M. A. van Unen, G. J. T.


Hove, G. W. der Werken, J. T. Poolman, P. Hoogerhout, Int. J. Pept.
Protein Res. 1994, 43, 166 –172.


[53] N. K. Kochetkov, N. E. Byramova, Y. E. Tsvetkov, L. V. Backinov-
sky, Tetrahedron 1985, 41, 3363 –3375.


Received: September 3, 2004
Published online: January 24, 2005


Chem. Eur. J. 2005, 11, 1625 – 1635 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1635


FULL PAPERPotential Vaccines against Shigella Infections



www.chemeurj.org






The Clusters [Ma(ECp*)b] (M=Pd, Pt; E=Al, Ga, In): Structures,
Fluxionality, and Ligand Exchange Reactions**


Tobias Steinke, Christian Gemel, Manuela Winter, and Roland A. Fischer*[a]


Introduction


Oligonuclear homoleptic cluster compounds of the type
[Ma(ER)b] (in general: M= d-block metal; b>a>1) have in-
spired further exploration of the coordination chemistry of
EIR (E=Al, Ga, In; R=Cp*, C(SiMe3)3, etc.) com-
pounds.[1–3] Recently it has been demonstrated, that ECp*
(E=Ga, In) is capable of stabilizing certain MaEb clusters
(M= Pd, Pt). These new structures and compositions go
beyond the previously known mononuclear homoleptic com-
plexes ME4 (M=Ni, Pd, Pt)[4–6] and the heteroleptic com-
pounds of the general formula [Ma(ER)bLx] (M=d-block
metal), which contain strongly bound ligands (L) such as
CO or Cp that limit their reactivities considerably.[1] Howev-


er, the two compounds Pt2Ga5
[7] and Pd3In8


[8] remain to date
the sole examples of the target clusters MaEb. One reason
for this rarity probably relates to the remarkably high bond
energy of the donor–acceptor M�EI bonds of 40–
60 kcal mol�1.[9,10] In addition, the low-valent EIR ligands are
easily oxidized to yield EIII species of various kinds: car-
bene-type reactions such as insertion into M�X bonds (X=


halide, alkyl, etc.) and cycloaddition to unsaturated func-
tional groups have to be taken into account.[11–13] Last but
not least, association/dissociation equilibria of (EIR)x in so-
lution play a role. As a consequence of this situation, the
synthesis of MEn and MaEb in general is prone to kinetic
control. Thus, the successful synthesis of MaEb is highly de-
pendent on the conditions and the particular combination of
the starting compounds [MLn] and EIR. Nevertheless, a ra-
tional approach of stepwise cluster formation starting out
from the monomeric building blocks ME4 was successful for
the dinuclear Pt2Ga5 and its trimetallic PtPdGa5 analogue.[14]


The ME4 compounds are rather inert in most cases, especial-
ly against ligand substitution which would require a pre-dis-
sociation of EIR. We found that this reaction path cannot be
activated without unspecific decomposition of the starting
complexes. However, there are some indications that lower
coordinated, electronically and sterically unsaturated species
like [Ni(AlCp*)3] may exist as short-lived intermediates
during the formation of ME4. These unsaturated species ex-
hibit interesting reactivity including activation of aromatic


Abstract: The synthesis and structural
characterization of the novel homolep-
tic cluster complexes [Pd2(GaCp*)2(m2-
GaCp*)3] (1 c), [Pd3(GaCp*)4(m2-
GaCp*)4] (2 b) and [Pd3(AlCp*)2(m2-
AlCp*)2(m3-AlCp*)2] (3) (Cp*=C5Me5)
are presented. Furthermore, ligand ex-
change reactions of these cluster com-
plexes are explored. In contrast to the
electronically and sterically saturated
complexes [M(ECp*)4] (M= Ni, Pd,


Pt), the new unsaturated analogues
[Ma(ER)b] (E= Al, Ga, In) react with a
variety of typical ligands (Cp*Al, CO,
phosphines, isonitriles) to give new di-
and tri-substituted compounds like
[Pt2(GaCp*)2(m2-AlCp*)3] (1 d), [PdPt-


(GaCp*)(PPh3)(m2-GaCp*)3] (4 b), or
[Pd3(PPh3)3(m2-InCp*)(m3-InCp*)2] (8).
The trends of the reactivity of
[Ma(ER)b] as well as their fluxional be-
havior in solution has been elucidated
by NMR spectroscopy, resulting in a
mechanistic rationale for the ligand ex-
change reactions as well as the fluxio-
nal processes.
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C�H bonds under very mild conditions.[15] Key questions of
the chemistry of mononuclear MEn and oligonuclear MaEb


compounds include: what is the range of M, E, n, a, and b
of such compounds, being accessible in preparative yields?
How about higher (n= 5, 6…) and lower (n=2, 3) coordina-
tion numbers at the center M? Will it be possible to derive
giant clusters MaEb with a, b@ 1 that exhibit a cluster core
of Ma stabilized by a shell of surface bound EIR ligands,
such as in the case of the classical, giant carbonyl-metallate
clusters [Ma(CO)b]


m� (M =Os, Pd, Pt, etc.)? At least,
Schnçckel�s fascinating, large aluminum cluster


[Al38(AlCp*)12] points in that direction.[16] Table 1 lists all
known homoleptic compounds MaEb (M =d-block metal),
including the results of this work, indicating that this
chemistry is still limited to the Group 10 metals Ni, Pd, Pt.


Results


Reaction of [Pd2(dvds)3] with ECp*: The reaction of
[Pd2(dvds)3] (dvds=1,3-divinyl-1,1,3,3-tetramethyldisilox-
ane) with excess GaCp* is a vivid example of the subtle in-
fluence of the reaction conditions on MaEb cluster forma-
tion. At �30 8C in hexane the reaction yields the dinuclear
compound [Pd2(GaCp*)2(m2-GaCp*)3] (1 c) in quantitative
yield (Scheme 1). Only trace amounts (<3 %) of monomeric
PdGa4 are observed. In contrast, the reaction conducted in
toluene at 25 8C yields trinuclear [Pd3(GaCp*)4(m2-GaCp*)4]
(2 b) in high yield. The dimeric species 1 c is formed only in
insignificant amounts (<2 %), and the PdGa4 product is not
detected at all. The related reaction of [Pd2(dvds)3] with an
excess of InCp* in hexane with gentle heating (50 8C) leads
to the known trinuclear compound [Pd3(InCp*)8] (2 a) in
almost quantitative yield. On treatment of [Pd2(dvds)3] with
an excess of AlCp* in benzene at 60 8C, the trinuclear com-
pound [Pd3(AlCp*)2(m2-AlCp*)2(m3-AlCp*)2] (3) is formed
with a 3:6 rather than a 3:8 composition for a :b as in the
two related above-mentioned cases. Compound 3 was ob-
tained from saturated solutions of the sample in toluene as
octahedral shaped deep red-brown single crystals in repro-
ducible yields of 60 %.


Interestingly, the monomeric PdGa4, which is quantitative-
ly available by reaction of [Pd(tmeda)Me2] and GaCp*,[14] is


Table 1. Homoleptic cluster compounds of the type [Ma(ECp*)b].


Compound M:E reference


monomeric
[Ni{GaC(SiMe3)3}4] 1:4 [17]
[Ni{InC(SiMe3)3}4] 1:4 [4]
[Pd{InC(SiMe3)3}4] 1:4 [14]
[Pt{InC(SiMe3)3}4] 1:4 [5]
[Ni(GaCp*)4] 1:4 [6]
[Pd(GaCp*)4] 1:4 [14]
[Pt(GaCp*)4] 1:4 [14]
[Ni(AlCp*)4] 1:4 [15]
[Pd(AlCp*)4] 1:4 this work
[Ni(AlCp*)3(GaCp*)] 1:4 [15]
dimeric
[Pt2(GaCp*)2(m2-GaCp*)3] 2:5 [7]
[PtPd(GaCp*)2(m2-GaCp*)3] 2:5 [14]
[Pd2(GaCp*)2(m2-GaCp*)3] 2:5 this work
[Pd2(AlCp*)2(m2-AlCp*)3] 2:5 this work
[Pt2(GaCp*)2(m2-AlCp*)3] 2:5 this work
trimeric
[Pd3(InCp*)4(m2-InCp*)4] 3:8 [8]
[Pd3(GaCp*)4(m2-GaCp*)4] 3:8 this work
[Pd3(AlCp*)2(m2-AlCp*)2(m3-AlCp*)2] 3:6 this work


Scheme 1. Reactions of [Pd2(dvds)3] with ECp*.
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not formed by reaction of either 1 c or 2 b with an excess of
the ligand. These observations are consistent with the re-
markable inertness of the homologous trinuclear Pd3In8 (2 a)
against ligand addition and formation of three equivalents
of PdIn4.


[8]


The Pd2Ga5 complex 1 c crystallizes in the triclinic space
group P1̄. Figure 1 shows a general illustration of M2E5 type


clusters. The molecular structure of 1 c consists of a central
Pd2 unit with a somewhat short Pd�Pd distance of
2.6091(12) �. In comparison, the tetranuclear cluster
[Pd4(CO)5(PPh3)4] exhibits a Pd�Pd bond length of 2.75–
2.77 � being regarded as bonding, whereas the nonbonding
Pd�Pd bond length in the same molecule is 3.21 �. Quan-
tum chemical analyses of the Pt�Pt bond in the analogous
Pt2Ga5 complex 1 a with the help of natural bond orbital
(NBO) and atoms-in-molecules (AIM) methods suggests
only weak d10–d10 interactions.[7] The Pd2 unit of 1 c is sur-
rounded by two terminal and three bridging GaCp* ligands,
resulting in a dipalladium-centered trigonal-bipyramidal
structure (idealized D3h symmetry). The terminal Pd�Ga
bond lengths in 1 c (2.3583(14) and 2.3624(14) �) are similar
to the Pd�Ga bond length in PdGa4 (2.3668(7) �), while the
bridging Pd�Ga bond lengths are distinctly longer
(2.4867(14)–2.5052(14) �). All Cp* moieties are bound to
the Ga centers in a nearly ideal symmetric h5 mode with
average values for the Cp*centroid�Ga bond lengths of
1.999 � for the terminal Cp*Ga units and 2.048 � for the
bridging ligands, both values being close to the free ligand
value of 2.081 � (gas phase, monomer).[18]


The NMR spectra of the dinuclear Pd2Ga5 (1 c) in C6D6


exhibit only one set of signals for the GaCp* ligands (1H:
d= 1.98 ppm; 13C: d= 113.3 and 10.8 ppm), that is, a fluxion-
al process is active, exchanging the bridging and terminally
coordinated ligands on the NMR timescale. At �80 8C in
[D8]toluene the signal splits into two distinguishable reso-
nances (2.07 and 2.03 ppm) with an integral ratio of 2:3 ac-
counting for a structure similar to that observed in the solid


state. The corresponding complex Pt2Ga5 (1 a) shows a static
spectrum at room temperature.


The Pd3Ga8 complex 2 b crystallizes in the monoclinic
space group C2/c. The molecular structure (Figure 2) is very
similar, but not isostructural to the analogous indium com-


pound Pd3In8 (2 a).[8] The three central palladium atoms are
linearly arranged (179.53(4)8 ; Table 2). The Ga-Pd-Ga
angles are slightly smaller than the ideal tetrahedral angle
of 1098 for the terminal Ga atoms (105.098) and slightly
larger for the bridging Ga atoms (112.16(13)8). Correspond-
ingly, the dihedral angle Ga(3)-Pd(1)-Pd(2)-Ga(4) deviates
from planarity only by 5.82(4)8. The terminal Pd�Ga bond
lengths (2.399(3) and 2.418(3) �) are shorter than the bridg-
ing ones (2.442(3) and 2.448(3) �), while the Pd�Ga bond
lengths around the central palladium atom are the longest
(about 2.51 �). The Cp*centroid�Ga bond lengths have values
in the range of 2.046–2.069 �.


The 1H NMR spectrum of Pd3Ga8 (2 b) in C6D6 at room
temperature exhibits two resonances at d=2.05 and
1.96 ppm with an integral ratio of 1:3. This unexpected inte-
gral ratio, if compared with the solid-state structure, was
also observed in the NMR spectrum of the analogous Pd3In8


species 2 a, yet only at low temperatures (�80 8C). At higher
temperatures (+80 8C) compound 2 b shows only one coa-
lesced signal; the same was observed for 2 a at room temper-
ature.


Figure 1. Molecular structure of [M2(ECp*)2(m2-ECp*)3] (M= Pd, Pt; E=


Al, Ga) in the solid state (Ortep drawing, 30% level of probability for
the metal atoms, carbon atoms displayed as spheres for clarity).


Figure 2. Molecular structure of [Pd3(GaCp*)4(m2-GaCp*)4] (2 b) in the
solid state (Ortep drawing, 50 % level of probability for the metal atoms,
carbon atoms displayed as spheres for clarity).


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


Pd(1)�Pd(2) 2.843(5) Cp*�Ga(3) 2.064
Pd(1)�Ga(1) 2.399(3) Cp*�Ga(4) 2.060
Pd(1)�Ga(2) 2.418(3) Pd(1)-Pd(2)-Pd(3) 179.53(4)
Pd(1)�Ga(3) 2.442(3) Ga(1)-Pd(1)-Ga(2) 105.09(13)
Pd(1)�Ga(4) 2.448(3) Ga(3)-Pd(1)-Ga(4) 112.16(13)
Pd(2)�Ga(3) 2.514(3) Ga(1)-Pd(1)-Ga(3) 109.41(15)
Pd(2)�Ga(4) 2.517(3) Cp*-Ga(1)-Pd(1) 175.30
Cp*�Ga(1) 2.046 Cp*-Ga(2)-Pd(1) 168.86
Cp*�Ga(2) 2.069 Ga(3)-Pd(1)-Pd(2)-Ga(4) 174.18(4)


[a] Cp* values are taken from the centroid of the Cp* moiety.
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The molecular structure of Pd3Al6 (3) is depicted in
Figure 3 and exhibits a Pd3 triangle coordinated by two per-
pendicular (axial) m3-bridging and four equatorial AlCp* li-
gands (two m2-bridging and two terminal). The three central
palladium atoms are arranged with an angle Pd(3)-Pd(2)-
Pd(1) of 87.13(6)8 (Table 3). The longest Pd�Pd distance of


3.619 � (Pd(1)�Pd(3)) can be regarded as nonbonding,
while the other two Pd�Pd bond lengths of 2.6157(18) and
2.6363(19) � are shortened due to the edge-bridging AlCp*
ligands. These Pd�Pd bond lengths are distinctly shorter
than in 2 a or 2 b. Both faces of the metal triangle are
capped by a m3-AlCp* unit (Al(1) and Al(2)). The m3-Al�m3-
Al vector does not intersect the center of symmetry of the
Pd3 triangle, but is rather shifted towards the Pd(1)�Pd(3)
axis, forming an almost planar Pd(1)-Al(1)-Pd(3)-Al(2)
square (9.38 deviation). The Pd(1,3)�Al(1,2) bond lengths
are in the range 2.561(5)–2.601(5) �, while the Pd(2)�
Al(1,2) bonds are shorter (2.478(5)–2.498(5) �). The equa-
torial m2-AlCp* units are arranged almost in plane to the
Pd3 triangle and also are somewhat closer to the central
Pd(2) center. As expected, the shortest Pd�Al bond lengths
are found for the terminally coordinated AlCp* units with
an average value of 2.373 �. These terminal units are coor-


dinated in the plane of the Pd3 core with deviations of 6.38
and 0.68. The Cp*centroid�Al bond lengths have values in the
range 1.919–2.003 � (average 1.953 �), showing no system-
atic differences between terminal and bridging ligands.
These values are close to free AlCp* (gas phase: monomer,
2.015 �)[19] and are distinctly longer than the distances in
the metal carbonyl complexes [(CO)5Cr(AlCp*)]
(1.819 �)[20] and [(CO)4Fe(AlCp*)] (1.775 �)[21] with signifi-
cantly more polarized Md��Ed+ bonds.


The 1H NMR spectrum of 3 in C6D6 at room temperature
exhibits two distinguishable singlets at d=2.05 and 1.97 ppm
with an integral ratio of 1:2. In the range + 80 8C to �80 8C
no changes of the NMR spectrum are observed, that is, nei-
ther broadening, decoalescence, nor coalescence of the sig-
nals. As an explanation for this observation, it is suggested,
that the axially coordinated AlCp* ligands do not partici-
pate in the fluxional ligand-exchange process of the equato-
rial (terminal and edge-bridging) ligands on the NMR time-
scale.


As a stoichiometric side product in the formation of 3, the
colorless compound [(dvds)(m2-Cp*Al)2] is formed.[22] An il-
lustration of the molecular structure of [(dvds)(m2-Cp*Al)2]
as well as important bond lengths and angles are included in
the Supporting Information.


Ligand exchange in the homoleptic dinuclear cluster com-
plexes M2Ga5 (M =Pd, Pt): Treatment of the dinuclear
Pt2Ga5 (1 a) with AlCp* in toluene at + 80 8C quantitatively
leads to the partially exchanged compound [Pt2(GaCp*)2(m2-
AlCp*)3] (1 d). In contrast, the reaction of the Pd analogue
Pd2Ga5 (1 c) gives the fully exchanged dinuclear compound
[Pd2(AlCp*)2(m2-AlCp*)3] (1 e ; Scheme 2). Attempts to syn-
thesize the homoleptic complex Pt2Al5 from 1 a in the pres-
ence of excess AlCp* were not successful. 1H NMR spectra
of both 1 d and 1 e exhibit two signals at d= 2.07/1.86 ppm
and d= 2.00/1.94 ppm, respectively, with the expected inte-
gral ratio of 2:3.


Compounds 1 d and 1 e are isostructural and crystallize in
the monoclinic space group C2/c. The molecular structures
are analogous to Pt2Ga5 (1 a) and Pd2Ga5 (1 c) with only
minor deviations (Figure 1, Table 4). The AlCp* ligands in
1 d are solely located in the bridging positions.


It is worth noting that the substitution of InCp* by AlCp*
or GaCp* is not restricted to the dinuclear systems. Thus,
the reaction of Pd3In8 (2 a) with stoichiometric amounts of
GaCp* or AlCp leads to a substitution of the coordinated
InCp* ligands as shown by in situ NMR experiments. How-
ever, the substitution reactions were incomplete, giving mix-
tures of insoluble trisubstituted complexes that could not be
further characterized.


The reaction of M2Ga5 (M2 =Pt2 1 a, PdPt 1 b, Pd2 1 c,)
with PPh3 in toluene yields the monosubstituted complexes
[MPt(GaCp*)(PPh3)(m2-GaCp*)3] (M =Pt 4 a, Pd 4 b) and
the disubstituted compound [Pd2(PPh3)2(m2-GaCp*)3] (5), re-
spectively (Scheme 2). The 1H NMR spectrum of 4 a exhibits
two singlets for the GaCp* units at d= 2.12 and 1.84 ppm
with an integral ratio of 1:3. The 31P{1H} NMR resonance at


Figure 3. Molecular structure of [Pd3(AlCp*)2(m2-AlCp*)2(m3-AlCp*)2] (3)
in the solid state (Ortep drawing, 30 % level of probability for the metal
atoms, carbon atoms displayed as spheres for clarity).


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


Pd(1)�Pd(2) 2.6157(18) Pd(1)-Pd(2)-Pd(3) 87.13(6)
Pd(2)�Pd(3) 2.6363(19) Pd(1)-Al(1)-Pd(3) 89.18(16)
Pd(1)�Pd(3) 3.619(18) Pd(1)-Al(2)-Pd(2) 61.93(12)
Pd(1)�Al(1) 2.592(5) Pd(1)-Al(3)-Pd(2) 64.67(12)
Pd(2)�Al(1) 2.498(5) Pd(2)-Pd(1)-Al(5) 173.15(14)
Pd(3)�Al(1) 2.563(5) Al(5)-Pd(1)-Al(3) 117.12(18)
Pd(1)�Al(3) 2.488(5) Al(5)-Pd(1)-Al(2) 127.42(17)
Pd(2)�Al(3) 2.401(5) Al(3)-Pd(2)-Al(4) 154.76(17)
Pd(1)�Al(5) 2.369(5) Cp*-Al(5)-Pd(1) 178.24
Cp*�Al(1) 1.959 Pd(1)-Pd(2)-Pd(3)-Al(1) 56.76(14)
Cp*�Al(3) 2.003 Pd(1)-Pd(2)-Pd(3)-Al(3) 178.38(15)
Cp*�Al(5) 1.919 Pd(1)-Pd(2)-Pd(3)-Al(5) 173.7(11)


[a] Cp* values are taken from the centroid of the Cp* moiety.
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d= 66.0 ppm shows the expected J(Pt,P) coupling (1J(Pt,P)=


5685 Hz, 2J(Pt,P)=276 Hz). In the case of the trisubstituted
compound 1 b, the substitution is observed only at the Pd
center, leaving the Pt�GaCp* bond unchanged, as shown by
the 31P{1H} resonance at d= 53.0 ppm with a significantly
small 2J(Pt,P) coupling of 494 Hz.


In contrast to the rather slow substitution reaction of 1 a,
the reaction of 1 c with PPh3 takes place at lower tempera-
tures (RT) quantitatively with a shorter reaction time
(<1 h). Both terminally coordinated GaCp* ligands in 1 c
are readily replaced by PPh3 at room temperature, giving 5
in almost quantitative yields. The 1H NMR spectrum of the


disubstituted product 5 exhibits
one set of signals for the bridg-
ing GaCp* units at d=


1.77 ppm and signals for the
phenyl groups at d= 7.85–
7.05 ppm. The 31P{1H} NMR
resonance is found at d=


34.8 ppm. Monitoring this reac-
tion by 1H NMR spectroscopy
reveals the monosubstituted
complex [Pd2(GaCp*)(PPh3)-
(m2-GaCp*)3] to be a reaction
intermediate, giving rise to two
singlets at d=2.12 and
1.87 ppm with an integral ratio
of 1:3. All attempts to isolate
this intermediate failed.


The molecular structure of
both 4 a and 4 b is depicted in
Figure 4. Both compounds crys-
tallize in the triclinic space
group P1̄. The molecular struc-
ture consists of a Pt2 or a PdPt
core, respectively, coordinated
by one terminal PPh3, one ter-
minal GaCp* and three bridg-
ing GaCp* ligands, which basi-


cally represents the M2E5 structure type shown in Figure 1.
The central P-M-Pt-Ga connectivity is almost linear. The
phenyl rings coordinated at P(1) approximately occupy a
staggered conformation with respect to the bridging GaCp*
ligands. Due to steric repulsion between the PPh3 group and
the bridging GaCp* units, the angles M-P-C(phenyl) (aver-
age 116.658 for 4 a and 115.318 for 4 b, see Table 5) are


Scheme 2. Ligand exchange reactions of the homoleptic dinuclear cluster complexes [M2(GaCp*)5] (M =Pd,
Pt).


Table 4. Selected bond lengths [�] and angles [8] for 1c, 1d, and 1 e.[a]


Pd2Ga5 (1c) Pt2Al3Ga2 (1 d) Pd2Al5 (1 e)


M(1)�M(2) 2.6091(12) 2.5585(3) 2.6327(11)
M(1)�E(1) 2.3624(14) 2.3310(7) 2.3230(18)
M(1)�E(2) 2.4945(15) 2.4259(16) 2.4559(18)
M(1)�E(3) 2.5052(14) 2.4237(17) 2.4559(18)
Cp*�E(1) 2.004 1.988 1.974
Cp*�E(2) 2.053 1.919 1.936
Cp*�E(3) 2.032 1.925 1.940
E(1)-M(1)-M(2) 177.44(5) 178.12(2) 179.00(5)
M(1)-E(2)-M(2) 63.17(4) 63.46(4) 65.01(5)
M(1)-M(2)-E(2) 58.56(3) 58.52(4) 57.26(5)
E(1)-M(1)-E(2) 119.51(5) 122.03(4) 121.84(7)
E(2)-M(1)-E(3) 92.90(5) 95.66(6) 94.83(5)
Cp*-E(1)-M(1) 178.77 177.38 176.69


[a] Cp* values are taken from the centroid of the Cp* moiety.


Figure 4. Molecular structure of [MPt(GaCp*)(PPh3)(m2-GaCp*)3] (M=


Pt 4 a, Pd 4b) in the solid state (Ortep drawing, 30% level of probability
for the metal atoms, carbon atoms displayed as spheres for clarity).
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bigger than 1098, while the angles C(phenyl)-P-C(phenyl)
(average 101.438 for 4 a and 103.008 for 4 b) are smaller than
1098. Similar distortions have been observed in the complex
[Pd(PPh3)3] (Pd-P-C(phenyl) 114.71–124.928 ; C(phenyl)-P-
C(phenyl) 99.83–102.278).[23] The Cp*centroid�Ga bond lengths
for the bridging GaCp* units (average 2.021 � for 4 a and
2.006 � for 4 b) and the terminal ligands (1.976 � for 4 a
and 1.974 � for 4 b) are almost equal to that found for the
Cp*centroid�Ga bond in 1 a or 1 c. Also the Pt�Pt bond length
of 2.589(1) � in 4 a is not significantly different from the
metal–metal distance in 1 a. The Pd�Pt bond length in 4 b
has a value of 2.601(1) �.


Monomeric complexes of the type [M(GaCp*)4�x(PPh3)x]
(x=1–4) were not formed as side products in the reactions
yielding 4 and 5. However, when the chelating diphosphine
ligand dppe (dppe=bis(diphenylphosphinoethane)) is treat-
ed with M2Ga5, all GaCp* units are cleaved and the mono-
meric complexes [M(dppe)2] (M=Pd, Pt) are quantitatively
obtained (Scheme 2). It was not possible to selectively
derive complexes of the type [M(ER)2(L2)] with L2 being a
chelating phosphane. However, compounds of that kind do
exist, for example, [Pt(ECp*)2(dcpe)] (dcpe=bis(dicyclo-
hexylphosphino)ethane), and were synthesized by trapping
the in situ formed [L2Pt] with stoichiometric amounts of
ECp*.[24,25]


In the presence of stronger p-acceptor ligands the dinu-
clear molecular structure M2Ga3 is retained and disubstitut-
ed species similar to 5 are formed. Thus, the reaction of
Pt2Ga5 with an excess of CO or CNtBu yields the complexes
[Pt2(CO)2(m2-GaCp*)3] (6) and [Pt2(CNtBu)2(m2-GaCp*)3]
(7), respectively (Scheme 2). The formation of 6 could only
be confirmed in situ by NMR and IR spectroscopy, as the
complex is apparently stable only under an atmosphere of
CO gas. The precipitation of trace amounts of a black solid
in the absence of CO points to the formation of metallic
platinum as a decomposition product. The 1H NMR spec-
trum of 1 a in an atmosphere of CO in C6D6 shows one reso-
nance for the three coordinated GaCp* ligands at d=


1.85 ppm and a singlet for the uncoordinated GaCp* units
(d=1.92 ppm) in a ratio of 3:2. In accordance with the sub-
stitution reactions of M2E5 with PR3 described above, a sub-
stitution of the terminal GaCp* units to CO is assumed. No
exchange of free to coordinated ligand is observed on the
NMR timescale. The coordinated CO gives rise to a 13C res-
onance at d= 209.6 ppm. The solution IR spectrum of 6 re-
veals one sharp absorption at 1962 cm�1 in the region typical
for terminally bound CO. Complex 7 was characterized by
means of NMR spectroscopy, elemental analysis, and single-
crystal X-ray analysis. The determined molecular structure
of 7 shows no unexpected features and will not be discussed
herein (see Supporting Information). The 1H NMR spec-
trum exhibits one singlet at d=2.06 ppm for the GaCp*
units and one resonance at d=1.13 ppm for the two tBuNC
groups in a ratio of about 45:18. By monitoring the forma-
tion of 7 by 1H NMR spectroscopy, the monosubstituted
product can be detected, exhibiting two singlets at d= 2.05
and 1.98 ppm with an integral ratio for the terminal and
bridging GaCp* moieties of 1:3 and one resonance at d=


1.17 ppm representing the tBuNC ligand.


Ligand exchange reactions in the homoleptic cluster com-
plex Pd3In8 : Corresponding to the substitution reactions of
M2E5 described above, the reaction of the trinuclear com-
pound 2 a with PPh3 or dppe proceeds by retaining the Pd3


core. However, the linear arrangement of the transition
metals in the solid state is not sustained: the two triangular
Pd3 clusters [Pd3(PPh3)3(m2-InCp*)(m3-InCp*)2] (8) and
[Pd3(dppe)2(m2-InCp*)(m3-InCp*)2] (9) were isolated
(Scheme 3).


Both complexes were characterized by means of NMR
spectroscopy, elemental analysis, and single-crystal X-ray
analysis. The key features of the molecular structures of 8
and 9 are almost identical, hence only the structure of 8 is
briefly discussed (Figure 5).


The molecular structure of 8 consists of a triangular Pd3


core, both faces of the metal triangle being capped by two


Table 5. Selected bond lengths [�] and angles [8] for 4a and 4b.[a]


Pt2Ga4(PPh3) (4a) PdPtGa4(PPh3) (4b)


M(1)�Pt(2) 2.6008(10) 2.5888(10)
M(1)�P(1) 2.242(3) 2.242(3)
Pt(2)�Ga(1) 2.3379(15) 2.3513(17)
M(1)�Ga(2) 2.5226(17) 2.4966(18)
Pt(2)�Ga(2) 2.4459(17) 2.4589(18)
Cp*�Ga(1) 1.976 1.974
Cp*�Ga(2) 2.019 2.007
P(1)�C 1.825(12)–1.844(13) 1.794(16)–1.839(13)
Ga(1)-Pt(2)-M(1) 179.29(5) 179.31(5)
P(1)-M(1)-Pt(2) 177.20(8) 177.58(9)
M(1)-Ga(2)-Pt(2) 63.11(4) 62.98(5)
M(1)-P(1)-C 114.8(5)–118.0(4) 113.2(6)–117.5(5)
C-P(1)-C 100.3(6)–102.2(6) 102.4(6)–103.6(7)
Cp*-Pt(2)-M(1) 179.30 178.72
C-P(1)-M(1)-Ga[b] 48.5(5)–71.5(5) 48.5(5)–73.0(6)


[a] Cp* values are taken from the centroid of the Cp* moiety; carbon
atoms are from the phenyl group. [b] This describes the dihedral angles
between the C atoms attached to the phosphorus and the bridging Ga
units.


