
Multiple files are bound together in this PDF Package.

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

•  Efficient, integrated PDF viewing 

•  Easy printing 

•  Quick searches 

Don’t have the latest version of Adobe Reader?  

Click here to download the latest version of Adobe Reader

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

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




¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200304776 Chem. Eur. J. 2003, 9, 3186 ± 31923186


G. C. Bazan et al.







Introduction


There is substantial worldwide research effort, in industrial
and academic laboratories, focused on developing highly
sensitive and selective methods of biosensors useful in
medical diagnostics and biomedical research.[1] An efficient
biosensor is a reporter that contains a biomolecular recog-
nition element able to detect nanomolar or subnanomolar
quantities of one or more target analytes. Optimum biosen-
sors need to operate in a selective manner and provide a ™real-
time response∫ in the form of a transduction signal that is easy
to detect. Conjugated polymers (CPs) have emerged as a class
of materials that provide a highly responsive platform for
chemical and biological sensors. These materials may be
viewed as a collection of short, conjugated (oligomeric) units
kept in close proximity by virtue of the polymer backbone.
The delocalization characteristic of their electronic structure
allows fast intra- and interchain energy transfer,[2] and enables
photoexcitation migration to low energy sites. The emission of


a large number of absorbing units is therefore efficiently
quenched by photoinduced electron-transfer[3] or by Fˆrster
energy-transfer mechanisms.


A complication with water-soluble CPs as optical reporters
is that they are sensitive to the environment, namely to the
addition of surfactant. The efficiency of CPs is related to
aggregate formation in aqueous solution and to the polymer
structure. Even for oligomers with well-defined structures the
fluorescence quenching efficiencies depend on surfactant
concentration and aggregate dimensions. In this contribution
we describe the background and our efforts towards the
design of well-defined, water-soluble paracyclophane optical
reporters that are insensitive to changes in coil conformation
and in aggregate formation.


CP-Based Chemical Sensors


In one of the first demonstrations of optical amplification for
chemical sensing,[4] a polyreceptor showed amplification (65-
fold) in fluorescence quenching by a single cationic receptor
N,N�-dimethyl-4,4�-bipyridinium (MV2�, methyl viologen)
relative to the parent monomer structure. The polyreceptor
used was a cyclic ether-containing CP, as shown in Figure 1,
which displays binding affinity for MV2�.


Figure 1. Cyclic-ether-based polymer used for amplification through
energy migration.


Optical excitations travel along the polymer backbone and
are quenched upon encountering an MV2�-bound receptor.
This amplification phenomenon by energy migration, which
utilizes the collective response of a polymer, is at the core of
CP-based sensors. Conductivity-based sensory devices, which
operate on the basis of changes in charge transport, may also
be implemented by connecting the modified CP between two
electrodes.[5] Cations (such as Na�, MV2�) can be selectively
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sensed by using this technique, and an array of molecular
materials (Figure 2)[5] have been used for this purpose.
Polythiophenes and polypyrroles functionalized with poly-
alkyl ether chains,[6] crown ethers,[7] and aza-crown ethers[8]


have been the most abundantly studied. Other structures of
CPs functionalized with pyridyl-based ligands,[9] cyclodex-
trins,[10] and calixarenes[11] have also been developed.


Figure 2. Examples of materials used in chemosensor wires.


The efficiency of CP-based chemosensors is increased in
thin-film applications by introducing three-dimensional am-
plification. Concentrations of vapors of trinitrotoluene (TNT)
as low as 10�18� were detected by using thin films of a
pentiptycene-containing CP.[12] Studies on ordered films of
poly(phenyleneethynylene) materials demonstrated that the
modulation of the film thickness induces a transition to a
three-dimensional behavior, resulting in more efficient trap-
ping.[13]


CPs as Optical Reporters in Biosensor Designs


Water-soluble CPs are required for the detection of biological
targets in homogeneous media. This property is typically
achieved by the incorporation of charged functionalities on
the polymer backbone.[14] The hydrophobic nature of the
conjugated framework results in extensive aggregation in


solution.[15] Selected examples of water-soluble CPs used in
biosensor applications are shown in Figure 3. Structures
include derivatives of poly(p-phenylenevinylene) (PPV) with
sulfonated pendant groups, such as MPS-PPV,[14] MBL-
PPV,[15] and poly[lithium-5-methoxy-2-(4-sulfobutoxy)-1,4-
phenylenevinylene]. Cationic derivatives of poly(fluorene)
are also useful, such as poly(9,9-bis(6�(N,N,N-trimethylam-
monium)hexyl)fluorenephenylene).[16]


Figure 3. Examples of water-soluble CPs used in biosensor applications.


The photophysical properties of MPS-PPV (molecular
weight 1-5� 105, 1000 monomer repeat units) were recently
reported.[17] A millionfold amplification of the fluorescence
quenching, relative to dilute solutions of the parent stilbene
monomer, is observed when small quantities (1 ± 5� 10�7�) of
MV2� are added. These numbers must be considered with
caution, because in the stilbene case the quenching process is
dynamic, whereas for the charged polymer the mechanism
involves static quenching. The Stern ±Volmer constant Ksv


gives a quantitative measure of the fluorescence quenching
[Eq. (1)]:[18]


F o/F� 1�Ksv[Q] (1)


whereby F o is the intensity of fluorescence in the absence of
the quencher Q, F is the intensity of fluorescence in the
presence of Q, and [Q] is the concentration of Q. In the above
example of MPS-PPV, the quencher is MV2�. Under dilute
conditions, the Stern ±Volmer plot for quenching by MV2�


gave aKsv value of 1.7� 107��1. The negatively charged MPS-
PPV readily binds in aqueous solution with the quencher to
form a weak donor± acceptor complex, thereby increasing the
local concentration of the quencher. Close proximity enables
photoinduced charge transfer and, due to the large number of
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monomers sampled by the photoexcitation, a large amplifi-
cation takes place.


It was also reported that this highly effective fluorescence
quenching of MPS-PPV could be used in a reversible manner
in a biosensor application. A short flexible tether attached a
viologen derivative to biotin, a specific receptor for the
protein avidin. The MV2� ± biotin moiety effectively quenches
the fluorescence of MPS-PPV. Since avidin and biotin form a
strong complex (binding constant, Kd� 10�15),[17] the addition
of avidin to the mixture removes the quencher from MPS-
PPV, suppressing the photoinduced electron transfer, and the
fluorescence quenching is reversed (see Figure 4).


However, there are additional considerations for using CP
fluorescence recovery for the detection of a more diverse class
of biologically relevant molecules. Charged analytes might
interfere in the quenching efficiency of the polymer by
perturbing the electrostatic interaction between the CP and
the quencher. The size of the quencher plays an important
role in its complexation, since it is likely that the quenching
reversal in the polymer±MV2� ± biotin system with avidin was
partly due to steric effects resulting from the large size of
avidin. Therefore, a smaller antigen might be unable to fully
remove the quencher from the polymer. Additionally, experi-
ments on a similar anionic polyelectrolyte MBL-PPV dem-
onstrated that addition of different proteins to low concen-
trations of the polymer resulted in changes in the fluores-
cence,[9] an indication that nonspecific interactions can
complicate the identification of a target analyte when a large
number of unknown structures are examined.


The presence of surfactants is often required in biomolec-
ular recognition events. However, surfactants influence the
optical properties of polyelectrolytes.[19] In fact, addition of
small amounts of dodecyltrimethylammonium bromide
(DTA) to aqueous solutions of MPS-PPV increases the
fluorescence quantum yield 20-fold, due to change in polymer
conformation and/or aggregate breakup.[20] More importantly,
in the presence of MV2�, the addition of DTA results in a
decrease inKsv by two orders of magnitude, at a DTA/polymer
repeat unit ratio of 1:10. This decrease in quenching efficiency
eliminates the optical amplification provided by the polymer
structure.


The fluorescence intensity observed from CPs is influenced
by the molecular structure of the polymer. The statistical
distribution of the polymeric chains, batch-to-batch variabil-
ity, and variations in polymer conformation and aggregate
formation in aqueous solution make structure ± property
relationships difficult to deconvolute. To gain a better under-
standing and control of the structural factors governing the
optical properties of CPs, the water-soluble phenylenevinyl-
ene oligomer 1 was designed and synthesized, and its
fluorescence properties examined.[21]


Light-scattering experiments demonstrate that 1 self-as-
sembles into aggregates with a root-mean-squared radius of
�190 nm within a concentration range of 3.7 to 7.1� 10�5�.
The Ksv value (4.5� 105��1) with MV2� in water indicates a
static-quenching regime, favored by ion pairing between 1 and
MV2�. This value is fifty times lower than that obtained for
MPS-PPV/MV2� under similar conditions. However, upon
addition of the surfactant DTA, the fluorescence quenching in
1/MV2� increases in efficiency. Indeed, it is possible to obtain
a greater amplification of the quenching of 1/MV2� relative to
MPS-PPV. It is suspected that the formation of smaller
aggregates upon DTA addition allows for stronger interac-
tions between 1 and MV2� and that there is facile energy
migration within these aggregates. These results indicate that
the spontaneous formation of aggregates in well-defined
chromophores such as 1 can be advantageously used to
provide a superior quenching efficiency, relative to polymer-
based counterparts.


Additional studies[22] have shown that the aggregation of
oligomers also influences the efficiency of Fˆrster energy
transfer. When 1 was mixed with a fluorene-based water-
soluble oligomer, such as 2,[16] energy transfer from 2 to 1 was
observed. Under dilute conditions, static quenching by
formation of ion pairs dominates, and the Ksv value
(�1� 107��1) obtained from the linear portion of the
Stern ±Volmer plot is consistent with efficient quenching.


The quenching efficiency for 1/2 mixtures is also perturbed
by the concentration of surfactant (sodium dodecylsulfate,
SDS). An evaluation of the influence of surfactant on Ksv can
be provided by correlating the ratio of SDS equivalents
against the number of charged units (CU). In the range for
which [SDS]/[CU]� 0 ± 0.75, there is little change in the Ksv


value (between 1 and 5� 106��1); at [SDS]/[CU]� 1, a


Figure 4. Representation of a fluorescence-recovery-based biosensor. The
fluorescence of the polymer is quenched by the MV2� ± biotin moiety. The
addition of avidin effectively removes the quencher from the proximity of
the polymer; this allows the polymer to fluoresce, thus signaling the binding
event of biotin to avidin.
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pronounced increase is observed and a maximum value of 4�
107��1 is reached. A progressive decrease inKsv values is then
observed with further addition of SDS.


The complications given above, namely the dependence of
MPS-PPV and oligomer fluorescence on surfactant, and
therefore other solutes that influence aggregation, make it
highly desirable to design a ™stable∫ reporter for biosensor
applications. Specifically, one would like to design water-
soluble molecules with delocalized electronic structures that
are insensitive to changes in coil conformation and in
aggregate dimensions.


Three-Dimensional Electronic Delocalization
Within Paracyclophane-Based Bichromophores


Our initial motivation for studying paracyclophane (pCp)
derivatives arose from the desire to model interchromophore
contacts. Previous work with pCp molecules shows that the
pCp core acts as a bridge to bring two individual chomophores
into close contact, at a distance shorter than van der Waals
distance.[23] This contact provides a key junction to model
interchromophore through-space delocalization.[24] By having
this pCp contact, permanent chromophore ± chromophore
through-space delocalization is established in a well-defined
way. Synthetic control makes it possible to examine how chain
length, orientation and different functionalities affect the
electronic coupling between the two subunits.


The characteristics of pCp bichromophores derive mainly
from two states: the ™chromophore∫ state, which is the state
characterized by through-bond (TB) delocalization along the
parent chromophore, and the
™phane∫ state, which is character-
ized by through-space (TS) delocal-
ization across the pCp core.[25, 26]


The electronic characteristics of a
pCp dimer results from the mixing
of these two states. Taking this into
consideration, one encounters three
different electronic structures, de-
picted in Figure 5.


Class A encompasses molecules
such as 3, in which ™monomer∫ units
with restricted conjugation length
are connected by the pCp core at
their termini.[27] In such molecules,
there is very little mixing of the two
states, and the first excited state (S1)
can be described as mostly phane in
character, whereas the second ex-
cited state (S2) can be described as
mostly chromophore in character.
Since the phane state has a vanish-
ing oscillator strength, the chromo-
phore state acts as an antenna, and
absorption leads to excitation di-
rectly to the S2 state. Internal con-
version leads to the lower energy S1


state, and emission occurs from


there (Figure 5, A). Molecules of this class are characterized
by longer fluorescence lifetimes relative to their monomeric
counterparts.


Molecules such as 4 typify the class B.[27] For these
molecules S1 is mostly chromophore in character. Since this
transition is allowed, both the absorption and emission derive
most directly from the chromophore state. As expected, the
absorption and emission spectra are very similar to those of
the parent monomer chromophore (Figure 5, B).


For classes A and B, the pCp core connects the chromo-
phores at their termini. Electronic calculations for the parent
chromophores show that with an increase in conjugation
length, terminal rings participate less strongly in the descrip-
tion of the HOMO and the LUMO.[28] One can therefore
expect diminishing through-space delocalization between the
chromophores with increasing conjugation length.


Molecules such as 5, in which the center ring of each parent
distyrylbenzene chromophore is connected by the pCp core,
form the third class of paracyclophane dimers (Figure 5, C).[27]


Since the central ring is a more active participant in the
molecular orbitals of the parent chromophore, there is better
mixing of the chromophore and phane states, and neither state
dominates the absorption or emission spectra. Excitation
leads to full delocalization within the entire molecule.


Water-Soluble Paracyclophane Chromophores as
Stable Optical Platforms for Fluorescent Biosensors


We looked to bypass the complications by aggregation and
self-quenching encountered with 1. As stated previously, the


Figure 5. Three different electronic structures of pCp bichromophoric molecules and their corresponding
absorbing and emitting states.
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addition of DTA to a solution of 1 increased photolumines-
cence and enhanced Ksv. Drawing upon our previous work
with pCp molecules, we decided to model a sensor based upon
the framework of 5, creating a molecule that would contain
strong, prebuilt chromophore ± chromophore interactions. We
anticipated that interchromophore interactions within the
aggregate would be superceded by the stronger, permanent
intramolecular delocalization.[29]


Our target was molecule 6, a bichromophoric paracyclo-
phane made water-soluble by sulfonate functionalities. The
synthesis of 6 began by the preparation of the neutral


precursor 7 by a Horner ±Emmons coupling of 8 with 9
(Scheme 1). The target 6 was produced by deprotection of 7
with tert-butylammoniumtriphenyldifluorosilicate (TBAT)
and in situ quenching with butane sultone. This latter
sequence is a novel method for generating charged groups
in one step from neutral precursors.


Figure 6 compares the effect of DTA on the optical
properties of 1 and 6. As shown, the photoluminescence and
quenching ability of MV2� are virtually unchanged for 6. At
DTA/SO3


� ratios of up to 1:1, Ksv decreased by less than 8%


and the quantum yield, �PL, decreased by less than 4%.
Substantial changes in the properties of 1 are evident. Also
significant is that light scattering over a concentration range of
1.9� 10�5 to 4.5� 10�4� shows that aggregation of 6 occurs in
water to form particles with a root-mean-squared radius of
31 nm and an average molecular weight of 1.35� 105 gmol�1.
Thus, 30 ± 40 molecules of 6 are contained in each aggregate.
The data from Figure 6 imply that modification of these
aggregates by DTA is of little influence on the photolumi-
nescence intensity. The permanent, intrachromophore deloc-
alization within the dimers brought about by the pCp bridge
takes precedence over interchromophore interactions.


Figure 6. The effect of DTA concentration on: a) the normalized inte-
grated fluorescence intensity of 1 (�) and 6 (�) as a function of the DTA/
SO3


� ratio; b) Ksv for 1 (�) and 6 (�) quenched by MV2� as a function of
DTA/SO3


� ratio.


The fluorescence lifetimes (�f) of 6 in water and 7 in toluene
are 12.5 and 2 ns, respectively (Figure 7). At a concentration
of 4.0� 10�6�, the absorption and emission maxima of 6 are
399 and 511 nm, respectively. At a similar concentration, the


Figure 7. Fluorescence lifetime measurements of compounds a) 6 and b) 7.


absorption of 7 is nearly identical to that of 6, but the emission
maximum is blue-shifted by 45 nm.�PL values[30] are 0.38 for 6
in water and 0.52 for 7 in toluene. The long fluorescence
lifetime of 6 is indicative of emission from a state that has a
greater contribution from the phane state than that of 7,[25a]


suggesting that the higher dielectric medium lowers the
energy of the phane state relative to the chromophore state.


Complementary insight is gained by examining the natural
lifetime, �N, of the molecules.[18] The value of �N is related to
the measured lifetime, �meas and �PL by Equation (2):


�N� �meas/�PL (2)


From the measured lifetimes and quantum yields of 6 and 7,
we obtain �N values of 33 and 4 ns, respectively. The longer �N
of 6 is again consistent with a larger contribution from the
phane state, relative to 7. These data and observations are best
described by a switch in molecular characteristics from class C
to class A (in Figure 5), induced by the higher dielectric
constant in water.[31] For comparison, the �N for their


Scheme 1. i) KOtBu, toluene. ii) TBAT, butane sultone, DMF.
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distyrylbenzene counterparts are 5 ns (for the monomeric
version of 6) and 3 ns (for the monomeric version of 7).


Summary


In summary, we have shown that it is possible to design
molecules such as 6 that may be considered unimolecular
aggregates, and that the strong delocalization within these
molecules makes perturbations from adjacent molecules less
important. Future efforts will be directed towards the
application of such chromophores in biosensor applications.
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Coordinated and Clathrated Guests in the 3�[Hg6As4]4� Bicompartmental
Framework: Synthesis, Crystal and Electronic Structure, and Properties of
the Novel Supramolecular Complexes [Hg6As4](CrBr6)Br and
[Hg6As4](FeBr6)Hg0.6


Andrei V. Olenev,[b] Olga S. Oleneva,[b] Martin Lindsjo» ,[a]
Lars A. Kloo,*[a] and Andrei V. Shevelkov*[b]


Abstract: Two new supramolecular
complexes [Hg6As4](CrBr6)Br (1) and
[Hg6As4](FeBr6)Hg0.6 (2) have been pre-
pared by the standard ampoule techni-
que and their crystal structures deter-
mined. Both crystallize in the cubic
space group Pa3≈ with the unit cell
parameter a� 12.275(1) (1) and
12.332(1) ä (2), and Z� 4. Their struc-
tures consist of bicompartmental, three-
dimensional [Hg6As4]4� frameworks
with cavities of two different sizes occu-
pied by guest anions of different type.
The bigger cavities are filled with the


octahedral MBr6n� ions (M�Cr or Fe;
n� 3 or 4), whereas the smaller cavities
trap either Br� ions (1) or Hg0 (2). The
analysis of the host ± guest contacts has
allowed a classification of the octahedral
guests as coordinated and the monatom-
ic guests as clathrated. Magnetic meas-
urements and ESR spectroscopy data


have given information about the inter-
action between the host and guests.
Band structure calculations (HF and
hybrid DFT level) indicate that both 1
and 2 are non-metallic, with a band gap
of approximately 1.5 eV (B3LYP), and
that the interaction between the host
and guests is of predominantly electro-
static character. It is shown that though
the electrostatic host ± guest interaction
is weak it plays an important role in
assembling the perfectly ordered supra-
molecular architectures.


Keywords: arsenic ¥ band structure
¥ host ± guest systems ¥ mercury ¥
solid-state structures ¥ supramolec-
ular chemistry


Introduction


The propensity of mercury to linear two-coordination can be
exploited in the design of extended frameworks. In the well-
known Millon×s base salts,[1, 2] mercury together with four-
coordinate nitrogen form cationic frameworks of the overall
formula [Hg2N]� . Depending on the nature of the charge-
compensating anions, the framework adopts either a tridy-
mite[1] or a cristobalite[2] topology. The replacement of
nitrogen by phosphorus gives rise to an [Hg2P]� extended


framework of the same topology, but containing bigger
cavities. Now, larger anions, such as HgBr42�[3] or ZnI42�,[4]


are required to fill the cavities and provide electroneutrality.
Different mercury ± pnicogen frameworks with other topo-


logical properties are also known.[5±9] Among them, those with
a [Hg6Z4]4� framework,[6±9] in which Z�P, As or Sb, are of
special interest for the following reasons: It is the only
electrically charged Hg/Z extended framework that possesses
cavities of two different sizes in close proximity. These are
capable of trapping guests of two different types; octahedral
guests in the bigger cavities and monoatomic guests in the
smaller ones, showing a surprising difference in host ± guest
separation. Divalent[6] and trivalent[7±9] metal atoms are
known to act as coordination centers for the octahedral
guests, thus leaving the monoatomic guests to balance the
charge.
Some attempts have been made to characterize the


interactions between the host and the guests by means of
calculations at the extended H¸ckel level.[5e, 9] Although the
major part of the interaction is found to be electrostatic, some
results indicate the possibility of a covalent contribution.[9] In
any case, there is reason to make a more comprehensive
analysis of the electronic structure.
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In the course of our research we have tried to use a series of
the 3d metals from Cr to Ni as coordination centers for the
octahedral guests, taking into consideration the ability of each
of these metals to exhibit the formal oxidation states �2 and
�3. Surprisingly, we succeeded only working with chromium
and iron, for which two new compounds, [Hg6As4](CrBr6)Br
(1) and [Hg6As4](FeBr6)Hg0.6 (2), were obtained. In this work
we report the synthesis, crystal and electronic structure, as
well as physical properties of the new phases, paying special
attention to the inter-relationship of the host and guests and to
the role of the different guests in stabilizing the supra-
molecular ensembles.


Results and Discussion


The crystal structure of one of the new phases is shown in
Figure 1. The common feature of the structures is the
3�[Hg6As4]4� framework. This framework is based on a four-
connected As net with a �-Si topology,[10] in which three of the


Figure 1. A slice of the crystal structure of [Hg6As4](CrBr6)Br showing the
chess-board like ordering of two different guests, CrBr63� and Br�, in the
cavities of the [Hg6As4]4� framework. The guest anions are presented as
90% probability ellipsoids.


four edges are expanded[11] by Hg in such a way that the cubic
symmetry is preserved (Figure 2). The As-Hg-As angle
deviates slightly from linearity (165 ± 167� in different struc-
tures) producing cavities of two different sizes, occurring in
equal numbers and favoring an almost regular tetrahedral
coordination of As. The As�As and As�Hg distances of 2.40 ±
2.44 ä and 2.52 ± 2.53 ä, respectively, are typical for various
mercury arsenide halides.[5±8] The oxidation states of mercury
and arsenic are quite apparent. The As�As separation is
indicative of a single bond,[12] and therefore the As�As
dumbbell can be regarded as an As24� ion. Linearly coordi-


Figure 2. Hierarchy of the framework topology. Top: The structure of �-Si,
space group Ia3≈ . Middle: An idealized Hg6As4 framework, space group Ia3≈ .
Bottom: The observed Hg6As4 framework, space group Pa3≈ . See text for
explanation.


nated mercury, without Hg�Hg bonds, clearly has a �2
oxidation state. Consequently, the bicompartmental cationic
framework can be formulated as 3�[Hg6As4]4�.
The guest anions should carry a total charge of �4 to


compensate for the positive charge of the framework. In 1 this
is achieved by a combination of two guest anions, CrIIIBr63�


and Br�, occupying the larger and smaller cavities, respec-
tively. The same structural arrangement was previously found
in several compounds that contain Ti3� and Mo3� as the
centers of the octahedral guests.[7, 9] In 2, the octahedral anions
FeIIBr64� do not require additional charge-compensating
guests, whereas the smaller cavities trap excess mercury (with
60% occupancy). The partial occupancy of the smaller
cavities by mercury atoms was previously observed in
[Hg6As4](HgCl6)Hg0.4 , whereby the zero valence of the excess
mercury was confirmed by means of solid-state 199Hg NMR
spectroscopy.[13]


The M�Br distances within the octahedral guests differ
from one compound to another. The Cr�Br separation of
2.52 ä is characteristic of Cr3�, while the Fe�Br distance of
2.67 ä is typical for Fe2�. Despite the difference in the M�Br
bond length, both octahedral guests are almost of Oh


symmetry; the deviation of the Br-M-Br angles from the
octahedral ones do not exceed 2�, whereas the six M�Br
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bonds are equidistant. Magnetic measurements and ESR
spectra confirm the oxidation states of Cr and Fe. Complex 2
is diamagnetic, reflecting the t62g ground state of Fe2�. A
magnetic moment of 3.3 �B is found for 1; this value is close to,
though somewhat lower than, that predicted for Cr3� (t32g� by a
spin-only model. The ESR spectrum of 1 shows a very broad
signal, which is expected for Cr3� in an Oh environment of six
ligands.[14]


The host ± guest distances in both phases are significantly
longer than expected for covalent bonding; the feature being
typical of supramolecular ensembles.[15] However, the coordi-
nation of the guest species is different. The separation
between the Br(1) atom of the octahedral guest and Hg
atoms of the framework ranges from 3.02 to 3.28 ä in 1 and 2,
being more than 0.5 ä longer than the Hg�Br covalent bond
length, but is still in the bonding range. Each Hg atom has four
distant bromine neighbors completing its coordination in a
way similar to the coordination of Hg in HgBr2. The 2�4
pseudo-octahedral array is achieved in the dibromide by two
colinear bromine atoms in the first sphere, d(Hg�Br)�
2.48 ä, and four bromine atoms in the second sphere,
d(Hg�Br)� 3.23 ä.[16] In 1 and 2 some distant Hg�Br(1)
separations are even shorter (see Table 1) than those in


HgBr2. In this sense the octahedral anions are the coordinated
guests. Indeed, the distant contacts ™attach∫ the anions to
their specific positions (Figure 3), and it is not surprising that
no positional or rotational disorder is observed for them in
this work, nor previously for the related phases.[6±9, 17]


The monatomic guests have a completely different environ-
ment. They display a coordination number of 14, with the
host ± guest separations falling in the range of 3.36 ± 3.81 ä.
With such a coordination, the monatomic guests can be
regarded as clathrated. However, even the clathrated guests
possess slightly different coordination depending on their
nature (see Table 1 and Figure 4). When Br(2)� is a guest in 1,
two As and six Hg atoms are much closer to it than the six
Br(1) atoms. In 2, the 14 atom± atom distances from Hg(2) to


Figure 3. Coordination of Hg(1) (top) and environment of the octahedral
guest (bottom) in 1.


the ligands are distributed more uniformly; the six Hg(1)
atoms being the most distant and beyond the Hg�Hg bonding
limit.[18] Noticeably, the most distant neighbors are Br(1)� for
Br(2)�, and Hg(1) for Hg(2). It is reasonable to attribute this
effect to the repulsive interactions, which must be the
strongest between two closed-shell Br� ions. Indeed, the
Br(1)�Br(2) separation of 3.81 ä is the longest among all the
host ± guest distances.
The remaining question is why there are no analogues of


the other transition metals? Any discussion about sizes of the
octahedral guest can be discarded; the data shown in Table 1
clearly indicate that the M�Br distances can vary in the range
of at least 2.52 ± 2.67 ä, and small deviations from the regular
octahedral shape are also allowed. However, as mentioned
above, the octahedral guests should be considered as coordi-
nated, and in return the geometry of the guest in the large
cavity has to be octahedral to be able to coordinate to the
host. Considering the fact that most octahedral coordination
compounds of the first transition metal row are subjected to
Jahn ±Teller distortion from ideal octahedral symmetry, the
number of potential guests are limited. Special cases are of
course the d0 and d10 systems. Considering the low-spin case,
only the configuration t62g is expected to give suitable guests
(Fe2�, Co3�). In the case of the mercury ± arsenide framework,
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Table 1. Bond lengths [ä], valence angles [�], and nonbonding distances
[ä] for 1 and 2.[a]


1 2


Hg(1)�As(1) 2.518(1) 2.524(1)
Hg(1)�As(2) 2.521(1) 2.528(1)
As(1)�As(2) 2.441(6) 2.422(6)
M�Br(1)� 6 2.519(3) 2.673(3)
As(1)-Hg(1)-As(2) 166.7(1) 165.65(1)
As(1)-As(2)-Hg(1)� 3 109.6(1) 110.95(9)
Hg(1)-As(2)-Hg(1)� 3 109.4(1) 107.9(1)
As(2)-As(1)-Hg(1)� 3 112.32(9) 107.1(1)
Hg(1)-As(1)-Hg(1)� 3 106.5(1) 111.73(9)
Br(1)-M-Br(1)� 3 180 180
Br(1)-M-Br(1)� 6 88.94(8) 87.99(8)
Br(1)-M-Br(1)� 6 91.06(8) 92.01(8)
Hg(1)�Br 3.182(1), 3.197(3) 3.046(2), 3.183(2)


3.253(2), 3.349(2) 3.236(2), 3.285(2)
G�As(1)� 2 3.358(5) 3.548(4)
G�Hg(1)� 6 3.456(1) 3.700(1)
G�Br(1)� 6 3.805(3) 3.642(2)


[a] Labeling: M�Cr in 1, Fe in 2 ; G�Br(2) in 1 and Hg(2) in 2.
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Figure 4. Coordination of the monoatomic (clathrated) guest. Top: Br(2)
in 1; Bottom: Hg(2) in 2. Eight less distant host ± guest contacts are
indicated with bold lines in each case.


the oxidative power of Co3� ions is expected to be too high
with respect to the arsenide framework, and therefore the
compound [Hg6As4](CoBr6)Br is less likely to be formed. For
the high-spin case, there are more options: t32g (V2�, Cr3�),
t32ge*2g (Mn2�, Fe3�), and t62ge*2g (Ni2�), although the last two
options demand unfavorable occupation of the e*g level. It is
evident that almost all of the possibilities for which the e*g
level is unoccupied are exhausted. Anyhow, there is a motive
to investigate the bonding scheme, in particular the inter-
action between the host framework and the guest moieties.
For this purpose, we performed band structure calculations
for both [Hg6As4](CrBr6)Br and a hypothetic [Hg6As4](FeBr6)
complex, which is similar to 2 but with the smaller cavities left
empty.
Special care has to be taken to obtain correct results when


calculating the electronic structure for compounds that
contain transition elements, because of the partially filled d
orbitals, in particular those with unpaired d electrons. In the
case of [Hg6As4](FeBr6) there are two possible d electron


configurations, adapting a crystal field theory view: low-spin
(t62g� or high-spin (t42ge*2g�. However, the high-spin configu-
ration is expected to be distorted, due to Jahn ±Teller effects.
Since the structural data show no effects of this kind and,
instead, an almost perfect octahedral structure is observed,
we assume the configuration to be low-spin. This is also
confirmed by the magnetic susceptibility measurements. Also,
the theoretical calculations indicate this to be the most stable
solution. Nevertheless, for a final conclusion in this matter
accurate magnetic and Mˆssbauer spectroscopy measure-
ments down to low temperatures have to be performed.
Measurements show that large crystals of 1 and 2 exhibit


a resistivity of several k� at room temperature. Looking
at the density of states (DOS) plot for (pseudo-)2, t62g-
[Hg6As4](FeBr6), at the B3LYP level (Figure 5), the band


Figure 5. The DOS plot for pseudo-2 [Hg6As4](FeBr6) at B3LYP level of
theory. Total: black; Fe: dxy, dxz, dyz (t2g) orbitals blue; Fe: dz2 , dx2�y2 (eg)
orbitals red; Br: pz (�-type orbitals) green.


gap is found to be 1.8 eV (the UHF results are in general
agreement), and a nonmetallic behavior is to be expected. The
most noticeable feature of the DOS is that the d orbitals of the
iron atoms, the central atoms of the octahedral guests, form
very narrow bands, hence indicating localized orbitals. In fact,
the bonding situation of the FeBr64� guest is fully understood
on a simple ligand-field theoretical level. Thus, the conduction
band consists entirely of contributions from the FeBr64� guest;
for example, the anti-bonding e*g orbitals of the FeBr64�


octahedron. The t2g band of the octahedral guest is found at
the top of the valence band, localized to the iron atoms as
expected from their nonbonding character. In contrast, the eg
band, which is found well below the Fermi level, is almost
completely localized to the bromine atoms. Calculations were
also performed for the other extreme composition, [Hg6As4]-
(FeBr6)Hg, with the mercury atoms in all of the smaller
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cavities. The results were analogous to those of the [Hg6As4]-
(FeBr6) composition. However, a small contribution from the
clathrated mercury atoms appears at the top of the valence
band.
In the case of [Hg6As4](CrBr6)Br (1), the results are


somewhat more complicated owing to the three (experimen-
tally verified) unpaired d electrons of chromium. The
populations of electrons in � and � spin states now differ,
and, therefore, the DOS has to be separated into two spin-
dependent plots (Figure 6). Still, the appearance of the �-spin


Figure 6. The DOS plot for 1 at B3LYP level of theory. Total, black; Host:
pink; octahedral guest: �-type orbitals (Cr: dxy dxz, dyz, dz2 , dx2�y2 and Br: pz)
light blue; bromine guest: dark blue.


DOS is quite similar to the DOS of 2 ; the conduction band is
entirely consisting of the e*g orbitals of the octahedral guest,
and in the valence band both the t2g and eg bands can be found.
However, as the octahedral bands are shifted in energy
relative to the host when changing the central atom of the
guest, the band gap has decreased to 1.0 eV, and the t2g band
has moved down in the valence band. Also the clathrated
bromide guest forms narrow bands. The narrow guest bands,
as well as the fact that the ligand-field theory can predict the
electronic structure of the octahedral guests so successfully,
are indications that electrostatic interactions between host
and guests predominate. Also, the DOS plots suggest that the
band gap in these materials is dependent on the energy of the
e*g molecular orbitals of the octahedral guest.
Plots of the electron density difference and particularly the


electron localization function (ELF) are very useful for
observing any covalent interactions between atoms,[19] and
for the two compounds studied in this work special interest is
focused to the interaction between host and guests. In neither


1 or 2 any such interaction can be directly observed. This
confirms that the host ± guest interactions are of predom-
inantly electrostatic nature.


Mulliken populations could also provide some information
about the bonding, especially those of the guests. In this study
some charge transfer can be observed from the guests to the
host, but this most likely only reflects an expansion of the
guest valence orbitals in the closed cavity. Because of the
diffuse nature of this expansion, no specific interactions can
be detected between the guests and the host by using plots of
the electron density difference or ELF.
The overall results indicate that the host ± guest interaction


plays an important role in stabilizing the solid-state, supra-
molecular complexes, but that the nature of these interactions
is diffuse and weak; no significant covalent interaction
appears to be present. Moreover, we are convinced that these
weak interactions are important in assembling the architec-
tures from intermediates that are formed in the course of the
high-temperature ampoule synthesis, similar to the designed
self-assembling of bi- and multicompartmental ensembles
from complex mixtures in solutions at about room temper-
ature.[20] This approach has also pointed out the possibility in
forming supramolecular complexes that include fragments not
attainable in solution, for example, FeBr64�.
In the new phases 1 and 2, the two different guests are


encapsulated in closed cavities of the host framework.
Evidently, the guests cannot enter or leave their specific
cavities, nor can the electrically charged framework exist
without the encapsulated charge-compensating guests. Con-
sequently, they can form only spontaneously through a self-
process, in which the host and guests form simultaneously and
the guests serve as templates supporting the formation of the
framework. The perfect ordering of the guests in the cavities
of the framework indicates that such a process includes
chemical recognition,[21] according to which the guest of a
certain type, coordinated or clathrated, positions itself in the
proper cavity.


Experimental Section


Synthesis : The following starting materials were used: liquid mercury, gray
arsenic, chromium powder, and iron powder, all of high purity (�
99.995%). Mercury(�) bromide was prepared by a reaction of excess
mercury(�) nitrate with potassium bromide in aqueous solution, followed by
drying of a precipitate in vacuum at room temperature. Mercury(��)
bromide was synthesized by direct reaction of liquid mercury and excess
bromine at ambient temperature. The product was re-crystallized from
ethanol, washed with water and acetone, and then vacuum-dried. Mercury
bromides as well as elemental arsenic were checked before use by X-ray
powder analysis [STADI-P (STOE), Cu-K�1 radiation]. The syntheses were
carried out using a standard ampoule technique. Details are given below.


Compound 1: A stoichiometric mixture of Hg2Br2, HgBr2, As, and Cr (1 g
total weight) was sealed in a silica tube, annealed at 780 K for 4 days, and
furnace-cooled. The dark-violet air-stable product contained no X-ray
detectable impurities. All lines on a Guinier photograph (Nonius FR-552
chamber, CuK�1 radiation) were indexed in a cubic system with a�
12.264(1) ä. For the single-crystal preparation, a mixture of Hg2Br2, As,
and Cr taken in a 3:4:1 molar ratio was annealed in a silica tube for 5 days
at 780 K. Dark violet crystals with a cubic shape were found in the furnace-
cooled product.
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Compound 2 : A stoichiometric mixture of Hg2Br2, Hg, As, and Fe (1 g total
weight) was annealed in a vacuum-sealed silica tube at 670 K for 4 days. An
X-ray analysis of a black, air-stable product showed no traces of impurities.
All lines on a Guinier photograph were indexed in a cubic cell by analogy
with 1. For the single-crystal preparation, a mixture of the same starting
materials in a 3:1:4:1 molar ratio was annealed in a silica tube at 650 K for 5
days. Black single crystals with a cubic shape were found in the furnace-
cooled product. A crop of crystals was selected for chemical analysis
(SGABAnalytica, Lulea  , Sweden), which showed the Hg:Fe molar ratio to
be 6.59:1; this is in excellent agreement with the synthetic and structural
data.


Crystal structure determination : The crystal structures of 1 and 2 were
determined based on single-crystal X-ray experiments. For this, suitable
crystals were mounted on a CAD4 (Nonius) goniometer head. The cubic
unit cell parameters (Table 2) were refined based on 24 well-centered
reflections in the angular range 11�� �� 14�. The data sets were collected
in an �/2� mode. Semiempirical absorption corrections were applied to


both data sets based on �-scans of several reflections with � angles close to
90�. Systematic absences pointed to the space group Pa3≈ (No. 205) for all
structures. In all cases the SHELXS-97 and SHELXL-97 programs[22] were
used for the structure solution and refinement, respectively. Crystallo-
graphic data for 1 and 2 are listed in Table 2; atomic parameters are listed in
Table 3, and bond distances and angles, and important nonbonding
distances are collected in Table 1. Details of the crystal structure refine-
ment relevant to each structure are given below.
Compound 1: Positions of all atoms were found from direct methods. Final
anisotropic refinement against F 2 led to R1� 0.0632.


Compound 2 : Positions of all atoms were found from direct methods. The
atom at the 4a position was refined isotropicaly as mercury having
60.0(8)% occupancy. Attempts to refine it as 100% occupied by bromine
led to an abnormally low (zero) thermal displacement parameter and to
contradiction with the overall charge balance, since it would imply a �3
oxidation number of iron and a paramagnetic behavior that was not
observed (vide infra). Final anisotropic refinement against F 2 led to R1�
0.0538 and to the overall composition Hg6.59(1)As4FeBr6 that was in
excellent agreement with the chemical analysis.


Further details of the crystal structure determination may be obtained from
Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen,
Germany, on quoting the depository numbers CSD-411481 (1) and 411483
(2).


Magnetic susceptibility measurements : Magnetic susceptibility measure-
ments were performed on 1 and 2 by using a standard Faraday balance
technique. Before use, the purity of the samples was checked by means of a
profile analysis of the respective X-ray powder diffractogram [STADI-P
(STOE), CuK�1 radiation]. After correction for the Langevin term, a
magnetic moment of 3.3(1) �B was obtained for 1. 2 was found to be
diamagnetic.


ESR spectroscopy: The ESR spectrum of 1 was recorded on EMX 1104
(Bruker) spectrometer operated at 9.5 GHz. The purity of the finely
powdered sample was checked as described above.


Band structure calculations : These were performed with the CRYSTAL98
program package.[23] All calculations included converged SCF with unre-
stricted spin, and evaluation of band structure and density of states (DOS),
at both Hartree ± Fock (HF) and hybrid density functional theory level
(B3LYP). For chromium and iron, all-electron basis sets (8s12sp5d)/{86 ±
41141G}, available on the CRYSTAL website, were used.[24] For the
remaining atom types, Hay and Wadt large-core (HAYWLC) pseudopo-
tentials[25] were applied as implemented in CRYSTAL98, except for
mercury for which f-potentials had to be excluded due to restrictions of
the program (this is a limited problem since f-functions were not used in the
valence basis sets). The corresponding valence basis sets by Hay and Wadt,
with double-zeta quality, were used with some modifications; the most
diffuse functions of the metals were removed in order to minimize
convergence problems, and the other functions were decontracted.


Electron density maps and electron localization function (ELF)[19] were
calculated using TOPOND 98.[26]
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Table 2. Crystallographic data for 1 and 2.


1 2


formula [Hg6As4](CrBr6)Br [Hg6As4](FeBr6)Hg0.59(1)
Mr 2114.59 2157.38
a [ä] 12.275(1) 12.332(1)
V [ä] 1849.5(3) 1875.4(3)
space group Pa3≈ Pa3≈


Z 4 4
T [K] 292 292
� [ä] 0.71069 0.71069
	calcd [gcm�3] 7.594 7.641

 [cm�1] 723.77 742.26
R(Fo)[a] 0.0632 0.0538
Rw(F 2


o �[b] 0.1178 0.1062


[a] R(Fo)�� � �Fo � ��Fc � � /� �Fo � � . [b] Rw(F 2
o�� [�w(F 2


o �F 2
c �2/�w(F 2


o�2]1/2,
w� [�2(F 2


o�� 0.0310(F 2
o � 2F 2


c �/3]�1.


Table 3. Atomic coordinates and equivalent thermal displacement param-
eters for 1 and 2.


Atom Wyckoff x/a y/b z/c Ueq [10�3 ä2][a]


Compound 1
Hg(1) 24d 0.2994(1) 0.4604(1) 0.1936(1) 19(1)
As(1) 8c 0.1579(2) 0.1579(2) 0.1579(2) 9(1)
As(2) 8c 0.2727(2) 0.2727(2) 0.2727(2) 9(1)
Cr 4b 0 0 1/2 4(2)
Br(1) 24d 0.0402(2) 0.4544(2) 0.1960(2) 14(1)
Br(2) 4a 0 0 0 30(2)


Compound 2
Hg(1) 24d 0.2858(1) 0.4717(1) 0.2082(1) 13(1)
As(1) 8c 0.1661(2) 0.1661(2) 0.1661(2) 4(1)
As(2) 8c 0.2795(2) 0.2795(2) 0.2795(2) 6(1)
Fe 4b 0 0 1/2 5(2)
Br(1) 24d 0.0390(2) 0.4618(2) 0.2097(2) 12(1)
Hg(2) 4a 0 0 0 38(2)


[a] Ueq is defined as one third of the trace of the orthogonalized Uij tensor.
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Introduction


Although the coupling of enzymes and organic solvents seems
quite unusual–biological systems are thought to be func-
tional only in water–enzymes can be active also in non-
aqueous media. This feature allows for expanding the number
of biocatalytic applications, which make it possible to modify
or synthesize innumerable compounds of interest in the


pharmaceutical, agrochemical and fine chemical fields, ex-
ploiting the exquisite chemo-, regio- and enantioselectivity of
enzymes.
The use of organic solvents in biocatalysis has been


described in numerous studies.[1±3] For clarity, it should be
emphasized that biocatalysis in organic solvents refers to
those systems in which the enzymes (e.g. lyophilized powders
or adsorbed onto inert supports) are suspended (or, some-
times, dissolved) in neat organic solvents in presence of
enough aqueous buffer to ensure enzymatic activity. The
amount of water present in the organic solvent may vary from
any pre-saturation value (in general less than 5% v/v) to a
very dry state. These reaction systems are clearly distinct from
the aqueous ones where variable amounts of water-miscible
solvents are added to favor the dissolution of insoluble
reactants. Furthermore, they are also different from biphasic
and reverse-micelles systems where, even if the organic
solvent might constitute the most abundant part, the enzyme
is dissolved in a discrete amount of water.
Enzyme applications in organic solvents have numerous


advantages. For example, it is possible to transform substrates
that are unstable or poorly soluble in water and prevent many
side-reactions that are water dependent, including the dena-
turation of enzymes which, in several organic media, show
higher thermal stability. Moreover, in absence of water, the
synthesis by hydrolases (mainly lipases and proteases) of ester
and amide bonds can be favored over hydrolysis. By varying
the organic solvent it is also possible to modify the substrate
specificity and the regio- and enantioselectivity of a given
enzyme.[4] In spite of all these advantages, the use of this
methodology it is not yet widely employed on an industrial
level. One of the main reasons is certainly the lower catalytic
activity (in most cases of several orders of magnitude) shown
by enzymes in organic media compared with that in water.
This behavior has been ascribed to different causes such as
diffusional limitations, high saturating substrate concentra-
tions, restricted protein flexibility, low stabilisation of the
enzyme-substrate intermediate, partial enzyme denaturation
by lyophilization that becomes irreversible in anhydrous
organic media and, last but not least, non-optimal hydration
of the biocatalyst.[5]


This concept article aims to present some of the more
common and effective strategies, with emphasis in enzyme
formulation, that have been adopted up to now to improve the
activity of hydrolases in organic solvents and to discuss the
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possible mechanisms by which the enzyme activation is
achieved.


Enzyme Formulation


Enzyme powders : The simplest way by which enzymes can be
utilized in organic solvents is to add them to the reaction
media as dry powders, which are obtained by lyophilization or
precipitation (for instance, by adding acetone) of crude or
purified aqueous solutions of the biocatalyst. To enhance the
catalytic activity, enzyme powders, which are not soluble in
most organic solvents, are kept suspended in the medium by
vigorous shacking or stirring. Because of its convenience, this
method has been and still is widely employed, especially in
preliminary and small-scale experiments. However, the activ-
ity of enzyme powders is generally rather low and their
quantitative recovery from the medium is sometimes difficult
because they tend to stick to the walls of the reaction vessels
or to form sort of gels.


Immobilization : Better results in terms of catalytic efficiency,
enzyme stability and catalyst reuse are obtained with immo-
bilized hydrolases.
A largely employed immobilization method is based on the


dispersion or deposition of the enzyme onto porous supports.
To this end, numerous inorganic materials (Celite, silica gel,
aluminas, zirconia, controlled-pore glasses)[6±8] and polymers
(polyamides, polypropylene, polyacrylates),[9±11] with different
porosity and bead size, have been used. Although this
immobilization procedure is easy to use, particular care has
to be dedicated to the optimization of the enzyme loading
(weight of enzyme/weight of support).[7, 10, 12] In fact, if a low
enzyme loading is deleterious for biocatalyst stability, because
the interactions with the matrix can cause protein denatura-
tion,[13, 14] a too high loading also leads to a decrease of the
specific activity of the enzyme. This behaviour is exemplified
in Figure 1 for lipase PC adsorbed onto Celite.[15] It can be
seen that if the activity is referred to the whole biocatalyst
(enzyme plus Celite), it increases as a function of the enzyme
loading up to a maximum and then remains constant. Instead,


Figure 1. Relative transesterification rate of lipase PC, adsorbed onto
Celite, as a function of enzyme loading. The relative rate is given per mg of
whole material (lipase plus Celite, �) and per mg of lipase only (�).
Transesterification was between (�)-sulcatol and vinyl acetate.


if the relative activity is expressed as a function of the lipase
protein, it increases up to a maximum and then decreases.
These results can be explained when taking into consideration
that a high enzyme loading causes the formation on the
support of an enzyme multilayer. This hinders or prevents the
accessibility of the substrate to the deeper buried enzyme
molecules and, therefore, decreases the specific activity of the
biocatalyst.
Several research groups have demonstrated that mass


transfer limitations is a limiting factor for the catalytic activity
in non-aqueous media.[10, 16, 17] Among these, Rees and Halling
proved, by means of electrospray mass spectrometry and
protein chemical modifications carried out with acyl chlorides
in organic solvents, that the rate of modification was always
much faster with smaller acyl chlorides and for protein
adsorbed as monolayer onto a support than for lyophilized
powders. In fact, in this latter case, only the enzyme molecules
on the surface are accessible while the others, because of the
extremely difficult penetration of the substrate (especially for
bulky molecules) through the particles of the enzyme powders
(solid-phase diffusion), behave as if they were inactive. This
hypothesis is in agreement with the kinetic data obtained with
different lipase PC formulations such as lipase powder, lipase
adsorbed onto Celite and lipase co-lyophilized with PEG
(Table 1).[7] It can be seen that, while the Vmax values change


markedly as a function of enzyme dispersion (™soluble∫
enzyme-PEG complex � immobilized enzyme � enzyme
powder), theKM values are very similar, if they are referred to
the same aw. Of course, theKM values increase as a function of
water activity because of its competition with the substrate
1-octanol. This would indicate that with enzyme powders and
immobilized enzymes only those enzyme molecules exposed
at the surface are accessible to the substrate and, therefore,
active.
A different enzyme immobilization procedure is by entrap-


ment in various types of materials.[2] Reetz and co-workers
have entrapped lipases in different sol ± gel compositions, by
optimization of the nature of the silane monomers and of the
water/silane stoichiometry, producing immobilized lipases
with excellent specific activity and stability.[18] The activation
mechanism of this approach, suitable also for proteases,[19] has
been ascribed to the reduction of diffusional limitations. In
fact, enzyme molecules distributed in the rigid tridimensional
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Table 1. Apparent Km
[a] and Vmax


[b] values of different lipase PC formula-
tions as a function of water activity (aw) in toluene.


Crude PC[c] Celite PC[d] PEG�PC[e]


aw Vmax KM [m�] Vmax KM [m�] Vmax KM [m�]


� 0.1 3 18 25 15 7 16
0.11 6 29 49 30 8 17
0.38 6 32 46 32 16 29
0.53 4 39 17 38 28 43
0.84 4 64 14 59 100 91


[a] KM values refer to the substrate 1-octanol in the transesterification
reaction between vinyl butyrate and 1-octanol. [b] Vmax relative to
PEG�PC at aw� 0.84, taken as 100. [c] Lipase PC as commercialized by
Amano. [d] Adsorbed onto Celite; or [e] co-lyophilized with PEG.
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net of the sol ± gel material should be more accessible than
those of the buried layers of the lyophilized powder. It is
worth pointing out that also enzyme/support interactions
might influence enzyme activity. In particular, in the case of
lipases, in which the access of the substrate to the active site is
regulated by a lid, a hydrophobic support resembling a lipid
interface (e.g., some sol ± gel matrices) could favour the open
conformation of the enzyme and, therefore, activate it.[20, 21]


Peculiar immobilization procedures are represented by
cross-linked enzyme crystals (CLECs)[22] and cross-linked
enzyme aggregates (CLEAs).[23] These derivatives have
shown high stability in organic solvents.


Additives: Enzyme activity in organic solvents can also be
improved through the use of suitable additives.
Molecules such as substrate-resembling ligands, sugars,


PEG, crown ethers, and inorganic salts, added to the aqueous
enzyme solution before lyophilization, enhance the catalytic
activity up to several orders of magnitude. The activation
mechanism depends on the nature of the additive.
Competitive inhibitors or substrate analogues (removed


from the enzyme, after lyophilization, by extraction with
anhydrous solvents) may act through the so-called ™imprint-
ing∫ effect.[24, 25] In this case, the conformational changes
induced in water by the binding of the ligand to the enzyme
active site are maintained after ligand removal and suspension
of the biocatalyst in organic solvents, because of the high
enzyme rigidity in anhydrous media. When low water-soluble
substrate analogues are used as ligands, their concentration in
water can be increased by proper chemical modification or by
adding organic cosolvents in the lyophilization medium.[26]


For other additives such as crown ethers,[27, 28] poly(ethylene
glycol) (PEG)[29, 30] and sugars (sucrose, sorbitol, etc.),[31] it has
been suggested that the increase of enzyme activity is due to
lyoprotection. Conformational analyses carried out by several
research groups on different proteins by means of FT/IR[32±35]


have shown that lyophilization can affect protein secondary
structure. The presence of lyoprotectants seems to prevent
such conformational changes. For example, Griebenov and
Klibanov[33] have demonstrated that bovine pancreatic trypsin
inhibitor retains a more native-like secondary structure when
co-lyophilized with sorbitol. The same phenomenon was
observed by De Paz et al.[34] with subtilisin added with sucrose
or trehalose and by Vecchio et al.[35] with lipase PC added with
PEG. Moreover, the far UV/CD spectra of lipase PC, CALB,
and subtilisin made soluble in dioxane by co-lyophylization
with PEG or covalent linking to PEG,[37, 38] have shown that
the enzymes have the same secondary structure in the organic
solvent and in aqueous buffer.[36±39] Similarly, intrinsic protein
fluorescence experiments have demonstrated that subtilisin
and lipase PC, modified or complexed with PEG have native
conformation in dioxane.[36, 38]


Interestingly, different mechanisms of activation have been
hypothesized for different enzymes co-lyophilized with crown
ethers. While van Unen et al.[40] suggested that the activation
by crown ethers of �-chymotrypsin and lipase from Pseudo-
monas fluorescens is mainly due to a lyoprotection effect,
Santos et al.[28] proposed molecular imprinting as the primary
cause for the activation of subtilisin by these additives.


Lyoprotection has also been invoked to explain the
activation effects observed with subtilisin Carlsberg and
lipase from Mucor javanicus lyophilized with potassium
chloride (98% w/w KCl, 1% phosphate buffer, 1% en-
zyme).[41] The same effect is also exerted by other inorganic
salts and activation seems to be proportional to the kosmo-
tropicity (salting-out ability) of the salts.[42] Nevertheless, the
increase of polarity of enzyme active site by salt ions and/or
the water retained in its immediate surrounding, might
contribute to activity increase by stabilization of the transition
state.[41, 42]


Water Activity


A crucial factor that has to be considered to optimize the
efficiency of the biocatalyst and the yield of the product, is the
aw of the medium.[43] In fact, besides the well known role of
water as protein ™lubricant∫, which influences the flexibility
and, therefore, the activity of the enzyme, in the case of
hydrolases-catalyzed synthetic reactions, the aw value directly
modulates the balance (equilibrium) between the hydrolytic
and the synthetic process. Several studies carried out with
lipases[44±47] have demonstrated that the effect of aw on the
catalytic activity depends on the nature of the enzyme. With
lipase PC (Figure 2) and CALB[30] it has been shown that the
optimal aw value depends also on the formulation.


Figure 2. Total activity (transesterification plus hydrolysis) of sol ± gel-
AK-PC (�), PEG�PC (�), PEG-PC (�), crude PC (�) and CLEC-PC (�)
in a) benzene, b) carbon tetrachloride, and c) 1,4-dioxane. Transesterifica-
tion was between 1-octanol and vinyl butyrate.


The transesterification/hydrolytic activity ratio (and, there-
fore, product yield) is influenced both by enzyme formulation
and aw (Table 2). It can be seen that at aw� 0.1, this ratio is up
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to three times higher for CLEC-PC and PC�PEG than for
crude PC. Analogously, Adlercreutz[11] has shown that, at the
same aw, �-chymotrypsin immobilized onto the polyamide
support Accurel PA6 has a alcoholysis/hydrolysis ratio higher
than that obtained with the enzyme immobilized onto Celite.
Moreover, Table 2 shows that at low aw values, the ratios
between transesterification and hydrolysis rates are higher,
which means that a lower amount of acylating agent is
consumed per mole of ester product. Therefore, for synthetic
applications the aw value will be a compromise assuring the
highest catalytic activity of the enzyme and the lowest
acylating ester consumption.


Enzyme Ionization


Zaks and Klibanov first reported, in their pioneering studies
on enzymatic catalysis in organic solvents,[48, 49] that enzymes
have higher catalytic activity if they are recovered, by for
example lyophilization or precipitation, from an aqueous
buffer adjusted to the pH optimal for the given enzymes. They
called this phenomenon ™pH memory∫ and suggested that the
protein retains in the organic solvent the same protonation
state it had in the aqueous buffer. Nevertheless, if acidic or
basic chemical species (reactants, products or impurities) are
present in the reaction medium, a variation of the enzyme
ionic state could occur, causing variations of catalytic activity.
To overcome this drawback, buffers soluble in organic
solvents (e.g. triisooctylamine with its hydrochloride and
triphenylacetic acid with its sodium salt)[50] and even solid-
state buffers (e.g., AMPSO, MOPS, PIPES, and their sodium
salts)[51] can be added to the medium to keep optimal enzyme
ionization.


Conclusions and Perspectives


In spite of the wealth of literature information, it is hard to
precisely state what are the best operational conditions and,
even more so, the most appropriate enzyme formulations to
utilize, both in general and for a given synthetic application.
The reasons are to be ascribed, at least in part, to: a) a
shortage of direct comparisons carried out among the various
enzyme formulations and operational conditions; b) the al-


most complete lack of quanti-
tative correlation conducted
between the activity and per-
formance of enzymes in organic
media and the same properties
in aqueous buffers. In most
cases, in fact, dramatic or re-
markable biocatalyst improve-
ments are generically claimed.
When such comparisons have


been done, for example with
subtilisin (Table 3),[38] lipase PC
(Figure 2 and Table 4),[29] and
CALB (Table 4),[30] the results
were quite informative. It was


found that, besides solvent nature and aw of the medium,
enzyme formulation has a profound effect on enzyme activity.
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Table 2. Ratios of transesterification over hydrolytic activity for various lipase PC formulations in various
organic solvents at different aw values.[a]


Solvent PC�PEG[b] PC-PEG[c] Crude PC[d] CLEC-PC[e] sol ± gel-AK-PC[f]


CCl4 (aw� 0.1) 4.4 3.9 1.5 8.4 2.0
CCl4 (aw� 0.84) 1.2 1.0 0.6 0.8 0.4
benzene (aw� 0.1) 9.9 5.0 2.6 8.7 2.9
benzene (aw� 0.84) 0.4 0.4 0.2 1.2 0.4
1,4-dioxane (aw� 0.003) 9.7 4.1 2.0 7.6 9.3
1,4-dioxane (aw� 0.4) 0.1 0.1 0.1 0.4 0.1


[a] The transesterification activity was estimated by measuring the amount of 1-octyl butyrate formed from the
reaction of n-octanol (nucleophile) with vinyl butyrate (acyl donor). The concomitant hydrolytic activity was
estimated by measuring the formation of butyric acid. [b] Lipase PC co-lyophilized or [c] covalently linked with
PEG; [d] as commercialized by Amano; [e] as cross-linked enzyme crystals (as commercialized by Altus);
[f] entrapped in sol ± gel (as commercialized by Fluka).


Table 3. Transesterification activity of subtilisin in dry dioxane.[a]


Subtilisin formulation Conversion (�molh�1 mg�1


enzyme protein)


subtilisin powder[b] 22
subtilisin powder�PEG[c] 89
subtilisin powder�sorbitol[d] 119
PEG-subtilisin[e] 83
subtilisin adsorbed onto Celite[f] 8
subtilisin adsorbed onto Celite�sorbitol[g] 98
subtilisin adsorbed onto Celite�PEG[h] 123


[a] Transesterification activity was measured using 1-hexanol as nucleo-
phile and vinyl butyrate as acyl donor. Subtilisin, [b] as commercialized by
Sigma; [c] lyophilized with PEG; or [d] sorbitol; [e] covalently linked to
PEG; [f] adsorbed on Celite alone; or in presence of [g] sorbitol; or
[h] PEG.


Table 4. Transesterification and total activity in organic solvent over
hydrolytic activity in aqueous buffer of lipase PC and CALB formula-
tions.[a, b]


Enzyme form Transesterification activity Total activity
in organic solvent[c]/ in organic solvent[d]/


hydrolytic activity in aqueous buffer[e]


CALB�PEG[f] 0.51 0.70
Novozym 435[g] 0.29 0.44
CALB�OA[h] 0.26 0.42
purified CALB[i] 0.16 0.40
crude CALB[l] 0.003 0.004
sol ± gel-AK-PC[m] 0.83 1.3
PEG�PC[m] 0.26 0.39
PEG-PC[m] 0.32 0.48
CLEC-PC[m] 0.02 0.02
crude PC[m] 0.04 0.12


[a] The organic solvent was toluene in the case of the reaction catalyzed by
CALB and carbon tetrachloride in the case of lipase PC. [b] The activities
in organic solvent and aqueous buffer were referred to the same amount of
lipase protein. [c] Transesterification activity was measured using 1-octanol
as nucleophile and a vinyl ester (vinyl acetate in the case of CALB or vinyl
butyrrate in the case of lipase PC) as acyl donor. [d] Total activity is the
transesterification plus the hydrolytic activity occurring in organic solvent.
[e] The hydrolytic activity in potassium phosphate buffer (0.05�, pH 7) was
determined using vinyl acetate as substrate in the case of CALB and
tributyrin in the case of lipase PC. [f] CALB lyophilized with PEG; [g] as
commercialized by Novo-Nordisk; [h] lyophilized with oleic acid; [i] puri-
fied from crude CALB; [l] as commercialized by Novo-Nordisk (exper-
imental product SP525). [m] For abbreviations of lipase PC see Table 2.
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Thus, sol ± gel-AK-PC, PC-PEG, PC�PEG, CALB�PEG and
Novozym 435 showed transesterification and, even more so,
total activity, which were of the same order of magnitude (in
the case of total activity, 130, 48, 39, 70 and 44%, for the five
formulations) of those displayed in aqueous buffer (Table 4).
Instead, other formulations showed rather poor activity
(Table 4). These data demonstrate that, with suitable enzyme
formulations and proper aw values, the activity of hydrolases,
specifically of lipases, in organic solvents is comparable to that
displayed in aqueous buffer.
Of course, activity, though very important, is not the only


parameter that has to be taken into consideration in choosing
a catalyst. Stability, reusability, activity per catalyst weight
(enzyme plus additives or supports), and cost have to be
considered. Perhaps, immobilized hydrolases,[52] including
several commercial preparations, are the preferable formula-
tions for preparative purposes because of their satisfactory
performance and handiness. However, for exploratory inves-
tigations or in the case of highly favorable product cost/
catalyst cost ratio, also enzyme powders can be profitably
used because of their readiness and convenience.
Further research aimed at a deeper understanding of the


fundamental mechanisms that regulate enzyme activity and
activation in low-water environments could also favor the
development of new and better enzyme formulations. This,
together with the discovery (also by molecular biology
techniques[53±55]) of new hydrolases (and, more in general,
new enzymes) with improved catalytic properties, should
increase the number of efficient non-aqueous biocatalytic-
systems suitable for a large variety of industrial applications.
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Reinvestigation of the Noncatalyzed Coupling of Aryllithium with Haloarene:
A Novel Aromatic Nucleophilic Substitution Pathway


Jean-Michel Becht, Arnaud Gissot, Alain Wagner,* and Charles Mioskowski*[a]


Abstract: Noncatalyzed coupling reactions of aryllithiums and haloarenes proceed
not only through the well-known aryne route but also, in some cases, through a novel
addition ± elimination pathway. Indeed, ortho-chloro- and ortho-bromomethoxyar-
enes lead selectively to the corresponding ortho-biaryls through a chelation-driven
aromatic nucleophilic substitution pathway. Contrary to common belief, such
noncatalyzed coupling reactions often proceed with high regioselectivity and high
yield. These results underline the potency of such simple reactions and open up a
straightforward access to a wide range of biaryl structures; this also appears
particularly useful for large-scale and biaryl building-block syntheses, as only cheap
and readily available substrates are involved.


Keywords: aromatic substitution ¥
arynes ¥ biaryls ¥ metalation ¥
nucleophilic substitution


Introduction


Biaryls are found in important biologically active molecules[1]


such as the naturally occurring terprenin[1f] or in synthetic
anti-HIV derivatives[1g±i] and are used as core structures for
molecular recognition devices,[2] organic semiconductors,
material for nonlinear optics, and metal ligands for catalysts.[3]


Several powerful synthetic methods are available for their
preparation,[4] including long-known reactions such as Ull-
mann[4] or Gomberg ±Bachmann ±Hey couplings,[6] or more
modern reactions such as Stille,[7] Suzuki Pd-catalyzed, and
Ni-catalyzed cross-coupling reactions.[8] Although these reac-
tions make it possible to prepare complex, polyfunctionalized
biaryl structures under mild conditions, more efficient and
simpler approaches are still suitable.
Based on this analysis, we reinvestigated the noncatalyzed


reaction of aryllithiums with haloarenes. Surprisingly, this
reaction has only been little studied and very sparsely used in
organic synthesis. The mechanism generally proposed in the
literature proceeds via the in-situ formation of a highly
reactive aryne intermediate[9] that reacts with the aryllithium,
leading to the biaryl structure. The mixture of regioisomers
formed in the process is due to the two electrophilic positions
present on the aryne intermediate.[10, 11] In addition to the


classical mechanism involving arynes, another mechanism
operates through competing halogen displacement and halo-
gen ±metal exchange processes. The reaction of phenyllithi-
um, for example, with a 4-halotoluene leads to the formation
of a complex mixture of the two possible meta and para
isomers along with homocoupling reaction products arising
from metal ± halogen exchange side reactions.[11]


These complex results proved discouraging for further
synthetic developments, and stimulated no additional inves-
tigations or research in the field despite publication of three
interesting reports. In 1983 Meyers succeeded in controlling
the regioselectivity of the reaction by using an aryne precursor
bearing a phenyloxazolidine substituent, which acts as a
strong ortho-directing and chelating group.[12] More recently,
Schulte and Laschat found that 3,3�,4,4�-tetraalkoxybiphenyl
was obtained regioselectively by treatment of 4-bromo-1,2-
dimethoxybenzene with 0.5 equiv of n-butyllithium in THF at
�78 �C.[13]
These results prompted us to reinvestigate the potential of


this interesting transformation. We found that, in many cases,
the reaction proceeds with high and predictable regioselec-
tivity, making the transformation of interest for synthetic
purposes. The substitution pattern of the haloarenes directs
the formation of the biaryl structures, which are always
obtained in good to moderate yields.


Results and Discussion


To evaluate the scope and limitations of this cross-coupling
reaction we investigated the reactivity of several haloarenes
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with different aryllithiums. In a first set of experiments we
used 1,3-dimethoxybenzene as the anion precursor and
chlorobenzene as the aryne source. Addition of n-butyllithi-
um to a mixture of 1,3-dimethoxybenzene and chlorobenzene
in various solvents (hexane, diethyl ether, THF, THF/HMPA)
at various temperatures did not afford the desired biaryl
structure. In contrast, good results were obtained when
chlorobenzene was added to a solution of 2-lithio-1,3-dimeth-
oxybenzene in THF or DME and the resulting mixture was
heated overnight at 60 �C. Under these conditions, the desired
biaryl was obtained in 95% yield (Table 1, entry 2). At room
temperature only poor yields are obtained. Notably, when the
reaction was carried out on a 1.0 mol scale under the
optimized conditions, the biaryl structure was obtained in a
quantitative yield.


Next, we varied the nature of the halogen. The order of
reactivity, F�Cl�Br� I, is in accordance with a mechanism
involving a transient aryne, the hydrogen abstraction being
the rate-determining step.[11±14] Interestingly, with iodoben-
zene no biaryl structure could be detected in the crude
mixture by 1H NMR analysis. The reaction was then extended
to other aryllithiums generated under classical ortho-metal-
ation conditions (Table 2).
Compared with 1,3-dimethoxybenzene (entry 2), the lower


yields observed in the case of mono-stabilized anions (en-
tries 1, 3) might be due to the lower thermal stability of the
2-lithio anion. In accordance 1,2-dimethoxybenzene, which
readily decomposes upon metallation, gave only traces of
product (�10%). With phenyloxazoline, N,N-dimethylbenza-
mide and N-tert-butylbenzamide ortho anions, we observed a
comparable lack of reactivity.


To access a larger panel of biaryl structures, other
aryllithiums were then generated by metal ± halogen ex-
change (Table 3).[15]


2-Lithioanisole was generated by bromine ± lithium ex-
change from 2-bromoanisole by using metallic lithium (en-
try 1).[16] Reaction with chlorobenzene led to the desired
biaryl in 57% yield. 4-Bromoanisole treated with tert-
butyllithium gave the biaryl in 70% yield. 4-Lithio-1,2-
benzodioxole generated from 4-bromo-1,2-benzodioxole re-
acted with fluorobenzene to afford the coupling product in
42% yield (entry 3).
To extend the scope of this reaction, anions generated from


�-metalated heterocycles were tested (Scheme 1).


Scheme 1. Reaction of �-metalated heterocycles and chloro- or fluoro-
benzene.


In both cases, only fluorobenzene allowed the reaction to
proceed; coupling products were isolated in moderate 69%
and low 22% yield.
In this preliminary study, since only chloro- or fluoroben-


zene was used as the aryne precursor, the regioselectivity issue
was avoided. To address this issue, we employed functional-
ized haloarenes for which random aryne formation and/or
subsequent random nucleophilic attack are expected to lead
to a mixture of isomers (Scheme 2).
Reaction of 2-, 3-, and 4-haloanisoles with 2-lithio-1,3-


dimethoxybenzene (Table 4) was studied first. The ortho/
meta/para-biaryl ratios were determined by GC analysis of the
crude mixtures. The ortho and para isomers were identified
unambiguously by comparison with reference samples syn-
thesized by classical Pd coupling reactions.[8] The structures of
themeta isomers were assessed by X-ray analysis. Reaction of
2-lithio-1,3-dimethoxybenzene with 2-chloroanisole gave the
ortho-biaryl in 80% yield and 82% selectivity (entry 1),
whereas 3-chloroanisole led predominantly to the meta
isomer with 97% selectivity and 82% overall yield (entry 4).


Table 1. Reaction of 2-lithio-1,3-dimethoxybenzene with halobenzene.


X Yield [%]


F � 95
Cl 95
Br 82
I no reaction


Table 2. Reaction of various aryllithiums and chloro- or fluorobenzene


Entry R1 R2 X Yield [%]


1 H H F 48
2 3-OMe H Cl 95
3 4-OMe H F 52
4 2-OMe H Cl or F ±
5 3-OMe 5-OMe F 55
6 5-Me H F 41


Table 3. Reaction of aryllithiums generated by metal/halogen exchange.


Entry R1 R2 X Yield [%]


1 2-OMe H Cl 57
2 4-OMe H F 70
3 3,4-O�CH2�O F 42
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Scheme 2. Possible products formed through random aryne formation and
subsequent random nucleophilic attack.


Exclusive formation of a transient 2,3-aryne, followed by
addition of the aryllithium specifically at the 3-position, leads
to the most stabilized anionic intermediate. This set of steps
accounts for the formation of the meta-biaryl obtained from
3-chloroanisole. According to this mechanism, 2-chloroani-
sole is expected to give the same 2,3-aryne intermediate and
thus the same reaction product. Instead, the observed
formation of the ortho-biaryl isomer, in total contradiction
of the classical aryne-based mechanism, suggests a novel
aromatic nucleophilic substitution pathway (Scheme 3). To
support this hypothesis, substitution of 2-chloroanisole by
2-fluoroanisole reversed the reaction selectivity (entry 2). The
strong ortho-acidifying effect of the fluorine atom favors
hydrogen abstraction and thus the aryne pathway. In accord-
ance with this, 2-fluoroanisole yielded the meta isomer
cleanly. In contrast, since the bromine atom has little or no
acidifying effect, with 2-bromoanisole nucleophilic substitu-


Scheme 3. Possible mechanism for the reaction of 2- and 3-chloroanisole.


tion took over and the ortho isomer was obtained in 75%
yield (entry 3).
4-Chloroanisole afforded a 1:1 mixture of the two possible


meta and para isomers, as a result of formation of the 3,4-
aryne and subsequent random nucleophilic attack at posi-
tions 3 and 4 (entry 5).
To check whether this regioselectivity was specific for the


anion of 1,3-dimethoxybenzene, we carried out experiments
under similar conditions using phenyllithium. 2-Chloroanisole
afforded the ortho-biaryl in 78% isolated yield and 3-chloro-
anisole the meta isomer in 80% isolated yield. These results
indicate clearly that the selectivity is mainly governed by the
substitution pattern and the nature of the haloarenes.
Other substrates, such as 2-chloro- and 3-chloro-N,N-


dimethylanilines (entries 6, 7), afforded exclusively meta-
biphenyl in 40% and 47% yield respectively. Replacement
of the chlorine atom by a less acidifying bromine atom
(entry 8) did not change the selectivity, but resulted in a
dramatic drop in the yield. Similar results were obtained with
phenyllithium.
Results observed with the halotoluenes (entries 9 ± 14) are


in total accordance with the aryne pathway and with an early
report by Chlebowski.[11] Here again, the increase in yield by
switching from chloro- to fluorotoluene indicates that �-
hydrogen abstraction is a determining step in the mechanism
(Table 1). The slight deviation from the statistical ratio of the
possible regioisomers might be explained by the steric
hindrance of the methyl group, which disfavors the nucleo-
philic addition at the 2-position.
3-Chlorotrifluoromethylbenzene gave a mixture of meta


and para isomers in a 7:3 ratio (entry 15), which differs from
the ratio obtained with 3-chlorotoluene (entry 12). The better
ortho-stabilizing effect of the trifluoromethyl group accounts
for this result. 4-Chlorotrifluoromethylbenzene gave a stat-
istical mixture of meta- and para-biaryls (entry 16).
To prove the ipso nucleophilic substitution pathway, we


synthesized 2-chloro-3-deuteroanisole. meta-Anisidine was
first converted into 2-chloro-3-aminoanisole,[17a] , which was
diazotized[17b] and reduced with sodium borodeuteride[17d] to
afford the desired deuterated substrate. The latter was
employed in an anionic cross-coupling reaction (Scheme 4).
As expected, 2-chloro-3-deuteroanisole leads to the cou-


pling product with less than 5% of deuterium loss, showing


Table 4. Reaction of 2-lithio-1,3-dimethoxybenzene with substituted
chloro- and fluorobenzene.


Entry R1 X ortho [%] meta [%] para [%] Yield [%]


1 2-OMe Cl 82 18 ± 80
2 2-OMe F ± � 95 ± 80
3 2-OMe Br 90 10 ± 75
4 3-OMe Cl ± 97 3 82
5 4-OMe Cl ± 50 50 53
6 2-NMe2 Cl � 90 ± 40
7 3-NMe2 Cl ± � 85 ± 47
8 2-NMe2 Br ± � 90 ± 10
9 2-Me F 36 64 ± 72
10 2-Me Cl 37 63 ± 30
11 2-Me I 40 60 ± � 20
12 3-Me Cl 9 54 37 40
13 3-Me F 11 55 34 84
14 4-Me Cl ± 51 49 96
15 3-CF3 Cl ± 70 30 30
16 4-CF3 Cl ± 45 55 60
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Scheme 4. Ipso substitution reaction on deuterated substrate.


that no hydrogen abstraction occurs. This result clearly
demonstrates that, for this isomer, the biaryl structure is
formed through an ipso nucleophilic substitution mechanism.
Next, we tested the hypothesis that the selectivity could result
from the chelation of the lithium cation by the oxygen atom of
the methoxy group. Addition of HMPA, which is known to
disrupt the lithium chelation, resulted in the reversal of
selectivity with formation of the meta isomer in 68% yield.
Similarly, when the reaction was carried out in the presence of
LiClO4 both the ortho and the meta isomers were obtained in
a 55:45 ratio. It thus appears that lithium chelation has a
predominant role in directing the ipso substitution. Such
chelation-driven selectivity also accounts for the experimental
results obtained with 2-haloaniline (Table 4, entries 6 ± 8), for
which the biaryl formation proceeds through the aryne
pathway since the nitrogen atom has weak lithium chelation
ability.
Even though a chelation-driven addition of phenylmagne-


sium bromide to ortho-methoxyphenyloxazoline was de-
scribed recently,[18] to the best of our knowledge this unusual
mechanistic pathway has been neither studied nor exploited in
organic synthesis. To extend its scope further, we considered
haloarenes bearing two directing groups (Table 5).


These results indicate that the rules governing the reaction
pathways are perfectly understood and predictable. The
nucleophilic substitution is preferred when possible; if it is
not possible, the major isomer arises from the most stable
anion adduct (Scheme 5).
In conclusion, we have shown that noncatalyzed coupling of


aryllithiums with haloarene often proceeds with high selec-
tivity. ortho-Chloro- and ortho-bromomethoxyarenes give the
corresponding ortho-biaryls through chelation-driven aromat-
ic nucleophilic substitution. For other substrates the biaryl
comes from the addition of the aryllithium to an aryne
intermediate at the position leading to the most stable anionic


Scheme 5. Summary of the substrate substitution reaction pathways.


adduct. For haloarenes bearing substituents which do not
stabilize the anionic adduct, a statistical mixture of the
possible isomers is obtained. For substrates bearing two
stabilizing groups, the regioselectity is governed by the
strongest directing group.
These noncatalyzed reactions give a straightforward access


to a wide range of useful biaryl structures. As only cheap and
readily available substrates are involved, our process appears
to be of special interest for large-scale synthesis of basic biaryl
building blocks.
To pioneer a novel type of aromatic chemistry, such


chelation-driven substitution might be extendable to other
carbanionic nucleophiles. Studies are currently being under-
taken in that direction.


Experimental Section


General : 1H and 13C NMR spectra in CDCl3 were recorded using either a
200 MHz or a 300 MHz instrument. Chemical (�) shifts are reported in
parts per million downfield from TMS. Gas chromatography was per-
formed on a Carlo Erba 6000 Vega equipped with a flame ionization
detector using a 25 m BPX5 fused silica column. The GC conditions for
isomer analysis were: pressure of carrier 20 kPa; injection of the sample at
170 �C kept constant for 3 min then increased to 240 �C at 40 �Cmin�1 for
17 min. Tetrahydrofuran (THF) was distilled from sodium/benzophenone.
Dimethoxyethane (DME) was dried with molecular sieves. All biaryl
syntheses by our methodology were performed in flame-dry glassware
under an argon atmosphere. Since the descriptions of the various biaryl
structures are dispersed and incomplete in the literature, we give full
characterizations of all the synthesized compounds.


General procedure for synthesis of the biaryls in Tables 1, 4, and 5 : n-
Butyllithium (1.6� solution in hexane, 3.9 mL, 6.3 mmol) was added
dropwise at RT to a solution of 1,3-dimethoxybenzene (6.3 mmol) in THF
(5 mL). After 1 h a solution of aryl halide (2.9 mmol) in THF (2 mL) was
added dropwise. The resulting mixture was stirred for another hour at RT
and then heated at 60 �C for 12 h. The reaction mixture was cooled to RT
and quenched by addition of H2O (40 mL). The aqueous layer was
extracted twice with Et2O (total 60 mL), and the combined organic layers
were dried over MgSO4, filtered, and concentrated under vacuum. The
residue was purified by silica gel flash chromatography with Et2O/hexane.
If they were still colored after chromatographic purification, the products
were filtered on charcoal.


2,6-Dimethoxybiphenyl (Table 1 and Table 2, entry 2): White solid, m.p.
89 �C; Rf� 0.5 (10% Et2O/hexane); 1H NMR (200 MHz, [D1]CHCl3,
20 �C): �� 3.83 (s, 6H; 2OCH3), 6.76 (d, 3J(H,H)� 8.8 Hz, 2H; 3,5-H), 7.39
(t, 3J(H,H)� 8.8 Hz, 1H; 4-H), 7.49 ± 7.59 ppm (m, 5H; 5-H�); 13C NMR
(50 MHz, [D1]CHCl3, 20 �C): �� 55.8, 104.1, 119.4, 126.7, 127.6, 128.5, 130.8,
134.1, 157.6 ppm; IR (CHCl3): �� � 3054, 2946, 1584, 1470, 1427, 1242,
1103 cm�1; MS (NH4


�): m/z : 232 [M�NH4]� ; elemental analysis calcd (%)


Table 5. Reaction of 2-lithio-1,3-dimethoxybenzene with di-substituted
chloro- and fluorobenzene derivatives.


Entry R1 R2 X ortho [%] meta [%] Yield [%]


1 3-OMe 5-OMe Cl ± � 95 40
2 3-OMe 4-OMe F ± � 95 66
3 3,4-O ±CH2O± Cl ± � 95 38
4 2-OMe 5-Me Cl � 95 ± 60
5 2-Me 5-OMe Cl ± � 95 62
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for C14H14O2 (214.26): C 78.48, H 6.58, O 14.94; found: C 78.32, H 6.56, O
14.89.


2-Methoxybiphenyl (Table 2, entry 1): After a solution of 2-bromoanisole
(15 mmol) in Et2O (16.8 mL) had been added dropwise at RT to a
suspension of lithium wires (400 mg, 58 mmol) in Et2O (16.8 mL), the
medium was stirred for 2 h at RT, then a portion (16.8 mL) of this solution
was diluted with THF (8 mL). A solution of fluorobenzene (2.4 mmol) in
THF (2 mL) was added dropwise at RT. The reaction mixture was stirred
for 1 h at RT and refluxed to 60 �C for 12 h. The reaction mixture was
allowed to cool to RT and quenched by addition of water (40 mL). The
aqueous layer was extracted twice with Et2O (total 100 mL), then the
combined organic layers were dried over MgSO4, filtered, concentrated in
vacuo, and purified by flash chromatography on silica gel with hexane as
eluent. Yield 250 mg (57%).


2-Methoxybiphenyl (Table 2, entry 1): Colorless oil; Rf� 0.5 (10%AcOEt/
hexane); 1H NMR (200 MHz, [D1]CHCl3, 20 �C): �� 3.98 (s, 3H; OCH3),
7.15 ± 7.26 (m, 2H; 3,5-H), 7.52 ± 7.79 ppm (m, 7H; 4,6-H, 5H�); 13C NMR
(50 MHz, [D1]CHCl3, 20 �C): �� 56.2, 112.0, 121.6, 127.7, 128.8, 129.4, 130.3,
131.4, 131.6, 139.4, 157.2 ppm; IR (CHCl3): �� � 3060, 2926, 1599, 1499, 1482,
1258, 1025 cm�1; MS (NH4


�):m/z : 202 [M�NH4]� ; elemental analysis calcd
(%) for C13H12O (184.24): C 84.75, H 6.56, O 8.68; found: C 84.56, H 6.54, O
8.71.


General procedure for the synthesis of biaryls (Table 3): The bromoaryl
(5.4 mmol) was added at �78 �C to a solution of tBuLi (1.7� in pentane,
6.4 mL, 10.8 mmol). The reaction mixture was warmed to RT for 30 min.
After it had been cooled to 0 �C, DME (3 mL) and THF (3 mL) were added
successively. Halobenzene (1.5 mmol) was diluted in DME (2.5 mL), and
the resulting solution was heated at 70 �C; a solution of aryllithium
(10.4 mL) was added quickly at 70 �C. The reaction mixture was stirred at
this temperature for 12 h. After cooling to RT, the reaction was quenched
by addition of water (40 mL). The aqueous layer was extracted twice with
Et2O (total 100 mL). The combined organic layers were dried over MgSO4,
filtered, and concentrated under vacuum. The residue was purified by flash
chromatography on silica gel.


2,5-Dimethoxybiphenyl (Table 2, entry 3): Colorless oil; Rf� 0.4 (10%
Et2O/hexane); 1H NMR (300 MHz, [D1]CHCl3, 20 �C): �� 3.77 (s, 3H;
OCH3), 3.83 (s, 3H; OCH3), 6.84 ± 6.96 (m, 3H; 3,4,6-H), 7.34 ± 7.61 ppm
(m, 5H; 5H�); 13C NMR (75 MHz, [D1]CHCl3, 20 �C): �� 55.8, 56.3, 112.7,
113.1, 116.7, 127.1, 128.0, 129.4, 131.7, 138.4, 150.8, 153.8 ppm; IR (CHCl3):
�� � 3069, 2944, 1601, 1505, 1488, 1216, 1040 cm�1; MS (NH4


�): m/z : 232
[M�NH4]� ; elemental analysis calcd (%) for C14H14O2 (214.26): C 78.48, H
6.58, O 14.93; found: C 78.39, H 6.60, O 14.89.


2,4,6-Trimethoxybiphenyl (Table 2, entry 5): White solid, m.p. 152 �C; Rf�
0.4 (20% Et2O/hexane); 1H NMR (300 MHz, [D1]CHCl3, 20 �C): �� 3.74
(s, 6H; 2OCH3), 3.89 (s, 3H; OCH3), 6.26 (s, 2H; 3,5-H), 7.28 ± 7.44 ppm (m,
5H; 5H�); 13C NMR (75 MHz, [D1]CHCl3, 20 �C): �� 55.3, 55.9, 90.9, 126.4,
127.6, 130.9, 131.2, 134.1, 158.3, 160.5 ppm; IR (CHCl3): �� � 3020, 2930,
1607, 1484, 1461, 1211, 1127 cm�1; MS (NH4


�):m/z : 245 [M�H]� ; elemental
analysis calcd (%) for C15H16O3 (244.29): C 73.75, H 6.60, O 19.65; found: C
73.98, H 6.57, O 19.70.


2-Methoxy-5-methylbiphenyl (Table 2, entry 6): Colorless oil; Rf� 0.5 (4%
Et2O/hexane); 1H NMR (300 MHz, [D1]CHCl3, 20 �C): �� 2.43 (s, 3H;
CH3), 3.85 (s, 3H; OCH3), 6.96 (d, 3J(H,H)� 8.4 Hz, 1H; 3-H), 7.19 ± 7.27
(m, 2H; 4,6-H), 7.39 ± 7.64 ppm (m, 5H; 5H�); 13C NMR (75 MHz,
[D1]CHCl3, 20 �C): �� 20.4, 55.7, 111.3, 126.8, 127.9, 128.8, 129.5, 129.9,
130.5, 131.6, 138.6, 154.4 ppm; IR (CHCl3): �� � 3025, 2936, 1603, 1508, 1490,
1236, 1029 cm�1; MS (NH4


�):m/z : 216 [M�NH4]� ; elemental analysis calcd
(%) for C14H14O (198.26): C 84.81, H 7.11, O 8.08; found: C 84.67, H 7.10, O
8.05.


4-Methoxybiphenyl (Table 3, entry 2): White solid, m.p. 89 �C; Rf� 0.3
(hexane); 1H NMR (200 MHz, [D1]CHCl3, 20 �C): �� 3.90 (s, 3H; OCH3),
7.03 (d, 3J(H,H)� 8.8 Hz, 2H; 3,5-H), 7.31 ± 7.66 ppm (m, 7H; 2,6-H, 5H�);
13C NMR (75 MHz, [D1]CHCl3, 20 �C): �� 55.2, 114.1, 126.6, 126.7, 128.1,
128.7, 133.7, 140.8, 159.1 ppm; IR (CHCl3) �� � 3050, 2958, 1606, 1516, 1485,
1272, 1037 cm�1; MS (NH4


�): m/z : 185 [M�H]� ; elemental analysis calcd
(%) for C13H12O (184.24): C 84.75, H 6.56, O 8.68; found: C 84.99, H 6.54, O
8.65.


2,6,2�-Trimethoxybiphenyl (Table 4, entries 1, 3): White solid, m.p. 141 �C;
Rf� 0.2 (10% AcOEt/hexane); GC retention time� 9.29 min; 1H NMR
(200 MHz, [D3]CH3CN, 20 �C): �� 3.67 (s, 6H; 2OCH3), 3.70 (s, 3H;


OCH3
�), 6.70 (d, 3J(H,H)� 8.3 Hz, 2H; 3,5-H), 6.90 ± 7.10 (m, 3H; 3�,5�,6�-


H), 7.25 ± 7.35 ppm (m, 2H; 4,4-H); 13C NMR (75 MHz, [D3]CH3CN, 20 �C):
�� 56.1, 56.4, 105.2, 112.1, 121.1, 124.9, 129.4, 129.9, 133.0, 158.6,
159.0 ppm; IR (CHCl3): �� � 3008, 2938, 1591, 1504, 1471, 1250, 1111 cm�1;
MS (NH4


�): m/z : 245 [M�H]� ; elemental analysis calcd (%) for C15H16O3


(244.29): C 73.75, H 6.60, O 19.65; found: C 73.71, H 6.61, O 19.61.


2,6,3�-Trimethoxybiphenyl (Table 4, entries 2, 4): White solid, m.p. 70 �C;
Rf� 0.2 (5% Et2O/hexane); GC retention time� 11.16 min; 1H NMR
(200 MHz, [D1]CHCl3, 20 �C): �� 3.75 (s, 6H; 2OCH3), 3.83 (s, 3H;
OCH3�), 6.66 (d, 3J(H,H)� 7.8 Hz, 2H; 3,5-H), 6.85 ± 6.97 (m, 3H; 2�,4�,6�-
H), 7.25 ± 7.38 ppm (m, 2H; 4,5�-H); 13C NMR (75 MHz, [D1]CHCl3, 20 �C):
�� 55.1, 55.9, 104.2, 112.4, 113.2, 116.6, 123.3, 128.5, 131.9, 135.5, 157.7,
159.0 ppm; IR (CHCl3): �� � 3050, 2953, 1587, 1468, 1243, 1106 cm�1; MS
(NH4


�): m/z : 245 [M�H]� ; elemental analysis calcd (%) for C15H16O3


(244.29): C 73.75, H 6.60, O 19.65; found: C 73.66, H 6.62, O 19.59.


2,6,4�-Trimethoxybiphenyl (Table 4, entry 5): White solid, m.p. 122 �C; Rf�
0.2 (5% AcOEt/hexane); GC retention time� 11.83 min; 1H NMR
(200 MHz, [D1]CHCl3, 20 �C): �� 3.79 (s, 6H; 2OCH3), 3.88 (s, 3H;
OCH3�), 6.69 (d, 3J(H,H)� 8.3 Hz, 2H; 3,5-H), 6.99 (d, 3J(H,H)� 9.0 Hz,
2H; 3�,5�-H), 7.26 ± 7.35 ppm (m, 3H; 4,2�,6�-H); 13C NMR (75 MHz,
[D1]CHCl3, 20 �C): �� 55.0, 55.8, 104.2, 113.2, 119.1, 126.1, 128.3, 131.9,
157.7, 158.2 ppm; IR (CHCl3): �� � 3015, 2954, 1588, 1519, 1471, 1247,
1112 cm�1; MS (NH4


�):m/z : 245 [M�H]� ; elemental analysis calcd (%) for
C15H16O3 (244.29): C 73.75, H 6.60, O 19.65; found: C 73.47, H 6.59, O 19.68.


(2�,6�-Dimethoxybiphenyl-3-yl)dimethylamine (Table 4, entries 6 ± 8):
White solid, m.p. 118 �C; Rf� 0.3 (30% Et2O/hexane); GC retention
time� 12.30 min; 1H NMR (300 MHz, [D1]CHCl3, 20 �C): �� 2.97 (s, 6H;
NMe2), 3.76 (s, 6H; 2OCH3), 6.68 (d, 3J(H,H)� 8.3 Hz, 2H; 3�,5�-H), 6.70 ±
6.77 (m, 3H; 2,4,6-H), 7.26 ± 7.33 ppm (m, 2H; 5,4�-H); 13C NMR (50 MHz,
[D1]CHCl3, 20 �C): �� 40.6, 55.8, 104.1, 111.3, 115.4, 119.3, 120.4, 128.2,
128.3, 134.7, 150.0, 157.7 ppm; IR (CHCl3): �� � 3054, 2989, 1604, 1471, 1266,
1112 cm�1; MS (NH4


�):m/z : 258 [M�H]� ; elemental analysis calcd (%) for
C16H19NO2 (257.33): C 74.68, H 7.44, O 12.43; found: C 74.48, H 7.45, O
12.46.


2,6-Dimethoxy-3�-methylbiphenyl (Table 4, entries 9 ± 14): Colorless oil;
Rf� 0.5 (10% AcOEt/hexane); GC retention time� 8.75 min; 1H NMR
(300 MHz, [D1]CHCl3, 20 �C): �� 2.41 (s, 3H; CH3), 3.76 (s, 6H; 2OCH3),
6.67 (d, 3J(H,H)� 8.3 Hz, 2H; 3,5-H), 7.13 ± 7.37 ppm (m, 5H; 4-H, 4H�);
13C NMR (75 MHz, [D1]CHCl3, 20 �C): �� 21.6, 56.1, 104.6, 120.3, 127.6,
127.7, 128.0, 128.6, 131.7, 134.2, 137.1, 158.0 ppm; IR (CHCl3): �� � 3048,
2930, 1606, 1589, 1466, 1242, 1110 cm�1; MS (NH4


�): m/z : 229 [M�H]� ;
elemental analysis calcd (%) for C15H16O2 (228.29): C 78.92, H 7.06, O
14.02; found: C 78.71, H 7.05, O 14.06.


2,6-Dimethoxy-4�-methylbiphenyl (Table 4, entries 12 ± 14): White solid,
m.p. 86 �C; Rf� 0.5 (10% AcOEt/hexane); GC retention time� 9.15 min;
1H NMR (300 MHz, [D1]CHCl3, 20 �C): �� 2.41 (s, 3H; CH3), 3.75 (s, 6H;
2OCH3), 6.67 (d, 3J(H,H)� 8.3 Hz, 2H; 3,5-H), 7.21 ± 7.32 ppm (m, 5H;
4-H, 4H�); 13C NMR (75 MHz, [D1]CHCl3, 20 �C): �� 21.4, 56.1, 104.7,
120.1, 128.6, 128.7, 130.9, 131.3, 136.3, 158.1 ppm; IR (CHCl3): �� � 3053,
2986, 1653, 1589, 1469, 1264, 1110 cm�1; MS (NH4


�): m/z : 229 [M�H]� ;
elemental analysis calcd (%) for C15H16O2 (228.29): C 78.92, H 7.06, O
14.02; found: C 78.71, H 7.04, O 13.98.


2,6-Dimethoxy-4�-trifluoromethylbiphenyl (Table 4, entries 15, 16): White
solid, m.p. 82 �C; Rf� 0.5 (10% AcOEt/hexane); GC retention time�
7.71 min; 1H NMR (200 MHz, [D1]CHCl3, 20 �C): �� 3.76 (s, 6H;
2OCH3), 6.68 (d, 3J(H,H)� 8.3 Hz, 2H; 3,5-H), 7.38 (t, 3J(H,H)� 8.3 Hz,
1H; 4-H) , 7.48 (d, 3J(H,H)� 8.0 Hz, 2H; 2�,6�-H), 7.66 ppm (d, 3J(H,H)�
8.3 Hz, 2H; 3�,5�-H); 13C NMR (75 MHz, [D1]CHCl3, 20 �C): �� 55.8,
104.2, 118.0, 124.5, 124.5 (q, 1J(C,F)� 270 Hz), 127.9, 129.4, 131.4, 138.1,
157.5 ppm; IR (CHCl3): �� � 3059, 2924, 1664, 1592, 1469, 1248, 1113 cm�1;
MS (NH4


�): m/z : 300 [M�NH4]� ; elemental analysis calcd (%) for
C15H13F3O2 (282.26): C 63.83, H 4.64, O 11.34; found: C 64.01, H 4.63, O
11.30.


2,6-Dimethoxy-3�-trifluoromethylbiphenyl (Table 4, entries 15, 16): Color-
less oil; Rf� 0.5 (10% AcOEt/hexane); GC retention time� 7.37 min;
1H NMR (200 MHz, [D1]CHCl3, 20 �C): �� 3.81 (s, 6H; 2OCH3), 6.73 (d,
3J(H,H)� 8.3 Hz, 2H; 3,5-H), 7.34 (t, 3J(H,H)� 8.4 Hz, 1H; 4-H), 7.51 ±
7.78 ppm (m, 4H; 4H�); 13C NMR (75 MHz, [D1]CHCl3, 20 �C): �� 56.3,
104.6, 118.3, 124.0, 125.0 (q, 1J(C,F)� 270 Hz), 128.5, 129.8, 130.0, 130.7,
134.9, 135.3, 157.9 ppm; IR (CH2Cl2): �� � 3011, 2955, 1589, 1467, 1239,
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1111 cm�1; MS (NH4
�): m/z : 300 [M�NH4]� ; elemental analysis calcd (%)


for C15H13F3O2 (282.26): C 63.83, H 4.64, O 11.34; found: C 63.75, H 4.63, O
11.31.


Biphenyl-3-yldimethylamine : Colorless oil; Rf� 0.6 (10% Et2O/hexane);
1H NMR (200 MHz, [D1]CHCl3, 20 �C): �� 3.08 (s, 6H; NMe2), 6.75 ± 7.08
(m, 3H; 2,4,6-H), 7.32 ± 7.69 ppm (m, 6H; 5�-H, 5H�); 13C NMR (75 MHz,
[D1]CHCl3, 20 �C): �� 40.6, 111.5, 111.6, 115.8, 127.0, 127.3, 128.5, 129.4,
142.2, 150.9 ppm; IR (CHCl3): �� � 3008, 2884, 1601, 1568, 1487, 1214 cm�1;
MS (NH4


�): m/z : 198 [M�H]� ; elemental analysis calcd (%) for C14H15N
(197.28): C 85.24, H 7.66; found: C 85.51, H 7.65.


3-Methoxybiphenyl : Colorless oil; Rf� 0.3 (10% AcOEt/hexane); GC
retention time� 7.15 min; 1H NMR (300 MHz, [D1]CHCl3, 20 �C): �� 3.90
(s, 3H; OCH3), 6.93 (dd, 3J(H,H)� 8.3 Hz, 4J(H,H)� 5.5 Hz, 2H; 2-H),
7.17 ± 7.26 (m, 2H; 4,6-H), 7.38 ± 7.66 ppm (m, 6H, 5-H; 5H�); 13C NMR
(75 MHz, [D1]CHCl3, 20 �C): �� 55.2, 112.6, 112.9, 119.7, 127.2, 127.4, 128.7,
129.7, 141.1, 142.7, 159.9 ppm; IR (CHCl3): �� � 3054, 2959, 1599, 1479, 1266,
1220 cm�1; MS (NH4


�):m/z : 185 [M�H]� ; elemental analysis calcd (%) for
C13H12O (184.24): C 84.75, H 6.56, O 8.68; found: C 84.52, H 6.58, O 8.65.


2,6,3�,5�-Tetramethoxybiphenyl (Table 5, entry 1): White solid, m.p. 122 �C;
Rf� 0.3 (10% AcOEt/hexane); GC retention time� 17.23 min; 1H NMR
(200 MHz, [D1]CHCl3, 20 �C): �� 3.79 (s, 6H; 2OCH3), 3.84 (s, 6H;
2OCH3), 6.50 (t, 4J(H,H)� 2.2 Hz, 1H; 4�-H), 6.55 (d, 4J(H,H)� 2.2 Hz,
2H; 2�,6�-H), 6.69 (d, 3J(H,H)� 8.3 Hz, 2H; 3,5-H), 7.32 ppm (t, 3J(H,H)�
8.3 Hz, 1H; 4-H); 13C NMR (50 MHz, [D1]CHCl3, 20 �C): �� 55.7, 56.4,
99.7, 104.6, 109.4, 119.9, 129.2, 136.5, 158.1, 160.5 ppm; IR (CHCl3): �� �
3094 , 2944, 1598, 1450, 1253, 1194, 1149 cm�1; MS (NH4


�): m/z : 275
[M�H]� ; elemental analysis calcd (%) for C16H18O4 (274.31): C 70.06, H
6.61, O 23.33; found: C 69.81, H 6.63, O 23.41.


2,6,3�,4�-Tetramethoxybiphenyl (Table 5, entry 2): White needles, m.p.
148 �C; Rf� 0.5 (30% Et2O/hexane); 1H NMR (200 MHz, [D1]CHCl3,
20 �C): �� 3.79 (s, 6H; 2OCH3), 3.90 (s, 3H; OCH3


�), 3.96 (s, 3H; OCH3�),
6.70 (d, 3J(H,H)� 8.3 Hz, 2H; 3,5-H), 6.93 ± 6.99 (m, 3H; 2�,5�,6�-H),
7.29 ppm (t, 3J(H,H)� 8.3 Hz, 1H; 4-H); 13C NMR (50 MHz, [D1]CHCl3,
20 �C): �� 55.7, 55.8, 55.9, 104.2, 110.5, 114.3, 119.2, 123.1, 126.4, 128.4,
147.7, 148.1, 157.8 ppm; IR (CHCl3): �� � 3012 , 2935, 1587, 1523, 1470, 1292,
1247, 1106, 1024 cm�1; MS (NH4


�): m/z : 275 [M�H]� ; elemental analysis
calcd (%) for C16H18O4 (274.31): C 70.06, H 6.61, O 23.33; found: C 70.31, H
6.62, O 23.39.


5-(2,6-Dimethoxyphenyl)benzo[1,3]dioxole (Table 5, entry 3): White solid,
m.p. 90 �C; Rf� 0.2 (5% Et2O/hexane); 1H NMR (300 MHz, [D1]CHCl3,
20 �C): �� 3.76 (s, 6H; 2OCH3), 5.99 (s, 2H; OCH2O), 6.65 (d, 3J(H,H)�
8.1 Hz, 2H; 3,5-H), 6.80 ± 6.90 (m, 3H; 3,4,6-H), 7.27 ppm (t, 3J(H,H)�
8.1 Hz, 1H; 4-H); 13C NMR (75 MHz, [D1]CHCl3, 20 �C): �� 55.9, 100.8,
104.2, 107.9, 111.5, 119.1, 124.2, 127.5, 128.5, 146.3, 147.0, 157.8 ppm; IR
(CHCl3): �� � 3025, 2997, 1590, 1500, 1467, 1214 cm�1; MS (NH4


�): m/z : 276
[M�NH4]� ; elemental analysis calcd (%) for C15H14O4 (258.27): C 69.76, H
5.46, O 24.78; found: C 70.01, H 5.48, O 24.84.


2,2�,6�-Trimethoxy-5-methylbiphenyl (Table 5, entry 4): White solid, m.p.
114 �C; Rf� 0.3 (20% Et2O/hexane); 1H NMR (300 MHz, [D1]CHCl3,
20 �C): �� 2.37 (s, 3H; CH3), 3.77 (s, 3H; OCH3), 3.78 (s, 6H; 2OCH3�),
6.69 (d, 3J(H,H)� 8.3 Hz, 2H; 3�,5�-H), 6.93 (d, 3J(H,H)� 8.3 Hz, 1H;
3-H), 7.04 (d, 4J(H,H)� 1.9 Hz, 1H; 6-H), 7.16 (dd, 3J(H,H)� 8.3 Hz,
4J(H,H)� 1.9 Hz, 1H; 4-H), 7.32 ppm (t, 3J(H,H)� 8.3 Hz, 1H; 4�-H);
13C NMR (75 MHz, [D1]CHCl3, 20 �C): �� 18.7, 55.2, 55.9, 104.0, 112.8,
116.2, 118.9, 128.7, 129.4, 130.2, 157.1, 157.7 ppm; IR (CHCl3): �� � 2991,
2931, 1607, 1586, 1507, 1250, 1109, 1040 cm�1; MS (NH4


�): m/z : 259
[M�H]� ; elemental analysis calcd (%) for C16H18O3 (258.32): C 74.39, H
7.02, O 18.58; found: C 74.67, H 7.04, O 18.52.


5,2�,6�-Trimethoxy-2-methylbiphenyl (Table 5, entry 5): White solid, m.p.
99 �C; Rf� 0.2 (20% Et2O/hexane); 1H NMR (300 MHz, [D1]CHCl3,
20 �C): �� 2.04 (s, 3H; CH3), 3.77 (s, 6H; 2OCH3), 3.83 (s, 3H; OCH3), 6.69
(d, 3J(H,H)� 8.3 Hz, 2H; 3�,5�-H), 6.76 (d, 4J(H,H)� 2.9 Hz, 1H; 6-H),
6.86 (dd, 3J(H,H)� 8.3 Hz, 4J(H,H)� 2.9 Hz, 1H; 4-H), 7.22 (d, 3J(H,H)�
8.3 Hz, 1H; 3-H), 7.35 ppm (t, 3J(H,H)� 8.3 Hz, 1H; 4�-H); 13C NMR
(75 MHz, [D1]CHCl3, 20 �C): �� 20.5, 55.9, 104.1, 111.2, 116.3, 123.2, 128.5,
128.9, 132.6, 155.4, 158.0 ppm; IR (CHCl3): �� � 3005, 2935, 1607, 1590, 1500,
1468, 1246, 1111 cm�1; MS (NH4


�): m/z : 259 [M�H]� ; elemental analysis
calcd (%) for C16H18O3 (258.32): C 74.39, H 7.02, O 18.58; found: C 74.21, H
7.01, O 18.61.


1-(2,6-Dimethoxyphenyl)naphthalene : White solid, m.p. 108 �C; Rf� 0.3
(4% AcOEt/hexane); 1H NMR (200 MHz, [D1]CHCl3, 20 �C): �� 3.69 (s,
6H; 2OCH3), 6.76 (d, 3J(H,H)� 8.3 Hz, 2H; 3,5-H), 7.34 ± 7.54 (m, 6H;
naphthalene H), 7.59 (t, 3J(H,H)� 8.3 Hz, 1H; 4-H), 7.88 ± 7.98 ppm (m,
2H; naphthalene H); 13C NMR (75 MHz, [D1]CHCl3, 20 �C): �� 55.9,
104.2, 125.3 125.4, 126.0, 127.4, 128.0, 128.1, 129.1, 132.6, 133.5, 158.4 ppm;
IR (CHCl3): �� � 3025, 2952, 1596, 1529, 1472, 1214, 1113 cm�1; MS (NH4


�):
m/z : 265 [M�H]� ; elemental analysis calcd (%) for C18H16O2 (264.32): C
81.79, H 6.10, O 12.11; found: C 82.01, H 6.08, O 12.15.


2-(2,6-Dimethoxyphenyl)naphthalene : White solid, m.p. 83 �C; Rf� 0.3
(4% AcOEt/hexane); 1H NMR (200 MHz, [D1]CHCl3, 20 �C): �� 3.80 (s,
6H; 2OCH3), 6.75 (d, 3J(H,H)� 8.3 Hz, 2H; 3,5-H), 7.38 (t, 3J(H,H)�
8.3 Hz, 1H; 4-H), 7.46 ± 7.57 (m, 3H; naphthalene H), 7.84 ± 8.00 ppm (m,
4H; naphthalene H); 13C NMR (75 MHz, [D1]CHCl3, 20 �C): �� 55.9,
104.3, 119.5, 125.5, 126.9, 127.7, 128.1, 128.8, 129.3, 129.7, 131.7, 132.5, 133.3,
157.9 ppm; IR (CHCl3): �� � 3003, 2941, 1585, 1496, 1274, 1105 cm�1; MS
(NH4


�): m/z : 265 [M�H]� ; elemental analysis calcd (%) for C18H16O2


(264.32): C 81.79, H 6.10, O 12.11; found: C 81.97, H 6.11, O 12.09.


2-Phenylthiophene (Scheme 1): A solution of n-butyllithium (1.6� solution
in hexane, 6.9 mL, 11 mmol) was added dropwise at�40 �C to a solution of
thiophene (11 mmol) in THF (8.2 mL). The mixture was stirred for 1 h at
�30 �C, then cooled at�40 �C, and a solution of fluorobenzene (5 mmol) in
THF (3.2 mL) was added dropwise. The resulting mixture was warmed to
RT for 1 h and heated to 60 �C for 12 h. The reaction mixture was allowed
to cool to RT and quenched by addition of water (40 mL). The aqueous
layer was extracted with Et2O (60 mL). The organic phase was dried over
MgSO4, filtered, and concentrated under vacuum. The residue was purified
by flash chromatography on silica gel using hexane as eluent. Yield 552 mg
(69%) of white solid, m.p. 35 �C; Rf� 0.5 (hexane); 1H NMR (300 MHz,
[D1]CHCl3, 20 �C): �� 7.11 ± 7.16 (m, 1H; 5-H), 7.31 ± 7.70 ppm (m, 7H; 3,4-
H, 5H�); 13C NMR (50 MHz, [D1]CHCl3, 20 �C): �� 123.0, 124.8, 125.9,
127.4, 128.0, 128.9, 134.3, 144.4 ppm; IR (CHCl3): �� � 3065, 3014, 1596,
1523, 1486 cm�1; MS (NH4


�): m/z : 161 [M�H]� ; elemental analysis calcd
(%) for C10H8S (160.24): C 74.96, H 5.03; found: C 74.68, H 5.04.


2-Phenylbenzofuran (Scheme 1): A solution of n-butyllithium (1.6�
solution in hexane, 3.3 mL, 5.3 mmol) was added dropwise at �10 �C to a
solution of benzofuran (5.3 mmol) in THF (10 mL). The reaction mixture
was stirred at �10 �C for 1 h and warmed to 0 �C; then a solution of
fluorobenzene (2.4 mmol) in THF (1.6 mL) was added dropwise. After the
reaction mixture had been stirred for 1 h at RT, it was heated to 60 �C for
12 h, then allowed to cool to RT, and quenched by addition of water
(40 mL). The aqueous layer was extracted with Et2O (50 mL), dried over
MgSO4, and concentrated under vacuum. The residue was purified by flash
chromatography on silica gel using hexane as eluent. Yield 102 mg (22%)
of a white solid, m.p. 123 �C; Rf� 0.3 (hexane); 1H NMR (200 MHz,
[D1]CHCl3, 20 �C): �� 7.08 (s, 1H; 3-H), 7.20 ± 7.70 (m, 8H), 7.88 ± 7.97 ppm
(m, 2H; 2H�); 13C NMR (75 MHz, [D1]CHCl3, 20 �C): �� 101.3, 111.2,
120.9, 122.9, 124.2, 124.9, 128.5, 128.8, 129.2, 130.5, 154.9, 155.9 ppm; IR
(CHCl3): �� � 3020, 1615, 1510, 1492 cm�1; MS (NH4


�): m/z : 195 [M�H]� ;
elemental analysis calcd (%) for C14H10O (194.23): C 86.57, H 5.19, O 8.24;
found: C 86.81, H 5.17, O 8.26.


2-Chloro-1-methoxy-3-deuterobenzene : Colorless liquid; Rf� 0.5 (hex-
ane); 1H NMR (300 MHz, [D1]CHCl3, 20 �C): �� 3.92 (s, 3H; OCH3), 6.92
(m, 2H; 4,6-H), 7.24 ppm (t, 3J(H,H)� 7.8 Hz, 1H; 5-H); 13C NMR
(75 MHz, [D1]CHCl3, 20 �C): �� 56.0, 112.0, 121.1, 122.3, 127.7, 129.9 (t,
1J(C,H)� 24.5 Hz, C,D), 155.0 ppm; IR (CHCl3): �� � 3069, 2922, 1583,
1474, 1434, 1272, 1047 cm�1; MS (NH4


�): m/z : 145 [M�H]� ; elemental
analysis calcd (%) for C7H6ClOD (143.58): C 58.56, H 4.21, O 11.14; found:
C 58.37, H 4.22, O 11.10.


2,6,2�-Trimethoxy-6�-deuterobiphenyl (Scheme 4): White solid, m.p. 140 �C;
Rf� 0.2 (10% AcOEt/hexane); 1H NMR (300 MHz, [D3]CH3CN, 20 �C):
�� 3.68 (s, 6H; 2OCH3), 3.70 (s, 3H; OCH3�), 6.70 (d, 3J(H,H)� 8.1 Hz,
2H; 3,5-H), 6.93 ± 7.09 (m, 2H; 3�,5�-H), 7.25 ± 7.36 ppm (m, 2H; 4,4�-H);
2H NMR (300 MHz, [D1]CHCl3, 20 �C): �� 7.40 ppm (6�-D); 13C NMR
(125 MHz, [D3]CH3CN, 20 �C) �� 56.2, 56.4, 105.2, 112.1, 112.2, 121.0, 124.0
(d, 1J(C,D)� 10.3 Hz), 129.5, 129.9, 133.0, 158.6, 159.1 ppm; IR (CHCl3):
�� � 3053, 2930, 1656, 1589, 1499, 1264, 1110 cm�1; MS (NH4


�): m/z : 263
[M�NH4]� ; elemental analysis calcd (%) for C15H15O3D (245.29): C 73.46,
H 6.57, O 19.57 found C 73.71, H 6.58, O 19.51.
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Orthopalladated and -platinated Bulky Triarylphosphite Complexes:
Synthesis, Reactivity and Application as High-Activity Catalysts for Suzuki
and Stille Coupling Reactions


Robin B. Bedford,*[a] Samantha L. Hazelwood (ne¬eWelch),[a] Michael E. Limmert,[a]


David A. Albisson,[b] Sylvia M. Draper,[b] P. Noelle Scully,[b] Simon J. Coles,[c] and
Michael B. Hursthouse[c]


Abstract: Bulky triarylphosphite li-
gands undergo facile orthometallation
reactions with palladium and platinum
precursors. The crystal structure of an
example of the resultant palladacycles
has been determined. The reactivity of
some of the metallacycles with HCl,
monodentate and bidentate phosphines
and sodium diethyldithiocarbamate has
been investigated, and the crystal struc-
ture of a diethyldithiocarbamate adduct


of a palladacycle is presented. The
palladacyclic complexes prove to be
extremely active catalysts for the Suzuki
coupling of aryl bromides with aryl
boronic acids. They can also be used as
catalysts for the coupling of alkylboronic


acids. Meanwhile di- and trialkyl phos-
phine adducts of one of the pallada-
cycles shows very high activity in the
Suzuki coupling of aryl chlorides and
can also be used to good effect for the
Stille coupling of these substrates. The
role of the phosphite ligand in the
Suzuki coupling of aryl chlorides seems
to be one of increasing catalyst longevity
by stabilisation of the Pd0 resting state.


Keywords: cross-coupling ¥ homo-
geneous catalysis ¥ metallacycles ¥
palladium ¥ platinum


Introduction


The fact that triarylphosphite ligands, P(OAr)3, often undergo
facile orthometallation reactions with late transition metals
has almost certainly led to the perception that they would not
be as useful as the ubiquitous triarylphosphine ligands in
catalysis. However, in some cases it appears that the
apparently deleterious metallation of a triarylphosphite


ligand can actually increase
the catalytic activity of a com-
plex. For instance while the
complexes 1 ± 3 all show rea-
sonable catalytic activity in
alkene hydrogenation, no ac-
tivity was observed with the


non-orthometallated analogues [RuHCl{P(OPh)3}4], [CoH-
{P(OPh)3}4] or [PdCl2{P(OPh)3}2].[1] Lewis has shown that
reversible orthometallation of triarylphosphites at ruthenium
can be exploited as a means of catalytically activating the
ortho-position of phenol to give ortho-specific deuteration
and alkylation.[2, 3] These orthometallated ruthenium phos-
phite catalyst systems are also able to catalyse styrene
oligomerisation.[2]


The use of highly sterically encumbered orthometallated
triarylphosphite complexes in catalysis has only fairly recently
been addressed. For instance, an orthometallated complex of
the bulky triarylphosphite ligand tris(2,4-di-tert-butylphenyl)-
phosphite, 4a, proves to be an
active catalyst for imine hydro-
genation.[4]


We have shown that 5a, an
orthopalladated complex of the
ligand 4a, shows high activity
in biaryl coupling reactions un-
der both Suzuki and Stille con-
ditions (Scheme 1)[5] and in the
Heck arylation of alkenes,[6]


while related phosphinite complexes show extremely high
activity in the Suzuki coupling of aryl bromides.[7] Surprisingly
we also found that the platinum complex 6 shows good activity
in Suzuki coupling reactions.[8] While complex 5a shows no
activity in the Suzuki coupling of deactivated (electron-rich)
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Scheme 1. Suzuki (E�B(OH)2) and Stille (E�SnR3) biaryl coupling
reactions.


aryl chlorides, the addition of tricyclohexylphosphine gives a
catalyst that shows one of the highest activities yet reported to
date in such reactions.[9] This PCy3-containing adduct also
shows good activity in the Stille coupling of aryl chlorides.[10]


We now report in full the synthesis of the bulky orthometal-
lated phosphite complexes of palladium and platinum, an
exploration of their reactivity and their application as
catalysts in Suzuki and Stille coupling reactions.


Results and Discussion


Synthesis of orthometallated complexes : The reaction of
[PdCl2(NCMe)2] with two equivalents of the bulky phosphite
4a gives the complex [PdCl2(4a)2], 7a, exclusively in the trans
configuration (Scheme 2) as indicated by the presence of only


Scheme 2. Synthesis of orthopalladated complexes.


one Pd�Cl stretch in the IR spectrum at 373 cm�1. By contrast
analogous complexes with smaller triarylphosphite ligands
tend to give all cis, or a mixture of cis and trans isomers.[11]


Presumably the high steric profile of 4a over-rides the
electronic advantages associated with the cis arrangement,
in which the �-acidic triarylphosphite ligands would be trans
to the �-basic chlorides. The analogous platinum complex,
[PtCl2(4a)2], 8, also exists exclusively as the trans isomer,[8]


while [PtCl2{P(OPh)3}2] is cis.[11] This indicates that the
stereochemistry of both the palladium and platinum com-
plexes is determined by the bulk of the ligands.


Heating 7a in 2-methoxyethanol at reflux leads to the
formation of the dimeric orthometallated complex 5a and one
equivalent of free ligand 4a (Scheme 2). A more convenient


synthesis of 5a and the analogous complexes 5b and c was
effected by the reaction of one equivalent of the appropriate
phosphite with palladium dichloride in 2-methoxyethanol or
toluene at reflux temperature. Surprisingly we found that the
room-temperature reaction of palladium dichloride with
exactly one equivalent of 4a in a dichloromethane/ethanol
mixture also led predominantly to the formation of 5a after
24 hours. Presumably the facile nature of this reaction is due
to the steric bulk of 4a. Interestingly the non-orthometallated
bis-phosphite adduct 7a, does not give 5a under the same
conditions. This indicates that the rate of formation of 5a from
7a at elevated temperature is limited by the dissociation of
one equivalent of the ligand 4a and suggests that ortho-
metallation occurs after phosphite dissociation has given a
monophosphite intermediate.


The 31P NMR spectra in CDCl3 at 25 �C show both 5a and b
to be a mixtures of the trans and cis isomers. Both 31P and
1H NMR spectra of complex 5c show very broad peaks at
25 �C. This is presumably due to the facile interchange of
a) the cis and trans isomers and b) the interconversion of two
atropisomers of the eight-membered rings on the phosphite
ligands. This gives a total of six possible isomers. Indeed when
the 31P NMR spectrum is recorded at �90 �C, eight peaks are
observed. Six of these fall in the range �� 114 to 119 ppm; this
is consistent with their corresponding to orthopalladated
triarylphosphite ligands. In addition, two substantially broad-
er peaks are observed at �� 129 and 109 ppm. The latter peak
is consistent with an orthometallated phosphite ligand, while
the former has a very similar shift to the free phosphite ligand.
It has previously been shown that orthopalladated and
-platinated triarylphosphite complexes undergo an intramo-
lecular cis ± trans interconversion, although the precise mech-
anism by which this occurs was not established.[12] The
phosphorus NMR data given above is consistent with a
mechanism whereby the P donor decoordinates allowing
rotation about the Pd�C bond.


The crystal structure of complex 5c has been determined,
and the molecule is shown in Figure 1, while selected data are
given in Table 1. As can be seen, the molecule adopts the
trans-configuration in the solid state, as observed previously
with 5a.[5] The bond lengths about the Pd atoms are very


Figure 1. The molecular structure of complex 5c. Selected bond lengths
and angles are given in Table 1.
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similar to those of complex 5a, as are those associated with
the metallated ring. The P-Pd-Cl(cis) angle of 5c is slightly
larger than that in 5a possibly due to the increased steric
profile of the proximate aryloxide residues.


The attempted synthesis of a platinum analogue of complex
5a by heating complex 8 in 2-methoxyethanol did not
generate the dimeric complex 6 but rather gave the mono-
meric species [PtCl{�2-P,C-P(OC6H2-tBu2)(OC6H3-tBu2)2}-
{P(OC6H3-2,4-tBu2)3}], 9 (Scheme 3). The magnitude of the
2JPP coupling in the 31P NMR spectrum, 24 Hz, is indicative of
a cis arrangement of the P donors.[12] Complex 6 is readily
synthesised by heating one equivalent of 4a with K2[PtCl4] in
2-methoxyethanol.[8]


Scheme 3. Synthesis of orthoplatinated complexes. Ar�C6H3-2,4-tBu2.


De-orthometallation reactions : The reaction of 5a with two
equivalents of anhydrous hydrochloric acid in diethyl ether
was followed by 31P NMR spectroscopy. After about 3 hours, a
mixture was formed of small amounts of the two isomers of 5a
(�8.5% combined, based on percentage of P), the two
isomers of what we believe to be the mono-de-metallated
dimer 10 (�37.5% combined), a species we assign as the
non-orthometallated dimer 11 (�52%) and the non-ortho-
metallated monomeric complex 7a (�2%) (Scheme 4). The
assignment of the structures of the two isomers of the complex
10 is based on the appearance of two peaks of equal intensity
at �� 117.5 and 61 ppm (major isomer) and two further peaks
of equal intensity at � 120.8 and 58.0 ppm (minor isomer, ratio
of isomers� 4.8:1). In both cases the low-field signals are very
similar to those of 5a ; this indicates the presence of an
orthopalladated triarylphosphite. The �60 ppm difference


between these signals and the high-field signals is consistent
with the latter peaks being due to non-orthometallated
triarylphosphites coordinated to PdII centres. The peaks
assigned to the isomers of 10 were observed within 10 minutes
of addition. Within 30 minutes a peak appeared at ��
55.5 ppm. We assigned this peak to the non-orthometallated
dimer 11 on the basis of the similarity of its shift to those of the
non-orthometallated phosphites in the two isomers of 10 and
related [{PdCl(�-Cl){P(OAr)3}}2] complexes reported previ-
ously,[13, 14] and the fact that it appeared after the formation of
10. The appearance of only one peak when it could be
imagined that two isomers should be present may be due to
coincidental overlap of the two signals, or the presence of only
one isomer. Either way this observation is in accord with
literature precedents.[13, 14] The only other peak observed in
the spectrum is a singlet at �� 85.5, which is consistent with
the formation of 7a.


Synthesis of adducts of the orthopalladated and -platinated
complexes : The dimeric complexes 5a and 6 both react
smoothly with triphenylphosphine to generate the complexes
12a and 13a (Scheme 5). The palladium complex also reacts
with P(OMe)3, P(OEt)3 and P(OPh)3 to give the adducts 12b,
c and d. By contrast complex 6 does not react with P(OMe)3.
While complex 6 reacts with tri-o-tolylphosphine to give the
complex 13b, the analogous reaction with the Pd analogue 5a
does not proceed. The explanation of this may not be simply
due to steric factors since the tricyclohexylphosphine adduct
12e can be synthesised by simple reaction between 5a and
PCy3, whereas the analogous reaction with complex 6 fails. In
this case the complex 12e is obtained impure with both the
dimer 5a and PCy3 seen in the product mixture. Both 12e and
13c can be made cleanly by treatment of the complexes 5a
and 6 respectively with Cy3PCS2, with loss of CS2.


31P NMR spectroscopy reveals that the platinum phosphine
adducts are formed as a mixture of the two possible isomers in
which the P donors are cis or trans. The palladium phosphite
adducts are obtained purely with the isomer with the P donors
cis, presumably this is preferred as it places the �-donor
ligands trans to the �-acidic ligands. The triphenylphosphine
complex 12a is obtained as a mixture of both possible isomers,
while the tricyclohexylphosphine adduct 12e is isolated either
solely or predominantly (depending on exact reaction time) as
the isomer in which the P donors are cis.


Both complexes 5a and 6 undergo facile reactions with the
chelating bisphosphine 1,2-bis(diphenylphosphino)ethane
(DPPE) to generate the cationic complexes 14a and 15a
(Scheme 5). While complex 6 also reacts cleanly with 1,1�-
bis(diphenylphosphino)ferrocene (DPPF) to give the com-
plex 15b, the analogous reaction of 5a leads to a complex
mixture of products. However, treatment of 5a with silver


Table 1. Selected bond lengths [ä] and angles [�] for complex 5c.


Pd�C1 2.014(3) Pd�Cl2 2.390(1)
Pd�P1 2.1585(9) Pd�Cl2a 2.408(1)
C1-Pd-P1 78.06 (10) C1-Pd-Cl2 94.38(10)
P1-Pd-Cl2a 102.39(4) Cl2-Pd-Cl2a 85.38(4)
C1-Pd-Cl2a 171.94(11) P1-Pd-Cl2 172.17(3)


Scheme 4. De-orthometallation with HCl. Ar�C6H3-2,4-tBu2.
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triflate in acetonitrile followed by addition of DPPF gives the
complex 14b in good yield.


The complexes 5a and 6 also react with anionic chelating
ligands. Thus their reactions with sodium diethyldithiocarba-
mate give the neutral complexes 16 and 17 (Scheme 5). Single
crystal structure analysis of 16 was performed, and the
molecular structure is shown in Figure 2 while selected data
are given in Table 2. The Pd�C and Pd�P bonds are both
significantly longer than the equivalent bonds in 5a[6] and 5c.


Figure 2. The molecular structure of complex 16. Selected bond lengths
and angles are given in Table 2.


Catalysis


a) The Suzuki reaction : The
results of a study of the Suzuki
coupling of aryl bromides with
phenylboronic acid are sum-
marised in Table 3. The condi-
tions for the biaryl coupling
reactions were not optimised,
rather toluene and potassium
carbonate were chosen in order
to be able to perform a compar-
ison with results obtained pre-
viously with the related ortho-
metallated phosphinite com-
plexes 18.[7]


The catalysts investigated
were complexes 5a,b and the
triphenylphosphite analogue
[{Pd(�-Cl){�2-P,C-P(OC6H4)-
(OPh)2}}2], 5d,[12] the triphenyl-
phosphine adduct, 12a, the


complexes [PdCl2{P(OAr)3}2] (7a : Ar�C6H3-2,4-tBu2; 7b :
Ar�Ph) and catalysts formed in situ from palladium acetate
or palladium bis(dibenzylidine acetone) and appropriate
phosphite ligands.


As can be seen, when 4-bromoacetophenone is used as the
substrate in the Suzuki coupling reaction with phenylboronic
acid (entries 1 and 2), extremely high turn-over numbers
(TONs, mol product per mol catalyst) of up to 58.5 million are
observed. This is one of the highest TONs yet observed in this
reaction, the highest (up to nearly half a billion) being
obtained when the closely related phosphinite analogues 18
are used as catalysts.[7] This aryl bromide is electronically
activated (electron-deficient) and consequently not an ideal
indicator of catalyst performance. Indeed palladium acetate
on its own shows TONs of up to 100000 in this reaction.[15]


When the nonactivated substrate bromobenzene is employed
then the maximum TON observed is reduced to 635000, and
with the deactivated bromide 4-bromoanisole the TON is
reduced further to a maximum of 300000 (entry 5). By
contrast the phosphinite complexes
18 give a TON that is up to an order
of magnitude higher.[7] The dispar-
ity in activity between the phos-
phite complex 5a and the phos-
phinite complexes 18 indicates that,
under limiting conditions, subtle
changes to precatalyst structure
can have a profound influence on
performance. The activity shown, while lower than that of
the related phosphinite-containing catalysts 18, is still very
high. This, coupled with the commercial availability and low
cost of the ligand 4a,[16] makes the use of catalyst 5a highly
attractive.


The size of the orthometallated ligand appears to be
important; when the triphenylphosphite-containing catalyst
5d is used in the coupling of 4-bromoanisole then the
maximum TON obtained is significantly reduced (entry 6).


Scheme 5. Adduct formation. Ar�C6H3-2,4-tBu2.


Table 2. Selected bond lengths [ä] and angles [�] for complex 16.


Pd1�P1 2.1820(14) Pd1�C35 2.047(5)
Pd1�S1 2.3739(14) Pd1�S2 2.3719(15)
P1-Pd1-C35 79.77(14) S1-Pd-S2 74.36(5)
P1-Pd1-S2 106.72(5) C35-Pd1-S1 99.04(14)
C35-Pd1-S2 172.46(15) P1-Pd1-S1 178.04(5)
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By contrast when the bulky, cyclic-phosphite-containing
complex 5b is used then the TON is improved (entry 7).


The palladium source also seems to be important to optimal
catalyst performance. Thus, while catalysts formed in situ
from [Pd(dba)2] and 4a show similar TONs to the ortho-
metallated catalyst 5a, the preformed non-orthometallated
dichloride complex 7a shows substantially reduced activity
(entries 8 ± 10). The triphenylphosphite-containing complex
7b is also a poorer catalyst than the orthometallated complex
5d, but here the discrepancy in performance is nowhere near
as pronounced.


The phosphine adducts of complex 5a show similar activity
to the parent dimer in the coupling of 4-bromoanisole with
phenylboronic acid, with the preformed triphenylphosphine
adduct 12a showing slightly lower, and the catalyst formed in
situ from 5a and PCy3 slightly better performance (entries 18
and 19).


It is highly likely that the active catalysts are palladium(0)
complexes formed in situ. The palladacyclic catalysts may give
such zerovalent species either by reductive elimination of the
orthometallated ring with an aryl group introduced by the
boronic acid,[17] or possibly by thermal decomposition.[18] It is
interesting to note here that Pd�dba precursors show similar
activity to both 5a and the catalyst formed in situ from 4a and
palladium acetate. Dibenzylidene acetone can be a highly
tenacious ligand for Pd0, and competes effectively with
incoming substrates.[19] Indeed we previously found
[Pd2(dba)3] to be a poor precursor for PCy3-containing
catalysts for the Suzuki coupling of aryl chlorides.[20] It is


possible that here the triarylphosphite ligand 4a is sufficiently
� acidic to compete effectively with DBA coordination, thus
displacing it from the coordination sphere and limiting
competitive inhibition.


Plots of conversion against time in the coupling of
4-bromoanisole with phenylboronic acid catalysed by 5a
and the catalyst formed from a mixture 5a and 1 equivalent of
PCy3 are shown in Figure 3. The complex 5a shows no


Figure 3. Plots of conversion against time in the Suzuki coupling of
4-bromoanisole with phenylboronic acid catalysed by complex 5a (�) or a
5a/PCy3 mixture (�). Conditions: 4-BrC6H4OMe (10 mmol), PhB(OH)2
(15 mmol), K2CO3 (20 mmol), catalyst (0.5 mol% Pd), toluene (30 mL),
hexadecane (0.24 mmol, internal standard), 80 �C.