Scheme 3. Synthesis of [Pd3(InCp*)3(PPh3)3] (8) and [Pd3(InCp*)3(dppe)2]
(9).
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InCp* units, resulting in a slightly distorted trigonal bipyra-
midal geometry. The third InCp* ligand (In(3)) is found in
m2-coordination mode almost parallel to the Pd3 plane (devi-
ation 6.98). Additionally, each Pd center is coordinated by
one PPh3 ligand. The Pd�Pd bond lengths in 8 have values
of 2.6283(11) � (Pd(1)�Pd(2)), 2.9306(17) � (Pd(2)�Pd(3)),
and 2.8003(17) � (Pd(1)�Pd(3))(Table 6). The short Pd(1)�


Pd(2) bond length is possibly a result of the m2-bridging
In(3)Cp* ligand. The Pd�In
bond lengths of the m3-bridging
InCp* moieties have average
values of 2.7068 � (In(1)) and
2.6830 � (In(2)), the m3-InCp*
units being slightly shifted (5.38
and 13.08) towards the Pd(3)
center.


The 1H NMR spectrum of 8
in C6D6 exhibits two singlets for
the InCp* units at d= 2.11 and
1.70 ppm in a ratio of 1:2 and


signals for the PPh3 ligand at d= 7.85–7.35 ppm. The 31P{1H}
NMR shows two singlet resonances at d= 30.3 and 13.6 ppm
with an intensity ratio of 2:1. The 1H NMR spectrum of
compound 9 is similar to 8 and shows no unusual features.
The 31P{1H} NMR of 9 shows two equally intense triplet res-
onances at 28.4 (3J(P,P)=24.3 Hz) and 20.9 ppm (3J(P,P)=


24.6 Hz).


Discussion


Fluxionality of homoleptic clusters MaEb : Taking into ac-
count that Pt2Ga5 (1 a) and Pd2Al5 (1 e) give static spectra,
whereas Pd2Ga5 (1 c) gives only one coalesced signal at
room temperature, a qualitative trend for the relative rates
of the ligand-exchange processes can be estimated as being:
Pt2Ga5 (1 a)�Pd2Al5 (1 e)<Pd2Ga5 (1 c). This is in good
agreement with the calculated M�E bond energies in the
monomeric compounds [M{E(CH3)}4] (M =Ni, Pd, Pt; E=


B–Tl), which have the order Ni�Pt>Pd for the transition
metals, while for the Group 13 elements the trend B>Al>
Ga� In>Tl is found.[9,10, 17] These results are also consistent
with the NMR spectrum of the trisubstituted compound 1 b,
for which only “half” of the fluxional process at room tem-
perature on one of the two cluster core atoms is observed.
Most likely, the Pd�Ga bond in 1 b is weaker than the Pt�
Ga bond resulting in a fast exchange of bridging versus ter-
minal ligands on the Pt center (vide infra).[14]


A similar trend is found in the trinuclear homoleptic
series Pd3E8. While Pd3Ga8 (2 b) exhibits two resonances at
room temperature, the corresponding Pd3In8 species (2 a),
shows decoalescence only at �80 8C. This difference matches
qualitatively with the decreasing order of the bond energies
M�E for the heavier element E. The reason for the unusual
ratio of 1:3 of the decoalesced peaks is uncertain and is not
in agreement with the solid-state structure. A dissociation of
the trinuclear component into two Pd(ECp*)3 fragments
and one Pd(ECp*)2 (E=Ga, In) unit can not be excluded
on the basis of the spectroscopic data, yet the reactivity of
Pd3In8 (2 a) with phosphines (PPh3 or dppe) suggests that
the nuclearity is retained in solution. A dissociation of
Pd3E8 into Pd3E6 and two ECp* units is unlikely and can be
excluded on the basis of 1H NMR chemical shifts. Remem-
ber that the saturated homoleptic compounds also do not
show dissociative equilibria. Scheme 4 presents a speculative


Figure 5. Molecular structure of [Pd3(InCp*)3(PPh3)3] (8) in the solid
state (Ortep drawing, 30 % level of probability for the metal atoms,
carbon atoms displayed as spheres for clarity).


Table 6. Selected bond lengths [�] and angles [8] for 8.[a]


Pd(1)�Pd(2) 2.6283(11) Cp*�In(1) 2.262
Pd(1)�Pd(3) 2.8003(17) Cp*�In(2) 2.235
Pd(2)�Pd(3) 2.9306(17) Cp*�In(3) 2.299
Pd(1)�In(3) 2.6447(15) Pd(1)-Pd(2)-Pd(3) 60.20(4)
Pd(2)�In(3) 2.7094(15) Pd(1)-Pd(3)-Pd(2) 54.54(4)
Pd(1)�In(1) 2.7325(10) Pd(1)-In(3)-Pd(2) 58.78(4)
Pd(3)�In(1) 2.6597(14) Pd(1)-In(1)-Pd(2) 57.54(3)
Pd(1)�In(2) 2.7235(12) P(1)-Pd(1)-Pd(2) 174.89(7)
Pd(3)�In(2) 2.6183(12) P(1)-Pd(1)-In(3) 116.54(8)
Pd(1)�P(1) 2.267(2) Pd(1)-P(1)-C 114.2(3)–118.4(3)
Pd(2)�P(2) 2.278(2) C-P(1)-C 100.8(4)–104.2(4)
Pd(3)�P(3) 2.255(3) Pd(1)-Pd(2)-Pd(3)-In(3) 173.12(7)


[a] Cp* values are taken from the centroid of the Cp* moiety; carbon
atoms are from the phenyl group.


Scheme 4. Proposed interconversion between solution and solid-state structures of Pd3E8 (E=Ga, In).
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mechanism for the interconversion of linear to triangular
clusters of Pd3E8 in solution, bearing two axial and six equa-
torial ligands. However, it should be noted that more experi-
mental or theoretical work is needed to finally clarify the
apparently complex solution behavior of these compounds.


The equatorial ligands are most likely fluxional in both
cases down to �80 8C, finally resulting in the observed inten-
sity ratio of 2:6 (1:3). This suggestion is also supported by
the molecular structure of the trinuclear compound Pd3Al6


(3), bearing two axial and four equatorial ligands. The equa-
torial ligands in 3 are fluxional in solution down to �80 8C
(vide supra).


Thermodynamic and kinetic considerations : Thermodynami-
cally, the substitution of coordinated GaCp* in M2Ga5 by
AlCp*, PPh3, CO, or isonitriles appears to be a favorable re-
action, since in all cases investigated, either full or partial
ligand exchange was observed. The p-acceptors CO, isoni-
triles, and PPh3 were found in a terminal positions of the di-
nuclear clusters, whereas the remaining ECp* prefer the
bridging positions. Interestingly, AlCp* favors the bridging
position in direct competition with GaCp* in the case of
Pt2Al3Ga2 (1 d). This may be due to the stronger s-donor
properties of AlCp*. In general, the AlCp*-containing dinu-
clear clusters Pd2Al5 (1 e) and Pt2Al3Ga2 (1 d) do not under-
go further substitution reactions with phosphines, confirming
the higher bond strength of M�Al in the first place.


In virtually all substitution reactions of M2E5, the nuclear-
ity of the M2 core was retained. Taking the fact into account
that all monomeric compounds ME4 are kinetically inert
and that none of the clusters M2E5 or M3En (n= 6, 8) forms
monomers in the presence of an excess of free ECp*, it can
be assumed that a high kinetic barrier prevents the dimeric
cluster from breaking into two monomers.


Still, the origin of the kinetic activity of the dimeric clus-
ters M2E5 in ligand exchange reactions has to be addressed.
As both metal centers in M2E5 are sterically saturated (tet-
rahedral environment), a dissociative mechanism, with re-
spect to bridging ligands, for the substitution reactions as
well as the fluxional processes seems most reasonable
(Scheme 5). The intermediate is supposedly equal for both
processes, as is reflected by the same qualitative trend in the
rates of fluxionality and reactivity (as indicated by variable-
temperature NMR measurements). This intermediate is


probably formed by the rupture of one bridging M�E bond
and thus exhibits a coordinatively-unsaturated transition
metal, which is likely to be the reactive center for the in-
coming ligands in the subsequent associative substitution re-
actions. The nature of the saturated transition-metal center
in this intermediate, now having two equivalent terminal li-
gands, can well explain the exchange process of terminal
and bridging ligands. The fact that ME4 clusters are kineti-
cally inert in contrast to M2E5 could be reasoned by taking
into account that splitting only one M�E connectivity in the
case of the M2E5 unit is of course likely to cost less activa-
tion energy per M2E5 molecule than complete dissociation
of ME4 in ME3 and free E. This situation is comparable to
the well-studied classical metal–carbonyl cluster complexes,
with the terminally bound carbonyls generally being less re-
active than the bridging ones.[26,27]


The relative inertness of Pt2Al3Ga2 (1 d) in the presence
of phosphines is in agreement with this mechanism, as the
rupture of the M�E bond of the bridging AlCp* ligand
would require more energy in comparison to the bridging
GaCp* unit in the related Pt2Ga5 (1 a). However, reaction of
Pt2Al3Ga2 (1 d) with CO does lead to [Pt2(CO)2(m2-AlCp*)3]
over a period of two days at room temperature. In contrast,
Pt2Ga5 (1 a) reacts with CO under ambient conditions within
a couple of minutes giving [Pt2(CO)2(m2-GaCp*)3] (6).[28]


Finally, it should be noted here, that we probably misin-
terpreted the fluxionality of the trimetallic complex
PtPdGa5 (1 b) in the original publication.[14] Taking the pro-
posed mechanism above into account, the fluxional terminal
GaCp* ligand should actually be bound to the platinum
center rather than the palladium center, as the Pd�Ga
bonds should be weaker than the Pt�Ga bonds, thus creat-
ing a symmetric saturated platinum rather than palladium
center in the intermediate.


Conclusion


In this work we have presented a general and direct route
to a variety of homoleptic, mixed-metal clusters with di- and
trinuclear palladium and platinum cores and ECp* (E=Al,
Ga, In) as stabilizing ligands. The formation of these clusters
is determined by kinetic factors, and clusters with different
nuclearity are not interconvertible to each other by addition


of free ligand. The reactivity of
M2E5 and M3E8 towards ligand
substitution was studied in
some detail. A qualitative rela-
tionship between rates of flux-
ional processes and ligand-sub-
stitution reactions was estab-
lished, resulting in mechanistic
suggestions for both. The trian-
gular nature of the substitution
products of M3E8 leads to a
better understanding of the
NMR spectroscopic features


Scheme 5. Proposed mechanism for the substitution reactions as well as the fluxional processes of [M2(ECp*)5]
(M= Pd, Pt).
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and thus the molecular structures of M3E8 in solution, which
have a triangular rather than a linear arrangement of the
transition-metal centers as found in the solid state. The ki-
netic accessibility of the formally unsaturated M2E5 and
M3E8 clusters in contrast to the saturated ME4 systems may
allow interesting chemistry, such as activation of small mole-
cules similar to the case of the unsaturated intermediate
[Ni(AlCp*)3] presented previously,[15] or the unusual C�C
bond activation observed in the rearrangement of
[Rh(Cp*)(CH3)2(GaCp*)] to the zwitterionic product
[Rh(Cp*){h5-C5Me4(Ga(CH3)3)}].[34] We will report on the
further development of this chemistry, in particular with re-
spect to other d-block metals and complexes of higher and
as well lower coordination numbers than reported here in
due course.[28,29]


Experimental Section


All manipulations were carried out in an atmosphere of purified argon
using standard Schlenk and glove box techniques. Hexane, toluene, THF
and Et2O were dried using an MBraun Solvent Purification System, all
other solvents were dried by distillation over standard drying agents. The
final H2O content in all solvents used was checked by Karl–Fischer-titra-
tion and did not exceed 5 ppm. [Pd2(dvds)3],[30] AlCp*,[31, 32] and GaCp*[33]


were prepared according to recent literature methods. Elemental analy-
ses were performed by the Microanalytical Laboratory of the Ruhr-Uni-
versit�t Bochum. Melting or decomposition points were determined ther-
mogravimetrically on a Seiko EXSTAR 6300S11 TG/DTA instrument.
NMR spectra were recorded on a Bruker Avance DPX-250 spectrometer
(1H, 250.1 MHz; 13C, 62.9 MHz) in C6D6 at 298 K unless otherwise stated.
Chemical shifts are given relative to TMS and were referenced to the sol-
vent resonances as internal standards.


The crystal structures of 1 c, 1e, 2 b, and 4b were measured on a SMART
CCD1000 diffractometer, the structures of 1 d, 3, 4a, and 8 were mea-
sured on an Oxford Excalibur 2 diffractometer with MoKa radiation (l=


0.71073 �). The structures were solved by direct methods by using
SHELXS-97 and refined against F2 on all data by full-matrix least-
squares with SHELXL-97. Details of the measurements are given in
Table 7.


CCDC-250431 (1c), CCDC-250432 (1 d), CCDC-250433 (1e), CCDC-
250434 (2b), CCDC-250435 (3), CCDC-250436 (4 a), CCDC-250437 (4b),
CCDC-250438 (8) contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif.


[Pd2(GaCp*)2(m2-GaCp*)3] (1 c): [Pd2(dvds)3] (0.800 g, 1.036 mmol) in
hexane (5 mL) was cooled to �30 8C and treated dropwise with GaCp*
(1.272 g, 6.218 mmol). The resulting orange solution was slowly warmed
to room temperature, whereupon an orange precipitate was formed. The
product was isolated by means of cannulation, washed twice with a small
amount of cold hexane and dried in vacuo. The precipitate was dissolved
in toluene and the product crystallized by slow cooling to �30 8C. In
trace amounts (<3 %) the monomeric compound [Pd(GaCp*)4] was ob-
served. Yield: 1.211 g (94 %); m.p. 118 8C (decomp); 1H NMR (C6D6,
250 MHz, 25 8C): d=1.98 ppm (s, 75H); 13C NMR (C6D6, 62.9 MHz,
25 8C): d =113.3 (C5Me5), 10.8 ppm (C5Me5); elemental analysis calcd
(%) for C50H75Ga5Pd2: C 48.53, H 6.11; found: C 48.26, H 6.32.


[Pt2(GaCp*)2(m2-AlCp*)3] (1 d): A suspension of 1 a (0.250 g,
0.177 mmol) and [{AlCp*}4] (0.085 g, 0.133 mmol) in toluene (5 mL) was
warmed to 80 8C for 1 h. The red solution was cooled to room tempera-
ture and the product crystallized by slow cooling to �30 8C. Yield:
0.186 g (83 %); m.p. 176 8C (decomp); 1H NMR (C6D6, 250 MHz, 25 8C):
d=2.07 (s, 30H), 1.86 ppm (s, 45H); 13C NMR (C6D6, 62.9 MHz, 25 8C):


d=114.2 (C5Me5), 112.5 (C5Me5), 13.4 (C5Me5), 10.6 ppm (C5Me5); 27Al
NMR (C6D6, 65.2 MHz, 25 8C): d=� 91.8 ppm; elemental analysis calcd
(%) for C50H75Al3Ga2Pt2: C 46.68, H 5.88; found: C 46.22, H 5.52.


[Pd2(AlCp*)2(m2-AlCp*)3] (1 e): A suspension of 1c (0.250 g,
0.202 mmol) and [{AlCp*}4] (0.090 g, 0.253 mmol) in toluene (7 mL) was
warmed to 85 8C for 3 h. The pale-orange solution turned red and a red–
brown precipitate was formed. After removal of all volatiles in vacuo,
the residue was washed twice with cold hexane and dried in vacuo. The
precipitate was dissolved in toluene by warming to 90 8C and the product
crystallized by slow cooling to �30 8C. Yield: 0.162 g (78 %); m.p. 204 8C
(decomp); 1H NMR (C6D6, 250 MHz, 25 8C): d= 2.00 (s, 30H), 1.94 ppm
(s, 45 H); 13C NMR (C6D6, 62.9 MHz, 25 8C): d=113.9 (C5Me5), 112.8
(C5Me5), 12.5 (C5Me5), 10.6 ppm (C5Me5); 27Al NMR (C6D6, 65.2 MHz,
25 8C): d =�54.4 ppm; elemental analysis calcd (%) for C50H75Al5Pd2: C
58.94, H 7.42; found: C 58.92, H 7.66.


[Pd3(InCp*)4(m2-InCp*)4] (2 a): [Pd2(dvds)3] (0.500 g, 0.648 mmol) in tolu-
ene (5 mL) was treated with InCp* (1.133 g, 4.534 mmol) at 50 8C, where-
upon the color of the solution turned dark red and a red precipitate was
formed. After removal of all volatiles in vacuo, the residue was washed
twice with cold hexane and dried in vacuo. Yield: 0.874 g (88 %). All ana-
lytical data were in good agreement with the data reported.[8]


[Pd3(GaCp*)4(m2-GaCp*)4] (2 b): [Pd2(dvds)3] (0.500 g, 0.648 mmol) in
toluene (5 mL) was treated dropwise with Cp*Ga (0.927 g, 4.534 mmol),
whereupon a red precipitate was formed. The product was isolated by
means of cannulation, washed twice with a small amount of hexane, and
dried in vacuo. The precipitate was dissolved in toluene by warming to
90 8C and the product crystallized by slow cooling to �30 8C. In trace
amounts (<2%) the dimeric compound [Pd2(GaCp*)5] was observed.
Yield: 0.651 g (76 %); m.p. 178 8C (decomp); 1H NMR (C6D6, 250 MHz,
25 8C): d =2.05 (s, 15H), 1.96 ppm (s, 45 H); 13C NMR (C6D6, 62.9 MHz,
25 8C): d =113.6 (C5Me5), 10.4 ppm (C5Me5); elemental analysis calcd
(%) for C80H120Ga8Pd3: C 49.05, H 6.17; found: C 48.84, H 6.18.


[Pd3(AlCp*)2(m2-AlCp*)2(m3-AlCp*)2] (3): A mixture of [Pd2(dvds)3]
(0.250 g, 0.324 mmol) and [{AlCp*}4] (0.522 g, 0.809 mmol) in benzene
(5 mL) was warmed to 60 8C for 1 h, whereupon the color of the solution
turned dark red and a dark red–brown precipitate was formed. The prod-
uct was isolated by means of cannulation, washed twice with a small
amount of hexane, and dried in vacuo. The residue was dissolved in tolu-
ene by warming to 90 8C and the product crystallized by slow cooling to
room temperature. Yield: 0.178 g (64 %); m.p. 196 8C (decomp);
1H NMR (C6D6, 250 MHz, 25 8C): d=2.12 (s, 30H), 1.97 ppm (s, 60H);
13C NMR (C6D6, 62.9 MHz, 25 8C): d=113.8 (C5Me5), 113.0 (C5Me5), 14.3
(C5Me5), 11.2 (C5Me5) ppm; 27Al NMR (C6D6, 65.2 MHz, 25 8C): d=


�44.6 ppm; elemental analysis calcd (%) for C60H90Al6Pd3·C6H5(CH3): C
58.10, H 7.13; found: C 57.87, H 7.19.


[Pt2(PPh3)(GaCp*)(m2-GaCp*)3] (4 a): A solution of 1a (0.200 g,
0.141 mmol) and PPh3 (0.074 g, 0.282 mmol) in toluene (6 mL) was
warmed to 90 8C for 8 h. After removal of all volatiles in vacuo, the
yellow precipitate was dissolved in toluene and crystallized by slow cool-
ing to �30 8C. Yield: 0.156 g (75 %); m.p. 121 8C (decomp); 1H NMR
(C6D6, 250 MHz, 25 8C): d=7.75–7.10 (m, 15 H), 2.12 (s, 15H), 1.84 ppm
(s, 45H); 13C NMR (C6D6, 62.9 MHz, 25 8C): d =141.3 (d, J(P,C)=


44.2 Hz), 135.7 (d, J(P,C) =14.5 Hz), 129.3 (d, J(P,C)=4.8 Hz), 125.7,
114.3 (C5Me5), 112.8 (C5Me5), 11.2 (C5Me5), 10.5 ppm (C5Me5); 31P{1H}
NMR (C6D6, 101.3 MHz, 25 8C): d=66.0 ppm (1J(Pt,P) =5685 Hz;
2J(Pt,P) =276 Hz); elemental analysis calcd (%) for C58H75Ga4PPt2: C
47.32, H 5.13; found: C 47.67, H 4.95.


[PtPd(PPh3)(GaCp*)(m2-GaCp*)3] (4 b): A solution of 1 b (0.100 g,
0.075 mmol) and PPh3 (0.020 g, 0.075 mmol) in toluene (3 mL) was stir-
red at room temperature for 1 h. After removal of all volatiles in vacuo,
the yellow precipitate was dissolved in toluene and crystallized by slow
cooling to �30 8C. Yield: 0.078 g (75 %); m.p. 114 8C (decomp); 1H NMR
(C6D6, 250 MHz, 25 8C): d=7.85–7.25 (m, 15 H), 2.11 (s, 15H), 1.84 ppm
(s, 45H); 13C NMR (C6D6, 62.9 MHz, 25 8C): d =139.1 (d, J(P,C)=


28.4 Hz), 135.3 (d, J(P,C) =17.7 Hz), 129.3 (d, J(P,C)=2.4 Hz), 128.1,
114.1 (C5Me5), 112.9 (C5Me5), 11.2 (C5Me5), 10.6 ppm (C5Me5); 31P{1H}
NMR (C6D6, 101.3 MHz, 25 8C): d= 53.0 ppm (t, 2J(Pt,P) =494 Hz); ele-
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mental analysis calcd (%) for C58H75Ga4PPdPt: C 50.35, H 5.46; found: C
50.02, H 5.24.


[Pd2(PPh3)2(m2-GaCp*)3] (5): A solution of 1 c (0.100 g, 0.081 mmol) and
PPh3 (0.042 g, 0.161 mmol) in toluene (3 mL) was warmed to 40 8C for
1 h. After removal of all volatiles in vacuo, the precipitate was washed
with a small amount of hexane. The product was dissolved in toluene by
warming to 80 8C and crystallized by slow cooling to �30 8C. Yield:
0.089 g (82 %); m.p. 119 8C (decomp); 1H NMR (C6D6, 250 MHz, 25 8C):


d=7.85–7.05 (m, 30 H), 1.77 ppm (s, 45 H); 13C NMR (C6D6, 62.9 MHz,
25 8C): d=135.5 (d, J(P,C)=8.4 Hz), 135.4 (d, J(P,C)= 9.0 Hz), 129.3 (d,
J(P,C)=2.4 Hz), 127.2, 113.9 (C5Me5), 10.4 ppm (C5Me5); 31P{1H} NMR
(C6D6, 101.3 MHz, 25 8C): d=34.8 ppm; elemental analysis calcd (%) for
C66H75Ga4P2Pd2: C 58.62, H 5.59; found: C 58.71, H 5.69.


[Pt2(CO)2(m2-GaCp*)3] (6): A mixture of a solution of 1a (0.020 g,
0.014 mmol) in C6D6 (0.6 mL) and 450 mbar CO was reacted in a sealed
NMR tube at room temperature for 10 min. The reaction was complete


Table 7. Crystallographic data for compounds 1c, 1 d, 1 e, 2b, 3, 4a, 4b, and 8.


1c 1 d 1 e 2b


formula C51.75H77Ga5Pd C50H75Al3Ga2Pd C50H75Al5Pd C80H120Ga8Pd3


Mr [gmol�1] 1260.53 1286.66 1023.80 1958.72
T [K] 203(2) 103(2) 208(2) 213(2)
crystal system triclinic monoclinic monoclinic monoclinic
space group P1̄ C2/c C2/c C2/c
a [�] 15.205(4) 45.097(2) 14.984(5) 31.92(5)
b [�] 20.824(6) 11.6375(8) 20.096(6) 12.69(3)
c [�] 20.879(6) 22.473(2) 19.032(8) 24.88(4)
a [8] 60.279(7) 90 90 90
b [8] 87.525(7) 98.326(6) 101.947(13) 118.41(5)
g [8] 85.723(7) 90 90 90
V [�3] 5725(3) 11669(15) 5607(3) 8867(28)
Z 4 8 4 4
1calcd [gcm�3] 1.462 1.465 1.213 1.467
m [mm�1] 2.960 5.766 0.748 3.017
F (000) 2583 5056 2128 3944
2q range [8] 1.13–25.31 3.12–25.07 2.19–26.15 2.15–25.06
index ranges �18�h�16 �41�h�53 �18�h�17 �37�h�36


�24�k�24 �13�k�13 �23�k�23 �15�k�6
�25� l�16 �26� l�20 �18� l�23 �29� l�27


reflections collected 33260 44079 16002 11752
reflections unique 20381 (Rint =0.0463) 10322 (Rint =0.0549) 5311 (Rint =0.0458) 7567 (Rint =0.0498)
goodness-of-fit on F2 1.051 0.929 1.059 0.962
final R indices [I>2s(I)] R1 =0.0698 R1 =0.0359 R1 =0.0540 R1 =0.0521


wR2 =0.1738 wR2 =0.0747 wR2 =0.1615 wR2 = 0.1144
R indices (all data) R1 =0.1261 R1 =0.0549 R1 =0.0784 R1 =0.1103


wR2 =0.2021 wR2 =0.0795 wR2 =0.1839 wR2 = 0.1354


3 4a 4 b 8


formula C60H90Al6Pd3 C58H75Ga4PPt2 C58H75Ga4PPdPt C84H90In3P3Pd3


Mr [gmol�1] 1292.40 1472.21 1383.52 1856.13
T [K] 103(2) 100(1) 203(2) 100(1)
crystal system monoclinic triclinic triclinic triclinic
space group C2 P1̄ P1̄ P1̄
a [�] 18.817(5) 11.579(3) 11.577(4) 14.369(6)
b [�] 22.799(4) 11.648(4) 11.834(3) 14.679(5)
c [�] 48.790(5) 21.529(6) 21.723(6) 21.995(4)
a [8] 90 101.19(3) 100.549(7) 77.735(19)
b [8] 90.050(14) 96.27(2) 96.808(7) 86.52(2)
g [8] 90 97.47(3) 97.273(7) 63.18(3)
V [�3] 20932(7) 2797(14) 2871(15) 4042(2)
Z 12 2 2 2
1calcd [gcm�3] 1.230 1.748 1.600 1.525
m [mm�1] 0.871 6.944 4.644 1.594
F (000) 7992 1436 1372 1848
2q range [8] 2.74–25.07 2.58–30.07 2.15–25.06 2.72–25.05
index ranges �22�h�22 �16�h�14 �9�h�13 �17�h�17


�27�k�27 �13�k�16 �13�k�14 �17�k�17
�58� l�57 �28� l�30 �25� l�25 �26� l�26


reflections collected 125 967 25538 15 636 54 424
reflections unique 35 748 (Rint = 0.1945) 14256 (Rint =0.0745) 9815 (Rint =0.0645) 14 271 (Rint =0.1021)
goodness-of-fit on F2 0.851 1.071 0.954 1.006
final R indices [I>2s(I)] R1 = 0.0836 R1 =0.0905 R1 =0.0713 R1 =0.0546


wR2 =0.1320 wR2 =0.2089 wR2 =0.1784 wR2 =0.1159
R indices (all data) R1 = 0.1575 R1 =0.1229 R1 =0.1115 R1 =0.1102


wR2 =0.1560 wR2 =0.2227 wR2 =0.1991 wR2 =0.1329
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according to the 1H NMR spectrum. Isolation of the product by means of
evaporation of all volatiles in vacuo or under normal pressure led to de-
composition of the product. The formation of metallic platinum was de-
tected. 1H NMR (C6D6, 250 MHz, 25 8C): d= 1.85 ppm (s, 45H);
13C NMR (C6D6, 62.9 MHz, 25 8C): d= 209.6 (CO), 113.9 (C5Me5)
10.2 ppm (C5Me5); IR (C6D6): n =1962 cm�1 (vs, CO).


[Pt2(CNtBu)2(m2-GaCp*)3] (7): A red solution of 1 a (0.200 g,
0.141 mmol) and tBuNC (0.047 g, 0.565 mmol) in toluene (3 mL) was
warmed to 60 8C for 1 h. After removal of all volatiles in vacuo, the
yellow precipitate was dissolved in hexane and crystallized by slow cool-
ing to �30 8C. Yield: 0.158 g (95 %); m.p. 192 8C (decomp); 1H NMR
(C6D6, 250 MHz, 25 8C): d=2.05 (s, 45H), 1.14 ppm (s, 18 H); 13C NMR
(C6D6, 62.9 MHz, 25 8C): d =175.1 (CNCMe3), 113.1 (C5Me5), 54.6
(CNCMe3), 30.7 (CNCMe3), 10.8 ppm (C5Me5); elemental analysis calcd
(%) for C40H63Ga3N2Pt2: C 41.02, H 5.42, N 2.39; found: C 40.92, H 5.77,
N 2.39.


[Pd3(PPh3)3(m2-InCp*)(m3-InCp*)2] (8): A mixture of 2a (0.200 g,
0.086 mmol) and PPh3 (0.090 g, 0.344 mmol) in toluene (3 mL) was stir-
red for 20 min. The solvent was removed in vacuo and the oily residue
was washed twice with a small amount of hexane and dried in vacuo. The
orange product was crystallized in a mixture of toluene and hexane.
Yield: 0.109 g (68 %); m.p. 112 8C (decomp); 1H NMR (C6D6, 250 MHz,
25 8C): d=7.85–7.35 (m, 45H), 2.11 (s, 15 H), 1.70 ppm (s, 30H);
13C NMR (C6D6, 62.9 MHz, 25 8C): d=140.4 (d, J(P-C) =13.4 Hz), 140.2
(d, J(P-C) =13.9 Hz), 139.6, 139.2, 135.3 (d, J(P,C)=7.9 Hz), 135.0 (d,
J(P,C)=8.2 Hz), 129.1 (d, J(P,C)=6.4 Hz), 114.1 (C5Me5), 113.7 (C5Me5),
11.1 (C5Me5), 10.9 ppm (C5Me5); 31P{1H} NMR (C6D6, 101.3 MHz, 25 8C):
d=30.3, 13.6 ppm; elemental analysis calcd (%) for C84H90In3P3Pd3: C
54.36, H 4.89; found: C 54.46, H 4.96.


[Pd3(dppe)2(m2-InCp*)(m3-InCp*)2] (9): A mixture of 2a (0.200 g,
0.086 mmol) and dppe (0.085 g, 0.215 mmol) in toluene (3 mL) was stir-
red for 1 h, whereupon an orange precipitate was formed. The solvent
was removed in vacuo, and the residue was washed twice with a small
amount of hexane and dried in vacuo. The product was crystallized by
slow cooling a toluene solution from 90 8C to room temperature. Yield:
0.113 g (70 %); m.p. 205 8C (decomp); 1H NMR (C6D6, 250 MHz, 25 8C):
d=7.85–7.00 (m, 40H), 2.54 (s, 15H), 2.10 (s, 8H), 1.67 ppm (s, 30H);
13C NMR (C6D6, 62.9 MHz, 25 8C): d=129.3, 129.1, 128.5, 125.7, 114.1
(C5Me5), 113.6 (C5Me5), 21.4 (CH2), 11.8 (C5Me5), 11.0 ppm (C5Me5);
31P{1H}-NMR (C6D6, 101.3 MHz, 25 8C): d=28.4 (3J(P,P)=24.3 Hz),
20.9 ppm (3J(P,P) =24.6 Hz); elemental analysis calcd (%) for
C78H85In3P4Pd3: C 51.76, H 4.73; found: C 51.94, H 4.87.
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Room-Temperature Phosphorescence and Energy Transfer in Luminescent
Multinuclear Platinum(ii) Complexes of Branched Alkynyls


Chi-Hang Tao, Nianyong Zhu, and Vivian Wing-Wah Yam*[a]


Introduction


Excitation energy transfer plays an important role in natural
processes.[1,2] Many molecular devices have been designed
and constructed to harvest solar energy, and dendrimers are
probably one of the very few promising candidates that are
designed to mimic the natural photosynthetic process.[3] The
construction and luminescence properties of various types of
organic dendrimers have been extensively investigated in
the past few decades.[4–9] In particular, the luminescence and
energy-transfer properties of a series of phenylene dendrim-
ers have been extensively investigated by Moore and co-
workers.[10]


With the increasing interest in the unique chemical and
physical properties possessed by metal complexes, metal-
containing dendritic molecules have also attracted much at-
tention and have been extensively investigated. Some of
these molecules have found applications in the field of catal-
ysis[11–13] and sensor technologies.[14–16] Metal-containing den-
drimers with metal centers in each generation have been
scarce due to a lack of appropriately designed building
blocks; however, during the last decade, different synthetic
protocols have been developed by various groups towards
the synthesis of such materials.[17] For instance, the prepara-
tion of organometallic platinum-containing dendrimers with
a rigid alkynyl backbone has been accomplished by the
groups of Stang and Takahashi.[18,19] There were also reports
by the groups of Schanze and Lewis on the luminescence
properties of organoplatinum(ii) alkynyl complexes, oligom-
ers, and polymers.[20–26]


In view of the increasing interest in metal-containing den-
drimers, as well as our on-going effort to study the lumines-
cence properties of transition-metal alkynyl complexes,[27–30]


Abstract: A series of luminescent
branched platinum(ii) alkynyl com-
plexes, [1,3,5-{RC�C(PEt3)2PtC�C-
C6H4C�C}3C6H3] (R= C6H5, C6H4OMe,
C6H4Me, C6H4CF3, C5H4N, C6H4SAc,
1-napthyl (Np), 1-pyrenyl (Pyr), 1-an-
thryl-8-ethynyl (HC�CAn)), [1,3-
{PyrC�C(PEt3)2PtC�CC6H4C�C}2-5-
{(iPr)3SiC�C}C6H3], and [1,3-{PyrC�C-
(PEt3)2PtC�CC6H4C�C}2-5-(HC�C)-
C6H3], was successfully synthesized by
using the precursors [1,3,5-
{Cl(PEt3)2PtC�CC6H4C�C}3C6H3] or
[1,3-{Cl(PEt3)2PtC�CC6H4C�C}2-5-
{(iPr)3SiC�C}C6H3]. The X-ray crystal
structures of [1,3,5-{MeOC6H4C�C-
(PEt3)2PtC�CC6H4C�C}3C6H3] and
[1,8-{Cl(PEt3)2PtC�C}2An] have been
determined. These complexes were


found to show long-lived emission in
both solution and solid-state phases at
room temperature. The emission origin
of the branched complexes [1,3,5-
{RC�C(PEt3)2PtC�CC6H4C�C}3C6H3]
with R=C6H5, C6H4OMe, C6H4Me,
C6H4CF3, C5H4N, and C6H4SAc was
tentatively assigned to be derived from
triplet states of predominantly intra-
ligand (IL) character with some mixing
of metal-to-ligand charge-transfer
(MLCT) (dp(Pt)!p*(C�CR)) charac-
ter, while the emission origin of the
branched complexes with polyaromatic


alkynyl ligands, [1,3,5-{RC�C-
(PEt3)2PtC�CC6H4C�C}3C6H3] with
R=Np, Pyr, or HC�CAn, [1,3-{PyrC�C-
(PEt3)2PtC�CC6H4C�C}2-5-{(iPr)3SiC�
C}C6H3], [1,3-{PyrC�C(PEt3)2PtC�C-
C6H4C�C}2-5-(HC�C)C6H3], and [1,8-
{Cl(PEt3)2PtC�C}2An], was tentatively
assigned to be derived from the pre-
dominantly 3IL states of the respective
polyaromatic alkynyl ligands, mixed
with some 3MLCT (dp(Pt)!p*(C�C-
R)) character. By incorporating differ-
ent alkynyl ligands into the periphery
of these branched complexes, one
could readily tune the nature of the
lowest energy emissive state and the di-
rection of the excitation energy trans-
fer.
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we have investigated the luminescence properties of a series
of branched chloropalladium(ii) and chloroplatinum(ii) al-
kynyl complexes, which were found to emit from an intrali-
gand triplet (3IL) excited state at low temperature.[31,32] It is
envisaged that the previously synthesized chloroplatinum(ii)
alkynyl complexes [1,3,5-{Cl(PEt3)2PtC�CC6H4C�C}3C6H3]
(1) and [1,3-{Cl(PEt3)2PtC�CC6H4C�C}2--5-{(iPr)3SiC�
C}C6H3] (2) are promising precursors for branched lumines-
cent materials or dendrimers that emit from the 3IL excited
states.


As an extension of this work, we have directed our goal
towards the study of the luminescence and energy transfer


properties of a series of branched platinum(ii) alkynyl com-
plexes, [1,3,5-{RC�C(PEt3)2PtC�CC6H4C�C}3C6H3] (R=


C6H5 (3), C6H4OMe (4), C6H4Me (5), C6H4CF3 (6), C5H4N
(7), C6H4SAc (8), 1-napthyl (Np; 9), 1-pyrenyl (Pyr; 10), 1-
anthryl-8-ethynyl (HC�CAn; 11)), [1,3-{PyrC�C(PEt3)2PtC�C-
C6H4C�C}2-5-{(iPr)3SiC�C}C6H3] (12), and [1,3-{PyrC�C-
(PEt3)2PtC�CC6H4C�C}2-5-(HC�C)C6H3] (13 ; Scheme 1).
With judicious design and choice from a wide variety of al-
kynyl ligands, the luminescence and electrochemical proper-
ties, as well as the direction of energy transfer of the com-
plexes, could be readily tuned and modified. Herein are re-
ported the synthesis, structural characterization, lumines-


Scheme 1. Syntheses of multinuclear carbon-rich platinum(ii) complexes of branched alkynyls. THF= tetrahydrofuran.
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cence properties, and electrochemical behavior of a series of
luminescent multinuclear platinum(ii) complexes of
branched rigid alkynyls.


Results and Discussion


Synthesis and characterization : The branched dinuclear
chloroplatinum(ii) complex 2 was obtained by modification
of the preparation of the related trinuclear complex 1 which
was reported previously (Scheme 1).[32] To depolymerize the
oligomeric materials during the course of the reaction, the
complex was prepared in refluxing toluene and piperidine in
the presence of a catalytic amount of CuCl. The branched
platinum(ii) alkynyl complexes 3–12 were synthesized by
using a copper(i)-catalyzed dehydrohalogenation approach
with the multinuclear precursor complexes 1 or 2 as the
strating materials. Complexes 3–12 were obtained in reason-
able yields with various alkynes, thereby demonstrating that
the branched multinuclear chloroplatinum(ii) complexes 1
and 2 are versatile and promising starting materials for the
synthesis of luminescent carbon-rich metal-containing mate-
rials.


In the synthesis of complex 8, ethyldiisopropylamine was
used instead of diethylamine. The use of a more sterically
hindered amine was essential in the preparation of the
sulfur-containing platinum or palladium alkynyl complexes.
In particular, the use of ethyldiisopropylamine is crucial in
the preparation of the 4-trimethylsilylethynylbenzenethio-
acetate from the 4-iodobenzenethioacetate through a palla-
dium(ii)-catalyzed Sonogashira coupling reaction.[33–35]


In addition, attempts have also been made to synthesize
multinuclear complexes with
1,8-diethynylanthracenyl moi-
eties. A trinuclear platinum al-
kynyl complex, 11, was isolated
in good yield by using complex
1 as the precursor, while a di-
nuclear chloroplatinum(ii)
complex [1,8-{Cl(PEt3)2PtC�C}2-
An] (14) was also isolated by
using a synthetic strategy simi-
lar to that of complexes 1 and
2 by refluxing 1,8-diethynylan-
thracene with an excess of
trans-[Pt(PEt3)2Cl2] in the pres-
ence of a catalytic amount of
CuCl. With the versatility dem-
onstrated by the chloroplatinu-
m(ii) alkynyl complexes 1 and
2, the “metallo-clip” 14 is a po-
tential building block for the
construction of multinuclear
platinum-containing assem-
blies.


All the complexes gave satis-
factory elemental analyses and


have been characterized by IR, 1H NMR, and 31P{1H} NMR
spectroscopy and FAB mass spectrometry. The X-ray crystal
structures of complexes 4 and 14 have also been deter-
mined.


The 31P NMR spectra of all the branched complexes 3–13
show a singlet in the range of d=11.10–12.05 ppm, which is
indicative of the highly symmetrical structure of the com-
plexes. Platinum satellites with JPt,P values of approximately
2350 Hz were observed, which are indicative of a trans-P–
Pt–P configuration about the platinum metal centers.


Crystal structure determination : Figures 1 and 2 depict the
perspective drawings of complexes 4 and 14, respectively,
and selected bond lengths and angles for both complexes
are given in Table 1. All the platinum atoms in complexes 4
and 14 were found to adopt a slightly distorted trans-square-
planar geometry with the P-Pt-C and P-Pt-Cl angles in the
range of 86.2(3) and 92.8(3)8. It is conceivable that such dis-
tortion around the coordination plane could be a result of
the steric demand of the bulky triethylphosphine ligands.
The C�C bond lengths in both complexes lie in the range of
1.159–1.270 �, values that are comparable to those found in
other mononuclear platinum(ii) s-alkynyl complexes.[18,19,36]


The Pt�C bond lengths in 4 (2.001(10)–2.045(10) �) are
considerably longer than that found in 14 (1.865(12) �), a
fact ascribed to the stronger trans influence of the alkynyl
group compared to that of the chloro group.


The coordination planes about the platinum atoms are
not coplanar with the aromatic rings and give interplanar
angles of 18.6–89.88 in 4 and 57.48 in 14 ; this is a characteris-
tic feature observed for platinum s-aryl-alkynyl com-
plexes.[18,19,36] The separation between the two platinum


Figure 1. Perspective view of 4 with atomic numbering scheme. Hydrogen atoms have been omitted for clarity.
Thermal ellipsoids are shown at 50 % probability level. See Table 1 for selected bond lengths and angles.
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atoms in 14 is approximately 6.37 �, which exceeds the dis-
tance for the existence of any Pt···Pt interaction. In fact, the
two platinum atoms are bending away from each other, as
evidenced by the C2-C1-Pt and C1-C2-C3 bond angles
which smaller than the expected 1808 for a sp-hybridized
carbon atom.


Electronic absorption and emission : The electronic absorp-
tion spectra of the branched platinum(ii) alkynyl complexes
2–8 show absorption bands in the range of 258–340 nm and
360–368 nm with extinction coefficients of the order of 104–
105 dm3 mol�1 cm�1 (Figure 3). Table 2 summarizes the pho-
tophysical data of the complexes. With reference to previous
spectroscopic works on trans-[Pt(PEt3)2(C�CR)2],[37–41] in
which the absorption bands at approximately 300–360 nm
were assigned as metal-to-alkynyl metal-to-ligand charge
transfer (MLCT) transitions, it is likely that the low-energy
transitions in these branched complexes would also involve
a certain degree of MLCT character. Another piece of evi-
dence for a MLCT assignment of the low-energy absorption
bands in these complexes was provided by the resonance
Raman investigation of trans-[Pt(PEt3)2(C�CH)2] and trans-
[Pt(dppm)2(C�CPh)2] (dppm= 1,2-bis(diphenylphosphino)-
methane).[38, 41] It was demonstrated that the initial excited-
state vibrational reorganizational energy and displacement
were mostly along the nominal C�C stretch; this is in line
with an assignment of the absorption band to a MLCT
(Pt!C�CR) transition.[37–41] In addition, the lengthening of
the C�C bond in the initial 1MLCT excited states of the


mononuclear complexes relative to their ground states was
found to be consistent with an expected nominal bond-order
change from 3 to 2.5 for a Pt!p*(C�CR) metal-to-ligand
charge transfer.[37–41] However, the very slight to almost no
influence on the absorption energies of the branched com-
plexes 3–8 that is exerted by the peripheral aryl-alkynyl li-
gands would suggest that the absorption pattern is dominat-
ed by intraligand (p!p*(C�CR)) transitions. Thus, the ab-
sorptions in these branched complexes are best described as
an admixture of IL (p!p*(C�CR)) and MLCT (dp(Pt)!
p*(C�CR)) transitions with predominantly IL character. It
is noteworthy that a slight red shift in absorption energy of


Figure 2. Perspective view of 14 with atomic numbering scheme. Hydro-
gen atoms have been omitted for clarity. Thermal ellipsoids are shown at
30% probability level. See Table 1 for selected bond lengths and angles.


Figure 3. Electronic absorption spectra of 1 (g), 3 (c), and 10 (a)
in dichloromethane at room temperature.


Table 1. Selected bond lengths [�] and bond angles [8] for 4 and 14 with
estimated standard deviations in parentheses.


Complex


Complex 4
Pt1�C1 2.016(10) C17�C18 1.193(12)
Pt1�C37 2.045(10) C25�C26 1.181(11)
Pt2�C26 2.001(10) C27�C28 1.178(11)
Pt2�C58 2.005(11) C35�C36 1.200(11)
Pt3�C36 2.006(9) C37�C38 1.191(11)
Pt3�C79 2.042(9) C58�C59 1.159(13)
C1�C2 1.173(11) C79�C80 1.183(11)
C9�C10 1.186(12)
C1-Pt1–P2 86.2(3) C27-C28-C29 176.0(10)
C37-Pt1-P2 91.9(2) C18-C17-C13 175.5(10)
C1-Pt1-P1 91.9(3) C17-C18-C19 179.1(11)
C37-Pt1-P1 90.1(2) C36-C35-C32 176.1(11)
C2-C1-Pt1 175.2(10) C35-C36-Pt3 178.4(9)
C1-C2-C3 173.5(9) C38-C37-Pt1 176.5(8)
C10-C9-C6 170.1(11) C37-C38-C39 176.2(10)
C9-C10-C11 174.4(11) C59-C58-Pt2 174.1(12)
C26-C25-C22 177.6(11) C58-C59-C60 173.1(15)
C25-C26-Pt2 173.5(11) C80-C79-Pt3 173.2(9)
C28-C27-C15 175.9(9) C79-C80-C81 179.1(12)


Complex 14
Pt1�C1 1.865(12) Pt1�Cl1 2.364(3)
Pt1�P1 2.304(3) C1�C2 1.270(14)
Pt1�P2 2.309(3)
C1-Pt1-P1 86.5(2) P2-Pt1-Cl1 88.69(9)
C1-Pt1-P2 91.4(2) C2-C1-Pt1 173.5(8)
P1-Pt1-Cl1 92.74(9) C1-C2-C3 173.7(10)
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the low-energy band is observed on going from the precur-
sor 1 (362 nm) to complexes 3–8 (364–368 nm); this result is
supportive of a mixing of MLCT (dp(Pt)!p*(C�CR)) char-
acter and may indicate the presence of conjugation through
the metal centers. Similar findings have also been reported
in related linear oligomers.[20]


The branched complexes with peripheral polyaromatic al-
kynyl ligands, 9–14, show highly structured absorption bands
at approximately 276–352 nm and 370–434 nm with extinc-
tion coefficients of the order of 104–105 dm3 mol�1 cm�1. In
view of the similar absorption patterns and extinction coeffi-
cients with their corresponding free polyaromatic alkynes,
the assignment of IL (p!p*(C�CR)) transitions is favored,
although the possibility of an involvement of a MLCT
(dp(Pt)!p*(C�CR)) transition is also likely for the reasons
described above. Again, the transitions in complexes 9–14
are similarly assigned as an admixture of IL (p!p*(C�CR))
and MLCT (dp(Pt)!p*(C�CR)) transitions with predomi-
nantly IL character.


Upon photoexcitation, all the branched complexes display
luminescence in deaerated dichloromethane solutions at
room temperature (Figure 4). All complexes show lifetimes


in the microsecond range, which is indicative of their triplet
parentage. The strong spin-orbit coupling introduced by the
heavy platinum(ii) metal center enhances the accessibility of
the 3IL (p!p*) excited states and renders the Pt(PEt3)2


moiety a good building unit to access the spin-forbidden 3IL
excited states. In contrast to the nonemissive behavior of
the precursor complex 1 at room temperature, complexes 3–
8 show intense yellowish green luminescence at about 531–
535 nm, with vibrational progressional spacings of approxi-
mately 1130 and 2160 cm�1 in both the solution and solid-
state emission spectra at room temperature. It is interesting
to note that complexes 3–8 emit at nearly identical wave-
lengths with similar vibronic structures to the chloroplatin-
um(ii) precursor complex 1 both in the solid state and in an
alcoholic glass at 77 K. The emission energies of these com-
plexes appear to be insensitive to the electron-withdrawing
or -donating nature of the substituents on the peripheral
aryl-alkynyl ligands. These findings are supportive of a trip-
let emission emanating mainly from the central (C�C-
C6H4C�C)3C6H3 moiety. However, a red shift in the emis-


Figure 4. Emission spectra of 3 (c), 9 (a), and 10 (g) in dichloro-
methane at room temperature.


Table 2. Electronic absorption and photophysical data for complexes 2–
14.


Complex l [nm] Medium lem [nm]
(e [dm3 mol�1 cm�1])[a] (T [K]) (to [ms])


2 258 (46 210), 270 sh (43 370), CH2Cl2 (298) 531 (6.5)
340 (92 540), 360 (104 080) solid (298) 527 (6.0)


solid (77) 527 (74.7)
glass (77)[b] 532 (350)


3 268 (78 850), 298 (72 470), CH2Cl2 (298) 532 (49.7)
338 sh (141 600), 366 (228 900) solid (298) 533 (0.2)


solid (77) 538 (74.5)
glass (77)[b] 533 (359)


4 268 (88 870), 298 (78 380), CH2Cl2 (298) 535 (45.6)
338 sh (140 530), 368 (235 480) solid (298) 532 (7.1)


solid (77) 530 (127)
glass (77)[b] 530 (394)


5 268 (79 610), 298 (71 610), CH2Cl2 (298) 532 (41.4)
338 sh (134 590), 364 (213 650) solid (298) 530 (0.15)


solid (77) 538 (115)
glass (77)[b] 528 (409)


6 274 (55 640), 298 (59 180), CH2Cl2 (298) 532 (60.8)
338 sh (121 900), 366 (195 090) solid (298) 533 (0.14)


solid (77) 537 (30.9)
glass (77)[b] 532 (381)


7 278 (70 370), 298 (74 960), CH2Cl2 (298) 531 (47.9)
364 (210 715) solid (298) 532 (0.18)


solid (77) 536 (29.8)
glass (77)[b] 532 (371)


8 280 (61 605), 300 (75 520), CH2Cl2 (298) 532 (49.8)
366 (169 270) solid (298) 533 (0.16)


solid (77) 534 (30.1)
glass (77)[b] 532 (412)


9 308 (78 380), 370 (244 950) CH2Cl2 (298) 546 (60.8)
solid (298) –[c]


solid (77) 548 (13.4)
glass (77)[b] 543 (438)


10 280 (92 765), 292 (129 200), CH2Cl2 (298) 660 (45.2)
352 sh (138 440), 372 sh (196 190), solid (298) –[c]


388 (218 465), 400 (197 640) solid (77) –[c]


glass (77)[b] 655 (244)
11 256 (251 010), 270 sh (181 495), CH2Cl2 (298) 744 (37.2)


278 sh (154 015), 302 sh (74 025), solid (298) –[c]


342 sh (146 190), 364 (174 590), solid (77) –[c]


404 (60 145), 428 (53 460) glass (77)[b] 735 (96.5)
12 276 (64 060), 292 (83 070), CH2Cl2 (298) 657 (42.8)


352 sh (89 870), 372 (123 310), solid (298) –[c]


388 (133 860), 400 (121 170) solid (77) –[c]


glass (77)[b] 655 (248)
13 276 (94 860), 329 (123 020), CH2Cl2 (298) 658 (36.1)


352 sh (133 090), 372 (182 615), solid (298) 523 (<0.1)
388 (198 230), 400 (179 440) solid (77) 522 (<0.1)


glass (77)[b] 655 (218)
14 272 (127 440), 354 (7000), CH2Cl2 (298) 743 (0.2)


370 (9520), 390 (14 080), solid (298) –[c]


410 (24 990), 434 (26 010) solid (77) –[c]


glass (77)[b] 733 (6.8)


[a] Measured in CH2Cl2 at 298 K. [b] Measured in a EtOH/MeOH (4:1,
v/v) glass. [c] Nonemissive.
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sion energies is observed for the branched complexes on
going from the palladium complexes to the platinum ana-
logues; this is indicative of the involvement of triplet metal-
to-alkynyl MLCT character in the emissive states.[32] In addi-
tion, a recent theoretical study on related mononuclear plat-
inum(ii) alkynyl complexes, trans-[Pt(PEt3)2(C�CPh)2] and
trans-[Pt(PEt3)2(C�CC6H4C�CH)2], by Brozik and co-work-
ers using density functional theory[42] showed that a d orbital
on the platinum atom is directly involved in the p system in
the highest occupied molecular orbital (HOMO) of the
complexes they studied. The lowest unoccupied molecular
orbital (LUMO) of the complexes, on the other hand, has
essentially no electron density located on the platinum
metal, a result that is in line with an emission from a mixed
3IL (p!p*(C�CR)]/3MLCT (dp(Pt)!p*(C�CR)) manifold.
It is interesting to note that emission from the 3IL state of
the peripheral alkynyl ligands was not observed in these
complexes owing to their relatively high-lying energy, and
the energy absorbed by the peripheral ligands would proba-
bly be transferred to the central emitting core (Figure 5).


Degassed dichloromethane solutions of the branched plat-
inum(ii) alkynyl complexes with polyaromatic peripheral li-
gands 9–14 show emission in the yellow to red region with
lifetimes in the microsecond range. Shorter lifetimes were
observed for complexes 11 and 14, which emit at relatively
lower energies, in line with the energy-gap law. Vibrational
progressional spacings of approximately 1360–1380 cm�1


were observed in the emission spectra of complexes 9–13,
which is typical of the C=C stretching mode of the aromatic
rings. With reference to previous work on cis-[Pt(dppe)(C�C-
Np)2] (dppe =1,2-bis(diphenylphosphino)ethane)[43] and
trans-[Pt(PnBu3)2(C�CPyr)2],[44] in which the 3IL emissions
of these platinum complexes with polyaromatic alkynyl li-
gands also occur at similar energies with comparable vibron-
ic structures, these highly structured emissions of complexes
9–11 are likely to be of mainly 3IL character. However, the
involvement of MLCT character could not be completely
ruled out; thus, the emissions of complexes 9–11 are tenta-
tively assigned as being derived
from a mixed 3IL (p!p*(C�
CR))/3MLCT (dp(Pt)!p*(C�
CR)) state with predominantly
IL character. It is noteworthy
that the 3IL emission from the
central (C�CC6H4C�C)3C6H3


moieties could not be ob-
served, probably due to the ex-
istence of another lower lying
3IL excited state upon coordi-
nation of the polyaromatic al-
kynyl ligands, in which case the
energy absorbed by the central
core would be transferred to
the lowest energy emissive
state of the peripheral ligands
(Figure 5). By incorporating
different alkynyl ligands into


the periphery of these branched complexes, one could con-
trol the direction of energy transfer; this work represents a
rational design and synthesis of branched platinum(ii) alkyn-
yl complexes with desired directional energy transfer.


Electrochemical properties : The cyclic voltammograms of
the platinum(ii) alkynyl complexes 1–14 do not show observ-
able reduction waves upon scanning up to �2.0 V (all values
measured versus the saturated calomel electrode (SCE)),
while the oxidative scans of complexes 1–14 generally show
two or three irreversible oxidation waves at +0.86 to
+1.27, +1.33 to + 1.74, and + 1.87 to +1.98 V. Table 3


summarizes the electrochemical data of the branched platin-
um(ii) alkynyl complexes.


The first oxidation waves observed for complexes 3–8
(+0.99 to +1.20 V) were found to occur at potentials simi-
lar to those of their chloroplatinum(ii) precursor complexes
1 and 2, in which potentials of + 1.27 and + 1.25 V were ob-


Figure 5. Representation of energy transfer in multinuclear carbon-rich platinum(ii) complexes of branched al-
kynyls.


Table 3. Electrochemical data for complexes 1–14[a] .


Complex Oxidation Epa [V versus the SCE][b]


1 +1.27
2 +1.25, +1.59, + 1.87
3 +1.12, +1.64
4 +0.99, +1.65
5 +1.12, +1.64
6 +1.20, +1.68
7 +1.21, +1.69
8 +1.20, +1.68
9 +1.07, +1.88
10 +0.93, +1.72, + 1.98
11 +0.98, +1.60
12 +0.93, +1.74
13 +0.92, +1.73
14 +0.86, +1.33


[a] In dichloromethane (0.1 m nBu4NPF6); working electrode, glassy
carbon; scan rate=100 mV s�1. [b] Epa refers to the anodic peak potential
for the irreversible oxidation waves.
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served for their first oxidations, respectively. Slightly less
positive potentials were observed for complexes 3–8 com-
pared to their precursors and this observation is in line with
the slight red shifts observed in the lowest energy absorption
and emission bands in their respective electronic absorption
and emission spectra. Given the first oxidation of R�
C6H4C�CH occurred at approximately +1.5 to + 1.7 V,[45]


which is a more positive potential than the conjugated al-
kynes (HC�CC6H4C�C)3C6H3 (about +1.35 V), the first ox-
idation waves of complexes 3–8 are probably due to the oxi-
dation of the central organic (C�CC6H4C�C)3C6H3 back-
bone. However, the less positive potentials for the first
oxidation waves observed for the platinum complexes 1
(+1.27 V) and 2 (+ 1.25 V), compared to those of their pal-
ladium analogues, [1,3,5-{Cl(PEt3)2PdC�CC6H4C�C}3C6H3]
(+1.34 V) and [1,3-{Cl(PEt3)2PdC�CC6H4C�C}2-5-
{(iPr)3SiC�C}C6H3] (+1.38 V), are indicative of the presence
of some metal character in their HOMO; this is in line with
the red shift in the absorption and emission energies on
going from the palladium complexes to the platinum com-
plexes. It is likely that the two irreversible oxidation waves
for this class of complex may also possess a certain degree
of metal-centered character; thus the two irreversible oxida-
tion waves of complexes 3–8 could be best described as
ligand-centered oxidation with some mixing of metal-cen-
tered character.


For the platinum(ii) alkynyl complexes with polyaromatic
ligands 9–14, the first oxidation waves were found in the
range of +0.86 to + 1.07 V, values that are slightly less posi-
tive than those of 3–8 (+ 0.99 to +1.20 V) and their chloro-
platinum(ii) precursor complexes 1 (+1.27 V) and 2
(+1.25 V). The large shift in the potential for the first oxida-
tion of 14 (+0.86 V) relative to that of the branched chloro-
platinum(ii) complex 1 (+1.27 V) is indicative of an oxida-
tion that is predominantly ligand-centered in character. This,
together with the less positive potentials for the oxidation
of the polyaromatic alkynes (+1.0 to +1.2 V)[46] relative
to that of 1,3,5-(HC�CC6H4C�C)3C6H3 (approximately
+1.35 V), suggested that the first oxidation waves of com-
plexes 9–14 are probably derived from the ligand-centered
oxidation of the polyaromatic alkynyl ligands. However, an
involvement of some metal-centered character could not be
completely ruled out. The predominantly ligand-centered
origin of these first oxidations observed for complexes 1–14
agrees well with the assignment of a predominantly ligand-
centered character for both the electronic absorption and
emission behavior of these complexes.