Table 3. The Suzuki coupling of aryl bromides with phenylboronic acid.[a]


Aryl Palladium source Added ligand Product Conv. TON [mol
bromide [mol% Pd] [mol%] [%][b] product per mol Pd]


1 5a (0.00001) ± 100 100000000
2 5a (0.000001) ± 58.5 58500000


3 5a (0.0001) ± 63.5 63500


4 5a (0.001) ± 100 100000
5 5a (0.0001) ± 30 300000
6 5d (0.0001) ± 7 70000
7 5b (0.0001) ± 43 430000
8 [Pd(dba)2] (0.0001) P(OAr)3[c] (0.0001) 24 240000
9 [Pd(dba)2] (0.0001) P(OAr)3[c] (0.0002) 26 260000


10 7a (0.001) ± 64 64000
11 7b (0.001) ± 49 49000


12 5a (0.01) 100 10000
13 5a (0.0001) 82 820000


14 5a (0.01) 85 8500


15 5a (0.01) 50 5000
16 5a (0.001) 34 34000


17 12a (0.001) 97 97000
18 12a (0.0001) 22 220000
19 5a (0.0001) PCy3 (0.0001) 33 330000


[a] Reaction conditions: ArBr (10 mmol), PhB(OH)2 (15 mmol), K2CO3 (20 mmol), toluene (30 mL), 110 �C, 18 h. [b] Conversion to Suzuki product, based
on aryl bromide, determined by GC (hexadecane standard). [c] Ar�C6H3-2,4-tBu2.
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evidence of an induction time whereas one is observed for the
catalyst formed from 5a/PCy3. The activation of a PCy3


adduct by a reductive process would be more difficult due
to the higher electron density at the palladium centre caused
by the presence of the good � donor phosphine. Conversely
the data militate against an oxidative activation process. This
supports the proposition that the active catalyst is a zerovalent
species and therefore that the catalysis proceeds via a
™classical∫ Pd0/PdII pathway rather than a PdII/PdIV path-
way.[21] After the induction, the rate of the reaction catalysed
by 5a/PCy3 is very similar to that with just 5a and the extent of
the reaction is also very similar. The data reflect the
observations made for these catalyst systems when used
under the conditions employed in Table 3.


There has recently been increasing interest in the use of
alkylboronic acids in coupling reactions.[22] We wondered
whether complex 5a would act as an effective catalyst in such
reactions. A solvent/base optimisation study was performed
for the coupling of butylboronic acid and 4-bromoanisole by
using toluene, DMA, NMP and 1,4-dioxane as solvents and
K2CO3, Cs2CO3, K3PO4, KF, K3PO4/KF (1:1) and Cy2NMe as
bases. The best results were obtained with K3PO4 in 1,4-
dioxane, and therefore these conditions were used for the
remainder of the study, the results of which are summarised in
Table 4.


Catalysts containing the bulky triarylphosphite ligand 4a do
indeed show good activity in the coupling of n-butylboronic
acid with the deactivated aryl bromide 4-bromoanisole
(Table 4, entries 1 ± 5). Similar performances are seen with
the preformed catalyst 5a or those formed in situ from the
ligand 4a and either palladium acetate or [Pd(dba)2]. In order
to determine whether the key role played by the ligand is
steric or electronic, we examined the use of the bulky,
electron-rich ligand tricyclohexylphosphine for comparison
(entry 6). As can be seen the PCy3-containing catalyst shows
very similar activity; this implies that it is probably the bulk of
the co-ligand that is more important. The much lower cost[16]


and greater air-stability of 4a compared with PCy3 favour the
use of this ligand.


Despite the fact that palladium± phosphite complexes
show, at best, limited activity in the coupling of activated
(electron-deficient) and nonactivated aryl chlorides,[23] we
were surprised to find that catalysts formed in situ from the
orthometallated precursor 5a and one equivalent per palla-
dium centre of tricyclohexylphosphine show extremely high


activity in the Suzuki coupling of deactivated aryl chloride
substrates.[9] The results from this study are summarised in
Table 5.


As can be seen, while excellent results are obtained with the
cheaper bases K3PO4, KF and K2CO3, by far the highest
activity is seen with Cs2CO3 (compare entries 1 ± 9). The use of
the preformed dimer appears to be crucial to maintaining high
activity; when a mixture of palladium acetate, tricyclohex-
ylphosphine and ligand 4a is used, very poor results are
obtained (entry 11).


Both PCy2(o-biphenyl) and PtBu3 have been found to be
excellent ligands for catalysts that mediate the Suzuki
coupling of aryl chlorides.[15, 24] However catalysts formed in
situ from these ligands and complex 5a did not prove to be as
active as 5a/PCy3 mixtures.
This is in line with our obser-
vations that the orthometallat-
ed N,N-dimethylbenzylamine-
containing phosphine adducts
19a,b show good activity but
not as high as 19c in the Suzuki
coupling of aryl chlorides.[20]


Despite this, the activities obtained with these ligands and
5a were substantially higher than with palladium acetate
under identical conditions, again demonstrating the impor-
tance of the palladium source.


The TON observed after 17 hours in the coupling of
4-chloroanisole with phenylboronic acid (34000) is substan-
tially higher than the best previously obtained in this reaction,
which vary between 8000 and 12800.[20, 24b] When electroni-
cally activated substrates are used (entries 16 ± 22), then
TONs of up to an astonishing 1000000 are observed.


While very high activities are seen with 5a/PCy3 mixtures, it
is important that the ratio of palladium to PCy3 is maintained
at 1:1. Higher loadings of PCy3 lead to a very rapid diminution
in activity (compare entries 8 and 10), until by a ratio of 4:1 no
reaction is seen (Figure 4). Presumably this drop-off in
activity is due to ™over-coordination∫ of the active catalyst.
Such over-coordination has been observed previously with
PCy3 and PtBu3 complexes in the Suzuki coupling of aryl
chlorides.[20]


The excellent performance of 5a/PCy3 mixtures compared
with the orthopalladated dimethylbenzylamine ± PCy3 adduct
19c, seems not to be dependent on any spectacular increase in
the rate of catalysis. Rather it seems that the key factor is


Table 4. The Suzuki coupling of aryl bromides with butylboronic acid.[a]


R Palladium source Added ligand Product Conv. TON [mol
[mol% Pd] [mol%] [%][b] product per mol Pd]


1 5a (0.5) ± 91 182
2 5a (0.1) ± 28 280
3 [Pd(OAc)2] (0.5) P(OAr)3[c] (0.5) 87.5 175
4 [Pd(dba)2] (0.5) P(OAr)3[c] (0.5) 85 170
5 5a (0.5) P(OAr)3[c] (0.5) 82 164
6 [Pd(OAc)2] (0.5) PCy3 (1.0) 76 152


7 5a (0.1) ± 100 1000
8 [Pd(OAc)2] (0.01)] P(OAr)3[c] (0.01) 100 10000


[a] Reaction conditions: ArBr (10 mmol), BuB(OH)2 (15 mmol), K3PO4 (20 mmol), 1,4-dioxane (30 mL), 100 �C, 18 h. [b] Conversion to Suzuki product,
based on aryl bromide, determined by GC (hexadecane standard). [c] Ar�C6H3-2,4-tBu2.
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catalyst longevity. This is illustrated by the plots of conversion
against time in the coupling of phenylboronic acid with
4-chloroanisole catalysed by 19c or 5a/PCy3 shown in Fig-
ure 5. The increase in catalyst longevity allows for a maximum


Figure 4. Effect of varying the PCy3/Pd ratio on the coupling of 4-chloro-
anisole and phenylboronic acid catalysed by 5a/PCy3 mixtures. Conditions
are the same as those used in Table 5.


TON of up to nearly 50000 after 48 hours. The increase in
longevity observed for 5a/PCy3 compared with 19c can be
explained in terms of stabilisation of the resting state of the
active catalyst. If the rate-determining step is oxidative
addition, then the resting state will be Pd0. The �-acidic
phosphite ligand would readily coordinate to and stabilise


Figure 5. Plots of conversion versus time in the coupling of 4-chloroanisole
(10 mmol) with phenylboronic acid (15 mmol) catalysed by 19c (�) and 0.5
5a � PCy3 (�) (both at 0.001 mol% Pd). Reaction conditions: Cs2CO3


(20 mmol), 1,4-dioxane (27 mL), hexadecane internal standard (0.034� in
1,4-dioxane, 3.0 mL), 100 �C, N2. Conversions to product determined by
GC.


Table 5. Suzuki coupling of aryl chloride substrates.[a]


ArCl ArB(OH)2 Catalyst Base Product Conv. TON [mol
[mol%] [%][b] prod per


mol Pd]


1 5a (0.5) � PCy3 (1.0) K3PO4 100 100
2 5a (0.005) � PCy3 (0.01) K3PO4 91 9100
3 5a (0.005) � PCy3 (0.01) K2CO3 82 8200
4 5a (0.005) � PCy3 (0.01) KF 51 5100
5 5a (0.005) � PCy3 (0.01) K3PO4/KF 1:1 72 7200
6 5a (0.005) � PCy3 (0.01) Cs2CO3 100 10000
7 5a (0.0005) � PCy3 (0.001) Cs2CO3 34 34000
8 5a (0.001) � PCy3 (0.002) Cs2CO3 68 34000
9 5a (0.0015) � PCy3 (0.003) Cs2CO3 99 33000


10 5a (0.001) � PCy3 (0.004) Cs2CO3 37 18500
11 Pd(OAc)2 (0.1) � 4a (0.1) � PCy3 (0.1) Cs2CO3 12 120
12 5a (0.0005) � PCy2(o-biphenyl) (0.001) Cs2CO3 8 8000
13 5a (0.0005) � PtBu3 (0.001) Cs2CO3 11.5 11500


14
Pd(OAc)2 (0.001) �
PCy2(o-biphenyl) (0.002)


Cs2CO3 4 4000


15 Pd(OAc)2 (0.001) � PtBu3 (0.002) Cs2CO3 3 3000


16 5a (0.00005) � PCy3 (0.0001) Cs2CO3 10 100000
17 5a (0.0005) � PCy3 (0.001) Cs2CO3 82 82000


18 5a (0.00005) � PCy3 (0.0001) Cs2CO3 48 480000


19 5a (0.00005) � PCy3 (0.0001) Cs2CO3 88 880000


20 5a (0.00005) � PCy3 (0.0001) Cs2CO3 92 920000


21 5a (0.00005) � PCy3 (0.0001) Cs2CO3 100 1000000


22 5a (0.00005) � PCy3 (0.0001) Cs2CO3 100 1000000


[a] Reaction conditions: ArCl (10 mmol), ArB(OH)2 (15 mmol), base (20 mmol), 1,4-dioxane (30 mL), 100 �C, N2, 17 h. [b] Conversion to Suzuki product,
based on aryl chloride, determined by GC (hexadecane standard).
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both kinetically and thermodynamically such zerovalent
palladium species. Reversible decoordination of the phos-
phite would generate low-coordinate species able to re-enter
the catalytic manifold. This speculation is supported by the
observation that increasing the � acidity of the orthometal-
lated co-ligand increases catalyst longevity without unduly
affecting rates of catalysis.[25]


b) The Stille coupling of aryl chlorides : Since catalysts formed
in situ from complex 5a and PCy3 show such excellent activity
in the Suzuki coupling of aryl chlorides, we were interested to
see if they would be similarly effective in the Stille coupling of
aryl chlorides. While many systems show good activity for the
Suzuki coupling of aryl chlorides, the Stille coupling of these
substrates is comparatively under-investigated. To the best of
our knowledge there are in fact only two other catalyst
systems that have been reported to couple deactivated aryl
chloride substrates. One of these is a Pd�PtBu3 system
developed by Fu and co-workers,[26] while the other is a
Pd ± imidazolium salt-based system developed by Nolan.[27]


A brief solvent base optimisation was performed for the
coupling of 4-chloroanisole with phenyltributyltin, by using
1,4-dioxane or toluene as the solvent and K2CO3, K3PO4, KF,
K3PO4/KF (1:1), Cs2CO3 or CsF as the base. The best


combination was found to be K3PO4 in 1,4-dioxane. The
results of a range of Stille couplings catalysed by 5a/PCy3 or
Pd(OAc)2/PCy3 mixtures are shown in Table 6. As can be seen
both catalyst systems show good activity in the coupling of
4-chloroanisole with phenyltributyltin (entries 1 ± 8). The best
conversions are seen when the ratio of Pd/PCy3 is increased
from 1:1 to 1:2. This allows quantitative conversion to
4-methoxybiphenyl at 1 mol% Pd within 18 hours. By con-
trast, the same reaction catalysed by a Pd�PtBu3 system
requires a 3 mol% Pd loading, the use of the far more
expensive base CsF and a 48 hour reaction time for compa-
rable conversion.[26] In addition, the PCy3-containing systems
offer the advantages that this ligand is considerably cheaper
than PtBu3 and far easier to handle. The closely related
coupling of 4-chloroanisole with PhSnMe3 catalysed by
3 mol% of a Pd�imidazolium salt-based system is reported
to give only 35% conversion after 48 hours.[27] Under the
optimised conditions a range of electronically activated,
nonactivated, deactivated and sterically hindered aryl chlor-
ides can be coupled with phenyltributyltin (entries 8 ± 28). The
reaction also works well with vinyltributyltin (entries 29 ± 31).


It is interesting to note that there is very little change in
catalyst performance on changing from activated to non-
activated or from small to sterically hindered aryl chloride


Table 6. Stille coupling of aryl chlorides.[a]


ArCl RSnBu3 Catalyst Product Conversion
[%][b]


1 0.55a � PCy3 56
2 72[c]


3 100[d]


4 0.55a � 2PCy3 100
5 Pd(OAc)2 � PCy3 97
6 Pd(OAc)2 � 2PCy3 100
7 0.55a � PCy3 � 4a 12.5
8 Pd(OAc)2 � PCy3 � 4a 19


9 Pd(OAc)2 � PCy3 74
10 0.55a � PCy3 70
11 0.55a � 2PCy3 98
12 Pd(OAc)2 � 2PCy3 96.5


13 Pd(OAc)2 � PCy3 72
14 0.55a � PCy3 65
15 0.55a � 2PCy3 91
16 Pd(OAc)2 � 2PCy3 94


17 Pd(OAc)2 � PCy3 71
18 0.55a � PCy3 74
19 0.55a � 2PCy3 97
20 Pd(OAc)2 � 2PCy3 93


21 Pd(OAc)2 � PCy3 78
22 0.55a � PCy3 76
23 0.55a � 2PCy3 95
24 Pd(OAc)2 � 2PCy3 92


25 Pd(OAc)2 � PCy3 76
26 0.55a � PCy3 71
27 0.55a � 2PCy3 100
28 Pd(OAc)2 � 2PCy3 100


29 Pd(OAc)2 � PCy3 56
30 0.55a � PCy3 32
31 0.55a � 2PCy3 70


[a] Conditions: aryl chloride (1.0 mmol), organostannane (1.1 mmol), K3PO4 (2.0 mmol), catalyst (1.0 mol% Pd), 1,4-dioxane (5 mL), 100 �C, 18 h.
[b] Conversion to Stille-coupled product, based on aryl chloride, determined by GC (hexadecane standard). [c] 24 h. [d] 48 h.
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substrates. This strongly suggests that, unlike in the Suzuki
reaction, the rate-determining step is not oxidative addition of
the aryl chloride substrate, but rather either transmetallation
or reductive elimination. It is unlikely that the latter process is
rate-limiting as essentially identical intermediates should be
involved in this process as in the Suzuki reaction. This would
suggest that the rate-determining step is transmetallation.
Indeed it has previously been shown that the rate of trans-
metallation of complexes of the type [PdCl(Ar)(P2)] with
organostannanes is very slow.[28]


In all cases there seems to be no advantage gained from
using the orthopalladated precursor 5a compared with
palladium acetate, indeed addition of ligand 4a to either a
mixture of 5a and PCy3 or a mixture of palladium acetate and
PCy3 is highly deleterious (entries 7 and 8). This suggests that,
unlike in the Suzuki reaction, catalyst longevity and perform-
ance are not enhanced by the presence of a �-acidic ligand.
This is not surprising if the role of the �-acidic phosphite
ligand in the Suzuki reaction is to reversibly coordinate to and
stabilise Pd0 species. Here the rate-determining step appears
to be transmetallation, thus the resting state species would be
PdII. �-Acidic phosphite ligands would not be expected to
show any particular propensity to stabilise such PdII resting
states.


Conclusion


In summary, the bulky phosphite ligand tris(2,4-di-tert-butyl-
phenyl)phosphite readily orthometallates at both palladium
and platinum centres to give complexes that offer a rich
coordination chemistry. The orthopalladated complex 5a is an
excellent catalyst precursor, not only for the Suzuki coupling
of aryl bromides with aryl or alkyl boronic acids, but also,
when used in conjunction with PCy3, for the Suzuki and Stille
coupling of aryl chlorides. While in the Stille coupling of aryl
chlorides no particular enhancement in catalyst performance
is seen compared with palladium acetate, the role played by
the phosphite ligand is crucial to the performance in the
Suzuki coupling of these substrates. This role appears to be
one of enormously increasing the catalyst longevity, rather
than increasing the rate of the reaction.


Experimental Section


General : All reactions and manipulations of air-sensitive materials were
carried out under nitrogen either in a glove-box or by using standard
Schlenk techniques. Solvents were dried and freshly distilled prior to use.
All other chemicals were used as received. The complexes 6,[8] 7b,[11] 8[8] and
[Pd(dba)2][29] were prepared according to literature methods. GC analyses
were performed on a Varian3800 GC fitted with a 25 m CPSil 5CB column,
and data were recorded on a Star workstation.


P{(OC6H2-2-tBu-4-Me-6-)2CH2}(OC6H3-2,4-tBu2) (4b): Triethylamine
(1.27 mL, 9.16 mmol) was added to a mixture of 2,2�-methylenebis(4-
methyl-6-tert-butylphenyl)chlorophosphite (2.00 g, 4.58 mmol), 2,4-di-tert-
butylphenol (0.945 g, 4.58 mmol) in THF (30 mL). The mixture was then
heated at reflux for 18 hours, allowed to cool and filtered to remove
precipitated triethylamine hydrochloride. Removal of the volatiles in vacuo
and recrystallisation from hexane gave 4b as a white solid (1.95 g, 70%).
1H NMR (CDCl3, 300 MHz): �� 7.59 (dd, 3JHH� 8.5 Hz, 4JHP� 2.7 Hz, 1H;


H6), 7.42 (d, 4JHH� 2.5 Hz, 1H; H3), 7.16 (dd, 3JHH� 8.5 Hz, 4JHH� 2.5 Hz,
1H; H5), 7.15 (d, 4JHH� 2.2 Hz, 2H; H5�), 7.05 (d, 4JHH� 2.2 Hz, 2H; H3�),
4.50 (dd, 2JHH� 12.8 Hz, 5JHP� 2.9 Hz, 1H; CH2), 3.48 (d, 2JHH� 12.8 Hz,
1H; CH2), 2.32 (s, 6H; CH3,), 1.53 (s, 9H; tBu), 1.34 (s, 9H; tBu), 1.32 (s,
18H; tBu); �� 132.9 ppm; elemental analysis calcd (%) for C37H51O3P
(547.8): C 77.3, H 8.9; found: C 76.8, H 9.4.


P{(OC6H2-2-tBu-4-Me-6-)2CH2}(OC6H3-2,4-Me2) (4c): Triethylamine
(0.70 mL, 5.00 mmol) was added to a mixture of 2,2�-methylenebis(4-
methyl-6-tert-butylphenyl)chlorophosphite (2.00 g, 4.58 mmol) and 2,4-
dimethylphenol (0.560 g, 4.58 mmol) in toluene (100 mL). The mixture
was then heated at reflux for 18 hours, allowed to cool and filtered to
remove precipitated triethylamine hydrochloride. Removal of the volatiles
in vacuo and recrystallisation from pentane gave 4c as a white solid (1.75 g,
78%). 1H NMR (CDCl3, 300 MHz): �� 7.49 (dd, 3JHH� 8.5 Hz, 4JHP�
1.1 Hz, 1H; H6), 7.13 (d, 4JHH� 2.1 Hz, 2H; H5�), 7.06 (d, 4JHH� 2.5 Hz,
1H; H3), 7.04 (d, 4JHH� 2.1 Hz, 2H; H3�), 6.97 (dd, 3JHH� 8.5 Hz, 4JHH�
2.5 Hz, 1H; H5), 4.40 (dd, 2JHH� 13.6 Hz, 5JHP� 2.8 Hz, 1H; CH2), 3.50 (d,
2JHH� 13.6 Hz, 1H; CH2), 2.38 (s, 3H; ortho-CH3), 2.31 (s, 9H; para-CH3),
1.34 (s, 18H; tBu); 31P{1H} NMR (CDCl3, 121.5 MHz): �� 134 ppm;
elemental analysis calcd (%) for C31H39O3P (490.6): C 75.89, H 8.01; found:
C 76.0, H 8.4.


trans-[PdCl2{P(OC6H3-2,4-tBu2)3}2] (7a): A solution of [PdCl2(NCMe)2]
(1.00 g, 3.85 mmol) and ligand 4a (4.99 g, 7.70 mmol) in dichloromethane
(10 mL) was stirred for 30 min. Methanol (10 mL) was added to precipitate
the product, which was collected by filtration and recrystallised from
CH2Cl2/MeOH to give 7a as a pale yellow solid (5.20 g, 92%). 1H NMR
(300 MHz, CDCl3): �� 7.60 (d, 3JHH� 8.6 Hz, 6H; H6), 7.36 (d, 4JHH�
2.4 Hz, 6H; H3), 6.96 (dd, 3JHH� 8.6 Hz, 4JHH� 2.5 Hz, 6H; H5), 1.41 (s,
54H; tBu), 1.28 (s, 54H; tBu) ppm; 31P{1H} NMR (121.5 MHz, CDCl3): ��
84.5 ppm; IR (KBr): �� � 373 (Pd�Cl) cm�1; elemental analysis calcd (%)
for C84H126Cl2O6P2Pd (1471.2): C 68.58, H 8.63; found: C 68.9, H 8.5.


[{Pd(�-Cl){�2-P,C-P(OC6H2-2,4-tBu2)(OC6H3-2,4-tBu2)2}}2] (5a): A mix-
ture of palladium dichloride (5.00 g, 28.20 mmol) and ligand 4a (18.24 g,
28.20 mmol) was heated at reflux in 2-methoxyethanol (100 mL) for 2 h.
The reaction was allowed to cool and the crude product was collected by
filtration and recrystallised from CH2Cl2/EtOH to give 5a as a pale yellow
solid (21.21 g, 95.4%). 1H NMR (300 MHz, CDCl3): � (major isomer)�
7.56 (d, 3JHH� 8.5 Hz, 4H; H6 free ring), 7.52 (d, 4JHH� 2.5 Hz, 2H; H5,
orthometallated ring), 7.37 (d, 4JHH� 2.4 Hz, 4H; H3 free ring), 7.08 (br s,
2H; H3, orthometallated ring), 6.94 (dd, 3JHH� 8.5 Hz, 4JHH� 2.5 Hz, 4H;
H5 free ring), 1.41 (s, 36H; tBu free ring), 1.35 (s, 18H; tBu orthometallated
ring), 1.24 (s, 18H; tBu orthometallated ring), 1.23 (s, 36H; tBu free ring); �
(minor isomer)� 7.69 (d, J� 7 Hz, 2H; H5, orthometallated ring), 7.40
(brd, 3JHH� 8.5 Hz, 4H; H6 free ring), 7.35 (brm, 4H; H3 free ring), 7.12
(br s, 2H; H3, orthometallated ring), 7.04 (dd, 3JHH� 8.5 Hz, 4JHH� 2.5 Hz,
4H; H5 free ring), 1.34 (s, 18H; tBu orthometallated ring), 1.26 (36H; tBu
free ring), 1.21 (s, 36H; tBu free ring), 1.17 (s, 18H; tBu orthometallated
ring); 31P{1H} NMR (121.5 MHz, CDCl3): �� 119.2 (s, major isomer), 118.7
(s, minor isomer); elemental analysis calcd (%) for C84H124Cl2O6P2Pd2


(1575.6): C 64.03, H 7.93; found: C 64.3, H 8.1.


[{Pd(�-Cl){�2-P,C-P{(OC6H2-2,4-tBu2){(OC6H2-2-tBu-4-Me-6-)2CH2}}}2]
(5b): A mixture of PdCl2 (0.150 g, 0.85 mmol) and ligand 4b (0.500 g,
0.91 mmol) in toluene (15 mL) was heated at reflux for 18 h. The solution
was allowed to cool to room temperature, and then the solvent was
removed in vacuo. The crude product was dissolved in dichloromethane
(25 mL), the solution was filtered through celite, then concentrated under
reduced pressure, and methanol was added to precipitate the product as a
yellow powder (0.325 g, 53%). 1H NMR (CDCl3, 300 MHz): �� 7.45 (brm,
1H), 7.05 (brm, 1H), 6.91 (brm, 4H), 4.47 (brm, 1H; CH2), 3.65 (brm, 1H;
CH2), 2.14 (s, 6H; CH3), 1.20 ± 0.91 (several signals, br, 36H; tBu); 31P{1H}
NMR (CDCl3, 121 MHz): �� 119 (br s, major isomer), 117 (s, minor
isomer); elemental analysis calcd (%) for C74H100Cl2O6P2Pd2 (1431.3): C
62.10, H 7.04; found: C 61.9, H 7.1.


[{Pd(�-Cl){�2-P,C-P{(OC6H2-2,4-Me2){(OC6H2-2-tBu-4-Me-6-)2CH2}}}2]
(5c): The same method was used as for the preparation of complex 5b, by
using ligand 4c, to give the product as a yellow powder (0.232 g, 43%).
1H NMR (CDCl3, 300 MHz): �� 7.25 (brm, 1H), 7.00 (brm, 4H), 6.74
(brm, 1H), 4.61 (brm, 1H; CH2), 3.62 (brm, 1H; CH2), 2.24 (s, 9H; CH3),
2.16 (s, 3H; ortho-CH3), 1.31 (s, 18H; tBu); 31P{1H} NMR (CDCl3,
121 MHz): �� 117.0 (s, major isomer), 115.0 (s, minor isomer); elemental
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analysis calcd (%) for C62H76Cl2O6P2Pd2 (1263.0): C 58.96, H 6.07; found: C
58.6, H 6.1.


[PtCl{�2-P,C-P(OC6H2-2,4-tBu2)(OC6H3-2,4-tBu2)2}{P(OC6H3-2,4-tBu2)3}]
(9): [PtCl2{P(OC6H3-2,4-tBu2)3}2] (0.05 g, 0.003 mmol) in 2-methoxyethanol
(5 mL) was heated at reflux for 1 hour, the solvent was removed in vacuo,
and the colourless residue was recrystallised from dichloromethane/
ethanol to give the above compound (0.049 g, 98%). Despite repeated
recrystallisations, a microanalytically pure product could not be obtained.
1HNMR (CDCl3, 400 MHz): �� 8.41 (brd, 1H; orthometallated ring), 8.02
(brd, 2H; free rings of orthometallated phosphite), 7.28 (brm, 6H;
non-orthometallated phosphite), 7.19 (brd, 3H; non-orthometallated
phosphite), 7.07 (brd, 1H; orthometallated ring), 6.89 (brd, 2H; free rings
of orthometallated phosphite), 6.42 (brd, 2H; free rings of orthometallated
phosphite), 1.37 (s, 9H; tBu), 1.33 (s, 18H; tBu), 1.25 (s, 45H; tBu), 1.16 (s,
27H; tBu), 0.92 (s, 9H; tBu) ppm; 31P{1H} NMR (CDCl3, 162 MHz): ��
111.7 (appbrs, with sat. , non-orthometallated phosphite, 1JPtP� 3130 Hz),
100.8 (d, with sat., orthometallated phosphite, 2JPP� 24 Hz, 1JPtP�
6330 Hz); IR (CsI): �� � 355 (Pt�Cl) cm�1.


Reaction of complex 7a with HCl : An ethereal solution of anhydrous HCl
(1�, 1.0 mL) was added to a solution of complex 7a (0.080 g, 0.051 mmol)
in CDCl3 (0.5 mL) in an NMR tube, and the 31P NMR spectrum was
recorded over various time intervals.


General method for the synthesis of the monophosphine and -phosphite
adducts : A solution of the appropriate complex (either 5a or 6) (0.10 ±
0.13 mmol) and ligand (2.0 equiv) in dichloromethane (5 mL) was stirred at
room temperature for 30 minutes. Addition of ethanol (10 ± 15 mL) led to
the precipitation of product, which was collected by filtration, washed with
ethanol (3� 10 mL) and subsequently recrystallised from CH2Cl2/EtOH.


Data for complex 12a : Yield: 0.097 g (92%); 1H NMR (300 MHz, CDCl3):
� (minor isomer, P donors cis)� 8.48 (ddd, 4JHH� 2.6 Hz, 4JHP(cis)� 2.6 Hz,
4JHP(trans)� 6.5 Hz, 1H; H5, metallated ring), 7.55 (brm, 2H; H3, non-
metallated ring), 7.41 (brm, 15H; phenyl), 7.52 (brm, 1H), 7.21 (d, 1H;
JHH� 2.5 Hz), 7.00 (dd, 4JHH� 2.5 Hz, 3JHH� 8.5 Hz, 2H; H5, nonmetal-
lated ring), 6.93 (br s, 1H), 1.39 (s, 9H; tBu), 1.31 (s, 18H; tBu), 1.30 (s, 18H;
tBu), 0.99 (s, 9H; tBu), (major isomer, P donors trans)� 7.7 (m, 2H), 7.35
(m, 15H; phenyl), 7.26 (brdd, 4JHP� 2.5 Hz, 3JHH� 8.5 Hz, 2H; H5, non-
metallated ring), 7.09 (dd, 4JHH� 2.5 Hz,3JHH� 8.5 Hz 2H; H5, non-
orthometallated ring), 6.98 (dd, 4JHP� 2 Hz, 4JHH� 2 Hz, 2H; H3, non-
metallated ring), 1.52 (s, 18H; tBu), 1.33 (s, 18H; tBu), 1.18 (s, 9H; tBu),
0.70 (s, 9H; tBu) ppm (isomer ratio 2.4:1); 31P NMR (121.5 MHz, CDCl3):
�� 18.7 (d, 2JPP� 40.7 Hz, phosphine, minor isomer), 31.4 (d, 4JPP� 604 Hz,
phosphine, major isomer); 127.9 (d, 2JPP� 604 Hz, phosphite, major isomer)
132.1 (d, 2JPP� 40.7 Hz, phosphite, minor isomer) ppm; elemental analysis
calcd (%) for C60H77ClO3P2Pd (1050.1): C 68.6, H 7.39; found: C 69.1, H
7.41.


Data for complex 12b : Yield: 0.056 g (62%); 1H NMR (300 MHz, CDCl3):
�� 8.32 (ddd, 4JHH� 2.2 Hz, 4JHP(cis)� 5.6 Hz, 4JHP(trans)� 12.7 Hz, 1H; H5,
orthometallated ring), 7.46 (dd, 4JHP� 2.2 Hz, 3JHH� 8.5 Hz, 2H; H6, non-
orthometallated ring), 7.41 (dd, 5JHP� 1.4 Hz, 4JHH� 2.3 Hz, 2H; H3, non-
orthometallated ring), 7.13 (app t (dd), 5JHP� 2.5 Hz, 4JHH� 2.2 Hz, 1H;
H3, orthometallated ring), 7.08 (dd, 4JHH� 2.2 Hz, 3JHH� 8.5 Hz, 2H; H5,
non-orthometallated ring), 3.49 (d, 9H; 3JHP� 12.2 Hz, OCH3); 1.51 (s,
18H; tBu), 1.39 (s, 9H; tBu), 1.28 (s, 18H; tBu), 1.08 ppm (s, 9H; tBu); 31P
NMR (121.5 MHz, CDCl3): �� 128.8 (d, JPP� 52.6 Hz), 130.1 (d, JPP�
52.6 Hz) ppm; elemental analysis calcd (%) for C45H71ClO6P2Pd (911.9):
C 59.27, H 7.85; found: C 59.8, H 7.5.


Data for complex 12c : Yield: 0.039 g (41%); 1H NMR (300 MHz, CDCl3):
�� 8.32 (ddd, 4JHH� 2.3 Hz, 4JHP(cis)� 5.5 Hz, 4JHP(trans)� 12.6 Hz, 1H; H5,
orthometallated ring), 7.50 (dd, 4JHP� 2.5 Hz, 3JHH� 8.5 Hz, 2H; H6, non-
orthometallated ring), 7.38 (dd, 5JHP� 1.3 Hz, 4JHH� 2.5 Hz, 2H; H3, non-
orthometallated ring), 7.09 (app t (dd), 5JHP� 2.5 Hz, 4JHH� 2.3 Hz, 1H;
H3, orthometallated ring), 7.05 (dd, 4JHH� 2.5 Hz, 3JHH� 8.5 Hz, 2H; H5,
non-orthometallated ring), 3.94 (dq, 3JHH� 7.1 Hz, 3JHP� 8.1 Hz, 6H;
CH2CH3); 1.51 (s, 18H; tBu), 1.35 (s, 9H; tBu), 1.24 (s, 18H; tBu), 1.09
(t, 9H; 3JHH� 7.1 Hz, CH2CH3), 1.01 (s, 9H; tBu) ppm; 31P NMR
(121.5 MHz, CDCl3): �� 123.4 (brd, 2JPP� 50 Hz); 130.5 (brd, 2JPP�
50 Hz) ppm; elemental analysis calcd (%) for C48H77ClO6P2Pd (954.0): C
60.43, H 8.14; found: C 60.3, H 8.1.


Data for complex 12d : Yield: 0.045 g (41%); 1H NMR (300 MHz, CDCl3):
�� 8.13 (ddd, 4JHH� 2.2 Hz, 5JHP(cis)� 5.5 Hz, 5JHP(trans)� 12.6 Hz, 1H; 7.41


(br s, 2H), 7.18 (m, 2H), 7.10 (brappt (dd), 5JHP� 2.2 Hz, 4JHH� 2.2 Hz,
2H), 7.06 (m, 9H), 6.98 (m, 6H) ppm; 31P NMR (121.5 MHz, CDCl3): ��
109.9 (d, 2JPP� 51.8 Hz, P(OPh)3); 129.1 (d, 2JPP� 51.8 Hz, orthometallated
phosphite) ppm; elemental analysis calcd (%) for C60H77ClO6P2Pd
(1098.1): C 55.30, H 7.44; found: C 55.0, H 7.4.


Data for complex 13a : Yield: 0.091 g (80%); 1H NMR (300 MHz, CDCl3):
two isomers in a 3:1 ratio, some signals obscured; �� 8.47 (ddd with sat. ,
4JHH� 2.0 Hz, 4JHP(cis)� 2.0 Hz, 4JHP(trans)� 6.3 Hz, 3JHPt� 42 Hz, 1H; H5,
metallated ring, minor isomer), 8.16 (dd, 4JHP� 2.5 Hz, 3JHH� 8.6 Hz, 2H;
H6, nonmetallated ring, minor isomer), 7.68 (m, 24H; Ph), 7.63 (dd, 4JHP�
1.7 Hz, 3JHH� 8.5 Hz, 3� 2H; H6, nonmetallated ring, major isomer), 7.53
(m, 6H), 7.37 (m, 36H; Ph), 7.23 (m, 4H), 7.09 (dd, 4JHH� 2.5 Hz, 3JHH�
8.5 Hz, 3� 2H; H5, nonmetallated ring, major isomer), 7.00 (dd, 4JHH�
2.5 Hz, 3JHH� 8.5 Hz, 2H; H5, nonmetallated ring, minor isomer), 6.94 (m,
3H), 6.89 (m, 2H; H3, nonmetallated ring, minor isomer), 1.53 (s, 18H;
tBu, major isomer), 1.38 (s, 9H; tBu, minor isomer), 1.31 (s, 18H; tBu,
major isomer), 1.29 (s, 18H; tBu, minor isomer), 1.27 (s, 18H; tBu, minor
isomer), 1.19 (s, 9H; tBu, major isomer), 0.98 (s, 9H; tBu, minor isomer),
0.68 (s, 9H; tBu, major isomer) ppm; 31P NMR (121.5 MHz, CDCl3): ��
23.6 (d with sat., JPtP� 1807 Hz, JPP� 20.4 Hz, phosphine), 36.1 (d with sat. ,
JPtP� 2917 Hz, JPP� 634.1 Hz, phosphine), 99.5 (d with sat., JPtP� 6354 Hz,
JPP� 20.4 Hz, phosphite) 118.8 (d with sat. , JPtP� 5041 Hz, JPP� 634.1 Hz,
phosphite) ppm; elemental analysis calcd (%) for C60H77ClO3P2Pt (1138.7):
C 63.3, H 6.82; found: C 62.9, H 7.0.


Data for complex 13b : Yield: 0.070 g (59%); 1H NMR (300 MHz, CDCl3):
�� 8.74 (dd, 4JHP(cis)� 7.4 Hz, 4JHP(trans)� 17 Hz, 1H; H5, metallated ring),
7.78 (brdd, 4JHP� 1.4 Hz, 3JHH� 8.5 Hz, 2H; H6, nonmetallated ring), 7.55
(m, 1H), 7.40 (m, 4H), 7.20 (m, 4H), 7.06 (m, 4H), 6.97 (m, 4H), 2.20 (s, 9H;
CH3), 1.55 (s, 18H; tBu), 1.32 (s, 9H; CH3), 1.28 (s, 18H; tBu), 1.15 (s, 9H;
tBu) ppm; 31P NMR (121.5 MHz, CDCl3): �� 30.3 (d with sat. , 1JPtP�
2860 Hz, 2JPP� 619 Hz, phosphine), 117.0 (d with sat. , 1JPtP� 5240 Hz,
2JPP� 619 Hz, phosphite) ppm; elemental analysis calcd (%)for
C63H83ClO3P2Pt (1180.8): C 64.08, H 7.08; found: C 63.8, H 7.0.


Synthesis of [PdCl{�2-P,C-P(OC6H2-2,4-tBu2)(OC6H3-2,4-tBu2)2}(PCy3)]
(12e) by using Cy3PCS2 : A mixture of complex 12 (0.20 g, 0.13 mmol)
and Cy3PCS2 (0.09 g, 0.25 mmol) in toluene (60 mL) was heated at reflux
for 2 hours, after which time the solution was concentrated under reduced
pressure and EtOHwas added to induce precipitation of the product, which
was collected by filtration and then recrystallised from CH2Cl2/EtOH
(0.18 g, 61%). 1H NMR (300 MHz, CDCl3): Cy signals partly obscured by
tBu; �� 8.56 (ddd, 4JHH� 2.1 Hz, 4JHP(cis)� 5.4 Hz, 4JHP(trans)� 7.5 Hz, 1H;
H5, metallated ring), 7.69 (dd, 4JHP� 3.0 Hz, 3JHH� 8.5 Hz, 2H; H6,
nonmetallated ring), 7.36 (dd, 4JHP� 1.2 Hz, 4JHH� 2.5 Hz, 2H; H3, non-
metallated ring), 7.02 (app t (dd), 5JHP� 2.5 Hz, 4JHH� 2.1 Hz, 1H; H3,
metallated ring), 6.99 (dd, 4JHH� 2.5 Hz, 3JHH� 8.5 Hz, 2H; H5, non-
metallated ring), 2.39 (m, 3H; PCH of Cy), 1.85 (brm, 9H; Cy), 1.58 (s,
18H; tBu), 1.39 (s, 9H; tBu), 1.23 (s, 18H; tBu), 0.89 (s, 9H; tBu) ppm; 31P
NMR (121.5 MHz, CDCl3): �� 26.2 (d, 2JPP� 40.7 Hz, phosphine); 136.0
(d, 2JPP� 40.7 Hz, phosphite) ppm; elemental analysis calcd (%) for
C60H95O3P2PdCl (1068.2): C 67.46, H 8.96; found: C 67.5, H 8.5.


Synthesis of [PtCl{�2-P,C-P(OC6H2-2,4-tBu2)(OC6H3-2,4-tBu2)2}(PCy3)]
(13c) by using Cy3PCS2 : A mixture of complex 6 (0.20 g, 0.11 mmol) and
Cy3PCS2 (0.08 g, 0.23 mmol) in CH2Cl2 (6 mL) was stirred for 30 minutes
after which time EtOH (10 mL) was added to precipitate the product. This
was collected by filtration, washed with ethanol (3� 10 mL) and recrystal-
lised from CH2Cl2/EtOH (0.13 g, 48% yield). 1H NMR (300 MHz, CDCl3):
two isomers in a 2:1 ratio, some signals obscured; �� 8.56 (ddd with sat. ,
4JHH� 2.1 Hz, 4JHP(cis)� 2.0 Hz, 4JHP(trans)� 5.8 Hz, 3JHPt� 40 Hz, 1H; H5,
metallated ring, major isomer), 7.78 (dd, 4JHP� 2.3 Hz, 3JHH� 8.5 Hz, 2H;
H6, nonmetallated ring, major isomer), 7.44 (dd, 4JHP� 1.7 Hz, 3JHH�
8.5 Hz, 2H; H6, nonmetallated ring, minor isomer), 7.33 (m, 2H�1H;
H3, nonmetallated rings), 7.07 (m, 1H; H3, metallated ring, minor isomer),
7.00 (app t (dd), 4JHH� 2.2 Hz, 5JHP� 2.1 Hz, 1H; H3, metallated ring,
major isomer), 6.98 (dd, 4JHH� 2.5 Hz, 3JHH� 8.5 Hz, 2H; H5, nonmetal-
lated ring, major isomer), 6.97 (dd, 4JHH� 2.5 Hz, 3JHH� 8.5 Hz, 2H; H5,
nonmetallated ring, minor isomer), 2.41 (m, 3H; PCH of Cy), 1.88 (m, 9H;
Cy), 1.69 (m, 3H; Cy), 1.57 (s, 18H; tBu, major isomer), 1.49 (s, 18H; tBu,
minor isomer), 1.40 (s, 18H; tBu, major isomer), 1.36 (s, 18H; tBu, minor
isomer), 1.28 (s, 9H; tBu, minor isomer), 1.24 (s, 9H; tBu, major isomer),
1.20 (s, 9H; tBu, minor isomer), 0.91 (s, 9H; tBu, major isomer) ppm; 31P
NMR (121.5 MHz, CDCl3): �� 26.9 (d with sat. , JPtP� 2788 Hz, JPPtrans �
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597 Hz), 27.5 (d with sat., JPtP� 1804 Hz, JPPcis� 20 Hz), 103.1 (d with sat. ,
JPtP� 6700 Hz, JPPcis� 22 Hz), 117.6 (d with sat. , JPtP� 4874 Hz, JPPtrans �
597 Hz) ppm; elemental analysis calcd (%) for C60H95ClO3P2Pt (1156.9): C
62.29, H 8.28; found: C 61.75, H 7.95.


General method for the synthesis of the chelating bisphosphine adducts : A
solution of the appropriate complex (either 5a or 6) (0.10 ± 0.13 mmol) and
ligand (2.0 equiv) in dichloromethane (5 mL) was stirred at room temper-
ature for 30 minutes. Addition of ethanol (10 ± 15 mL) led to the
precipitation of product which was collected by filtration, washed with
ethanol (3� 10 mL) and subsequently recrystallised from CH2Cl2/EtOH.


Data for complex 14a : Yield: 0.114 g (96%); 1H NMR (300 MHz, CDCl3):
�� 7.96 (m, 4H) 7.61 (m, 6H), 7.37 (br s, 2H), 7.20 (m, 6H), 7.07 (m, 8H),
6.89 (dd, 4JHH� 2.5 Hz, 3JHH� 8.5 Hz, 2H; H5, nonmetallated ring), 2.77
(brm, 4H; CH2), 1.32 (s, 18H; tBu), 1.23 (s, 18H; tBu), 1.04 (s, 9H; tBu),
0.76 (s, 9H; tBu) ppm; 31P NMR (121.5 MHz, CDCl3): �� 45.1 (dd, 2JPP�
31 Hz, 2JPP� 32 Hz), 59.2 (dd, 2JPP� 31 Hz, 2JPP� 501 Hz), 140.6 (dd, 2JPP�
33 Hz, 2JPP� 502 Hz) ppm; elemental analysis calcd (%) for
C68H86ClO3P3Pd (1186.2): C 70.97, H 7.53; found: C 70.5; H 7.6.


Data for complex 15a : Yield: 0.117 g (92%); 1H NMR (300 MHz, CDCl3):
�� 8.05 (m, 4H) 7.60(m, 6H); 7.42 (ddd with sat. , 4JHH� 2.0 Hz, 4JHP�
2.5 Hz, 4JHP� 6.6 Hz, 3JHPt� 42 Hz, 1H; H5, metallated ring) 7.36 (dd,
4JHH� 2.4 Hz, 4JHP� 1.5 Hz, 2H; H3, nonmetallated ring); 7.22 (m, 8H),
7.14 (dd, 4JHH� 2.0 Hz, 5JHP� 2.0 Hz, 2H; metallated ring), 7.04 (m, 4H);
6.95 (dd, 4JHH� 2.5 Hz, 3JHH� 8.5 Hz, 2H; H5, nonmetallated ring), 2.51
(m, 4H; CH2), 1.33 (s, 18H; tBu); 1.21 (br s, 18H), 1.00 (s, 9H; tBu), 0.74 (s,
9H; tBu) ppm; 31P NMR (121.5 MHz, CDCl3): �� 45.4 (dd with sat. , JPtP�
1756 Hz, JPP� 22 Hz, JPP� 8.6 Hz), 57.2 (dd with sat. , 1JPtP� 1030 Hz,
2JPP� 8.5 Hz, 2JPP� 515 Hz), 132 (dd with sat. , 1JPtP� 4360 Hz, 2JPP� 22 Hz,
2JPP� 514 Hz) ppm; elemental analysis calcd (%) for C68H86ClO3P3Pt
(1274.9): C 64.06, H 6.80; found: C 63.7, H 7.05.


Data for complex 15b : (0.092 g, 64%); 1H NMR (300 MHz, CDCl3): ��
8.16 (dd, 4JHP� 2.5 Hz, 3JHH� 8.5 Hz, 2H; H6, nonmetallated ring), 8.00
(m, 4H), 7.64 (m, 2H), 7.58 (m, 2H), 7.41 (m, 9H), 7.15 (m, 8H), 6.90 (br s,
1H), 4.65 (br s, 4H; Cp), 4.36 (br s, 2H; Cp), 3.25 (br s, 2H; Cp), 1.28 (br s,
18H; tBu), 1.25 (br s, 18H; tBu), 0.80 (s, 9H; tBu), 0.56 (s, 9H; tBu) ppm;
31P NMR (121.5 MHz, CDCl3): �� 15.6 (dd with sat. , JPtP� 1892 Hz, JPP�
27 Hz, JPP� 65 Hz); 27.1 (dd with sat. , JPP� 3040 Hz, JPP� 510 Hz, JPP�
67 Hz); 117.1 (dd with sat. , JPtP� 4712 Hz, JPP� 30 Hz, JPP� 544 Hz) ppm;
elemental analysis calcd (%) for C76H90ClFeO3P3Pt (1430.8): C 65.56, H
6.30; found: C 66.1, H 6.0.


[Pd{�2-P,C-P(OC6H2-2,4-tBu2)(OC6H3-2,4-tBu2)2}(�2-dppf)][OTf] (14b):
A mixture of complex 5a (0.50 g, 0.32 mmol) and silver triflate (0.16 g,
0.64 mmol) in acetonitrile (30 mL) was stirred for 5 minutes. Then DPPF
(0.35 g, 0.32 mmol) was added, and the mixture was stirred for 1 hour, after
which time the AgCl generated in the reaction was removed by filtration.
The filtrate was evaporated to dryness, and the solid was recrystallised from
dichloromethane/pentane (0.55 g, 65%). 1H NMR (300 MHz, CDCl3): ��
7.79 ± 7.94 (m, 8H), 7.60 ± 7.75 (m, 4H), 7.46 ± 7.55 (m, 8H), 7.37 (brm, 4H),
7.13 (brd, 2JHH� 2.5 Hz, 2H; H3, nonmetallated ring), 6.90 (brd, 3JHH�
8.25 Hz, 2H; H5, nonmetallated ring), 4.63 (s, 2H; Cp), 4.40 (s, 2H; Cp),
3.70 (s, 2H; Cp), 3.60 (s, 2H; Cp), 1.34 (s, 18H; tBu), 1.28 (s, 18H; tBu), 0.89
(s, 9H; tBu), 0.57 (s, 9H; tBu) ppm; 31P NMR (121.5 MHz, CDCl3): �� 17.0
(dd, 2JPP� 50 Hz, 2JPP� 41 Hz); 32.7 (dd, 2JPP� 41 Hz, 2JPP� 540 Hz); 130
(dd, 2JPP� 52 Hz, 2JPP� 540 Hz) ppm.


[Pd{�2-P,C-P(OC6H2-2,4-tBu2)(OC6H3-2,4-tBu2)2}(�2-S2CNMe2)] (16): A
solution of complex 5a (0.30 g, 0.20 mmol) and Na[S2CNEt2] ¥ 3H2O
(0.09 g, 0.39 mmol) in a mixture of CH2Cl2 (10 mL), ethanol (10 mL) and
water (1 mL) was stirred for 5 mins. Concentration under reduced pressure
led to precipitation of the product, which was then recrystallised from
CH2Cl2/EtOH to give colourless crystals (0.22 g, 63%). 1H NMR
(300 MHz, CDCl3): �� 7.44 (dd, 4JHP� 1.9 Hz, 3JHH� 8.5 Hz, 2H; H6,
nonmetallated ring), 7.35 (dd, 5JHP� 1.0 Hz, 4JHH� 2.5 Hz, 2H; H3,
nonmetallated ring), 7.15 (app t (dd), 4JHH� 2.2 Hz, 5JHP� 2.2 Hz, 1H;
H3, metallated ring), 7.10 (app t (dd), 4JHH� 2.2 Hz, 4JHP� 2.2 Hz, 1H; H5,
metallated ring), 7.08 (dd, 4JHH� 2.5 Hz, 3JHH� 8.5 Hz, 2H; H5, non-
metallated ring), 3.85 (q, 3JHH� 7.2 Hz, 2H; CH2CH3), 3.78 (q, 3JHH�
7.2 Hz, 2H; CH2CH3), 1.41 (s, 18H; tBu), 1.33 (s, 9H; tBu), 1.31 (t,
3JHH� 7.2 Hz, 3H; CH2CH3), 1.27 (s, 18H; tBu), 12.4 (s, 9H; tBu), 1.23 (t,
3JHH� 7.2 Hz, 3H; CH2CH3) ppm; 31P NMR (121.5 MHz, CDCl3): ��


137.6 ppm; elemental analysis calcd (%) for C47H72NO3PPdS2 (900.6): C
62.61, H 8.16; found: C 62.3, H 8.4.


[Pt{�2-P,C-P(OC6H2-2,4-tBu2)(OC6H3-2,4-tBu2)2}(�2-S2CNMe2)] (17): A
mixture of complex 6 (0.20 g, 0.11 mmol) and Na[S2CNEt2] ¥ 3H2O
(0.05 g, 0.23 mmol) in CH2Cl2 (6 mL) was stirred for 30 minutes, after
which time EtOH (10 mL) was added, and the product precipitated. The
supernatant liquid was removed, and the product washed with EtOH (3�
10 cm3) and recrystallised from CH2Cl2/EtOH to give 17 as a colourless
solid (0.12 g, 43% yield). 1H NMR (300 MHz, CDCl3): �� 7.49 (dd, 4JHP�
1.7 Hz, 3JHH� 8.5 Hz, 2H; H6, nonmetallated ring), 7.36 (dd, 5JHP� 1.7 Hz,
4JHH� 2.4 Hz, 2H; H3, nonmetallated ring), 7.19 (d, 4JHH� 2.2 Hz, 1H; H3,
metallated ring), 7.10 (app t (dd), 4JHH� 2.2 Hz, 4JHP� 2.2 Hz, 1H; H5,
metallated ring), 7.08 (dd, 4JHH� 2.5 Hz, 3JHH� 8.5 Hz, 2H; H5, non-
metallated ring), 3.75 (q, 3JHH� 7.1 Hz, 2H; CH2CH3), 3.71 (q, 3JHH�
7.1 Hz, 2H; CH2CH3), 1.43 (s, 18H; tBu), 1.36 (t, 3H; 3JHH� 7.1 Hz,
CH2CH3), 1.38 (s, 9H; tBu), 1.28 (t, 3H; CH2CH3), 1.28 (s, 18H; tBu), 1.25
(s, 9H; tBu) ppm; 31P NMR (121.5 MHz, CDCl3): �� 109.35 (s with sat. ,
JPtP� 6220 Hz) ppm; elemental analysis calcd (%) for C47H72NO3PPtS2


(989.3): C 57.00, H 7.43; found: C 56.7, H 7.6.


Catalysis


Suzuki coupling of aryl bromides with phenylboronic acid : (Table 3) The
appropriate aryl bromide (10.0 mmol), phenyl boronic acid (1.83 g,
15.0 mmol), K2CO3 (2.76 g, 20.0 mmol) and toluene (30 mL total, including
catalyst/added ligand solution) were placed in a three-necked flask under
an atmosphere of nitrogen. The correct amount of catalyst/added ligand
was added as a solution in toluene (1.00 mL) made up by multiple
volumetric dilutions of a stock solution. The mixture was then heated at
reflux for 18 h, cooled in an ice bath, quenched with aqueous HCl (2�,
100 mL), extracted with dichloromethane (3� 100 mL), dried (MgSO4)
and evaporated to dryness. Hexadecane (0.068� in CH2Cl2, 3.00 mL) and
dichloromethane (5 ± 7 mL, to ensure complete dissolution) were added.
The conversion to coupled product was then determined by GC analysis.


Suzuki coupling of aryl bromides with n-butylboronic acid : (Table 4) The
appropriate aryl bromide (10.0 mmol), butylboronic acid (1.56 g,
15.0 mmol), K3PO4 (4.24 g, 20.0 mmol) and 1,4-dioxane (30 mL total,
including catalyst/added ligand solution) were placed in a three-necked
flask under an atmosphere of nitrogen. The catalyst was added as a solution
in dioxane (1.00 mL) made up by multiple volumetric dilution of a stock
solution. The mixture was heated at reflux for 18 h, cooled in an ice bath,
quenched with aqueous HCl (2�, 100 mL) and extracted with DCM (3�
100 mL). The combined extracts were dried (MgSO4), and then the solvent
was removed on a rotary evaporator. Hexadecane (0.068� in CH2Cl2,
3.00 mL) and dichloromethane (5 ± 7 mL, to ensure complete dissolution)
were added. The conversion to coupled product was then determined by
GC analysis.


Suzuki coupling of aryl bromides with arylboronic acids : (Table 5) As for
the coupling of aryl bromides with phenylboronic acid but with aryl
chloride (10.0 mmol) arylboronic acid (15.0 mmol), base (20.0 mmol) and
1,4-dioxane (30 mL) and a total heating time of 17 hours.


Time-dependant study on the coupling of phenylboronic acid with 4-bro-
moanisole : (Figure 4) 4-Bromoanisole (1.87 g, 10 mmol), phenylboronic
acid (1.83 g, 15 mmol), K2CO3 (2.76 g, 20.0 mmol), hexadecane
(0.204 mmol, internal standard) and toluene (29 mL) were placed in a
two-necked flask under an atmosphere of nitrogen. The mixture was then
heated to 80 �C, and the catalyst (either complex 5a (0.5 mol% Pd) or a
mixture of complex 5a (0.5 mol% Pd) and PCy3 (0.5 mol%)) was added as
a volumetric solution in toluene (1.00 mL). The temperature was main-
tained at 80 �C for 120 mins, and 0.2 mL aliquots were taken at regular
intervals. These samples were quenched in aqueous HCl (2�, 0.5 mL), the
mixture was extracted with toluene (3� 1 mL), the combined organic
extracts were dried over MgSO4 and then the conversion to coupled
product was determined by GC.


Time-dependant study on the coupling of phenylboronic acid with 4-chloro-
anisole : (Figure 5) As above with 4-chloroanisole (1.42 g, 10 mmol),
phenylboronic acid (1.83 g, 15 mmol), Cs2CO3 (6.56 g, 20.0 mmol) and
1,4-dioxane (30 mL total, including catalyst solutions). The appropriate
catalyst mixture was added as a solution in dioxane (1.00 mL) made up by
multiple volumetric dilution of a stock solution. The reaction temperature
used was 100 �C.
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Stille coupling of aryl chlorides : (Table 6) These reactions were performed
on a Radleys Carousel ReactorTM, which consists of twelve approximately
45 mL tubes that are fitted with screw-on Teflon caps equipped with valves
for the introduction of inert gas and septa for the introduction of reagents.
The twelve reaction tubes sit in two stacked aluminium blocks, the lower
one fits onto a heater ± stirrer and can be maintained at a constant
temperature with a thermostat, while the upper block has water circulating,
which cools the top of the tubes and allows reactions to be performed at
reflux temperature. Aryl chloride (1.0 mmol), the appropriate organo-
stannane (1.1 mmol), K3PO4 (2.0 mmol) and 1,4-dioxane (5 mL) were
placed in a carousel reaction tube under an atmosphere of nitrogen. The
appropriate catalyst (1.0 mol%) was added as a solution in 1,4-dioxane
(1.00 mL). The reaction was heated at reflux for 18 h, then cooled in an ice
bath, diethyl ether was added, and the mixture was filtered through a pad of
silica. The pad of silica was washed with portions of diethyl ether, and then
the combined filtrate and washings evaporated to dryness. Hexadecane
(0.068� in dichloromethane, 1.00 mL) and dichloromethane (2 ± 5 mL, to
ensure complete dissolution) were added and the conversion to coupled
product was determined by GC.


X-ray structure determinations


Complex 5c : All data were collected on an Enraf ±Nonius CAD-4
diffractometer at 293 K by using graphite monochromated MoK� radiation
(�� 0.71073 ä). The structure was solved by direct methods and refined on
F2 by full-matrix least-squares with the SHELXL-97[30] suite of programs.
Triclinic (P1≈), a� 10.4907(9), b� 11.504(2), c� 13.345(2)�, ��
69.9550(10) ä, Z� 2. 5432 reflections collected (5125 observed (I� 2�I)
with Rint� 0.0229) for a crystal with dimensions 0.3� 0.1� 0.05 mm. The
final R indices are R1� 0.0610 and wR2� 0.0876 for all data. Non-
hydrogen atoms were refined anisotropically, whilst hydrogen atoms were
refined isotropically in geometric positions using the riding model.


Complex 17: All data were collected on a Bruker ±Nonius KappaCCD area
detector diffractometer at 150 K with MoK� radiation (�� 0.71073 ä)
produced by a Bruker ±Nonius FR591 rotating-anode generator. The
structures were solved by direct methods and refined by full-matrix least-
squares by using the SHELX-97[30] suite of programs. Monoclinic (P21/c),
a� 14.644(3), b� 11.148(2), c� 30.713(6)�, �� 92.21(3) ä, Z� 4, 25568
reflections collected (6812 observed (I� 2�I) with Rint� 0.0556) for a
crystal of dimensions 0.3� 0.25� 0.25 mm. The final R indices are R1�
0.0699 and wR2� 0.2129 for all data. Non-hydrogen atoms were refined
anisotropically, whilst hydrogen atoms were refined isotropically in geo-
metric positions by using the riding model. Data were corrected for
absorption by comparison of equivalent reflections by using the program
SORTAV.[31] The Figure was prepared with the program PLATON.[32]


CCDC-206867 (5c) and 205978 (17) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
(�44)1223-336033; or deposit@ccdc.cam.uk).
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Amphiphilic Polymer Supports for the Asymmetric Hydrogenation of Amino
Acid Precursors in Water


M. Tobias Zarka, Oskar Nuyken, and Ralf Weberskirch*[a]


Abstract: This paper describes the syn-
thesis and characterization of a new
class of amphiphilic, water-soluble di-
block copolymers based on 2-oxazoline
derivatives with pendent (2S,4S)-4-di-
phenylphosphino-2-(diphenylphosphi-
nomethyl)pyrrolidine (PPM) units in the
hydrophobic block. The synthetic strat-
egy involves the preparation of a diblock
copolymer precursor with ester func-
tionalities in the side chain; which were


converted into carboxylic acids in a
polymer-analogous step and finally re-
acted with the PPM ligand. The struc-
tures of the copolymers were character-
ized by 1H and 31P NMR spectroscopy
and GPC measurements. Subsequently,


these polymers were successfully utiliz-
ed as a polymeric support for the
asymmetric hydrogenation of 1) (Z)-�-
acetamido cinnamic acid and 2) methyl
(Z)-�-acetamido cinnamate in water,
showing 90% substrate conversion at
25 �C within 20 minutes at atmospheric
H2 pressure (1 bar) for methyl (Z)-�-
acetamido cinnamate.


Keywords: amphiphiles ¥ block
copolymers ¥ hydrogenation ¥
supported catalysts


Introduction


Homogeneous catalysts have many advantages over their
heterogeneous counterparts owing to the possibility to
correlate catalytic activity and selectivity with a molecularly
defined structure of the catalyst and its ligand sphere.[1]


Nevertheless, industrial large scale applications of homoge-
neous catalysts encounter some serious drawbacks due to
difficulties of catalyst recovery and catalyst recycling on
the one hand and isolation of a metal-free product on the
other.[2] Although this problem can be easily solved by
immobilization of the catalyst on inorganic materials or
cross-linked organic polymers, with the use of insoluble
polymers and heterogeneous reaction conditions many prob-
lems emerge; besides lowered reactivity, extended reaction
times, and diffusion problems, many heterogeneous catalysts
do not show the selectivity that is desirable for many
important catalytic transformations. In the past decade,
numerous attempts have been made to combine the advan-
tages of homo- and heterogeneous catalysis. Approaches that
have been intensively studied are biphasic catalysis,[3] soluble
polymeric supports,[4] such as linear polystyrene[5] and poly-
(ethylene glycol),[6] and, more recently, dendritic and hyper-
branched polymers.[7] In particular poly(styrene) and poly-


(ethylene glycol) are available in a wide range of different
molecular weights with a variety of functional end groups and
solubility in both organic solvents and water. Moreover, due
to the fact that reagents and catalysts can be immobilized on
such polymers, they can be used in liquid-phase synthesis, and
reagents can be used in excess to drive the reaction to
completion. Polymer-bound catalysts can likewise easily be
removed from the reaction mixture and recycled.[8] This
methodology avoids the difficulties of solid-phase synthesis,
while preserving many of its advantages. A serious drawback
of using these linear polymer supports is based on the fact that
they are not suitable to transform hydrophobic substrates
efficiently in pure aqueous solution, because of the limited
solubility of such compounds in water. Even linear, hydro-
philic polymer supports, such as phosphine-functionalized
poly(N-isopropyl)acrylamide[9] or PPM-modified poly(acrylic
acid)[10] (PPM� (2S,4S)-4-diphenylphosphino-2-(diphenyl-
phosphinomethyl)pyrrolidine) have been only successfully
applied in pure aqueous solution with water-soluble sub-
strates, whereas the transformation of hydrophobic ones was
only demonstrated in biphasic solvent mixtures. Beside
catalyst/product separation and catalyst recycling, the use of
water as the preferred solvent becomes more and more
important due to many attractive economical, physiological,
and safety-related process engineering reasons.[11] An inter-
esting approach to increase solubility of hydrophobic com-
pounds in aqueous solution is based on the use of amphiphilic
polymers. To date, only few papers dealt with the use of
amphiphilic polymers as support material for catalysis in
aqueous solution, either as amphiphilic PS-PEG resin-sup-
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ported triphenylphosphine (PS-PEG� polystyrene ± poly-
ethylene glycol)[12] or as insoluble catalyst network through
self-assembly of triphenylphosphine-functionalized amphi-
philic polymers and (NH4)2PdCl4.[13] An extension of the
utility of amphiphilic polymers is based on their unique self-
assembly behavior in a selective solvent, that is, a thermody-
namically good solvent for one block and a bad solvent for the
second one. Dependent on polymer architecture and compo-
sition, such as AB, ABA, or ABC block or graft copolymers,
these polymers form different types of micellar aggregates in
solution.[14] Whereas micellar catalysis in aqueous solution
have been known for long time,[15] there are only few reports
in literature in which the use of amphiphilic, water-soluble
block copolymers for the immobilization of transition-metal
catalysts has been studied, although polymers exhibit many
advantages over their low-molecular-weight counterparts
with respect to structural variability, different solubility, and
functionality. G. Oehme et al. used block copolymers based
on PEO-PPO (poly(ethylene oxide) ± poly(propylene oxide))
to solubilize different catalysts and proved the efficiency of
such micellar supported systems in asymmetric hydrogena-
tion.[16] In this case, the catalyst is only solubilized in the
micellar core and may be washed out after product/catalyst
separation. Clearly, a covalent linkage of the catalyst to the
polymer would offer advantages in terms of catalyst recycling.
Recently, we reported the successful synthesis of amphiphilic
block copolymers bearing triphenylphosphine[17] and bipyr-
idine units[18] in the hydrophobic block and their application
for hydroformylation of oct-1-ene[19] or atomic transfer radical
polymerisation (ATRP) of methyl methacrylate[18] in pure
aqueous solution. With the intention to expand the scope of
transition-metal-catalyzed reactions in polymer micelles, we
report in this paper the synthesis of new amphiphilic block
copolymers with (2S,4S)-4-diphenylphosphino-2-(diphenyl-
phosphinomethyl)pyrrolidine (PPM) units in the side chain
and their application in the asymmetric hydrogenation of two
prochiral enamides, �-acetamido cinnamic acid and its methyl
ester. Additionally, catalyst recovery and reuse is possible by
simple extraction of the substrate/product from the aqueous
polymer phase after each cycle.


Experimental Section


Materials : All chemicals were purchased from Aldrich and Merck Eurolab
and were used as received, unless otherwise noted. 2-Methyl-2-oxazoline,
2-nonyl-2-oxazoline, acetonitrile, and chlorobenzene were refluxed over
CaH2 and stored under dry nitrogen atmosphere and mole sieve 4 ä.