Conclusion


A series of luminescent platinum(ii) alkynyl complexes,
[1,3,5-{RC�C(PEt3)2PtC�CC6H4C�C}3C6H3] where R=


C6H5, C6H4OMe, C6H4Me, C6H4CF3, C5H4N, C6H4SAc, Np,
Pyr or HC�CAn, [1,3-{PyrC�C(PEt3)2PtC�CC6H4C�C}2-5-
{(iPr)3SiC�C}C6H3], [1,3-{PyrC�C(PEt3)2PtC�CC6H4C�C}2-
5-(HC�C)C6H3], and [1,8-{Cl(PEt3)2PtC�C}2An] were suc-


cessfully synthesized. The crystal structures of [1,3,5-
{MeOC6H4C�C(PEt3)2PtC�CC6H4C�C}3C6H3] and [1,8-
{ClPt(PEt3)2C�C}2An] were determined, thereby confirming
the distorted square planar geometry at the platinum center,
with bond lengths in the normal ranges expected for this
class of compounds. These complexes are found to be emis-
sive at room temperature with rich vibronic structures; their
lowest lying emissive states were tunable and assigned to be
derived from predominantly 3IL states, either of the central
(C�CC6H4C�C)3C6H3 moiety or the peripheral polyaromatic
alkynyl ligands, probably mixed with some 3MLCT
(dp(Pt)!p*(C�CR)) character. Through rational design
and synthetic methodologies, the direction of energy trans-
fer in branched platinum(ii) alkynyl complexes can be easily
tuned.


Experimental Section


Materials and reagents : [1,3,5-{Cl(PEt3)2PtC�CC6H4C�C}3C6H3] (1),[32]


1,3-{HC�CC6H4C�C}2-5-{(iPr)3SiC�C}C6H3,
[47] 4-ethynylpyridine,[48] 4-


ethynylbenzenethioacetate,[49] and 1,8-diethynylanthracene[50] were syn-
thesized according to literature procedures. Ethynylbenzene (Aldrich,
98%), 1-ethynyl-4-methoxybenzene (Maybridge), 1-ethynyltoluene (GFS,
98%), 1-ethynyl-4-trifluoromethylbenzene (Aldrich, 97%), 1-ethynylnap-
thalene (Aldrich, 97%), 1-ethynylpyrene (Lancaster, 96%), and nBu4NF
(1 m solution in THF; Lancaster) were purchased and used as received.
All organic amines were distilled over potassium hydroxide and stored
over potassium hydroxide prior to use. All other solvents and reagents
were of analytical grade and used as received.


Syntheses :


[1,3-{Cl(PEt3)2PtC�CC6H4C�C}2-5-{(iPr)3SiC�C}C6H3] (2): This was syn-
thesized according to a modified version of a literature procedure for the
synthesis of complex 1.[32] trans-[Pt(PEt3)2Cl2] (1.000 g, 1.99 mmol) and
1,3-(HC�CC6H4C�C)2-5-{(iPr)3SiC�C}C6H3 (252 mg, 0.50 mmol) were
dissolved in a mixture of toluene (70 mL) and piperidine (5 mL). The re-
action mixture was heated to reflux for 30 min after which CuCl (5 mg,
0.04 mmol) was added and the reaction mixture was then refluxed under
nitrogen for two days. The solvent was removed under vacuum and the
yellow oily residue was dissolved in dichloromethane and washed succes-
sively with aqueous ammonium chloride solution and deionized water.
The organic fraction was then dried over anhydrous MgSO4 and filtered.
Purification was accomplished by column chromatography (basic alumi-
num oxide, 50–200 microns), in which the excess trans-[Pt(PEt3)2Cl2] was
first eluted with dichloromethane/petroleum ether (1:1, v/v) and then 2
was eluted with dichloromethane. Subsequent recrystallization from ben-
zene/n-pentane afforded 2 as a very pale yellow microcrystalline solid:
Yield =504 mg, 70 %; 1H NMR (400 MHz, CDCl3, 298 K, relative to
Me4Si): d =1.14 (s, 21H; iPr), 1.21 (vq, J=5.0 Hz, 36H; CH3), 2.03–2.12
(m, 24H; CH2�P), 7.22 (d, 4 H, J(H,H) =11.0 Hz; C6H4), 7.36 (d, 4 H,
J(H,H) =11.0 Hz; C6H4), 7.55 (d, 2 H, J(H,H) =1.5 Hz; C6H3), 7.59 ppm
(s, 1 H, J(H,H) =1.5 Hz; C6H3); 13C{1H} NMR (125.8 MHz, CDCl3, 298 K,
relative to Me4Si): d =8.04 (s; CH3), 11.29 (s; iPr), 14.56 (t, J(C,P)=


17.0 Hz; CH2�P), 18.67 (s; iPr), 86.46 (t, JC,P =16.0 Hz; acetylenic car-
bons), 88.48, 90.99, 92.08, 101.85, 105.38 (s; acetylenic carbons), 119.21,
124.09, 124.17, 129.18, 130.82, 131.36, 133.89, 134.16 ppm (s; aromatic car-
bons); 31P{1H} NMR (162 MHz, CDCl3, 298 K, relative to 85% H3PO4):
d=15.30 (s, J(Pt,P) =2381 Hz) ppm; IR (KBr disc): ñ= 2114(s), 2154(w),
2211(w) cm�1, ñ(C�C); positive-ion FAB MS: m/z : 1439 [M]+ ; elemental
analysis calcd (%) for 2 : C 50.9, H 6.45; found: C 50.7, H 6.28.


[1,3,5-{C6H5C�C(PEt3)2PtC�CC6H4C�C}3C6H3] (3): This was synthesized
according to a modified version of a literature procedure for the synthe-
sis of related compounds.[19] Complex 1 (142 mg, 0.077 mmol) and ethy-
nylbenzene (26 mg, 0.252 mmol) were dissolved in a mixture of THF
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(20 mL) and diethylamine (10 mL). CuCl (5 mg) was added to this reac-
tion mixture as a catalyst. The pale-yellow mixture was then stirred over-
night at room temperature, and the solvent was removed under reduced
pressure. The greenish-yellow gummy residue was then redissolved in di-
chloromethane, washed successively with brine and deionized water, and
dried over anhydrous sodium sulfate. The solution was then filtered, and
the solvent was removed under reduced pressure. The yellow residue was
chromatographed on basic aluminum oxide (50–200 microns) with di-
chloromethane as the eluent. Subsequent recrystallization of the crude
product with dichloromethane/n-hexane afforded 3 as a pale-yellow
powder: Yield= 68 mg, 43%; 1H NMR (400 MHz, CDCl3, 298 K, relative
to Me4Si): d=1.22 (vq, J=8.0 Hz, 54H; CH3), 2.10–2.20 (m, 36H; CH2�
P), 7.10–7.30 (m, 21H; C6H5 and C6H4), 7.36 (d, 6 H, J(H,H) =8.2 Hz;
C6H4), 7.60 ppm (s, 3H; C6H3); 31P{1H} NMR (162 MHz, CDCl3, 298 K,
relative to 85% H3PO4): d =11.18 ppm (s, J(Pt,P) =2366 Hz); IR (KBr
disc): ñ =2099(s), 2205(w) cm�1, n(C�C); positive ion FAB MS: m/z :
2044 [M +1]+ ; elemental analysis calcd (%) for 3 : C 56.38, H 5.91;
found: C 56.52, H 6.01.


[1,3,5-{MeOC6H4C�C(PEt3)2PtC�CC6H4C�C}3C6H3] (4): The procedure
was similar to that for 3 except that 1-ethynyl-4-methoxybenzene (33 mg,
0.252 mmol) was used instead of ethynylbenzene to afford 4 as a pale-
yellow powder: Yield=85 mg, 52 %; 1H NMR (400 MHz, CDCl3, 298 K,
relative to Me4Si): d= 1.23 (vq, J=8.0 Hz, 54H; CH2�CH3), 2.10–2.25
(m, 36H; CH2�P), 3.85 (s, 9H; OMe), 6.77 (d, 6 H, J(H,H) =9.0 Hz;
C6H4OMe), 7.21 (d, 6H, J(H,H) = 9.0 Hz; C6H4OMe), 7.24 (d, 6 H,
J(H,H) =9.0 Hz; C6H4), 7.36 (d, 6 H, J(H,H) =9.0 Hz; C6H4), 7.59 ppm (s,
3H; C6H3); 31P{1H} NMR (162 MHz, CDCl3, 298 K, relative to 85 %
H3PO4): d=11.10 ppm (s, J(Pt,P) =2374 Hz); IR (KBr disc): ñ=2097(s),
2207(w) cm�1, ñ(C�C); positive-ion FAB MS: m/z : 2134 [M+1]+ ; ele-
mental analysis calcd (%) for 4 : C 55.69, H 5.95; found: C 55.74, H 5.72.


[1,3,5-{MeC6H4C�C(PEt3)2PtC�CC6H4C�C}3C6H3] (5): The procedure
was similar to that for 3 except that 1-ethynyltoluene (29 mg,
0.252 mmol) was used instead of ethynylbenzene to afford 5 as pale-
yellow powder: Yield=80 mg, 50 %; 1H NMR (400 MHz, CDCl3, 298 K,
relative to Me4Si): d= 1.22 (vq, J=8.0 Hz, 54H; CH2�CH3), 2.10–2.25
(m, 36H; CH2�P), 2.29 (s, 9 H; C6H4Me), 7.01 (d, 6 H, J(H,H) =8.0 Hz;
C6H4Me), 7.18 (d, 6H, J(H,H) =8.0 Hz; C6H4Me), 7.24 (d, 6H, J(H,H) =


12.0 Hz; C6H4), 7.30 (d, 6H, J(H,H) =12.0 Hz; C6H4), 7.60 ppm (s, 3 H;
C6H3); 31P{1H} NMR (162 MHz, CDCl3, 298 K, relative to 85% H3PO4):
d=11.18 ppm (s, J(Pt,P) =2393 Hz); IR (KBr disc): ñ=2099(s),
2207(w) cm�1, n(C�C); positive-ion FAB MS: m/z : 2085 [M]+ ; elemental
analysis calcd (%) for 5 : C 56.97, H 6.08; found: C 57.10, H 6.13.


[1,3,5-{F3CC6H4C�C(PEt3)2PtC�CC6H4C�C}3C6H3] (6): The procedure
was similar to that for 3 except that 1-ethynyl-4-trifluoromethylbenzene
(43 mg, 0.252 mmol) was used instead of ethynylbenzene to afford 6 as a
pale-yellow powder: Yield=81 mg, 47 %; 1H NMR (400 MHz, CDCl3,
298 K, relative to Me4Si): d=1.23 (vq, J=8.0 Hz, 54 H; CH3), 2.10–2.20
(m, 36H; CH2�P), 7.25 (d, 6H, J(H,H) =8.3 Hz; C6H4), 7.34 (d, 6 H,
J(H,H) =8.1 Hz; C6H4CF3), 7.38 (d, 6H, J(H,H) =8.3 Hz; C6H4), 7.45 (d,
6H, J(H,H) =8.1 Hz; C6H4CF3), 7.60 ppm (s, 3 H; C6H3); 31P{1H} NMR
(162 MHz, CDCl3, 298 K, relative to 85% H3PO4): d =11.33 ppm (s,
J(Pt,P) = 2356 Hz); IR (KBr disc): ñ= 2100(s), 2207(w) cm�1, n(C�C);
positive ion FAB MS: m/z : 2249 [M+1]+ ; elemental analysis calcd (%)
for 6 : C 52.87, H 5.24; found: C 53.04, H 5.37.


[1,3,5-{NC5H4C�C(PEt3)2PtC�CC6H4C�C}3C6H3] (7): The procedure
was similar to that described for the preparation of 3 except that 4-ethy-
nylpyridine (26 mg, 0.252 mmol) was used instead of ethynylbenzene to
afford 7 as a yellow powder: Yield=66 mg, 42%; 1H NMR (400 MHz,
CDCl3, 298 K, relative to Me4Si): d =1.23 (vq, J =8.0 Hz, 54 H; CH3),
2.20–2.30 (m, 36H; CH2�P), 7.10 (d, 6H, J(H,H) =5.4 Hz; C5H4N), 7.25
(d, 6 H, J(H,H) = 8.2 Hz; C6H4), 7.38 (d, 6H, J(H,H) =8.2 Hz; C6H4), 7.61
(s, 3H; C6H3), 8.39 ppm (d, 6H, J(H,H) =5.4 Hz; C5H4N); 31P{1H} NMR
(162 MHz, CDCl3, 298 K, relative to 85% H3PO4): d =11.35 ppm (s,
J(Pt,P) = 2347 Hz); IR (KBr disc): ñ=2095 (s), 2205(w) cm�1, n(C�C);
positive-ion FAB MS: m/z : 2048 [M+1]+ ; elemental analysis calcd (%)
for 7: C 54.54, H 5.76, N 2.05; found: C 54.37, H 5.69, N 2.16.


[1,3,5-{AcSC6H4C�C(PEt3)2PtC�CC6H4C�C}3C6H3] (8): The procedure
was similar to that for 3 except that 4-ethynylbenzenethioacetate (44 mg,


0.252 mmol) and ethyldiisopropylamine (10 mL) were used instead of
ethynylbenzene and diethylamine, respectively, to afford 8 as a yellow
powder: Yield= 50 mg, 29%; 1H NMR (400 MHz, CDCl3, 298 K, relative
to Me4Si): d=1.22 (vq, J =8.0 Hz, 54 H; CH2�CH3), 2.10–2.25 (m, 36H;
CH2�P), 2.40 (s, 9 H; SAc), 7.25–7.30 (m, 18 H; C6H4 and C6H4SAc), 7.42
(d, 6H, J(H,H) =9.0 Hz; C6H4), 7.64 ppm (s, 3H; C6H3); 31P{1H} NMR
(162 MHz, CDCl3, 298 K, relative to 85% H3PO4): d =11.30 ppm (s,
J(Pt,P) = 2360 Hz); IR (KBr disc): ñ= 2098(s), 2207(w) cm�1, n(C�C);
positive-ion FAB MS: m/z : 2266 [M+1]+ ; elemental analysis calcd (%)
for 8 : C 54.03, H 5.60; found: C 54.17, H 5.51.


[1,3,5-{NpC�C(PEt3)2PtC�CC6H4C�C}3C6H3] (9): The procedure was
similar to that for 3 except that 1-ethynylnapthalene (38 mg, 0.252 mmol)
was used instead of ethynylbenzene to afford 9 as a very pale orange
powder: Yield=106 mg, 63%; 1H NMR (400 MHz, CDCl3, 298 K, rela-
tive to Me4Si): d=1.22 (vq, J =8.0 Hz, 54 H; CH3), 2.15–2.25 (m, 36 H;
CH2�P), 7.27 (d, 6H, J(H,H) =8.0 Hz; C6H4), 7.34 (d, 3H, J(H,H) =


6.0 Hz; Np), 7.40 (d, 6H, J(H,H) = 8.0 Hz; C6H4), 7.42–7.49 (m, 9H; Np),
7.61 (s, 3 H; C6H3), 7.63 (d, 3H, J(H,H) =12.0 Hz; Np), 7.80 (d, 3 H,
J(H,H) =12.0 Hz; Np), 8.51 ppm (d, 3 H, J(H,H) =12.0 Hz; Np); 31P{1H}
NMR (162 MHz, CDCl3, 298 K, relative to 85 % H3PO4): d=11.69 ppm
(s, J(Pt,P) =2365 Hz); IR (KBr disc): ñ=2093(s), 2207(w) cm�1, n(C�C);
positive-ion FAB MS: m/z : 2194 [M]+ ; elemental analysis calcd (%) for
9 : C 59.09, H 5.79; found: C 59.21, H 5.62.


[1,3,5-{PyrC�C(PEt3)2PtC�CC6H4C�C}3C6H3] (10): The procedure was
similar to that for 3 except that 1-ethynylpyrene (57 mg, 0.252 mmol) was
used instead of ethynylbenzene. Subsequent recrystallization of the crude
product with dichloromethane/n-hexane afforded 10 as a yellow powder:
Yield =114 mg, 61 %; 1H NMR (400 MHz, CDCl3, 298 K, relative to
Me4Si): d=1.30 (vq, J=8.0 Hz, 54 H; CH3), 2.20–2.30 (m, 36H; CH2�P),
7.29 (d, 6H, J(H,H) =8.0 Hz; C6H4), 7.40 (d, 6H, J(H,H) =8.0 Hz; C6H4),
7.62 (s, 3H; C6H3), 7.92–8.15 (m, 24 H; Pyr), 8.72 ppm (d, 6 H, J(H,H) =


9.0 Hz; Pyr); 31P{1H} NMR (162 MHz, CDCl3, 298 K, relative to 85%
H3PO4): d=12.05 ppm (s, J(Pt,P) =2365 Hz); IR (KBr disc): ñ=2085(s),
2111(sh), 2205(w) cm�1, n(C�C); positive-ion FAB MS: m/z : 2416
[M+1]+ ; elemental analysis calcd (%) for 10 : C 62.60, H 5.50; found: C
62.46, H 5.39.


[1,3,5-{HC�CAnC�C(PEt3)2PtC�CC6H4C�C}3C6H3] (11): The proce-
dure was similar to that for 3 except that a large excess of 1,8-diethyny-
lanthracene (252 mg, 1.12 mmol) was used instead of ethynylbenzene and
the complex [1,3,5-{Cl(PEt3)2PtC�CC6H4C�C}3C6H3] (100 mg,
0.054 mmol) was added dropwise to the solution of 1,8-diethynylanthra-
cene. Subsequent work-up procedures similar to that for 3 followed by
column chromatography on silica gel (70–230 mesh) with dichlorome-
thane as the eluent gave the crude 11 as a bright yellow powder. Recrys-
tallization from dichloromethane/n-hexane in the absence of light yielded
11 as an analytically pure bright yellow powder: Yield= 73 mg, 56 %;
1H NMR (400 MHz, CDCl3, 298 K, relative to Me4Si): d =1.27 (vq, J=


5.0 Hz, 54 H; CH3), 2.17–2.26 (m, 36H; CH2�P), 3.47 (s, 3H; C�CH),
7.28 (d, 6 H, J(H,H) =9.0 Hz; C6H4), 7.38–7.42 (m, 12 H; 3-An, 6-An and
C6H4), 7.52 (d, 3 H, J(H,H) =9.0 Hz; 4-An), 7.62 (s, 3 H; C6H3), 7.74 (d,
3H, J(H,H) =9.0 Hz; 5-An), 7.80 (d, 3H, J(H,H) =9.0 Hz; 2-An), 8.01
(d, 3 H, J(H,H) =9.0 Hz; 7-An), 8.40 (s, 3H; 10-An), 9.56 ppm (s, 3H; 9-
An); 31P{1H} NMR (162 MHz, CDCl3, 298 K, relative to 85 % H3PO4):
d=11.82 ppm (s, J(Pt,P) =2365 Hz) IR (KBr disc): ñ=2085(s), 2153(w),
2208(w) cm�1, n(C�C); positive ion FAB MS: m/z : 2421 [M+1]+ ; ele-
mental analysis calcd (%) for 11: C 62.60, H 5.50; found: C 62.66, H 5.55.


[1,3-{PyrC�C(PEt3)2PtC�CC6H4C�C}2-5-{(iPr)3SiC�C}C6H3] (12): The
procedure was similar to that for 10 except that 2 (163 mg, 0.11 mmol)
was used instead of 1 to afford 12 as a yellow powder: Yield= 126 mg,
63%; 1H NMR (400 MHz, CDCl3, 298 K, relative to Me4Si): d=1.15 (s,
21H; iPr), 1.29 (vq, J =5.0 Hz, 36 H; CH3), 2.22–2.30 (m, 24H; CH2�P),
7.28 (d, 4H, J(H,H) =9.0 Hz; C6H4), 7.39 (d, 4H, J(H,H) =9.0 Hz; C6H4),
7.56 (d, 2 H, J(H,H) = 1.5 Hz; C6H3), 7.62 (t, 1H, J(H,H) =1.5 Hz; C6H3),
7.94–8.14 (m, 16H; Pyr), 8.72 ppm (d, 2 H, J(H,H) =11.0 Hz; Pyr);
31P{1H} NMR (162 MHz, CDCl3, 298 K, relative to 85 % H3PO4): d=


11.75 ppm (s, J(Pt,P) =2365 Hz) ppm; IR (KBr disc): ñ=2086(s),
2153(w), 2209(w) cm�1, n(C�C); positive-ion FAB MS: m/z : 1818
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[M+1]+ ; elemental analyses calcd (%) for 12 : C 64.08, H 6.10; found: C
64.16, H 6.25.


[1,3-{PyrC�C(PEt3)2PtC�CC6H4C�C}2-5-(HC�C)C6H3] (13): This com-
plex was prepared according to a modified version of a published proce-
dure for the deprotection of the triisopropylsilyl group.[51] nBu4NF (1 mL,
1m solution in THF) was added to a solution of 12 (25 mg, 0.014 mmol)
in THF (15 mL). The reaction mixture was stirred at room temperature
for 1 h and was quenched with water. The organic solvent was removed
under reduced pressure and the residue was partitioned between di-
chloromethane and deionized water. The organic phase was dried over
anhydrous magnesium sulfate and filtered. Removal of solvent gave the
crude product 13 as a yellow powder. Column chromatography on silica
gel (70–230 mesh) with dichloromethane/hexane (1:1, v/v) as the eluent
gave 13 as a pure pale yellow powder: Yield= 18 mg, 78 %; 1H NMR
(400 MHz, CDCl3, 298 K, relative to Me4Si): d=1.29 (vq, J =5.0 Hz,
36H, CH3), 2.22–2.30 (m, 24H; CH2�P), 3.11 (s, 1 H; C�CH), 7.28 (d,
4H, J(H,H) =9.0 Hz; C6H4), 7.39 (d, 4 H, J(H,H) = 9.0 Hz; C6H4), 7.57 (d,
2H, J(H,H) =1.5 Hz; C6H3), 7.65 (t, 1 H, J(H,H) =1.5 Hz; C6H3), 7.90–
8.14 (m, 16H; Pyr), 8.72 ppm (d, 2H, J(H,H) =11.0 Hz; Pyr); 31P{1H}
NMR (162 MHz, CDCl3, 298 K, relative to 85 % H3PO4): d=11.75 ppm
(s, J(Pt,P) =2368 Hz); IR (KBr disc): ñ =2085(s), 2155(w), 2211(w) cm�1,
n(C�C); positive-ion FAB MS: m/z : 1660 [M+1]+ ; elemental analysis
calcd (%) for 13 : C 63.61, H 5.46; found: C 63.82, H 5.52.


[1,8-{Cl(PEt3)2PtC�C}2An] (14): The procedure was similar to that for 2
except that 1,8-(HC�C)2An (75 mg, 0.332 mmol) was used instead of 1,3-
(HC�CC6H4C�C)2-5-{(iPr)3SiC�C}C6H3. Column chromatography on
silica gel with dichloromethane as the eluent gave complex 14 as a bright
yellow powder. Subsequent recrystallization from dichloromethane/n-
hexane yielded 14 as bright yellow needle-like crystals: Yield=250 mg,
65%; 1H NMR (400 MHz, CDCl3, 298 K, relative to Me4Si): d =1.24 (vq,
J =8.0 Hz, 36 H; CH3), 2.10–2.20 (m, 24H; CH2�P), 7.32 (dd, 2 H,
J(H,H) =9.0 Hz, 9.0 Hz; 3-An and 6-An), 7.45 (d, 2H, J(H,H) =9.0 Hz;
4-An and 5-An), 7.79 (d, 2H, J(H,H) =9.0 Hz; 2-An and 7-An), 8.34 (s,
1H; 10-An) , 9.41 ppm (s, 1 H; 9-An); 31P{1H} NMR (162 MHz, CDCl3,
298 K, relative to 85% H3PO4): d=14.25 ppm (s, J(Pt,P) =2393 Hz); IR
(KBr disc): ñ =2106(s) cm� , n(C�C); positive-ion FAB MS: m/z : 1158
[M+1]+ ; elemental analysis calcd (%) for 14 : C 43.46, H 5.92; found: C
43.62, H 6.11.


Physical measurements and instrumentation : 1H NMR spectra were re-
corded on Bruker DPX 300 (300 MHz) or Bruker DPX 400 (400 MHz)
Fourier-transform NMR spectrometers with chemical shifts reported rela-
tive to tetramethylsilane, Me4Si, while 13C{1H} and 31P{1H} spectra were
recorded on either a Bruker DPX 400 or a Bruker DPX 500 Fourier-
transform NMR spectrometer with chemical shifts reported relative to
Me4Si and 85% H3PO4, respectively. Positive-ion FAB mass spectra were
recorded on a Finnigan MAT95 mass spectrometer. IR spectra were ob-
tained by using KBr disks on a Bio-Rad FTS-7 Fourier-transform infra-
red spectrophotometer (4000–400 cm-1). Elemental analyses were per-
formed on a Carlo Erba 1106 elemental analyzer at the Institute of
Chemistry, Chinese Academy of Sciences. The electronic absorption spec-
tra were obtained by using a Hewlett–Packard 8452 A diode array spec-
trophotometer. Steady-state excitation and emission spectra recorded at
room temperature and at 77 K were recorded on a Spex Fluorolog-2
Model F111 fluorescence spectrofluorometer. Solid-state photophysical
studies were carried out with solid samples contained in a quartz tube
inside a quartz-walled Dewar flask. Measurements of the ethanol/metha-
nol (4:1, v/v) glass or solid-state samples at 77 K were similarly conduct-
ed by using liquid nitrogen filled in the optical Dewar flask. All solutions
for photophysical studies were degassed on a high-vacuum line in a two-
compartment cell consisting of a 10 mL Pyrex bulb and a quartz cuvette
(1 cm pathlength) and sealed from the atmosphere by a Bibby Rota-
flo HP6 Telflon stopper. The solutions were rigorously degassed with at
least four successive freeze–pump–thaw cycles. Emission lifetime meas-
urements were performed by using a conventional laser system. The exci-
tation source used was with a 355 nm output (third harmonic) from a
Spectra-Physics Quanta-Ray Q-switched GCR-150–10 pulsed Nd-YAG
laser. Luminescence decay signals were detected by a Hamamatsu
R928 PMT apparatus, recorded on a Tektronix Model TDS-620 A


(500 MHz, 2 GS s�1) digital oscilloscope, and analyzed by using a program
for exponential fits. Cyclic voltammetric measurements were performed
by using a CH Instruments, Inc., model CHI 750 A electrochemical ana-
lyzer. Electrochemical measurements were performed in dichlorome-
thane solutions with 0.1m nBu4NPF6 (TBAH) as the supporting electro-
lyte at room temperature. The reference electrode was an Ag/AgNO3


(0.1 m in acetonitrile) electrode and the working electrode was a glassy
carbon electrode (CH Instruments, Inc.) with a platinum wire as the
counter electrode. The working electrode surface was first polished with
1 mm alumina slurry (Linde) on a microcloth (Buehler Co.). It was then
rinsed with ultrapure deionized water and sonicated in a beaker contain-
ing ultrapure water for five minutes. The polishing and sonicating steps
were repeated twice and then the working electrode was finally rinsed
under a stream of ultrapure deionized water. The ferrocenium/ferrocene
couple (FeCp2


+ /0) was used as the internal reference. All solutions for
electrochemical studies were deaerated with prepurified argon gas prior
to measurements.