Instrumentation: 1H NMR (300,13 MHz), 13C NMR (75,5 MHz), and 31P
NMR (121,5 MHz) spectra were recorded on a Bruker ARX300 spec-
trometer. FTIR spectroscopy was carried out on a Bruker IFS55
spectrometer. Elemental analyses were measured by the Microanalytical
Laboratory of the Inorganic Institute of the TUM¸nchen. Gel-permeation
chromatography (GPC) was carried out on a Waters (GPC) 510 equipped
with a UV and refractive index (RI) detector; poly(styrene) was used for
the calibration of the poly(2-oxazoline) samples in chloroform as solvent.
The rhodium content was determined by inductively coupled plasma
atomic emission (ICP-AES, Jobin Yvon JY 38 plus) at the Institute of
Analytical Chemistry and Radiochemistry (Prof. M. R. Buchmeiser),
University Innsbruck (Austria). Samples were mixed with 3 mL aqua regia,
heated in a microwave for several minutes and finally diluted with 10 mL
water. HPLC analyses were performed with chiral columns (Chiracel OD;


Daicel Chemical Industries) employing n-hexane/propan-2-ol as eluents
(flow rate: 1.0 mLmin�1) and UV detection (Prof. Dr. Bach, Organic
Chemistry I, TU M¸nchen). The fluorescence analysis for the determi-
nation of the critical micelle concentration (cmc) was performed on a Spex
FLUORLog spectrometer. Polymer solutions were prepared in a concen-
tration range from 10�3 to 10�10 molL�1 and 0.2�� solutions of the
fluorescence dye 6-p-toluidine-2-naphthylsulfonic acid in doubly distilled
water.


Methyl 7-chloro-4-oxo-5-azaheptanoate (1a): Methyl succinyl chloride
(20.0 g, 0.13 mol) and 2-chloroethylammonium chloride (15.4 g, 0.13 mol)
were suspended in dry dichloromethane (150 mL). At 0 �C triethylamine
(30.0 g, 0.30 mol) was added dropwise over a period of 1 h. The reaction
mixture was allowed to warm up to room temperature and was stirred
overnight before water (40 mL) was added. The organic phase was washed
twice with water and once with brine, and dried over anhydrous sodium
sulfate. After removal of the solvent, a yellow oil remained. Yield: 19.82 g
(77%) of a yellow oil; 1H NMR (CDCl3): �� 2.52 (t, J� 6.49 Hz, 2H), 2.69
(t, J� 6.49 Hz, 2H), 3.62 (m, 4H), 3.70 (s, 3H), 6.17 ppm (s, 1H; NH);
13C NMR (CDCl3): �� 29.3, 30.9, 41.3, 43.9, 51.9, 171.7, 173.4 ppm.
Methyl 3-(oxazol-2-yl)propionate (1): Compound 1a (19.0 g, 0.098 mol)
and anhydrous sodium carbonate (7.6 g, 0.072 mol) were reacted under
stirring at a pressure of 0.1 mbar. A clear colorless liquid was obtained after
fractionated distillation Yield: 10.2 g (66%) of a colorless liquid; 1H NMR
(CDCl3): �� 2.58 (t, J� 7.44 Hz, 2H), 2.68 (t, J� 7.44 Hz, 2H), 3.70 (s, 3H),
3.82 (t, J� 9.16 Hz, 2H), 4.24 ppm (t, J� 9.73 Hz, 2H); 13C NMR (CDCl3):
�� 23.1, 30.1, 51.8, 54.4, 67.5, 167.0, 172.8 ppm; elemental analysis calcd
(%) for C7H11NO3 (157,17): C 53.49, H 7.05, N 8.91; found: C 53.39, H 7.11,
N 9.01.


Methyl 9-chloro-6-oxo-7-azanonoate (2a): Methyl adipinoyl chloride
(20.6 g, 0.115 mol) and 2-chloroethylammonium chloride (13.35 g,
0.115 mol) were used in a reaction similar to that described for 1a. Yield:
19.3 g (76%) of a yellow oil; 1H NMR (CDCl3): �� 1.60 (m, 4H), 2.18 (t,
J� 6.90 Hz, 2H), 2.28 (t, 3J� 6.87 Hz, 2H), 3.55 (m, 4H), 3.60 (s, 3H),
6.58 ppm (s, 1H; NH); 13C NMR (CDCl3): �� 24.7, 25.3, 34.0, 36.2, 41.6,
44.0, 51.8, 173.4, 174.2 ppm.


Methyl 3-(oxazol-2-yl)pentanoate (2): Compound 2a (17.6 g, 0.079 mol)
and anhydrous sodium carbonate (6.3 g, 0.059 mol) were heated together
with stirring at a pressure of 0.1 mbar. A clear colorless liquid with a boiling
point of 110 �C (0.1 mbar) was obtained after fractionated distillation.
Yield: 9.2 g (63%) of a colorless liquid; 1H NMR (CDCl3): �� 1.61 (m,
4H), 2.24 (m, 4H), 3.59 (s, 3H), 3.74 (t, J� 9.16 Hz, 2H), 4.15 ppm (t, J�
9.35 Hz, 2H); 13C NMR (CDCl3): �� 25.7/24.7, 27.8, 33.9, 51.7, 54.6, 67.4,
168.3, 174.0 ppm; elemental analysis calcd (%) for C9H15NO3 (185.22): C
58.36, H 8.16, N 7.56, O 25.91; found: C 57.15, H 8.00, N 7.66.


Block copolymer synthesis : All polymerizations were carried out in a
Schlenk tube under inert atmosphere (N2) using freshly distilled and dried
solvents.


Polymer 3a : A typical procedure for 3a was as follows: 2-Methyl-2-
oxazoline (5.11 g, 60 mmol) was added to a solution of methyltriflate
(328 mg, 2.0 mmol) in acetonitrile (30 mL) and chlorobenzene (15 mL) at
0 �C. The mixture was heated up to 80 �C and stirred for 12 h. At 0 �C,
2-nonyl-2-oxazoline (1.58 g, 8.0 mmol) and 1 (1.48 g, 8.0 mmol) were added.
The solution was stirred at 90 �C for additional 24 h. The polymerization
was terminated with piperidine (0.5 g, 6 mmol) at room temperature for
4 h. After removal of the solvent, the residue was dissolved in chloroform
(40 mL) and stirred with potassium carbonate (2 g) overnight. After
filtration, the polymer was purified by precipitation in ice cold diethyl ether
and dried in a vacuum oven at 50 �C. Yield: 6.0 g (73%) of a white solid;
1H NMR (CDCl3): �� 0.88 (t, J� 6.58 Hz, 3H), 1.26 (m, 12H), 1.58 (m,
2H), 2.11 (m, 3H), 2.33 (m, 4H), 2.64 (m, 4H), 3.05/2.96 (3H), 3.46 (s, 4H),
3.65 ppm (s, 3H); FT-IR (film in CHCl3): �� � 1636 (C�Oamide), 1729 cm�1


(C�Oester).
Polymer 4a : Polymer 4a was prepared in a similar fashion to 3a by using
methyl triflate (0.164 g, 1 mmol), 2-methyl-2-oxazoline (2.55 g, 30.0 mmol),
2-nonyl-2-oxazoline (0.79 g, 4.0 mmol), 2 (0.74 g, 4.0 mmol), and piperidine
(0.22 g, 2.6 mmol). Yield: 2.6 g (62%); 1H NMR (CDCl3): �� 0.86 (t, J�
6.49 Hz, 3H), 1.24 (m, 12H), 1.62 (m, 6H), 2.10 (m, 5H), 2.33 (m, 4H), 3.03/
2.94 (3H), 3.45 (s, 4H), 3.63 ppm (s, 3H); FT-IR (film in CHCl3): �� � 1636
(C�Oamide), 1729 cm�1 (C�Oester).
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Hydrolysis of the block copolymers


Formation of 3b : Block copolymer 3a (2.0 g, 0.5 mmol) was dissolved in
methanol (20 mL); then 0.1� NaOH (20 mL, 2 mmol hydroxide) was
added and the mixture was stirred at room temperature for one hour and
for an additional 90 min at 55 �C. Then methanol was removed in vacuum
and aq. HCl (20 mL of 0.1�) was added. After removing the water in
vacuum, the residue was dissolved in chloroform. The solution was dried
over anhydrous sodium sulfate, and the solvent was removed in vacuum.
Yield: 1.84 g (92%) of a white solid (3b); 1H NMR (CDCl3): �� 0.88 (t,
J� 6.49 Hz, 3H), 1.26 (m, 12H), 1.58 (m, 2H), 2.12 (m, 3H), 2.35 (m, 4H),
2.64 (m, 4H), 3.07/2.95 (3H), 3.48 (s, 4H); FT-IR (film in CHCl3):
1636 cm�1 (C�Oamide).
Formation of 4b : Block copolymer 4b was prepared in a similar fashion to
3b with 1.0 g of 4a. Yield: 0.90 g (90%); 1H NMR (CDCl3): �� 0.88 (t, J�
6.49 Hz, 3H), 1.25 (m, 12H), 1.64 (m, 6H), 2.11 (m, 5H), 3.06/2.95 (3H),
3.47 ppm (s, 4H); FTIR (film in CHCl3): �� � 1636 cm�1 (C�Oamide).
Macroligand synthesis 3 : The hydrolyzed block copolymer 3b (100 mg,
0.025 mmol), PPM (23 mg, 0.05 mmol), and dicyclohexylcarbodiimide
(DCC) (15 mg, 0.07 mmol) were dissolved in degassed dichloromethane
(4 mL). The reaction mixture was stirred over night at room temperature.
A white precipitate of dicyclohexylurea (DHU) indicates the reaction
progress. After one more day the DHU was removed by filtration and the
clear filtrate was evaporated till dryness. The residue was dissolved in
degassed water (10 mL). The aqueous phase was washed twice with
degassed ethyl acetate and finally evaporated till dryness affording
macroligand 3 as a white powder. Yield: 110 mg (89%) of a white powder.
1H NMR (CDCl3): �� 0.87 (t, J� 6.58 Hz, 3H), 1.25 (m, 12H), 1.58 (m,
2H), 2.11 (m, 3H), 2.63 (m, 4H), 3.05/2.94 (3H), 3.20 (m, 3H), 3.46 (s, 4H),
7.33 ppm (m, 20H); 31P NMR (CDCl3): ���7.12, �21.01 ppm.
Macroligand 4 : Ligand 4 was prepared by the procedure described for 3
above with 4b (100 mg), PPM (22 mg, 0.05 mmol) and DCC (15 mg,
0.07 mmol). Yield: 110 mg (90%); 1H NMR (CDCl3): �� 0.84 (t, J�
6.49 Hz, 3H), 1.23 (m, 12H), 1.55 (m, 6H), 2.08 (m, 5H), 2.34 (m, 4H),
3.02/2.93 (3H), 3.17 (m, 3H), 3.44 (s, 4H), 7.33 ppm (m, 20H); 31P NMR
(CDCl3): ���8.11, �21.77 ppm.
General procedure for the hydrogenation experiments : [Rh(cod)2]BF4 was
added to a Schlenk tube under argon atmosphere and suspended in
degassed water (2 mL). Macroligand 3 was dissolved in degassed water
(3 mL) and added to the suspension of the rhodium precursor. After
stirring for 50 minutes a yellow solution was formed. (Z)-methyl �-
acetamidocinnamate or its free acid was added, the stirrer speed was
increased to 1200 rpm and the inert gas was replaced by a hydrogen
atmosphere (1 bar H2). The hydrogenation was stopped by filling the
Schlenk tube with nitrogen. The reaction mixture was extracted twice by
stirring with degassed ethyl acetate (10 mL) for 20 min. The combined
organic phases were evaporated to dryness and the residue was subjected to
1H NMR and chiral HPLC analysis. The aqueous phase retaining the
rhodium catalyst was used in further cycles.


Results and Discussion


The enantioselective hydrogenation of N-acyldehydroamino
acids and their esters constitutes a standard tool for the
synthesis of optically active amino acids.[20] In particular,
rhodium±phosphane-based catalysts have been thoroughly
investigated, and many efficient chiral ligands have been
developed for this purpose.[21] For a successful amphiphilic
and functional polymer support, two main features have to be
optimized: 1) synthesis of the amphiphilic diblock copolymer
and 2) efficient introduction of the chiral ligand in the
polymer either directly through suitable monomers or in a
polymer-analogous modification step. The cationic ring-open-
ing polymerization of 2-oxazolines provides a versatile
monomer system, which allows the synthesis of amphiphilic
polymers with different architecture and composition, such as


block copolymers, graft copolymers, or dendrimers.[22] In a
recent paper we reported on the synthesis of amphiphilic
block copolymers with pendent triphenylphosphine groups in
the hydrophobic block. The synthetic strategy involved the
preparation of an amphiphilic block-copolymer precursor
with iodophenyl groups in the hydrophobic block; these were
transformed in a Pd catalyzed reaction in the presence of
diphenylphosphine to the desired triphenylphosphine li-
gand.[17] Direct polymerization of a triphenylphosphine-modi-
fied 2-oxazoline monomer failed due to the nucleophilic
character of the ligand, which interferes with the cationic
polymerization mechanism.[19] Based on these results, a
similar route was chosen to introduce the asymmetric ligand
(2S,4S)-4-diphenylphosphino-2-(diphenylphosphinomethyl)
pyrrolidine (PPM) into an amphiphilic block copolymer. The
synthetic scheme can be divided into three steps: 1) the
synthesis of an amphiphilic block copolymer precursor with
ester groups in the hydrophobic block, 2) polymer analogous
ester cleavage and generation of free carboxylic acid groups,
and 3) coupling of the amino functionalized PPM ligand with
the carboxylic acid groups.


Monomer synthesis : The ester-functionalized 2-oxazoline
monomers 1 and 2 were synthesized according to a modified
two-step procedure by Levy and Litt.[23] 2-Chloroethylammo-
nium chloride was treated with methyl succinyl chloride to
form the intermediate 1a. Triethyl ammonium chloride
precipitates during the reaction and was separated by addition
of water and decantation of the aqueous phase. The ring-
closing step was performed by heating a neat solution of 1a
with water-free sodium carbonate carefully giving 1 after
distillation of the mixture in fine vacuum as a colorless liquid.
Monomer 2 was prepared in a similar fashion (see Scheme 1).
The structure and purity of the monomers were confirmed by
1H and 13C NMR spectroscopy and elemental analysis.


Synthesis of the polymeric macroligands : For the synthesis of
diblock copolymers based on monomer 1 and 2-methyl-2-
oxazoline, it was important to find out, if the weakly
nucleophilic ester functionality would interfere with the
cationic polymerization mechanism. Thus, a homopolymer
of 1 was prepared with a monomer/initiator ratio [1]:[ini-
tiator]� 10. The polymerization was initiated with methyl
triflate at 0 �C; after 12 h the reaction was terminated with
piperidine. The polymer was precipitated in diethyl ether and
characterized with 1H NMR and IR spectroscopy and size
exclusion chromatography (SEC). Proton spectra showed
typical signals for the polymer backbone between �� 3.4 and
3.6 ppm and a sharp peak at �� 3.7 ppm for the methyl group
of the ester functionality (see Figure 1). The degree of
polymerization was calculated based on 1H NMR end-group
analysis and gave a value of 11 (theoretical 10) and
polydispersity Mw/Mn of 1.17, indicating clearly that the ester
functions do not interfere with the cationic ring-opening
polymerization mechanism. This opens the opportunity to
introduce carboxylic acid functionalities into poly(2-oxazo-
line)s by the ester route and to utilize them for post-analogous
coupling of amino- or hydroxy-functionalized ligands to the
polymer backbone.
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Figure 1. 1H NMR of poly(1) in CDCl3, 300 MHz, T� 20 �C.


In the next step, diblock copolymers 3a and 4a were
prepared by sequential polymerization of 2-methyl-2-oxazo-
line to form the hydrophilic block that provides water-
solubility, and subsequently a mixture of 1 or 2 and 2-nonyl-
2-oxazoline was used to form the second block. 2-Nonyl-2-
oxazoline was hereby added
to increase the hydrophobicity
of the second polymer block.
The synthesis is depicted in
Scheme 2.
As solvent, a mixture of ace-


tonitrile and chlorobenzene
(v/v� 2:1) was used to guaran-
tee homogeneous reaction con-
ditions. Table 1 summarizes the
analytical results obtained by
1H NMR spectroscopy; these
data confirm the structure of
the resulting polymers. Size-
exclusion chromatography gave
monomodal curves with poly-
dispersity indices ranging from
1.28 to 1.29. In the next step
(Scheme 3), the ester function-
ality was hydrolyzed. Condi-
tions had to be chosen carefully
to allow for quantitative ester


hydrolysis on the one hand and to avoid cleavage of the amide
function on the other, which would result in linear polyeth-
yleneimine. Methanol was chosen as co-solvent to reduce
micelle formation and thus increase hydrolysis efficiency.[24]


Quenching with one equivalent of HCl gave the desired free
carboxylic acid groups (3b and 4b). 1H NMR analysis
indicated successful carboxylic acid formation as can be
visualized by the disappearance of the peak at 3.7 ppm (see
Figure 2). Coupling of the chiral diphosphane ligand PPM to
the polymer was accomplished using dicyclohexylcarbodi-
imide (DCC) as activation agent. We used a 100% excess of
the carboxylic acid function versus the amine group of PPM in
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Scheme 1. Synthesis of the 2-oxazoline monomers 1 and 2 with ester functionalities.


Scheme 2. Synthesis of the polymer precursors 3a and 4a.


Table 1. Analytical data of the synthesized block copolymers with ester
functionality.


Polymer x :y :zexp[a] x :y :zNMR[a] Mn (NMR)[b] Yield [%] Mw/Mn
[c]


3a 30:4:4 32:4.1:4.3 4320 (4070) 62 1.28
4a 30:4:4 29:3.7:3.6 3960 (4180) 71 1.29


[a] x,y,z�number of repeating units according to polymer structure in
Scheme 2. [b] Calculated by 1H NMR end group analysis; brackets:
theoretical expected value. [c] Based on calibration with PS standards in
chloroform.
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the coupling reaction to allow for quantitative coupling of the
expensive ligand to the polymer (3 and 4). Successful coupling
can be followed by 31P NMR spectroscopy. Whereas the free
PPM ligand displays two signals at ���3.77 and
�19.93 ppm, we observed a shift of these two signals to ��
�7.10 and �20,94 ppm (see Figure 3), which is in good
agreement with the commercially available boc-PPM deriv-
ative, which has two signals at ���6.92 and �20.45 ppm.


Hydrogenation : The rhodium-
complex-catalyzed asymmetric
hydrogenation of unsaturated
amino acid derivatives in water
in the presence of low molec-
ular weight surfactants and pol-
ymeric amphiphiles has already
been intensively investigat-
ed.[25] The addition of amphi-
philes increased the solubility
of the hydrophobic substrates
and enhances in most cases
both the activity and enantio-
selectivity of the catalytic pro-
cess.[26] The rhodium(�)-complex-
catalyzed asymmetric hydroge-
nation of (Z)-�-acetamido cin-
namic acid (A) and methyl (Z)-
�-acetamido cinnamate (B)
was chosen to study the influ-
ence of the polymer-bound cat-
alyst system (Scheme 4).
In order to make sure, that


micelles are formed during the
catalytic experiments, the crit-
ical micelle concentration
(cmc) of 4a, 4b, and 4 was


determined by fluorescence spectroscopy. This method gave
values for the cmc of 4a of 0.8��, which increased for 4b with
free carboxylic acids groups to 12.6 ��, and decreased again
to 1.0�� for macroligand 4. The concentration of the
polymeric macroligand 3 or 4 in the catalytic experiments
was 0.9 mmol, which was about 1000-fold well above the
critical micelle concentration (cmc). The active catalyst can be
directly formed in aqueous solution; the polymer±metal
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Scheme 3. Preparation of polymeric macroligand 3 and 4.


Figure 2. 1H NMR spectra (CDCl3, 300 MHz, T� 20 �C) of a) before (3a) and b) after (3b) hydrolysis of the
ester functionalities.
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Figure 3. 31P NMR (121.5 MHz, CDCl3, T� 20 �C) spectra of a) free PPM,
b) polymer-bound PPM in 3.


complex dissolves in water to give a deep yellow solution, the
31P NMR spectrum of which has two signal groups at 17 ppm
and 44 ppm; these values are in good agreement with the
results reported by Malmstrˆm and Anderson.[27] Unreacted
substrate and product can be extracted with ethyl acetate by
more than 98% and conversion was determined by 1H NMR
spectroscopy. Enantioselective hydrogenation of substrate A
proceeded under atmospheric hydrogen pressure in water to
give (R)-N-acetylphenylalanine in moderate yield (Table 2,


45 ± 48%, entries 1, 2). The low reactivity of the substrate can
be attributed to the high polarity, which most likely prevents
efficient solubilization in the micellar core. The activity of
hydrogenation was notably enhanced when the more hydro-
phobic substrate methyl (Z)-�-acetamido cinnamate was used
(Table 2, entries 3 ± 5). Conversion of 90 to 95%was observed
after 20 min reaction time and enantioselectivities of 85%
were obtained, compared to the results of Andersson et al.,
who reported on 100% conversion after 13 ± 16 h with an
enantiomeric excess of 24 and 27 (R) in neat water and 100%
conversion after 18 h reaction time with an enantiomeric
excess of 67% (R) in a water/ethyl acetate mixture.[27] Our
results demonstrate clearly, that the amphiphilic block-
copolymer supports are superior over the water-soluble
homopolymer counterparts and give even better results than
biphasic reaction conditions in transforming the more hydro-
phobic methyl (Z)-�-acetamido cinnamate in aqueous solu-
tion. A kinetic investigation indicated a zero-order reaction
rate (see Figure 4); this is in excellent agreement with the
results found by J. Halpern et al.[28] A slightly higher activity
of 15% was observed macroligand 3 than for 4, whereby the
PMM ligand is bound to the polymer backbone via a C2
versus a C4 linker and turn over frequencies (TOF) of 142 and


122 h�1, respectively, were ob-
tained (see Figure 4). However,
more experiments with longer
alkyl spacer are necessary to
elucidate the correlation of
spacer length, micellar charac-
teristics, and finally catalytic re-
sult in more detail. In addition,
after the reaction was complete,
the product was easily separated
by extraction with ethyl acetate.
The recovered aqueous phase


containing the catalyst was reused in the second hydro-
genation cycle to give the same enantiomeric excess (Table 2,
entry 5, 86% ee) with a slightly reduced activity in the second
cycle of 90%. Rhodium content of the isolated products as
determined by ICP-AES indicated 3 ± 4% loss of the metal
after each cycle; this is probably due to residual water with
solubilized macroligand in the organic phase and incomplete


Figure 4. Kinetic study of the hydrogenation of methyl (Z)-�-acetamido
cinnamate in the presence of macroligands 4 and 3 (see Table 2, entries 3
and 4).
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Scheme 4. Asymmetric hydrogenation of different substrates a) (Z)-�-acetamido cinnamic acid and b) methyl
(Z)-�-acetamido cinnamate.


Table 2. Analytical data of the hydrogenation experiments.[a]


Substrate Macro- Conversion Reaction ee Rh TOF
ligand [%][b] time [h] [%][c] [%][d] [h�1][f]


1 A 3 46 24 n.d. n.d. 0.96
2 A 4 48 24 n.d. n.d. 1.00
3 B 4 90 0.37 85 (R) 0.03 ± 0.04 122
4 B 3 94 0.33 85 (R) 0.03 ± 0.04 142
5[e] B 4 81 0.37 85 (R) 0.03 ± 0.04 110


[a] Rh:olefin� 1:50; T� 25 �C, 1 bar H2 pressure. [b] Determined by
1H NMR spectroscopy. [c] Determined by chiral HPLC. [d] Rhodium
content of the isolated product as determined by ICP-AES. [e] Recycled
catalyst from entry 4, second cycle. [f] TOF� n(product)/n(cat)�
conversion� 1/h).
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phase separation. Moreover, we assume, that after the
extraction with ethyl acetate a considerable amount of the
solvent stays solubilized in the micellar core; this prevents
efficient solubilization of the substrate again and, in addition,
is responsible for the reduced activity in the second cycle. New
developments in catalyst separation, such as nanofiltration are
particularly interesting for such soluble support systems,
owing to the higher molecular weight of the polymer-bound
ligand, and have already been proven to be very useful in
catalyst recycling without any loss of activity in a second or
third cycle and will help to overcome this problem in future
experiments.[29]


Conclusion


In conclusion, we have developed a novel amphiphilic, water-
soluble polymer support with chiral (2S,4S)-4-diphenylphos-
phino-2-(diphenylphosphinomethyl)pyrrolidine ligands cova-
lently linked to the hydrophobic block. These polymers were
found to be effective catalysts for the enantioselective hydro-
genation of methyl (Z)-�-acetamido cinnamate in aqueous
media with enantioselectivities of 86% and 90 ± 95% yield
after 20 minutes reaction time. The results described in this
paper clearly illustrate the advantages of amphiphilic block
copolymers for the efficient transformation of hydrophobic
substrates in water. We anticipate that the accessibility and
structural versatility of this amphiphilic polymer support
system will render very promising catalysts and will be of
general use for other transition-metal-catalyzed reactions of
hydrophobic substrates in aqueous solution.
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Control of Calcium Carbonate Polymorphism and Morphology through
Biomimetic Mineralization by means of Nanotechnology


Kazuhiko Ichikawa,* Noriyuki Shimomura, Masanori Yamada, and Naoki Ohkubo[a]


Abstract: In vitro biomimetic minerali-
zation by means of nanotechnology
allows the formation of calcium car-
bonate polymorphs at low temperatures
(�25 �C) under a CO2 atmosphere of
500 ± 1500 ppm . A two-dimensional
zinc-ion ordered array (zinc array),
which acts as an active-site mimic of
carbonic anhydrase, has been prepared
by immersing the self-organized mono-
layer of 3-(2-imidazolin-1-y)propyltri-
ethosilane on mica (ImSi substrate) into


aqueous zinc solution. The zinc array
mounted on the ImSi substrate cata-
lyzed the conversion from CO2 to
HCO3


�, and accelerated the formation
of calcium carbonate. In situ X-ray
diffraction data of the formed calcium


carbonate on the poly(�-aspartate)-coat-
ed chitin substrate (pAsp substrate),
with calcium ion-recognition sites, dem-
onstrated that the interaction between
the zinc array and pAsp substrates
formed both vaterite and calcite at low
temperature (15 �C) and mainly vaterite
at 25 �C; this interaction also controlled
the morphology of calcium carbonate
formed on pAsp substrate.


Keywords: biomimetic mineraliza-
tion ¥ calcium carbonate ¥ carbonic
anhydrase ¥ nanotechnology ¥
polymorphism


Introduction


The marine invertebrate animals of mollusk, coral, and
forminifera undergo elaborate in-vivo biomineralization by
using carbon dioxide dissolved from the atmosphere into
seawater. The polymorphism of calcium carbonate, which
consists of aragonite, vaterite, and calcite in mollusk shells, is
controlled by organic matrix proteins.[1, 2] The nacrein ex-
tracted from the nacreous shell layers has carbonic anhydrase
(CA) as the main CO2 hydration enzyme, the active site of
which is zinc-bound H2O/OH�.[3] The in-vitro mineralization
has been tried using the macromolecules extracted from the
nacreous shell layers.[4]


The effect of Asp/Glu-rich macromolecules, which can
recognize and bind to calcium ions, on the control over
calcium carbonate polymorphism has been revealed scanning
electron micrographs, optical microscopy images, and powder
X-ray diffraction patterns.[1, 4a, 5, 6]The role of the CA-active
sites in biomineralization or biomimetic mineralization has
not yet been reported, except for a preliminary study on the
skeleton formation in coral.[7]


Our research target is to use in vitro biomimetic mineral-
ization by means of nanotechniques to form the polymorphs
of calcium carbonate in aqueous solution at low temperatures


(�25 �C) under atmospheric pressure. The zinc model com-
pounds that act as CA active-site mimics were designed and
prepared by using biomimetic ligands.[8] In this work the two-
dimensional-ordered array of zinc ions that coordinate water
molecules as mimetic CA-active sites have, for the first time,
been prepared at a surface; the self-organized monolayer of
3-(2-imidazolin-1-yl)propyltriethosilane (ImSi) on mica sub-
strate (zinc-array substrate, Scheme 1). The poly(�-aspartate)


Scheme 1. A proposed geometry of zinc-coordinated ImSi adsorbed onto a
mica substrate.


(pAsp-assisted) calcification, with the pAsp-coated chitin
substrate providing the calcium binding sites, may be realized
from the reaction of Ca2� with HCO3


�, formed by the zinc
array accelerated CO2-hydration reaction. To our knowledge,
this is the first time biomimetic mineralization has been
carried out by preparing a mimic for the CA active site from a
zinc-array substrate by using nanotechniques.
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Hokkaido University Sapporo, 060-0810 (Japan)
Fax: (�81)11-706-7306
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Results and Discussion


Characterization of ImSi substrate : The atomic force micro-
scopy (AFM) image of the mica surface covered with ImSi is
shown in Figure 1. The ImSi substrate has a square hole, the
surface of which gave the atomic resolution AFM image of the


Figure 1. a) An AFM image of the self-organized ImSi monolayer over
mica surface (ImSi substrate). b) The AFM image of the self-organized
ImSi monolayer observed in air over ImSi sustrate surface after digging a
hole (100� 100 nm2) by adding the scanning force 100 nN into AFM
cantilever. c) Cross-section profile along the direction of the arrow in b).


muscovite mica a-b lattice (Figure 1b);[9] the depth of about
0.9 nm was in good agreement with each ImSi molecular
length (Figure 1c). Thus, the adsorbed ImSi molecules on


mica surface have been characterized as their self-organized
monolayer (ImSi substrate); a possible mechanism for ImSi
molecules to anchor to the mica surface is described in the
literature.[9]


Characterization of the chitin substrate and the pAsp-coated
chitin substrate : The chitin coated on a strip of glass (chitin
substrate) was identified from reflectance spectra recorded by
using Fourier transform infrared spectroscopy (FTS-60A/896,
BIORADORA). The observed IR bands around 1500, 1650,
and 3250 cm�1 were assigned to the N�H deforming, �C�O
stretching, and �N�H stretching vibrations, respectively, in
each amide bond; one of the other observed bands around
2950 cm�1 was assigned to the methyl group C�H stretching
vibration. Thus, it was confirmed that the glass substrate
surface was coated by chitin. The AFM images of the chitin
substrate in aqueous 5� 10�5 or 5� 10�4%wt pAsp solution
showed that the formed islands have a height of about 1.6 nm
(Figure 2), and their diameters increased with increasing
pAsp concentration (ca. 300 and 400 nm in diameter at 5�
10�5 and 5� 10�4%wt pAsp, respectively). The dynamic


Figure 2. The AFM images of the chitin substrates immersed into aqueous
a) 5� 10�5 and b) 5� 10�4%wt pAsp solutions.
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stationary state may be established between the pAsp
dissolved in aqueous solution and the adsorbed pAsp on
chitin substrate (pAsp-coated chitin substrate).


Two-dimensional zinc-ordered array and CA-like activity :
The zinc-array substrate was prepared by immersing the ImSi
substrate into aqueous 5m� Zn(NO3)2 ¥ 6H2O solution. The
force-displacement curves between the ImSi substrate and the
usual Si3N4 cantilever were measured in pure water or
aqueous 5m� Zn(NO3)2 ¥ 6H2O solution by using the AFM
technique, as shown in Figure 3a and b. The adhesion forces in
the presence and absence of zinc ions were determined to be


1.80 and 1.75 nN, respectively. The adhesion force results from
the intermolecular force between the cantilever surface and
the ImSi-substrate surface. It was impossible to observe the
adhesion force difference between the presence and absence
of zinc ions on ImSi substrate, and to discriminate the zinc
ions when used on a usual Si3N4 cantilever. The force-
displacement curves were measured using the ImSi-modified
Si3N4 cantilever (Scheme 2), that is, chemical force micro-
scopy (CFM) was measured for each ImSi substrate covered


Scheme 2. Schematic diagram of ImSi-modified Si3N4 cantilever used in
the CFM measurement.


with pure water or aqueous 5m� Zn(NO3)2 ¥ 6H2O solution,
as shown in Figure 3c and d. The adhesion forces for the zinc-
array and ImSi substrates were determined to be 7.1 and
2.3 nN, respectively. Therefore, the ImSi-modified Si3N4


cantilever could be discriminated from the formed zinc-
ordered array on the self-organized ImSi monolayer. The
CFM image (Figure 4b) shows the interface of the zinc-array
substrate covered with water. Since the observed XPS spectra
of ImSi substrate gave the ratio of N to Zn to be around 3, and
a parallelogram unit of the zinc-array image was twice as large
as that found in the zinc-free ImSi monolayer (Figure 4), each
zinc atom may be coordinated to three imidazoline ligands at


the ImSi monolayer surface
(Scheme 1), and the two-di-
mensional ordered array of zinc
ions was formed at a surface of
ImSi substrate (zinc-array sub-
strate).


Previously we have studied
model complexes in which the
one water and zinc ion is ligated
by three imidazole molecules;
these stable zinc complexes
were prepared by strong molec-
ular recognition of the designed
ligands towards zinc ions in
solvent.[8] Since the ImSi mole-
cules have a molecular struc-
ture similar to imidazole, some
ImSi molecules mounted on the
cantilever can ligate a zinc ion
(Scheme 2) in a self-organized
surface.[10] The adhesion force
between the ImSi-modified
cantilever and zinc array on
ImSi substrate therefore be-
comes larger (Figure 3).


Figure 4. The filtered molecular-resolution CFM image of a) zinc-free
ImSi substrate and b) the zinc-array substrate, observed in water. The
bright spots/protrusions in the images a) and b) may be attributed to each
imidazoline head of ImSi molecules and the zinc ions coordinated by a
couple of imidazoline nitrogen atoms, respectively. The parallelograms the
images a) and b) indicate the respective units of about 0.9� 0.7 nm2 and
about 1.4� 0.9 nm2.


The CA-like activity of the zinc-array substrate, which was
estimated by the CO2 ±Veronal indicator method[11] , gener-
ated ��� 0.57 (�0� 67 s, �� 27 s) at 0 �C for the pH change
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from 8.3 to 7.7. The enzyme conversion rate from CO2 to
HCO3


� has also been measured for CA and the zinc model
compound [Zn(L1S)(OH2/OH�)], in which L1S is nitrilot-
ris(2-benzyimidazolylmethyl-6-sulfonate).[8] The aqueous
�0.1�� CA (or 150 mgL�1) solution gave ��� 0.93 (�0�
15 s, �� 1 s) for the pH change of 8.5 to 7.5 at 0 �C.[12] The
aqueous �50�� [Zn(L1S)(OH2/OH�)] (or 30 mgL�1) gen-
erated�� to be around 0.25 for the change of pH 8.7 to pH 8.0
at 0 �C. The zinc model compound with L1S showed the
highest activity among all the other artificial zinc compounds
as CA-active sites.[8c, 13] The CA-like activity of the zinc array
was higher relative to a solution of [Zn(L1S)(OH2/OH�)],
and lower than the CA. The zinc array can catalyze the
conversion from CO2 to HCO3


� and accelerate the calcium
carbonate formation.


Biomimetic mineralization : The in vitro biomimetic mineral-
ization by using both zinc-array and chitin substrates prepared
by artificial nanotechnique has allowed the formation of
calcium carbonate polymorphs in aqueous 10�5/10�4%wt
pAsp and 10m� Ca�2 solution at pH 9±8, �25 �C, under a
500±1500 ppm CO2 atmosphere. After two days, the amount
produced was determined; the �P values for the zinc-array
and zinc-free ImSi substrates were equal to 1.2� 10�1 and
1.3� 10�2, respectively, at 25�C.[11] The video optical microscopy
(VOM) images on the pAsp-coated chitin substrate demon-
strated the effect of zinc-array substrate on calcium carbonate
morphology (Figure 5). The initially formed film was made up


Figure 5. The effect of zinc-array substrate on the crystal morphology
formed on pAsp-covered chitin substrate; the VOM images of the formed
calcium carbonate on pAsp-covered chitin substrate after calcification for
2 days at 5� 10�5%wt pAsp, pH 9.0 ± 8.1, and a) 15 �C or b) 25 �C for the
zinc-array substrate (left) and the ImSi substrate free from zinc ions (right).


of many fine particles assembled together in addition to the
larger particles with diameters in the 50 ± 120�m in diameter
and was never observed in the presence of zinc-free ImSi
substrate.


The observed in-situ X-ray diffraction patterns measured
just for the formed calcium carbonate on the substrate
demonstrated, for the first time to our knowledge, that the


interaction between the zinc-array substrate and the pAsp-
coated chitin substrate lead to the efficient formation of
vaterite at 25 �C or both calcite and vaterite at 15 �C (Fig-
ure 6). On the zinc-free ImSi substrate system, the non-calcite


Figure 6. The typical XRD patterns of the formed calcium carbonate on
the pAsp-covered chitin substrate after calcification for 2 days in aqueous
5� 10�5%wt pAsp solution at a) 15 �C, b) 25 �C, and c) in aqueous 5�
10�4%wt pAsp solution at 25 �C, using the zinc-array substrate (left) and
the ImSi substrate free from zinc ions (right). The XRD patterns of
aragonite and vaterite are shown in d) and e), respectively.


material present only in small quantities deposited on the
pAsp-coated chitin substrate (Figure 6). The assignment of
the polymorphs to vaterite or calcite was carried out by
comparison of the literature data with their XRD patterns
(Figure 6d and e).[14] The zinc-array-directing CA activity of
the conversion of CO2 to HCO3


� leads to the accelerated
formation of calcium carbonate polymorphs at a low temper-
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ature, 15 �C; the non-calcite never forms in inorganic solution
at �25 �C between pH 7 and pH 9.[15] The calcite component
disappears on going from 5� 10�5 to 5� 10�4%wt pAsp at 15
and 25 �C. With increasing pAsp concentration, the amount of
calcium carbonate produced decreased for the zinc-free ImSi
substrate; the pAsp adsorbed onto the chitin substrate may
act as inhibitor against mineralization. The role of the zinc-
array substrate is to accelerate CO2 hydration and calcium
carbonate formation within a limited time. The zinc array and
pAsp substrates can control the polymorphism and morpho-
logy of calcium carbonate (Figures 5 ± 7).


Figure 7. a) SEM image (left) of the formed CaCO3 film on the pAsp-
coated chitin substrate in aqueous 5� 10�4%wt pAsp solution, associated
with SEM image at higher magnification (right). b) VOM images of the
formed CaCO3 film on the pAsp-coated chitin substrate in aqueous 5�
10�4%wt (left) or 5� 10�5%wt (right) pAsp solution. All the images were
observed after calcification for 2 days at 25 �C in the presence of the zinc-
array substrate.


The observed VOM/SEM images show the CaCO3 film
formed on the pAsp-coated chitin substrate in aqueous 5�
10�4 and 5� 10�5%wt pAsp solution at 25 �C after mineral-
ization for 2 days in the presence of the zinc-array substrate
(Figure 7). Figure 5b (left) and Figure 7b (right) showed the
initial and mature films of calcium carbonate, respectively;
these were located at the different portions of a pAsp-coated
chitin substrate in aqueous 5� 10�5%wt pAsp solution. The
Raman bands observed in situ at around 714 and 1084 cm�1


were assigned to the symmetric deformation and symmetric
stretching vibrations of CO3


2�, respectively.[16] The broad and
sharp bands at around 1500 and 3000 cm�1 were assigned to
the antisymmetric and symmetric stretching vibrations of -
COO� and -CH2, respectively, arising from pAsp. Thus, the
above-mentioned film is an inorganic ± organic complex that
consists of CaCO3 and pAsp.


Since the chitin substrate was connected to the pAsp
coating through hydrogen bonds between the -COO� groups
of pAsp and the amide groups of chitin, the HCO3


� species
can approach each carboxylate-bound Ca2�. The crystal


growth of CaCO3 perpendicular to the pAsp-coated chitin
substrate was inhibited with increasing pAsp concentration in
the absence of the zinc-array substrate, as shown in the right
side of Figure 6. Since the nacre of the mollusk shell has a
laminated structure that consists of the calcium carbonate and
Asp-rich macromolecules, the biomineralization of the mol-
lusk shell was partially reproduced by the in vitro mineraliza-
tion by using the nanotechniques described in this work.


The biomineralization and biomimetic mineralization reac-
tions may take place as follows: [see Eqs. (1) and (2) below]
[17]


CO2� zinc-bound H2O � HCO3
��H� (1)


HCO3
��Ca2� � CaCO3�H� (2)


The accumulated protons by biomineralization may be
transferred in vivo out of the cell membrane, and the proton
concentration within a cell may be kept in physiological
condition. The non-calcite formation needs both CA for the
conversion from CO2 to HCO3


�, and chitin substrate-ad-
sorbed pAsp for the recognition sites of the calcium ions. The
CA-accerelated calcium carbonate formation and the pro-
moted polymorphs may be indispensable for the well-being of
marine invertebrate animals. The non-calcite is never depos-
ited from inorganic solution, which consists of both Ca2� and
HCO3


� at about pH 7 ± 8.5 at�25 �C[15] by a chemical reaction
associated with the evolution of carbon dioxide as follows
[Eq. (3)]:


2HCO3
��Ca2� � CaCO3 calcite�CO2 ��H2O (3)


Experimental Section


Materials : 3-(2-Imidazolin-1-yl)propyltriethoxysilane (ImSi) was obtained
from Fluka, poly(L-asparate) (pAsp) from Sigma, chitin from Seikagaku
Kogyo, and Zn(NO3)2 ¥ 6H2O, Ca(NO3)2 ¥ 4H2O and (NH4)2CO3 from
Wako. These commercial reagents were used as obtained without further
purification.


Preparation of the ImSi-coated mica substrate (ImSi substrate): Freshly
stripped mica (Nisshin EM) was immersed in a solution of 10 v/v% sodium
methoxide in methanol at 50 �C for 1 min. Then ImSi molecules were
adsorbed on the mica surface by immersing the mica solution of ImSi
(�1m�)in n-hexane for 2 h under a nitrogen atmosphere.[9]


Preparation of zinc ordered array onto ImSi substrate (zinc-array
substrate): The zinc array substrate was prepared by immersing the ImSi
substrate into aqueous solution of 5m� Zn(NO3) at about pH 8.5.


Preparation of chitin-coated glass substrate (chitin substrate): The chitin
substrate was prepared by immersing a strip of cover glass into a solution of
N,N-dimethyl-acetamide and N-methyl-2-pyrrolidone (50/50 : w/w) con-
taining 0.4%wt chitin.[19] The chitin substrate was covered with pAsp,
which has many carboxylate groups as calcium-binding sites.


Determination of the CA-like activity �� of zinc-array substrate : The CA-
like activity �� for zinc-array substrate was determined by using the CO2 ±
Veronal indicator method.[11, 12] �� was defined as (�0� �)/�0 to give a
numerical value for the enzymatic activity of CO2 hydration of the zinc-
array substrate; � or �0 was the time interval required for the pH change in
the presence or absence of zinc, respectively.


Calcium carbonate formation reaction : The calcification reaction, the
container of which is shown Figure 8, was carried out for 2 days in a
solution of Ca(NO3)2 ¥ 4H2O (10m�) associated with the zinc-array and
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chitin substrates, covered with 10�5/10�4%wt pAsp, under a CO2 atmos-
phere of 0.05 ± 0.15%v/v at 15 or 25 �C and pH 9 ± 8. The pH was adjusted
to 9.0 by using AMPSO buffer, and just before starting the calcification
decreased to about pH 8 and remained at this pH over 2 days. The CO2


concentration in the atmosphere of a closed reaction-container was
monitored by a CO2 detector-CGDIC-7 (TOA); CO2 was supplied by the
decomposition of (NH4)2CO3, and the other decomposed component NH3


was eliminated by concentrated H2SO4. If NH3 was not eliminated, the pH
of the reaction solution increased from pH 9.0 to about 9.5, and the calcium
carbonate polymorphism was further accelerated. The marine invertebrate
animals may be kept at a pH of no more than 8.5. The reaction container
was put into an incubator-LNC-111 (TABAI) at 15 or 25 �C.


Determination of the amount of calcium carbonate produced (�P): The
�P value was estimated from (P0 � P)/P0 ; P and P0 is the concentration of
the calcium ion (mgL�1) in aqueous solution after the calcium carbonate
formation reaction in two days and its initial concentration, respectively.[12]


The calcium concentration in aqueous solution was determined by using
atomic absorption spectrometry.


Atomic force microscopy (AFM): All the AFM images were measured in
the constant-force mode.[20] The sample surface was imaged by mechan-
ically tracing its topography by means of a microfabricated cantilever with
an integrated pyramidal Si3N4 tip. Here, the cantilever×s force constant was
k� 0.58Nm�1. In our experiments the scanning force over the substrate
surface was F� 10 ± 20 nN in air and F� 1 ± 2 nN in water; the image
acquisition time was less than 10 s.


Chemical force microscopy (CFM): The chemical force microscope[21]


images identifying the zinc array were measured by using a Nano Scope III
(DI) and ImSi-modified Si3N4 cantilever (Scheme 2), which was prepared
as follows. The tips of Si3N4 cantilever were covered with a solution of
concentrated H2SO4 and 30% H2O2 (70:30 v/v), and heated at 70 �C for
30 min.[9b, 22] They were immediately rinsed by completely covering them
with distilled water and decanting the liquid; the process was repeated at
least three times. They were stored in water until used. The ImSi molecules
were adsorbed on the modified and cleaned cantilevers, and immersed into
a solution of ImSi (�1m�) in n-hexane for 1 h under a nitrogen
atmosphere.[9b, 22] The angle-dependent XPS survey spectra of ImSi
adsorbed onto Si3N4 substrate showed that the intensity of the carbon
signal was increased relative to that of silicon and oxygen signals as with the
angle between a plane of an electron detector and the normal line to a
surface (takeoff angle) decreased. These results demonstrate a monolayer
model as a hydrocarbon layer adsorbed onto Si3N4 cantilever.[22]


In AFM or CFM measurements a stainless-steel cup, on which the zinc-
array and ImSi substrate were mounted, was sealed by a O-ring against a
glass cell filled with the aqueous solution.[23] In order to make clear that the


ImSi-modified Si3N4 cantilever selectively recognized the zinc ions, the
force-displacement curves were measured a minimum of one hundred
times for ten portions of each surface of the ImSi and zinc-array substrates.
The adhesion force, which was defined as the difference between a minimal
force and a nontouching line as the pull-out force in these curves,[24] was
determined from the observed force-displacement curves.


X-ray photoelectron spectroscopy (XPS): The zinc array substrate was
confirmed by XPS measurements; the XPS spectra were acquired on a
XPS-700 (RIGAKU) instrument.


Video optical microscopy (VOM) and scanning electron microscopy
(SEM): The calcium carbonate polymorphs/films formed on the pAsp
substrate were observed in situ by using OVM-7310 (CHROMA) in
combination with 200� and 650� magnification lenses; they were also
analyzed at higher magnification by using an SEM-2100A (HITACHI)
instrument.


X-ray diffractiometry (XRD): The calcium carbonate polymorphs formed
on the pAsp substrate were analyzed by using XRD. The X-ray diffraction
patterns were acquired on a XRD-MiniFlex (RIGAKU) diffractometer.


Raman spectroscopy: The CaCO3 films grown on pAsp-coated chitin
substrate were analyzed by using Raman spectroscopy. The Raman spectra
were acquired on a RAMANOR-T64000 (JOBINYVON) instrument.
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On the Total Synthesis and Determination of the Absolute Configuration
of Rishirilide B: Exploitation of Subtle Effects to Control the Sense of
Cycloaddition of o-Quinodimethides


Kana Yamamoto,[a] Martin F. Hentemann,[a, b] John G. Allen,[a, c] and
Samuel J. Danishefsky*[a, d]


Abstract: The total synthesis of racemic
rishirilide B has been accomplished. The
synthesis serves to define the relative
relationships of its stereogenic centers.
Also, starting with readily available
chiral pool, ent-rishirilide B was synthe-
sized, thereby demonstrating that natu-
ral configuration of rishirilide B. The
defining step in our total synthesis is the
facile cycloreversion of the bis(siloxy)-
benzocyclobutane and the intermolecu-
lar o-quinodimethide Diels ±Alder cy-


cloaddition. We believe that the tight
regiochemical guidance in this step aris-
es from a meshing of the electron-
donating effects of the symmetry-per-
turbing aromatic OTBS group of the o-
quinodimethide diene with the reactiv-
ity differential of the dienophile (ene-


dione), modulated by the hydroxyl
group at the �-position. The validity of
the hypothesis of hydroxy-directed acti-
vation of its vicinal ketone function in
the context of the enedione dienophile
warrants further study. This type of
activation may find broader applications
in distinguishing reactivity profiles of
key closely related functional groups in
organic substrates.


Keywords: cycloaddition ¥ fused-
ring systems ¥ quinodimethanes ¥
rishirilide ¥ total synthesis


Introduction


The history of the project to be related herein goes back to a
report describing the isolation of two new metabolites from
Streptomyces, OFR-1056. The structure of the more oxidized
A compound (2) was arrived at by a crystallographic deter-
mination. The formulation of the B compound, as being 1,
arose from spectroscopic data and from the presumption of
biogenetic connectivity (1� 2) between the two com-
pounds.[1, 2] This assumption was particularly relied upon to
suggest (but not prove) the stereochemistry of 1.


From a structural standpoint, the rishirilides are of interest
in that they present merged aromatic and alicyclic domains.
While such arrangements need not be considered, per se,
intimidating from the standpoint of modern day synthesis,
they did prompt consideration of several issues. First, in the
light of the potential sensitivity of the resident functionality, it
seemed unlikely that the target systems would be assembled
from late-stage, classical ring-forming, electrophilic aromatic
substitution reactions. Hence, from the outset, one could
discern potentially major advantages in fashioning the aro-
matic and alicyclic sectors, concurrently, in highly advanced
forms. Moreover, the aromatic sectors (™naphtho∫ or ™ben-
zo∫) of both systems are desymmetrized by the presence of a
phenolic function. Provision would be necessary to give
appropriate guidance in fashioning the nonsymmetric naph-
thalene relative to the ™cyclohexane∫ domain of 1.
These considerations served to stimulate the thought that


intermolecular cycloaddition reactions of o-quinodimethides
might be of considerable value in enabling a convergent and
concise total synthesis of the rishirilides. Indeed, as we have
described elsewhere,[3] and will briefly summarize below, the
cycloaddition chemistry was first proposed with the rishir-
ilides well in mind. Happily, the key premises had been
realized in important model demonstrations.[3b] However,
application of the method to the rishirilide problem required,
in the end, significant improvisations beyond the proposed
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cycloaddition reactions. The innovations required to reach
these targets may have broader consequences than the
successful attainment of the specific goal of providing a total
synthesis of rishirilide B (vide infra).
The rishirilides also evoked interest from a biological


perspective. Thus, compound 1 is a �� inhibitor of �2-
macroglobulin.[1] Since this complex protein, in turn, inhibits
the action of the fibrinolytic enzyme plasmin,[4] the rishirilides
could ultimately enhance plasmin-mediated fibrinolysis for
degradation of insoluble fibrin by suppression of plasmin
inhibition.[5] As such, it occurred to us that rishirilide
structures might be of value as functional ™small molecule∫
anti-clotting factors.[5]


Below, we document the first total synthesis of rishirilide B
(1). We also relate studies wherein target system 1 was
synthesized in an enantiomerically homogeneous form from
defined precursors. In this way, we are now able to formulate
the absolute configuration of rishirilide B. Parenthetically, we
enlarge on the concept of providing guidance to intermolec-
ular cycloadditions of o-quinodimethides through remote,
seemingly subtle, regiocontrol elements.


Results and Discussion


While our long-term goals included total syntheses of both 1
and 2, we started with the former. The hope was that perhaps
2 would be accessible by oxidative cyclization[6] (formally
hydroxylactonizaton) of 1 or of intermediates en route to 1.
Furthermore, compound 1, while chemically less interesting, is
actually more active against �2-macroglobulin than is 2.
In broad terms, the plan for addressing the total synthesis of


1 envisioned cycloaddition of o-quinodimethide 4, generated
from the fragmentation of a 1,2-trans-disubstituted benzocy-
clobutene (cf. 3), with a dienophile of the type 5.[7] At this
early conceptualization stage, we leave unspecified the nature
of the R-protecting groups in 3 and 4, the nature of the aryl-
desymmetrizing function W, the optimal �-substituents on the
dienophile (see 5) or the Yand Z group at the future C3 atom
of the rishirilide. At some point, to be determined on site, the
isoamyl group would be introduced at C4 by nucleophilic
alkylation of a keto function (Scheme 1).
Even casual inspection of this skeletal plan invites signifi-


cant questions at the level of intermediate 6 as to how the
groups, for instance, Wand Z destined to emerge in rishirilide
B at C6 and C3, respectively, would be mutually coordinated.
There was scant knowledge about the way in which prefer-
ences exerted by resident functions might be exploited to
achieve tight control over the regiochemical sense of cyclo-
addition.
However, before addressing such relatively subtle matters,


it was necessary to validate the central premise of the
feasibility of the proposed cycloadditions. While Diels ±Ald-
er-like reactions of o-quinodimethides with dienophiles are
well known, the usefulness of the reaction in the context of
syntheses has been confined to intramolecular cases.[8, 9]


Seeking substrates for intermolecular cases, we synthesized
benzocyclobutenes of the types 8 and 9. The thought was that


Scheme 1. Structures of rishirilides and the general synthetic strategy.


the presence of vicinal siloxy functions on the benzocyclobu-
tene would facilitate the cycloreversion step to generate the
reactive o-quinodimethide valence isomers 10 and 11, respec-
tively. We have already described our key discoveries
concerning this sort of cycloadditon.[3]


We found that benzocyclobutenes of the type 8 exhibit
remarkable reactivity with a range of dienophiles. Actually,
compounds in the parent series of this type (W�H) are
thermochromic. The straw yellow color of these samples at
room temperature fades at lower temperature (�0� 20 �C).
NMR analysis, even of the colored form, fails to detect any
species corresponding to o-quinodimethides. Nonetheless, 8
reacts with a range of dienophiles at room temperature (cf.
maleic anhydride) and upward (cf. cyclohexenone; ca 120 �C).
As had been described earlier, the chemistry of the generic
type of cycloadduct (cf. 14) has been developed in several
directions.[3a] The most widely studied modalities of progres-
sion from type 14 intermediates were 1) oxidation to naph-
thoquinone substructures and 2) twofold elimination to afford
naphthalenes (see 15 and 16, respectively, Scheme 2).
By contrast, unlike the situation which pertains with


unsubstituted system 8, the compounds bearing a peri
substituent on the benzo portion of the benzocyclobutene
(cf. 9, W�OMe or OSiR3) are much less reactive. Interest-
ingly, compounds of the type 9 are colorless at room temper-
ature. Although the cycloaddition products produced, and
their apparent chemical behavior, are similar to the unsub-
stituted systems 8, the much higher temperature required for
reaction in the desymmetrizing peri-substituted cases (cf. 9) is
certainly disadvantageous. The retarding effect of the donat-
ing peri-oxy substituent may reflect attenuation of the key
cycloreversion reaction arising from abutments in the open o-
quinodimethide form with the ortho OR substituent. Alter-
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Scheme 2. Overview of o-quinodimethide Diels ±Alder chemistry.


natively, it may reflect incremental steric hindrance in the
cycloaddition step.
While the reactivity levels we had come to expect in the


unsubstituted series had been badly degraded, the regiochem-
ical patterns in the Diels ±Alder reactions of compound 9
were gratifyingly in the predicted direction. Thus, a peri-
methoxy or -siloxy group tends to direct the orientation in
cycloadditions with unsymmetrical dienophiles such that the
products arise from ™initial∫ bond formation at the meta-,
rather than the ortho-methide center.[2] Thus, the preferential
formation of intermediates 17 and 18 are illustrative of the
regiochemical preference governing the case of the peri-siloxy
function (Scheme 3).


Scheme 3. The directing effect of peri-substituent in o-quinodimethide
Diels ±Alder reaction.


As is common in synthesis directed toward provocative
natural products, methods initially devised to reach a partic-
ular structural type are apt to find application in other
pursuits, seemingly unrelated to the initial target that inspired
the initial study. So it was here. The concept of the oxygenated
o-quinodimethides, initially used for the rishirilide problem,
found excellent applications in a remarkably efficient total


synthesis of idarubicinone and other goal structures.[3a] In this
report, however, we return to the initial rishirilide target.
With the background provided above, the central problem


in the rishirilide enterprise comes into sharper focus. First, to
accommodate the oxygen required eventually at C6, we would
necessarily be working with the peri-substituted and less
reactive class of benzocyclobutenes (cf. 9). Because of the
need to accommodate functionality at C2, C3, and C4,
particularly with the last two sites at quarternary carbon
atoms, it seemed unlikely that we could incorporate a
quinone-centered dienophile into our scheme. Rather, we
would have to make do with a less reactive dienophile than a
quinone (cf. 5, X�H2), in the context of diene 11, for which
the diminished reactivity in the required sense was certainly
expected.
The issues, delineated above, invited solutions which


utilized more maximally activated dienophiles. In principle,
one might have supposed that the cycloaddition step could be
facilitated by recourse to Lewis acid catalysis, in the tradition
of the classical Diels ±Alder reaction. However, the case at
hand is novel in that a highly labile dienophile is being
generated in situ. We started with serious concerns about
whether Lewis acid catalysis would work well in such a setting.
While the matter was not surveyed exhaustively, early
attempts at catalysis in cycloreversion ± cycloaddition sequen-
ces were not rewarding.
Rather, we came to favor an alternative approach that took


in to account the functionality which must ulitmately be
required to reach rishrilide. As already alluded to above, it
was hoped that the isoamyl group could be introduced at a C4
ketone by ™nucleophilic alkylation.∫ We further entertained
the possibility that the C3 functionality, present at the point of
isoamylation, could direct the nucleophile to the required �-
face of C4. Extending this reasoning one step further, we
asked whether this future C3 hydroxy group might not play a
pivotal role in activating the cyclohexenone carbonyl center
and, in so doing, to enhance the directivity of the W function
implied in structure 11 (see arrows in Scheme 3). This line of
conjecture suggested evaluation of a dienophile of the type 19,
whereby a C3 hydroxyl group, vicinal to ketone, would
activate the cyclohexenone, either through hydrogen binding
or through targeted catalysis as in 20. The question is posed
implicitly in the proposed alignment, suggested by the
ensemble of 11� 19 (20), whereby we leave unresolved the
question of whether dienophilic enhancement would arise
from a local hydrogen bond or through a suitably interpo-
lated, metal-based catalyst (Scheme 4).


Scheme 4. The hydroxy-directing effect in o-quinodimethide Diels ±Alder
reaction.
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We settled upon the specific dienophile 23 to launch the
program. This compound contains an ester group at C3, which
would correspond to the acid eventually required. The C2
methyl group would also be included, as would the critical C4
hydroxy group for purposes of activation (see discussion
above). Missing would be only be the means for implementing
the C1 keto group. Several possibilities (vide infra) were
entertained to deal with this problem if the basic underlying
assumptions of the plan were vindicated.
Indeed, compound 22, a possible precursor of 23 was


known, having been previously synthesized from the con-
densation of ethyl acetoacetate with crotonaldehyde.[10] The
conversion of 22 to 23 was accomplished by Rubottom-like
oxidation of its readily derived trimethylsilyl enol ether.[11]


Seemingly, only one stereoisomer was produced. At this stage
it was assumed, but not proven, that the �-methyl group had
shielded the �-face of the molecule, and that the hydroxyl-
ation product of 22 was indeed that formulated as 23.
In selecting our diene precursor for this opening study, we


initially favored a situation whereby the W blocking group
would be relatively stable, as would the two groups on the
cyclobutene moiety ultimately to be eliminated (see proto-
type step 6� 7 in Scheme 1). O-Methyl protection seemed
preferable to O-silyl derivatization of the oxygen atoms to be
eliminated in the formation of the naphthalene ring. Cleavage
of the silyl group in the context of Diels ±Alder adduct would
expose free hydroxyl groups, which could manifest other
forms of chemistry (oxidation, rearrangement) that might
compete with the bis-elimination scheme we required (see
6� 7). Accordingly, our sequence started with 2,3-dimethyl-
anisole (24), which was subjected to tetra side-chain bromi-
nation,[12] followed by reductive cyclization[13] with NaI to
afford 25. Subjection of the latter to the action of silver
tetrafluoroborate in methanol[14] provided 26, which was to
serve as the precursor for the o-quinodimethide system. In
this highly exploratory phase, we were willing to accept the
fact that the desired 26 was actually the minor product in the
synthesis relative to the predominant cis isomer (Scheme 5).


Scheme 5. Preparation of dienophile 23 and benzocylobutene 26. a) NaH,
EtOH; HCl(g), 36%; b) TMSCl, NaH, DMF; c) DMDO (0.066�), 42%,
2 steps; d) NBS, AIBN, h� ; e) NaI, DMF, 56%, 2 steps; f) AgBF4, MeOH,
71% (cis :trans� 2.5:1).


In the event, reaction of trans-dimethoxybenzocyclobutene
26 and dienophile 23 occurred at 160 �C over 15 hours
(Scheme 6). The crude cycloadduct was treated with cam-
phorsulfonic acid in methanol under reflux, providing a
compound (65% yield) corresponding to the loss of two


Scheme 6. Attempted Diels ±Alder reaction with 26 and dienophile 23.
a) 160 �C, [D8]toluene 15 h; b) CSA, MeOH, 65%, 2 steps.


methanol units from a formal 1:1 adduct. At this stage, the
structure of this compound could not be asserted rigorously.
However, since only one product appeared to have been
produced, we assumed it to be the expected 27, arising from
the alignment contemplated in Scheme 4 (see Scheme 6). A
control experiment with TBS-protected 23 supported the
notion of the key role of the hydroxyl group in directing this
Diels ±Alder-like reaction. Benzocyclobutene 26 failed to
react with the TBS derivative of 23 (R�TBS) (Scheme 6).
Assuming that the structure assignment is correct, we


addressed the next question, that is, the introduction of the
isoamyl group by nucleophilic alkylation of the C4 ketone.
Given the hindered nature of the ketone in 27, success could
not have been anticipated in advance. We had envisioned a
key role for the tertiary hydroxy group not only in directing an
isoamyl ogranometallic agent to the otherwise hindered
ketone, but also to its �-face, as required to reach rishirilide
B. In the event, reaction of the presumed 27 (i.e., with isoamyl
magnesium bromide (3.2 equiv)) afforded a 70% yield of a
crystalline product (m.p. 128 ± 129 �C), whose empirical for-
mula corresponds to the addition of C5H12 to 27. That this
structure indeed corresponds to 28 was rigorously established
by an X-ray determination.[3a]


It is well to reassert a scientific truism, that is, that the
attainment of a desired result following a series of experi-
ments does not necessarily establish the correctness of the
underlying rationale that led to the study. This appreciated, it
did seem that the strategic C3 alcohol function had seemingly
provided activation and directivity in both the critical cyclo-
addition nucleophilic alkylation steps en route to the bis-
protected 1-desoxyrishirilide B (28) (Scheme 7).


Scheme 7. Directed Grignard addition and unsuccessful oxidation at
benzylic position. a) Isoamylmagnesium bromide (1.08�), THF, 70%.


Clearly, the most efficient route to reach rishirilide B would
be to use the synthesis described above to reach an advanced
subgoal compound such as 28 and to go on from there to
™accomplish functionalization∫ at C1. While the blocking
groups of the starting materials en route to 28 had not been
selected with a view to enabling late stage global deprotec-
tion, we nevertheless used this C1 desoxy compound as a
model for exploring the proposed ™end game∫ functionaliza-
tions. Unfortunately, the results of these forays were negative.
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A variety of oxidation protocols, including the use of
bromosuccinimide and DDQ, as well as chromium- and
molybdenum-based oxidizing agents were unsuccessful. The
failures either took the form of no reaction, or extensive
decomposition leading to a multitude of uncharacterizable
products.
We then launched an exploratory investigation as to the


integratability of p-quinonemonoketals (cf. 30) with our o-
quinodimethide cycloaddition chemistry. In pursuing this
approach, we were mindful of the surprisingly poor perform-
ances of such quinoneketals in standard Diels ±Alder reac-
tions.[15] However, our hope was that systems of the type 9
would be sufficiently reactive to overcome this underempha-
sized and underappreciated problem. Also, we hoped to build
into the o-quinodimethide precursor (cf. 9), a protecting
group that would allow for liberation of the eventual phenol.
Two considerations guided our abandonment of the bis-


vicinal dimethoxy motif on the four-membered ring. First, as
mentioned earlier, our synthetic route to the required
dimethyl system gave the required trans compound only as
the minor product. We had in the interim developed an
acceptably stereoselective route to the vicinal trans-diol on
the four-membered ring (by means of the diketone, as shown
below, vide infra). Furthermore, we noted, in related model
studies, that bis-siloxy substituents on the cyclobutene are
more activating with respect to cycloaddtion chemistry than is
the corresponding trans vicinal-dimethoxy pattern. Since we
were inevitably working with the less reactive peri-substituted
benzocyclobutene series, it was particularly important to
mobilize all of the reactivity potential on the cyclobutene
moiety.
Indeed, it was found that use of the model benzocyclobu-


tene 29 with quinoneketal 30 did seem to provide a 1:1 adduct
formulated as 31. The thought was that the bis-elimination
product of an intermediate with useful functionality at ™pre
C1∫ might be subject to functionalization at carbons 2 and 3
(starting with conjugate addition at C2) and eventual depro-
tection at C1. Unfortunately, attempts to extend to the
cycloaddition step to encompass a cycloaddition of benzocy-
clobutene 32 with 30 were unsuccessful (Scheme 8). Once
again, we had experienced the retarding effects of a peri
substituent, this time in the context of a relatively unreactive
quinoneketal dienophile such as 30.
At this stage, we returned to the previously developed


hydroxyl-directing effect logic on the dienophile. Having
failed to accomplish late stage functionalization after the
tricyclic system (cf. 28 derived from 23) was in place, the hope
was to introduce the required handle to properly develop C1
before the cycloaddition. However, we also undertook to
build a dienophile from which the eventual acid attached to
C3 could in fact be liberated if all else were accomplished.
Similar considerations pertained to the C6 phenolic protect-
ing group.
With these considerations in mind, we initially targeted


compound 35 as a prospective precursor to reach a dienophile
of the required type. This compound was readily synthesized
from condensation of �-trimethylsilylethyl acetoacetate
(34)[16] with crotonaldehyde, by analogy with the chemistry
used to prepare 22 (Scheme 9).


Scheme 8. Quinone-ketal Diels ±Alder strategy.


Scheme 9. Preparation of dienophile 36. Key: TSE� 2-(Trimethylsilyl)-
ethyl. a) 1. TSEOH, Et2O, Na; 2. HCl(g), 34%; b) 1. NaH, TBSOTf, DMF;
2. DMDO (0.061�), 76%, 2 steps.


As we focused on a quality total synthesis of our goal
system 1, we needed to work out a much more selective route
to our trans-disubstituted benzocyclobutene. Earlier (see
Scheme 5), we had described a nonselective route to 26 via
25. We returned to 25, which was now treated with silver
acetate in aqueous acetic acid.[14] The crude product was
subjected to the action of sodium methoxide affording diol 37.
This compound was oxidized by a Swern protocol to produce
the benzocyclobutene 1,2-dione, 38.[2, 3b] The peri-methoxy
group was de-methylated through the action of 48%HBr, and
the resultant phenol was silylated, as shown (Scheme 10).


Scheme 10. Efficient synthesis of benzocyclobutane 32. a) AgOAc, HOAc,
H2O, 93%; b) NaOMe, 55%, 2 steps; c) (COCl)2, DMSO, NEt3, 86%;
d) 48%HBr, 93%; e) TBSOTf, NEt3, 91%; f) NaBH4 then TBSOTf, NEt3,
83% (cis :trans� 1:6).


Fortunately, careful reduction of the �-diketone with sodium
borohydride gave rise primarily to a trans-diol with high
stereoselection, presumably reflecting the stereochemical
guidance provided by the mono-reduced species. Finally,
bis-silylation of this diol afforded the silylated system 32. It
was envisioned that such compounds would serve as precur-
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sors of the trisilyloxy o-quionodimethide entering into cyclo-
addition.
Given our failure to install C1 functionality at the stage of


28, we focused on functionalizing 36 at an earlier stage, such
that the handle for the eventual C1 ketone would already be
present in the dieonophile. Fortunately, it proved possible to
achieve �-functionalization of 36 through the action of N-
bromosuccinimide (91% yield). Remarkably, neither the
bromide 39 nor its derived alcohol 40 (vide infra) underwent
cycloaddition with 32. Surprisingly, these compounds bearing
inductively activating groups proved to be less efficacious
dienophiles than the C1 unsubstituted counterpart (23).
While the reasons for the diminished reactivity exhibited by


39 and 40 are still far from clear, we sought to build a
dienophile that was sufficiently activated to undergo cyclo-
addition with the peri-substituted o-quinodimethide derived
from 32. The thought was to utilize the enedione 41. Access to
this compound was gained by means of solvolysis of bromide
39, as shown, providing diol 40, which upon Dess ±Martin
oxidation delivered our target dienophile 41 (Scheme 11).


Scheme 11. Allylic oxidation of dienophile 36. Key: TSE� 2-(trimethylsi-
lyl)ethyl; a) NBS, AIBN, CCl4, 91%; b) AgCO3, acetone, H2O, 63%;
c) Dess-Martin periodinane, CH2Cl2, 92%.


Needless to say, these were grounds for concern as we
approached the critical cycloaddition on the basis of using
dienophile 40. It was hoped that the enedione network would
manifest greater reactivity than the failed putative dieno-
philes 39 and 40. However, even if this would be the case, a
significant issue of regiochemistry in distinguishing between
the directing effects of the two activating ketone groups would
be faced. Our governing rationale was centered around the C3
tertiary alcohol. In earlier studies (see Scheme 6) it appeared
that this hydroxyl group was activating the monoactivated
dienophile to the point where it underwent cycloaddition with
the peri-o-quinodimethide, derived from 26, in a regiospeci-
fied manner. In a similar way, it was hoped that this hydroxyl
group would render its vicinal carbonyl group more ™direct-
ing∫ than the other (future C1) keto group, lacking hydroxyl-
centered incremental activation. If this line of conjecture were
sustained, the preferred orientation would be that required to
reach rishirilide B.
A solution of compounds 32 and 41 in toluene was heated at


90� for 12 hours. NMR analysis indicated a relatively clean
product. While the spectrum did not rigorously establish the
structure of this crude to be 42, (stereochemistry undeter-
mined), this assignment was certainly not inconsistent, in any
way, with the data. Treatment of the presumed 42 with
camphorsulfonic acid in pyridine afforded a 72% yield of a
compound formulated as 43. Furthermore, once again a
control experiment with TBS derivative of 41 supported the


role of hydroxyl-directing in this reaction. Thus Diels ±Alder
reaction with benzocyclobutene 32 and TBS-protected 41 did
occur, but afforded a near 1:1 mixture (Scheme 12).


Scheme 12. Final synthetic sequence to rishirilide B. Key: TSE� 2-(tri-
methylsilyl)ethyl. a) toluene, 90 �C 12 h; b) CSA, pyiridine, MeOH; 72%
2 steps; c) isoamylmagnesium bromide (0.73�), THF; d) TAS-F, THF,
65%, 2 steps; e) CH2N2, Et2O, MeOH, 43% 45, 15% 46, 31% 1.


Following the precedent garnered in the des-oxy series (cf.
27� 28), the presumed 43 was subjected to the action of
excess isoamyl magnesium bromide. This experiment resulted
in mononucleophilic alkylation at C1, with the formation,
seemingly, of a single 1:1 addition product formulated as 44.
At this stage, we could take advantage of the removable
protecting groups we had installed at the phenolic and
carboxylic centers. Indeed, treatment of 44 with TAS-F
(TAS-F � tris(dimethylamino)sulfur(trimethylsilyl)difluor-
ide) produced what we assumed to be (�)-rishirilde B (1;
Scheme 12).
Based solely on our own data, we were not in a position to


rigorously assert the stereochemistry at C2 ±C4 of our
synthetic end product. Indeed, there was some temporary
concern, since the 13C NMR spectrum obtained from our own
terminal product, presumed to be 1, did not fully correspond
to the previously published tabulated spectral data for the
natural product. No sample of naturally derived 1 was
available to allow for a direct material comparison, neither
was there a spectrum in chart form for superposition level
comparison.
Additionally temporary concern arose from another quar-


ter. Thus, treatment of fully synthetic racemic 1 with diazo-
methane in diethyl ether/methanol led to the formation of the
synthetic methyl ether/methyl ester, presumed to be 45.
Surprisingly, the high-field NMR spectrum (in chart readout)
of our fully synthetic compound was drastically different from
the spectrum (also in chart form) in studies directed to a total
synthesis of rishirilide, ostensibly, the same compound re-
ported by Hauser.[17] Barring a miss assignment, these spectra
should have been superimposable. Once again, no reference
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material was available for direct comparison with our
synthetic product.
This state of confusion was much relieved, when we were


able to obtain a chart spectrum of that corresponding to
enantiopure compound prepared some time ago from the bis-
methylation of naturally occurring rishirilide B (1). The high-
field 1H NMR spectrum of our synthetic racemic 45 was
identical with the spectrum received from Fukuyama. Hence,
at this stage, we could be confident that our compound did
correspond to naturally occurring rishirilide B, and that the
claimed total synthesis product[17] is not rishirilide B methyl
ether/methyl ester (i.e. , 45).
Having asserted this, it is important to take note that our


total synthesis, per se, to this stage did not rigorously establish
the actual relative configurational relationship in synthetic
rishirilide B to be that which we supposed. Formally, there still
remained the possibility that one or more errors had been
incorporated into the structure assignment of 1. Correspond-
ingly, there could have been one or more faults in our
assignments during the unfolding of our synthesis. Put differ-
ently, the fact that two compounds are identical does not
establish the correctness of their structure assignments.
As it turned out, these concerns could also be laid to rest.


Confidence was restored when our fully synthetic racemic 1
had been treated with diazomethane. In addition to the bis-
methylation obtained in 33% yield (and assigned as 45) as
discussed above, a mono-methylation product (i.e., 46), a
methyl ester of phenol (m.p. 92 ± 94�), was also obtained. A
crystallographic determination of this compound clearly
showed it to be 46 thus corroborating our assignments in full
(relative) stereochemical detail.[3a] Hence, the structure of
rishirilide B does indeed corresponds to 1, and rishirlide B
methyl ether/methyl ester is safely represented as 45. Re-
maining to be sorted out is the structure and stereochemistry
of the previously claimed total synthesis product,[17] which
cannot be 45.
With the gross structure and relative stereochemistry of


rishirilide B now secure, we addressed the question as to how
chemical synthesis might also serve to establish its absolute
configuration. This could be achieved by recourse to a starting
material of established absolute stereochemistry and proceed-
ing to reach the end target through steps that are stereo-
chemically unambiguous. Given availability of the natural
product, comparison between synthetic and naturally derived
material would be optimal. Even in the absence of an actual
reference sample, comparisons of the corresponding discern-
ing properties of synthetic and naturally derived material
could provide the answer. In the case at hand, there was no
naturally derived rishirilide available for direct comparison.
Fortunately, however, the measurement of the optical rotation
of natural rishirilide B has been recorded.[1]


We focused on synthesizing an enantiomerically defined
version of dienophile 41. In this effort we revisited with
modification, its synthesis in an enantio-defined context.
Thus, commercially available (R)-methylcyclohexanone (47),
derived in an unambiguous way from pulegone, was converted
to the known enone 48 by oxidation with 2-iodoxybenzoic
acid (IBX).[18] Subsequently, ��C-acylation with 2-(trimethyl-
silyl)ethoxycarboxy cyanide[19] furnished (�)-34, which was


carried through the five-step procedure described above to
furnish (�)-41 (Scheme 13).


Scheme 13. Preparation of enantiomerically pure enedione 41. Key:
TSE� 2-(trimetylsilyl)ethyl. a) 2-Iodoxybenzoic acid (IBX), 65 �C, DMSO,
PhMe, 36%; b) iPr2NLi, 2-(trimethylsiyl)ethoxycarboxy cyanide, Et2O,
39%; c) 1. NaH, TBSOTf; 2. DMDO, acetone, 28%, 2 steps; d) 1. AIBN,
NBS, CCl4; 2. AgCO3, acetone, H2O, 49%, 2 steps; e) Dess-Martin period-
inane, CH2Cl2, 98%.


With dienophile (�)-41 in hand, the completion of the
synthesis was accomplished analogously to that used in (�)-1.
Cycloadditon of 32 with (�)-41 was followed by elimination,
nucleophilic isoamylation, and deprotection (Scheme 14).


Scheme 14. Completion of the synthesis of ent-rishirilide B. Key: TSE� 2-
(trimetylsilyl)ethyl a) 1. 90 �C, PhMe; 2. ppts, MeOH, 65%, 2 steps; b) i-
pentylmagnesium bromide, THF, 73%; c) TAS-F, THF, 43%.


(�)-rishirilide B ([�]25D ��13.6 (c� 0.320 in EtOH)) was thus
produced in the laboratory. The literature reports pure
rishirilide B to have an optical rotation of [�]22DE ��12.8
(c� 0.488 in EtOH). Based on this enantiospecific synthesis,
and assuming the correctness of the literature and polaro-
graphic measurement, the natural enantiomer is that shown in
structure 1 (Scheme 1). Our fully synthetic optically pure
structure is thus (�)-1 corresponding to ent-rishirilide B.


Conclusion


The total synthesis of racemic rishirilide B has been accom-
plished. The synthesis serves to define rigorously, for the first
time, the relative relationships of its stereogenic centers. Also,
starting with (R)-3-methylcyclohexanone ent-rishirilide B
((�)-1) was synthesized, thereby demonstrating that natural
rishirilide B is as shown in structure (�)-1 (Scheme 1).
The defining step in our total synthesis is the cycloreversion


of 32 and cycloaddition of its o-quinodimethide form with 41.
We believe that the tight regiochemical guidance in this step
arises from a meshing of the electron-donating effects of the
symmetry-perturbing aromatic OTBS group, with the reac-
tivity differential of the enedione modulated by the hydroxyl
group adjacent to the ketone at the future C1. We note that
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this hydroxy group, at the stage of compound 43, also directs
delivery of the isoamyl Grignard reagent to the required �-
face of the C4 ketone.
The validity of the hypothesis of hydroxy-directed activa-


tion of its vicinal ketone function in the context of the
enedione dienophile warrants further study. This type of
activation may find broader applications in distinguishing
reactivity profiles of key closely related functional groups in
organic substrates.


Experimental Section


General : All moisture- or air-sensitive reactions were performed under an
N2 or Ar atmosphere in oven-dried glassware. Unless otherwise noted,
extracts were dried with anhydrous MgSO4 and concentrated using a rotary
evaporator at aspirator pressure. All melting points were determined using
an Electrothermal 9100 capillary melting point apparatus and are uncor-
rected. Solvents used in moisture-sensitive reactions were dried using
standard methods. Reagents and starting materials were obtained from
commercial suppliers, and used without further purification unless other-
wise indicated. Flash chromatography was performed according to the
methods of Still, with silica gel (230 ± 400 mesh) obtained from EM science
as the stationary phase. The term ™deactivated SiO2∫ refers to silica gel that
is pre-treated with 1% NEt3/hexanes for more than 30 min and washed
with hexanes prior to use. Purity of isolated compounds was assessed based
on examination of the 1H NMR spectroscopy and corresponding mass
spectral data. IR spectra were recorded on Perkin ±Elmer 1600 series FTIR
spectrometer from thin films on NaCl plates. 1H NMR spectra were
obtained with Bruker spectrometers at 400 or 500 MHz. 13C spectra were
obtained with Bruker instruments at 100 or 125 MHz. Spectra chemical
shifts were calibrated to the residual protio solvent resonance (CDCl3, 1H:
�� 7.26 ppm; 13C: �� 77.0 ppm). Low-resolution mass spectra were
determined with a PESciex Ap 130 spectrometer. High-resolution mass
spectra were determined by the University of California, Riverside MS
Facility, Riverside, CA 92521.


Cyclohexenone (23): NaH (35 mg, 60%, 1.47 mmol) was washed with
pentane and taken up in DMF (4 mL). 2-Carboxyethyl-3-methyl-cyclohex-
5-en-1-one[11] (0.22 g, 1.23 mmol) was dissolved in DMF (4 mL) and
transfered through a cannula at 0 �C into the NaH suspension. After
20 min the mixture was cooled to �78 �C, and TBSCl (0.22 g, 1.47 mmol)


was added in DMF (1 mL) through a
cannula. After 20 min the mixture was
poured into pentane, washed with water
and NaCl(aq) , dried (MgSO4), and
evaporated. The residue was taken up
in CH2Cl2 (10 mL) and cooled to


�78 �C and dimethyldioxirane (prepared according to the standard
procedure[20] from OXONETM, but without contact with the drying agent:
32 mL, 0.063� in acetone, 2 mmol) was added dropwise over 20 min. After
warming to room temperature over 4 h, most of the solvent was
evaporated, and the concentrate was partitioned between Et2O and
NaCl(aq) . The organic layer was dried (MgSO4) and evaporated, and the
residue was purified by column chromatography (9:1� 4:1 hexanes/
EtOAc) to give pure 23 as a colorless oil (0.22 g, 78%): IR (film): �� �
3484, 2982, 2934, 1726, 1679, 1461 cm�1; 1H NMR (400 MHz, CDCl3): ��
7.11 ± 7.00 (m, 1H), 6.13 (dd, J� 2.92, 10.23 Hz, 1H), 4.26 ± 4.15 (m, 2H),
4.14 (s, 1H), 2.65 ± 2.57 (m, 1H), 2.50 ± 2.40 (m, 1H), 2.36 ± 2.28 (m, 1H),
1.25 (t, J� 7.02 Hz, 3H), 1.14 ppm (d, J� 6.73 Hz, 3H); 13C NMR
(125 MHz, CDCl3): �� 195.68, 169.06, 152.91, 126.52, 80.92, 62.01, 38.79,
33.03, 15.26, 14.06 ppm; MS: m/z : 221 [C10H14O4Na�].


Diels ±Alder reaction and aromatization (27): The enone 23 (0.38 g,
1.90 mmol) and benzocyclobutene 26 (0.37 g, 1.90 mmol) were dissolved in


[D8]toluene (1 mL) and heated at
160 �C for 15 h in a sealed tube. The
solvent was evaporated, the residue was
dissolved in MeOH (10 mL), and CSA
(10 mg, 43 �mol) was added. After


heating the mixture at reflux for 4 h, the solvent was evaporated and the
residue was purified by column chromatography (9:1� 4:1� 2:1 hexanes/
EtOAc) to give pure 27 as a colorless oil (0.41 g, 65%). IR (film): �� 3472,
2933, 1744, 1682, 1624, 1463, 1240 cm�1; 1H NMR (400 MHz, CDCl3): ��
9.05 (s, 1H), 8.60 (s, 1H), 7.47 (dd, J� 7.92 Hz, 1H), 7.33 (d, J� 8.30 Hz,
1H), 6.75 (d, J� 7.65 Hz, 1H), 4.38 (s, 1H), 4.20 ± 4.05 (m, 2H), 3.99 (s, 3H),
3.30 (dd, J� 13.67, 16.92 Hz, 1H), 3.09 (dd, J� 5.05, 16.89 Hz, 1H), 2.51 (dt,
J� 5.51 Hz, 1H), 1.27 (d, J� 6.68 Hz, 1H), 1.12 ppm (d, J� 7.07 Hz, 3H);
13C NMR (125 MHz, CDCl3): �� 195.73, 169.42, 157.15, 138.69, 137.36,
129.80, 127.52, 126.26, 125.25, 124.20, 119.22, 103.70, 81.56, 61.94, 55.54,
39.12, 34.30, 15.90, 14.06 ppm; HRMS (FAB� ) calcd for C19H20O5:
328.1311 [M�]; found: 328.1310.


Isoamyl magnesium bromide addition (28): The anthracene 27 (100 mg,
0.305 mmol) was dissolved in THF (3 mL) and isoamyl magnesium
bromide (1.08� Et2O, 0.91 mL, 0.91 mmol) was added dropwise over 2 h.
The mixture was partitioned between Et2O and sat. NaCl(aq) , 1� HCl, and
sat. NaHCO3(aq) , and the organic layer was dried (MgSO4) and evaporated.


The residue was purified by chromatog-
raphy (9:1� 4:1 hexanes/EtOAc) to
give the protected core 28 as a white
solid (85 mg, 70%). M.p. 128 ± 129 �C
(needles from Et2O-hexanes); IR
(film): �� 3488, 2954, 2868, 1715, 1689,
1574, 1462, 1246 cm�1; 1H NMR
(400 MHz, CDCl3): �� 8.21 (s, 1H),
7.41 (s, 1H), 7.27 ± 7.23 (m, 2H), 6.90 ±
6.60 (m, 1H), 4.02 (s, 1H), 4.00 ± 3.75


(m, 2H), 3.93 (s, 3H), 3.31 (dd, J� 8.50, 17.91 Hz, 1H), 2.82 (dd, J� 10.22,
17.89 Hz, 1H), 2.60 ± 2.40 (m, 1H), 2.31 (br s, 1H), 2.08 (dt, J� 3.80,
13.70 Hz, 1H), 1.65 ± 1.50 (m, 1H), 1.30 ± 1.20 (m, 2H), 1.02 (d, J� 6.71 Hz,
3H), 0.95 ± 0.76 (m, 1H), 0.86 (d, J� 6.59 Hz, 3H), 0.74 (d, J� 6.24 Hz,
3H), 0.70 ± 0.65 ppm (m, 3H); 13C NMR (125 MHz, CDCl3): �� 197.37,
173.47, 151.68, 138.32, 133.30, 129.80, 127.85, 126.57, 122.75, 120.12, 115.39,
83.85, 78.10, 65.13, 48.26, 35.71, 31.16, 28.29, 25.84, 22.74, 22.43, 18.41, 16.67,
10.04, �1.91, �4.12, �4.39; MS: m/z : 423 [C24H32O5Na�].


trans-Bis(tert-butyldimethlsilyloxy)-3-methoxybenzocyclobutene : Di-
methylanisole tetrabromide[12] (33 g, 60 mmol) and NaI (36 g, 239 mmol)
were heated together in DMF (240 mL) at 80 �C for 12 h.[13] The black


mixture was diluted with sat. NaCl(aq)
(250 mL) and extracted with pentane
(3� 500 mL). The pentane extracts
were dried (MgSO4) and evaporated,
and the residue was passed through a
column of silica gel (95:5 hexanes/


EtOAc) to give pure dibromide (8.5 g, 53%). 1H NMR (400 MHz, CDCl3):
�� 7.38 (dd, J� 7.97 Hz, 1H), 6.83 (d, J� 8.46 Hz, 1H), 6.77 (d, J�
7.42 Hz), 5.49 (s, 1H), 5.41 (s, 1H), 3.56 ppm (s, 3H).


The dibromide (8.5 g, 32 mmol) was dissolved in acetic acid (158 mL) and
water (6.3 mL), and silver acetate (11.6 g, 70 mmol) was added. The
mixture was then heated (90 �C) 16 h in the dark[14] and then cooled in an
ice bath; sat. NaCl (aq) (100 mL) was added then added. The precipitate was
removed by filtration through Celite, and the filtrate was partitioned
between CH2Cl2 and sat. NaCl(aq) , neutralized (NaHCO3), dried (MgSO4),
and evaporated. The residue was dissolved in MeOH (200 mL) and
NaOMe (25% in MeOH, 0.5 mL) was added at 0 �C.[14] After 5 h, the
mixture was partitioned between Et2O and 1� NH4Cl, the organic layer was
dried (MgSO4) and evaporated, and the residue was purified by recrystal-
lization (CH2Cl2/EtOAc/hexanes) to give cis-diol (2.9 g, 55%).


Methyl sulfoxide (5.5 mL, 77.4 mmol) was carefully added to oxalyl
chloride (19.4 mL, 38.7 mmol) at �78 �C in CH2Cl2 (30 mL). The cis-diol
(2.9 g, 17.6 mmol) was dried by azeotropic distillation with benzene and
cannulated into the oxalyl chloride solution in CH2Cl2 (60 mL), followed by
Et3N (24.5 mL, 176 mmol) added in three portions. The mixture was stirred
for 1 h and then washed with 1� HCl (3� 100 mL) and NaHCO3 (2�
100 mL), the organic extracts were dried (MgSO4) and evaporated, and the
residue recrystallized (EtOAc/hexanes) to give pure 3-methoxybenzocy-
clobutenedione (2.5 g, 86%). 1H NMR (400 MHz, CDCl3): �� 7.69 (dd,
J� 7.81 Hz, 1H), 7.58 (d, J� 7.28 Hz, 1H), 7.13 (d, J� 7.97 Hz), 4.24 (s, 1H),
5.41 (s, 1H), 3.56 ppm (s, 3H).
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3-Methoxybenzocyclobutenedione (200 mg, 1.23 mmol) was dissolved in
methanol (10 mL) and cooled to 0 �C, and NaBH4 (33 mg, 0.87 mmol) was
added. After 1 h, the solvent was removed at 0 �C, the residue was passed
through a plug of silica with cold EtOAc, and the filtrate was concentrated.
The residue was dissolved with CH2Cl2 (10 mL), the mixture cooled to
�78 �C, and TBSOTf (1.13 mL, 4.92 mmol) and Et3N (0.68 mL, 4.92 mmol)
were added. After 2 h, methanol (1 mL) was added. The organic solution
was washed with NH4Cl(aq) and NaCl(aq) , dried (MgSO4), and evaporated.
Column chromatography (hexanes� hexanes/EtOAc 95:5) gave the pure
trans compound as a colorless oil (338 mg, 70%). FTIR (film): �� 2927,
2855, 1606, 1584, 1482 cm�1; 1H NMR (400 MHz, [D8]toluene): �� 7.24 (dd,
J� 7.70 Hz, 1H), 6.95 (d, J� 7.17 Hz, 1H), 6.87 (d, J� 8.25 Hz, 1H), 5.18 (s,
1H), 5.09 (s, 1H), 3.78 (s, 3H), 1.15 (s, 9H), 1.11 (s, 9H), 0.38 (s, 3H), 0.32 (s,
3H), 0.30 (s, 3H), 0.26 ppm (s, 3H); 13C NMR (125 MHz, CDCl3): ��
155.6, 145.9, 131.0, 127.6, 115.2, 115.1, 79.3, 79.0, 56.9, 25.8, 18.0,�3.9,�4.5,
�4.7, �5.1 ppm; HRMS (NH3/CI): calcd for C27H43O5Si2: 394.2359 [M�];
found: 394.2346.


Crotonaldehyde condensation (35):[11] 2-(Trimethylsilyl)ethyl acetoace-
tate[16] (5 g, 24.8 mmol), 2-(trimethylsilyl)ethanol (7 mL, 49.6 mmol),
crotonaldehyde (2 mL, 24.8 mmol) were dissolved in Et2O (120 mL) and
cooled to 0 �C. Sodium (25 mg) was added and the mixture was stirred for


12 h. Hydrogen chloride was bubbled
through the solution for 5 min at 0 �C
and left to stir for 4 h. The solvent was
evaporated and the residue was purified
by column chromatography (9:1� 4:1
hexanes/EtOAc) to give pure 35 as a
colorless oil (2.1 g, 34%); IR (film): ��


2955, 2898, 1738, 1680, 1249, 838 cm�1; 1H NMR (400 MHz, CDCl3): ��
7.00 ± 6.90 (m, 1H), 6.03 (ddd, J� 0.93, 2.57, 10.17 Hz, 1H), 4.25 (dd, J�
8.17 Hz, 2H), 3.06 (d, J� 11.65 Hz, 1H), 2.50 ± 2.45 (m, 2H), 2.15 ± 2.05 (m,
1H), 1.04 (d, J� 9.96 Hz, 3H), 1.05 ± 0.98 (m, 2H), 0.01 (s, 9H); 13C NMR
(125 MHz, CDCl3): �� 194.57, 170.06, 149.68, 128.79, 63.36, 61.75, 33.07,
32.79, 19.77, 17.28, �1.55 ppm; MS: m/z : 277 [C13H22O3SiNa�].


6-(Trimethylsilylcarbetoxy)-5-(R)-methylcyclohexenone ((�)-35): This
compound was prepared based on the literature procedure.[21] nBuLi
(21 mL, 31 mmol) was added to a cold (0 �C) solution of iPr2NH (4.7 mL,
3.4 g, 34 mmol) in Et2O (110 mL), and the mixture was stirred for 10 min.
The resulting pale yellow solution was cooled to �78 �C, and enone 48
(5.2 g, 28 mmol) was added over 10 min, followed by 2-(trimethylsilyl)-
ethoxycarboxy cyanide (7.2 g, 80% purity, 34 mmol) over 30 min with a
syringe pump. After 30 min of stirring, water (200 mL) was added, and the
aqueous layer was extracted with Et2O (3� 80 mL), combined and
concentrated. The residue was purified by chromatography with silica gel
(1:19� 1:9 hexanes/EtOAc) to give pure (�)-35 as a clear oil (2.4 g,
9.5 mmol, 34%). [�]25D ��59.71 (c� 2.76 in CHCl3); MS: m/z : 277
[C13H22O3SiNa�].


Hydroxy enone (36): NaH (0.43 g, 60%, 10.9 mmol) was washed with
pentane and taken up in DMF (20 mL). Enone 35 (2.30 g, 9.06 mmol) was
dissolved in DMF (10 mL) and transferred with a cannula at 0 �C into the
NaH suspension. After 20 min the mixture was cooled to �78 �C, and


TBSOTf (2.50 mL, 10.9 mmol) was
added. After 20 min the mixture was
poured into pentane; then this mixture
was washed with water and NaCl(aq) ,
dried (MgSO4), and evaporated. The
residue was taken up in acetone
(25 mL) and cooled to �78 �C and


dimethyldioxirane (prepared according to the standard procedure,[20] but
without contact with drying agent: 148 mL, 0.61� in acetone, 90 mmol) was
added dropwise over 20 min. After warming to room temperature over 4 h,
the mixture was concentrated and the residue was partitioned between
Et2O and NaCl(aq) , the organic layer was dried (MgSO4) and evaporated,
and the residue was purified by column chromatography (9:1� 4:1
hexanes/EtOAc) to give pure 36 as a colorless oil (1.86 g, 76%). IR (film):
�� 3484, 2955, 2899, 1735, 1684, 1250, 838 cm�1; 1H NMR (400 MHz,
CDCl3): �� 7.10 ± 7.00 (m, 1H), 6.12 (ddd, J� 2.16, 9.50 Hz, 1H), 4.23 ± 4.15
(m, 2H), 4.14 (s, 1H), 2.65 ± 2.55 (m, 1H), 2.50 ± 2.40 (m, 1H), 2.36 ± 2.28
(m, 1H), 1.13 (d, J� 6.71 Hz, 3H), 1.0 ± 0.94 (m, 2H), 0.00 ppm (s, 9H);
13C NMR (125 MHz, CDCl3): �� 195.8, 169.25, 152.98, 126.56, 80.96, 64.57,


38.86, 33.08, 17.52, 15.31, �1.63 ppm; HRMS (DCI/NH3) calcd for
C13H26NO4Si: 288.1631 [M��NH3]; found: 288.1638.


Hydroxy enone ((�)-36): This compound was prepared in a similar manner
as (�)-36 : [�]25D ��22.74 (c� 0.73, CHCl3); HRMS (DCI/NH3) calcd for
C13H26NO4Si: 288.1631 [M��NH3]; found: 288.1634.


Hydroxy enedione (41): A solution of 36 (0.54 g, 2.0 mmol), NBS (0.39 g,
2.2 mmol), AIBN (16 mg, 0.1 mmol) in CCl4 (20 mL) was degassed with Ar
and then heated at reflux for 1 h. The mixture was cooled, pentane (50 mL)
was added and filtered through Celite
to remove succinimide. The filtrate was
evaporated and the reside was purified
by column chromatography (9:1� 4:1
hexanes/EtOAc) to give pure �-bro-
mide 39 as a white solid (0.64 g, 91%).
IR (film): �� 3475, 2953, 2898, 1741,
1725, 1692, 1250, 837 cm�1; 1H NMR
(400 MHz, CDCl3): �� 7.11 (dd, J�
2.35, 10.24 Hz, 1H), 6.02 (dd, J� 2.10, 10.14 Hz, 1H), 5.00 (ddd, J� 2.13,
9.42 Hz, 1H), 4.22 (s, 1H), 4.20 ± 4.14 (m, 2H), 2.60 ± 2.52 (m, 1H), 1.30 (d,
J� 6.68 Hz, 3H), 1.0 ± 0.91 (m, 2H), �0.02 (s, 9H); 13C NMR (125 MHz,
CDCl3): �� 193.99, 168.44, 152.06, 125.04, 81.47, 65.19, 50.28, 48.33, 17.35,
13.48, �1.69; HRMS (DCI/NH3) calcd for C13H25NO4SiBr: 366.0736
[M��NH3]; found: 366.0721.


The bromide 39 (0.64 g, 1.82 mmol) was dissolved in acetone/water (8:1,
36 mL), AgCO3 (5 g, 18.2 mmol) was added, and the mixture stirred in the
dark for 24 h. The mixture was cooled to 0 �C, NaCl(aq) (20 mL) was added,
and the precipitate was removed by filtration through Celite. The filtrate
was concentrated to ca. 25 mL and partitioned between CH2Cl2 and
NaCl(aq) . The organic layer was dried (MgSO4) and evaporated, and the
reside was purified by column chromatography (4:1 hexanes/EtOAc) to
give pure �-alcohol as a white solid (0.33 g, 63%). M.p. 107.4 ± 107.8 �C
(needles from hexanes/EtOAc); IR (film): �� 3484, 2952, 2906, 1701, 1682,
1254, 837 cm�1; 1H NMR (400 MHz, CDCl3): �� 7.12 (dd, J� 4.91,
10.11 Hz, 1H), 6.13 (d, J� 10.30 Hz, 1H), 4.40 (d, J� 11.82 Hz, 1H),
4.30 ± 4.18 (m, 2H), 4.16 (s, 1H), 2.37 (dq, J� 7.03, 12.99 Hz, 1H), 1.24 (d,
J� 7.08 Hz, 3H), 1.05 ± 0.95 (m, 2H), 0.02 ppm (s, 9H); 13C NMR
(125 MHz, CDCl3): �� 194.98, 171.67, 152.00, 124.94, 81.35, 66.15, 40.73,
17.22, 11.20, �1.62 ppm; HRMS (DCI/NH3) calcd for C13H26NO5Si:
304.1580 [M��NH3]; found: 304.1584.


The alcohol (0.10 g, 0.35 mmol) was dissolved in CH2Cl2 (10 mL) at 0 �C,
Dess ±Martin reagent (0.44 g, 1.05 mmol) was added in three portions, and
the mixture stirred in the dark for 6 h. The mixture was partitioned between
CH2Cl2 and Na2S2O3/NaHCO3, the organic layer was dried (MgSO4) and
evaporated, and the reside was purified by column chromatography (4:1
hexanes/EtOAc) to give pure 29 as a white solid (91 mg, 92%). M.p. 108.5 ±
108.8 �C (needles from hexanes/EtOAc); IR (film): �� 3464, 2952, 2896,
1728, 1728, 1690, 1251, 839 cm�1; 1H NMR (400 MHz, CDCl3): �� 6.96 (d,
J� 10.33 Hz, 1H), 6.80 (d, J� 10.35 Hz, 1H), 4.28 (s, 1H), 4.23 ± 4.12 (m,
2H), 3.01 (q, J� 6.51 Hz, 1H), 1.25 (d, J� 6.49 Hz, 3H), 1.00 ± 0.85 (m,
2H), �0.02 ppm (s, 9H); 13C NMR (125 MHz, CDCl3): �� 195.12, 194.23,
167.84, 144.35, 136.08, 84.38, 66.26, 51.81, 17.34, 8.63, 6.12, �1.69 ppm;
HRMS (CDI/NH3) calcd for C13H24NO5Si: 302.1423 [M��NH3]; found:
302.1414.


Hydroxy enedione ((�)-41): This compound was prepared in a similar
manner to the racemate of hydroxy enedione 41. M.p. 118 ± 118.2 �C (white
flakes from hexanes/EtOAc); [�]25D ��52.09 (c� 0.86 in CHCl3); MS:m/z :
306.9 [C13H24NO5Si�Na�]. (�)-�-bromide: [�]25D ��175.7 (c� 1.99 in
CHCl3); MS: m/z : 370.9 [C13H25NO4SiBr�Na�]. (�)-�-alcohol: [�]25D �
�93.40 (c� 1.03 in CHCl3); MS: m/z : 309.1 [C13H26NO5Si�Na�].
cis/trans-Tris(tert-butyldimethylsilyloxy)benzocyclobutene (32): 3-Meth-
oxy benzocyclobutenedione 38 (1 g, 6.17 mmol) was heated at 110 ±
130 �C in 48% HBr for 7 h. The mixture was cooled, partitioned between
sat. NaCl(aq) and EtOAc, the organic layers were dried (MgSO4) and
evaporated, and the residue was purified by chromatography (4:1 hexanes/
EtOAc) to give pure phenol as a white
solid (0.92 g, 93%). 1H NMR
(400 MHz, CDCl3): �� 7.65 (dd, J�
7.66 Hz, 1H), 7.57 (d, J� 7.35 Hz,
1H), 7.03 (d, J� 7.76 Hz), 1.00 (s,
9H), 0.29 ppm (s, 6H).
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The phenol (0.78 g, 5.27 mmol) was suspended in CH2Cl2 (25 mL) at 0 �C,
and Et3N (0.95 mL, 6.85 mmol) and TBSCl (0.95 g, 6.32 mmol) were added.
After stirring for 30 min, the mixture was partitioned between NaCl(aq) and
CH2Cl2, the organic layer was dried (MgSO4) and evaporated, and the
residue was purified by column chromatography (95:5 hexanes/EtOAc) to
give pure (tert-butyldimethylsilyloxy)benzocyclobutenedione as a white
solid (1.23 g, 91%). IR (film): �� 2927, 2858, 1798, 1767, 1309, 1126,
789 cm�1; 1H NMR (400 MHz, CDCl3): �� 6.65 (dd, J� 7.66 Hz, 1H), 7.57
(d, J� 7.35 Hz, 1H), 7.03 (d, J� 7.76 Hz, 1H), 1.00 (s, 9H), 0.28 ppm (s,
6H); 13C NMR (125 MHz, CDCl3): �� 195.13, 190.82, 172.38, 163.89,
150.52, 138.20, 126.26, 114.69, 25.35, 18.25, �4.93 ppm; HRMS (DCI/NH3)
calcd for C14H18O3Si: 262.1025 [M�]; found 262.1034.


The silyloxydione (0.10 g, 0.38 mmol) was dissolved in MeOH (5 mL) at
0 �C and NaBH4 (10 mg) was added. After 1.5 h, acetone was added, and
the mixture was evaporated at 0 �C. The residue was filtered through a plug
of silica with EtOAc, and the filtrate was evaporated at 0 �C. The residue
was dissolved in CH2Cl2 (5 mL) and cooled to �78 �C, and Et3N (0.13 mL,
0.95 mmol) and TBSOTf (0.22 mL, 0.95 mmol) were added. After 1 h, the
mixture was evaporated, and the residue was purified by column
chromatography (hexanes) to give 32 as a mixture of trans and cis isomers
(colorless oil, 6:1 trans:cis, 0.15 g, 83%). The major trans isomer was
characterized as follows: IR (film): �� 2955, 2929, 2857, 1601, 1437 cm�1;
1H NMR (400 MHz, CDCl3): �� 7.18 (dd, J� 7.81 Hz, 1H), 6.83 (d, J�
7.19 Hz, 1H), 6.70 (d, J� 8.18 Hz, 1H), 4.96 (s, 1H), 4.85 (s, 1H), 0.98 (s,
9H), 0.97 (s, 9H), 0.93 (s, 9H), 0.24 (s, 3H), 0.19 (s, 3H), 0.16 (s, 3H), 0.16
(s, 3H), 0.15 (s, 3H), 0.01 ppm (s, 3H); 13C NMR (125 MHz, CDCl3): ��
169.39, 151.30, 146.10, 130.71, 119.84, 116.05, 79.37, 78.65, 25.94, 25.82,
25.71, 18.35, 18.17, 18.04, �2.93, �3.96, �4.04, �4.10, �4.55, �4.65 ppm;
HRMS (FAB� ) calcd for C26H50O3Si3 494.3099 [M�]; found 494.3050. The
minor cis-isomer was characterized by 1H NMR (400 MHz, CDCl3): ��
5.44 (d, J� 3.75 Hz, 1H), 5.29 ppm (d, J� 3.83 Hz, 1H).


Diels ±Alder cycloadduct (43): The enedione 41 (50 mg, 83%, 85 �mol)
and benzocyclobutene 32 (20 mg, 70 �mol) were dissolved in [D8]toluene
(1 mL) and heated at 90 �C for 12 h. The solvent was evaporated, the


residue was dissolved in MeOH
(10 mL), and pyridine (6 �L, 70 �mol)
and CSA (16 mg, 70 �mol) were added.
After heating the mixture at reflux 4 h,
the mixture was evaporated and the
reside was purified by column chroma-
tography (95:5 hexanes/EtOAc) to give
43 (9:1 mixture of regioisomers) as a


colorless oil (26 mg, 72%): IR (film): �� 3480, 2954, 2859, 1747, 1703, 1458,
1255 cm�1; 1H NMR (400 MHz, CDCl3): �� 9.03 (s, 1H), 8.60 (s, 1H), 7.65
(d, J� 8.17 Hz, 1H), 7.55 (dd, J� 8.12 Hz, 1H), 7.01 (d, J� 7.49 Hz, 1H),
4.61 (s, 1H), 4.14 ± 4.00 (m, 2H), 3.23 (q, J� 6.48 Hz, 1H), 1.45 (d, J�
6.51 Hz, 1H), 1.10 (s, 9H), 0.95 ± 0.76 (m, 2H), 0.30 (s, 3H), �0.09 ppm (s,
3H); 13C NMR (125 MHz, CDCl3): �� 193.55, 192.99, 168.68, 153.80,
137.21, 132.68, 130.75, 129.46, 127.71, 126.94, 125.82, 122.71, 115.67, 84.18,
65.84, 51.96, 25.78, 18.47, 17.13, 9.04, �1.72, �4.26, �4.35 ppm; HRMS
(FAB� ) calcd for C27H38O6NaSi: 537.2105 [M��Na]; found: 537.2092.
Diels ±Alder cycloadduct ((�)-43): This compound was prepared in a
similar manner as (�)-43 (as a 10:1 mixture of regioisomers): [�]25D ��5.97
(c� 2.68 in CHCl3).


Protected (�)-rishirilide B (44): The diketoanthracene 43 (107 mg,
0.208 mmol) was dissolved in THF (20 mL) and cooled to �78 �C. Isoamyl


magnesium bromide (0.73� Et2O,
1.43 mL, 1.04 mmol) was added drop-
wise over 15 min. After 1.5 h addi-
tional isoamyl magnesium bromide
(0.63 mL, 0.42 mmol) was added to
achieve completion as judged by thin-
layer chromatography (Rf 0.61, 5%
acetone in toluene). The mixture was
partitioned between Et2O and sat.
NaCl(aq) , the organic layer was dried
(MgSO4) and evaporated, and the


residue was purified by chromatography (95:5� 9:1 hexanes/EtOAc) to
give the protected core as a colorless oil (85 mg, 70%). IR (film): �� 3484,
2954, 1719, 1689, 1622, 1573, 1455, 1251 cm�1; 1H NMR (400 MHz, CDCl3):
�� 8.51 (s, 1H), 8.36 (s, 1H), 7.58 (d, J� 8.23 Hz, 1H), 7.35 (dd, J� 7.78 Hz,


1H), 6.95 (d, J� 7.12 Hz, 1H), 4.01 (s, 1H), 3.90 ± 3.75 (m, 2H), 3.10 (q, J�
6.78 Hz, 1H), 2.39 (s, 1H), 2.30 (ddd, J� 3.36, 12.94 Hz, 1H), 1.68 (ddd, J�
5.00, 13.62 Hz, 1H), 1.45 ± 1.28 (m, 2H), 1.29 (d, J� 6.74 Hz, 3H), 1.09 (s,
9H), 0.95 ± 0.76 (m, 1H), 0.79 (d, J� 6.35 Hz, 3H), 0.67 (d, J� 6.44 Hz,
3H), 0.35 ± 0.25 (m, 2H), 0.26, 0.24 (2s, 3H ea.), �0.23 ppm (s, 9H);
13C NMR (125 MHz, CDCl3): �� 197.37, 173.47, 151.68, 138.32, 133.30,
129.80, 127.85, 126.57, 122.75, 120.12, 115.39, 83.85, 78.10, 65.13, 48.26, 35.71,
31.16, 28.29, 25.84, 22.74, 22.43, 18.41, 16.67, 10.04, �1.91, �4.12,
�4.39 ppm; HRMS (FAB� ) calcd for C32H50O6Si2Na: 609.3038 [M��Na];
found 609.3013.


Protected (�)-rishirilide B ((�)-44): This compound was prepared in a
similar manner to (�)-44 : [�]25D ��5.22 (c� 1.65 in CHCl3).


(�)-Rishirilide B (1): The 2-(trimethylsilyl)ethyl ester (22 mg, 38 �mol)
was dissolved in THF (1 mL), TAS-F (70.5 mg, 0.23 mmol) was added
under an atmosphere of nitrogen. After 30 min, the mixture was poured
onto a column of silica gel. Elution
(CH2Cl2� 9:1 CH2Cl2/MeOH� 9:1
CH2Cl2/MeOH, 0.1% HOAc) and
evaporation gave a residue that was
applied in MeOH to a LiChroprep
C-18 column that was eluted (H2O�
3:1 H2O/MeOH� 1:1 H2O/MeOH) to
give pure 1 as a beige solid (13 mg,
93%). IR (film): �� 3399, 2954, 2868,
1677, 1625, 1571, 1451, 1277 cm�1;
1H NMR (400 MHz, [D4]MeOH): ��
8.41 (s, 1H), 8.38 (s, 1H), 7.43 (d, J�
8.22 Hz, 1H), 7.28 (dd, J� 7.93 Hz, 1H), 3.10 ± 3.00 (s, 1H), 2.35 (dd, J�
10.31 Hz, 1H), 1.73 (dd, J� 8.96 Hz, 1H), 1.55 ± 1.40 (m, 1H), 1.40 ± 1.20
(m, 5H), 0.83 (d, J� 6.54 Hz, 3H), 0.72 ppm (d, J� 6.55 Hz, 3H); 13C NMR
(125 MHz, DMSO): �� 197.68, 175.69, 152.97, 141.21, 132.34, 130.74,
126.06, 125.97, 125.21, 119.65, 119.36, 109.50, 82.83, 76.66, 48.04, 35.03,
31.19, 28.02, 22.83, 22.54, 10.29 ppm; MS: m/z : 395 [M��Na].
(�)-Rishirilide B ((�)-1): This compound was prepared in a similar manner
to (�)-1: [�]25D ��13.6 (c� 0.32 in EtOH) (lit. [�]22D ��12.8 (c� 0.448 in
EtOH)).
(�)-Rishirilide Bmethyl ester (46) and (�)-dimethyl rishirilide B (45): (�)-
Rishirilide B (1) (13 mg, 35 �mol) was treated with diazomethane (solution
in Et2O) in MeOH (4 mL) for 15 min to give a mixture that was
evaporated; the residue was purified by chromatography on silica gel
(9:1� 4:1� 2:1 hexanes/EtOAc � 9:1 CH2Cl2/MeOH, 0.1% HOAc) to


give 45 as a white solid (6 mg, 43%). 1H NMR (400 MHz, CDCl3): �� 8.52
(s, 1H), 8.37 (s, 1H), 7.55 (d, J� 8.25 Hz, 1H), 7.42 (dd, J� 7.86 Hz, 1H),
6.90 (d, J� 7.68 Hz, 1H), 4.21 (s, 1H), 4.01 (s, 3H), 3.34 (s, 3H), 3.11 (q, J�
6.85 Hz), 2.50 (s, 1H), 2.30 (dt, J� 3.84, 13.47 Hz, 1H), 1.75 ± 1.60 (m, 1H),
1.45 ± 1.30 (m, 2H), 1.27 (d, J� 6.75 Hz, 3H), 1.25 ± 1.20 (m, 1H), 0.95 ± 0.80
(m, 2H), 0.79 (d, J� 6.42 Hz, 3H), 0.69 ppm (d, J� 6.40 Hz, 3H); MS:m/z :
423 [C23H28O6Na�].


Further elution gave 46 as a brown residue (2 mg, 15%) that on standing in
MeOH for 17 d at �20 �C formed brown prisms. M.p. 94 ± 96 �C; 1H NMR
(400 MHz, CDCl3): �� 8.54 (s, 1H), 8.30 (s, 1H), 7.57 (d, J� 8.23 Hz, 1H),
7.35 (dd, J� 7.83 Hz, 1H), 6.94 (d, J� 7.09 Hz, 1H), 4.22 (s, 1H), 3.36 (s,
3H), 3.12 (q, J� 6.81 Hz), 2.54 (s, 1H), 2.31 (dt, J� 3.25, 12.70 Hz, 1H),
1.75 ± 1.60 (m, 1H), 1.45 ± 1.30 (m, 2H), 1.26 (d, J� 6.55 Hz, 3H), 1.25 ± 1.20
(m, 1H), 0.95 ± 0.80 (m, 2H), 0.79 (d, J� 6.32 Hz, 3H), 0.68 ppm (d, J�
6.48 Hz, 3H); MS: m/z : 409 [C22H26O6Na�]. Further elution recovered the
natural product, 1 (4 mg, 31%).


Trimethylsilylethylcyanoformate : This compound was prepared based on
the literature procedure.[19] KCN (1.82 g, 28 mmol) and Bu3NI (111 mg,
0.3 mmol) were added to a solution of trimethylsilylethylchloroformate[22]


in CH2Cl2 (70 mL) and water (70 mL) at RT, and the mixture was stirred
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vigorously for 12 h. The two layers were
separated and the aqueous layer was
extracted with CH2Cl2 (3� 10 mL). The
organic layers were combined, dried,


and concentrated to give trimethylsilylethylcyanoformate as a light yellow
oil, which was used without further purification (80% purity based on
1H NMR). 1H NMR (400 MHz, CDCl3) 4.42 (m, 2H), 1.14 (m, 2H),
0.07 ppm (s, 9H); 13C{1H} NMR (100 MHz, CDCl3) 144.4, 109.4, 68.15,
17.23, �1.57 ppm.


5-(R)-Methylcyclohexenone (47): This compound was prepared following
the literature procedure[18] as a yellow oil. IR (thin film): �� � 1680,


1645 cm�1; 1H NMR (400 MHz,
CDCl3): �� 6.69 (ddd, J� 2.6, 5.6,
10.1 Hz, 1H), 6.01 (brd, J� 9.0 Hz,
1H), 2.48 (dd, J� 3.3, 21.2 Hz), 2.42
(dt, J� 4.4, 23.0 Hz, 1H), 2.22 (m, 1H),
2.12 (dd, J� 11.8, 15.5 Hz, 1H), 2.03
(ddt, J� 2.6, 9.7, 18.6 Hz, 1H), 1.07 ppm


(d, J� 6.4 Hz, 3H); 13C{1H} NMR (100 MHz, CDCl3): �� 200.1, 149.9,
129.8, 65.68, 46.05, 33.84, 30.16, 22.16, 21.01, 15.05, 13.88 ppm.
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Template Effect Where 1-3 Molecules Drive Formation of a Trimer Carceplex


Darren A. Makeiff and John C. Sherman*[a]


Abstract: The template effect in the
formation of a trimer carceplex using
1-3 molecules as templates is explored.
Thirteen different templates were stud-
ied and template ratios were measured
for templates of like and unlike molec-
ularity. Five transition-state models
were studied for their binding abilities
to see if these mirror the template ratios.
The chemical shifts of the guests and the


thermodynamic and kinetic values for
templation suggest that binding is key,
often tight, and that the guest determin-
ing step is formation of the last covalent


bond. The molecular dynamics of guests
as well as the conformational dynamics
of both hosts and guests further address-
es nature of the recognition between
host and guest. Finally, we were sur-
prised to discover that water can bind
reversibly to the trimer carceplexes,
which will have ramifications to any
inner phase reactions conducted inside
the cage.


Keywords: carceplex ¥ host ± guest
systems ¥ molecular recognition ¥
supramolecular chemistry ¥
template synthesis


Introduction


The creation of container compounds has fascinated chemists
for a number of years.[1] Approaches vary widely, from use of
vesicles to zeolites, from fullerenes to clathrates, from nano-
tubes to carceplexes. In the case of fullerenes, often only
single atoms can be entrapped,[2] whereas in the case of
nanotubes or micelles, entire fluids can be contained.[3]


Containment lifetime can vary from rapid exchange with the
surrounding environment, as is the case with most ordinary
complexes, to permanent entrapment where only rupture of
covalent bonds can release guests, as is the case with
carceplexes.[1] Such permanent containment facilitates char-
acterization of the products. Moreover, the templated assem-
bly process responsible for forming a permanent container
can be assessed quantitatively because the template is caught
forever in the cage; simple competition experiments render
the relative templating abilities of different guests. We have
studied template effects involving carceplexes and hemi-
carceplexes where single molecules have acted as templates.[4]


Can multiple molecules act as templates?
Containment of multiple molecules has been demonstrated


by several groups. In most cases, guests are readily released by
the host. Two arenes have been reversibly bound in Rebek×s


softballs,[5] as have Diels ± Alder reactants.[6] Rebek has also
shown similar sized pairs can be bound in dimers of cavitand
vases.[7] Fujita has bound pairs of cis-stilbene and related
species in pyridyl ±metal ligating assemblies,[8] sodium ada-
mantane carboxylate in a similar host,[9] and six molecules of
cis-stilbene in a large metal ± ligand cage.[10] Atwood and
others have reported non-covalent hexameric resorcinarenes,
one of which may contain 18 molecules of methanol.[11] More
long-term containment of multiple guests has been reported
by Cram in the entrapment of two acetonitriles and two
methanols in a sulfide-bridged carceplex,[12] as well as two
acetonitriles in a hemicarceplex.[13] We have reported entrap-
ment of two molecules of DMF in a disulfide-linked
[5]carceplex,[14] and three molecules of DMF in a trimer
carceplex, 5 ¥ (DMF)3 (Scheme 1).[15] We have chosen the
latter carceplex for the present study to explore the template
effect of multiple molecules as templates. The rigidity of the


Scheme 1. Synthesis of trimer carceplex 5 ¥ guest(s). i) DBU, BnBr, ace-
tone, 13%; ii) K2CO3, CH2BrCl, DMSO, 42%; iii) H2, Pd/C, 90%;
iv) K2CO3, KI, 2,4,6-tris-(bromomethyl)mesitylene, guest(s), 10 ± 35%.


[a] Prof. J. C. Sherman, D. A. Makeiff
Department of Chemistry
2036 Main Mall, University of British Columbia
Vancouver, BC V6T 1Z1 (Canada)
Fax: (�1) 604-822-2847
E-mail : sherman@chem.ubc.ca


Supporting information for this article (all experimental details
including syntheses and EXSY experiments) is available on the
WWW under http://www.chemeurj.org/ or from the author.
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precursors of 5 allow transition-state models to be generated
that can bind guests. We found some surprises regarding the
mobility of bound guests and the entry and egress of water
into the trimer carceplexes. We present here our first
exploration of multiple molecules as templates, including
the binding and dynamics of various trimer complexes.


Results and Discussion


Synthesis : The synthesis of trimer carceplex 5 ¥ guest(s) was
achieved by the procedure described previously,[15] except that
optimization of the key reactions (1� 2, 2� 3) enhanced the
overall yields by over tenfold (see Supporting Information for
modified preparations). The final step (4� 5) was originally
reported in DMF as solvent, and gave 5 ¥ (DMF)3. Presently
we found that neat solvents furnished 5 ¥butyrophenone, 5 ¥
(DMA)2,[16] 5 ¥ (DMSO)3, 5 ¥ (NMP)2, and 5 ¥NFP mixed with
5 ¥ (NFP)2, typically in yields in excess of 35%.[17] A more
general solvent was sought to expand the template studies to
non-solvent guests/templates. The ideal solvent is one that is
suitably polar for the reaction but is itself a poor template. We
settled on N-formylpiperidine (NFP� 10), a poor though
suitable template. Thus five additional carceplexes containing
guests 6 ± 9 and 12 were generated. Mixed carceplexes 5 ¥
DMSO ¥NFP and 5 ¥ 4-ethylacetophenone ¥NFP were also
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obtained using NFP as solvent and DMSO and 4-ethyl-
acetophenone, respectively, as guests. Carceplexes 5 ¥ aceto-
phenone ¥NFP and 5 ¥ propiophenone ¥NFP were obtained
likewise, but only as inseparable mixtures with both 5 ¥NFP
and 5 ¥ (NFP)2. Valerophenone and heptanophenone as guests
gave poor yields of carceplex mixtures and were not pursued
further. To explore the effect of a larger pored carceplex, we


prepared the methyl-less cap-
ped 13 ¥ guest(s), where guests
are 6 (60%), 11 (22%),
(DMA)2 (81%), and (DMF)3


(40%), by capping with 1,3,5-
tris(bromomethyl)benzene in-
stead of 2,4,6-tris(bromome-
thyl)mesitylene.


Potential transition-state
models were prepared as fol-
lows. Trimers 3 and 4 were


prepared as described above. Tris-hydroxy trimer cavitand
14 was isolated as a by-product in the synthesis of carceplex


5 ¥ (DMF)3,[16] and optimized to 20% yield; it was also
prepared in 25% yield via partial removal of the caps of 5 ¥
(DMF)3 by treatment with TFA. Tris-benzyl trimer cavitand
15 was obtained in 56% yield by benzylation of 14. Tris-4-
cyanobenzyl trimer cavitand 16 was obtained in 24% yield by
the corresponding cyanobenzylation of 14. Finally, m-xylyl-
capped trimer cavitand 17 was obtained by capping 14 with
�,��-dibromo-m-xylene in a one-pot reaction starting from
trimer 4 in 19% yield. Owing to their cookie jar shape, we will
refer to these hosts as trimer cavitands (not to be confused
with simple single cavitands).


Template studies : This is the first report of template ratios for
templates other than single molecules, so the equations used
for their calculations need to be generated.[4] We use TRxy to
denote a template ratio between x and y molecules, where x
and y are integers. Thus template ratios between two single
molecules, TR11, are obtained from product ratios (by
integration of 1H NMR signals) from competition reactions
and starting ratios of the two guests/templates (which are in
excess of host), using Equation (1).


TR11�
�5�GA� �GB�
�5�GB� �GA�


� KAkA


KBkB


(1)


where the two single guests are GA and GB, KZ (Z�A or B) is
the equilibrium constant for formation of the intermediate
immediately prior to the guest determining step (GDS) in the
presence of guest Z, and kZ is the rate constant for the GDS
starting from said intermediate in the presence of guest Z. A
template ratio of n for guest A means that the GDS is n times
faster in the presence of guest A than in the presence of
guest B. Tables of template ratios contain more than two
templates; the poorest template is usually set to 1.


Note that TR11 are unitless. Likewise for any template ratio
between templates of like molecularity, TRxx. However, when
the templates have different molecularity the template ratio,
TRxy, will contain units. For example, TR12 will have units of
M according to Equation (2).


TR12�
�5�GA� �GB�
�5�GA�GB�


� KAkA


KABkAB


(2)


where in this case the single molecule template is guest A, and
the two molecule template is guest A and guest B. Qualita-
tively, a larger TR12 means that the single molecule is a better
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template than the two molecule pair. One can also express a
TR21, where the opposite is true (TR21� 1/TR12). An analogy
to effective molarities can be made such that a TR12 of n
means that an effective molarity of n � in guest B is needed
for GA ¥GB to equal the templating power of GA alone. In the
case of an A, B, C system, where the single molecule template
is guest C, and the two molecule template is A and B, the units
are still � (TR12� [5 ¥GC][GB][GA]/[5 ¥GAGB][GC]). Analo-
gously in this case, a TR12 of n means that an effective molarity
of n � in guest B (or A) is needed for GA ¥GB to equal the
templating power of GC alone. Analogous equations and
analyses can be made for other template ratios, TRxy.


Table 1 lists single molecule versus single molecule tem-
plate ratios (TR11) for forming 5 ¥ guest determined at ambient
temperature and at 70 �C, all normalized to the weakest guest.
Table 2 lists two molecule versus two molecule template ratios
(TR22) for forming 5 ¥NFP ¥ ar-
ylketone normalized to the
weakest guest. Table 3 lists sin-
gle molecule versus two mole-
cule template ratios (TR12 and
TR21) for forming 5 ¥ guest(s)
for the following sets of tem-
plates: 8 :NFP ¥ 4-ethylaceto-
phenone, 12 :NFP ¥ 4-ethylace-


tophenone, NFP:NFP ¥ 4-ethylacetophenone, NFP:NFP ¥ ace-
tophenone, and NFP:NFP ¥propiophenone. Table 4 lists
template ratios (TR22, TR23, and TR33) for forming 5 ¥ guests
for six sets of multiple molecule templates. Table 5 lists single
versus three molecule template ratios (TR13 and TR31).


Table 6 lists template ratios at different temperatures for the
three pairs of templates: 6 :(DMSO)3 (TR13), 6 :NFP ¥DMSO
(TR12), and NFP ¥DMSO:(DMSO)3 (TR23). Finally, Table 7
lists the thermodynamic and kinetic values for template ratios
(TR13, TR12, and TR23) derived from van×t Hoff plots of the
data from Table 6. Since template ratios contain both
equilibrium constants and rate constants, and since template
ratios represent differences between two sets of templates, the
van�t Hoff plots yield ��H ����H� from the slope, and
��S ����S� from the y intercept.


To facilitate interpretation of the template ratio data, it is
instructive to examine the chemical shifts of some of the


Table 1. Template ratios (TR11) in the formation of 5 ¥ guest from single-
molecule templates.


Guest Template ratio TR11
[a]


RT 70 �C


1,3,5-triethynylbenzene (6) 860 11000 (440)
trimethyl 1,3,5-benzene tricarboxylate (7) 55 280 (11)
1,3,5-trimethoxybenzene (8) 25 260 (10)
1,3,5-triethylbenzene (9) 23 ±
hexanophenone (12) 5 50 (2)
butyrophenone (11) 1 25 (1)
1-formylpiperidine (10) ± 1


[a] Values in brackets are relative to butyrophenone. RT� room temper-
ature.


Table 2. Template ratios (TR22) for 5 ¥ (NFP ¥ guest).


Guest TR22


4-ethylacetophenone 15
acetophenone 2
propiophenone 1


Table 3. Template ratios TR12 and TR21 for single molecules (G) versus
NFP ¥ aryl ketone (NFP ¥GB) at 70 �C.


G GB TR12 TR21
[b]


(G:NFP ¥GB)[a] (NFP ¥GB:G)
[�] [��1]


8 4-ethylacetophenone 2.4 (280) 0.42
12 4-ethylacetophenone 0.32 (40) 3.1
NFP 4-ethylacetophenone 0.0087 (1) 110 (16)
NFP acetophenone 0.059 17 (2)
NFP propiophenone 0.15 7 (1)


[a] Normalized values relative to TR12 (NFP:NFP ¥ 4-ethylacetophenone)
are given in brackets. [b] Normalized values relative to TR21 (NFP ¥pro-
piophenone:NFP) are given in brackets.


Table 4. Template ratios (TR22, TR23, TR33) for multiple-molecule tem-
plates in the formation of 5 ¥ guests.


Solvent mixture Guest A Guest B TR22 TR23/� TR33


(v/v) (GA) (GB) (GA:GB) (GA:GB) (GA:GB)


DMSO:DMF (1:9) (DMSO)3 (DMF)3 ± ± 480
DMA:DMSO (9:1) (DMA)2 (DMSO)3 ± 0.17 ±
DMA:DMSO (8:2) (DMA)2 (DMSO)3 ± 0.17 ±
DMA:DMF (3:7) (DMA)2 (DMF)3 ± 11 ±
DMA:DMF (1:1) (DMA)2 (DMF)3 ± 15 ±
DMA:NMP (1:1) (DMA)2 (NMP)2 1.1 ± ±


Table 5. Template ratios (TR13 and TR31) for forming 5 ¥ guest(s) using (DMSO)3 and (DMF)3 against tris-
acetylene 6.


Guest A(GA) Guest B(GB) Solvent TR13(GA:GB) TR31� 103(GB:GA)


6[a] (DMF)3 DMSO/DMF 1:9 490000�2 0.02��2


6[a] (DMSO)3 DMSO/DMF 1:9 1100�2 0.91��2


6[b] (DMSO)3 DMSO/NFP 1:10 43�2 23 ��2


[a] [6]� 28.2 m�. [b] [6]� 6.54 m�.


Table 6. Temperature dependence of template ratios for forming 5 ¥
guest(s) for the three pairs: 6 :(DMSO)3 (TR13), 6 :NFP ¥DMSO (TR12),
and NFP ¥DMSO:(DMSO)3 (TR23).


T [�C][a] TR13 [�2] TR12 [�] TR23 [�]


30 51 2300 0.022
40 97 3100 0.032
50 210 3900 0.058


[a] Temperature fluctuation: 	 1.0 �C over the course of the reaction.
[NFP]� 8.62�, [DMSO]� 607 m�, [6]� 8.91 m�.


Table 7. Thermodynamic/kinetic values for template ratios for forming 5 ¥
guest(s) using the three pairs: 6 :(DMSO)3 (TR13), 6 :NFP ¥DMSO (TR12),
and NFP ¥DMSO:(DMSO)3 (TR23).


��H ����H�


[kcalmol�1]
��S ����S�


[calmol�1K]
T(��S ����S�)
[kcalmol�1][a]


��G ����G�


[kcalmol�1][a]


TR13 � 14	 2 54	 5 16	 2 � 30	 4
TR12 � 5.3	 0.1 32.7	 0.2 9.7	 0.1 � 15.0	 0.2
TR23 � 9	 2 24	 2 7.1	 0.6 � 16	 3


[a] T� 298 K.
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entrapped guests (Table 8). It is evident from the �� that the
substituents on the 1,3,5-trisubstituted arenes are oriented
into the bowls, the greatest shielding region of the host. These
guests appear to be the best templates, which is consistent
with the complementarity of the symmetry (C3 axis) of these
guests to that of the host. The 1H NMR data, in combination


with examination of CPK models and modeling using
MM2 calculations (Figure 1) suggest that these molecules
have the best van der Waals contacts, with tris-acetylene 6
having the best fit of all. Smaller guests (10, 11, and 12) have
less van der Waals contacts than 6, while larger guests 7 have
repulsive interactions with the host. Guests 8 and 9 are only
slightly larger than 6, but the ™elbow∫ of their XCH3 groups
causes repulsive interactions between their arenes and the
intra-bowl acetal bridges. Note that the larger and tighter
fitting guests, 6 and 7, have the largest �� values.


Figure 1. MM2 minimized structures of carceplexes 5 ¥ guest. To simplify
calculations, the pendent groups CH2CH2C6H5 of the [4]cavitand subunits
were replaced with hydrogen atoms. For clarity, the mesityl caps and parts
of the arenes have been removed to show the geometries of each entrapped
guest inside the host.