X-ray crystal structure determination : Crystals of 4 were obtained by
layering of n-hexane onto a concentrated dichloromethane solution of
the complex. Crystal data: [C99H126O3P6Pt3]; formula weight=2135.09,
triclinic, space group P1̄ (no. 2), a =13.296(3), b=16.894(3), c =


23.088(5) �, a=108.23(3), b= 96.20(3), g =93.33(3)8, V =4873.7(18) �3,
Z=2, 1calcd =1.455 gcm�3, m(MoKa) =4.439 mm�1, F(000) = 2136, T=


253 K. A crystal of dimensions 0.5� 0.4� 0.3 mm mounted in a glass capil-
lary was used for data collection at 253 K on a MAR diffractometer with
a 300 mm image-plate detector and with graphite monochromatized
MoKa radiation (l=0.71073 �). Data collection was made with 28 oscilla-
tion step of f, 600 s exposure time, and scanner distance at 120 mm.
100 images were collected. The images were interpreted and the intensi-
ties integrated by using the DENZO program.[52] The structure was
solved by direct methods by employing the SIR-97[53] program on a PC.
Pt, P, and many non-hydrogen atoms were located according to direct
methods and the successive least-squares Fourier cycles. Positions of
other non-hydrogen atoms were found after successful refinement by
full-matrix least-squares with the SHELXL-97[54] program on a PC. Some
Et groups of triethylphosphines were disordered into two different posi-
tions. Restraints were applied to the triethylphosphines, with the assump-
tion of similar 1,2- and 1,3-P�C bond lengths within each phosphine, re-
spectively. For one disordered Et group restraints were also applied to
assume the same displacement parameters for the disordered parts, re-
spectively. According to the SHELXL-97 program,[54] all 16029 independ-
ent reflections (Rint equal to 0.0473, 10524 reflections larger than 4s(F0),
where Rint =� jF2


0�F2
0(mean) j /�[F2


0]) from a total of 32691 reflections
participated in the full-matrix least-squares refinement against F2. These
reflections were in the range �15�h�15, �20�k�20, �27� l�26 with
2qmax equal to 50.768. One crystallographic asymmetric unit consisted of
one formula unit. In the final stage of the least-squares refinement,
carbon atoms of triethylphosphines were refined isotropically, other non-
hydrogen atoms were refined anisotropically. The hydrogen atoms were
generated by the SHELXL-97[54] program, were calculated based on the
riding model with thermal parameters equal to 1.2 times that of the asso-
ciated carbon atoms, and participated in the calculation of final R indices.
Since the structure refinements were against F2, R indices based on F2


were larger than (more than double) those based on F. For comparison
with older refinements based on F and an OMIT threshold, a convention-
al index R1 based on observed F values larger than 4s(F0) was also given
(corresponding to Intensity�2s(I)). wR2 = {�[w(F2


0�F2
c)


2]/�[w(F2
0)


2]}1/2,
R1 =� j jF0 j� jFc j j /� jF0 j . The goodness of fit (GoF) is based on F2 :
GoF=S = {�[w(F2


0�F2
c)


2]/(n�p)}1/2, where n is the number of reflections
and p is the total number of parameters refined. The weighting scheme
is: w=1/[s2(F2


0)+(aP)2+bP], where P is [2F2
c+Max(F2


0,0)]/3. Convergence
((D/s)max =0.001, av. 0.001) for 799 variable parameters by full-matrix
least-squares refinement on F2 reaches to R1 =0.0507 and wR2 =0.1372
with a goodness-of-fit of 0.993; the parameters a and b for the weighting
scheme are 0.0788 and 0. The final difference Fourier map shows maxi-
mum rest peaks and holes of 2.064 (near the Pt atom) and �1.321 e��3


respectively. Selected bond lengths and angles are summarized in
Table 1.
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Crystals of 14 were obtained by layering of n-hexane onto a concentrated
dichloromethane solution of the complex. Crystal data: [C42H68Cl2P4Pt2];
formula weight= 1157.92, monoclinic, space group C2/c, a=26.705(5),
b=12.999(3), c=13.953(3) �, b= 101.30(3)8, V =4749.7(16) �3, Z=4,
1calcd =1.619 gcm�3, m(MoKa) =6.158 mm�1, F(000) =2280, T =253 K. A
crystal of dimensions 0.6 � 0.3� 0.12 mm mounted in a glass capillary was
used for data collection at 253 K on a MAR diffractometer with a
300 mm image plate detector and with graphite-monochromatized MoKa


radiation (l=0.71073 �). Data collection was made with 28 oscillation
step of f, 600 s exposure time, and scanner distance at 120 mm.
100 images were collected. The images were interpreted and intensities
integrated by using the DENZO program.[52] The structure was solved by
direct methods by employing the SIR-97[53] program on a PC. Pt, Cl, P,
and many non-hydrogen atoms were located according to direct methods
and the successive least-squares Fourier cycles. Positions of other non-hy-
drogen atoms were found after successful refinement by full-matrix least-
squares by using the SHELXL-97[54] program on a PC. According to the
SHELXL-97 program,[54] all 4159 independent reflections (Rint equal to
0.0539, 2600 reflections larger than 4s(F0), where Rint =� jF2


0�F2
0(mean) j /


�[F2
0]) from a total 12 461 reflections participated in the full-matrix least-


square refinement against F2. These reflections were in the range �31�
h�31, �15�k�15, �15� l�15 with 2qmax equal to 50.988. One crystal-
lographic asymmetric unit consisted of a half formula unit. In the final
stage of the least-squares refinement, all non-hydrogen atoms were re-
fined anisotropically. The hydrogen atoms were generated by the
SHELXL-97[54] program, were calculated based on the riding model with
thermal parameters equal to 1.2 times that of the associated carbon
atoms, and participated in the calculation of final R indices. Since the
structure refinements were against F2, R indices based on F2 were larger
than (more than double) those based on F. For comparison with older re-
finements based on F and an OMIT threshold, a conventional index R1


based on observed F values larger than 4s(F0) was also given (corre-
sponding to Intensity�2s(I)). wR2 = {�[w(F2


0�F2
c)


2]/�[w(F0
2)2]}1/2, R1 =� j


jF0 j� jFc j j /� jF0 j . The goodness of fit (GoF) is always based on F2 :
GoF=S = {�[w(F2


0�F2
c)


2]/(n�p)}1/2, where n is the number of reflections
and p is the total number of parameters refined. The weighting scheme
is: w=1/[s2(F2


0)+(aP)2+bP], where P is [2F2
c+Max(F2


0,0)]/3. Convergence
((D/s)max =0.001, av. 0.001) for 227 variable parameters by full-matrix
least-squares refinement on F2 reaches to R1 =0.0525 and wR2 =0.1325
with a goodness-of-fit of 0.913; the parameters a and b for the weighting
scheme are 0.0907 and 0. The final difference Fourier map shows maxi-
mum rest peaks and holes of 2.462 (near the Pt atom) and �3.005 e��3,
respectively. Selected bond lengths and angles are summarized in
Table 1. CCDC-248964 (4) and CCDC-248965 (14) 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.
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High Surface Area, Mesoporous, Glassy Alumina with a Controllable Pore
Size by Nanocasting from Carbon Aerogels


Wen-Cui Li, An-Hui Lu, Wolfgang Schmidt, and Ferdi Sch�th*[a]


Introduction


Porous aluminas are attractive materials with broad applica-
bility as adsorbents, catalyst supports, and as part of bifunc-
tional catalysts in large-scale processes in the chemical and
petrochemical industry, such as the cracking and hydro-
cracking of petroleum, the purification of gas–oil fractions,
or the steam reforming of hydrocarbon feedstocks to pro-
duce hydrogen. The wide range of applications of these alu-
minas can be traced back to their favorable textural proper-
ties, such as surface area, pore volume, and pore size distri-
bution (PSD), as well as to their high thermal and hydro-
thermal stabilities. Due to the importance of alumina in cat-
alysis, the ability to tailor its pore system is needed, and
thus, several attempts have been made to synthesize meso-
porous aluminas.[1–4] The discovery of the silica-based M41S
family of mesoporous materials with a narrow pore size dis-
tribution has also promoted considerable activity in the de-
velopment of ordered, mesoporous aluminas. Generally, all
processes used in the surfactant-assisted synthesis of silicas
are also employed in attempts to synthesize mesoporous alu-
minas, such as the routes that use neutral, anionic, cationic,
or block-polymer surfactants. Pinnavaia et al. were the first


to report the preparation of mesostructured wormhole-like
alumina from aluminum tri-sec-butoxide in the presence of
electrically neutral, block-copolymer surfactants as struc-
ture-directing agents.[5] Similar wormhole structures have
also been synthesized by the hydrolysis of aluminum alkox-
ides assisted by the anionic surfactant sodium dodecylbenze-
nesulfonate[6] or the cationic surfactant cetyltrimethylammo-
nium bromide.[7] Using the hydrolysis of alkoxides under
basic conditions, Shanks and co-workers synthesized meso-
porous alumina with a hierarchical structure, composed of
mesopores 4 nm in diameter and macropores with a diame-
ter of about 300 nm.[8] Lee et al. succeeded in synthesizing
aluminas with unidirectional nanostructures, such as nano-
tubes, nanofibers, and nanorods, by the hydrolysis of alumi-
num alkoxides assisted by surfactants in the absence of a
solvent.[9]


However, despite these successes, the synthesis of meso-
porous alumina by surfactant-assisted methods poses more
complex problems than the synthesis of analogous silica-
based materials, because attempts to remove the surfactant
often result in the structural collapse of the alumina meso-
pores. High degrees of structural order, which are common
for silicas, are rarely observed for aluminas. Furthermore,
the raw materials mostly used are expensive alkoxides, and
the hydrolysis rate of such alkoxides is not easy to control.
Yang et al. attempted to synthesize mesoporous alumina
from aluminum nitrate by means of a sol–gel process assist-
ed by ultrasound.[10] This reaction, however, is very sensitive
to reaction conditions, which needed to be strictly controlled
in order to form a gel precursor. The highest surface area


Abstract: A strategy to synthesize
amorphous, mesoporous alumina by
nanocasting has been developed, in-
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plate and aluminum nitrate solution as
an alumina precursor. The alumina
generated exhibits small, transparent
granules with a 3–6 mm diameter and
has inherited the three-dimensional


network structure of the carbon tem-
plate. The mesopore surface area of
the alumina can be as high as
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and pore volume achieved were 266 m2 g�1 and 0.2 cm3 g�1,
respectively.


An alternative approach to structure alumina on the
mesoscale is to use hard templates in a nanocasting process.
There is one attempt reported in the literature to use a
porous, ordered carbon of the CMK-3 type as a hard tem-
plate to synthesize mesoporous alumina.[11] However, al-
though a high surface area alumina was synthesized, the ma-
terial was not highly ordered. The surface area and pore
volume, on the other hand, were rather high, reaching
360 m2 g�1 and 0.36 cm3 g�1, respectively. In general, porous
carbons are ideal exotemplate molds for the creation of high
surface area materials and can easily be removed by simple
combustion.[12] Wakayama and co-workers used activated
carbons as templates; a metal-oxide precursor in a supercrit-
ical solvent was introduced by an impregnation process to
synthesize nanoporous oxides.[13] A simpler approach is the
direct impregnation of activated carbons with concentrated
aqueous salt solution. After drying and removal of the
carbon templates by combustion, porous metal oxides and
even more complex oxides, such as spinels, with high surface
areas can be achieved.[14, 15] However, it is difficult to create
porous metal oxides with controlled macroscopic morpholo-
gies and controllable pore size distributions by using activat-
ed carbons as templates. This is due to the limitations of ac-
tivated carbons, which often have broad pore size distribu-
tions and are typically available in powder form or as
formed bodies, which are generated from powders.


We therefore decided to investigate the use of carbon
aerogels as hard templates for the synthesis of mesoporous
alumina with a controllable pore size, high surface area, and
high pore volume, by using aluminum nitrate as a cheap alu-
minum source. Such carbon aerogels are usually investigated
for use as electrode materials of supercapacitors.[16,17] How-
ever, initial applications as hard templates are also emerg-
ing: carbon aerogel was recently used as a template to syn-
thesize ZSM-5 monoliths with uniform mesoporous chan-
nels.[18] The templating function of carbon aerogels can be
attributed to their unique properties, such as the three-di-
mensional connectivity of their pore system, high pore
volume, and narrow pore size distribution. In addition, their
purity is much higher than that of activated carbon. Because
of their special nanostructure, carbon aerogels are ideal tem-
plates for exotemplate synthesis.[15] Herein we describe the
synthesis of glassy alumina with exceptionally high pore
volume by nanocasting from carbon aerogels, and the con-
trol of the alumina pore system by adjusting the properties
of the aerogels.


Results and Discussion


The carbon aerogel was synthesized by using a sol–gel pro-
cess, but drying could be carried out under ambient condi-
tions after solvent exchange. Thus, supercritical drying,
which is often used in the synthesis of high-porosity aero-
gels, could be avoided. Aluminum nitrate aqueous solution


was infiltrated into the carbon aerogel by the incipient wet-
ness technique, followed by simple drying and calcination.
All of the experiments were carried out under ambient con-
ditions. Therefore, this process is relatively simple compared
to other synthesis routes for the preparation of high surface
area/high pore volume alumina with an adjustable mesopore
size.


Five carbon aerogels with different textural parameters
were synthesized by varying the reaction conditions. Based
on their increasing average pore size, the carbon aerogels
obtained are denoted as CA-1, CA-2… in the tables and fig-
ures. The as-synthesized aluminas obtained from these gels
are referred to as A-1, A-2, and so on, whereby the numbers
refer to the carbon aerogel templates from which the alumi-
na products were made. In addition, aluminas synthesized
from CA-4 and CA-5 templates with higher amounts of alu-
mina precursor are denoted as A-4-HA and A-5-HA, re-
spectively. For synthesis details refer to the Experimental
Section.


Morphology and structure : The aluminas obtained by using
different Al2O3/C ratios were glassy in appearance and gran-
ular in shape (Figure 1). The as-synthesized alumina samples


obtained from composites (aluminum nitrate/dried carbon
aerogel) with an Al2O3/C ratio below 0.2 were composed of
small transparent granules 2–3 mm in diameter. A typical
image of such an alumina (sample A-3) is given in Figure 1a
(left). Such syntheses were repeated several times, confirm-
ing the reproducibility of the process. When the Al2O3/C
ratio of the composite was higher than 0.3, the granules
were larger with a diameter of 4–6 mm, as shown for sample
A-5-HA in Figure 1a (middle). These bigger granules


Figure 1. Optical photographs of as-synthesized glassy aluminas. a) Dig-
ital camera image of samples with low Al2O3/C ratio (left), high Al2O3/C
ratio (middle), and alumina obtained when powdered porous carbon
(CMK-3) was impregnated (right). b) Optical micrograph of a sample of
the alumina material shown in the middle of (a), taken with a Leitz Or-
thoplan microscope.
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appear white due to scattering losses. On a smaller scale,
these samples are also glassy and transparent, as the micro-
graph in Figure 1b clearly shows. As a comparison, alumina
was prepared by the same procedure, but with mesoporous
carbon powder (CMK-3) as the template. The resulting alu-
mina was a white powder (Figure 1a, right), quite different
in appearance to the glassy samples obtained from the
carbon aerogel template. This is due to the small particle
size of the parent CMK-3, which leads to small-particle-
sized alumina, in contrast to the millimeter-sized replicas
from the aerogel, in which the absence of grain boundaries
results in low light-scattering. The glassy, granular form of
alumina is convenient for practical application in industrial
processes unlike the powder form, which may possess draw-
backs, such as dusting and high pressure-drops; such draw-
backs cannot be fully prevented by shaping procedures.


The structures of these samples were characterized by X-
ray diffraction (XRD) analysis. In all cases there were no
discernable reflections observed, indicating that these alumi-
nas are still amorphous, in spite of the 600 8C calcination
temperature. For most precursors, various types of crystal-
line or partially crystalline transition aluminas are obtained
at these temperatures.[19] Elemental analysis showed that the
residue of carbon in the alumina was far below 0.5 wt % in
all cases, indicating nearly complete removal of the carbon
template at the calcination temperature used here. In the
low-angle range, no Bragg peaks were detected, only a con-
tinuous decay of scattered intensity typical for high-surface-
area materials. This indicates that a regular mesopore struc-
ture was not formed, the expected result for hard templating
from a disordered carbon aerogel.


TEM analysis : The nanostructures of the carbon aerogel
templates and the corresponding aluminas were character-
ized by TEM to ascertain the relationship between the tex-
tures of the templates and the products. Representative
TEM images of carbon aerogels and the resulting aluminas
are shown in Figure 2. The images of the carbon aerogels
(CA-3 and CA-5) reveal their uniform structure, consisting
of a well-defined three-dimensional network of spherical
carbon particles. The estimated diameter of the spherical
particles is around 10–15 nm. These primary particles are
cross-linked with each other to form the abundant textural
mesopores in the carbon aerogels.[20] Aluminas, with both
low and high loading, formed by using such aerogels inherit-
ed the well-developed three-dimensional network structure
of the parent carbon template, as shown in Figure 2 (A-3
and A-5-HA). This is evidence of the replication of the net-
work structure of the carbon aerogel; that is, the resulting
alumina preserves the nanostructure of the carbon template
well. Also, the fact that millimeter-sized granules (Figure 1)
were obtained demonstrates the preservation of the 3D pore
connectivity in the resulting alumina. In particular, the
higher alumina loading (Al2O3/C ratio >0.3) resulted in
larger sized granules of alumina, as seen in Figure 1, which
can be attributed to improved pore filling resulting in the
formation of a more fully connected, rigid framework. After


removal of the carbon template, this rigid framework is best
at copying the nanostructure of the carbon aerogel. Howev-
er, differing from the spherically shaped, primary carbon
particles of the aerogel, the primary alumina particles exhib-
ited a more sausage-like morphology. This is understandable
because the alumina should reflect the morphology of the
pore structure. The diameter of the alumina particles was es-
timated to be 5–7 nm. An increased amount of alumina pre-
cursor did not seem to change the overall morphology of
the resulting alumina particles, but instead increased the
particle diameters (Figure 2).


Sorption analysis : To further substantiate the templating
effect and to obtain more information on the pore structure
of the carbon aerogel and the alumina, the materials were
investigated by nitrogen sorption measurements. The nitro-
gen sorption isotherms for the carbon aerogel templates and
the corresponding aluminas synthesized at low loadings are
displayed in Figure 3. The template textural parameters,
such as the surface area, total pore volume, and pore size,
are compiled in Table 1. The carbon aerogel templates have
a type IV isotherm with well-pronounced H1 type hysteresis
loops in the relative pressure range of 0.7–0.9 (Figure 3a).
At relative pressures below 0.1, the high uptake of nitrogen
indicates the presence of micropores in the carbon aerogels,
in agreement with the micropore volume determined by
means of the t-plot method. The nitrogen sorption isotherms
for the aluminas (Figure 3b) are also of type IV with a sig-
nificant amount of nitrogen adsorbed at relative pressures
close to unity. More surprisingly, a very high pore volume of
1.55 cm3 g�1 was achieved for alumina A-5 (Table 2). As
seen from Figure 3b, the amount of nitrogen adsorbed at
low pressure is negligible, and the micropore volumes calcu-
lated from the t-plot method (Table 2) are extremely low
relative to those of the carbon templates. In addition, the
mesopore surface area of the alumina estimated by the t-
plot method (Table 2) is essentially equal to the total Brun-


Figure 2. TEM images of carbon aerogel templates (CA-3 and CA-5) and
the corresponding mesoporous aluminas (A-3 and A-5-HA).
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auer–Emmet–Teller (BET) surface area. This indicates that
the porosity of the alumina can mainly be attributed to the
mesopores. The adsorption branches of the isotherms of alu-
mina A-4 and A-5, synthesized at-low-precursor-loading
levels, do not clearly reach a plateau at high relative pres-
sure, indicating the existence of larger macropores, which
cannot be detected by the nitrogen adsorption technique.


The pore size distributions (PSDs) for the carbon aerogel
templates calculated from the desorption branch, by means


of the Barrett–Joyner–Halenda (BJH) model, are quite
narrow and centered around 10–14 nm (Figure 4a). In con-
trast, the aluminas display relatively broad PSDs in the
range of 5–30 nm (Figure 4b). The ratio of alumina to
carbon (Al2O3/C) was below 0.2 for these samples. Such low
impregnated amounts are not sufficient to sustain the skele-
ton architecture of the carbon aerogel templates after re-
moval of the carbon. Partial collapse of the pore structures
would result in an aggregation of alumina particles, finally
leading to the formation of large pores and a broad pore
size distribution due to the statistical nature of the process.
However, it should be mentioned that with an increasing
average pore size of the carbon templates from 8.1 to
13.6 nm (CA-1 to CA-5, Table 1), the average pore size of
the corresponding aluminas (A-1 to A-5) increased as well
from 10.4 to 16.6 nm (Table 2). A clear one-to-one corre-
spondence between the pore sizes of the carbon aerogel and
the alumina cannot be expected, as the pores in the alumina
should correspond to the particles of the aerogel. However,
coarsening of the pore structure in a gel such as the carbon
aerogel generally corresponds to a coarsening of the particu-
late structure of the gel.[21] Therefore, one would expect the
textural trends to be identical for “mold” and “cast”, as is in
fact observed experimentally. Hence, we can deduce that
the alumina mesopore structure, at least to some extent, re-
flects the network structure of the carbon aerogel template.


When the Al2O3/C ratio was higher than 0.3, the aluminas
obtained unexpectedly showed a double hysteresis loop in
the relative pressure ranges of 0.7–0.9 and 0.9–1.0
(Figure 5). This demonstrates the existence of a bimodal
pore system in samples A-4-HA and A-5-HA, as further
verified by the PSDs of these aluminas (Figure 5, inset).
These PSDs clearly show two maxima at 8 nm and around
20–30 nm. We suggest that the small mesopores are generat-
ed from the spaces in which the carbon aerogel primary par-
ticles were positioned, and the larger mesopores result from
the aggregation of the alumina primary particles.


As stated above, the alumina precursor was introduced in
the form of an aqueous solution of aluminum nitrate. Evi-
dently, it was impossible to completely fill the pore system
of the carbon aerogel with alumina by single-step impregna-
tion, because part of the pore space of the carbon aerogel
was still accessible after water removal. To achieve higher
loadings of alumina the impregnation procedure needs to be
repeated. However, if one analyses the isotherms (Figure 3a,
inset) and textural parameters (Table 2) of Al2O3/C compo-
sites-1 and -2 before carbon removal, the shape of both the
isotherms is similar for high and low alumina loadings, if
one disregards the decreases in surface area and pore
volume. This seems to suggest that there are parts of the
pore system completely filled, and that other parts are still
more or less empty. After repeated impregnation, the sur-
face area and pore volume were strongly reduced: the
values for composite-2, with a high alumina loading, were
0.22 cm3 g�1 and 87 m2 g�1, respectively. Thus, nearly com-
plete filling of the carbon aerogel pore space (i.e., 70 %)
could be achieved. It is reasonable to infer that at higher


Figure 3. Nitrogen sorption isotherms of a) carbon aerogels and b) the
corresponding mesoporous aluminas synthesized at low Al2O3/C ratios.
The isotherms of CA-2, CA-3, CA-4, and CA-5 were offset vertically by
300, 700, 1100, and 1400 cm3 g�1 STP, respectively. The isotherms of A-2,
A-3, A-4, and A-5 were offset vertically by 200, 600, 1100, and
1600 cm3 g�1 STP, respectively. The inset isotherms in a) are those of dried
carbon aerogel/aluminum nitrate composite-1 and composite-2 (see foot-
notes of Table 2), with Al2O3/C ratios of 0.16 and 0.34, respectively.
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filling levels the alumina primary particles are bigger and
better connected, forming a strong, three-dimensional net-
work. Removal of the carbon primary particles generates
the voids in the alumina. From TEM observations
(Figure 2), the primary particles of the carbon aerogel were
around 10–15 nm in diameter. The pore size of the resulting
alumina was smaller, at about 8 nm (Table 2 and PSDs in
Figure 5, inset). This can be attributed to the thermal shrink-
age of the structure during carbon removal. Only 70 % of


the pore space of the carbon
aerogel was filled by the alumi-
na precursor even at high load-
ing levels. This means that
some additional void space is
formed during the process.
This could occur homoge-
neously over the whole sample,
by which a monomodal pore
system would be formed. Al-
ternatively, alumina may ag-
gregate in domains of the
sample, truly replicating the
carbon, while, in between
these domains larger pores
would form. This would result
in a bimodal pore size distribu-
tion, as observed in our sam-
ples (for instance, inset in
Figure 5). We thus suggest that
the second mechanism is valid
for our materials. Such a hier-
achical combination of smaller
and larger mesopores would
actually be favorable from an
application point of view, as
this would, for example, reduce
transport limitations in hetero-
geneous catalysis.[22–24]


As mentioned earlier and
shown in Figure 1a, alumina synthesized by using powdered
mesoporous carbon (CMK-3), with a 3.5 nm pore size, as
the template, but otherwise by means of the same synthesis
strategy, was obtained as a white powder with a surface area
of only 177 m2 g�1 and a pore volume of 0.35 cm3 g�1; these
values were much lower than that of the carbon-aerogel-


Table 1. Synthesis conditions and textural parameters of carbon aerogels.


Sample Csyn
[a] Catalyst SBET


[b] Smeso
[b] Vtotal


[b] Vmic
[b] DBJH


[b]


[m2 g�1] [m2 g�1] [cm3 g�1] [cm3 g�1] [nm]


CA-1 30/200 Ca(OH)2 740 367 1.0 0.16 8.1
CA-2 40/200 Ca(OH)2 747 344 1.12 0.17 9.6
CA-3 30/500 Na2CO3 697 299 1.14 0.17 11.5
CA-4 40/500 Na2CO3 709 296 1.17 0.17 11.6
CA-5 40/500 Na2CO3


[c] 752 329 1.44 0.17 13.6


[a] Csyn: synthesis conditions of carbon aerogels. For example, 30/200 means the percentage of resorcinol and
formaldehyde was 30 wt %, and the molar ratio of resorcinol/catalyst was 200, and so on. [b] SBET: specific sur-
face area calculated based on the BET theory; Smeso and Vmic : mesopore surface area and micropore volume
calculated with the t-plot method; Vtotal : single-point total pore volume; DBJH: average pore diameter calculat-
ed with the BJH method (desorption branch). [c] For the CA-5 catalyst specifically, Na2CO3 was dissolved in a
saturated aqueous solution of magnesium hydroxide, in which the Mg2+ ion concentration was determined to
be 0.0018 m.


Table 2. Textural parameters of composites and mesoporous aluminas.[a]


Sample SBET Smeso Vtotal Vmic DBJH Al2O3/C
[m2 g�1] [m2 g�1] [cm3 g�1] [cm3 g�1] [nm]


composite-1[b] 224 133 – 0.03 10.5 0.16
composite-2[c] 87 19 0.22 0.01 12.1 0.34
A-1 335 339 1.07 0.02 10.4 0.09
A-2 332 365 1.30 0.01 12.2 0.14
A-3 311 309 1.41 0.01 14.0 0.16
A-4 305 267 1.55 0.01 17.9 0.19
A-5 300 281 1.48 0.01 16.6 0.18
A-4-HA 278 261 1.03 0.01 7.7, 22.9[d] 0.34
A-5-HA 275 256 0.80 0.01 7.7, 21.2[d] 0.34


[a] See Table 1 for parameter definitions. [b] Composite-1 is dried CA-3 carbon aerogel/aluminum nitrate,
which resulted in the formation of A-3. [c] Composite-2 is dried CA-4 carbon aerogel/aluminum nitrate, which
resulted in the formation of A-4-HA. [d] Maxima of the two peaks in the pore size distribution.


Figure 4. PSDs of a) carbon aerogels and b) the corresponding meso-
porous aluminas synthesized at low Al2O3/C ratios.


Figure 5. Nitrogen sorption isotherms and PSDs (inset) of aluminas syn-
thesized with a high Al2O3/C ratio. The isotherms of A-4-HA are offset
vertically by 300 cm3 g�1 STP.
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templated alumina. From this observation we can conclude
that carbon aerogel is the essential factor in forming the
glassy alumina with a high pore volume.


Thermal behavior : As discussed above, the as-prepared alu-
minas with large pore volumes and high surface areas were
amorphous after heat treatment at 600 8C in air for 8 h. In
many cases the thermal stability of mesoporous alumina is
particularly important due to the existence of many phases.
Therefore, we also studied the thermal behavior of the alu-
minas discussed here at higher temperatures, by using
sample A-4-HA as an example. Four derivatives were ob-
tained through calcination of A-4-HA at either 700, 800,
900, or 1000 8C in air for 1 h. The obtained products still
possessed the glassy, granular appearance. XRD analysis
(Figure 6) of the sample calcined at 700 8C showed no clear


reflections, confirming that the sample was still amorphous.
After calcination at 800 8C and above, the samples showed
broad, but clearly discernible, XRD reflections, indicating
formation of a crystalline phase, which was identified as g-
alumina (JCPDS card 10–425). Nitrogen adsorption iso-
therms of the annealed samples have similar shapes to that
of the parent alumina A-4-HA, that is, with two distinct ca-
pillary condensation steps, as shown in Figure 7. The calcu-
lated textural parameters (Table 3), however, indicate that
both the surface area and pore volume gradually decrease at
higher calcination temperature. Nevertheless, even at
1000 8C, the samples retained a high pore volume of around
0.4 m3 g�1 and a surface area of around 110 m2 g�1. Due to
sintering, the pore diameters increased from 14.5 to 19.6 nm
upon increasing the calcination temperature from 600 to
1000 8C.


Conclusion


In conclusion, a glassy, amorphous, mesoporous alumina
with very high pore volume, high surface area, and control-


lable pore size has been synthesized by a simple impregna-
tion and calcination method, with a carbon aerogel template
and an aluminum nitrate solution as the alumina precursor.
The alumina generated exhibits high mesopore surface area
of up to 365 m2 g�1 and high pore volumes of up to
1.55 cm3 g�1. The pore parameters can be tuned within a cer-
tain range through variation of the pore size of the carbon
aerogel template and the loading of the pore system with
the alumina precursor. The glassy, granular aluminas may be
useful for various applications, such as for supports in het-
erogeneous catalysis, as they can be handled easily and
cleanly, and have very interesting textural, thermal, and
structural properties. The synthesis strategy described might
open a new route to fabricate mesoporous aluminas with a
strongly interconnected pore system. Moreover, one can
probably use porous carbon aerogels as the template for
many different oxide products, as long as their precursors
can be introduced into a porous carbon and retain the
framework during carbon combustion.


Experimental Section


Synthesis of carbon aerogel templates : Carbon aerogels were based on
resorcinol–formaldehyde polymers. The typical procedure to synthesize a


Figure 6. XRD patterns of mesoporous aluminas calcined in air at differ-
ent temperatures.


Figure 7. Nitrogen sorption isotherms of the A-4-HA aluminas calcined
at 600, 700, 800, 900, and 1000 8C. The isotherms of the samples at calci-
nation temperatures 900, 800, 700, and 600 8C were offset vertically by
200, 400, 600, and 800 cm3 g�1 STP, respectively.


Table 3. Textural parameters of mesoporous aluminas calcined at differ-
ent temperatures.[a]


Temperature SBET Smeso Vtotal Vmic DBJH


[8C] [m2 g�1] [m2 g�1] [cm3 g�1] [cm3 g�1] [nm]


600 278 261 1.03 0.01 14.5
700 209 200 0.84 – 14.2
800 180 176 0.71 – 15.8
900 151 140 0.50 – 15.8


1000 112 100 0.38 – 19.6


[a] See Table 1 for parameter definitions.