The temperature effect on the template ratios for the single
molecule templates with respect to each other is small ; a
temperature increase of 45 �C yields a decrease in selectivity
by a factor of two in most cases, and by a factor of five for 7.
Such a small effect is expected amongst like molecularity
templates. Guest 7 may have more conformational constraint
upon binding than the other guests (see below), and thus a
greater entropic cost upon binding.


Regarding the two-molecule guests from Tables 2 and 3,
NFP ¥ 4-ethylacetophenone is best, likely due to superior
van der Waals contacts. The ethyl group can position its
methyl into a bowl, which has been shown to be a favorable
interaction.[4, 18] In addition, NMR data and models suggest
that 4-ethylacetophenone can span two bowls, while aceto-
phenone and propiophenone cannot. NFP occupies the third
bowl. It is difficult to say how important the interactions are
between these three aryl ketone guests and their respective
cohabiting NFP.


Regarding the three-molecule templates (Tables 4 and 5),
DMSO is far better than DMF. This was also observed in the
case of the prototypical carceplex, which contained one
molecule as template.[4] So it may be a matter of better host ±
guest contacts, with DMSO having more electron deficient
methyls, which interact more strongly with the �-electron rich
bowls. Guest ± guest interactions may also play a role. Again,
this is difficult to assess. Another factor in all cases is the
desolvation energy of the guest in the given solvent.[19]


Although in cases here (see below) and elsewhere we have
shown that change of solvent does not have a substantial
impact on the template effect,[20] it is evident from Table 5 that
solvent is important: TR13 for 6 :(DMSO)3 is 26 times greater
in DMF than in NFP. This is likely a reflection of the better
solvation of the polar DMSO in the more polar DMF.


From Tables 6 and 7 it is evident that lower molecularity
templates are entropically favored: higher molecularity
templates are weaker at higher temperatures where the
greater entropic cost of collecting several molecules is
exacerbated. It is also clear that the lower molecularity
templates are enthalpically favored. One might expect the
group of smaller molecules to manifest better van der Waals
interactions, as they can better fill the nooks and crannies of
the cavity. This may be the case in larger systems, but it is
clearly not the case for this trimer carceplex with this small set
of few guests. Again, the enthalpic interaction between guests
with multi-molecule templates is difficult to assess.


Transition-state models : In previous template work, we
sought transition-state models to probe the driving forces
for the template effect.[20] Recognition upon binding was
shown to be the dominant factor, as thermodynamic selectiv-
ity of guest binding to transition-state models mirrored the
kinetic template ratios.[20] Is this the case with the trimer
carceplex? The trimer system differs from previous systems in
a number of ways. The trimer precursor 4 is itself a preor-
ganized host with a well-defined surrounding cavity, whereas
the two bowl carceplexes and hemicarceplexes start from
single cavitands, which have small and very open cavities.[4, 21]


Likewise, once the trimer is capped on one side (e.g., 14 ± 17),
there is a fairly large cavity, but a single small entrance. At the
transition state, there may be a need for guest departure
before a second guest can enter. Finally, more than one guest
is involved in some cases. We attempt to address some of these
issues below.


The simplest transition-state models, both synthetically and
structurally, are trimers 3 and 4. These hosts are moderately
rigid and contain enforced cavities similar in size and shape to
that of carcerand 5. They both have two relatively large


Table 8. 1H NMR chemical shifts (sieve-dried CDCl3) for various 1,3,5-
trisubstituted benzene derivative guests in 5 ¥ guest. See structures for
proton labels.


Guest Proton �free [ppm] �bound [ppm] �� [ppm]


trimethyl ester 7 Ha 3.96 � 0.58 4.54
Hb 8.85 
 7.24[a] 
 1.61


tris-acetylene 6 Ha 3.08 � 1.24 4.32
Hb 7.55 5.91 1.64
Ha 1.23 � 2.03 3.26


triethyl 9 Hb 2.60 0.78 1.82
Hc 6.86 5.12 1.74


trimethoxy 8 Ha 3.75 0.53 3.22
Hb 6.08 4.34 1.74


[a] Signal is hidden under ArH protons of the carceplex feet.
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openings at opposite sides of the host, so entrance and egress
of guests could be concerted. Based on the above results, the
best template, tris-acetylene 6, was added to solutions of
hexabenzyl 3 or hexahydroxy 4 in various solvents. Complexes
were observed that manifest slow exchange on the 1H NMR
timescale. Stability constants were readily determined via
integration of the bound and free host and guest signals
(Table 9). Hexabenzyl 3 is clearly a stronger binder in
[D5]nitrobenzene, but not in CDCl3/CD3OD (19:1) (solubility
limited comparison to these two solvent conditions). Hexa-
hydroxy 4 aggregates in [D5]nitrobenzene, whereas hexaben-
zyl 3 appears to be monomeric. Although guest binding
appears to break up the aggregate of 4, binding is still weak.
The hydroxyl groups may bind to the nitrobenzene solvent
and enhance its competitiveness as a guest. The benzyl groups
of 3 may provide additional favorable interactions with the
tris-acetylene guest. Along these lines, the bound guest signals
appears at �0.32 in 3, but at �0.13 for 4 in [D5]nitrobenzene,
which suggests tighter binding with 3. Other solvents (Table 9)
compete with the guest more effectively for the cavity of 3.
This is not the case for 4, where methanol likely binds to the
hydroxyl groups of 4 and may provide additional interactions
with the guest.


Taking host 3 and [D5]nitrobenzene as the best combination
for binding, other templates were examined (Table 10). A plot
of the ln(TR) versus ln(KS) for guests 6 ± 9 gave a correlation
of r2� 0.84. This demonstrates that hexabenzyl trimer 3 in
[D5]nitrobenzene is a reasonable transition-state model for
formation of trimer carceplex 5 ¥ guest in NFP.


One of the goals of using transition-state models is to
develop a screen such that potential templates can be found
by simple and efficient reversible binding. Thus, in addition to
known templates, we explored the binding of new guests to 3.
One guest, 1,3-dimethylphthalate (18), bound strongly (Ta-


ble 10). Seven guests (19 ± 25) that did not appear to bind to
hexabenzyl 3 in [D5]nitrobenzene at 300 K are shown below.
Guests 21 ± 23 are likely too small to bind effectively.
Benzophenone (25) has poor complementarity according to
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CPK models, as does tris-acetyl 20, where the carbonyls may
have repulsive interactions with the bowl arenes. Acid 24 may
be too polar, and tris-nitrile 19 may be electronically non-
complementary as the electron rich nitrogens would stick
unfavorably into the electron rich bowls. Interestingly, bis-
ester 18 binds ten times more strongly than tris-ester 7. It is
likely that 7 is too large, as
reflected by its restricted mo-
bility with the carceplex (see
below).


With the above results, we
sought potentially superior
transition-state models. Thus,
trimer 4 was capped with one cap, and the remaining three
hyroxyls were left alone (14), benzylated (15), cyanobenzy-
lated (16), and capped with a xylyl group (17); the syntheses of
which were described above. These new hosts have only one
portal, and they have more cavity surface area and are more
rigid than 3 and 4. Thus hosts 14 ± 17 may better represent the
transition state in forming 5. Trimer cavitands 14 ± 17 manifest
unusual conformations, which are worth presentation before
their complexation properties can be discussed. The inter-
bowl acetal protons are diastereotopic and thus non-equiv-
alent in the 1H NMR spectra. The dispersion of these signals
and their chemical shifts give an indication of the conforma-
tion of the host. The conformation in all cases is an averaged
conformation, as only one species is ever observed. The four
extremes are represented in Figure 2. The acetal hydrogens
can stick away from the cavity A, into the cavity B, or one
partly into and one partly away from the cavity with both
hydrogens pointing away from C or toward D the cap. No
NOE signals were observed between these acetal protons and


H
H


H
H H H H Hcap cap cap cap


A B C D


Figure 2. Conformations of trimer cavitands. In each case, the cavity is to
the right and the cap is on the bottom. Only one of the three inter-bowl
acetals is shown in each case.


Table 9. Stability constants (Ks) for complexes 3 ¥ 6 and 4 ¥ 6 in various
deuterated solvents.[a]


Solvent Ks [��1]
3 ¥ 6 (R�OBn) 4 ¥ 6 (R�OH)


[D5]nitrobenzene 35000* 41
[D8]toluene 1300 ±
CD2Cl2 180 ±
C6D6 120 ±
CDCl3/CD3OD (19:1) 15 190
CDCl3 13 ±


[a] Error is estimated to be 	 10%. [*] Could not be measured directly:
determined from Krel[(3 ¥ 6)/(3 ¥ 7)]�Ks(3 ¥ 7); see Table 10.


Table 10. Stability constants (Ks) for 3 ¥ guest ([D5]nitrobenzene, 300 K).


Guest Ks [��1] TR11*


1,3,5-tris(ethynyl)benzene (6) 35000 860
1,3-dimethylphthalate (18) 1100 ±
1,3,5-triethylbenzene (9) 460 23
trimethyl 1,3,5-benzenetricarboxylate (7) 100 55
1,3,5-trimethoxybenzene (8) 45 25


[*] TR11 determined at room temperature in NFP solvent.
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the protons of the caps in any case, so conformation D can be
ruled out as a substantive contributor. In the case of
conformation A, the chemical shifts will be shifted downfield
(� 
 5.5 ppm) and dispersion should be low (�0.2 ppm).
Conformation B should manifest upfield chemical shifts (� 

5.7 ppm) and low dispersion, and C should manifest moderate
shifts and high dispersion (�0.5 ppm). Conformations B and
C would be difficult to distinguish based solely on chemical
shifts and dispersion. Table 11 lists the relevant data for trimer
cavitand hosts 14 ± 16 as well as for trimers 3 and 4. Although 3
and 4 do not have diastereotopic inter-bowl acetals and thus
no dispersion, the chemical shift of these protons (especially
bound versus free) gives some indication of their preferred
conformation. Tris-cyanobenzyl 16 is easier to purify than 15,
and its electron-deficient arenes affect its binding properties
(see below).


It is evident from the data in Table 11 that all hosts prefer
conformation A in CDCl3 (or CHCl3/CD3OD). A is also
preferred by tris-hydroxy 14 in [D5]nitrobenzene, whereas
tris-benzyl 15 and tris-cyanobenzyl 16 prefer B/C in [D5]nitro-
benzene as well as in [D8]toluene. Hexabenzyl trimer 3 also
prefers conformations B/C in [D5]nitrobenzene, [D8]toluene,
and C6D6. Binding of tris-acetylene 6 to 15 or 16 in [D5]nitro-
benzene or [D8]toluene shifts the equilibrium from B/C
toward conformation A, and binding of 6 to 14 appears to
push the conformation further to A.[22] Likewise, binding of 6
to 3 or 4 appears to shift the conformation toward A. These
data suggest that CDCl3 binds more strongly to the hosts than
does nitrobenzene. Thus CDCl3 promotes conformation A
and weakens binding of 6 through competition. In the absence
of a good binder (e.g., in [D5]nitrobenzene), the conforma-
tions of the hosts favor B/C. CPK models suggest that these
conformations create a smaller cavity where exposed surfaces
are minimized. The benzyl groups of 3, 15, and 16 may also
partially fill the cavities of these hosts in less competitive
solvents. In the presence of a suitable guest, the benzyl groups
and acetals flip out and create a larger, more accommodating
binding cavity.


Temperature also has an effect on the conformations of
hosts 15 and 16 in [D5]nitrobenzene (Table 12). The chemical


shifts move downfield with increasing temperature with both
hosts, and the dispersion is greatly reduced. Thus conforma-
tion A is favored at higher temperatures, which indicates that
entropy disfavors conformations B/C. This may be due to the
entropic cost of self-complexation of benzyl groups in
conformations B/C.


Stability constants were determined for the three trimer
cavitands using tris-acetylene 6 as guest in [D5]nitrobenzene
(Table 13). Tris-benzyl 15 gave the strongest complex, so Ks


values were also determined between 15 and guests 9 and 7
(Table 13). The trimer cavitand complexes are significantly
weaker than the complexes of trimer 3. This may be due to
repulsive interactions between the electron rich guest 6 with
the moderately electron rich cap, or it may be an entropic
problem, as the trimer cavitands restrict the guest more


Table 11. 1H NMR chemical shift data for acetal protons of A,C-trimer derivatives and their complexes with 6 at 300 K.


Host Solvent � �� � �� ��


(free) (free) (bound)* (bound)* (free-bound)*


3 CDCl3 5.60 0.00 5.75 0.00 � 0.15
CD2Cl2 5.58 0.00 5.73 0.00 � 0.15
C6D6 5.33 0.00 5.90 0.00 � 0.57
[D8]toluene 5.27 0.00 5.87 0.00 � 0.67
[D5]nitrobenzene 5.58 0.00 6.15 0.00 0.57


4 CDCl3:CD3OD (19:1) 5.72 0.00 5.84 0.00 � 0.12
14 CDCl3 5.85/5.71 0.14 ± ± ±


[D5]nitrobenzene 6.02/5.94 0.08 6.22/6.15 0.07 � 0.28/� 0.21[a]


15 CDCl3 5.81/5.68 0.13 ± ± ±
[D5]nitrobenzene 5.81/5.02 0.79 6.17/6.05 0.12 � 1.15/� 1.03[a]


[D8]toluene 5.55/4.54 1.01 ± ± ±
16 CDCl3 5.82/5.72 0.10 ± ± ±


[D5]nitrobenzene 5.85/5.09 0.76 6.18/6.10 0.08 � 1.09/� 1.01[a]


[D8]toluene 5.60/4.74 0.86 ± ± ±


[*] Bound refers to complexes between the respective hosts and tris-acetylene 6. [a] Since the diastereotopic protons could not be unambiguously assigned,
the two �� values are upper and lower limits.


Table 12. 1H NMR data for trimer cavitands 15 and 16 at various
temperatures in [D5]nitrobenzene.


Trimer T [K] � ��


cavitand (ppm) (ppm)


15 300 5.07, 5.81 0.74
325 5.39, 5.86 0.47
350 5.68, 5.89 0.21
375 5.86, 5.92 0.06
385 5.91, 5.91 0.00


16 300 5.09, 5.85 0.76
350 5.64, 5.90 0.26
400 5.90, 5.90 0.00


Table 13. Stability constants for trimer cavitand complexes with various
guests ([D5]nitrobenzene, 300 K).


Host Guest Ks [��1]


tris-cyanobenzyl 16 6 250
tris-hydroxyl 14 6 200
tris-benzyl 15 6 1200
tris-benzyl 15 9 3
tris-benzyl 15 7 2 ± 9*


[*] The tris-ester was observed to form two different complexed species.
Therefore a range is reported based on Ks values estimated for each of the
two different species.
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severely than do the uncapped trimers. Since the trimer
cavitands are weak binders of guests, they could not be used
effectively as transition-state models. Thus no comparison can
be made between the trimer cavitands and the other hosts in
this regard.


We wondered if the single opening in the trimer cavitands
versus the two openings of the uncapped trimers would affect
the rate of guest entry. Could this restriction be the cause for
the weaker binding? Thus, for complexes 3 ¥ 6 and 15 ¥ 6,
decomplexation rate constants, kd, were measured by 1D
EXSY, and complexation rate constants, kc, were calculated
from Ks� kc/kd; activation free energies of complexation
(�G�


c � and decomplexation (�G�
d � were also calculated


(Table 14).[23] The decomplexation rates are similar, but the
complexation rate is much faster for 3 ¥ 6 than for 15 ¥ 6. Thus,
the weak binding in the trimer cavitands results from slow
complexation. Apparently, a guest must ™wait∫ for solvent to
leave before it can enter the single entry port of trimer
cavitand 15, whereas displacement is facile with trimer 3 as
there is both an entry and an exit port. Regarding decom-
plexation, the restriction of the single portal in 15 likely slows
decomplexation, but this is compensated by its intrinsically
weaker binding with respect to 3, thus equalizing the two
decomplexation rates.


Binding studies using host 17 and guest 6 were also
conducted. The low symmetry of 17 allows two bound
acetylene protons to be observed, which demonstrates that
rotation of this guest inside 17, and likely inside all the trimer
hosts, including carceplex 5 ¥ 6, is slow. Coalescence of these
signals yields a value for �G�


330 � 16.4 kcalmol�1 (���
39.0 Hz at 283 K). CPK models suggest that simple rotation
of the guest about its C3 axis is prohibitive due to its snug fit
within the host. It most likely tilts out of the plane
perpendicular to the host×s C3 axis to rotate via a wobble. Ks


for 17 ¥ 6 was determined to be 40�, which is very weak
compared with hosts 3 and 15. This weak binding is likely due
to similar reasons for 15 binding more weakly than 3. Both
complexation and decomplexation are slow for 17, as reflected
by the weak binding and the relative guest exchange rates:
17 ¥ 6 takes 30 minutes to reach equilibrium at 300 K (cf.
Table 14). Weak binding of guests by 17 precludes full analysis
of 17 as a transition-state model. Nevertheless, this relatively
rapid guest exchange (with respect to the timescale of the
reaction to form 5) demonstrates that the GDS in formation
of 5 ¥ guest(s) is formation of the final C�O bond of the second
cap.


Restricted motion as well as restricted guest conforma-
tional interconversions were also observed inside carceplex 5 ¥
7. In 1H NMR spectra at 250 K in CDCl3, the intra-bowl
acetals are split into two sets of equal intensity, while the para
H are split into two sets in a ratio of 2:1 (Figure 3). Each ester


Figure 3. 1H NMR spectra (500 MHz) of 5 ¥ 7. a) 5 ¥ 7 in [D5]nitrobenzene at
400 K and in CDCl3 at b) 330 K, c) 300 K, d) 290 K, e) 250 K. *�CO2CH3


of 7.


can exist in the E or Z form (the Z is usually favored and the
energy barrier is only 1 ± 2 kcalmol�1),[24] and the carbonyls
can either all be oriented in the same direction in the plane of
the arene or one can be oriented in the opposite direction
from the other two. The simplest situation is all three
carbonyls being oriented in the same direction, and the
conformations all being Z or rotating quickly. This is
consistent with the observed spectra. Thus other conforma-
tions are either negligible, give coincident spectra, or in the
case of the E/Z conformations are in fast exchange. 1D EXSY
experiments on the two Hin intra-bowl acetal protons at 267 K
in CD2Cl2 gave a rate constant of 13.0 s�1 (�G�


267 �
14.2 kcalmol�1), which represents the rate of rotation of the
esters about the Ar�CO bond. This energy barrier is about
three times greater than for the corresponding rotation in
methyl benzoate.[25] It appears that the three rotations must be
concerted; a similar additive effect on conformational re-
striction was observed for the host in a disulfide-linked
[5]carceplex.[14]


Reversible binding of multiple molecules to trimer hosts
was also investigated. DMSO was used as guest due to its
superior multi-molecule templating ability, and trimer 3 was
used as host due to its strong binding properties. At 300 K in
[D8]toluene, a fast exchanging complex is evident, as the host
signals shift, but large quantities of DMSO are needed for


Table 14. Activation free energy of complexation (��
c � and decomplexation


(�G�
d �, stability (Ks) and rate (kc, kd) constants for complexes 3 ¥ 6 and 15 ¥ 6


([D5]nitrobenzene, 330 K).


Host Ks [��1] kc [��1 s�1] �G�
c [kcalmol�1] kd [s�1] �G�


d [kcalmol�1]


3 21000 57000 12.2 2.7 18.7
15 1200 2600 14.2 2.2 18.9
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such changes to occur. At 250 K, bound DMSO is observed at
0.43 ppm (free is at 1.67 ppm), which was confirmed by 1D
NOESY. Likewise, bound host signals are observed. The ratio
of bound host to bound guest is 1:3.5. This may correspond to
3.5 DMSO molecules per host, or an average of complexes.
Although the binding of DMSO by 3 is weak, it is evident that
hosts such as 3 can act as transition-state models, and
potentially as screens, for the multi-molecule template effect
in forming carceplexes or other containers.


Carceplex 5 ¥NFP ¥DMSO provides a probe for the mobi-
lity of multiple guests within a carceplex. At 200 K in CD2Cl2,
two bound DMSO signals were observed, one at 0.69 ppm and
one at �1.89 ppm. This huge dispersion indicates that one
DMSO methyl is oriented deep within a bowl while the other
is oriented toward the center of the cavity. The value for the
activation energy was determined to be �G�


250 �
10.5 kcalmol�1 using coalescence measurements. This energy
corresponds to removal of a methyl group from a bowl, either
via rotation of DMSO within one bowl, or via movement from
one bowl to another. The corresponding energy barrier for 5 ¥
(DMSO)3 is estimated to be 7.7 kcalmol�1 based on broad
signals observed at 185 K and using the same �� (1032 Hz)
from 5 ¥NFP ¥DMSO. Energy barriers for rotation of DMSO
within a two bowl carceplex was reported to be
12.7 kcalmol�1.[26] There appears to be more room for move-
ment in the present case, especially with three small guest
molecules versus one small and one medium sized guest
molecule.


We discovered something new with carceplex 5 ¥ guest(s),
reversible binding of water. In nearly all cases, 1H NMR
spectra of 5 ¥ guest(s) manifested multiple host and guest
signals that are in slow exchange. Signals corresponding to
bound water are often observed as well. By recording the
spectra in the presence of crushed 4 ä molecular sieves the
™dry∫ host predominates, while recording spectra in water-
saturated solvent yields more of the ™wet∫ species. Carce-
plexes and hemicarceplexes have not been shown to bind
water along with other guests. Table 15 lists the 1H NMR
chemical shifts of bound waters in carceplex 5 ¥ guest(s). The
dispersion is huge and indicates that water can sit in vastly
different parts of the carceplex, depending on the occupation
of the co-habiting guest(s). Presumably, the extent of binding
of water to the incarcerated guest(s) also affects the chemical
shift of the bound water. No evidence was observed for
binding of water to 5 ¥ (DMF)3. Exchange rates are typically
on the order of minutes; the solutions reach equilibrium as
soon as the spectra are taken, and only weak EXSY
correlations can be observed at ambient temperatures (heat-
ing the samples shifts the equilibrium toward the dry species,
which precludes rate measurements). Carceplex 5 ¥ (DMSO)3


is anomalous in that two major bound DMSO species are
observed, but no bound water was found. Either free and
bound water have coincident chemical shifts or the two
species differ by several waters, such that single waters
exchange quickly (and are averaged with the observed ™free∫
signal), but the two carceplex species do not. Figure 4 shows
1H NMR spectra of 5 ¥ (DMA)2 under various conditions,
demonstrating at least two hydrated species. These spectra,
combined with NOESY data, show that one of the hydrates


Figure 4. Expanded regions of 1H NMR spectra (400 MHz) of 5 ¥ (DMA)2.
a) H2O-saturated CDCl3; b) D2O-saturated CDCl3, and c) sieve-dried
CDCl3. a, b, c, and i (Hi) are for 5 ¥ (DMA)2. a�, b�, c�, i� (Hi�), and * (bound
H2O) are for 5 ¥ (DMA)2 ¥H2O. a��, b��, c��, i�� (Hi�), and *� (bound H2O) are
for 56 ¥ (DMA)2 ¥ (H2O)2. h� free H2O. h�� free HDO.


contains one water (�0.59 ppm), and the other two waters
(0.43 ppm). The equilibrium constants for binding these
waters are 25 and 11��1. Carceplex 13 ¥ (DMA)2, which has
no methyls in the caps, manifests broad 1H NMR spectra,
which sharpen upon heating or drying. This suggests that this
carceplex also binds water, but that exchange of waters is
much faster, as one would expect. A final note is that addition
of TFA to 5 ¥ (DMA)2 ¥ (H2O)x in water-saturated C6D6


reduces the amount of hydrate. Addition of DBU has a
similar, but less dramatic effect (Figure 5). Apparently, the
water is needed in solution to solvate these polar species, so
the equilibrium is shifted toward water removal from the
cavity. These results will have important ramifications for
reactions inside the trimer carceplex, to be reported shortly.


Conclusions


Multiple molecules can be used as templates in the formation
of a carceplex. Competition between guests of different
molecularity is possible. Multiple molecules suffer a larger
entropic cost, at least in the system presented here. Expect-
ation is that very large systems would manifest low selectivity
toward multiple molecule templates, as micro-homogeneous
fluids would have to form in solution. In such cases a template
effect and a solvent effect would be indistinguishable. Such
large systems remain as a challenge to construct.


Transition-state models for the formation of 5 ¥ guest were
also constructed. Hosts that appear to better resemble the
transition state of the GDS manifested weaker binding, thus
limiting exploration of their transition-state model properties.
Nevertheless, models have been generated that can act as
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Figure 5. 1H NMR spectra (500 MHz, H2O-saturated C6D6) of the acetyl
methyl protons of 5 ¥ (DMA)2 ¥ (H2O)y. a) 5 ¥ (DMA)2 ¥ (H2O)y. b) 5 ¥
(DMA)2 ¥ (H2O)y and 180 m� TFA (5 equiv per H2O). c) 5 ¥ (DMA)2 ¥
(H2O)y and 670 m� DBU (20 equiv per H2O). *� bound H2O. a� 5 ¥
(DMA)2. a�� 5 ¥ (DMA)2 ¥H2O. a��� 5 ¥ (DMA)2 ¥ (H2O)2.


screens for new templates. Such an approach could facilitate
the creation of new carceplexes or other containers. The best
guest/template has complementary shape to the host and
binds tightly inside transition-state models, and thus, presum-
ably to the transition state. Like the prototypical carceplex
template system,[4] the larger and better templates have highly
restricted motion inside. The guest exchange rates in the
complexes suggest that the GDS is formation of the final C�O
bond of the second cap. Since the guest recognition by the
models is similar to the template ratios, the rate constants for
forming the final C�O bonds are likely to be very similar. The
effect of the template is largely to increase the concentration
of the key species immediately prior to the GDS.


The mobility of both hosts and entrapped guests suggests
that there is some restricted motion and that the host can
adjust its conformation somewhat to complement the guest.
Finally, water can bind reversibly to carceplexes that contain
permanently entrapped guests. The effect of bound water on
entrapped species is of current interest.
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The Use of Imidazolium Ionic Liquids for the Formation and
Stabilization of Ir0 and Rh0 Nanoparticles: Efficient Catalysts
for the Hydrogenation of Arenes
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Abstract: Stable transition-metal nano-
particles of the type [M0]n are easily
accessible through the reduction of IrI or
RhIII compounds dissolved in ™dry∫ 1-n-
butyl-3-methylimidazolium hexafluoro-
phosphate ionic liquid by molecular
hydrogen. The formation of these [M0]n
nanoparticles is straightforward; they
are prepared in dry ionic liquid whereas
the presence of the water causes the
partial decomposition of ionic liquid
with the formation of phosphates, HF
and transition-metal fluorides. Transmis-
sion electron microscopy (TEM) obser-
vations and X-ray diffraction analysis
(XRD) show the formation of [Ir0]n and


[Rh0]n nanoparticles with 2.0 ± 2.5 nm in
diameter. The isolated [M0]n nanoparti-
cles can be redispersed in the ionic
liquid, in acetone or used in solventless
conditions for the liquid ± liquid bipha-
sic, homogeneous or heterogeneous hy-
drogenation of arenes under mild reac-
tion conditions (75 �C and 4 atm). The
recovered iridium nanoparticles can be
reused several times without any signifi-
cant loss in catalytic activity. Unprece-


dented total turnover numbers (TTO) of
3509 in 32 h, for arene hydrogenation by
nanoparticles catalysts, have been ach-
ieved in the reduction of benzene by the
[Ir0]n in solventless conditions. Contra-
rily, the recovered Rh0 nanoparticles
show significant agglomeration into
large particles with a loss of catalytic
activity. The hydrogenation of arenes
containing functional groups, such as
anisole, by the [Ir0]n nanoparticles occurs
with concomitant hydrogenolysis of the
C�O bond, suggesting that these nano-
particles behave as ™heterogeneous cat-
alysts∫ rather than ™homogeneous cata-
lysts∫.


Keywords: biphasic catalysis ¥
hydrogenation ¥ ionic liquids ¥
iridium ¥ nanoparticles ¥ rhodium


Introduction


The conversion of benzene to cyclohexane is one of the most
important and investigated reactions of the industrial hydro-
genation processes.[1] Moreover, the increasing demand for
low-aromatic petroleum-based fuels due to environmental
constraints and legislation, has led to much academic and
industrial research effort in order to find more simple and
efficient catalytic systems.[2] In most cases this transformation
is performed by employing heterogeneous catalysts[3] or in to
a lesser extent with molecular catalysts under both homoge-
neous[1, 4] or liquid ± liquid biphasic[5] conditions. However, in
these cases reasonable catalytic performances were achieved
under relatively drastic reaction conditions (pressure and/or
temperature).


The development of new methods for the formation and
stabilization of colloidal metallic particles finely dispersed in
organic solvents or in water has enabled the development of
one-phase or two-phase arene hydrogenation catalytic sys-
tems that operate under relatively mild reaction conditions.[6]


These aqueous liquid ± liquid biphasic systems are welcome
improvements, in terms of product separation, catalyst
recycling and catalytic performance for the hydrogenation
of arenes, over the existing methods. However, transition-
metal nanoparticles (usually of less than 10 nm in diameter)
should be stabilized against aggregation by the use of water-
soluble protective agents such as surfactants, polymers, or
ionic species such as quaternary ammonium salts.[7] Moreover,
it is well known, from an environmental perspective, that
trace amounts of organic compounds (in particular aromatic)
in water are notoriously difficult to be removed.[8] Therefore,
the ideal medium for these biphasic catalytic systems will be
such that it will allow not only the preparation and stabiliza-
tion of transition-metal nanoparticles but will also enable easy
catalyst recycling and product separation, thus avoiding the
environmental problems associated with the related aque-
ous ± organic biphasic regimes.
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The unique physical-chemical properties of imidazolium
ionic liquids,[9] such as negligible vapor pressure, relative low
viscosity, high thermal, chemical and electrochemical stabil-
ities and differentiated miscibility with organic compounds
makes them ideal candidates as immobilizing agents for
biphasic nanocatalysis.[10] We have recently shown that 1-n-
butyl-3-methylimidazolium hexafluorophosphate (BMI ¥
PF6)[11] ionic liquid is a suitable medium for the preparation
and stabilization of iridium nanoparticles and also ideal for
the generation of recyclable biphasic catalytic systems for the
hydrogenation of alkenes.[12]


We wish to report herein that this ionic liquid is also an
outstanding medium for the preparation and stabilization of
Rh0 nanoparticles. Moreover, these Ir0 and Rh0 nanoparticles
are among the most simple and efficient catalysts for the
hydrogenation of arenes in solventless, ™homogeneous∫ or
liquid ± liquid biphasic conditions.


Results and Discussion


Based on our recent success in the preparation and stabiliza-
tion of Ir0 nanoparticles in BMI ¥PF6 we applied similar
reaction conditions to the preparation of Rh0 nanoparticles. A
red solution of RhCl3 ¥ 3H2O in BMI ¥PF6 was treated with
molecular hydrogen (4 atm) at 75 �C for 1 h. The Rh0 nano-
particles were isolated by centrifugation from the obtained
black solution, washed with acetone and dried under reduced
pressure. These particles were analyzed by TEM (Figure 1)


Figure 1. a) TEM micrographs showing the Rh nanoparticles observed at
200 kV (underfocus of 500 nm). Rh particles isolated before (left) and after
(right) catalysis ; b) histogram illustrating the particle size distribution.


and XRD (Figure 2). The particles display an irregular shape
but evaluation of their characteristic diameter results in a
monomodal particle size distribution that can be parameter-


Figure 2. X-ray analysis of Rh nanoparticles synthesized in ™wet∫ (top)
and ™dried∫ (bottom) BMI ¥PF6.


ized by a mean diameter of 2.3 nm and a standard deviation of
0.6 nm. Energy dispersion spectrometry indicates the pres-
ence of Rh and selected area diffraction shows ring patterns
which can be fitted to simulation based on Rh0 parameters.
X-ray diffraction analysis also identified crystalline Rh0 in the
isolated material. The diffraction lines (111, 200, 220, 311) of
metallic Rh can be clearly observed in the diffraction pattern
(Figure 2). Using the Sherrer equation and assuming spherical
particles, the mean diameter of the rhodium particles was
estimated to be 2.5 nm from the half width of the diffraction
line (111), which is in good agreement with TEM results.


Near-monodispersed Ir0 nanoparticles with a mean diam-
eter of 2.1 nm and a standard deviation of 0.3 nm were
prepared by reduction with molecular hydrogen (4 atm) of
[Ir(cod)Cl]2 (cod� 1,5-cyclooctadiene) dissolved in BMI ¥PF6


at 75 �C.[12] These particles were isolated by centrifugation and
also characterized by TEM and XRD as shown in Figures 3
and 4.


It is important to note that the synthesis of Rh0 and Ir0


nanoparticles should be performed in the absence of water.[13]


The presence of water causes the partial decomposition of the
ionic liquid with the formation of phosphates (identified by
31P NMR and IR), evolution of HF and rhodium or iridium
fluorides isolated together with the metal nanoparticles
(Figures 2 and 4). It is of note that the ionic liquid decom-
position only occurs in the presence of both water and the
transition-metal precursor, that is, [Ir(cod)Cl]2 or RhCl3,
which indicates that the transition-metal is involved in the
hydrolysis of the PF6 anion.[14]


The isolated Ir0 and Rh0 nanoparticles can be used as solids
(™solventless∫) or re-dispersed in BMI ¥PF6 (™biphasic∫) or in
acetone (™homogeneous∫) for the hydrogenation of benzene
under mild reaction conditions (Table 1). In comparison with
the reactions in BMI ¥PF6, using either Ir0 or Rh0 nano-
particles, the reactions performed under homogeneous or
™solventless∫ conditions require lower reaction times for their
completion. This difference can be attributed to the character-
istic biphasic nature of the reaction in the ionic liquid, which is
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Figure 4. XRD analysis. Ir0 nanoparticles prepared in ™wet∫ (top) and
™dried∫ (bottom) BMI ¥PF6.


a mass-transfer controlled process.[12] The organic compounds
were isolated by simple decantation or distillation under
reduced pressure and analyzed by GC and GC-MS. The
conversion is based on the isolated and weighed organic
phase.[15] In the reactions performed under ™homogeneous∫
conditions and Ir0 conditions the solvent (acetone) is also
hydrogenated even in the early stages of the reaction.[16] In
contrast no isopropanol was detected in the reaction promot-
ed by Rh0 nanoparticles.


Notably the Ir0 nanoparticles
are isolated unchanged after
catalysis (solventless), as
checked by TEM and X-ray
analysis. On the contrary, the
Rh0 nanoparticles isolated after
catalysis show significant ag-
glomeration into larger parti-
cles (Figure 1). Moreover, the
recovered Ir0 nanoparticles
from the ™solventless∫ run can
be reused at least seven times
with minimal loss in catalytic
activity (Figure 5). However,
those recovered from the ionic
liquid show significant loss of
activity due to the decomposi-
tion of both the ionic liquid and
the nanoparticles (analyzed by
X-ray).


A comparison of the catalytic
performances of Ir0 and Rh0 in
the hydrogenation of benzene is
presented in Figure 6. It is evi-
dent that under the same reac-
tion conditions the Ir0 nano-
particles are much more active
for the hydrogenation of ben-


zene than their Rh0 analogues. For example, TOF [(moles
product)� (moles active site)�1� h�1] including the correc-
tions for the true number of active metal sites is 219 h�1 for
[Ir0]n and 41h�1 for [Rh0]n (entries 5 and 8, Table 1).[17]


More interestingly, both curves are sigmoidal and can be
fitted to the A�B, A�B� 2B autocatalytic mechanism that
is characteristic of nanocluster formation and growth (anal-
ogous to those observed with Ir nanoparticles stabilized by
polyoxoanions). This suggests that this autocatalytic process
could be a more general case in transition-metal nanoparticle
formation, as proposed earlier by Finke.[18]


Chem. Eur. J. 2003, 9, 3263 ± 3269 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3265


Figure 3. a) TEM micrographs showing the Ir nanoparticles observed at 200 kV (underfocus of 500 nm). Ir
particles isolated before (left) and after (right) catalysis; b) histogram illustrating the particle size distribution.


Table 1. Hydrogenation of benzene with Ir0 and Rh0 nanoparticles at 4 atm
H2.[a]


Cat. System [PhH]/[Metal] t[b] [h] TOF[c]


1 Ir BMI ¥PF6 250 5 50 (88)
2 Ir BMI ¥PF6 500 10 50 (88)
3 Ir BMI ¥PF6 1200 14 85 (150)
4 Ir no solvent 500 7 71 (124)
5 Ir no solvent 250 2 125 (219)
6 Ir acetone 500 2.5[d] 200 (351)
7 Rh BMI ¥PF6 250 22 11 (21)
8 Rh no solvent 250 12 21 (41)
9 Rh acetone 250 16 16 (32)


[a] Reaction conditions: Constant hydrogen pressure, 75 �C, ionic liquid
and acetone (1 mL). [b] Time for 100% conversion. [c] TOF based on total
metal (mol cyclohexane formed per mol metal per hour) and in parenthesis
TOF corrected for exposed metal. [d] Time for complete conversion of
benzene and 82% of acetone reduction to isopropanol.
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Figure 5. Conversion curves of benzene hydrogenation by Ir0 nanoparti-
cles ™solventless∫ at 4 atm and 75 �C, [benzene]/[Ir]� 250, showing the
catalyst recycle.


Figure 6. Curve of conversion of benzene hydrogenation catalyzed by
(left) Ir0 and (right) Rh0 nanoparticles prepared in situ in BMI ¥PF6 (1 mL)
at 75 �C and 4 atm (constant pressure). [M]/[substrate] ratio 1:500
(1200 rpm).


These nanoparticles, either dispersed in the BMI ¥PF6 or as
a ™solventless∫ system, are also efficient catalysts for the
hydrogenation of other aromatic compounds (Table 2).


At this stage of our studies we do not have direct evidence
of the mechanism involved in these hydrogenation reactions


although the relatively low selectivity in cis-1,4-dimethylcy-
clohexane (entries 2, 3 and 8, Table 2) indicates that in these
nanocatalytic processes the slippage mechanism is not pre-
dominant.[19] Indeed, small quantities of cyclohexene (12% in
selectivity) could be detected in the earlier stages of hydro-
genation of benzene (conversions �1%) by [Rh0]n nano-
particles in both biphasic and solventless conditions.


Although the hydrogenolysis of arenes is almost a general
case in the hydrogenation of arenes by soluble transition-
metal nanoparticles,[7] it is much slower compared with the
aromatic ring reduction. However, with only one exception
involving the hydrogenation of dibenzo-[18]crown-6 ether,[20]


the hydrogenolysis products are generally only detected in
small quantities.[21] We have observed that the hydrogenolysis
products, ethylcyclohexane and cyclohexane, are formed in
relatively high quantities (up to 42%) in the ™solventless∫
hydrogenation of acetophenone and anisole, respectively, by
[Ir0]n (Scheme 1 and entries 5 and 6, Table 2). Interestingly, in
the reactions catalyzed by [Rh0]n no hydrogenolysis products
were observed in the hydrogenation of anisole.


Most importantly, the fact that hydrogenolysis of the C�O
bond occurs which is characteristic of a surface metal
catalyst,[1] suggests that these nanoparticles behave preferen-
tially as ™heterogeneous catalysts∫ rather than a ™homoge-
neous catalysts∫, in terms of active sites.[22]


Although it remains to be proven exactly how the BMI ¥PF6


ionic liquid is acting in the formation and stabilization of the
nanoparticles,[23] it is reasonable to assume that the combined
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Table 2. Hydrogenation of arenes by Ir0 (0.026 mmol) and Rh0 (0.1 mmol) nanoparticles dispersed in BMI ¥PF6 (1 mL) and solventless system at 75 �C and
4 atm.[a]


M System Arene Products [ArH]/[M] t [h] Conv[b] [%] TOF[c]


1 Ir BMI ¥PF6 toluene methylcyclohexane 1200 25 93 44 (78)
2 Ir BMI ¥PF6 p-xylene p-dimethylcyclohexane 500 18 86[d] 24 (42)
3 Ir solventless p-xylene p-dimethylcyclohexane 250 12 100[e] 21 (36)
4 Ir solventless methylbenzoate cyclohexylmethylcarboxylate 250 18 92 13 (22)
5 Ir solventless acetophenone ethylcyclohexane and 250 16 100[f] 15 (27)


1-cyclohexylethan-1-ol
6 Ir solventless anisole methoxycyclohexane and 250 18 74[g] 10 (18)


cyclohexane
7 Rh solventless toluene methylcyclohexane 250 22 62 7 (14)
8 Rh BMI ¥PF6 p-xylene[h] p-dimethylcyclohexane 250 12 26[i] 5 (10)
9 Rh solventless methylbenzoate cyclohexylmethylcarboxylate 250 14 58 10 (20)


10 Rh BMI ¥PF6 anisole methoxycyclohexane 250 6 100 41 (82)


[a] Constant positive pressure. [b] Conversion. [c] TOF based on total metal (mol cyclohexane formed per mol metal per h) and in parenthesis TOF corrected
for exposed metal. [d] cis/trans 5: 1. [e] cis/trans 3: 1. [f] 42% ethylcyclohexane and 58% 1-cyclohexyl-1-ethanol. [g] 84% of methoxycyclohexane and 16%
of cyclohexane. [h] 50 atm. [i] cis/trans 2: 1.


Scheme 1.
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intrinsic high charge plus the steric bulk of these salts, which
can be described as polymeric supramolecules with weak
interactions,[24] can create an electrostatic and steric colloid-
type stabilization of transition-metal nanoparticles, similar to
the model suggested by Finke[7] in the stabilization of
nanoclusters by polyoxoanions or by tetralkylammonium
salts employed by Reetz[25] but as explained correctly by
others.[18]


Conclusion


In summary we have shown that BMI ¥PF6 is an outstanding
medium for the preparation and stabilization of Rh0 and Ir0


nanoparticles of 2 ± 3 nm diameter and narrow size distribu-
tion. These [Ir0]n nanoparticles are outstanding catalysts for
the hydrogenation of arenes and they do behave as hetero-
geneous catalysts.


Experimental Section


General methods : All reactions involving iridium and rhodium compounds
were carried out under argon atmosphere in oven dried Schlenk tubes. The
BMI ¥PF6 ionic liquid was prepared according to known procedure[9] dried
over molecular sieves (4 ä) and its purity was checked by AgNO3 test, 1H
and 31P NMR spectra, and cyclic voltametry. The water[13] (�0.1 wt%) and
chloride[26] (�1.4 mgL�1) contents in BMI ¥PF6 used were determined by
known methods. Solvents and arenes were dried with adequate drying
agents and distilled under argon prior to use. All the other chemicals were
purchased from commercial sources and used without further purification.
NMR spectra were recorded on a Varian Inova 300 spectrometer. Infrared
spectra were performed on a Bomem B-102 spectrometer. Mass spectra
were obtained using a GC/MS Shimadzu QP-5050 (EI, 70 eV). Gas
chromatography analyses were performed with a Hewlett ± Packard5890
gas chromatograph with a FID and 30 m capillary column with a
dimethylpolysiloxane stationary phase. The X-ray diffraction was per-
formed in a Philips XPert MRD diffractometer in a Bragg ±Brentano
geometry using curved graphite crystal as monocromator. Transmission
electron microscopy (TEM) was performed on a JEOL 2010 microscope
operating at 200 kV. The TEM images were obtained in bright-field
conditions using a 20 �m objective aperture and with the objective bus
slightly underfocused (�f�� 500 nm).


Reaction conditions : The nanoparticles formation and hydrogenation
reactions were carried out in a modified Fischer ± Porter bottle immersed in
a silicon oil bath and connected to a hydrogen tank. The decrease in the
hydrogen pressure in the tank was monitored with a pressure transducer
interfaced through a Novus converter to a PC and the data workup via
Microcal Origin 5.0. The temperature was maintained at 75 �C by a hot
stirring plate connected to a digital controller (ETS-D4 IKA). A
deliberated stirring at 1200 rpm was used (no ionic catalytic solution
projection was observed). The catalyst/substrate ratio was calculated from
the initial quantity of [Ir(cod)Cl]2 or RhCl3 ¥ 3H2O used.


Nanoparticles formation and isolation : In a typical experiment a Fischer ±
Porter bottle containing an yellow solution of [Ir(cod)Cl]2 (16 mg,
0.05 mmol) in dichloromethane (3 mL) or RhCl3 ¥ 3H2O (26 mg, 0.1 mmol)
was added to BMI ¥PF6 (1 mL) and stirred at room temperature for 15 min.
The volatiles were then removed under reduced pressure (0.1 bar) at 75 �C
for 1 h. The system was kepted at 75 �C and hydrogen (4 bar) was admitted
to the system. After stirring for 10 min (Ir) or 1 h (Rh) a black ™solution∫
was obtained that was used for the hydrogenation reactions or isolation of
the nanoparticles. The Ir nanoparticles were isolated by centrifugation
(3000 rpm) for 5 min and washed with acetone (3� 15 mL) and dichloro-
methane (3� 15 mL) and dried under reduced pressure. The Ir and Rh
samples thus obtained were prepared for TEM and X-ray analysis, and for
catalytic experiments (see below).


Hydrogenations


Liquid ± liquid biphasic : The arene was added to the ionic catalytic solution
obtained was described above and hydrogen was admitted to system at
constant pressure (see Tables 1 and 2). Samples for GC and GC-MS
analysis were also removed from time to time under H2. The reaction
mixture forms a typical two-phase system (lower phase containing the Ir or
Rh nanoparticles in the ionic liquid and upper phase the organic products).
The organic phase was separated by decantation or distillation, weighted
and analyzed by GC. GC-MS and 1H NMR.


Solventless : The isolated nanoparticles were placed in a Fischer ± Porter
bottle and the arene was added. The reactor was placed in a oil bath at 75 �C
and hydrogen was admitted to the system at constant pressure (4 atm).
Samples for GC and GC-MS analysis were also removed from time to time
under H2. The organic products were recovered by simple filtration and
analyzed by GC.


Homogeneous : The isolated nanoparticles were dispersed in acetone
(3 mL) placed in a Fischer ± Porter bottle and the arene was added. The
reactor was placed in an oil bath at 75 �C and hydrogen was admitted to the
system at constant pressure (4 atm). Samples for GC and GC-MS analysis
were also removed from time to time under H2. The organic products were
recovered by simple filtration and analyzed by GC.


Identification of cyclohexene in the hydrogenation of benzene : The
identification of cyclohexene was unequivocally established by GC-MS
and by GC retention time versus authentic sample of cyclohexene (Acros).
GC was performed using a 100 m capillary column with a dimethylpoly-
siloxane stationary phase. (0.25 mm� 0.5 �m). The GC parameters were:
initial temperature 50 �C; initial time 10 min; temperature ramp
10 �Cmin�1; final temperature 250 �C; detector and injector port temper-
ature 250 �C and injection volume 0.1 �L.


Sample preparation and TEM analysis : The samples were prepared
according to the following methods: a) acetone suspension of the Ir or
Rh nanoparticles was deposited on a formvar covered carbon coated grid
(300 mesh). b The nanoparticles were mixed with a epoxy resin distributed
between two silicon wafer pieces at 50 �C for 30 min. Cross-section TEM
samples were pre-thinned mechanically. The thinning to electron trans-
parency was obtained by ion milling. Particle size distributions were
determined once the original negative had been digitalized and expanded
to 470 pixels per cm for more accurate resolution and measurement.
Typically, TEM pictures of each sample at multiple random locations in the
sample and at two different magnifications. The size distribution histogram
was obtained on the basis of measurement of about 300 particles. The EDS
and electronic diffraction analysis of the [Ir0]n and [Rh0]n are presented in
Figures 7 ± 10.


Sample preparation and X-ray analysis : The Ir powder was mixed with
vacuum grease and fixed on a glass substrate. A flat surface was obtained
pressing the mixed powder between two flat glasses. The diffraction pattern
was obtained after subtraction of the powder spectrum from a background
measured using a glass substrate plus the vacuum grease.


The final spectrum is composed by very broad peaks corresponding to
nanoparticles of metallic Ir. Assuming spherical particles their mean size
can be obtained from the well known Sherrer Equation


Figure 7. Electron Diffraction Micrograph obtained by TEM of the Ir
particles after the catalytic reaction. Iridium ring pattern theoretical (left)
and experimental (right).
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Figure 8. EDS of the Ir0 nanoparticles prepared in BMI ¥PF6, 75 �C, H2


(4 atm), 10 min.


Figure 9. Electron diffraction micrograph obtained by TEM of the Rh
particles. Rhodium ring pattern theoretical (left) and experimental (right).


Figure 10. EDS of the Rh0 nanoparticles prepared in BMI ¥PF6, 75 �C, H2


(4 atm), 1 h.


L� K �


�1�2 cos �
(1)


where L is the mean diameter of the nanoparticles, �1/2 is the full width at
half maximum of the diffraction peak, � is the Bragg angle for a given set
{hkl} planes, � is the wave length of the CuK� radiation (1.5406 ä) and K�
0.893 for spheres. For more information see ref. [27].
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the detection limit of the EDS technique the presence of chloride
could not be detected. Moreover, we have found that the presence of


residual chloride anions in the ionic liquid suppresses the formation of
the nanoparticles as well as the catalytic activity of the re-dispersed
nanoparticles in BMI ¥PF6.
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Development of the Traceless Phenylhydrazide Linker
for Solid-Phase Synthesis


Frank Stieber,[a, b] Uwe Grether,[a, b] and Herbert Waldmann*[a, b]


Abstract: The hydrazide group is a new
oxidatively cleavable traceless linker for
solid-phase chemistry. It can be readily
introduced by hydrazide formation be-
tween a carboxy-functionalized resin
and different substituted hydrazines. In
order to achieve high yields in this step,
new carboxylic acid resins were devel-
oped that are not prone to undesired
imide formation upon activation of the
carboxylic acid. The polymer-bound acyl
hydrazides were successfully employed
in various transformations, namely


Heck, Suzuki, Sonogashira, and Stille
couplings, as well asWittig and Grignard
reactions. Traceless release of the cou-
pling products from the solid support is
achieved selectively under mild condi-
tions and in high purity by oxidation of
the aryl hydrazides to acyl diazenes with
CuII salts orN-bromosuccinimide (NBS)


and subsequent nucleophilic attack of
the acyl diazene intermediates. Traceless
cleavage by oxidation with NBS can be
carried out as a two-step process in
which stable acyl diazenes are first
generated by treatment with NBS in
the absence of a nucleophile. After
removal of the reagents by simple resin
washing, the traceless release is effected
by the addition of methanol, which leads
to products of high purity without any
additional separation steps.


Keywords: combinatorial chemistry
¥ phenylhydrazides ¥ solid-phase
synthesis ¥ traceless linker


Introduction


The combinatorial synthesis of small-molecule libraries on
polymeric supports is a powerful method for the discovery
and development of new molecules with a predetermined
profile of properties.[1] Vital to all solid-phase methodologies
is the design and utilization of suitable linker groups allowing
facile attachment, functionalization, and release of the
molecules of interest. Typically, linkage to the polymeric
support is achieved through a functionality already present in
the target molecule. However, after cleavage from the support
at the end of a synthetic sequence, this functional group may
have an unwanted effect on the biological or chemical activity
of the target compounds. A highly desirable alternative linker
would be capable of releasing a product while forming a
carbon ± hydrogen bond in place of the resin attachment, thus
leaving behind no trace of a solid-phase synthesis. Such widely
applicable ™traceless∫ linkers introduced so far[1] include aryl


silanes,[2a±f] alkyl sulfides and sulfones,[2g] alkyl selenides,[2h,i]


and aryl triazenes.[2j]


Oxidative cleavage of aryl hydrazides 1 to give carboxylic
acid derivatives 3, nitrogen, and arenes 4 via a transient acyl
diazene 2 has been applied in peptide chemistry both in
solution[1] and on a solid support[2] to obtain peptide
carboxylic acids, amides, and esters (Scheme 1, R� peptide,
Aryl� phenyl or phenyl linked to a polymeric support).
Alternatively, this transformation clearly offers the opportu-
nity to cleave aryl compounds from polymeric supports
leaving only an aryl ±H bond (Scheme 1, R� polymeric
support, Aryl� substituted aromatic compound).


Scheme 1. Oxidative cleavage of hydrazides.


In this and the following article,[5] we report in full detail on
the development of the aryl hydrazide group as a new
traceless linker for solid-phase and combinatorial chemistry.[6]


Results and Discussion


Development of new acid-functionalized resins : In the devel-
opment of the traceless hydrazide linker group we required
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polymeric supports carrying carboxylic acids on their surface
to couple different hydrazines to the solid support before
subjecting them to combinatorial derivatization and final
oxidative traceless cleavage (Scheme 2).


Scheme 2. Principle of the oxidative cleavage of the hydrazide linker.


The initial phase of this investigation was greatly compli-
cated by nonreproducible results that were traced to problems
arising during the attachment of the hydrazines to the
carboxylic acid-functionalized solid support. Thus, inspection
of the resins obtained after activation of the polymer-bound
carboxylate with carbodiimide and subsequent treatment with
different phenylhydrazines by means of Fourier transform IR
spectroscopy consistently revealed a strong band at �� �
1705 cm�1 that could not be ascribed to the starting material
or the product. The commercially available resins employed
in these experiments (polystyrene and TentaGel, Rapp
Polymere) had been obtained from an amino-functionalized
carrier by formation of a succinic acid monoamide, that is,
they contained an amide nitrogen and an activatable carbox-
ylic acid separated by a distance suitable for formation of a
five-membered ring imide. Thus, in order to explain the above
finding it was speculated that, after reaction of the carboxylic
acid 11 with the carbodiimide, the activated intermediate is
attacked intramolecularly by the nitrogen of the amide group
to produce a polymer-bound cyclic imide 12 (Scheme 3).[6b]


Scheme 3. Observed intramolecular imide formation on a solid support.


Such cyclizations are well-known in solution.[7, 8] Formation
of imide 12 was readily induced in a model reaction by
treatment of carboxy-functionalized resin 11 with a carbodii-
mide (Scheme 3). The FT-IR spectrum of resin 12 displayed a
strong peak at �� � 1705 cm�1.
Under basic conditions, the polymer-bound succinimide 12


was readily hydrolyzed to acid 11. These findings are of
general relevance since they point to problems that may arise
if commercially available polymeric resins carrying a linker of


the type found in 11 are used. They also call for the
development of alternative carboxylic acid-functionalized
supports which do not undergo this undesired sidereaction.
In attempting to overcome this problem we reasoned that a


simple elongation of the carbon chain by two methylene units,
namely the use of an adipic acid derivative instead of a
succinic acid derivative, might provide a straightforward
solution since the formation of a seven-membered ring is
unfavorable.
Consequently, different amino resins 13 (polystyrene-NH2,


TentaGel-NH2, ArgoPore-NH2) were treated with adipic
dichloride (14) in dichloromethane and pyridine followed by
aqueous work-up. The acid-functionalized resins obtained
thereby did not undergo the undesired cyclization upon
activation with carbodiimide.
However, the reaction with the dichloride 14 also resulted


in substantial crosslinking of the amino groups in the starting
material and the level of product loading was only up to 40%
of the original loading with amino groups.
This situation was significantly improved if freshly pre-


pared[9] adipic anhydride (15) was employed or if first an
adipic acid monoamide was formed with adipic methyl ester
(16) followed by basic saponification of the ester group
(Scheme 4). Analysis of the coupling efficiency by means of


Scheme 4. Synthesis of adipic acid-functionalized resin 17.


the Kaiser test,[10] which detects remaining free amino groups,
revealed that essentially no underivatized amino groups had
remained. The loading level was then determined by nucle-
ophilic esterification of the carboxylic acid groups with
2-methoxy-5-nitrobenzyl bromide in DMF and basic saponi-
fication of the resulting polymeric esters. The loading was
quantified by determining the amount of released 2-methoxy-
5-nitrobenzyl alcohol by means of UV spectroscopy (at ��
307 nm).[11] These determinations revealed that derivatization
of polystyrene-NH2 (loading level: 1.1 mmolg), TentaGel-
NH2 (loading level: 0.42 mmolg) and ArgoPore-NH2 (loading
level: 1.13 mmolg) had proceeded with yields in the range of
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93 ± 98%. Resin 17 was employed in all subsequent trans-
formations (see below).
All the acid-functionalized resins described above contain


an amide group. While this function does not interfere with
many organic transformations, it would be highly desirable to
have an alternative with a different linkage. To this end, resins
were synthesized in which the carboxylic acid linker is
attached to the solid support by an ether bond. Therefore,
butanediol (19) was treated with chloromethylated polystyr-
ene 18 and the resulting polymer-bound alcohol 20 was
oxidized in two steps: firstly to the aldehyde 21 [employing
1-hydroxy-1,2-benziodoxol-3(1H)-one (IBX)] and then to the
acid 22 (employing mCPBA; see Scheme 5), which was


Scheme 5. Synthesis of the acid-functionalized polystyrene resin 22 with
an ether linkage.


formed with an overall yield of 93%. The loading of
polymeric support 20 was determined by acylation with
Fmoc-Cl, cleavage of the carbonate, and UV-spectrometric
determination of the released fulvene.[12] The loading of resin
22 was determined as described above for polymeric support
17.


Development of conditions for the traceless cleavage : Phenyl-
ydrazines 23 were attached to carboxy-functionalized resins
17 by means of well-established procedures and reagents for
amide bond formation.[13] To this end, resins 17 were activated
with N,N�-diisopropyl carbodiimide (DIC) and 1-hydroxyben-
zotriazole (HOBt; Scheme 6). The resulting polymer-bound
arylhydrazides were then subjected to different oxidative
cleavage conditions (Table 1) and the released compounds
were analyzed by means of HPLC and GC-MS.


Scheme 6. Oxidative cleavage of the traceless hydrazide linker.


Previous works by Semenov et al.[4a] on the use of polymer-
bound phenylhydrazides in solid-phase peptide synthesis had
made extensive use of CuII-mediated oxidative cleavage.
Application of the conditions developed in this context led to
the release of model aromatic compounds 26 (X�NO2, I, Br,
OCH3) in 83 ± 95% yield. However, the isolation of the
product from a mixture of pyridine and acetic acid in DMF
was cumbersome. This problem was overcome by employing
the conditions described by Lowe et al.[4b] for the cleavage of
polymer-bound peptide phenylhydrazides. It includes the use
of catalytic amounts of [Cu(OAc)2] in the presence of amines
or in the presence of alcohols and pyridine (for complexation
of CuII).
Application of 0.5 equiv [Cu(OAc)2] in n-propylamine


(Method A) led to quantitative cleavage of the phenylhydra-
zides from resin 24. The procedure worked well for Tentagel,
polystyrene, or ArgoPore as polymeric carriers and tolerated
different substituents in the aromatic ring (26 : X�NO2, I, Br,
OCH3). CuI formed in the course of the reaction can readily
be reoxidized with oxygen. Reduction of the amount of
copper to 0.1 equiv is possible; however, this results in longer
reaction times (10 h instead of 2 h). In cases where the use of
primary amines may be problematic (e.g. if reactive carbonyl
groups are embedded in the target compounds), 0.5 equiv
[Cu(OAc)2] and 10 equiv pyridine in methanol as the solvent
(Method B) proved to be advantageous. Method B worked
well with all polymeric supports investigated. However, in the
case of the nonpolar polystyrene and ArgoPore supports,
THF had to be added to ensure sufficient wetting and swelling
of the polymeric carriers.
For subsequent biological testing of compounds prepared


employing the hydrazide linker, it is mandatory to remove the
copper. This was achieved by partitioning the crude product
between ether and 1� HCl. Investigation of the product
obtained from the organic layer by means of atom absorption
spectroscopy revealed that 99.9% of the copper had been
removed. Alternatively, it was possible to remove the copper
by means of solid-phase extraction techniques. Filtering a
solution of the crude product in an aprotic solvent through a
silica gel cartridge led to the removal of 99.9% of the metal
salt.
Particularly effective is the use of a polyamine scavenger[14]


(tris(2-aminoethyl)amine resin, Novabiochem, 200 ±


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 3270 ± 32813272


Table 1. Oxidative cleavage of the polymer-bound iodophenylhydrazide
with amines and oxygen.


Amine/O2 Yield [%][a]


ethylene diamine 97
n-propylamine 90
cyclohexylamine 68
tert-butylamine traces
piperidine 42
triethylamine traces


[a] Determined by HPLC.
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400 mesh). Suspension of the crude product in dichloro-
methane and trituration with 10 equiv of the polyamine resin
at room temperature resulted in the 99.99% removal of the
copper.
These results demonstrate that the CuII-mediated oxidative


cleavage procedures are mild and efficient methods for the
traceless cleavage of the hydrazide linker.
In the course of the experiments mentioned above and


subsequent investigations, it was observed that the linker is
also sensitive to treatment with amines in the presence of
oxygen (probably via intermediary formation of amine
oxides). This is particularly the case for primary and
secondary amines. Thus, in the presence of ethylenediamine
or n-propylamine, p-iodobenzene was released after 24 h in 97
and 90% yields, respectively. Increasing steric demand of the
amine reduces the yield. With cyclohexylamine only 68% of
the product was formed, while cleavage was not observed in
the presence of tert-butylamine. The use of the secondary
amine piperidine gave 42% of the product whereas triethyl-
amine did not induce cleavage at all. The presence of oxygen
is necessary. Under argon and if oxygen-free solvents and
reagents are used cleavage does not occur.
In principle, this observation can be exploited to cleave the


linker under very convenient conditions. The resin is simply
shaken in the presence of an appropriate amine and in a
stream of oxygen. Product isolation is achieved by simple
evaporation of the solvent and the amine. For this purpose, n-
propylamine is particularly advantageous on account of its
low boiling point (Method C).


In general, the oxidative cleavage of the phenylhydrazides
is a two-step process consisting of oxidation to the activated
acyldiazene intermediate and its subsequent nucleophile-
induced fragmentation. It would, therefore, be advantageous
not to conduct them in a one-pot reaction as in the methods
described above. Rather, if oxidation to the acyl diazene could
be achieved in the absence of a suitable nucleophile, all
reagents could be conveniently removed and fragmentation
would then be induced in a separate second operation. This
could simplify product isolation since only excess nucleophile
and solvent would have to be removed. Phenylhydrazides can
be oxidized in solution to acyldiazenes with NBS and pyridine
in dichloromethane.[15, 16] They can be isolated and they are
reasonably stable in the absence of water and other nucleo-
philes. Based on these findings, a two-step process as
delineated above was developed. Oxidation of polymer-
bound hydrazides to acyl diazenes was achieved with 2 equiv
NBS and 2 equiv pyridine in dichloromethane. After 5 mi-
nutes all reagents were removed by simple filtration and
washing steps. Fragmentation was then induced by the
addition of methanol and, after shaking for 2 h, the products
were isolated by filtration and evaporation of methanol. This
procedure (Method D) gave yields �90% for both electron-
rich and electron-poor aromatic compounds (Table 2).


Application of the phenylhydrazide linker in solid-phase
syntheses : In order to demonstrate the wide applicability of
the hydrazide linker in solid-phase synthesis, different Pd0-
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Scheme 7. Heck and Suzuki reactions employing polymer-bound 4-iodoarylhydrazides 28 and traceless oxidative cleavage of the coupling products from the
solid supports. For yields, see Table 3. a) 6 equiv 29, 3 equiv NaOAc, 1 equiv Bu4NBr, 0.2 equiv [Pd(OAc)2], dimethylacetamide, 100 �C, 24 h; b) 10 equiv 30,
2 equiv K3PO4, 0.02 equiv [Pd(PPh3)4], dimethylformamide/water 6:1, 80 �C, 24 h; c) 5 equiv 31, 2 equiv K2CO3, 0.1 equiv [Pd2(dba)3], dimethylformamide,
90 �C, 24 h; d) 8 equiv 32 ± 35, 18 equiv K2CO3, 10 equiv N,N-diisopropyl-N-ethylamine, 0.2 equiv [Pd(OAc)2], dioxane/water 6:1, 95 �C, 24 h.
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catalyzed transformations, as well as Wittig and Grignard
reactions were investigated and the coupling products were
released from the solid support with formation of a C ±H
bond at the former attachment site.
For the Pd-catalyzed reactions, 4-iodophenylhydrazine (27)


was coupled to the solid support and iodinated hydrazides 28
were subjected to a Heck reaction with acrylic tert-butyl ester
(29 ; Scheme 7). For all three polymeric carriers investigated,
quantitative conversion was achieved (Table 3) at 80 �C in
dimethylacetamide and in the presence of palladium(��)
acetate, triphenylphosphine, tetrabutylammonium acetate,
and sodium acetate.[17] Oxidative cleavage of polymer-bound
hydrazides 36 was carried out employing Methods A, B, and
D (Table 2) and cinnamic ester (43) was obtained in 83 ± 96%
yield (Table 3).
Polymer-bound aryl iodides 28 were also employed in


Suzuki reactions with boronic acids 30 and 31 (Scheme 7).
Coupling of iodide 28 with compound 30 proceeded well in
the presence of [Pd(PPh3)4] in DMF/water (6:1) and with


K2CO3 as base.[18] Application ofMethods A, B, andD yielded
biphenyl 44 in overall yields of 60 ± 93%. Thienylboronic acid
(31) was used to investigate the compatibility of the oxidative
cleavage conditions with oxidation-sensitive compounds.
After employing [Pd(OAc)2] as catalyst and iPrNEt2 as base
in dioxane/H2O[19] and oxidative cleavage of the linker,
arylated thiophene 45 was obtained in only 20% yield.
However, a change of the solvent (DMF) and the base
(K2CO3) and double coupling in the presence of the more
reactive catalyst [Pd2(dba)3] served to increase the overall
yield. Hydrazide cleavage with Method B delivered thienyl
compound 45 in 77% yield.[20] Attack on the thiophene was
not observed.
Additional Suzuki reactions were carried out with less


reactive acetyl and formylboronic acids 32 ± 35. After opti-
mization of the reaction conditions,[20] (see the Experimental
Section) acylated biphenyl derivatives 39 ± 42 were formed
and then tracelessly released from the resin employing
Method B to yield compounds 46 ± 49 in moderate yields
(Scheme 7, Table 3).
Next, a Sonogashira and a Stille coupling were investigated


(Scheme 8). On the one hand, iodoaryl resins 28 were treated
with phenylacetylene (50) and [Pd(PPh3)2Cl2]/CuI as catalyst
system in dioxane/NEt3 (2:1) at room temperature.[17] Target
compound 54 was then released into solution in yields up to
93% by means of Methods A or B.