Chem. Eur. J. 2005, 11, 1658 – 1664 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1663


FULL PAPERNanocast Mesoporous Alumina



www.chemeurj.org





carbon aerogel was as follows: resorcinol (4 g; Fluka 99 %) and formalde-
hyde (5.9 g; Fluka 36.5 % in water, methanol-stabilized) were dissolved
in deionized water (5.6 mL), and then sodium carbonate (0.0077 g; Fluka
99.5 %) was added to the solution as polymerization catalyst, unless oth-
erwise stated (Table 1). A homogeneous solution was prepared under
magnetic stirring. The solutions obtained were cast into glass ampoules
and were all cured by using the same procedure: one day at room tem-
perature, one day at 50 8C, and three days at 90 8C. After the curing steps,
the wet gels were introduced into acetone to exchange the water inside
the pores and then dried under ambient pressure and room temperature
to obtain the corresponding aerogels. The resulting aerogels were pyro-
lyzed at temperatures of up to 800 8C in an argon atmosphere and thus
transformed into monolithic carbon aerogels. During this study the R/F
(resorcinol/formaldehyde) molar ratio was fixed at 0.5. The percentage of
resorcinol and formaldehyde and the R/C (resorcinol/catalyst) molar
ratio were varied in the range of 30–40 wt % and 200–500 (see Table 1),
respectively, to obtain carbon aerogels with different pore sizes. The de-
tailed synthesis conditions for each sample are listed in Table 1.


Synthesis of mesoporous aluminas : Aluminum nitrate (Fluka 98%) dis-
solved in deionized water at a concentration of 2.43 m was used as the
alumina precursor. The solution was introduced into the carbon aerogels
by incipient wetness impregnation at room temperature followed by a
drying step at 50 8C for several hours. Subsequently, a second impregna-
tion could be carried out, and generally the impregnation and drying pro-
cedure was repeated two to three times to reach a high loading. Glassy
alumina with a granular size of several millimeters was achieved by calci-
nation of the dried aluminum nitrate/carbon composite at 600 8C for 8 h
in a muffle oven.


Characterization : Optical photographs were recorded either with a stan-
dard digital camera or a Leitz Orthoplan microscope. High-resolution
TEM characterization was performed with a Hitachi HF2000 microscope
equipped with a cold field emission gun. The acceleration voltage was
200 kV. Samples for TEM analysis were prepared dry on a fine carbon
grid. X-ray diffraction patterns of the samples were recorded with a Stoe
STADI P diffractometer in the Bragg–Brentano (reflection) geometry.
Nitrogen adsorption isotherms were measured with an ASAP2010 ad-
sorption analyzer (Micromeritics) at 77 K. Before the sorption measure-
ments, all the samples were degassed at a temperature of 250 8C for at
least 6 h. Pore sizes and pore size distributions were calculated by the
BJH method from the desorption branch. Total pore volume was estimat-
ed from the amount adsorbed at p/p0 =0.99. Specific surface areas were
determined by the BET method and mesopore surface areas were calcu-
lated by the t-plot method.
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Contrasting Behavior in Azide Pyrolyses: An Investigation of the Thermal
Decompositions of Methyl Azidoformate, Ethyl Azidoformate and 2-Azido-
N, N-dimethylacetamide by Ultraviolet Photoelectron Spectroscopy and
Matrix Isolation Infrared Spectroscopy


John M. Dyke,*[a] Giacomo Levita,[a] Alan Morris,[a] J. Steven Ogden,[a]


Antonio A. Dias,[b] Manolo Algarra,[b] Jose P. Santos,[b] Maria L. Costa,[b]


Paula Rodrigues,[c] Marta M. Andrade,[c] and M. Teresa Barros[c]


Introduction


It is well known that azides release nitrogen very easily—
often explosively—when heated, liberating a large amount
of energy, and that they find application for practical pur-
poses largely because of this characteristic. Recent stud-
ies[1–3] on the thermal decomposition on organic azides by
photoelectron spectroscopy (PES) and infrared matrix isola-
tion spectroscopy have shown that two distinct decomposi-
tion pathways must be invoked to account for the experi-
mental observations.


The first pathway—“Type 1”—is characterised by the ini-
tial liberation of nitrogen, and the formation of an imine.
This is the route proposed by Bock and Dammel[4–7] on the
basis of the first PES studies of alkyl azide decompositions,
and it has also been invoked to account for some of the
products of azidoethanol or azidoacetone decomposition.[2]


Two different hypotheses have been proposed concerning
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CONMe2) have been studied by matrix
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real-time ultraviolet photoelectron
spectroscopy. N2 appears as an initial
pyrolysis product in all systems, and
the principal interest lies in the fate of
the accompanying organic fragment.
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imine formation. One suggestion is that the pyrolysis is step-
wise, and that the initial products are N2 and a nitrene,
which subsequently isomerises to the imine. Alternatively,
the imine may be formed by a 1,2-H shift synchronous with
nitrogen elimination. At present, no nitrenes have been de-
tected in the thermal decomposition of alkyl azides, so the
mechanism for imine formation by the initial production of
the nitrene cannot be regarded as firmly established.[8–10]


However, irrespective of the detailed mechanism, this reac-
tion pathway involving imine formation essentially involves
the transfer of one H atom from an adjacent C atom onto
the electron-deficient N atom, following Scheme 1.


The second general pathway—“Type 2”—involves transfer
of a proton, or more generally, an alkyl group, onto the elec-
tron-deficient N atom from a more remote site in the mole-
cule, and may be envisaged as involving a cyclic transition
state. It was first recognised in the decomposition of azido-
acetic acid[1] (Scheme 2) and has subsequently also been
found to occur in the pyrolysis of ethyl azidoacetate.[3] In
both these molecules, “Type 1” behavior is also possible, but
is evidently less favorable.


We are currently studying the mechanisms of decomposi-
tion of a number of selected organic azides, notably, azido-
acetates, azidoamides, azidoformates and azidonitriles, with
the overall aim of understanding the mechanisms of their
decomposition, and of characterising any novel intermedi-
ates observed. Most recently, a study of the thermal decom-
position of azidoacetamide[11] determined the initial decom-
position route as being of “Type 1”, and established for the
first time the presence of the intermediate iminoacetamide.
This intermediate was then shown subsequently to decom-
pose via two alternative paths: one producing HNCO and
CH2=NH and the other producing HCN, CO and NH3.


As part of our continuing research in this field, a series of
experiments was carried out designed firstly to investigate
how pyrolysis might proceed in an azide system for which
the “Type 1” route was impossible. Some of the simplest
parent azides in which this constraint is present are azidofor-
mate esters of general formula N3COOR, and this paper


contains our results on the pyrolysis of methyl and ethyl azi-
doformate. In addition, we were interested in extending our
previous work on 2-azidoacetamide by a study of the corre-
sponding 2-azido-N,N-dimethylacetamide. Here, a point of
importance would be whether the introduction of two addi-
tional methyl groups might significantly affect the possible
decomposition pathway(s). The overall aim was therefore to
establish the decomposition mechanisms of these azides, for
which contrasting routes were anticipated, and to rationalise
the results obtained.


This paper accordingly describes experiments in which the
title compounds were thermally decomposed, and the prod-
ucts monitored by photoelectron spectroscopy (PES) and
matrix isolation infrared (IR) spectroscopy at different
stages of pyrolysis. This program of work also involved the
synthesis and characterisation of the title compounds, and
the use of ab initio molecular orbital calculations to assist in
the assignment of the PE and IR bands. Finally, molecular
orbital calculations were carried out on all three systems in
an attempt to account for the various decomposition prod-
ucts observed and to establish the possible reaction path-
ways.


Experimental Section


Sample preparation and characterisation


Methyl azidoformate (N3COOMe) is a colourless liquid at room temper-
ature. It was prepared by the slow addition of methyl chloroformate to a
solution of sodium azide (3 equiv) in distilled water. The mixture was stir-
red for 24 h in an oil bath at 50 8C. After cooling, the product was ex-
tracted with dichloromethane, dried over anhydrous sodium sulphate and
the organic phase concentrated by evaporation. The methyl azidoformate
was purified by distillation at reduced pressure (10 mbar; b.p. 20 8C). The
compound was characterized in the vapour phase by UV-photoelectron
spectroscopy and electron impact mass spectrometry, and in the liquid
phase by 1H and 13C NMR and by IR spectroscopy.


The 70-eV electron impact mass spectrum displayed a parent peak at
101 amu (0.9 %) and a base peak at 59 amu (COOCH3


+ , 100 %). Signals
were also present at 70 (N3CO+ , 36.5 %), 28 (N2


+ , 17.9 %), 29 (N2H
+ ,


HCO+ , 14.3 %) and 42 (N3
+ , NCO+ , 12.3 %) amu. In the 1H NMR spec-


trum, recorded in CDCl3 solution, a single peak at d=3.84 ppm relative
to TMS is assigned to the methyl group. In the 13C NMR spectrum, run
in CDCl3 solution, two peaks were observed: a peak at d =55.0 ppm with
respect to TMS due to the methyl carbon atom, and a second at d=


157.9 ppm assignable to the carbonyl carbon atom. The IR spectrum of
the pure liquid recorded between KBr plates showed a weak peak at
2959 cm�1, assigned to C�H stretching absorptions, strong bands at
1728 cm�1 (C=O stretching), 1241 cm�1, and 905 cm�1. The N3 group was
characterised by a complex, broad band with maxima at 2165, 2148 and
2134 cm�1.


Ethyl azidoformate (N3COOEt) is also a colourless liquid. It was pre-
pared by reacting ethyl chloroformate, with sodium azide under condi-
tions identical to those described above for the methyl ester, and similar-
ly characterized.


The 70-eV electron impact mass spectrum displayed a parent peak at
115 amu (0.1 %), (and 114 amu, 0.4 %). The base peak was at 29 amu
(N2H


+ , CH2CH3
+ , 100 %), and signals were also present at 70 (N3CO+ ,


34.5 %), 27 (CH3C
+ , 17.5 %), 43 (N3H


+ , 6.8%), 73 (CH3CH2OCO+ ,
5.3%), 42 (N3


+ , NCO+ , 5.1%) and 100 (N3COOCH2
+ , 3.4%) amu. In


the 1H NMR spectrum, recorded in CDCl3 solution, a triplet peak cen-
tred at d=1.32 ppm relative to TMS corresponds to the methyl group,


Scheme 1.


Scheme 2.
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while a quartet centred at d= 4.27 ppm is assigned to the methylene
group. In the 13C NMR spectrum, run in CDCl3 solution, three peaks
were observed: a peak at d= 13.9 ppm with respect to TMS due to the
methyl carbon atom, a peak at d= 64.6 ppm assigned to the methylene
carbon, with the third at d=157.3 ppm assigned to the carbonyl carbon
atom. The IR spectrum of the pure compound recorded between KBr
plates showed peaks at 2986 cm�1, assigned to C�H stretching absorp-
tions, and strong bands at 1724 cm�1 (C=O stretching), 1220 cm�1, and
1021 cm�1. A doublet at 2179/2132 cm�1 was assigned to the N3 group.


2-azido-N,N-dimethylacetamide was similarly prepared from the chloro
derivative. In a typical preparation, 2-chloro-N,N-dimethylacetamide
(FW 121.57) was added slowly to a solution of sodium azide (FW 65.01;
3 equiv) in water, and the mixture stirred for 2 h in an oil bath at 60 8C.
After cooling, the product was extracted with ethyl acetate, and the or-
ganic phase dried over anhydrous sodium sulfate. The solvent was then
removed using a rotary evaporator, and the desired product purified by
distillation at reduced pressure.


At room temperature, 2-azido-N,N-dimethylacetamide (N3CH2CONMe2)
is a viscous liquid with a low vapor pressure. It was characterized in the
vapour phase by UV-photoelectron spectroscopy and electron impact
mass spectrometry, and in the liquid phase by 1H and 13C NMR and by
IR spectroscopy. The nitrogen matrix IR spectrum was also recorded.


The 70-eV electron impact mass spectrum displayed a parent peak at
128 amu (3.4 %) and prominent peaks at 28, (N2


+ , CH2N
+ , 100 %); 72,


(CONMe2
+ , 100 %), 43, (HNCO, MeN2, MeCH2N, 22.2 %), (42, 18.9 %),


and 99, (NCH2CONMeCH2
+ , 28.9 %). Signals were also present at 15


(Me+) and 85 (CHCONMe2
+) amu. As found previously for azidoaceta-


mide ,[11] the 20 eV electron impact mass spectrum showed enhanced in-
tensities for most of the above ions with respect to the N2


+ signal. The
1H NMR spectrum, recorded in CDCl3 solution showed a partially re-
solved doublet at d= 2.69 ppm (relative to TMS) which was assigned to
two chemically inequivalent methyl groups; and a singlet at d=3.68 ppm
due to the methylene protons. The intensity ratio between the two
groups was 3:1, consistent with the relative intensity expected for (CH3)2


and CH2 protons. In the 13C-{H} NMR spectrum, (also in CDCl3) so-
lution, a doublet peak at d =35.6 and 36.3 ppm (relative to TMS) is as-
signed to the methyl groups; a peak at d=50.4 ppm to the methylene
carbon, and a feature at d=167.3 ppm to the carbonyl carbon.


The IR spectrum of the liquid recorded between KBr plates showed a
relatively broad band with peaks at 2934 cm�1 and 2925 cm�1, (C�H
stretch), 2107 cm�1 (N3 stretch), 1660 cm�1 (C=O stretch), 1403, 1284 and
1147 cm�1.


Matrix isolation IR studies


The methodology of our matrix isolation infrared experiments followed a
very similar pattern to that described in previous studies on organic
azides.[1–3, 11] The inlet and pyrolysis parts of the apparatus were identical,
as were the low temperature Displex and IR spectrometers. Spectra of
the parent azides and of their decomposition products were obtained in
nitrogen matrices, and supporting N2 matrix experiments were also car-
ried out on 2-oxazolidone, MeNCO, Me2NH and HCONMe2 to augment
our N2 matrix infrared data bank of known molecular vibration frequen-
cies. Matrix ratios were estimated to be well in excess of 1000:1. Deposi-
tion times were typically 30 mins at a particular superheater temperature,
and any changes occurring during this period were monitored by spectral
subtraction. Spectral subtraction was also employed to remove the three
(weak) IR bands of matrix-isolated H2O, which were routinely observed
in all experiments, and which are believed to arise from (variable) traces
of water adsorbed on the inner walls of the sample inlet system.


Photoelectron spectroscopy


The PE spectrometer used a HeI photon source, and its mode of opera-
tion has been discussed elsewhere.[12] However, although the azidofor-
mates studied here have sufficient vapour pressure to be introduced di-
rectly into the ionisation chamber via a needle valve, 2-azido-N,N-di-
methylacetamide is a liquid which does not have a sufficiently high
vapour pressure at room temperature to allow PE spectra with sufficient
signal-to-noise to be obtained in this way.


For studies on this compound, the sample was contained in two small
glass vials placed in a region immediately above the pyrolysis zone on a
small pad of glass wool, where the temperature is high enough to give a
suitable vapour pressure. The inlet system itself consisted of two coaxial
quartz tubes, and pyrolysis took place in the final few centimetres of the
inner tube of this inlet system, above the photoionisation region in the
spectrometer. With this arrangement, run times of about 30 min could be
achieved, and it was possible to reach a temperature of 550 8C without
any major loss of resolution. The distance between the end of the pyroly-
sis region and the photoelectron beam was between 1 and 2 cm, which at
the typical pressure of about 10�4 mbar normally achieved in the experi-
ments, corresponds to a flight time between the centre of the pyrolysis
region and the photoelectron beam of about 5–10 ms.


Calibration of the vertical ionisation energies (VIEs) of the parent azide
photoelectron bands was achieved by introducing methyl iodide and
argon into the ionisation chamber together with the parent azide. The re-
lease of N2 and other clearly identifiable pyrolysis products also served
to provide internal spectral calibrants.


The absence of detectable impurities arising from the starting materials
used in the preparation was confirmed by running PE spectra of the vola-
tile reagents used, and, in order to assist assignment of the bands appear-
ing on pyrolysis, PE spectra were acquired for 2-oxazolidone and
HCONMe2.


Molecular orbital calculations


Molecular orbital calculations were carried out with the Gaussian98 pro-
gram on methyl azidoformate, ethylazidoformate, 2-azido-N,N-dimethyl-
acetamide and dimethyliminoacetamide, Me2NCOCH=NH, at the MP2/
6–31G** level to establish equilibrium geometries, and subsequently to
calculate vertical ionisation energies (VIEs) and infrared frequencies and
intensities. For the VIEs, Koopmans’ theorem was applied to the SCF or-
bital energies obtained at the MP2/6–31G** geometry and the values ob-
tained were scaled[13, 14] by a factor of 0.92. Harmonic vibrational frequen-
cies were calculated at the MP2/6–31G** level by second-derivative cal-
culations. These frequencies are expected to be higher than the experi-
mental values not only because no anharmonicity correction was intro-
duced but also because in the method used only partial allowance was
made for electron correlation.


Results and Discussion


Calculated equilibrium geometries: assignment of PE spectra


Methyl azidoformate : For methyl azidoformate, four mini-
mum-energy conformers were located for the closed-shell
singlet state, depending on the relative positions of the car-
bonyl, methyl and azide groups. The three most stable struc-
tures lie within 4.3 kcal mol�1, whilst the fourth lies
12.7 kcal mol�1 higher in energy than the most stable con-
former. Because of the small differences in energy between
the three lowest conformers, it is likely that all three struc-
tures contribute to the experimental PE spectrum. The ex-
perimental photoelectron spectrum was assigned by apply-
ing Koopmans’ theorem to the computed orbital energies
for the lowest energy conformer, although the valence VIEs
computed for the three lowest energy structures were found
to be very similar.


Ethyl azidoformate : For the ethyl azidoformate, seven mini-
mum-energy conformers were located for the closed-shell
singlet state, depending on the different relative positions of
the carbonyl, methyl, methylene and azide groups. The


Chem. Eur. J. 2005, 11, 1665 – 1676 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1667


FULL PAPERAzide Pyrolyses



www.chemeurj.org





lowest five lie within 4.25 kcal mol�1, whilst the two others
lie at 12.4 and 17.8 kcal mol�1 above the ground-state con-
former. As in the methyl azidoformate case, the experimen-
tal PE spectra could be assigned by using computed VIEs
for the lowest energy structure. Again, the computed VIEs
for the next four structures were found to be very similar.


2-Azido-N,N-dimethylacetamide : Four minimum-energy
conformers were computed for N3CH2CONMe2. Three lie
within 1.1 kcal mol�1, whilst the fourth lies 3.7 kcal mol�1


higher than the most stable cis–trans conformer. The com-
puted VIEs for all four conformers differed by only 0.1–
0.2 eV. Calculations were also carried out to predict the ap-
pearance of the IR spectrum of this species, and hence to
assess the reliability of such a procedure by comparing the
results with the experimental spectrum.


Dimethyliminoacetamide : Dimethyliminoacetamide was the
only imine intermediate observed in this work, and in order
to confirm the identity of this species, it was important to
obtain satisfactory agreement between the experimental and
computed IR spectra. The extent of agreement between the


calculated and experimental frequencies and intensities was
expected to be comparable to that for the parent azide. IR
frequency and intensity calculations were accordingly car-
ried out for this imine at the same level as described above.


Observed and calculated VIEs : For each azide, the photo-
electron spectra were recorded, and experimental vertical
ionisation energies (VIEs) were obtained by averaging the
VIEs of the bands from several different spectra. Typical PE
spectra of these parent azides are shown in Figure 1a, Fig-
ure 2a and Figure 3a, and the experimental and calculated
VIEs are summarised in Table 1.


Calculated IR spectrum of 2-azido-N,N-dimethylacetamide :
Molecular orbital calculations were initially carried out on
2-azido-N,N-dimethyl acetamide to assign its PE spectrum,
but were extended to rationalise the appearance of its IR
spectrum. Comparison with the observed IR spectrum pro-
vides a way of testing the method prior to use in related cal-
culations to support the identification of a possible imine in-
termediate. This strategy was shown to work well in previ-
ous studies on the pyrolysis of 2-azidoacetamide.[11]


Figure 1. Spectra obtained during pyrolysis studies on N3COOMe: a) PE spectrum of parent azide, before pyrolysis, b) PE spectrum after pyrolysis at
about 170 8C, c) PE spectrum after pyrolysis at about 420 8C, d) N2 matrix IR spectrum of parent azide, e) N2 matrix IR spectrum after pyrolysis at about
280 8C.
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Figures 4a and b compare the experimental matrix isolation
IR spectrum of 2-azido-N,N,-dimethylacetamide with that
calculated for the lowest energy cis–trans conformer. The


agreement between the two spectra is acceptable, taking
into account the neglect of anharmonicity and the limited
inclusion of electronic correlation in the calculations. These
effects are more marked for the higher frequencies, for ex-
ample, the C–H, N–H and N3 stretches. The intensity pat-
tern in particular is satisfactory, reproducing quite well the
intensity ratios of the experimental bands. Even better
agreement may be obtained by allowing a contribution from
the next lowest energy conformer (the trans–trans), but even
without this refinement, the agreement is satisfactory.


Thermal decomposition studies


Methyl azidoformate : Typical spectra showing various stages
in the pyrolysis of N3COOMe are shown in Figure 1, with
Figure 1a and d showing PE and IR spectra, respectively, for
the parent azide (i. e. no pyrolysis).


Photoelectron spectroscopy : Figures 1b and c show PE spec-
tra obtained from N3COOMe at increasing pyrolysis temper-
atures, and reflect an increasing degree of decomposition


Figure 2. Spectra obtained during pyrolysis studies on N3COOEt: a) PE spectrum of parent azide, before pyrolysis, b) PE spectrum after pyrolysis at
about 190 8C, c) PE spectrum after pyrolysis at about 410 8C, d) N2 matrix IR spectrum of parent azide, e) N2 matrix IR spectrum after pyrolysis at about
280 8C.


Table 1. Experimental and computed VIEs (eV) for methyl azidofor-
mate, ethyl azidoformate and 2-azido-N,N-dimethylacetamide.


Methyl azido-
formate


Ethyl azido-
formate


2-Azido-N,N-dimethyl-
acetamide


Calcd[a] Exptl Calcd[a] Exptl Calcd[a] Exptl
10.53 10.84 10.49 10.72 9.25
11.41 11.55 11.34 9.47 9.19
12.01 12.79 11.79 11.36 10.74 9.85
13.10 13.47 12.67 12.89 11.67 11.36
13.87 14.36 13.15 13.27
14.30 15.43 13.57 13.50 13.45 13.31
15.51 16.41 13.86 14.68 14.09


14.74 15.64 14.16
15.89 16.32 14.44 14.22


14.79
16.21
16.48 16.03


[a] Value from Koopmans’ Theorem, scaled by factor of 0.92.
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Figure 3. Spectra obtained during pyrolysis studies on 2-azido-N,N-dimethylacetamide. a) PE spectrum of parent azide, before pyrolysis, b) PE spectrum
after pyrolysis at about 350 8C, c) PE spectrum of dimethyl formamide, d) PE spectrum after pyrolysis at about 510 8C, e) N2 matrix IR spectrum of
parent azide, f) N2 matrix IR spectrum after pyrolysis at about 160 8C, g) N2 matrix IR spectrum after pyrolysis at about 280 8C, h) N2 matrix IR spectrum
after pyrolysis at about 400 8C.


Figure 4. Comparison of observed and calculated IR spectra: a) observed spectrum of 2-azido-N,N-dimethylacetamide, b) calculated spectrum of 2-azido-
N,N-dimethylacetamide, c) observed spectrum of iminodimethylacetamide, d) calculated spectrum of iminodimethylacetamide.
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from about 10 % at 170 8C to essentially 100 % at 420 8C.
The first evidence of pyrolysis occurred at a temperature of
about 150 8C, when the first band of N2 (species N) at
15.58 eV (VIE) could be observed.[15] At the same time,
peaks at 10.88 and 13.78 eV were also clearly visible. Their
position and appearance fit the well-known first bands of
H2CO (species H) and CO2 (species E), respectively.[15] With
increasing temperature, the parent bands decrease, and
bands of other products appear: notably a broad band at
10.50 eV (VIE) and two vibrationally resolved bands at
11.61 and 12.50 eV (VIE). The bands at 10.50 and 12.50 eV
are both attributed[5] to CH2NH (species L), and the vibra-
tionally resolved band at 11.61 eV (VIE equal to AIE) is at-
tributed[16] to HNCO (species G). At 420 8C, pyrolysis was
found to be essentially complete. A further band of H2CO
(vibrationally resolved, with AIE=15.85 eV, VIE =16.0 eV)
was now visible, (see e.g., Figure 1c) together with addition-
al bands of N2 and CO2 .


Matrix isolation IR studies : Figure 1d shows a typical nitro-
gen matrix IR spectrum of methyl azidoformate. In contrast
to many previously studied azides, the most intense feature
in this spectrum is associated not with the N3 group at ca
2100–2200 cm�1, but instead lies at 1260 cm�1. The positions
of the most significant N3COOMe bands appear in Table 2.


The first new feature to appear on pyrolysis was the charac-
teristic 2265 cm�1 band[11] of HNCO, (species G) which was
first observed at a temperature of ca 160 8C. As the temper-
ature was raised, bands due to the parent azide decreased,
and additional features grew in, and pyrolysis was essentially
complete at a temperature of ca 360 0C. At this stage the
matrix spectrum showed IR bands characteristic of CO2,
(E), H2CO (H), and CH2NH, (L) together with additional
bands of HNCO. Figure 1e shows a typical spectrum ob-
tained at a pyrolysis temperature of 280 8C. The band posi-
tions associated with species E, G, H and L are listed in
Table 2.


Ethyl azidoformate: Typical spectra showing various stages
in the pyrolysis of N3COOEt are shown in Figure 2, with
Figures 2a and d showing PE and IR spectra respectively for
the parent azide (i. e. no pyrolysis).


Photoelectron spectroscopy : Figures 2b and c show photo-
electron spectra of ethyl azidoformate at different degrees
of pyrolysis, from about 20 % at 190 8C to about 100 % at
410 8C. The first evidence of pyrolysis was detected at about
170 8C, as shown by the appearance of N2, and at this stage,
sharp bands associated[17] with MeCHO (species I) and CO2


(E) were also clearly visible at 10.26 and 13.78 eV (VIE) re-
spectively. At higher temperatures, the parent bands contin-
ued to decrease, whilst bands of new products appeared,
and gained intensity. A broad band at about 10.17 eV (VIE)
and a partially resolved band at around 11.43 eV (VIE)
were attributed[18] to CH3CH=NH (species P), and the vi-
brationally resolved band (Figure 2b) at 11.61 eV (VIE
equal to AIE) arises from HNCO (G). In addition, there
was evidence of a broad band at ca 11.05 eV, which did not
correlate with the other pyrolysis products so far considered.
At about 410 8C, (Figure 2c) when pyrolysis was essentially
complete, a second band of MeCHO (broad, VIE=


13.24 eV) could be identified, and there was also clear evi-
dence of additional bands due to N2 and CO2. The 14.0–
16.0 eV ionisation energy region now consisted of a relative-
ly broad plateau as a result of overlap between the bands of
MeCHO and MeCH=NH, but the band at 11.05 eV was still
present, indicating the formation of a pyrolysis product with
significant thermal stability. After some consideration, this
band was attributed to the cyclic compound, 2-oxazolidone
(species O). In the 10.0–13.0 eV region, the PE spectrum of
this compound[19] shows bands at 10.21, 10.71, 11.07 (most
intense) and 12.82 eV. The first two are likely to be ob-
scured by the envelope of the first MeCH=NH band, but
the third is provisionally identified in these spectra.


Matrix isolation IR studies : Figure 2d shows a typical nitro-
gen matrix IR spectrum of
ethyl azidoformate. As noted
previously for the methyl ester,
the most intense IR band is as-
sociated not with the N3 group
but lies at 1250 cm�1. The posi-
tions of the most significant
N3COOEt bands are given in
Table 2. The first new feature
to appear on pyrolysis was
again the characteristic
2265 cm�1 band of HNCO
(species G), and as the temper-
ature was raised, bands due to
the parent azide decreased,
and additional features grew
in. Ultimately, the matrix spec-
trum showed bands character-
istic of CO2 (E) and MeCHO


Table 2. Significant IR bands (cm�1) observed in matrix isolation studies on the pyrolysis of methyl azidofor-
mate, ethyl azidoformate and 2-azido-N,N-dimethylacetamide.


N2 matrix[a] Previous studies Assignment


A 2174, 2143, 1743, 1260 N3COOMe
B 2204, 2143, 1740, 1250 N3COOEt
C 2118/2104, 1685/1672 N3CH2CONMe2


D 1673, 1630, 1371, 1217 Me2NCOCHNH
E 2345, 662 2347, 662 CO2


[20]


F 2139 2139 CO [11, 21]


G 3483, 2265, 780, 581 3483, 2265 HNCO[b]


H 2864, 2799, 1739, 1497 2864, 2800, 1738, 1497 H2CO[22]


I 2734, 1737, 1431, 1121 2735, 1735, 1431, 1122 MeCHO[2]


J 1694, 1384, 1082 1694, 1384, 1082 HCONMe2
[c]


K 2828, 2786, 1148, 1021 2828, 2786, 1148, 1021 Me2NH[c]


L 1352, 1127, 1065 1353, 1128, 1065 CH2NH[23]


M 3285 747/737 3287, 747/737 HCN[24]


O 1791, 1226, 1201, 1081 1791, 1226, 1201, 1081 2-oxazolidone[c]


P 1654 1652 (most intense) MeCHNH[d]


[a] Wavenumber accuracy �1 cm�1. [b] Reference [11]: (bands at 780 and 581 cm�1 were also seen in reference
[11], but not tabulated). [c] This work: independent experiments. [d] Reference [25], argon matrix data.
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(I), together with the weaker fundamentals of HNCO.
Prominent features at 1791 and 1654 cm�1 identified with
new species O and P respectively were also observed at this
stage. Figure 1e shows a typical spectrum obtained at a py-
rolysis temperature of ca. 280 8C, and the band positions as-
sociated with species E, G, I, O and P are listed in Table 2.