Scheme 8. Sonogashira and Stille reactions employing polymer-bound
4-iodoarylhydrazides 28 and traceless oxidative cleavage of the coupling
products from the solid supports. For yields, see Table 3. a) 6 equiv 50,
0.2 equiv CuI, 0.1 equiv [Pd(PPh3)2Cl2], dioxane/triethylamine 2:1, RT,
24 h; b) 5 equiv 51, 0.4 equiv AsPh3, 0.1 equiv [Pd2(dba)3], dioxane, 60 �C,
24 h.


On the other hand 2-furanyl-tri-n-butylstannane (51) was
coupled quantitatively to aryliodide 28 in the presence of
[Pd2(dba)3]/AsPh3.[19] Subsequent CuII-mediated cleavage of
phenyl-substituted furan 55 from the solid support proceeded
in high yield without undesired attack on the furan.
All Pd-catalyzed C ±C bond-formation reactions described


above were conducted with polymer-bound 4-iodophenylhyr-
azide 28. In order to demonstrate the applicability of the new
traceless linker to other derivatives, immobilized arylhydra-
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Table 2. Methods for oxidative cleavage of the traceless hydrazide linker.


Method A [Cu(OAc)2] (5 m�� 0.5 equiv)
in n-propylamine, O2, 2 h


Method B [Cu(OAc)2] (5 m�� 0.5 equiv)
and pyridine (0.1�) in methanol, O2, 2 h


Method C n-propylamine, O2, 24 h
Method D i) NBS (2 equiv) and pyridine in CH2Cl2,


5 min, ii) methanol, 2 h


Table 3. Representative results of the three-step reaction sequence on the
solid support consisting of hydrazide formation, Pd0-catalyzed coupling
reaction and oxidative cleavage of the hydrazide linker (Methods A, B or
D).


Compound Polymeric support Method[a] Yield [%][b]


(three steps)


43 TentaGel D 83
43 polystyrene A 84
43 polystyrene B 85
43 ArgoPore A 89
43 ArgoPore B 96
44 TentaGel A 93
44 TentaGel B 86
44 TentaGel D 74
44 polystyrene A 67
44 ArgoPore A 60
45 polystyrene B 77
46 polystyrene B 39
47 polystyrene B 48
48 polystyrene B 40
49 polystyrene B 32
54 polystyrene A 92
54 polystyrene B 93
54 ArgoPore A 86
55 TentaGel A 86
55 polystyrene A 79
55 polystyrene B 79
55 ArgoPore A 80


[a] Method A: [Cu(OAc)2], n-propylamine, RT, 2 h; Method B:
[Cu(OAc)2] (0.5 equiv), methanol, pyridine (10 equiv, RT, 2 h; Method D:
NBS (2 equiv), pyridine (2 equiv), CH2Cl2, RT, 45 min.; after filtration
addition of methanol. [b] Determined for the unpurified products. All
products were �90% pure (HPLC, GCMS, NMR).
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zides 56, 58, and 60 were synthesized and subjected to Suzuki
reactions with boronic acid (30 ; Scheme 9). The hydrazines
required for coupling to the solid support were synthesized
from the corresponding anilines by diazotation (NaNO2 in
HCl) and reduction of the diazonium salts (SnCl2 in HCl).[21]


Scheme 9. Pd0-catalyzed C±C coupling reactions employing polymer-
bound 4-iodoarylhydrazide 56 and 58 and 4-bromoarylhydrazide (60) with
traceless oxidative cleavage of the coupling products from the solid
supports. a) 10 equiv 30, 2 equiv K3PO4, 0.02 equiv [Pd(PPh3)4], dimethyl-
formamide/water 6:1, 80 �C, 24 h; b) As for a), 95 �C; c) Method A;
d) 3 equiv 30, 0.03 equiv [Pd(PPh3)4], dimethylformamide/triethylamine
1:1, 90 �C, 24 h; e) Method D.


Aryliodides 56 and 58 were converted into the correspond-
ing biaryls according to the method used by Piettre et al.[17]


Finally, oxidation with [Cu(OAc)2] in n-propylamine (Meth-
od A) yielded biaryls 57 and 59 in 93 and 89% overall yield.
Activation of aryl bromide 60 was not efficient under the


conditions developed for the aryl iodides. High yields were
obtained, however, in DMF/NEt3 (1:1) and in the presence of
[Pd(PPh3)4].[22] Subsequent oxidation with NBS in the pres-
ence of pyridine and methanol-induced fragmentation of the
intermediary formed diazene (Method D) delivered fluori-
nated biaryl compound 61 in a very useful overall yield of
55%.
In addition to the Pd-catalyzed reactions, the phenylhydra-


zide linker was also investigated in further important C ±C
bond-forming reactions.
Thus, polymer-bound aldehyde 39 was subjected to Wittig


reactions with different phosphonium salts. Application of
methyl-, ethyl-, and methoxycarbonylmethyl triphenylphos-
phonium salts at 60 �C in THF and employing KOtBu as
base[23] resulted in complete conversion (Scheme 10). Target


Scheme 10. Wittig reactions employing polymer-bound 4-biphenylalde-
hyde 39 and traceless oxidative cleavage of the coupling products from the
solid supports. For yields, see Table 4. a) 10 equiv alkyl-triphenylphospho-
nium salt, 10 equiv potassium tert-butoxide, THF, 60 �C, 24 h; b) Method A.


compounds 62 ± 64 were obtained in yields of 27 ± 45% (four
steps) and with purities �90% after cleavage according to
Method A and subsequent solid-phase extraction (Table 4).


Also, the compatibility of the hydrazide linker with
organometallic reagents, namely phenyl lithium and allyl-
magnesium bromide, was investigated.[24] To this end, poly-
mer-bound ester 65 was synthesized and treated with the
organometallic reagents (Scheme 11). Complete conversion


Scheme 11. Reactions with organometallic reagents employing polymer-
bound 4-hydrazinobenzoic acid methyl ester 65, biphenylaldehyde (39),
and biphenylketone (40) with traceless oxidative cleavage of the coupling
products from the solid supports. For yields, see Table 4. a) 2� 20 equiv
organometallic reagent, THF, RT, 72 h; b) Method A.


could not be achieved at 0 �C. The temperature had to be
raised to room temperature to obtain the desired alcohols 66
and 67 in high yields (60 ± 62%).[25] Similarly, immobilized
aldehyde 39 was converted into a secondary alcohol with
phenyl lithium, and ketone 40 yielded tertiary alcohol 69 after
treatment with allylmagnesium bromide and subsequent
traceless cleavage in overall yields of 35% and 37%,
respectively, and with high purity.


Conclusion


The results detailed above clearly demonstrate that the
traceless hydrazide linker is compatible with several of the
most important organic synthesis reactions. It is stable under
very different conditions yet it can be removed selectively in a
traceless manner with mild oxidative methods that are
compatible with various functional groups and oxidation-
labile structures. Thus, if Methods A and B are used for
cleavage, double and triple bonds remain intact, and thio-
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Table 4. Results of the reaction sequences on the solid support including a
Wittig reaction or a reaction with an organometallic reagent.


Compound Polymeric support Method Yield [%][a] (all steps)


62 polystyrene A 45
63 polystyrene A 39 (cis :trans 43:57)
64 polystyrene A 27
66 polystyrene A 62
67 polystyrene A 60
68 polystyrene A 35
69 polystyrene A 37


[a] Determined for the unpurified products. All products were �97% pure
(HPLC, GCMS, NMR).
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phene and furan groups are not affected. Also cinnamic esters
can be formed efficiently. The experimental conditions for
cleavage of the linker group can be varied such that the
desired products are obtained after simple extraction or even
without a further separation step in high overall yields and
with excellent purity.
Together with the results described in the accompanying


paper,[5] our findings demonstrate that the hydrazide linker
can be applied widely and opens up new opportunities to
solid-phase and combinatorial chemistry.


Experimental Section


General procedures : 1H NMR and 13C NMR spectra were recorded on
Bruker AC250, DRX400 or DRX500 spectrometers. HPLC were meas-
ured on an Agilent 1100 Series equipped with a C18PPN column
(Macherey & Nagel). GCMS were measured on a Agilent 6890 Series
gas chromatograph connected to a Agilent 5973 Series mass spectrometer.
All HPLC was performed with a flow rate of 1 mLmin�1 and a gradient
which changed from H2O/acetonitrile/formic acid 90:10:0.1 (v/v/v) to H2O/
acetonitrile/formic acid 10:90:0.1 (v/v/v) within 30 min. High-resolution
mass spectra (HR-MS) were measured on a Finnigan MAT8200 spec-
trometer. IR spectra were measured on Bruker IFS88 or Bruker Vector 22
spectrometers with a diffuse reflectance head A527 from Spectra Tech. UV
spectra were measured on a Perkin ±Elmer Cary50 spectrometer.


Materials : TLC was performed on Merck silica gel60F254 aluminum sheets.
For flash chromatography, silica gel (40 ± 60 �m) was used. The resins were
purchased from Rapp Polymere, Advanced Chemtech, and Argonaut
Technologies. If not otherwise indicated, all reactions were performed
under an argon atmosphere with freshly distilled and dried solvents. All
solvents were distilled by means of standard procedures. Commercial
reagents were used without further purification.


General procedure for the preparation of acid-functionalized supports 17
with adipic dichloride (Procedure A): Adipic dichloride (30 equiv) was
added slowly to a suspension of the appropriate amino-functionalized resin
in CH2Cl2 and pyridine (5:1, 30 mLg�1 resin). The mixture was shaken for
18 h at room temperature and then filtered. The resin washed with THF,
THF/1� HCl (1:1), THF, methanol, methylene chloride, and cyclohexane
(2� each), and was then dried to constant weight in vacuo.
General procedure for the preparation of acid-functionalized supports 17
with adipic anhydride (Procedure B): Freshly distilled adipic anhydride
(10 equiv) was added to a suspension of the appropriate amino-function-
alized resin in methylene chloride (30 mLg�1 resin). The mixture was
shaken for 24 h at room temperature and then filtered. The resin washed
with methylene chloride, THF, THF/1� HCl (1:1), THF, methanol,
methylene chloride, and cyclohexane (2� each), and was then dried to
constant weight in vacuo.


General procedure for the preparation of acid-functionalized supports 17
with adipic acid monomethyl ester (Procedure C): N,N-Diisopropylcarbo-
diimide (3 equiv), 1-hydroxybenzotriazole (3 equiv), triethylamine
(3 equiv), and adipic acid monomethylester (3 equiv) were added to a
suspension of the appropriate amino-functionalized resin in methylene
chloride (30 mLg�1 resin). The mixture was shaken for 18 h at room
temperature and then filtered. The resin washed with methylene chloride,
THF, THF/1� HCl (1:1), THF, methanol, methylene chloride, and cyclo-
hexane (2� each), and was then dried to constant weight in vacuo. The
resin was suspended in dioxane (20 mLg�1 resin). After 15 min, 1%
aqueous lithium hydroxide solution (20 mLg�1 resin) was added. The
mixture was shaken for 18 h at room temperature and filtered. The resin
was washed with methylene chloride, THF, THF/1� HCl (1:1), THF,
methanol, methylene chloride, and cyclohexane (2� each) and was then
dried to constant weight in vacuo.


Acid-functionalized TentaGel (17a): According to Procedure A, TentaGel-
HL-NH2 (5 g, 2.10 mmol, Rapp Polymere, 0.42 mmolg�1, 130 �m) was
treated with adipic dichloride (9.0 mL, 63 mmol) in methylene chloride and
pyridine (5:1, 150 mL) to yield the off-white resin 17a (5.18 g). IR (SiO2):


�� � 3357 (OH), 1739 (C�O), 1667 (C�O), 1109 (C-O-C) cm�1; loading:
0.24 mmolg�1 (59%). Preparation of 17a according to Procedure B:
loading: 0.39 mmolg�1 (97%). Preparation of 17a according to Procedur-
e C: loading: 0.37 mmolg�1 (92%).


Acid-functionalized polystyrene (17b): According to Procedure A, poly-
styrene-NH2 (5 g, 5.50 mmol, Rapp Polymere, 1.1 mmolg�1, 100 ±
200 mesh) was treated with adipic acid dichloride (23.7 mL, 165 mmol) in
methylene chloride and pyridine (5:1, 150 mL) to yield the off-white resin
17b (5.23 g). IR (SiO2): �� � 3349 (OH), 1742 (C�O), 1658 (C�O) cm�1;
loading: 0.42 mmolg�1 (44%). Preparation of 17b according to Procedur-
e B: loading: 0.93 mmolg�1 (96%). Preparation of 17b according to
Procedure C: loading: 0.92 mmolg�1 (95%).


Acid-functionalized ArgoPore (17c): According to Procedure A, Argo-
Pore-NH2 (5 g, 5.65 mmol, Argonaut Technologies, 1.13 mmolg�1, 60 ±
140 mesh) was treated with adipic acid dichloride (24.3 mL, 169.5 mmol)
in methylene chloride and pyridine (5:1, 150 mL) to yield the off-white
resin 17c (5.15 g). IR (SiO2): �� � 3412 (OH), 1742 (C�O), 1682
(C�O) cm�1; loading: 0.35 mmolg�1 (36%). Preparation of 17c according
to Procedure C: loading: 0.94 mmolg�1 (95%).


Polystyrene-bound alcohol (20): Sodium hydride (692 mg, 17.3 mmol, 60%
in mineral oil) was added to a solution of butanediol (19, 1.54 mL,
17.3 mmol) in dry DMF (100 mL) at 0 �C and the mixture was shaken for
90 min. A suspension of chloromethylated polystyrene 18 (4.81 g,
4.33 mmol, Advanced Chemtech, 0.9 mmolg�1, 100 ± 200 mesh) and tetra-
butylammonium iodide (159 mg, 0.433 mmol) in dry DMF (50 mL) was
added. The mixture was shaken for 18 h at room temperature and filtered.
The resin was washed with DMF, THF, THF/1� HCl (1:1), THF, methanol,
methylene chloride, and cyclohexane (2� each), and then dried to
constant weight in vacuo to yield the off-white resin 20 (4.82 g). IR (SiO2):
�� � 3448 (OH), 1099 (C-O-C) cm�1; loading: 0.82 mmolg�1 (96%). The
loading was determined as follows: to a suspension of 20 (10 mg) in
methylene chloride and pyridine (10:1, 3 mL) was added Fmoc-Cl
(10 equiv) and the mixture was shaken at room temperature for 2 h. The
resin was filtered, washed with methylene chloride, THF and methylene
chloride (2� each), and then dried to constant weight in vacuo. The Fmoc-
loading of the resin was determined by standard procedures used to
calculate the hydroxyl loading.[12]


Polystyrene-bound aldehyde (21): IBX (2.99 g, 11.07 mmol) was added to a
suspension of polystyrene-bound alcohol 20 (4.5 g, 3.69 mmol) in THF/
DMSO (1:1, 90 mL). The mixture was shaken for 18 h at room temperature
and then filtered. The resin was washed with THF/DMSO (1:1), THF,
methanol, methylene chloride, and cyclohexane (2� each), and then dried
to constant weight in vacuo to yield the off-white resin 21 (4.45 g). IR
(SiO2): �� � 2717 (CHO), 1727 (C�O) cm�1.


Polystyrene-bound acid (22): To a suspension of the polystyrene-bound
aldehyde 21 (4.0 g, 3.28 mmol) in 1,2-dichloroethane/cyclohexane (1:1,
160 mL) was added m-chloroperbenzoic acid (m-CPBA, 70%, 8.1 g,
32.8 mmol) and the mixture was refluxed for 48 h. After cooling to room
temperature, the mixture was filtered. The resin was washed with
methylene chloride, THF, THF/1� HCl (1:1), methanol, methylene
chloride, and cyclohexane (2� each), and then dried to constant weight
in vacuo to yield the off-white resin 22 (3.98 g). IR (SiO2): �� � 3325 (OH),
1743 (C�O) cm�1; loading: 0.79 mmolg�1 (93% over 3 steps, starting from
18).


General procedure for the oxidative cleavage of the phenylhydrazide linker
with [Cu(OAc)2] and n-propylamine (Method A): The resin was suspended
in 0.5 equiv [Cu(OAc)2] in n-propylamine (5 m�) and was shaken at room
temperature for 2 h with oxygen bubbling through the mixture. The solvent
was removed under reduced pressure and the work-up was performed using
one of the following procedures: i) addition of diethyl ether and 1� HCl
(1:1) to the residue. After phase separation, the organic layer was dried
over MgSO4. The solvent was removed and the residue was dried in vacuo.
ii) The residue was suspended in methylene chloride (50 mLg�1 resin) and
tris-(2-aminoethyl)amino resin (5 equiv, Novabiochem, 200 ± 400 mesh)
was added. The mixture was shaken for 1 h at room temperature and then
filtered. The filtrate was evaporated and dried in vacuo. iii) The residue was
suspended in cyclohexane/ethyl acetate (10:1) or methylene chloride/
cyclohexane (5:1), filtered through a SPE cartridge (SiO2) and washed with
cyclohexane/ethyl acetate (1:1) or methylene chloride (3� ). The filtrate
was evaporated and dried in vacuo.
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General procedure for the oxidative cleavage of the phenylhydrazide linker
with [Cu(OAc)2] , methanol, and pyridine (Method B): The resin was
suspended in 0.5 equiv [Cu(OAc)2] (5 m�) and pyridine (100 n�) in
methanol and was shaken at room temperature for 2 h with oxygen
bubbling through the mixture. If polystyrene resins were used, the same
volume of THF was added. The solvent was removed under reduced
pressure and the work-up was performed using one of the procedures
described above.


General procedure for the oxidative cleavage of the phenylhydrazide linker
with n-propylamine (Method C): The resin was suspended in n-propyl-
amine (50 mLg�1 resin) and shaken at room temperature for 24 h with
oxygen bubbling through the mixture. The mixture was filtered, the filtrate
was evaporated, and the residue was dried in vacuo.


General procedure for the oxidative cleavage of the phenylhydrazide linker
with NBS and pyridine (Method D): The resin was suspended in a solution
of 2 equiv NBS (15 m�) and pyridine (15 m�) in dichloromethane, the
mixture was shaken at room temperature for 5 min, filtered, and washed
with dichloromethane (2� ). The TentaGel resins were suspended in
methanol (5 mL), the polystyrene resins were suspended in methanol/THF
(1:1, 5 mL) and shaken for 2 h at room temperature. The mixture was
filtered, the filtrate was evaporated to dryness, and the residue was dried in
vacuo.


General procedure for the carbodiimide-mediated preparation of polymer-
bound phenylhydrazides (Procedure E): To a suspension of the acid-
functionalized support 17 in methylene chloride (20 mLg�1 resin), were
added N,N-diisopropylcarbodiimide (3 equiv), 1-hydroxybenzotriazole
(3 equiv), triethylamine (3 equiv), and phenylhydrazine (3 equiv). The
mixture was shaken for 18 h at room temperature and filtered. The resin
was washed with methylene chloride, THF, THF/1� HCl (1:1), THF,
methanol, methylene chloride, and cyclohexane (2� each), and dried to
constant weight in vacuo.


TentaGel-bound 4-iodophenylhydrazide (28a): According to Procedure E,
TentaGel resin 17a (1 g, 0.24 mmol) was treated with N,N-diisopropylcar-
bodiimide (111 �L, 0.72 mmol), 1-hydroxybenzotriazole (110 mg,
0.72 mmol), triethylamine (101 �L, 0.72 mmol), and 4-iodophenylhydra-
zine (27, 168 mg, 0.72 mmol) in methylene chloride (20 mL) to yield the
yellow resin 28a (1.03 g). IR (KBr): �� � 3296 (NH), 1669 (C�O), 1108 (C-
O-C) cm�1.


Polystyrene-bound 4-iodophenylhydrazide (28b): According to Procedur-
e E, polystyrene resin 17b (1 g, 0.42 mmol) was treated with N,N-
diisopropylcarbodiimide (195 �L, 1.26 mmol), 1-hydroxybenzotriazole
(193 mg, 1.26 mmol), triethylamine (176 �L, 1.26 mmol), and 4-iodophe-
nylhydrazine (27, 295 mg, 1.26 mmol) in methylene chloride (20 mL) to
yield the yellow resin 28b (1.04 g). IR (KBr): �� � 3290 (NH), 1661
(C�O) cm�1.


ArgoPore-bound 4-iodophenylhydrazide (28c): According to Procedure E,
ArgoPore resin 17c (1 g, 0.35 mmol) was treated with N,N-diisopropylcar-
bodiimide (162 �L, 1.05 mmol), 1-hydroxybenzotriazole (161 mg,
1.05 mmol), triethylamine (145 �L, 1.05 mmol), and 4-iodophenylhydrazine
(27, 246 mg, 1.05 mmol) in methylene chloride (20 mL) to yield the yellow
resin 28c (1.02 g). IR (KBr): �� � 3291 (NH), 1665 (C�O) cm�1.


General procedure for the preparation of the polymer-bound cinnamic tert-
butyl ester (36; Procedure F): Acrylic tert-butyl ester (29, 6 equiv) was
added to a suspension of the polymer-bound 4-iodophenylhydrazide (28),
sodium acetate (3 equiv) and tetrabutylammonium bromide (1 equiv) in
dimethylacetamide (5 ± 10 mLg�1 g�1 resin). The mixture was degassed
(ultrasound), palladium(��) acetate (0.2 equiv) was added and the mixture
was heated to 100 �C for 24 h. The mixture was cooled to room temperature
and filtered. The resin was washed with DMF, water, DMF, ethyl acetate,
and methylene chloride (3� each), and was then dried to constant weight
in vacuo.


TentaGel-bound cinnamic tert-butyl ester (36a): According to Procedur-
e F, TentaGel-bound 4-iodoarylhydrazide (28a, 650 mg, 0.15 mmol), so-
dium acetate (37 mg, 0.45 mmol) and tetrabutylammonium bromide
(48 mg, 0.15 mmol) were treated with acrylic tert-butyl ester (29, 131 �L,
0.9 mmol) and palladium(��) acetate (7 mg, 30 �mol) in dimethylacetamide
(3 mL) to yield the black resin 36a (641 mg). IR (KBr): �� � 3204 (NH),
1699 (C�O), 1668 (C�O) cm�1.


Cinnamic tert-butyl ester (43): According to Method D for the oxidative
cleavage of the hydrazide linker, 36a (266 mg, 34 �mol) was oxidized with


NBS and pyridine in methylene chloride and the product was cleaved by
addition of methanol to yield yellowish oil (6.0 mg, 29 �mol, 83%). Rf�
0.51 (cyclohexane/ethyl acetate 10:1); HPLC: 91% (260 nm); 1H NMR
(CDCl3, 250 MHz): �� 7.58 (d, 3J(H,H)� 14.6 Hz, 1H, Ph-CH�CH), 7.55 ±
7.35 (5H, arom. CH), 6.38 (d, 3J(H,H)� 14.6 Hz, 1H, Ph-CH�CH), 1.52 (s,
9H, C(CH3)3); GCMS (70 eV, EI): m/z (%): 204 (10) [M]� , 147 (100), 131
(70), 103 (33), 77 (33), 57 (51), 51 (16), 41 (27), 29 (14). The spectroscopic
data are in agreement with reported values.[26]


Polystyrene-bound cinnamic tert-butyl ester (36b): According to Proce-
dure F, polystyrene-bound 4-iodoarylhydrazide (28b, 800 mg, 0.12 mmol),
sodium acetate (30 mg, 0.36 mmol), and tetrabutylammonium bromide
(37 mg, 0.12 mmol) were treated with acrylic tert-butyl ester (29, 105 �L,
0.72 mmol) and palladium(��) acetate (5 mg, 24 �mol) in dimethylacetamide
(6 mL) to yield the black resin 36b (786 mg). IR (KBr): �� � 3286 (NH),
1704 (C�O), 1670 (C�O) cm�1.


Cinnamic tert-butyl ester (43): According to Method A for the oxidative
cleavage of the hydrazide linker, 36b (205 mg, 31 �mol) was treated with
[Cu(OAc)2] in n-propylamine followed by extractive work-up to yield the
title compound (5.3 mg, 26 �mol, 84%). HPLC: 92% (260 nm). Cleavage
according to Method B: Yield: 85%; HPLC: 93% (260 nm).


ArgoPore-bound cinnamic tert-butyl ester (36c): According to Procedur-
e F, ArgoPore-bound 4-iodophenylhydrazide (28c, 231 mg, 0.04 mmol),
sodium acetate (10 mg, 0.12 mmol), and tetrabutylammonium bromide
(13 mg, 0.04 mmol) were treated with acrylic acid tert-butyl ester (29,
35 �L, 0.24 mmol) and palladium(��) acetate (2 mg, 8 �mol) in dimethyla-
cetamide (3 mL) to yield the black resin 36c (224 mg). IR (KBr): �� � 3245
(NH), 1700 (C�O), 1670 (C�O) cm�1.


Cinnamic tert-butyl ester (43): According to Method A for the oxidative
cleavage of the hydrazide linker, 36c (117 mg, 20 �mol) was treated with
[Cu(OAc)2] in n-propylamine followed by extractive work-up to yield the
title compound (3.7 mg, 18 �mol, 89%). HPLC: 98% (260 nm). Cleavage
according to Method B: Yield: 95%; HPLC: 97% (260 nm).


General procedure for the preparation of polymer-bound 4-methoxybi-
phenyls (Procedure G): 4-Methoxyphenylboronic acid (30, 10 equiv) was
added to a suspension of the polymer-bound 4-iodophenylhydrazide (28)
and potassium phosphate trihydrate (2 equiv) in DMF/water (6:1) and the
mixture was degassed (ultrasound). [Pd(PPh3)4] (0.02 equiv) was added and
the mixture was heated to 80 �C for 24 h. The mixture was cooled to room
temperature and filtered. The resin was washed with DMF, water, DMF,
ethyl acetate, and methylene chloride (3� each), and then dried to
constant weight in vacuo.


TentaGel-bound 4-methoxybiphenyl (37a): According to Procedure G,
TentaGel-bound 4-iodophenylhydrazide (28a, 525 mg, 0.21 mmol) was
treated with 4-methoxyphenylboronic acid (30, 319 mg, 2.1 mmol), potas-
sium phosphate (112 mg, 0.42 mmol), and [Pd(PPh3)4] (5 mg, 4 �mol) in
DMF/water (6:1, 14 mL) to yield the black resin 37a (507 mg). IR (KBr):
�� � 3323 (NH), 1667 (C�O), 1122 (C-O-C) cm�1.


4-Methoxybiphenyl (44): According to Method A for the oxidative
cleavage of the hydrazide linker, 37a (107 mg, 25 �mol) was treated with
[Cu(OAc)2] in n-propylamine followed by extractive work-up to yield the
title compound (4.3 mg, 23 �mol, 93%). HPLC: 94% (260 nm); off-white
solid. Rf� 0.58 (cyclohexane/ethyl acetate 10:1); m.p. 85 �C; 1H NMR
(CDCl3, 250 MHz): �� 7.58 ± 7.26 (7H, arom. CH), 6.93 (d, 3J(H,H)�
8.8 Hz, 2H, arom. CH), 3.82 (s, 3H, OCH3); GCMS (70 eV, EI): m/z
(%): 184 (100) [M]� , 169 (46), 141 (46), 115 (38), 63 (10), 44 (10), 32 (38), 28
(91). The spectroscopic data are in agreement with reported values.[27, 29]


Cleavage according to Method B: Yield: 86%; HPLC: 95% (260 nm).
Cleavage according to Method D: Yield: 74%; HPLC: 91% (260 nm).


Polystyrene-bound 4-methoxybiphenyl (37b): According to Procedure G,
polystyrene-bound 4-iodophenylhydrazide (28b, 1.35 g, 0.5 mmol) was
treated with 4-methoxyphenylboronic acid (30, 760 mg, 5.0 mmol), potas-
sium phosphate (266 mg, 1.0 mmol), and [Pd(PPh3)4] (12 mg, 10 �mol) in
DMF/water (6:1, 14 mL) to yield the black resin 37b (1.27 g). IR (KBr):
�� � 3224 (NH), 1678 (C�O) cm�1.


4-Methoxybiphenyl (44): According to Method A for the oxidative
cleavage of the hydrazide linker, 37b (103 mg, 31 �mol) was treated with
[Cu(OAc)2] in n-propylamine followed by extractive work-up to yield the
title compound (3.9 mg, 21 �mol, 67%); HPLC: 96% (260 nm).
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ArgoPore-bound 4-methoxybiphenyl (37c): According to Procedure G,
ArgoPore-bound 4-iodophenylhydrazide (28c, 3.2 g, 1.13 mmol) was treat-
ed with 4-methoxyphenylboronic acid (30, 1.71 g, 11.3 mmol), potassium
phosphate (599 mg, 2.25 mmol), and [Pd(PPh3)4] (26 mg, 23 �mol) in DMF/
water (6:1, 14 mL) to yield the black resin 37c (3.1 g). IR (KBr): �� � 3195
(NH), 1679 (C�O) cm�1.


4-Methoxybiphenyl (44): According to Method A for the oxidative
cleavage of the hydrazide linker, 37c (125 mg, 41 �mol) was treated with
[Cu(OAc)2] in n-propylamine followed by extractive work-up to yield the
title compound (4.6 mg, 25 �mol, 60%); HPLC: 96% (260 nm).


Polystyrene-bound 2-phenylthiophene (38): A suspension of 28b (400 mg,
73 �mol), 2-thiopheneboronic acid (31, 47 mg, 0.37 mmol), and potassium
carbonate (20 mg, 0.14 mmol) in dry DMF (6 mL) was degassed (ultra-
sound). [Pd2(dba)3] ¥CHCl3 (8 mg, 8 �mol) was added and the mixture was
heated to 90 �C for 24 h. The mixture was cooled to room temperature and
filtered. The resin was washed with THF, THF/1� HCl, THF, methanol,
methylene chloride, and cyclohexane (2� each), and then dried to
constant weight in vacuo to yield the black resin 38 (387 mg). IR (KBr): �� �
3144 (NH), 1668 (C�O) cm�1.


2-Phenylthiophene (45): According to Method B for the oxidative cleavage
of the hydrazide linker, 38 (170 mg, 30 �mol) was treated with [Cu(OAc)2]
and pyridine in methanol followed by extractive work-up to yield a
yellowish oil (3.7 mg, 23 �mol, 77%). HPLC: 93% (260 nm). Rf� 0.37
(cyclohexane/ethyl acetate 10:1); 1H NMR (CDCl3, 250 MHz): �� 7.53 (d,
3J(H,H)� 9.1 Hz, 1H, arom. CH, thiophene), 7.40 ± 7.25 (m, 5H, arom.
CH), 7.02 (d� dd, 2H, arom. CH, thiophene); GCMS (70 eV, EI):m/z (%):
160 (100) [M]� , 128 (12), 115 (43), 89 (9), 28 (13). The spectroscopic data
are in agreement with reported values.[27]


General procedure for the preparation of polymer-bound biphenylalde-
hydes and -ketones (Procedure H): A suspension of the polymer-bound
4-iodophenylhydrazide (28), potassium carbonate (18 equiv), formyl- or
acetylphenylboronic acid (8 equiv), and N,N-diisopropyl-N-ethylamine
(10 equiv) in dioxane/water (6:1) was degassed (ultrasound). Palladium(��)
acetate (0.2 equiv) was added and the mixture was heated to 95 �C for 24 h.
The mixture was cooled to room temperature and filtered. The resin was
washed with THF, THF/1� HCl, THF, methanol, methylene chloride, and
cyclohexane (2� each), and was then dried to constant weight in vacuo.
Polystyrene-bound biphenylaldehyde (39): According to Procedure H,
polystyrene-bound 4-iodophenylhydrazide (28b, 400 mg, 0.3 mmol) was
treated with 4-formylphenylboronic acid (32, 360 mg, 2.4 mmol), potassium
carbonate (504 mg, 5.4 mmol), N,N-diisopropyl-N-ethylamine (420 �L,
3 mmol), and palladium(��) acetate (15 mg, 0.06 mmol) in dioxane/water
(6:1, 10 mL) to yield the black resin 39 (396 mg). IR (SiO2): �� � 3307 (NH),
2851 (CHO), 1680 (C�O) cm�1.


Biphenyl-4-carbaldehyde (46): According to Method B for the oxidative
cleavage of the hydrazide linker, 39 (164 mg, 126 �mol) was treated with
[Cu(OAc)2] and pyridine in methanol followed by work-up with SPE. to
yield an off-white solid (9.0 mg, 49 �mol, 39%); HPLC: 93% (260 nm).
Rf� 0.30 (cyclohexane/ethyl acetate 10:1); m.p. 55 �C; 1H NMR (CDCl3,
400 MHz): �� 10.07 (s, 1H, CHO), 7.96 (dd, 3J(H,H)� 6.4, 4J(H,H)�
1.8 Hz, 2H, arom. CH), 7.77 (dd, 3J(H,H)� 6.4, 4J(H,H)� 1.6 Hz, 2H,
arom. CH), 7.65 (dd, 3J(H,H)� 6.8, 4J(H,H)� 1.4 Hz, 2H, arom. CH),
7.50 ± 7.44 (m, 3H, arom. CH); GCMS (70 eV, EI):m/z (%): 182 (100) [M]� ,
152 (92), 127 (5), 102 (8), 76 (37), 63 (13), 51 (14). The spectroscopic data
are in agreement with reported values.[28]


Polystyrene-bound biphenylketone (40): According to Procedure H, poly-
styrene-bound 4-iodophenylhydrazide (28b, 400 mg, 0.3 mmol) was treated
with 4-aceylphenylboronic acid (33, 394 mg, 2.4 mmol), potassium carbo-
nate (504 mg, 5.4 mmol), N,N-diisopropyl-N-ethylamine (420 �L, 3 mmol),
and palladium(��) acetate (15 mg, 0.06 mmol) in dioxane/water (6:1, 10 mL)
to yield the black resin 40 (392 mg). IR (SiO2): �� � 3412 (NH), 1684
(C�O) cm�1.


Biphenyl-4-acetaldehyde (47): According to Method B for the oxidative
cleavage of the hydrazide linker, 40 (183 mg, 141 �mol) was treated with
[Cu(OAc)2] and pyridine in methanol followed by work-up with SPE to
yield an off-white solid (13.4 mg, 68 �mol, 48%); HPLC: 96% (260 nm).
Rf� 0.34 (cyclohexane/ethyl acetate 10:1); m.p. 117 �C; 1H NMR (CDCl3,
400 MHz): �� 8.05 (d, 3J(H,H)� 8.2 Hz, 2H, arom. CH), 7.70 (d,
3J(H,H)� 8.2 Hz, 2H, arom. CH), 7.64 (d, 3J(H,H)� 7.0 Hz, 2H, arom.
CH), 7.51 ± 7.42 (m, 3H, arom. CH), 2.65 (s, 3H, C(�O)-CH3); GCMS


(70 eV, EI):m/z (%): 196 (60) [M]� , 181 (100), 152 (63), 127 (11), 91 (4), 76
(11), 63 (3), 51 (3). The spectroscopic data are in agreement with reported
values.[29]


Polystyrene-bound biphenylketone (41): According to Procedure H, poly-
styrene-bound 4-iodophenylhydrazide (28b, 400 mg, 0.3 mmol) was treated
with 3-aceylphenylboronic acid (34, 394 mg, 2.4 mmol), potassium carbo-
nate (504 mg, 5.4 mmol), N,N-diisopropyl-N-ethylamine (420 �L, 3 mmol),
and palladium(��) acetate (15 mg, 0.06 mmol) in dioxane/water (6:1, 10 mL)
to yield the black resin 41 (388 mg). IR (SiO2): �� � 3395 (NH), 1687
(C�O) cm�1.


Biphenyl-3-acetaldehyde (48): According to Method B for the oxidative
cleavage of the hydrazide linker, 41 (147 mg, 113 �mol) was treated with
[Cu(OAc)2] and pyridine in methanol followed by work-up with SPE to
yield a yellow oil (8.9 mg, 45 �mol, 40%); HPLC: 95% (260 nm). Rf� 0.35
(cyclohexane/ethyl acetate 10:1); 1H NMR (CDCl3, 400 MHz): �� 8.19 (s,
1H, arom. CH), 7.95 (d, 3J(H,H)� 7.7 Hz, 1H, arom. CH), 7.80 (d,
3J(H,H)� 6.4 Hz, 2H, arom. CH), 7.65 ± 7.39 (m, 5H, arom. CH), 2.69 (s,
3H, C(�O)-CH3)3; GCMS (70 eV, EI): m/z (%): 196 (85) [M]� , 181 (100),
152 (89), 127 (14), 90 (11), 76 (31), 63 (10), 51 (9). The spectroscopic data
are in agreement with reported values.[30]


Polystyrene-bound thiophenealdehyde (42): According to Procedure H,
polystyrene-bound 4-iodophenylhydrazide (28b, 400 mg, 0.3 mmol) was
treated with 2-formylthiophene-3-boronic acid (35, 394 mg, 2.4 mmol),
potassium carbonate (504 mg, 5.4 mmol), N,N-diisopropyl-N-ethylamine
(420 �L, 3 mmol), and palladium(��) acetate (15 mg, 0.06 mmol) in dioxane/
water (6:1, 10 mL) to yield the black resin 42 (396 mg). IR (SiO2): �� � 3304
(NH), 2714 (CHO), 1679 (C�O) cm�1.


3-Phenylthiophene-2-carbaldehyde (49): According to Method B for the
oxidative cleavage of the hydrazide linker, 42 (140 mg, 107 �mol) was
treated with [Cu(OAc)2] and pyridine in methanol followed by work-up
with SPE to yield a colorless oil (6.3 mg, 34 �mol, 32%), HPLC: 93%
(260 nm). Rf� 0.31 (cyclohexane/ethyl acetate 10:1); 1H NMR (CDCl3,
400 MHz): �� 9.90 (s, 1H, CHO), 7.75 (d, 3J(H,H)� 5.1 Hz, 1H, thio-
phene-C(5)H), 7.56 ± 7.42 (m, 5H, arom. CH), 7.24 (d, 3J(H,H)� 5.1 Hz,
1H, thiophene-C(5)H); GCMS (70 eV, EI): m/z (%): 188 (60) [M]� , 187
(100), 159 (9), 115 (41), 89 (9), 63 (6), 51 (3). The spectroscopic data are in
agreement with reported values.[31]


General procedure for the preparation of polymer-bound diphenylacety-
lenes 52 (Procedure J): A suspension of the polymer-bound 4-iodophenyl-
hydrazide (28) and phenylacetylene (50, 6 equiv) in dioxane/triethylamine
(2:1) was degassed (ultrasound), copper(�) iodide (0.2 equiv) and
[Pd(PPh3)2Cl2] (0.1 equiv) were added. The mixture was shaken at room
temperature for 24 h and then filtered. The resin was washed with DMF,
water, DMF, methanol, ethyl acetate, and methylene chloride (3� each),
and then dried to constant weight in vacuo.


Polystyrene-bound diphenylacetylene (52b): According to Procedure J,
polystyrene-bound 4-iodophenylhydrazide (28b, 600 mg, 0.24 mmol) was
treated with phenylacetylene (50, 158 �L, 1.44 mmol), copper(�) iodide
(9 mg, 48 �mol) and [Pd(PPh3)2Cl2] (17 mg, 24 �mol) in dioxane/triethyl-
amine (2:1, 9 mL) to yield the brown resin 52b (589 mg). IR (KBr): �� �
3122 (NH), 2213 (C�C), 1669 (C�O) cm�1.


Diphenylacetylene (54) from 52b : According to Method A for the
oxidative cleavage of the hydrazide linker, 52b (161 mg, 37 �mol) was
treated with [Cu(OAc)2] in n-propylamine followed by extractive work-up
to yield the title compound (6.1 mg, 34 �mol, 92%); HPLC: 97%
(260 nm); Rf� 0.72 (cyclohexane/ethyl acetate 10:1); m.p. 56 �C; 1H NMR
(CDCl3, 250 MHz): �� 7.53 (d, 3J(H,H)� 8.2 Hz, 4H, arom. CH), 7.38 ±
7.28 (m, 6H, arom. CH); GCMS (70 eV, EI): m/z (%): 178 (100) [M]� , 152
(12), 127 (15), 89 (12), 76 (15), 63 (6), 51 (4). The spectroscopic data are in
agreement with reported values.[27] Cleavage according to Method B:
Yield: 93%; HPLC: 90% (260 nm).


ArgoPore-bound diphenylacetylene (52c): According to Procedure J,
ArgoPore-bound 4-iodoarylhydrazide (28c, 1.0 g, 0.20 mmol) was treated
phenylacetylene (50, 132 �L, 1.2 mmol), copper(�) iodide (8 mg, 40 �mol)
and [Pd(PPh3)2Cl2] (14 mg, 20 �mol) in dioxane/triethylamine (2:1, 9 mL)
to yield the brown resin 52c (979 mg). IR (KBr): �� � 3103 (NH), 2214
(C�C), 1672 (C�O) cm�1.


Diphenylacetylene (54) from 52c : According to Method A for the
oxidative cleavage of the hydrazide linker, 52c (135 mg, 25 �mol) was
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treated with [Cu(OAc)2] in n-propylamine followed by extractive work-up
to yield the title compound (3.9 mg, 22 �mol, 86%); HPLC: 97% (260 nm).


General procedure for the preparation of polymer-bound 2-phenylfurans
53 (Procedure K): A suspension of polymer-bound 4-iodophenylhydrazide
(28), triphenylarsane (0.4 equiv), and 2-(tributylstannyl)furan (51, 5 equiv)
in dioxane was degassed (ultrasound). [Pd(dba)3] ¥CHCl3 (0.1 equiv) was
added and the mixture was heated to 60 �C for 24 h. Subsequently, the
mixture was filtered. The resin was washed with DMF, water, DMF,
methanol, ethyl acetate, and methylene chloride (3� each), and then dried
to constant weight in vacuo.


TentaGel-bound 2-phenylfurans 53a : According to Procedure K, Tenta-
Gel-bound 4-iodophenylhydrazide (28a, 539 mg, 0.22 mmol) was treated
with triphenylarsane (26 mg, 86 �mol), 2-(tributylstannyl)furan (51,
339 �L, 1.1 mmol) and [Pd(dba)3] ¥ CHCl3 (22 mg, 22 �mol) in dioxane
(5 mL) to yield the black resin 53a (512 mg). IR (KBr): �� � 3122 (NH),
1666 (C�O), 1108 (C-O-C) cm�1.


2-Phenylfuran (55) from 53a : According to Method A for the oxidative
cleavage of the hydrazide linker, 53a (152 mg, 36 �mol) was treated with
[Cu(OAc)2] in n-propylamine followed by extractive work-up to yield a
yellow oil (4.6 mg, 34 �mol, 86%), HPLC: 97% (260 nm). Rf� 0.61
(cyclohexane/ethyl acetate 10:1); 1H NMR (CDCl3, 250 MHz): �� 7.82 ±
7.33 (m, 6H, arom. CH), 6.60 ± 6.39 (m, 2H, arom. CH); GCMS (70 eV, EI):
m/z (%): 144 (45) [M]� , 115 (71), 89 (7), 63 (7), 32 (28), 28 (100). The
spectroscopic data are in agreement with reported values.[27]


Polystyrene-bound 2-phenylfurans 53b : According to Procedure K, poly-
styrene-bound 4-iodophenylhydrazide (28b, 1.6 g, 0.4 mmol) was treated
with triphenylarsane (49 mg, 0.16 mmol), 2-(tributylstannyl)furan (51,
634 �L, 2.0 mmol), and [Pd(dba)3] ¥CHCl3 (42 mg, 40 �mol) in dioxane
(8 mL) to yield the black resin 53b (1.55 g). IR (KBr): �� � 3183 (NH), 1663
(C�O) cm�1.


2-Phenylfuran (55) from 53b : According to Method A for the oxidative
cleavage of the hydrazide linker 53b (85 mg, 33 �mol) was treated with
[Cu(OAc)2] in n-propylamine followed by extractive work-up to yield the
title compound (3.8 mg, 26 �mol, 79%); HPLC: 94% (260 nm). Cleavage
according to Method B: Yield: 79%; HPLC: 91% (260 nm).


ArgoPore-bound 2-phenylfurans (53c): According to Procedure K, poly-
styrene-bound 4-iodoarylhydrazide (28c, 1.0 g, 0.2 mmol) was treated with
triphenylarsane (25 mg, 0.08 mmol), 2-(tributylstannyl)furan (51, 315 �L,
1.0 mmol), and [Pd(dba)3] ¥CHCl3 (21 mg, 20 �mol) in dioxane (5 mL) to
yield the black resin 53c (975 mg). IR (KBr): �� � 3173 (NH), 1671
(C�O) cm�1.


2-Phenylfuran (55) from 53c : According to Method A for the oxidative
cleavage of the hydrazide linker, 53c (234 mg, 44 �mol) was treated with
[Cu(OAc)2] in n-propylamine followed by extractive work-up to yield the
title compound (5.1 mg, 35 �mol, 80%); HPLC: 93% (260 nm).


Polystyrene-bound 4-iodo-2-methylphenylhydrazide (56): According to
Procedure E, polystyrene resin 17b (700 mg, 0.20 mmol) was treated with
N,N-diisopropylcarbodiimide (93 �L, 0.60 mmol), 1-hydroxybenzotriazole
(92 mg, 0.60 mmol), triethylamine (84 �L, 0.60 mmol), and 4-iodo-2-
methylphenylhydrazine (149 mg, 0.60 mmol) in methylene chloride
(20 mL) to yield the yellow resin 56 (712 mg). IR (KBr): �� � 3305 (NH),
1673 (C�O) cm�1.


4�-Methoxy 3-methylbiphenyl (57): According to Procedure G, 4-iodo-2-
methylphenylhydrazide (56, 400 mg, 0.16 mmol) was treated with 4-me-
thoxyphenylboronic acid (30, 244 mg, 1.6 mmol), potassium phosphate
(86 mg, 0.32 mmol), and [Pd(PPh3)4] (4 mg, 4 �mol) in DMF/water (6:1,
8 mL) to yield a black resin (378 mg). IR (KBr): �� � 3245 (NH), 1667
(C�O) cm�1. According to Method A for the oxidative cleavage of the
hydrazide linker, the resin prepared above (313 mg, 37 �mol) was treated
with [Cu(OAc)2] in n-propylamine followed by extractive work-up to yield
the title compound (6.8 mg, 34 �mol, 93%), HPLC: 90% (260 nm); yellow
oil. Rf� 0.57 (cyclohexane/ethyl acetate 10:1); 1H NMR (CDCl3,
250 MHz): �� 7.46 (d, 3J(H,H)� 9.3 Hz, 2H, arom. CH), 7.44 ± 7.30 (m,
3H, arom. CH), 7.07 (d, 3J(H,H)� 8.2 Hz, 1H, arom. CH), 6.91 (d,
3J(H,H)� 9.3 Hz, 2H, arom. CH), 3.80 (s, 3H, OCH3), 2.37 (s, 3H, CH3);
GCMS (70 eV, EI): m/z (%): 198 (100) [M]� , 183 (54), 155 (37), 128 (14),
115 (12), 63 (8). The spectroscopic data are in agreement with reported
values.[32]


Polystyrene-bound 3-iodo-4-methylphenylhydrazide (58): According to
Procedure E, polystyrene resin 17b (700 mg, 0.29 mmol) was treated with
N,N-diisopropylcarbodiimide (135 �L, 0.87 mmol), 1-hydroxybenzotria-
zole (133 mg, 0.87 mmol), triethylamine (122 �L, 0.87 mmol), and 3-iodo-
4-methylphenylhydrazine (216 mg, 0.87 mmol) in methylene chloride
(20 mL) to yield the off-white resin 58 (704 mg). IR (KBr): �� � 3304
(NH), 1676 (C�O) cm�1.


4�-Methoxy-2-methylbiphenyl (59): According to Procedure G, polystyr-
ene-bound 4-iodo-2-methylphenylhydrazide (58, 548 mg, 0.22 mmol) was
treated with 4-methoxyphenylboronic acid (30, 333 mg, 2.2 mmol), potas-
sium phosphate (117 mg, 0.44 mmol), and [Pd(PPh3)4] (5 mg, 4 �mol) in
DMF/water (6:1, 7 mL) at 95 �C to yield a black resin (526 mg). IR (KBr):
�� � 3244 (NH), 1673 (C�O) cm�1. According to Method A for the oxidative
cleavage of the hydrazide linker, the resin prepared above (254 mg,
100 �mol) was treated with [Cu(OAc)2] in n-propylamine followed by
extractive work-up to yield the title compound (17.8 mg, 89 �mol, 89%),
HPLC: 91% (260 nm); yellow oil. Rf� 0.58 (cyclohexane/ethyl acetate
10:1); 1H NMR (CDCl3, 250 MHz): �� 7.32 ± 7.21 (m, 7H, arom. CH), 6.97
(d, 3J(H,H)� 9.0 Hz, 1H, arom. CH), 3.87 (s, 3H, OCH3), 2.29 (s, 3H,
CH3); GCMS (70 eV, EI): m/z (%): 198 (100) [M]� , 183 (27), 165 (24), 155
(26), 128 (19), 115 (17), 55 (15). The spectroscopic data are in agreement
with reported values.[33]


TentaGel-bound 4-bromo-3-fluorphenylhydrazide (60): According to Pro-
cedure E, TentaGel resin 17a (800 mg, 0.13 mmol) was treated with N,N-
diisopropylcarbodiimide (60 �L, 0.39 mmol), 1-hydroxybenzotriazole
(60 mg, 0.39 mmol), triethylamine (54 �L, 0.39 mmol), and 4-bromo-3-
fluorophenylhydrazine (82 mg, 0.39 mmol) in methylene chloride (20 mL)
to yield the off-white resin 60 (811 mg). IR (KBr): �� � 3240 (NH), 1666
(C�O), 1108 (C-O-C) cm�1.


4�-Methoxy-2-fluorobiphenyl (61): A suspension of the TentaGel-bound
4-bromo-3-fluorophenylhydrazide (60, 400 mg, 62 �mol) and 4-methoxy-
phenylboronic acid (30, 28 mg, 0.19 mmol) in DMF/triethylamine (1:1,
4 mL) was degassed (ultrasound), [Pd(PPh3)4] (2 mg, 2 �mol) was added
and the mixture was heated to 90 �C for 24 h. The mixture was cooled to
room temperature and filtered. The resin was washed with DMF, water,
DMF, ethyl acetate, and methylene chloride (3� each), and then dried to
constant weight in vacuo to yield a brown resin (379 mg). IR (KBr): �� �
3298 (NH), 1665 (C�O), 1109 (C-O-C) cm�1. According to Method D for
the oxidative cleavage of the hydrazide linker, the resin (178 mg, 27 �mol)
was oxidized with NBS and pyridine in methylene chloride and the product
was cleaved with methanol to yield a yellow solid (3.0 mg, 15 �mol, 55%),
HPLC: 93% (260 nm). Rf� 0.51 (cyclohexane/ethyl acetate 10:1); m.p.
44 �C; 1H NMR (CDCl3, 250 MHz): �� 7.65 ± 7.15 (m, 6H, arom. CH), 6.92
(d, 3J(H,H)� 9.1 Hz, 2H, arom. CH), 3.79 (s, 3H, OCH3); GCMS (70 eV,
EI): m/z (%): 202 (100) [M]� , 187 (44), 159 (56), 133 (36). The
spectroscopic data are in agreement with reported values.[34]


General procedure for the Wittig reaction of the polymer-bound biphe-
nyaldehyde 39 (Procedure L): A suspension of the polymer-bound
biphenyl aldehyde (39), alkyl-triphenyl-phosphonium salt (10 equiv), and
potassium tert-butoxide (10 equiv) in THF was heated to 60 �C for 24 h.
Subsequently, the mixture was filtered. The resin was washed with THF,
THF/1� HCl (1:1), THF, methanol, methylene chloride, and cyclohexane
(2� each), and then dried in vacuo.
4-Vinyl biphenyl (62): According to Procedure L, the polymer-bound
biphenylaldehyde (39, 150 mg, 0.117 mmol) was treated with methyltri-
phenylphosphonium bromide (418 mg, 1.17 mmol) and potassium tert-
butoxide in THF (10 mL) to yield an off-white resin (153 mg). IR (KBr):
�� � 3272 (NH), 1682 (C�O), 1602 (C�C) cm�1. According toMethod A, the
resin (124 mg, 96 �mol) was treated with [Cu(OAc)2] in n-propylamine
followed by work-up with solid-phase extraction. Yield: 7.8 mg (43 �mol,
45%), HPLC: 98% (260 nm); white solid. Rf� 0.57 (cyclohexane/ethyl
acetate 10:1); m.p. 117 �C; 1H NMR (CDCl3, 400 MHz): �� 7.62 ± 7.57 (m,
4H, arom. CH), 7.51 ± 7.44 (m, 4H, arom. CH), 7.39 ± 7.35 (m, 1H, arom.
CH), 6.79 (dd, 3Jtrans(H,H)� 17.6, 3Jcis(H,H)� 10.9 Hz, 1H, Ar-CH�CH2),
5.82 (d, 1H, 3Jtrans(H,H)� 17.6 Hz, Ar-CH�CH2), 5.30 (d, 1H, 3Jcis(H,H)�
10.9 Hz, Ar-CH�CH2); GCMS (70 eV, EI): m/z (%): 180 (100) [M]� , 165
(36), 152 (26), 115 (9), 89 (13), 76 (19). The spectroscopic data are in
agreement with the reported values.[35]


4-Propenyl biphenyl (63):According to Procedure L, the polymer-bound
biphenylaldehyde (39, 150 mg, 0.117 mmol) was treated with ethyltriphe-
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nylphosphonium iodide (489 mg, 1.17 mmol) and potassium tert-butoxide
(131 mg, 1.17 mmol) in THF (10 mL) to yield an off-white resin (148 mg).
IR (KBr): �� � 3313 (NH), 1671 (C�O), 1607 (C�C) cm�1. According to
Method A, the resin (133 mg, 102 �mol) was treated with [Cu(OAc)2] in n-
propylamine followed by work-up with solid-phase extraction to yield a
yellowish solid (7.8 mg, 40 �mol, 43%, cis :trans 43:57), HPLC: 99%
(260 nm). Rf� 0.52 (cyclohexane/ethyl acetate 10:1); m.p. 93 �C; 1H NMR
(CDCl3, 400 MHz): �� 7.64 ± 7.53 (m, 4H, arom. CH), 7.47 ± 7.31 (m, 5H,
arom. CH), 6.50 ± 6.43 (m, 1H, Ar-CH�CH-CH3, cis � trans isomers), 6.30
(dq, 1H, 3Jtrans(H,H)� 15.8, 3J(H,H)� 6.5 Hz, Ar-CH�CH-CH3, trans),
5.84 (dq, 1H, 3Jcis(H,H)� 11.6, 3J(H,H)� 7.3 Hz, Ar-CH�CH-CH3, cis),
1.97 (dd, 3H, 3J(H,H)� 7.3, 4J(H,H)� 1.8 Hz, Ar-CH�CH-CH3 , cis), 1.92
(dd, 3H, 3J(H,H)� 6.5, 4J(H,H)� 1.8 Hz, Ar-CH�CH-CH3 , trans); GCMS
(70 eV, EI): m/z (%): 194 (100) [M]� , 178 (46), 165 (30), 152 (15), 115 (14),
89 (3), 63 (3). The spectroscopic data are in agreement with reported
values.[36]


4-Phenyl-cinnamic methyl ester (64): According to Procedure L, the
polymer-bound biphenylaldehyde (39, 150 mg, 0.117 mmol) was treated
with methoxycarbonylmethyl-triphenylphosphonium bromide (486 mg,
1.17 mmol) and potassium tert-butoxide (131 mg, 1.17 mmol) in THF
(10 mL) to yield an off-white resin (151 mg). IR (KBr): �� � 3309 (NH),
1673 (C�O), 1609 (C�C) cm�1. According to Method A for the oxidative
cleavage of the hydrazide linker, the resin prepared above (142 mg,
109 �mol) was treated with [Cu(OAc)2] in n-propylamine followed by
work-up with solid-phase extraction. Yield: 6.8 mg (29 �mol, 27%), HPLC:
96% (260 nm); yellow solid. Rf� 0.24 (cyclohexane/ethyl acetate 10:1);
m.p. 147 �C; 1H NMR (CDCl3, 250 MHz): �� 7.75 (d, 3Jtrans(H,H)�
16.0 Hz, 1H, Ar-CH�CH-OCH3), 7.63 ± 7.61 (m, 5H, arom. CH), 7.48 ±
7.44 (m, 4H, arom. CH), 6.49 (d, 3Jtrans(H,H)� 16.0 Hz, 1H, Ar-CH�CH),
3.83 (s, 3H, -OCH3); GCMS (70 eV, EI):m/z (%): 238 (100) [M]� , 207 (66),
178 (95), 165 (44), 152 (41), 89 (24), 76 (19). The spectroscopic data are in
agreement with reported values.[37]


4-Hydrazinobenzoic methyl ester : To a solution of 4-hydrazinobenzoic acid
(10 g, 66 mmol) in methanol (300 mL) was added slowly conc. H2SO4
(3.5 mL, 66 mmol). The mixture was refluxed for 15 h, cooled to room
temperature, and the solvent was removed under reduced pressure. The
residue was suspended in methylene chloride (700 mL), washed 3� with a
saturated solution of NaHCO3 (150 mL) and a saturated solution of NaCl
(100 mL). The organic layer was dried over MgSO4, and the solvent was
removed under reduced pressure to yield the 4-hydrazino benzoic acid
methyl ester as an off-white solid (6.8 g, 51%). M.p. 227 �C; 1H NMR
(DMSO, 400 MHz): �� 10.40 (b, 2H, NH), 8.93 (b, 1H, NH), 7.90 (d,
3J(H,H)� 8.8 Hz, 2H, arom. CH), 7.00 (d, 3J(H,H)� 8.8 Hz, 2H, arom.
CH), 3.82 (s, 3H, OCH3); 13C NMR (DMSO, 100.6 MHz): �� 166.2 (-
COOCH3), 150.1 (C-N), 130.9, 113.4 (4 arom. CH), 52.1 (OCH3); GCMS
(70 eV, EI):m/z (%): 166 (97) [M]� , 135 (100), 119 (11), 107 (14), 90 (17), 77
(9), 63 (10). HRMS (70 eV, EI): calcd for C8H10N2O2 [M]�: 166.0742, found:
166.0746.


Polystyrene-bound 4-hydrazinobenzoic methyl ester (65): According to
Procedure E, polystyrene resin 17b (5.0 g, 5.05 mmol) was treated with
N,N-diisopropylcarbodiimide (2.4 mL, 15.2 mmol), 1-hydroxybenzotria-
zole (2.3 g, 15.2 mmol), triethylamine (2.1 mL, 15.2 mmol), and 4-hydrazi-
nobenzoic acid methyl ester (3.1 g, 15.2 mmol) in methylene chloride
(100 mL) to yield the off-white resin 65 (5.12 g). IR (KBr): �� � 3298 (NH),
1740 (C�O), 1666 (C�O) cm�1.


General procedure for the addition of organometallic reagents to a
polymer-bound ester, aldehyde, or ketone (Procedure M): The correspond-
ing Grignard reagent (20 equiv) was added to a suspension of polymer-
bound ester, aldehyde, or ketone in THF and the mixture was shaken at
room temperature for 24 h. Subsequently, the addition of Grignard reagent
(20 equiv) was repeated. The mixture was shaken for further 48 h at room
temperature and filtered. The resin was washed with THF, THF/1� NH4Cl
(1:1), THF/water (1:1), THF, methanol, methylene chloride, and cyclo-
hexane (2� each), and then dried in vacuo.
Triphenylmethanols (66): According to Procedure M, the polymer-bound
4-hydrazinobenzoic acid methyl ester (65, 300 mg, 0.26 mmol) was treated
with phenyl lithium (2� 2.6 mL, 2� in cyclohexane/diethyl ether (7:3),
5.2 mmol) in THF (10 mL) to yield an off-white resin (295 mg). IR (KBr):
�� � 3298 (OH, NH), 1682 (C�O) cm�1. According to Method A for the
oxidative cleavage of the hydrazide linker, the resin prepared above


(155 mg, 96 �mol) was treated with [Cu(OAc)2] in n-propylamine followed
by work-up with solid-phase extraction to yield a white solid (15.4 mg,
60 �mol, 62%), HPLC: 99% (260 nm). Rf� 0.42 (cyclohexane/ethyl
acetate 10:1); m.p. 159 �C; 1H NMR (CDCl3, 400 MHz): �� 7.35 ± 7.26
(m, 15H, arom. CH), 2.79 (s, 1H, OH); GCMS (70 eV, EI): m/z (%): 260
(29) [M]� , 207 (21), 183 (100), 165 (20), 154 (32), 105 (97), 77 (54). The
spectroscopic data are in agreement with reported values[38]


4-Phenylhepta-1,6-dien-4-ols (67): According to Procedure M, the poly-
mer-bound 4-hydrazinobenzoic acid methyl ester (65, 200 mg, 0.17 mmol)
was treated with allylmagnesium bromide (2� 1.7 mL, 2� in THF,
3.4 mmol) in THF (10 mL) to yield an off-white resin (199 mg). IR
(KBr): �� � 3308 (OH, NH), 1681 (C�O) cm�1. According to Method A for
the oxidative cleavage of the hydrazide linker, the resin prepared above
(113 mg, 97 �mol) was treated with [Cu(OAc)2] in n-propylamine followed
by work-up with solid-phase extraction to yield a yellowish oil (10.9 mg,
58 �mol, 60%), HPLC: 97% (260 nm). Rf� 0.33 (cyclohexane/ethyl
acetate 10:1); 1H NMR (CDCl3, 400 MHz): �� 7.35 ± 7.09 (m, 5H, arom.
CH), 5.51 (m, 2H, CH2-CH�CH2), 5.02 (m, 4H, CH2-CH�CH2), 2.65 ± 2.34
(m, 4H, CH2-CH�CH2); GCMS (70 eV, EI): m/z (%): 147 (57) [M� allyl],
105 (100), 91 (22), 77 (75), 51 (16), 63 (3). The spectroscopic data are in
agreement with reported values.[39]


4-Biphenyl-phenyl-methanol (68): According to Procedure M, the poly-
mer-bound 4-biphenylaldehyde (39, 200 mg, 0.14 mmol) was treated with
phenyllithium (2� 1.4 mL, 2� in cyclohexane/diethyl ether (7:3),
2.8 mmol) in THF (10 mL) to yield an off-white resin (204 mg). IR
(KBr): �� � 3315 (OH, NH), 1676 (C�O) cm�1. According to Method A for
the oxidative cleavage of the hydrazide linker, the resin prepared above
(125 mg, 85 �mol) was treated with [Cu(OAc)2] in n-propylamine followed
by work-up with solid-phase extraction to yield a white solid (7.7 mg,
30 �mol, 35%), HPLC: 98% (260 nm). Rf� 0.17 (cyclohexane/ethyl
acetate 5:1); m.p. 91 �C; 1H NMR (CDCl3, 400 MHz): �� 7.60 ± 7.56 (m,
4H, arom. CH), 7.48 ± 7.30 (m, 10H, arom. CH), 5.91 (s, 1H, benzyl-CH);
GCMS (70 eV, EI):m/z (%): 260 (100) [M]� , 181 (52), 155 (80), 105 (54), 77
(34). The spectroscopic data are in agreement with reported values.[40]


2-Biphenyl-pent-4-en-2-ol (69): According to Procedure M, the polymer-
bound 4-biphenylketone (40, 200 mg, 0.14 mmol) was treated with allyl-
magnesium bromide (2� 1.4 mL, 2� in THF, 2.8 mmol) in THF (10 mL) to
yield the off-white resin (201 mg). IR (KBr): �� � 3333 (OH, NH), 1681
(C�O) cm�1. According to Method A for the oxidative cleavage of the
hydrazide linker, the resin prepared above (158 mg, 108 �mol) was treated
with [Cu(OAc)2] in n-propylamine followed by work-up with solid-phase
extraction to yield a colorless oil (9.5 mg, 40 �mol, 37%), HPLC: 97%
(260 nm). Rf� 0.15 (cyclohexane/ethyl acetate 10:1); 1H NMR (CDCl3,
400 MHz): �� 7.72 ± 7.69 (m, 1H, arom. CH), 7.62 (dd, 3J(H,H)� 8.4 Hz,
2H, arom. CH), 7.51 ± 7.42 (m, 5H, arom. CH), 7.38 ± 7.34 (m, 1H, arom.
CH), 5.75 ± 5.64 (m, 1H, CH2-CH�CH2), 5.21 ± 5.13 (m, 2H, CH2-
CH�CH2), 2.60 ± 2.53 (m, 2H, CH2-CH�CH2), 2.1 (b, 1H, OH), 1.62 (s,
3H, CH3); GCMS (70 eV, EI): m/z (%): 238 (1) [M]� , 197 (100), 181 (17),
165 (7), 152 (39). The spectroscopic data are in agreement with reported
values.[41]
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Efficient Photoinduced Conversion of an Azo Dye on Hexachloro-
platinate(��)-Modified TiO2 Surfaces under Visible Light Irradiation–
A Photosensitization Pathway


Wei Zhao,[a] Chuncheng Chen,[a] Wanhong Ma,[a] Jincai Zhao,*[a] Dianxun Wang,[a]
Hisao Hidaka,[b] and Nick Serpone[c]


Abstract: The titanium dioxide photo-
catalyst is employed to examine the
influence of chemisorbed hexachloro-
platinate(��) anions (PtCl62�) on the
surface of P-25 TiO2 particles on the
photoinduced conversion of the azo dye
Ethyl Orange (EO) in visible light-
illuminated PtIV/TiO2 dispersions. Spin-
trap electron spin resonance (ESR)
spectral results, measurement of quanti-
ties of organoperoxides formed, total
organic carbon (TOC) and chemical


oxygen demand (CODCr) assays, togeth-
er with XPS evidence show that the self-
sensitized transformation dynamics of
the EO dye mediated by PtIV/TiO2 are
much faster than those occurring on
naked TiO2 under otherwise identical
conditions of visible light irradiation.