2-Azido-N,N-dimethylacetamide : Figure 3 summarises the
effect of pyrolysis as observed by the PE and IR techniques,
with Figures 3a and e respectively showing spectra of the
parent azide.


Photoelectron spectroscopy : Here, the onset of pyrolysis was
again marked by the appearance of characteristic bands of
N2—at temperatures close to 250 8C. As the pyrolysis tem-
perature increased, bands due to the parent azide generally
decreased as expected, but the “parent” band centred at
11.36 eV proved to be surprisingly persistent, and only fully
disappeared above 480 8C. This anomalous behaviour was
subsequently interpreted as indicating the presence of a re-
action intermediate (D) with one of its bands at the same
ionisation energy as one of the parent bands. Calculations of
the VIEs of the imine intermediate indicate that this band
corresponds its third VIE. At about 350 8C, (Figure 3b),
HCN (species M) could be detected from its well-establish-
ed[15] band at 13.60 eV (VIE), together with the first sharp
band of CO (F, VIE 14.01 eV). At the same time, a vibra-
tionally resolved band appeared at ca 9.75 eV, indicating[15]


the formation of HCONMe2 (J). The PE spectrum of this
latter compound consists of several rather broad features
which were found to dictate the underlying spectral enve-
lope, and Figure 3c reproduces the PE spectrum obtained
for a pure sample of HCONMe2 to illustrate this. Above
about 500 8C only bands associated with N2, HCN, CO and
HCONMe2 could positively be identified, and Figure 3d
shows a typical spectrum recorded at a pyrolysis tempera-
ture of about 510 8C.


Matrix isolation IR studies : A typical IR spectrum of the
parent azide is shown in Figure 3 e, where it is evident that
the most intense features (at 2118/2104 and 1685/1672 cm�1)
can be assigned as stretching modes of the N3 and C=O
groups, respectively. On heating to about 160 8C (Figure 3f),
relatively few changes could be detected, apart from the ap-
pearance of a weak feature at 1217 cm�1 denoted D. Further
heating to about 280 8C resulted in the continued growth of
this band, and the appearance of bands characteristic of
HCN (species M); CO, (species F) and HCONMe2, (species
J), together with three further prominent bands associated
with D at 1673, 1630, and 1371 cm�1 (Figure 3g). At temper-
atures above ca 300 8C, bands D began to decrease in inten-
sity, whilst bands M, F and J remained prominent. Above
about 400 8C, D had effectively disappeared (Figure 3h), but
in addition to M, F and J, a weak feature at 2786 cm�1 (la-
belled K) was also visible, and traces of HNCO and
MeNCO could also be detected via their characteristic band
positions (2265 and 2288 cm�1, respectively). K was subse-


quently identified as Me2NH, by comparison with independ-
ent supporting experiments.


One of the more significant features of this system is that
species D is clearly an intermediate in the pyrolysis process,
and that Figure 3f shows that it is formed prior to the ap-
pearance of HCN (M) and CO (F).


Characterisation of the imine intermediate Me2NCO-
CH=NH : Both PES and IR matrix isolation data indicate
that an intermediate is produced on the decomposition of 2-
azido-N,N-dimethylacetamide. In the PES spectra, a band at
11.36 eV nominally associated with the parent compound
persists under conditions where one would anticipate very
little parent to remain, whilst in the matrix isolation IR ex-
periments, the sequence of spectra recorded at increasing
temperatures clearly shows the formation and decay of an
intermediate (denoted D in Figure 3). By analogy with pre-
vious studies on the pyrolysis of 2-azidoacetamide, this inter-
mediate was provisionally identified as dimethyliminoaceta-
mide (Me2NCOCH=NH). Supporting calculations were
therefore carried out on this molecule in order to establish
its lowest energy conformer, and to predict the appearance
of its IR spectrum.


Three closely separated minimum energy structures were lo-
cated from these calculations. The most stable structure may
be described as trans–trans, with structures cis–cis and cis–
trans lying at energies higher by 1.4 and 2.8 kcal mol�1, re-
spectively. IR spectra were subsequently calculated for all
three conformers, and compared with the IR spectrum cor-
responding to the intermediate.


Detailed comparison between these observed and calculated
spectra indicated that two structures, the trans–trans and the
cis–cis both contribute to the observed spectrum. This cis/
trans notation reflects the relative positions of the C-H
proton in the NH=CH group to the O atom, and to the N-H
proton respectively. Either one of these two lowest energy
structures provides an acceptable fit to the observed spec-
trum, and Figures 4c and d compare the observed and calcu-
lated spectra for the intermediate, assuming the lowest
energy trans–trans conformer. The level of agreement here
is similar to that found for the parent azide (Figures 4a and
b), and also for the previously characterised iminoacet-
amide.[11] Furthermore, the thermal decomposition of this
species can account for all the major spectral features subse-
quently observed at higher pyrolysis temperatures.


Suggested mechanisms for gas-phase decomposition


Methyl azidoformate : The experimental evidence from PES
suggest that the onset of pyrolysis occurs with nitrogen re-
lease and the almost simultaneous formation of CO2 and
CH2=NH, whilst in the parallel IR studies, the first species
to be clearly detected are CO2 and HNCO. This apparent di-
chotomy arises solely as a result of the relative cross-sec-


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1665 – 16761672


J. M. Dyke et al.



www.chemeurj.org





tions/extinction coefficients in PE and IR spectroscopy for
the various products. As the concentration of reaction prod-
ucts builds up, all the observed products (CO2, CH2NH,
HNCO, H2CO) are typically identified using both techni-
ques.


This variety of pyrolysis products implies at least two inde-
pendent decomposition pathways, both of which result in
proton transfer to a nitrogen atom. The “Type 1” decompo-
sition route is not available for this azide, but if one assumes
that the product distribution is dictated initially by the trans-
fer of a methyl proton, as indicated in Scheme 3, it turns out
that the resulting cyclic intermediate could act as a precur-
sor for two such pathways, consistent with the observed
products.


Ab initio calculations show that this proposed cyclic inter-
mediate has all-real vibrational frequencies and the struc-
ture is predicted to be relatively very stable (the relative
energy diagram is reported in Figure 5). By applying Koop-
mans’ theorem to the orbital energies obtained at the SCF
level, the first VIE is predicted at 11.85 eV, and further-
more, its IR spectrum simulation predicts a very intense C=


O stretching mode at 1969 cm�1. However, this four-mem-
bered-ring species was not detected experimentally. This
may be due to the high excitation energy with which such
an intermediate is formed, resulting in an extremely short
lifetime, and in this event, it should be possible to account
for the formation of all the observed products by consider-


ing two possible modes of decomposition for this ring
(Scheme 4).


As in Scheme 4, these alternative modes of ring cleavage
give two pairs of products: HNCO + H2CO , and CO2 +


CH2NH , consistent with experiment. Ab initio calculations


were accordingly carried out at the MP2/6–31G** level to
investigate these two pathways, and the results are shown in
Figure 5. In energy terms, there is a preference for the latter
route, but experimentally, all the product bands were judged
to maintain the same intensity ratio throughout the temper-
ature range studied, indicating little distinction between the
competing reaction channels.


Ethyl azidoformate : The pyrolysis of ethyl azidoformate
presents a similar situation, in that the “Type 1” mechanism
is impossible. Here, however, the presence of an additional
methylene group provides an additional possible source of
protons for transfer, as indicated in the Scheme 5.


Capture of a methylene proton (Scheme 5 A) would
create a four-membered ring analogous to that formed in
the thermal decomposition of methyl azidoformate, and as-
suming facile rupture of the ring, the predicted products
would be CO2 + MeCH=NH and HNCO + MeCHO. If,
on the other hand, a methyl proton is transferred, (Sche-


me 5 B), the result would be
the formation of the five-mem-
bered-ring species 2-oxazoli-
done. This latter structure
would be expected to be less
strained than the isomeric
four-membered ring, and might
therefore not undergo further
rupture quite so easily.


Experimentally, the two pairs
of products predicted from
Scheme 5 A were readily iden-
tified, and corresponding ab
initio calculations predicted
the most stable products to be
CO2 + MeCHNH, with
HNCO + MeCHO lying at
somewhat higher energy


Scheme 3.


Figure 5. Pathway energetics for the pyrolysis of N3COOMe.


Scheme 4.
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(Figure 6). In addition, both the PE and IR data also
showed the definite formation of 2-oxazolidone, thus provid-
ing firm evidence for the mechanism in Scheme 5 B.


Subsequent calculations confirmed that 2-oxazolidone
would be a stable product in this system, and also that its
thermal decomposition involved transition state(s) to the
products CO2 + MeCHNH at considerably higher energy
than those from the 4-membered ring. The results of these
calculations are summarised in Figure 6.


Pyrolysis of 2-azido-N,N-dimethylacetamide : The experi-
mental results from the PE studies show that the pyrolysis
of 2-azido-N,N-dimethylacetamide proceeds via an early re-
lease of N2, whilst the PES and IR matrix studies indicate
the early formation of a new species (D) which itself under-
goes decomposition at higher temperatures (see Figure 3).
Both techniques showed the presence of HCN, CO, Me2NH
and HCONMe2 as final decomposition products.


These observations are entirely consistent with the initial
formation of iminodimethyl acetamide, Me2NCOCHNH, via
the “Type 1” route, and so mirror the results of previous
studies on the pyrolysis of 2-azidoacetamide.[11] Support for
the identification of this intermediate comes from the agree-
ment between the IR spectral features assigned to inter-
mediate D (Figure 4c), and the IR spectral simulation for
the minimum energy conformer of this imine, shown in Fig-
ure 4d. The decomposition of iminodimethylacetamide (D)
to give the four final observed products (HCN, CO, Me2NH
and HCONMe2) may be regarded as being analogous to the
previously reported decomposition of iminoacetamide,[11]


where three routes (A—C) were proposed to account for
imine decomposition.


H2NCOCHNH! HCONH2 þ HCN ðrouteAÞ


H2NCOCHNH! HNCO þ CH2NH ðrouteBÞ


H2NCOCHNH! NH3 þ CO þ HCN ðrouteCÞ


These routes accounted for the major high temperature
pyrolysis products with one proviso: HCONH2 was not ob-
served, but rather it was suggested that at the reaction tem-
peratures involved, this compound itself decomposed into
HNCO + H2. By analogy, the ultimate pyrolysis products of
2-azido-N,N-dimethylacetamide would arise from the pyrol-
ysis of iminodimethylacetamide in three possible ways (A–
C):


Me2NCOCHNH! HCONMe2 þ HCN ðrouteAÞ


Me2NCOCHNH!MeNCO þ MeCHNH ðrouteBÞ


Me2NCOCHNH!Me2NH þ CO þ HCN ðrouteCÞ


The spectra presented in Figure 4 show a clear preference
for route A, based on band intensities in both the PE and
IR spectra.


Route B predicts significant
yields of MeNCO and
MeCHNH, but no bands corre-
sponding to MeCHNH were
detected in either the PES or
IR studies. The IR spectrum
did, however, show a very
weak feature at 2288 cm�1 at
the position of the most in-
tense IR fundamental of
MeNCO. However, compara-
tive spectral studies show that
this absorption has a very high
extinction coefficient, and that
the MeNCO observed here is
present in only very small con-
centrations. We do not believe
that route B is a significant
mechanism here.


Scheme 5.


Figure 6. Pathway energetics for the pyrolysis of N3COOEt.
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Route C predicts the presence of CO and Me2NH, both of
which can be identified in the IR spectra of the final prod-
ucts, with CO being relatively prominent (Figure 3h). CO
also appears in the PE spectra (Figure 3d), and this channel
therefore seems to operate concurrently with route A. The
production of Me2NH was not confirmed in the PES studies,
probably because the PE bands of this product are overlap-
ped[13,16] by more intense bands arising from HCONMe2.


The only remaining species which could be identified was a
trace of HNCO in the IR studies (at 2265 cm�1, Figure 3h).
Like the 2288 cm�1 band of MeNCO, this band has a very
high extinction coefficient,[11] and its presence here corre-
sponds to a very small concentration. At the present time,
we have no straightforward explanation for its formation.


It is therefore proposed that Route A provides the domi-
nant mechanism for imine decomposition, but that Route C
also provides a viable channel. Both these routes, together
with the initial stage of imine formation, were explored with
the aid of ab initio calculations at the MP2/6–31G** level.
These calculations showed that the intermediate was rela-
tively stable, and that its subsequent decomposition into
HCONMe2 + HCN (route A) is thermodynamically more
favored over route C by 2.68 kcal mol�1.


The overall decomposition can therefore be represented as
shown in Scheme 6.


Conclusion


Methyl and ethyl azidoformate have been synthesised and
characterised by means of 1H and 13C NMR, IR spectrosco-
py, mass spectrometry and PES. The thermal decomposition
of these azides in the gas phase has been studied by PES
and matrix isolation IR spectroscopy, and the experimental
results supported by molecular orbital ab initio calculations.
There is strong evidence that both compounds undergo py-
rolysis via a four-membered-ring intermediate which itself
can fragment in two distinct ways. In addition, ethyl azido-
formate can also eliminate molecular N2 and form the stable
five-membered-ring compound 2-oxazolidone. For both
compounds, the initial reaction step is the transfer of a


proton from a remote site in the molecule onto the nitrogen
atom, distinctive of “Type 2” behavior.


2-Azido-N,N-dimethylacetamide has also been synthe-
sized and characterised by routine spectroscopic methods.
The thermal decomposition of this azide in the gas phase
has similarly been studied by PES and matrix isolation IR
spectroscopy, and the experimental results supported by mo-
lecular orbital ab initio calculations. In contrast to the azido-
formates, the results here indicate that 2-azido-N,N-dimethyl-
acetamide decomposes via a stepwise “Type 1” mechanism
involving the initial formation of the novel imine, Me2N-
COCHNH. This intermediate has been characterised by IR
spectroscopy supported by ab initio calculations, and is
shown subsequently to decompose preferentially into
HCONMe2 and HCN. A secondary channel results in the
formation of Me2NH, CO and HCN.
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In memory of Professor Bernd Artur Hess who passed away on July 17, 2004


Introduction


The fascinating octahedral gold cluster [(Ph3PAu)6C]2+ (1)
was synthesized by Schmidbaur et al. in 1988 and extensive-
ly investigated by single crystal X-ray diffraction and NMR


spectroscopy.[1] Its structure is depicted in Figure 1. Since it
has a six-coordinated carbon atom inside the Au6 cage one
would expect unusual NMR parameters. Cage-like clusters
can exhibit a pronounced effect on the NMR chemical shift
of interstitial atoms; one example is the extraordinarily
large 183W chemical shielding that has been recently predict-
ed for the WAu12 cluster.[2] On the other hand, in interstitial
carbides 13C nuclei are known to be very strongly deshield-
ed. Other examples are the 13C NMR chemical shifts of a
series of interstitial carbides in transition-metal clusters.[3–7]


It might thus be expected that the interstitial 13C NMR
chemical shift in 1 is very large in magnitude, either positive
or negative depending on whether the chemical environ-
ment is similar to carbides or similar to clusters as WAu12.


Abstract: The experimental 13C NMR
chemical shift of the central carbon
atom in the octahedral [(Ph3PAu)6C]2+


cluster was investigated on the basis of
relativistic density functional calcula-
tions. In order to arrive at independent
model conclusions regarding the value
of the chemical shift, a systematic
study of the dependence of the cluster
structure on the phosphine ligands, the
chosen density functionals, and the
basis set size was conducted. The best


structures obtained were then used in
the NMR calculations. Because of the
cage-like cluster structure a pro-
nounced deshielding of the central
carbon nucleus could have been ex-
pected. However, upon comparison


with the 13C NMR properties of the re-
lated complex [C{Au[P(C6H5)2(p-
C6H4NMe2)]}6]


2+ , Schmidbaur et al.
have assigned a signal at d= 135.2 ppm
to the interstitial carbon atom. Our cal-
culations confirm this value in the
region of the aromatic carbon atoms of
the triphenylphosphine ligands. The
close-lying signals of the 108 phenyl
carbon atoms can explain the difficul-
ties of assigning them experimentally.
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A number of computational studies have been devoted to
the understanding of the origin of the deshielding of intersti-
tial atoms in metal clusters. For instance, Fehlner et al. have
performed molecular orbital analyses of the 11B NMR chem-
ical shifts of boride-centered transition-metal carbonyl clus-
ters.[8,9] The 13C chemical shift tensors for interstitial carbides
of the previously cited series of transition metal carbonyl
clusters have been calculated by Kaupp using sum-over-
states density functional perturbation theory.[10] It has been
shown that the downfield chemical shifts are related directly
to the paramagnetic contribution caused by interstitial
carbon–metal bonding. Hughbanks et al. have presented a
qualitative analysis of the interstitial chemical shifts of cen-
tered hexazirconium halide clusters.[11] By using the density
functional theory, a quantitative extension of this work has
established additional correlations between the interstitial
chemical shifts and the electronic structure of such com-
plexes.[12]


However, previous analyses of the electronic structure of
main group element centered octahedral gold clusters have
highlighted the differences between the title complex and
interstitial carbide complexes.[1,13] In particular, one should
underline that the gold systems are thought to have radial
C�Au bonds and rather weak (aurophilic) interactions be-
tween the AuL ligands, whereas in the case of interstitial
carbide complexes, strong metal–metal bonds stabilize the
structures.


For the related complex [C{Au[P(C6H5)2(p-
C6H4NMe2)]}6]


2+ (2), Schmidbaur et al. have unambiguously
assigned a signal at d=137.27 ppm to the interstitial carbon
atom.[14] With the d and J values of this compound, the au-
thors identified a 13C NMR signal at d= 135.2 ppm in the
unsubstituted parent complex 1 as originating from the in-
terstitial carbon. The 13C NMR resonance of this carbon
atom appeared in a completely unexpected region, since a
strong deshielding was expected: Signals of interstitial
carbon atoms in transition metal carbonyl carbides appear
as far downfield as d=450 ppm.[15] As mentioned by the au-
thors, “an explanation for this discrepancy is only to be ex-
pected from theoretical calculations, which, in the case of
heavy metals—and especially in the case of gold—must take
into account strong relativistic effects.”[14] The septuplet sig-
nals of the central C atoms of the alkylphosphane-based
clusters [(Et3PAu)6C]2+ (3) and [(iPr3PAu)6C]2+ (4) were
also easily detected at d=159.0 and 154.6 ppm, respectively,
due to the absence of phenyl substituents.[16] These signals
thus appear about 10 to 15 ppm downfield relative to the
complex 1.


The [(Ph3PAu)6C]2+ cluster represents a challenging
system for any quantum chemical approach. For example,
the phosphine ligands contain 18 phenyl rings in total, the
effect of which on the molecular and electronic structures is
not negligible. Theoretical studies on large clusters compris-
ing heavy atoms require the most elaborate quantum chemi-
cal methods. Apart from the nonlinear scaling of quantum
chemical methods with the number of electrons, the large
nuclear charges of the gold atoms induce sizable relativistic


effects, which need to be properly taken into account both
in the structure optimizations and in the NMR calculations.
Accurate quantum chemical calculations of NMR properties
that do not employ scalar relativistic ECPs but a two- or
four-component Hamiltonian or spin-orbit ECPs are still
rare for large “relativistic” transition-metal compounds.[17–24]


Consequently, many open questions regarding the NMR of
such systems still remain to be answered.


In a previous study,[25] we have predicted the vibrational
frequencies of the [Au6C]2+ moiety of the cluster in the full
ligand system. We have been able to quantitatively repro-
duce the amount of core-ligand vibrational couplings. In
contrast to the inherent possibility of vibrations to exhibit
non-locality, that is to couple directly with the ligand atoms,
NMR chemical shifts are considered local molecular proper-
ties. Apart from the yet unknown magnitude of the
13C NMR chemical shift of the central C atom in 1, the de-
pendence of this shift on the phosphine ligands represents
an interesting theoretical problem in itself. The effect of the
ligands is twofold. On the one hand, they have a direct elec-
tronic influence on the chemical shift and, on the other
hand, different substituents in the phosphine ligands will
result in different minimum structures of the complex,
which will also affect the electronic structure and in turn the
chemical shift.


The inherent technical limitations of the applied methods,
that is, the density functionals, basis sets, and optimized
structures are assessed for three different models of the
[(Ph3PAu)6C]2+ complex: cluster I is the bare [Au6C]2+ core,
cluster II is the simplest model with PH3 ligands, that is,
[(H3PAu)6C]2+ , and cluster III is [(Me3PAu)6C]2+ . Finally,
we have also studied the experimentally known full clusters
[(Ph3PAu)6C]2+ (1), [C{Au[P(C6H5)2(p-C6H4NMe2)]}6]


2+ (2)
and [(iPr3PAu)6C]2+ (4) (see Supporting Information for the
optimized structures).


Computational Details


For all structure optimizations we have used the density functional and
ab initio programs provided by the Turbomole 5.4 suite.[26] While we
have employed the second-order Moller–Plesset (MP2) model for the ac-
curate description[27–31] of the aurophilic attraction, which is a dispersion-
type interaction, only DFT methods are feasible for the description of
the large clusters III, 1, 2, and 4. In the structure optimizations, we have
employed the effective core potential from the Stuttgart group[32] as pro-
vided by Turbomole for the gold atoms, which has allowed us to treat
only 19 electrons per Au atom explicitly (i.e., 5spd and 6s). Apart from
the core electrons substituted by the effective core potential, the six mo-
lecular orbitals of lowest eigenvalue in the [Au6C] system were kept
frozen in the MP2 calculations. In the DFT calculations, we have used
the Becke–Perdew functional (BP86),[33, 34] and the Vosko–Wilk–Nusair
(VWN)[35] local density approximation (LDA) functional (combined with
Slater–Dirac exchange), as implemented in Turbomole. For all DFT and
MP2 calculations we have applied the resolution-of-the-identity techni-
que.[36, 37] Ahlrichs� TZVP and TZVPP basis sets[38] featuring a valence
triple-z basis set with polarization functions on all atoms, have been em-
ployed in the structure optimizations. According to the method described
by Pyykkç et al. ,[29] we replaced the f function for Au with exponent
1.056 in the TZVPP basis set by two primitive f functions with exponents
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1.19 and 0.2. This replacement is known to have significant effects on
structures of gold clusters.[2] Since no auxiliary basis sets of TZVPP or
TZVPP(2f) quality are available for Au in Turbomole 5.4, we have used
the TZVP auxiliary basis instead. Test calculations showed that this has a
negligible effect on the results. For the phenyl (Ph) substituents in the
large complexes 1 and 2, we have employed Ahlrichs� SVP basis set[39]


featuring a valence double-z basis set with polarization functions on all
atoms. The conformation of the PPh3 ligands in 1 is the same as in the ex-
perimental complex.[1]


Relativistic density functional NMR computations have been carried out
with the Amsterdam Density Functional (ADF) program package.[40–42] It
incorporates the code developed by Wolff et al.[43] for the two-component
relativistic computation of nuclear shielding constants, based on the
zeroth-order regular approximation (ZORA) Hamiltonian.[44, 45] The
NMR code has been modified in order to allow a more efficient treat-
ment of larger systems.[46] The modifications that have been made do not
affect the results obtained with the program but implement a significantly
better scaling of the computational time with increasing system size. It
has recently been demonstrated that the ZORA Hamiltonian yields very
accurate relativistic hyperfine integrals for the valence orbitals of heavy
atoms[47] (see also ref. [48]). The chemical shifts can therefore be expect-
ed to be close to fully relativistic DFT NMR results that would otherwise
be equivalent in terms of basis functions, exchange-correlation potential,
and other parameters that affect the quality of the computation.


As formulated in ref. [43], the shielding constant sA for a nucleus A
within the relativistic ZORA formalism consists of four terms:


sA ¼ s D
A þ s P


A þ s SO
A þsGC


A ð1Þ


Here, s D
A is the diamagnetic shielding, and s P


A the paramagnetic one.
These two terms are also present in a non-relativistic or a scalar (i.e.,
“one-component relativistic”) ZORA calculation. s SO


A denotes the spin-
orbit induced terms due to the ZORA analogues of the Fermi contact
(FC) and the spin–dipole (SD) operators.[23] It is important to note that,
due to the different shapes of the orbitals obtained from a variational
two-component calculation, s D


A and s P
A are also somewhat different com-


paring with scalar relativistic calculations. Finally, s GC
A denotes gauge cor-


rection terms obtained from the implemented GIAO (gauge including
atomic orbitals)[49–51] formalism in a finite basis. Chemical shifts with re-
spect to a reference nucleus (ref) are calculated as:


dA ¼ s ref
A � s probe


A ð2Þ


The VWN functional has been used in most NMR computations. It has
been shown that it provides a reasonable accuracy for NMR properties
of heavy nuclei in “relativistic” systems,[23, 46, 52–59] but not necessarily for
light ligand nuclei. Therefore, NMR chemical shifts have additionally
been computed by using the Perdew–Wang (PW91)[60] and the BP86 gen-
eralized gradient correction (GGA) density functionals in order to ana-
lyze the dependence of the results on the approximations in the density
functional.


The influence of the size of the basis sets on the 13C NMR shielding has
been studied with several basis sets according to the complexity of the
molecules. The Slater-type basis sets that were employed are of triple-z
quality for valence and outer core shells, augmented with two polariza-
tion functions for the gold and the central carbon atoms (TZ2P) and one
polarization function for the phosphorus atoms (TZP). The all-electron
basis sets are of double-z quality for the core shells. In some cases, a core
including the shells 1s to 4p has been kept frozen for Au whereas a
frozen core including the shells 1s to 2p has always been employed for P.
Different basis sets (double- or triple-x (DZ or TZ), with or without po-
larization functions (P)) have been used for the C and H atoms of the
phosphine ligands, with a 1s frozen core for the C atoms (see Table 2). In
addition, for some computations the central carbon�s TZ2P basis has
been augmented with an even-tempered set of 1s and 2p Slater functions
with exponents a up to about 50 (an+1/an =1.35) starting with the highest
exponent close to the nuclear charge Z in the TZ2P basis. For heavy
nuclei we have previously applied the same recipe[52, 53] but adding func-


tions with exponents up to 5000. The truncation at a~104 was shown to
compensate for some of the finite-nucleus effects (see ref. [52]). For a
carbon nucleus, finite-nucleus effects should be negligible. The high-expo-
nent functions for carbon are necessary to provide an accurate descrip-
tion of the perturbation by the Fermi contact (FC) term. We have previ-
ously found that truncating the series for a around 50 for 2nd row atoms
provides reasonably well converged FC terms in spin–spin coupling con-
stants.[53] In heavier systems, both for the relativistic electronic structure
and for the FC term high exponents are needed. We will denote the aug-
mented basis set by aug-TZ2P in the following and already note here
that this basis set yields much improved chemical shifts compared with
the TZ2P basis.


Chemical shifts are reported with respect to the standard reference tetra-
methylsilane (TMS). For each chemical shift reported here, the 13C NMR
nuclear shielding for the reference has been computed for an optimized
geometry of TMS at the spin-orbit relativistic (ZORA) level employing
the TZ2P basis set for Si and the same basis set as the central carbon
atom for C. The basis set used for H is either the same as the hydrogen
atoms of the ligands or TZP in the case of complex I.


Structures


In order to assess the influence of computational aspects on
the most important structural parameters of the [Au6C]2+


core, results from different density functional calculations
have been compared with those from MP2 structure optimi-
zations. In all cases, we have employed basis sets of triple-z


Figure 2. Optimized structures of complexes I, [Au6C]2+ , II,
[(H3PAu)6C]2+ , and III, [(Me3PAu)6C]2+ . The structures shown here were
optimized by using MP2/TZVPP(2f) (I), and BP86/TZVPP(2f) (II, III).
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valence quality with at least one set of polarization func-
tions.


As already mentioned, calcu-
lations have been carried out
for three different model com-
plexes of type [(LAu)6C]2+ with
ligand L= no ligand (I), PH3


(II), and PMe3 (Me=methyl;
III), as well as for the experi-
mentally known complex with
L=PPh3 (1). The structures of
complexes I to III are displayed
in Figure 2, whereas the struc-
ture of complex 1 is depicted in
Figure 3.


For the bare [Au6C]2+ core
(cluster I), we have performed
MP2 and DFT calculations with
the large TZVPP(2f) basis set.
Due to the lack of electron-do-
nating ligands, the structure of
this model is very compact,
with Au–C and Au–Au bond
lengths of only 203.5 and
287.8 pm in case of MP2, re-
spectively, showing that this is a
poor model for the experimen-
tally known complex with bond
lengths of 212.2 to 212.9 pm
(Au–C) or 296.0 to 309.0 pm
(Au–Au). However, it can serve
as a simple model for a compar-


ison of MP2 and DFT methods. While the bond lengths cal-
culated with the VWN functional are in fair agreement with
the MP2 results, BP86 overestimates the Au–C distance by
6.7 pm and the Au–Au distance by 9.4 pm compared with
MP2.


For the [(H3PAu)6C]2+ complex, calculations by using
BP86/TZVP and MP2/TZVP have been carried out assum-
ing D3d symmetry. As can be seen from the data in Table 1,
the MP2 results for the Au–C and Au–Au distances are
about 3 and 4.5 pm, respectively, shorter than the bond
lengths calculated by using BP86. The Au�P bond lengths
are only slightly longer for BP86. It can furthermore be rec-
ognized that all Au–C and Au–Au distances within a partic-
ular structure are almost equal, the largest variations being
1.3 pm between the longest and the shortest individual Au–
Au contact for the BP86/TZVP structure. Variations larger
than 0.2 pm for the Au�P bond lengths within a particular
complex are not found for any of the structures investigated
here. We have also checked the influence of the basis set on
the BP86 results in this molecule by performing a BP86/
TZVPP(2f) structure optimization. The larger basis set
indeed decreases the equilibrium bond lengths for all types
of bond lengths investigated here by 1 to 2 pm, bringing the
results in better agreement with the MP2/TZVP calculation
and with the experimental values.


Another important test on the reliability of structures
concerns the point group symmetry of the molecules. Be-


Figure 3. Optimized structure of complex 1, [(Ph3PAu)6C]2+. The struc-
ture was optimized using BP86/TZVPP(2f)/SVP, that is, we used large
TZVPP(2f) basis sets for the [Au6C] core and the P atoms, and a SVP
basis set for the phenyl groups.


Table 1. Selected calculated bond lengths in pm for complexes [(LAu)6C]2+ with L=no ligand (I), PH3 (II),
PMe3 (III), PPh3 (1), PPh2(p-C6H4NMe2) (2), and [(iPr3PAu)6C]2+ (4). Calculations were performed by using
the BP86 and VWN density functionals as well as the MP2 method, and TZVP or TZVPP(2f) basis sets. For
the complexes 1, 2, and 4, we used SVP basis sets for the phenyl groups.


No. Model Ligand L Method/ Sym. Au–C Au–Au Au–P
basis


1 I (none) MP2/TZVPP(2f) Oh 203.5 287.8 –
2 I (none) BP86/TZVPP(2f) Oh 210.2 297.2 –
3 I (none) VWN/TZVPP(2f) Oh 204.4 289.0 –
4 II PH3 MP2/TZVP Cs 214.5 303.3 232.2
5 II PH3 BP86/TZVP Cs to 214.6 to 303.9 to 232.3
5 II PH3 BP86/TZVP Cs 217.4 307.2 233.6


to 217.7 to 308.3 to 233.8
6 II PH3 VWN/TZVP Cs 212.1 299.7 228.9


to 212.4 to 300.8 to 229.0
7 II PH3 MP2/TZVP D3d 214.5 303.2 232.2


to 214.7 to 303.7 to 232.3
8 II PH3 BP86/TZVP D3d 217.5 307.2 233.6


to 217.7 to 308.5 to 233.7
9 II PH3 BP86/TZVPP(2f) D3d 216.3 305.5 231.5


to 216.4 to 306.7
10 III PMe3 BP86/TZVPP(2f) D3d 217.3 306.8 232.5


to 217.5 to 308.1
11 III PMe3 VWN/TZVPP(2f) D3d 211.5 298.4 227.5


to 211.6 to 299.9 to 227.6
12 1 PPh3 BP86/TZVPP(2f) Ci 217.4 303.2 233.6


/SVP to 217.8 to 312.1 to 233.8
13 1 PPh3 exptl[1] 212.2 296.0 226.9


to 212.9 to 309.0 to 227.4
14 2 PPh2(p-C6H4NMe2) BP86/TZVPP(2f) – 217.3 301.6 233.6


/SVP to 218.0 to 315.6 to 233.9
15 4 PiPr3 BP86/TZVPP(2f) – 218.0 300.9 235.1


/SVP to 218.7 to 312.9 to 235.4
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sides the D3d symmetric structure described above for clus-
ter II, we have also optimized the structure of the
[(H3PAu)6C]2+ complex using MP2/TZVP and assuming Cs


symmetry. The energy difference between these two struc-
tures is almost negligible, and the structural parameters of
the [Au6C]2+ core do not change by more than 0.2 pm com-
pared with the D3d structure. This suggests a small influence
of the orientation of the ligands on the core structure, at
least for the small PH3 phosphine ligands. To validate densi-
ty functional methods for this example: a BP86/TZVP struc-
ture optimization yields Au�C and Au�Au bond lengths
which are about 3 to 4 pm longer than in the MP2 calcula-
tion, and Au�P distances which are about 1.5 pm longer.
VWN, on the other hand, leads to bond lengths which are
shorter than the corresponding MP2 values (about 2 to
3.5 pm for Au–C and Au–Au distances, about 3 to 3.5 pm
for Au�P bond lengths). This demonstrates that the system-
atically shorter VWN bond lengths are not to be preferred
over the BP86 data because the decrease in bond length can
be too large in our gold cluster structure optimizations.


Since we set out to study the effect of the ligand chosen
as a model for the PPh3 group, we consequently replaced
the PH3 groups with the larger PMe3. The role of the phos-
phine ligand in mononuclear gold compounds has already
been investigated by H�berlen and Rçsch[61] with VWN cal-
culations. They have found that in order to obtain structural
properties PH3 is a suitable model for PPh3, but for energy
properties and for the dipole moment the larger PMe3


ligand should be used instead. The general role of phosphine
ligands in gold cluster chemistry (as opposed to the bare
Aux systems) has been studied by Schwerdtfeger and
Boyd[62] who have used relativistic SCF and MP2 calcula-
tions to trace the electronic effects of the PH3 phosphine on
the gold dimer. In the following, we report results for differ-
ent phosphine ligands which we have obtained for the hexa-
nuclear gold clusters under consideration in this work.


For cluster III, reliable calculations with large basis sets
were only feasible using density functional methods; the re-
sults obtained with the BP86 exchange-correlation function-
al are given in Table 1. We note that the Au–C and Au–Au
bond lengths are increased by about 1.0 or 1.4 pm, respec-
tively, for the BP86 calculation compared with the PH3


model, which may be attributed to the steric repulsion due
to the larger substituents. Also, the Au�P bond lengths are
about 1.0 pm longer in the [(Me3PAu)6C]2+ complex for
BP86. Again, the variations in the individual bond lengths
of the same type are modest, 1.3 pm between the shortest
and the longest Au–Au contact at most. By using the VWN
functional instead of BP86 for this compound has a pro-
nounced effect on the bond lengths: the VWN Au–C con-
tacts are between 211.5 and 211.6 pm, while the correspond-
ing BP86 values are between 217.3 and 217.5 pm. Addition-
ally the Au–Au and Au–P distances are about 8 or 5 pm
shorter for VWN when compared with the BP86 results.
Again, VWN yields considerably shorter bonds for the cen-
tral [Au6C]2+ core than BP86 and even MP2.


Since the use of GGA functionals such as BP86 is state-
of-the-art in DFT calculations of large molecules, and since
we do not want to rely on a possible error cancellation
within the local density approximation (which does not
work well in all cases, see examples above), we used the
BP86 exchange-correlation functional for the structure opti-
mization of the large [(Ph3PAu)6C]2+ complex. This func-
tional yields consistent structural parameters for the differ-
ent complexes investigated here. The Au�C bond lengths do
not change significantly compared to the PMe3-ligand calcu-
lation, and the Au–P distances increase only by about
1.2 pm on average. Also, the average Au–Au distance of
about 307 pm is comparable to the model complex with tri-
methylphosphine ligands, but the variation in the individual
bond length ranges from 303.2 pm, which is 3.6 pm shorter
than the shortest Au–Au contact in that complex, to
312.1 pm, which is 4.0 pm longer than the longest Au–Au
bond length. This agrees with the experimental Au–Au bond
length�s variation of up to 13 pm.[1] However, even for this
model the calculated bond lengths are slightly too long com-
pared to the experimental values (about 5 pm for the Au–C
and Au–P distances; the assessment of the Au–Au distances
is difficult due to the large variations). We note that these
results are in good agreement with previously published cal-
culations.[25]


Additionally, we optimized the structures of the experi-
mentally studied complexes 2 and 4 using the same ex-
change-correlation functional and basis set as employed for
complex 1. For compound 2, the Au�C and Au�P bond
lengths are very similar to cluster 1, while the variations in
the Au–Au distances are even larger (between 301.6 and
315.6 pm). The PiPr3 ligands in complex 4 lead to Au�C
bond lengths which are slightly longer, but still comparable
to those of clusters 1 and 2. Also the Au–P distances are in-
creased by about 1.5 pm compared with these compounds.
The Au–Au bond lengths show similar variations as in the
cluster with PPh3 ligands, although the shortest Au–Au con-
tacts are even 2.3 pm shorter than in complex 1.


NMR Properties


Besides the main goal of this work, namely the investigation
of the unexpected range of the 13C NMR chemical shift of
the central carbon atom in 1, it is also important to study
the various methodological influences as well as the role
played by the ligands in the evaluation of this chemical
shift. The issues are as follows: i) the influence of the ap-
proximate functionals which have been used, ii) the size of
the basis sets, iii) the geometries of the optimized clusters,
and iv) the nature of the ligands. The computed NMR re-
sults are collected in Tables 2 and 3.


As mentioned in the Section on Computational Details,
the VWN functional has been used for most of the NMR
calculations because of the generally reasonable accuracy
that has been obtained with this functional in previous stud-
ies of NMR properties of heavy metal complexes.[23,46, 52–59]
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In addition, we have applied in some calculations two
common GGA density functionals, PW91 and BP86, in
order to analyze the dependence of the 13C shielding con-
stant and chemical shift on the approximations in the densi-
ty functional. For both GGA functionals (BP86 or PW91), a
sizable increase of the order of 10 ppm is obtained com-
pared to the 13C shielding constant computed with the VWN
functional. This increase is seen to result from changes in
the paramagnetic sP, the diamagnetic sD, and the spin-orbit
sSO contributions. A decrease by approximately the same
amount is found for the chemical shift. This is due to the
fact that the 13C shielding constant for the reference (TMS)
is very similar when computed with the VWN or one of the
GGA functionals.


The second issue is the influence of the quality of the
basis set on the 13C NMR properties. Several basis sets, in
some cases limited by the size of the model clusters, have
been applied. In most computations, the same triple-z
Slater-type basis set augmented with two polarization func-
tions has been employed for the central carbon atom. For
the bare [Au6C]2+ core (I), freezing the Au core shells up to
4f results in a decrease of 15 ppm of the 13C shielding, due


to sizable changes in all terms
that contribute to the shielding
tensor. For the other com-
plexes, the presence of coordi-
nated ligands around the
[Au6C]2+ core is seen to dimin-
ish the influence of the frozen
core approximation. For in-
stance, without a frozen core
for the Au atoms, the 13C chem-
ical shift of the central carbon
atom in II was computed to be
109.8 ppm whereas with a 4f
frozen core, it was computed to
be 108.1 ppm. From Table 3, it
can be seen that the large 13C
shielding in the [Au6C]2+


moiety (I) is mainly caused by
the sSO spin-orbit contribution.
It results mainly from the spin-
orbit coupling in the Au 5d
shell. Taking the rather extraor-
dinary magnitude of sSO in I
into consideration, a 15 ppm, or
less than 10 %, contribution
from the Au 4f shells seems
reasonable. For the complexes
II, III, and 1, the sSO contribu-
tions are almost completely
quenched, mostly due to the
electronic effects by the phos-
phine ligands. We have shown
previously that a strongly s-
binding ligand trans to a metal–
metal bond drastically reduces


the (Fermi-contact contribution to the) metal–metal spin–
spin coupling constant.[56,57, 63] It is therefore not unlikely
that a similar effect is in place here that almost completely
eliminates the sSO Fermi contact shielding term when the
phosphine ligands are added to the CAu2þ


6 moiety. The rela-
tive Au 4f spin-orbit contributions now exceed 10 % but are
still of the same order of magnitude as in I and partially
counterbalanced by changes in sP (Table 3, rows 5, 6).


A rather spectacular effect on the central carbon�s nuclear
magnetic shielding is obtained when adding high exponent
1s functions to its basis set (aug-TZ2P). For instance, in
complex 1 this increases the chemical shift by 16 ppm (128.7
vs 112.6 ppm). Our motivation of supplying these basis func-
tions originates in the large spin-orbit contributions to the
chemical shift in complex I. From the computational results
it is obvious that for the phosphine complexes these spin-
orbit effects are delicately balanced and suppressed mainly
by the electronic effects from the ligands. This effect is dis-
cussed in more detail below. The balancing must therefore
be expected to be sensitive to approximations in the compu-
tational model. Because the mechanism for sSO is—on the
side of the light nucleus—essentially the same as for the


Table 2. Calculated NMR shieldings (s) and chemical shifts (d)[a] of 13C in the complexes I–III, 1, 2, and 4 (in
ppm).


NMR computational settings NMR


optimized method basis[c] s(13C) d(13C)[d]


geometry[b]


C Au P C (lig.) H


complex I
1 VWN TZ2P TZ2P – – – 486.8 �302.9
1 VWN TZ2P TZ2P (4f) – – – 471.8 �287.9


complex II
9 VWN TZ2P TZ2P (4f) TZP (2p) – DZ 81.4 99.4
9 VWN TZ2P TZ2P (4f) TZP (2p) – DZP 79.2 104.0
9 VWN TZ2P TZ2P (4f) TZP (2p) – TZP 75.8 108.1
9 VWN TZ2P TZ2P TZP (2p) – TZP 74.1 109.8
9 BP[e] TZ2P TZ2P TZP (2p) – TZP 83.8 101.1
9 PW[f] TZ2P TZ2P TZP (2p) – TZP 85.0 99.6
4 VWN TZ2P TZ2P TZP (2p) – TZP 74.4 109.5
7 VWN TZ2P TZ2P TZP (2p) – TZP 74.3 109.6
1[g] VWN TZ2P TZ2P TZP (2p) – TZP 41.8 142.1
9 VWN DZ TZ2P (4f) TZP (2p) – TZP 100.8 88.3
9 VWN DZ(1s) TZ2P (4f) TZP (2p) – TZP 96.0 92.9
9 PW DZ(1s) TZ2P (4f) TZP (2p) – TZP 104.7 82.7


complex III
10 VWN TZ2P TZ2P TZP (2p) TZP (1s) TZP 64.6 119.3
10 VWN TZ2P TZ2P (4f) TZP (2p) DZ (1s) DZ 66.5 114.3


complex 1
12 VWN TZ2P TZ2P (4f) TZP (2p) DZ (1s) DZ 68.2 112.6
12 PW TZ2P TZ2P (4f) TZP (2p) DZ (1s) DZ 81.3 99.6
12 VWN aug-TZ2P TZ2P (4f) TZP (2p) DZ (1s) DZ 49.9 128.7


complex 2
14 VWN TZ2P TZ2P (4f) TZP (2p) DZ (1s) DZ 66.8 114.0
14 VWN aug-TZ2P TZ2P (4f) TZP (2p) DZ (1s) DZ 48.5 130.1


complex 4
15 VWN aug-TZ2P TZ2P (4f) TZP (2p) DZ (1s) DZ 39.6 139.0


[a] Chemical shifts with respect to TMS. Relativistic (ZORA) computations including spin-orbit coupling.
[b] See column 1 of Table 1. [c] Frozen core in parentheses. [d] Basis set for TMS: Si, TZ2P; C, the same as
the central carbon atom; H, the same as the hydrogen atoms of the ligands (if not present, TZP). [e] Becke–
Perdew functional. [f] Perdew–Wang (PW91) functional. [g] PH3 ligands added to the optimized geometry of
[Au6C]2+ . No further geometry relaxation.
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Fermi-contact term of nuclear spin–spin coupling[17,23,64, 65] it
requires steep (high-exponent) s functions for its proper de-
scription, in particular in relativistic calculations.[52,53] That
there is indeed a sensitive balancing between various com-
peting effects present is also indicated by the data of
Table 3. The addition of steep functions does not just cause
an increase of the magnitude of sSO but concomitant
changes in sD and sP of the same order of magnitude. An ac-
curate description of the influence of the Fermi-contact
term at the central carbon nucleus also turned out to be es-
sential in order to obtain reasonable agreement with experi-
ment for the central carbon�s chemical shift in complex 2
(see end of this Section).


In order to be able to compute 13C NMR properties for
the largest complexes, that is, the model cluster III and the
experimental complexes 1, 2, and 4, we were interested first
in the study of the efficiency of the calculations with the
smallest basis sets for the C and H ligand atoms. For cluster
II for instance, changing the basis set of the H atoms of the
PH3 ligands from TZP to DZ produces a decrease of about
9 ppm in the chemical shift (108.1 vs 99.4 ppm). However,
for the cluster III for which L= PMe3, it seems that using
the smallest basis sets for the ligand and Au atoms does not
affect as much (around 5 ppm) the chemical shift of the cen-
tral carbon atom.


The influence of some geometrical parameters (geometry
optimizations, and the nature of the ligands) shall also be
discussed. For instance, the cluster II for which L= PH3,
has been optimized by using different methods and basis
sets under different symmetries (see the previous Section).
Whatever the optimized geometries are, which differ only
by small modifications of the bond lengths (see Table 1),
the 13C chemical shift is not strongly affected with 109.8,
109.5 and 109.6 ppm for the geometries 9, 4 and 7, respec-
tively.


By using the same basis sets for the NMR computations
(TZ2P, TZ2P(4f), TZP(2p), DZ(1s) and DZ for the central
carbon atom, the gold and phosphorus atoms, and the
carbon and hydrogen atoms of the ligands, respectively), it
appears that the presence of the ligands has, as expected,
the strongest influence on the chemical shift of the central
carbon atom. Without any ligand around the [Au6C]2+ cage
(I), a large negative chemical shift of �287.9 ppm is comput-
ed. As already mentioned, it stems from large shielding
spin-orbit (and diamagnetic) contributions to the 13C shield-
ing constant. The addition of a PH3 ligand on each Au atom
(II) positively shifts d(13C) of the interstitial carbon nucleus
(99.4 vs �287.9 ppm). This strong deshielding is caused by a
sizable negative sP and by a cancellation of sSO. Replacing
the PH3 ligands (II) by PMe3 (III) still quite noticeably af-
fects the chemical shift (114.4 vs 99.4 ppm), whereas a
change of less than 2 ppm is observed when the PMe3 li-
gands (III) are replaced with PPh3 (1). The addition of PH3


ligands to the [Au6C]2+ core without re-optimization strong-
ly alters the chemical shift from �302.9 to 142.1 ppm. This
result shows that the chemical shift of the central carbon
atom depends, of course, on the geometrical arrangement of
the cluster, but much more strongly on the electronic effect
of the ligands on the CAu6 core. The nearly vanishing para-
magnetic shielding and the large sSO contributions suggest
that inside the bare Au6 cage the central carbon atom
mainly sees a nearly spherical strongly shielding environ-
ment. The situation is very different when the phosphine li-
gands are added.


For complex 1, the chemical shift of the central carbon
atom is then computed to be 112.6 ppm with VWN/TZ2P,
99.6 ppm with PW91/TZ2P, and 128.7 ppm with VWN/aug-
TZ2P (see Table 2). But, how accurate are these values?
From the strong influence of spin-orbit coupling on the cen-
tral carbon shift it is clear that the aug-TZ2P results are
more reliable. As seen before, improving the density func-
tional (GGA vs LDA) reduces the chemical shift, whereas
adding polarization functions in the ligand�s basis has the
opposite effect. Because of the computational costs, com-
plexes 1, 2, and 4 could not be studied with a polarized basis
on the ligands. From the preceding discussion it is clear that
the use of the VWN functional and an unpolarized basis on
the ligands provides some significant error cancellation. We
therefore suggest that the VWN/aug-TZ2P results for 1 are
the ones that should be closest to the experimental data.
This is supported by the rather good agreement between
calculated and experimental results for complex 2 (see


Table 3. Individual contributions to the 13C shielding constants in the
complexes I–III, 1, 2, and 4.[a]


No.[b] sP sD sSO Total s


complex I
1 �24.5 271.1 240.2 486.8
1 �3.9 264.3 211.5 471.8


complex II
9 �193.4 281.8 �7.0 81.4
9 �194.7 282.6 �8.7 79.2
9 �196.1 283.1 �11.1 75.8
9 �202.0 284.8 �8.6 74.1
9 �199.7 291.3 �7.7 83.8
9 �197.6 290.0 �7.4 85.0
4 �205.3 287.8 �8.1 74.4
7 �205.4 287.8 �8.1 74.3
1[c] �244.5 308.2 �21.9 41.8
9 �121.5 228.1 �5.7 100.8
9 �122.1 229.3 �11.2 96.0
9 �119.2 234.3 �10.4 104.7


complex III
10 �205.5 284.2 �14.2 64.6
10 �197.9 278.6 �14.2 66.5


complex 1
12 �196.9 278.6 �13.6 68.2
12 �189.7 283.3 �12.3 81.3
12 �178.9 252.8 �24.0 49.9


complex 2
14 �198.2 278.5 �13.5 66.8
14 �180.4 252.9 �23.9 48.5


complex 4
15 �195.6 263.4 �28.2 39.6


[a] Small sGC contributions are included in the individual sP and sSO


terms. Computational details are given in Table 2 (same ordering of
rows). [b] See column 1 of Table 1. [c] PH3 ligands added to the opti-
mized geometry of [Au6C]2+ . No further geometry relaxation.
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below), in particular when taking the sensitive balancing of
spin-orbit effects in these complexes into consideration.


In order to further investigate the computational errors,
we have computed the 13C chemical shift of the carbon
atoms of the phenyl groups of the experimental complex 1
and for benzene, by using the same basis sets. Experimental-
ly, the 13C chemical shift of 128.5 ppm for the carbon atoms
in benzene is close to the reported shifts of the phenyl li-
gands in complex 1. We have computed d(13C) for benzene
for two geometries, the experimental one (dC–C =139.9 pm,
dC–H = 110.1 pm)[66] and an optimized one (BP86/SVP, dC–C =


140.7 pm, dC–H =110.2 pm). The results are collected in
Table 4.


The average 13C chemical shift of the carbon atoms of the
phenyl ligands in 1 is computed only 2.5 ppm larger than the
experimental one with the DZ(1s) basis and the VWN func-
tional (133.9 vs 131.4 ppm). With the same basis and func-
tional, the calculated d(13C) in the optimized benzene struc-
ture (130.0 ppm) also overestimates the experimental value
by only 1.5 ppm. For benzene, an increase of the flexibility
of the basis set increases the chemical shift. For instance,
with TZ2P and TZP as basis sets for C and H, respectively,
the d(13C) is more than 10 ppm larger than the experimental
one (141.2 vs 128.5 ppm). For all the basis sets, the use of


the PW91 functional diminishes the difference between
computed and experimental values. With the smallest basis
sets, for example, the d(13C) decreases from 130.0 to
127.3 ppm. The same trend is observed for the central
carbon shift in complex II (see Table 2), for which the use of
the PW91 functional causes a decrease of 10 ppm of the
chemical shift (82.7 vs 92.9 ppm). Thus, the effects on the
13C chemical shift of the use of both the small basis sets and
the PW91 functional are of the same order of magnitude in
opposite directions. For benzene as well as for the phenyl
carbon atoms in 1, very good agreement with experiment is
obtained with the VWN functional and the unpolarized
DZ(1s) frozen core basis, which is obviously due to a fortui-


tous error cancellation. The
largest errors are seen to occur
for Cipso which indicates the ne-
cessity for a higher-quality po-
larized basis in particular at this
position in the ligands of 1.
Very good agreement with ex-
periment is further obtained for
benzene with a good quality
basis set and a GGA functional.
As already mentioned, for the
chemical shift of the central
carbon atom in II and 1 we find
effects of similar magnitude
and the same sign regarding dif-
ferent basis sets and density
functionals.


The presence of steep func-
tions in the basis set of the cen-
tral carbon atom turned out to
be essential. This is further con-
firmed by the calculation of the
chemical shift of the central
carbon atom in 2 for which the
experimental value is
137.27 ppm. dC is computed at
130.1 ppm with the aug-TZ2P
basis for the central carbon
atom, whereas it is computed at
only 114.0 ppm without the ad-
ditional steep functions. This
result indicates that for this par-
ticular type of complex, be-


cause of the aforementioned cancellation of errors (ligand
basis set vs density functional), the calculation with the
VWN functional and the steep functions for the central
carbon atom offers the best compromise for a good investi-
gation of the experimental 13C NMR chemical shift of the
central carbon atom in 1. As a supplementary test, d(13C) of
the interstitial carbon atom in 4 has been computed. Owing
to the absence of phenyl substituent, the signal is easily de-
tected experimentally at d=154.6 ppm. The difference be-
tween the computed value (d=139.0 ppm) and the experi-
mental one is larger than for complex 2 for instance. This


Table 4. Calculated NMR shieldings (s) and chemical shifts (d)[a] of 13C for the phenyl ligands of the complex
1 and for benzene (in ppm).


Computational settings 13C NMR


method basis[b] scalcd dcalcd dexptl
[c]


C H


phenyl ligand of 1[d]


Cipso VWN DZ(1s) DZ 60.8 138.8 129.71
Cortho VWN DZ(1s) DZ 65.0 134.6 133.91
Cmeta VWN DZ(1s) DZ 68.2 131.4 129.50
Cpara VWN DZ(1s) DZ 67.1 132.5 132.06
Cav.


[e] VWN DZ(1s) DZ 65.7 133.9 131.43
benzene (exp. geometry)[f]


VWN DZ(1s) DZ 71.2 128.4 128.5
PW DZ(1s) DZ 73.0 125.7 128.5
VWN DZ DZ 72.5 127.1 128.5
VWN TZP(1s) DZ 46.0 134.9 128.5
VWN TZP DZ 45.6 135.3 128.5
VWN TZ2P DZ 45.0 135.8 128.5
VWN TZ2P TZP 44.2 139.7 128.5
PW TZ2P TZP 50.5 134.1 128.5


benzene (opt. geometry)[g]


VWN DZ(1s) DZ 69.6 130.0 128.5
PW DZ(1s) DZ 71.4 127.3 128.5
VWN DZ DZ 71.0 128.6 128.5
VWN TZP(1s) DZ 44.4 136.5 128.5
VWN TZP DZ 44.1 136.8 128.5
VWN TZ2P DZ 43.4 137.4 128.5
VWN TZ2P TZP 42.7 141.2 128.5
PW TZ2P TZP 48.9 135.7 128.5


[a] Chemical shifts with respect to TMS. Relativistic (ZORA) computations including spin-orbit coupling.
[b] Frozen core in parentheses. [c] See refs. [1] (1) and [66] (benzene). [d] Averaged results obtained from five
phenyl groups. [e] Results averaged on all the carbon atoms of the phenyl ligands. [f] See ref. [66]. [g] Opti-
mized with BP86/SVP. dC�C = 140.7 pm, dC�H =110.2 pm.
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deviation can be explained partially by difficulties encoun-
tered in obtaining an optimized structure for this complex.
However, the ordering of the computed d(13C) for the com-
plexes 1, 2, and 4, that is, 128.7 (1), 130.1 (2), and 139.0 ppm
(4), respectively, follows the ordering of the experimental
data for 2 (137.3 ppm)[14] and 4 (154.6 ppm)[16] and the ex-
pected chemical shift for 1 (135.3 ppm).[14]


Besides the sources of errors which were already dis-
cussed, remaining errors in the computation can be attribut-
ed to yet neglected effects, for instance from vibrations of
the central carbon in the Au cage, or surrounding solvent
molecules. Because of the sensitive balance between com-
peting effects, it is not easy to point out a clearly dominant
source of errors.


Summary and Conclusions


More than ten years ago,[14] experimentalists were expecting
that a quantum chemical calculation could give an explana-
tion for the unexpected chemical shift at 137.27 ppm (in the
arene region) of the interstitial carbon atom in
[C{Au[P(C6H5)2(p-C6H4NMe2)]}6]


2+ . For instance, the chemi-
cal shifts of interstitial carbon atoms in typical carbonyl
transition metal carbides appear at about 450 ppm in-
stead.[15] Because of the cage-like environment, a strong
magnetic shielding of the central carbon would also not
have been very surprising. We find that the suppression of
strongly shielding spin-orbit contributions from the Au cage
due to electronic effects from the phosphine ligands is re-
sponsible here for the unexpected chemical shift. The same
is true for complex 1 for which the central carbon�s chemi-
cal shift could originally not be detected experimentally but
has later been assigned to a signal at 135.2 ppm by compari-
son with data obtained for the related complex 2.[14] From
our computations we confirm that it is in the same range as
the one for complex 2, but slightly smaller by about 1–
2 ppm. This in agreement with the experimental values. The
best computed chemical shift for 1 at 128.7 ppm underesti-
mates the experimental value (d=135.2 ppm) proposed by
Schmidbaur et al.[14] by less than 10 ppm.


All the parameters we have studied (functionals, basis
sets, ligand effects) influence significantly the chemical shift
of the central carbon atom. We have already mentioned that
the influence of polarization functions on the ligand atoms
can be of the order of 10 ppm. This value is also the differ-
ence which can be attributed to the use of a GGA instead
of a LDA functional in the calculations. However, it turns
out that these effects are to a large extent cancelled out.
The total ligand influence is much more significant than
these two effects, resulting in a difference of about 400 ppm
between the carbon chemical shifts computed for the clus-
ters I and 1, for instance. By considering an error of just 5 %
in this ligand contribution, the calculations would already be
off by about 20 ppm. Therefore, we regard the agreement
between calculated and experimental value for complex 2,
and to a lesser extent for complex 4, as quite satisfactory.


Apart from approximations in the functional, the closer to
the experimental structure the computational model is, the
larger is the calculated chemical shift of the interstitial
carbon atom. Therefore, our “best” results underestimate,
rather than overestimate, the true experimental value.


A detailed orbital-based analysis of the calculated results
would be able to provide further insight into the mecha-
nisms that cause the unexpected chemical shift for the cen-
tral carbon in 1, 2, and 4. Such analysis functionality is
under development in our group. Presently, nuclear shield-
ing from spin-orbit ZORA calculation can unfortunately not
be analyzed in the same way as, for example, in the scalar
(Pauli) relativistic method developed by Schreckenbach and
Ziegler.[50]


Further theoretical investigations on the 13C NMR proper-
ties of related gold complexes for which experimental data
are missing, in particular [(Ph3PAu)5C]+ , the pentakis ana-
logue of 1,[67] are in progress.
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