X-ray photoelectron spectral data also
show that under the experimental con-
ditions used, no Pt0 formed on the
titania particles during visible light irra-
diation. We propose a reaction mecha-
nism in which the more rapid conversion
of EO in the presence of PtCl62� is
caused principally by photoexcitation of
the dye and not by localized excitation
of the tetrachloroplatinate(��)/TiO2 par-
ticles.


Keywords: dyes ¥ photochemistry ¥
photosensitization ¥ platinum ¥
titanium


Introduction


Colloidal and powdered titania specimens have been proven
to be excellent photocatalytic materials on which many
organic compounds are photocatalytically and oxidatively
(in some cases reductively) degraded under UV irradia-
tion.[1±4] The large body of data suggests a possible and
effective approach towards the degradation and mineraliza-
tion of a wide variety of harmful/toxic organic pollutants in
wastewater and towards the purification of drinking water.[5, 6]


The photocatalyst TiO2 is a semiconductor with a bandgap of
3.2 eV for the anatase form, which limits its photoresponse to
the ultraviolet region (i.e. , to a region below 385 nm).
Unfortunately, sunlight consists of only approximately 3 ±
5% UV, and artificial UV light sources tend to be rather
expensive and consume large quantities of electrical power.


Dyes have become major environmental contaminants in
many countries.[7] In previous studies[8±12] visible light was
utilized efficiently to degrade these dyes in the presence of
TiO2 particulates. The mechanistic details of dye degradation
have also been the subject of several studies. In these systems,
dyes rather than TiO2 particles were excited by visible light to
appropriate singlet and triplet states, processes which were
followed by electron injection into the TiO2 conduction band.
This pathway [Eq. (1) ± (7)] is different from the pathway
implicated during UV light irradiation.[1±4]


dye�h� � dye* (1)


dye*�TiO2 � dye .��TiO2(e�) (2)


TiO2(e�)�O2 � TiO2�O2
.� (3)


O2
.��TiO2(e�)� 2H� � H2O2�TiO2 (4)


2O2
.�� 2H� � O2�H2O2 (5)


H2O2�TiO2(e�)� .OH�OH��TiO2 (6)


dye .�� (O2
.� , O2, or


.OH) � degraded or mineralized products (7)


The fate of the injected electrons depends on the interfacial
charge transfer processes, which appear to play an important
role under both UV and visible irradiation. The above
processes also depend greatly on the surface characteristics
of the TiO2 particles and on the charge carrier mobility and
longevity.[13] Accordingly, many reported studies have focused
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on the volume and surface modification of TiO2 in the
treatment of pollutants. As reported earlier, coupling TiO2


with a chelating group,[14] and doping with transitional metal
ions[15, 16] or adsorption of cations and anions[17] has a large
influence on such processes.
In several interesting and germane papers, Kisch et al.[18±23]


have recently reported that small molecular organic com-
pounds such as 4-chlorophenol can be photodegraded effi-
ciently in the presence of an amorphous/microporous titania
volume doped with platinum(��) chloride (PtIV/AMM-TiO2)
and TiO2 surfaces modified with platinum(��) chloride or
chloroplatinum(��) complexes. Apparently, local excitation of
the platinum(��) halide under visible light irradiation yields a
ligand-to-metal charge-transfer state which undergoes homo-
lytic Pt�X bond cleavage to yield PtIII and a halogen atom.
The PtIII intermediate then rapidly transfers an electron to the
conduction band of titania, whereas the chlorine atom
abstracts an electron from the aromatic phenol, thereby
reforming the sensitizer and inducing the degradation of the
phenol in the presence of TiO2 (Scheme 1A).[21]


In general, all of the cases mentioned above focused
principally on the photocatalytic process, namely excitation of
photocatalysts by UV or visible radiation. Only a few
reports[24, 25] have appeared concerning the effect of transition
metal or metal ions on the self-sensitized degradation of dyes
under visible light irradiation. We found that copper(��) and
iron(���) have a strong suppressing effect on the photoinduced
transformation of dyes under visible light irradiation in dye/
TiO2 systems. Doping the TiO2 photocatalyst with small
quantities of metallic platinum (0.2 wt%) significantly accel-
erated the visible light-induced photodegradation of the
sulforhodamine B (SRB) dye.
In the present study, we examined the effect of a


platinum(��) chloride species (PtCl62�) chemisorbed onto the
TiO2 surface on the photodegradation of dyes under visible
light irradiation. The test target substrate was the azo dye
Ethyl Orange (EO). EO is an important representative of the
azo dyes and is famous for its relatively stable features as a
dye laser material. Addition of small quantities of hexachlor-
oplatinic acid (H2PtCl6 ¥ 6H2O) to the aqueous EO/TiO2


dispersions significantly enhanced the degradation of the
EO dye. Results also showed that PtCl62� was strongly
adsorbed on the TiO2 surface. In contrast, photodegradation
appeared to be rather less efficient when carried out in the
presence of TiO2 alone. To investigate some of the mecha-
nistic details, the irreversible degradation process was moni-
tored by UV/Vis spectroscopy, DMPO spin-trapping electron
paramagnetic resonance (ESR) methodologies (DMPO�
5,5-dimethyl-�-pyrroline-N-oxide, and total organic carbon
(TOC) and chemical oxygen demand (CODCr) measurements.
Photoelectron (XPS) and UV/Vis diffuse reflectance spectral
methods were also employed to elucidate the nature of the
photocatalyst specimen(s). The experimental results imply
that although the degradation of the dye is significantly
accelerated in the presence of the PtIV/TiO2 specimens, no
further photoinduced transformation of the EO dye occurs
once the dye is bleached. The self-photosensitized degrada-
tion of the dye is the determinant process in the presence of
PtIV/TiO2.


Results and Discussion


Photoinduced transformation of EO under visible light
irradiation : The photoinduced conversion of EO was carried
out under visible light illumination at wavelengths greater
than 420 nm in aqueous PtIV/TiO2 dispersions. The data
displayed in Figure 1A clearly indicate that under otherwise


Figure 1. A) Temporal course of the photodegradation of the azo dye
Ethyl Orange (EO; 2.0� 10�5� ; 50 mL) in aqueous dispersions at pH 2.5
and containing 50 mg of catalytic material under visible light irradiation:
a) EO�PtCl62�� light; b) EO/TiO2; c) EO/PtIV/TiO2 (0.4 wt% in plati-
num); d) EO/PtIV/TiO2 (1.0 wt% in platinum); e) EO/PtIV/TiO2 (0.8 wt%
in platinum). B) Changes in absorption spectra during the photodegrada-
tion of EO (2� 10�5� ; 50 mL) in aqueous PtIV/TiO2 dispersions. Spec-
trum 1 is before addition of TiO2 and spectra 2 ± 6 are after visible
irradiation for 0, 1, 1.5, 2, and 2.5 h in the presence of TiO2.


identical conditions PtIV/TiO2 exhibits a much greater activity
than TiO2 alone (compare curve b with curves c ± e). An
aqueous solution of PtCl62� and EO induced no degradation
of the dye under visible light irradiation (curve a). Results
also showed that the 0.8wt% PtIV/TiO2 system (curve e)
appeared to be the most efficient; greater concentrations of
PtCl62� seemed to have a negative effect. At a dye concen-
tration of 2� 10�5�, the extent of adsorption of the EO dye
on TiO2 (50 mg) particles was approximately 5% (curve b);
the amount of PtCl62� has little effect on the absorption of the
dye. The UV/Vis absorption spectral changes taking place
during the photooxidation of EO in aqueous PtIV/TiO2


dispersions are displayed in Figure 1B. It is clear that PtCl62�


is adsorbed completely onto the TiO2 particles when 50 mg
TiO2 is added to the solution (50 mL) and it is stirred in the
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dark for 30 min (compare spectra 1 and 2 in Figure 1B), and
no PtCl62� was found in the bulk solution during the
degradation process. To better scrutinize the adsorption
modes and the photooxidative pathway(s), all the experi-
ments were carried out at pH 2.5 and 0.8wt% PtIV loading
(unless noted otherwise), at which the rate of conversion was
the fastest.
The optical absorption spectra of PtIV/TiO2 and P-25 TiO2


were measured for comparison. The results show that both
samples have strong light absorption at wavelengths below
400 nm which is attributed to transitions of electrons from the
valence band to the conduction band of TiO2. With PtCl62�


species chemisorbed on the TiO2 specimens, the spectra
showed a long and broad absorption tail that extended into
the visible region as compared to the naked P-25 titania.
Accordingly, this absorption feature of PtIV/TiO2 suggests that
the photocatalyst can, in principle, be activated throughout
the visible wavelengths where light absorption occurs. This
feature is probably the ligand-to-metal charge-transfer band
or the ligand field band inferred earlier by Kisch et al.[18±23]


The mechanistic steps of dye degradation given earlier
[Eq. (1) ± (7)], in which the photoinduced dye conversion is
mediated by the semiconductor TiO2 nanoparticles in the dye/
TiO2 system under visible light irradiation, indicate that
photodegradation of the dye(s) should generate H2O2 as a
possible intermediate species.[8±12] However, no formation of
H2O2 was detected in the present systems. Only organo-
peroxides were detected during the degradation of the azo
dye EO in both PtIV/TiO2 and TiO2 systems, a feature not seen
in earlier studies. The temporal formation of organoperox-
ide(s) during the photoconversion process is displayed in
Figure 2. In the presence of PtCl62� (curve a), the concen-
tration of the organoperoxide generated increased initially,


Figure 2. Plots summarizing the formation of organoperoxides during the
EO degradation process: a) in the EO/0.8 wt% PtIV/TiO2 system; b) in the
EO/TiO2 system.


reaching a maximal concentration of approximately 1.1�
10�5� at the exact point (�210 min) at which the dispersion
became discolored. Subsequently, the quantity of organo-
peroxide(s) decreased at longer irradiation times. In the
absence of PtCl62� (curve b), however, the quantities of
organoperoxide(s) increased slowly with the irradiation time
to accumulate to a maximal concentration of approximately
3.3� 10�6� until the dispersion became discolored. As


evidenced by the results of Figure 2, the PtIV/TiO2 photo-
catalyst appears more active than the naked TiO2 (compare
curve a with curve b).
Our research group has observed the formation of peroxide


and its decomposition in aqueous dye/TiO2 dispersions under
visible light irradiation.[9] These observations demonstrate
that fast degradation of the dyes is a prerequisite for
generation and detection of peroxide. That less organoper-
oxide formed during the degradation of EO in the absence of
PtCl62� is likely due to the slow degradation of the dye. The
large amount of organoperoxide produced is a result of the
rapid degradation of the dye in the presence of PtCl62�. The
fast decomposition of organoperoxide formed in the PtCl62�/
TiO2 dispersion was observed possibly because of more
adsorption of peroxide after the dye molecules were decom-
posed rapidly.
To test whether organoperoxides are the only peroxide


species produced during the degradative process of EO, other
azo dyes (e.g., Orange II, Mordant Yellow, Mordant Orange,
and Alizarin Yellow GG) were also examined in TiO2


dispersions under visible light irradiation. Similar to the
results from the EO degradation, no H2O2 was detected in the
appropriate degradative processes; only organoperoxides
were formed. It is possible that some special feature(s) of
the azo dye structures may be the cause(s) for the generation
of the organoperoxides–a notion that needs further explora-
tion.
We employed the ESR spin-trap technique (with DMPO), a


useful method to monitor intermediate radicals, to probe the
nature of the reactive oxygen species generated during the
visible irradiation of these systems. It has been reported[12]


that superoxide radical anions are produced first and remain
stable in an organic solvent medium (at least in methanol).
When the fraction of H2O increases in the CH3OH/H2O
mixed solvent system, the superoxide radical anion becomes
unstable, leading to difficulty in detection by ESR, especially
in H2O alone. The ESR spectra of the DMPO±O2


.� spin
adducts were recorded in both EO/PtIV/TiO2 and EO/TiO2


dispersions in methanolic media at different illumination
times; the irradiation source was a Nd:YAG laser (532 nm).
The temporal changes in the signal intensity of the O2


.�


radical anions in the two systems are illustrated in Figure 3A.
The ESR temporal spectra of the DMPO±O2


.� species in
the EO/PtIV/TiO2 system are illustrated in Figure 3B. Six
characteristic peaks were observed (the two middle signals
were not resolved under our conditions); these increased in
intensity with irradiation time. No such signals were detected
in the dark; that is, generation of O2


.� anions in the two
systems inherently implicates irradiation. From Figure 3A, it
is evident that in the EO/PtIV/TiO2 system, the intensity of the
DMPO±O2


.� signal increased sharply after irradiation began
and then decreased after reaching a maximal value after
approximately 40 s (curve a). In contrast, the signals for
DMPO±O2


.� produced in the EO/TiO2 system were less
intense and remained unchanged after laser irradiation for
nearly 240 s (curve b). The results of the ESR spectra of the
DMPO±O2


.� spin adducts are consistent with the formation
of organoperoxide species. Note that detection of the O2


.�


radicals necessitated increasing the EO concentration fivefold
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Figure 3. A) Plots of ESR signal intensity changes of the DMPO±O2
.�


adducts with increasing irradiation time: a) in the EO (1.0� 10�4�)/
0.8 wt% PtIV/TiO2 (1 gL�1) dispersion; b) in the EO (1.0� 10�4�)/TiO2


(1 gL�1) dispersion. B) ESR spectral changes of the DMPO±O2
.� adducts


with irradiation time in the EO/0.8 wt% PtIV/TiO2 system.


compared to the concentration used to detect formation of
organoperoxides by other techniques. Accordingly, the inten-
sity of the DMPO±O2


.� signals should not be correlated with
the quantities of organoperoxides. Our goal was to verify that
the trends were in reasonably good accord. We conclude from
Figure 3 that O2


.� radicals are formed much more efficiently
in the presence of PtCl62� in titania dispersions than in naked
TiO2 dispersions alone.
DMPO spin-trapping ESR experiments were also carried


out to probe whether DMPO± .OH adducts also formed in
illuminated dispersions containing the EO dye. The relevant
ESR spectra revealed no signature (1:2:2:1 signals) of the
DMPO± .OH radical adducts during the degradation proc-
esses, contrary to the case of xanthene dyes (e.g., the SRB
dye), which do produce the .OH species when irradiated in
the presence of TiO2.[9, 10] This result is consistent with the
findings that except for organoperoxide species, no H2O2


formed in the degradation of EO.
Total organic carbon (TOC) values reflect the general


measure of organics in the solution bulk. Thus, changes in
TOC mirror the degree to which an organic substrate
degrades or mineralizes during the irradiation period. TOC
values measured during the photodegradative conversion of
EO in EO/TiO2 and EO/PtIV/TiO2 systems under various
conditions and after removal of the catalyst particles are


displayed in Figure 4. Upon visible light irradiation of these
dispersions, the TOC of the bulk solution decreased gradually
in all cases to remain unchanged, ultimately as a result of the
photodegradation of the dye and/or of any intermediate


Figure 4. Temporal changes in total organic carbon (TOC) in the degraded
bulk solution during the photodegradation of EO (5� 10�5�, pH 2.5;
aqueous media): a) EO/TiO2 alone; b) EO/0.4 wt% PtIV/TiO2; c) EO/
0.8 wt% PtIV/TiO2; d) EO/1.0 wt% PtIV/TiO2.


formed. Different quantities of PtCl62� added to the systems
resulted in different mineralization kinetics. The naked TiO2


system (curve a) appeared to be the slowest, and remain
unchanged after approximately 27 h of irradiation. The
processes occurring in the PtIV/TiO2 systems (curves b ± d),
however, were relatively more rapid. Given the measurement
errors, there was little difference in the extent of mineraliza-
tion (ca. 40% of TOC remaining) among all the systems
examined under visible light irradiation. The unchanged
TOCs refer to complete discoloration of the dispersions
subsequent to which any remaining organic fragment was no
longer decomposed upon further irradiation by visible light.
To investigate whether the remaining fragments could be


degraded further by involvement of the PtCl62� anionic
species under visible light irradiation, 4� 10�5� PtCl62� was
added to the discolored dispersions and visible light irradi-
ation was continued. Results showed that the TOC remained
unchanged (curve d), indicating that addition of PtCl62� to the
EO/TiO2 system had no further effect on the mineralization of
intermediate products. However, further irradiation of the
discolored dispersion with UV light led to a rapid decrease of
TOCs (curves a and c), demonstrating that further mineral-
ization of oxidized dye fragments occurred. It is relevant to re-
emphasize that dyes photodegrade in UV light by a pathway
that is totally distinct from the pathway that prevails under
visible light radiation. In the former, TiO2 is excited by the UV
actinic light to produce the two charge carriers h� and e�. The
former degrades organic compounds through involvement of
.OH radicals produced by oxidation of surface hydroxyl
groups of water molecules.
Earlier we reported a comparative study between photo-


catalysis with UV irradiation (in which photocatalytic materi-
al was photoactivated) and self-sensitized catalysis under
visible irradiation (in which titania was made photoinactive)
in the degradation of dyes in aqueous TiO2 dispersions.[26] In
photocatalysis the intermediate products were further decom-
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posed and both the TOC and COD of the dispersion were
diminished by nearly 100%. In contrast, in self-sensitized
catalysis only partial TOC and COD were diminished, with
both TOC and COD remaining unchanged after the disper-
sions became discolored.
The fact that additional PtCl62� had no effect on the


mineralization of intermediate products after discoloration of
the dispersions adds further credence to the inference that
degradation of EO occurs mainly through a self-photosensi-
tization process (excitation of the dye) and not through a
photocatalytic process (excitation of the catalytic material).
For comparison, changes in TOC with visible light irradiation
time were also examined in both dispersions with sulforho-
damine B (SRB) as the target substrate. The TOC changes
displayed the same situation as that reported here for EO;
that is, the TOC remaining in the solution bulk was no longer
affected by irradiation once the dispersions were discolored.
Clearly, PtIV/TiO2 had no further effect on the mineralization
of the dyes. Accordingly, any degradation of the dye on PtIV/
TiO2 is due to a photosensitization process.
Changes in chemical oxygen demand (CODCr) of the


dispersions reflect the degree to which the substrate is
degraded or mineralized in the entire dispersion (i.e., both
in the bulk solution and on the surface of the catalyst, as the
measurements are done on the whole dispersion) during
irradiation. Table 1 summarizes the results of CODCr values
for the two systems before visible light irradiation and after a
longer period of irradiation when the dispersions had been
discolored.


CODCr values for the irradiated EO/PtIV/TiO2 suspensions
decreased with increasing illumination time from an initial
value of 36.2 mgO2L�1 (before illumination) to 17.0 mgO2L�1


after 18 h of irradiation (about 53% COD removed), whereas
it required 30 h of visible irradiation to achieve the removal of
approximately 51% of the total COD in the EO/TiO2 system.
In keeping with the results of TOC measurements, the final
mineralization yield for the EO/PtIV/TiO2 system is nearly
identical to that of the EO/TiO2 dispersion once the dis-
persions were discolored.
Results of cyclic experiments with the PtIV/TiO2 photo-


catalyst specimens are shown in Figure 5. After four degra-
dation cycles, the activity did decrease to some extent. We
tentatively attribute this deactivation to adsorption of some-
what refractory degraded intermediate species.


Mechanism discussion : The novel photocatalyst reported by
Kisch et al. did afford degradation of 4-chlorophenol (4-CP)
under visible light irradiation; a similar visible light-induced
photodegradation of 4-CP also occurs with a coke-containing
titanium dioxide photocatalyst.[27] The relevant mechanistic


Figure 5. Profiles of cyclic tests of a PtIV/TiO2 specimen in the degradation
of the azo dye EO.


step was described as arising from visible light excitation of
the platinum(��) chloride affording a PtIII species and a weakly
surface-bound chlorine atom, Cl(0). It is the latter strongly
oxidizing radical that was postulated to lead to the degrada-
tion of the chlorophenol on the surface or in the solution bulk
(Scheme 1A).[21] It is relevant to note that the 4-CP is not
excited by visible light and consequently cannot produce
electrons. In contrast, the azo dye system examined here is
easily excited by visible light to produce excited states, for
example 1,3dye*, which under suitable circumstances are
poised to inject electrons into the conduction band of the
TiO2 semiconductor, with the dye being converted to a radical
cation (dye .�).
Characterization of the PtIV/TiO2 photocatalyst during the


degradation process was accomplished by using X-ray photo-
electron spectroscopic (XPS) methodologies. Figure 6 shows


Figure 6. X-ray photoelectron spectrum of the chemisorbed ClnPtIV


species after the visible light-induced self-photosensitized degradation of
the dye Ethyl Orange in EO/PtIV/TiO2 air-equilibrated aqueous dispersions.
Note that a similar spectrum is obtained prior to the degradation of the dye.


the peak for the PtIV/TiO2 sample at the end of degradation
under visible light irradiation. The XPS spectral features show
the presence of PtIV and PtII ; no elemental platinum(0) was
found (of which the binding energy is 70.9 eV). Clearly,
platinum(��) was not reduced to elemental Pt0 by the electrons
produced on excitation of the dye by visible light radiation, in
contrast to the cases in which PtIV species are reduced to Pt0 in
the presence of reducing agents and TiO2 under UV


Table 1. CODCr changes of EO (50 mL, 5� 10�5�) dispersions
([PtCl62�]� 1� 10�4�� pH 2.5, TiO2 loading 100 mg).


Samples Original CODCr


[mgO2L�1]
Final CODCr


[mgO2L�1]
Mineralization
extent [%]


EO/TiO2 35.8 17.6 51
EO/PtIV/TiO2 36.2 17.0 53
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irradiation in anaerobic media.[28] Note that XPS spectra
taken prior to the degradation of the EO dye also showed the
presence of PtII species at a concentration equivalent to that
observed after the degradation of EO. It is likely that the PtII


species were produced during the work-up of the XPS sample.
A control experiment in which the platinum(��) species
(PtCl42�) was added to the EO/TiO2 dispersion showed that
PtII had a negative effect on the degradation of the EO dye.
Accordingly, we concluded that PtII species were not pro-
duced during the degradation of EO in EO/PtIV/TiO2 dis-
persions.
On the basis of the experimental evidence and the above


discussion, a likely mechanism for the PtIV/TiO2-assisted
catalysis of the photoinduced conversion of Ethyl Orange
(and by extrapolation other azo dyes) is depicted in Sche-
me 1B. We propose that the injected electrons can easily be
trapped by the adsorbed tetrachloroplatinate(��) surface
complex, which is formed by chemisorption during the dark
equilibrium period, to produce a transient PtIII species by an
efficient electron transfer between the TiO2 conduction band
and PtIV, thereby obviating the homolytic Pt�Cl bond
cleavage under irradiation. The platinum(���) intermediate
subsequently reacts rapidly with pre-adsorbed O2 on the TiO2


surface to produce the superoxide O2
.� radical anions,


followed by formation of organoperoxides, as evidenced by
ESR spectroscopy, through the reaction depicted in Sche-
me 1B. This electron transfer leads to efficient charge
separation and effectively suppresses the recombination event
through back electron transfer between the EO�. and the
injected electrons. In the absence of PtIV, recombination of the
electrons in the conduction band (or surface defects) of TiO2


with the EO.� cation radicals adsorbed on the surface of TiO2


can compete effectively with molecular O2, so that the extent


Scheme 1. A) Postulated mechanism for the visible light-induced oxidative
degradation of 4-chlorophenol in aerobic aqueous media (from ref. [21]).
B) Proposed mechanism for the photodegradation of EO on PtIV/TiO2


surfaces under irradiation with visible light wavelengths.


of scavenging of electrons by O2 is somewhat lessened. In
contrast, the efficient electron transfer from the conduction
band to the adsorbed Pt(��) increases the amount of O2


.�


formed on the surface of TiO2. Accordingly, the ESR
difference observed in the quantity of O2


.� radicals produced
between the PtIV/TiO2 and TiO2 dispersions is understandable.
In summary, the primary step in the rapid degradation of


the azo dye EO in the presence of PtCl62� is essentially
photoexcitation of the dye and not excitation of adsorbed
PtCl62�, although the catalyst specimen does exhibit a definite
light absorption throughout a portion of the visible wave-
lengths. As evidenced from the TOC and COD results, no
intrinsic differences were observed between PtIV/TiO2 and
TiO2 dispersions in the mineralization of EO. We emphasize
that the existence of PtCl62� had a negligible effect on the
mineralization of the substrate when the dispersion had been
discolored. The discolored dispersions contain small molec-
ular intermediates, which have no absorption features in the
visible region and thus cannot be excited by visible light.
Accordingly, if localized excitation of PtCl62� were the
primary step in the overall pathway it should have led to the
complete degradation (i.e. , mineralization) of the azo dye.
The results of the experiments presented here suggest
otherwise (Scheme 1B).
To obtain further insights into the mechanism, we also


examined the degradation of sodium benzensulfonate, N,N-
diethylaniline, and 2,4-dichlorophenol (2,4-DCP) in PtIV/TiO2


dispersions under visible light irradiation. These substrates
have no light absorption characteristics in the visible spectral
region (wavelengths longer than 400 nm). Neither sodium
benzensulfonate nor N,N-diethylaniline were photodegraded
in PtIV/TiO2 dispersions, except for some loss of the substrates
through adsorption on titania. The 2,4-DCP was degraded
gradually under conditions similar to those reported by
Macyk and Kisch.[21] These additional control experiments
lend further credence to the idea that the self-photosensitized
degradation of EO is the determinant process in the present
system. Even if localized excitation of PtCl62� does cause
other organic compounds to degrade under otherwise iden-
tical conditions as used here, such degradation was negligible
in our system of azo dyes. Notwithstanding this, work is
proceeding on other substrates of different structures to
ascertain the general degradative process of substances that
otherwise compete effectively with the surface platinum(��)
complex for the actinic photons in the visible spectral region.


Conclusion


Small quantities of hexachloroplatinate(��) anions chemisor-
bed on the surface of TiO2 (P-25) have a strong acceleratory
effect on the photodegradation of the azo dye EO under
visible light irradiation. The improved activity is ascribed to
efficient electron transfer between the TiO2 conduction band
and the chemisorbed PtIV species, which leads to efficient
charge separation and assists in producing greater quantities
of O2


.� radical anions and organoperoxides than is otherwise
the case on naked TiO2 surfaces. No photoreductive con-
version of the surface PtIV species to elemental Pt0 was
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observed under the experimental conditions used; this is a
well-known reaction that results in the deposit of metallic
platinum on the surface of TiO2 by UV irradiation in the
presence of a reducing agent in anaerobic aqueous media.


Experimental Section


Materials : P-25 TiO2 (ca. 80% anatase, 20% rutile; BETarea ca. 50 m2g�1)
was kindly supplied by Degussa Co. The Ethyl Orange dye (EO) was of
laser-grade quality (Across Co.). All other dyes (see structures below) and
chemicals were of laboratory reagent-grade quality and were used without
further purification. Deionized and doubly distilled water was used
throughout this study.


Photoreactor and light source : The visible light source was a 500-W
halogen lamp (Institute of Electric Light Source, Beijing) positioned inside
a cylindrical Pyrex vessel and surrounded by a circulating water jacket
(Pyrex) to cool the lamp, to maintain the ambient temperature at 298 K,
and to block unwanted infrared radiation. An appropriate cutoff filter was
also placed outside the Pyrex jacket to ensure complete removal of
radiation below 420 nm, and to ensure that irradiation of the dispersion was
achieved only by visible light wavelengths.


Procedure and analyses : An aqueous suspension of EO (typically 50 mL,
2� 10�5� ; an initial pH of 2.5 adjusted with HClO4), H2PtCl6 ¥ 6H2O (at the
desired concentrations), and TiO2 (50 mg ) in a 50-mL Pyrex glass vessel
was magnetically stirred in the dark for approximately 30 min prior to
irradiation to permit an adsorption/desorption equilibrium to be reached.
At given irradiation time intervals, 3-mL aliquots were collected, centri-
fuged, and subsequently filtered through a Millipore filter (pore size
0.22 �m) to remove the catalyst particulates. The filtrates were analyzed by
recording the UV/Vis spectrum of EO at 507 nm with a Lambda Bio 20
spectrophotometer (Perkin ±Elmer). When PtCl62� was added to the EO
solution acidified with HClO4 to pH 2.5, a strong characteristic absorption
band of PtCl62� appeared at 259 nm. However, after TiO2 was added and
the suspensions were stirred in the dark for 30 min, the absorption peak at
259 nm was no longer observable. In all the experiments in which the PtIV


content changed from 0.4 wt% to 2 wt%, no PtCl62� was found in the bulk
solution during the degradation process. From this we inferred that PtCl62�


had been chemisorbed completely on the surface of the TiO2 specimens.
The specimens so modified were relatively stable. Evidently, chemisorption
occurred during the 30 min stirring period, most likely through formation
of Ti�O�Pt bonds.
The concentration of organoperoxides formed during irradiation of a 50-
mL solution of EO containing 50 mg of TiO2 or PtIV/TiO2 was assayed
immediately by the DPD method[29] after removal of catalyst particles by
centrifugation and filtration at various time intervals; this is a photometric


method in which the DPD (N,N-dimethyl-p-phenylenediamine) reagent is
oxidized by organoperoxides based on the peroxidase-catalyzed reaction.
To discriminate between the formation of H2O2 and organoperoxides,
catalase was added to the degraded solution before utilization of the DPD
method because the catalase enzyme eliminates H2O2 (but not organo-
peroxide species) from a mixture that might contain both H2O2 and
organoperoxides.[30] Total organic carbon (TOC) was assayed in the EO
degradation process by using an Apollo 9000 TOC analyzer (Terkmar
Dohrmann Co.); the assays were carried out after removal of catalyst
particulates. The CODCr data were obtained by direct measurements
without removal of the catalyst particulates by using the potassium
dichromate titration method.[31] ESR signals of the radicals spin-trapped by
DMPOwere examined with a Bruker ESP 300E spectrometer; the relevant
irradiation source was a Quanta ±Ray Nd:YAG pulsed laser system (��
532 nm; frequency� 10 Hz). To minimize measurement errors, the same
quartz capillary tube was used throughout the ESR measurements. The
UV/Vis diffuse reflectance spectra of the photocatalyst specimens were
recorded with an Hitachi U-3010 spectrophotometer (Japan) equipped
with an integrating sphere attachment (�� 160 nm). The analyzed spectral
range was 200 ± 800 nm, and BaSO4 was the reflectance standard. X-ray
photoelectron spectroscopic (XPS) examinations of the samples were
carried out on the 220I-XL multifunctional spectrometer (VG Scientific,
England) by using Al K� radiation. The samples for XPS measurements
were prepared through evaporation under reduced pressure (below 323 K;
Table 2).
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Multistep Solid-Phase Synthesis of an Antibiotic and Receptor Tyrosine
Kinase Inhibitors Using the Traceless Phenylhydrazide Linker


Frank Stieber,[a, b] Uwe Grether,[a, b] Ralph Mazitschek,[c] Natascha Soric,[c]
Athanassios Giannis,*[c] and Herbert Waldmann*[a, b]


Abstract: The hydrazide group is an oxidatively cleavable traceless linker for solid-
phase chemistry. This linker technology was used to develop a multistep solid-phase
synthesis of an antibiotic that is active against Mycobacterium tuberculosis.
Furthermore, we describe an efficient method for the traceless synthesis of
2-aminothiazoles that display dual inhibitory activity against the receptor tyrosine
kinases VEGFR-2 and Tie-2. The synthesis method proceeds through 9 steps on the
solid phase and should give access to a much larger library of 2-aminothiazoles, from
which a new class of anti-angiogenesis drugs may be developed.


Keywords: combinatorial chemistry
¥ inhibitors ¥ phenylhydrazides ¥
solid-phase synthesis ¥ traceless
linker


Introduction


The combinatorial and parallel synthesis of compound
libraries on polymeric supports is at the heart of research in
modern bioorganic and medicinal chemistry. Paramount to
success in this field is the development of powerful and
efficient solutions to several prevailing problems, in partic-
ular: i) The proper choice of the molecular scaffolds onto
which different functional groups are grafted in the process of
combinatorial synthesis. The generation of large libraries
alone is not sufficient, the underlying basic structure of the
individual library members must be biologically relevant.
ii) The development of reliable multistep sequences on the
polymeric support including widely differing types of trans-
formations. The chemistry must be adapted to the particular
biologically active compound class; the structure of the
targets should not be chosen on the basis of the available


chemistry. iii) The use of linker groups that guarantee release
of the target compounds from the solid support under the
mildest conditions. Ideally, a linker should release the
products while forming a C±H bond in place of the resin
attachment, thus leaving behind no trace of a solid-phase
synthesis (™traceless linker∫).[1] Herein we describe the use of
the traceless hydrazide linker[2, 3] for the multistep synthesis of
potentially biologically active compounds. The linker proves
to be stable in various synthetic transformations and allows
the release of different heterocycles in excellent overall yields
and with high purities (Scheme 1).


Scheme 1. Principle of the oxidative cleavage of the hydrazide linker.


Results and Discussion


Synthesis of an antibiotic incorporating a biphenyl structure :
For the proper choice of suitable biologically relevant
molecular scaffolds, the principle of identifying ™privileged
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structures∫,[4] that is compound classes that facilitate inter-
actions with various proteins, provides a strong and powerful
guideline. Biphenyls are found in various pharmacologically
active compounds, for example, in vitronectin receptor
antagonists,[5] angiotensin receptor antagonists,[6] inhibitors
of transthyretin-mediated amyloid fibril formation,[7] and
novel antibacterial agents.[8] In addition, the biphenyl unit
has been proposed as a general scaffold for the combinatorial
generation of new drug candidates.[9] In order to prove that
the traceless phenylhydrazide linker can be employed effi-
ciently for the synthesis of biologically and pharmacologically
relevant compounds, biphenyl derivative 18 and its morpho-
line analogue 19 were synthesized (Scheme 2). Compound 18
is a representative member of a recently discovered, new class
of antibiotics that are active against Mycobacterium tuber-
culosis (the bacterium that causes tuberculosis) and against
atypical mycobacteria.[8]


To execute the synthesis, amino-functionalized polystyrene
7 was acylated with adipic acid dichloride (8) to yield the
corresponding carboxy-functionalized resin 9 after hydrolysis.
(Scheme 2).[3, 10] The stable acid-functionalized resin 9 was
used for the attachment of p-iodophenylhydrazine (10) by


Scheme 2. Traceless solid-phase synthesis of antibiotic 18 and its derivative
19 employing a traceless hydrazide linker. a) 20 equiv adipic dichloride (8),
pyridine, CH2Cl2, RT, 18 h, then aqueous work-up; b) 3 equiv p-iodophe-
nylhydrazine (10), 3 equiv DIC, 3 equiv HOBt, 3 equiv NEt3, CH2Cl2, RT,
18 h; c) 8 equiv p-formylphenylboronic acid (12), 18 equiv K2CO3, 10 equiv
N,N-diisopropyl-N-ethylamine, 0.2 equiv [Pd(OAc)2], dioxane/water 6:1,
95 �C, 24 h; d) 15 equiv aniline 14 or 15, 10 equiv Na2SO4, 10 equiv
NaBH(OAc)3, HOAc, RT, 2 h, ultrasound; e) 0.5 equiv [Cu(OAc)2],
pyridine, methanol, O2, RT, 2 h. DIC�N,N-diisopropylcarbodiimide,
HOBt� 1-hydroxybenzotriazole.


activation with N,N-diisopropylcarbodiimide (DIC) and 1-hy-
droxybenzotriazole (HOBt). The iodophenylhydrazide 11was
treated with p-formylphenylboronic acid (12) to give rise to
the polymer-bound biphenylaldehyde 13.[3] Initial attempts
with potassium phosphate as the base and [Pd(PPh3)4] as a
palladium source in DMF/water (6:1) yielded only traces of
the product. Subsequent fine tuning of the conditions resulted
in quantitative conversion of the iodophenylhydrazide 11with
0.2 equiv [Pd(OAc)2], 18 equiv potassium carbonate, 8 equiv
N,N-diisopropyl-N-ethylamine and 8 equiv p-formylphenyl-
boronic acid (12).[11] The resulting biphenyl aldehyde 13 was
then subjected to reductive amination with thiomorpholine
derivative 14[8] and the morpholine derivative 15[12] to yield
polymer-bound secondary amines 16 and 17. Initial attempts
employing sodium cyanoborohydride in methanol at room
temperature[13] yielded the desired product in high yield, but
with poor purities. This problem was solved by utilizing the
conditions developed by Ley et al.[14] The polymer-bound
aldehyde 13 was completely consumed in the presence of
sodium trisacetoxyborohydride in CH2Cl2/HOAc 10:1 and
sodium sulfate to scavenge the released water at room
temperature for 2 h with ultrasound.[4] Finally, the traceless
hydrazide linker was cleaved oxidatively by treatment with
0.5 equiv of [Cu(OAc)2] in methanol and pyridine. The
desired biphenyl antibiotic 18 and its derivative 19 were
obtained in an overall yield of 37 and 31%, respectively after
simple extraction with aqueous NaHCO3 (2%) and subse-
quent evaporation of the organic solvent in �95% purity.


Synthesis of a 2-aminothiazole library–Identification of Tie-2
inhibitors : A recently emerging compound class that may
belong to the category of privileged structures are 2-amino-
thiazoles. This structural framework has found application in
drug development for the treatment of allergies,[15] hyper-
tension,[16] inflammation,[17] schizophrenia,[18] bacterial[19] and
HIV infections,[20] and very recently for the treatment of
pain,[21] as fibrinogen receptor antagonists with antithrombot-
ic activity,[22] as new inhibitors of bacterial DNA gyrase B[23]


and in the development of cyclin-dependent kinase inhib-
itors.[24]


In the light of these important and probably even more
widespread applications, the development of efficient meth-
ods for the solid-phase synthesis of 2-aminothiazoles[25] is of
great importance for medicinal, bioorganic and combinatorial
chemistry.
For the solid-phase synthesis of the 2-aminothiazole


nucleus it was planned to employ the Hantzsch synthesis as
the key step, that is, the treatment of polymer-bound N-
monosubstituted and N,N-disubstituted thioureas with �-
bromoketones (Scheme 3). We intended to generate the
intermediary thioureas from polymer-bound anilines by
treatment with an N-protected isothiocyanate. The para-
position to the aniline amino group was chosen as the
attachment point for the traceless hydrazide linker.
Starting from amino-functionalized polystyrene 7


(1.3 mmolg�1) the corresponding carboxy-functionalized res-
in 9 was prepared. An adipic acid monoamide was formed
with adipic methyl ester (20) followed by basic saponification
of the ester group to yield the carboxy-resin with substantially
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Scheme 3. Plan for the traceless solid-phase synthesis of the 2-amino-
thiazoles 31.


higher loading levels owing to the prevention of crosslinking
of the resin (Scheme 4).[3, 10] Subsequently, the carboxy-
functionalized resin 9 was treated with 4-nitrophenylhydra-
zines 21 to yield the corresponding polymer-bound nitro-
phenylhydrazides 22.
Prior to the planned reduction of the nitrobenzene groups


to the anilines, the two hydrazide nitrogens of 22 were
acylated with Fmoc-Cl. This precaution was taken since we
intended to generate the required thiourea intermediates
from the corresponding anilines by treatment with Fmoc-
isothiocyanate 26 (see below). Under these conditions, the
unprotected hydrazides are also acylated resulting in the
formation of undesired sideproducts. The acylation with
Fmoc-Cl proceeded only in poor yield with dioxane and
aqueous NaHCO3 or methylene chloride/triethylamine with
10 equiv Fmoc-Cl. The double acylated hydrazide was
smoothly prepared in the solvent system methylene chlor-
ide/pyridine (20:1). A double acylation of the hydrazide was
achieved under these conditions, thus leaving the amide group
of the resin spacer unattached. This was proven by reacting
Fmoc-Cl with a polymer-bound nitrophenylhydrazide em-
ploying an acid-functionalized support with an ether linkage
instead of the amide in resin 9.[3, 10]


After successful introduction of the Fmoc groups, the
reduction of the nitro group to the amino function was
investigated. Initial attempts employing Na2S2O4 in ethanol at
reflux temperature[26a] yielded only traces of product. In the
presence of CrCl2 in DMF at room temperature,[26b] �80%
conversion could be observed and application of SnCl2 in
NMP[26c] resulted in a conversion of �90% (determined by
GC-MS). Finally, polymer-fixed anilines 23 were formed
quantitatively if DMF was employed as the solvent.[26d,e]


The use of polymer-bound anilines 23 in the subsequent
synthesis sequence leads to the formation of N-monosubsti-
tuted 2-aminothiazoles. N-functionalization of the amines 23
by means of reductive amination was investigated in order to


obtain access to N,N-disubstituted heterocycles as well.
Although this type of transformation is well-established in
solid-phase synthesis, its application to anilines 23 turned out
to be unexpectedly difficult. Thus, treatment of polymer-
bound aniline 23 (R�H) with 10 equiv of 4-bromobenzalde-
hyde, tetramethylorthoformate, and 10 equiv NaBH-
(OAc)3[27a] resulted in imine formation, but not reduction to
the N-substituted amine. Employment of DMF/AcOH 100:1
as the solvent[27b] and 2 equiv of the aldehyde gave 60%
reduction product, but 40% of the imine remained. Further
fine tuning of the solvent led to �70% N-alkylated amine in
THF/AcOH/H2O 100:1:1[27c] and finally to quantitative con-
version if 10 equiv of aldehyde and NaCNBH3 were employed
in THF/AcOH 100:1 as solvent. However, under these
conditions, formation of the tertiary amine as a result of
double reductive alkylation was also observed. This problem
was finally overcome by separating the imine formation from
the reduction step. Firstly, the polymer-bound aniline 23 was
converted into the Schiffs base and the surplus aldehyde 24
was then separated by washing with THF. Then the imine was
reduced by treatment with NaCNBH3 in THF/AcOH 100:1.
These reaction conditions proved to be efficient for a variety
of aromatic and aliphatic aldehydes (see below).
Conversion of anilines 25 to the corresponding thioureas 28


was achieved efficiently by treatment with fluorenylmethox-
ycarbonyl isothiocyanate (Fmoc-NCS, 26)[25b] and subsequent
removal of all three Fmoc groups present in intermediate 27
by treatment with piperidine in DMF. In the acylation step,
the presence of pyridine is probably required to partially
deprotonate the amine. A ninhydrin test indicated that
conversion to the thioureas 28 is quantitative. The removal
of all three Fmoc groups from fully masked resin 27 is not a
problem with regard to the subsequent steps of the synthesis.
On the one hand, model reactions indicated that the polymer-
bound hydrazides do not react with �-bromoketones 29 under
the conditions of the Hantzsch synthesis (see below). On the
other hand, the possible N-alkylation products would no
longer be amenable to the oxidative traceless-cleavage
process.
With the polymer-bound thioureas 28 in hand, the Hantzsch


thiazole synthesis on the polymeric support was investigated.
Gratifyingly, the desired 2-aminothiazoles 30 were formed
smoothly upon two successive treatments with 0.1� solutions
of different �-bromocarbonyl compounds 29 in dioxane
(Scheme 4).
Finally, the target compounds 31 were released from the


solid support by treatment with a catalytic amount of
[Cu(OAc)2] in n-propylamine and purging with O2 to reox-
idize the Cu� formed by the oxidation of the linker group.
The copper salt was readily and efficiently separated from


the products by treatment of the reaction mixture with
10 equiv of a copper-chelating polyamine resin (Advanced
Chemtech) or by simple filtration through a silica gel column
for solid-phase extraction.[3] In both cases, examination of the
crude reaction products by means of atomic absorption
spectroscopy indicated that �99.9% of the copper had been
removed.
A total of 23 differently substituted 2-aminothiazoles were


synthesized according to this procedure. The results of the
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Scheme 4. Traceless solid-phase synthesis of 2-aminothiazoles 31.
a) 3 equiv adipic monomethyl ester (20V, 3 equiv DIC, 3 equiv HOBt,
3 equiv NEt3, CH2Cl2, RT, 18 h ; b) THF/1% LiOH 1:1, RT, 24 h;
c) 3 equiv nitrophenylhydrazine (21), 3 equiv DIC, 3 equiv HOBt, 3 equiv
NEt3, CH2Cl2, RT, 18 h; d) 10 equiv Fmoc-Cl, pyridine, CH2Cl2, 15 h;
e) 2� SnCl2� 2H2O, DMF, RT, 18 h; f) 10 equiv aldehyde 24, THF, HOAc,
RT, 1 h, wash, then 10 equiv NaCNBH3, THF/HOAc, RT, 15 h; g) 3 equiv
Fmoc-NCS 26, CH2Cl2, pyridine, RT, 15 h; h) DMF/piperidine 4:1, RT, 2�
5 min; i) 0.1� solution of 29 in dioxane, RT, 2� 3 h; k) 0.5 equiv
[Cu(OAc)2], n-propylamine, O2, RT, 2 h, then solid-phase extraction.


syntheses are summarized in Table 1. The data demonstrate
that the 2-aminothiazoles are obtained in nine-step syntheses
(N-monosubstituted) and 10-step syntheses (N,N-disubstitut-
ed) in very high overall yields (19 ± 69%, average yield per
step 86 ± 95%). The synthesis is tolerant of substantial
variation in the structure of the substituents, that is, different
aromatic, heteroaromatic, and aliphatic groups can be effi-
ciently introduced. The synthesis sequence proceeds so
cleanly that the compounds are obtained after cleavage of
the traceless linkers in excellent purity (81 ± 99%) without
any further separation and purification steps. In any case, they
are pure enough to be employed directly for further purposes,
for example, biological testing. Of particular interest is the
mildness of the conditions required for the completely
selective cleavage of the traceless hydrazide linker. In the


presence of catalytic amounts of the copper salt employed,
even oxidation-sensitive functional groups, such as furans,
thiophenes, and sulfides, are not attacked at all.
From the different biological and pharmacological activ-


ities of compounds with the 2-aminothiazole scaffold, we were
particularly intrigued by the ability of certain 2-aminothiazole
derivatives to inhibit cyclin-dependent kinases (Cdks, see
above).[24] These serine/threonine kinases drive and control
cell cycle progression and have essential roles in cell


Table 1. Results of the traceless solid-phase synthesis of 2-aminothiazoles
14.


R1 R2 R3 R4 Overall
yield [%]


Purity [%]


31/1 H H H 69 96


31/2 H H H 49 99


31/3 H H 34 86


31/4 m-CN H 19 99


31/5 m-CN H H 29 89


31/6 H H 28 99


31/7 H 31 92


31/8 H H 38 99


31/9 H H 25 92


31/10 H H 42 99


31/11 H H 20 86


31/12 H 30 87


31/13 H H 47 81


31/14 H H 35 84


31/15 H 19 98


31/16 H H 24 99


31/17 H 35 86


31/18 H H 20 82


31/19 H H 33 85


31/20 H 35 81


31/21 H 28 93


31/22 H H 42 82


31/23 H H 31 84
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proliferation.[28a, 29a] At least two Cdk inhibitors are under-
going human clinical trials to suppress tumor growth.[28, 29]


Given the relevance of these proteins, we investigated the
2-aminothiazoles as possible inhibitors of Cdk-2 and Cdk-4.
However, none of the compounds showed appreciable
inhibitory activity, which indicates that the individual deco-
ration of the 2-aminothiazole nucleus is paramount to achieve
biological activity in the compound class.
In the light of the high similarity among the structure of the


ATP-binding domains of protein kinases[28, 29] and the notion
that this evolutionary conservatism of Nature can be em-
ployed as guiding principle for the development of compound
libraries,[30] the library was screened for possible inhibitors
against receptor tyrosine kinases, which were selected to
cover a wide spectrum of biological activities.
To this end, epidermal growth factor receptor (EGFR;


ErbB-1), ErbB-2, insulin-like growth factor 1 receptor
(IGF1R), fibroblast growth factor receptor 1 (FGFR1),
vascular endothelial growth factor receptors 2 and 3
(VEGFR-2 and -3) and Tie-2 were chosen. ErbB-2 (also
named Her-2/Neu) is over-expressed in approximately 30%
of all primary breast, ovary, and stomach cancers. The EGFR,
has been implicated in human tumorigenesis, for example, of
glioblastoma as well as in numerous tumors of epithelial
origin, including breast and oesophageal tumors.[31] The
insulin-like growth factor 1 receptor affects cell mitogenesis,
survival, transformation, and insulin-like activities by the
binding of its ligands, IGF1 and IGF2. This receptor
influences postnatal growth physiology, and its activity has
been associated with malignant disorders, such as breast
cancer.[32]


VEGFR-2 and -3 and Tie-2 are involved in angiogenesis,
the development of new blood vessels from pre-existing ones,
in particular in tumors (see below). Similarly members of the
FGF family, in particular, acidic FGF (FGF1) and basic FGF
(FGF2), are potent inducers of angiogenesis.[33]


The library of the 2-aminothiazoles did not contain any
inhibitor of EGFR, ErbB-2 and IGF1R which warranted
further investigation. Remarkably, however, six compounds
turned out to be inhibitors of Tie-2 and five compounds
inhibited VEGFR-2 (Table 2). In addition, a potent inhibitor
of the FGFR-1 and two inhibitors of VEGFR-3 were
identified. Of particular importance is the finding that the
2-aminothiazoles display dual selectivity for VEGFR-2 and
Tie-2, and in part also for VEGFR-3, namely, three prime
regulators of angiogenesis and lymphoangiogenesis.
Angiogenesis is central to wound repair, inflammation, and


embryonic development. Furthermore, aberrant angiogenesis
is considered to be a key step in tumor growth, spread, and
metastasis.[34] Vascular development depends on the endothe-
lium-specific vascular endothelial growth factor receptors 1 ±
3 (VEGFR1-3) and the Tie-2 receptor.[35] All these receptors
have been implicated in tumor angiogenesis[36] and antago-
nization of Tie-2, VEGFR-2, or VEGF-D (a ligand of
VEGFR-3) inhibits tumor growth and tumor metastasis in
vivo.[36d, 37] The development of low molecular-weight inhib-
itors of these receptor tyrosine kinases is among the most
promising approaches to the development of new, alternative
antitumor drugs, and several inhibitors of VEGFR-2 are in


clinical trials.[38] The combination of VEGFR-2 inhibitors with
Tie-2 antagonists should potentiate their anti-angiogenic
effects.[36c] Furthermore, inhibitors of VEGFR-3 would sup-
press the metastasis of lymphogenic tumors. To date, however,
only a few cases of small-molecule inhibitors of the Tie-2 and
VEGFR-3 receptors have been reported.[39]


Conclusion


We have demonstrated that the traceless phenylhydrazide
linker can be successfully employed in the multistep synthesis
of compound libraries to yield biologically and pharmacolog-
ically relevant compounds. Thus, a representative member of
a recently discovered new class of antibiotics that are active
against Mycobacterium tuberculosis and atypical mycobacte-
ria, and its morpholine-derivative were synthesized. Further-
more, an efficient method for the multistep traceless synthesis
of 2-aminothiazoles that display dual specifity against the
receptor tyrosine kinases VEGFR-2 and Tie-2 was developed.
The synthesis method should rapidly give access to a much
larger library of 2-aminothiazoles from which dual-selective
VEGFR-2 and Tie-2 inhibitors with enhanced biological
potency may be identified that could be developed into a new
class of anti-angiogenesis drugs. These compounds are
obtained readily and efficiently in high overall yields and
with high purity after simple extraction and filtration steps.


Experimental Section


General procedures : 1H NMR and 13C NMR spectra were recorded on
Bruker AC250, DRX400 or DRX500 spectrometers. HPLC were meas-
ured on an Agilent1100 Series equipped with a C18PPN column
(Macherey & Nagel). GC-MS were measured on a Agilent 6890 Series
gas chromatograph connected to a Agilent 5973 Series mass spectrometer.
All HPLC was performed with a flow rate of 1 mLmin�1 and a gradient
which changed from H20/acetonitrile/formic acid 90:10:0.1 (v/v/v) to H20/
acetonitrile/formic acid 10:90:0.1 (v/v/v) within 30 min. High-resolution
mass spectra (HRMS) were measured on a Finnigan MAT8200 spectrom-
eter. IR spectra were measured on Bruker IFS88 or Bruker Vector22


Table 2. Inhibition of different receptor tyrosine kinases by 2-aminothiazoles.


IC50 for receptor tyrosine kinase [��][a]


Com-
pound


VEGFR-2 VEGFR-3 Tie-2 IGF1R EGFR ErbB2 FGFR1


31/1 ± ± 21 ± ± ± ±
31/2 ± ± 13 ± ± ± ±
31/7 7.4 44 9.8 ± ± ± 8.6
31/8 31 ± 4.8 ± ± ± ±
31/14 12 41 ± ± ± ± ±
31/20 86 ± 28 ± ± ± ±
31/23 63 ± 31 ± ± ± ±


[a] To assay the inhibitory activity, the kinase-catalyzed phosphorylation of
poly(Glu-Tyr) in the presence of varying concentrations of inhibitor was
determined. The kinases were employed as fusion proteins of glutathione-S-
transferase (GST) and the respective kinase domain. The relative amount of
phosphorylated substrate was quantified by means of an anti-phosphotyrosine
enzyme-linked immunosorbent assay (ELISA), which employed an anti-phospho-
tyrosine antibody conjugated to horseradish peroxidase (POD). The bound
antibody was detected by the light emission after addition of a chemiluminescence
substrate for POD.
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spectrometers with a diffuse reflectance headA527 from Spectra Tech. UV
spectra were measured on a Perkin ±Elmer Cary50 spectrometer.


Materials : TLC was performed on Merck silica gel 60F254 aluminum sheets.
Silica gel (40 ± 60 �m) was used for flash chromatography. The resins were
purchased from Rapp Polymere, Advanced Chemtech and Argonaut
Technologies. All reactions were performed under an argon atmosphere
with freshly distilled, and dried solvents. All solvents were distilled using
standard procedures. Commercial reagents were used without further
purification.


General procedure for the oxidative cleavage of the phenylhydrazide linker
with [Cu(OAc)2] and n-propylamine (Method A): The resin was suspended
in a solution of 0.5 equiv of [Cu(OAc)2] in n-propylamine (5 m�) and was
shaken at room temperature for 2 h with oxygen bubbling through the
mixture. The solvent was removed under reduced pressure and the work-up
was performed with one of the following procedures: i) diethyl ether and
2% NaHCO3 were added to the residue and, after phase separation, the
organic layer was dried over MgSO4. The solvent was removed and the
residue was dried in vacuo. ii) The residue was suspended in methylene
chloride (50 mLg�1 resin) and tris-(2-aminoethyl)amino resin (5 equiv,
Novabiochem, 200 ± 400 mesh) was added. The mixture was shaken for 1 h
at room temperature and then filtered. The filtrate was evaporated and
dried in vacuo. iii) The residue was suspended in cyclohexane/ethyl acetate
(10:1) or methylene chloride/cyclohexane (5:1), filtered through a SPE-
cartridge (SiO2) and washed 3� with cyclohexane/ethyl acetate (1:1) or
methylene chloride. The filtrate was evaporated and dried in vacuo.


General procedure for the oxidative cleavage of the phenylhydrazide linker
with [Cu(OAc)2] , methanol and pyridine (Method B): The resin was
suspended in a solution of 0.5 equiv [Cu(OAc)2] (5 m�) and pyridine
(100 m�) in methanol and was shaken at room temperature for 2 h with
oxygen bubbling through the mixture. If polystyrene resins were used, the
same volume of THF was added. The solvent was removed under reduced
pressure and the work-up was performed by means of one of the
procedures described above.


Polystyrene-bound p-iodophenylhydrazide (11): N,N-Diisopropylcarbodi-
imide (42 �L, 0.27 mmol), 1-hydroxybenzotriazole (41 mg, 0.27 mmol),
triethylamine (38 �L, 0.27 mmol), and p-iodophenylhydrazine (10, 63 mg,
0.27 mmol) were added to a suspension of resin 9[3, 10] (500 mg, 0.09 mmol)
in methylene chloride (10 mL) and the mixture was shaken at room
temperature for 18 h, and then filtered. The resin was washed with
methylene chloride, THF, THF/1� HCl (1:1), THF, methanol, methylene
chloride, and cyclohexane (2� each), and dried to constant weight in vacuo
to yield the yellow resin 11 (502 mg). IR (KBr): �� � 3290 (NH), 1661
(C�O) cm�1.


Polystyrene-bound biphenylaldehyde (13): To a suspension of 11 (400 mg,
0.08 mmol) in dioxane (1.5 mL) and water (0.25 mL), were added p-
formylphenylboronic acid 12 (88 mg, 0.6 mmol), potassium carbonate
(182 mg, 1.3 mmol), and N,N-diisopropyl-N-ethylamine and the mixture
was degassed by ultrasonication. Palladium(��) acetate (4 mg, 16 �mol) was
added and the mixture was heated to 95 �C for 24 h, and then filtered. The
resin was washed with DMF, water, ethanol, ethyl acetate and methylene
chloride (3� each), and dried to constant weight in vacuo to yield the black
resin 13 (502 mg). IR (SiO2): �� � 3307 (NH), 2851 (CHO), 1680
(C�O) cm�1.


Polystyrene-bound tetracyclic thiomorpholine (16): To a suspension of
polymer-bound biphenylaldehyde 13 (300 mg, 0.06 mmol) in methylene
chloride (5 mL) and acetic acid (0.5 mL), were added sodium sulfate
(85 mg, 0.6 mmol), sodium triacetoxyborohydride (127 mg, 0.6 mmol), and
4-thiomorpholinomethyl aniline 14[8] (188 mg, 0.9 mmol). The mixture was
ultrasonicated for 2 h, and then filtered. The resin was washed with DMF,
isopropanol, water, DMF, methanol, and methylene chloride (3� each),
and dried to constant weight in vacuo to yield the black resin 16 (303 mg).
IR (SiO2): �� � 3255 (NH), 1669 (C�O) cm�1.


4�-Biphenylmethyl-(4-thiomorpholin-4-ylmethyl-phenyl)amine (18): Ac-
cording to Method B for the oxidative cleavage of the hydrazide linker,
resin 16 (179 mg, 21 �mol) was treated with [Cu(OAc)2] and pyridine in
methanol followed by extractive workup to yield a yellowish oil (2.9 mg,
8 �mol, 37%), HPLC: 97% pure (260 nm). Rf� 0.12 (cyclohexane/ethyl
acetate 10:1); 1H NMR (CDCl3, 250 MHz): �� 7.63 ± 7.54 (m, 4H, arom.
CH), 7.47 ± 7.39 (m, 5H, arom. CH), 7.12 (d, 3J(H,H)� 9.1 Hz, 2H, arom.
CH), 6.63 (d, 3J(H,H)� 9.1 Hz, 2H, arom. CH), 4.38 (s, 2H, Ph-Ph-CH2-


NH-), 3.42 (s, 2H, Ph-Ph-CH2-NH-Ph-CH2-thiomorpholine), 2.67 (s, 8H,
thiomorpholine-CH2).; GC-MS (70 eV, EI): m/z (%): 374 (44) [M]� , 272
(100), 167 (97), 106 (25); HRMS: calcd for: 374.1817; found: 374.1839. The
spectroscopic data are in agreement with reported values.[8]


Polystyrene-bound tetracyclic morpholine (17): To a suspension of
polymer-bound biphenylaldehyde 13 (200 mg, 0.04 mmol) in methylene
chloride (4 mL) and acetic acid (0.4 mL), were added sodium sulfate
(57 mg, 0.4 mmol), sodium triacetoxyborohydride (85 mg, 0.4 mmol), and
4-morpholinomethyl aniline (15,[12] 115 mg, 0.6 mmol). The mixture was
ultrasonicated for 2 h and then filtered. The resin was washed with DMF,
isopropanol, water, DMF, methanol, and methylene chloride (3� each),
and dried to constant weight in vacuo to yield the black resin 17 (199 mg).
IR (SiO2): �� � 3301 (NH), 1667 (C�O) cm�1.


4�-biphenylmethyl-(4-morpholin-4-ylmethyl-phenyl)-amine 819): Accord-
ing to Method B for the oxidative cleavage of the hydrazide linker 16
(195 mg, 23 �mol) was treated with [Cu(OAc)2] and pyridine in methanol
followed by extractive workup to yield a yellowish oil (2.5 mg, 7 �mol,
31%). Rf� 0.12 (cyclohexane/ethyl acetate 10:1); HPLC: 94% pure
(260 nm); 1H NMR (CDCl3, 250 MHz): �� 7.64 ± 7.55 (m, 4H, arom.
CH), 7.49 ± 7.40 (m, 5H, arom. CH), 7.14 (d, 3J(H,H)� 8.8 Hz, 2H, arom.
CH), 6.65 (d, 3J(H,H)� 8.8 Hz, 2H, arom. CH), 4.40 (s, 2H, Ph-Ph-CH2-
NH-), 3.81 ± 3.58 (m, 6H, Ph-Ph-CH2-NH-Ph-CH2-morpholine, 2�CH2-
O), 2.55 (b, 4H, 2�CH2-N); GC-MS (70 eV, EI): m/z (%): 358 (15) [M]� ,
281 (11), 270 (89), 207 (50), 135 (18), 90 (18), 44 (24), 28 (100); HRMS:
358.2051 (calcd: 358.2045).


Polystyrene-bound p-nitrophenylhydrazide (22a): N,N-Diisopropylcarbo-
diimide (2.55 mL, 16.5 mmol), 1-hydroxybenzotriazole (2.52 g, 16.5 mmol),
triethylamine (2.31 mL, 16.5 mmol), and p-nitrophenylhydrazine (21a,
2.52 g, 16.5 mmol) were added to a suspension of resin 9[3, 10] (5 g, 5.5 mmol)
in methylene chloride (150 mL). The mixture was shaken at room
temperature for 18 h and then filtered. The resin was washed with
methylene chloride, THF, THF/1� HCl (1:1), THF, methanol, methylene
chloride, and cyclohexane (2� each), and dried to constant weight in vacuo
to yield the yellow resin 22a (6.15 g). IR (KBr): �� � 3269 (NH), 1677
(C�O), 1351 (NO2) cm�1.


Polystyrene-bound 2-cyano-4-nitrophenylhydrazide (22b): N,N-Diisopro-
pylcarbodiimide (2.55 mL, 16.5 mmol), 1-hydroxybenzotriazole (2.52 g,
16.5 mmol), triethylamine (2.31 mL, 16.5 mmol), and 2-cyano-4-nitrophe-
nylhydrazine (21b, 2.93 g, 16.5 mmol) were added to a suspension of resin
9[3, 10] (5 g, 5.5 mmol) in methylene chloride (150 mL). The mixture was
shaken at room temperature for 18 h and then filtered. The resin was
washed with methylene chloride, THF, THF/1� HCl (1:1), THF, methanol,
methylene chloride, and cyclohexane (2� each), and dried to constant
weight in vacuo to yield the yellow resin 22b (6.15 g). IR (KBr): �� � 3269
(NH), 1677 (C�O), 1351 (NO2) cm�1.


Polystyrene-bound Fmoc-protected p-aminophenylhydrazide (23a): Fmoc-
Cl (11.55 g, 46 mmol) was added to a suspension of 22a (5 g, 4.6 mmol) in
methylene chloride/pyridine (10:1, 200 mL). The mixture was shaken for
15 h at room temperature and then filtered. The resin was washed with
methylene chloride, THF, methanol, methylene chloride, and cyclohexane
(two� each), and dried to constant weight in vacuo to yield a yellow resin
(6.85 g). IR (KBr): �� � 3308 (NH), 1759 (C�O), 1668 (C�O), 1350
(NO2) cm�1. Fmoc-loading: 0.57 mmolg�1 (84% starting from amino
polystyrene). A suspension of the resin prepared above (6 g, 3.42 mmol)
in 2� SnCl2� 2H2O in DMF (130 mL) was shaken for 18 h at room
temperature and then filtered. The resin was washed with DMF, THF,
THF/water (1:1), THF, methanol, methylene chloride, and cyclohexane
(2� each), and dried to constant weight in vacuo to yield the off-white
resin 23a (5.79 g). IR (KBr): �� � 3355 (NH), 1752 (C�O), 1671 (C�O) cm�1.
Fmoc-loading: 0.56 mmolg�1 (83% starting from amino polystyrene).


Polystyrene-bound Fmoc-protected 2-cyano-4-aminophenylhydrazide
(23b): Fmoc-Cl (11.3 g, 45 mmol) was added to a suspension of 22b (5 g,
4.5 mmol) in methylene chloride/pyridine (10:1, 200 mL). The mixture was
shaken for 15 h at room temperature and then filtered. The resin was
washed with methylene chloride, THF, methanol, methylene chloride, and
cyclohexane (two� each), and dried to constant weight in vacuo to yield
the yellow resin 23b (6.80 g). IR (KBr): �� � 3314 (NH), 1741 (C�O), 1672
(C�O), 1351 (NO2) cm�1. Fmoc-loading: 0.55 mmolg�1 (82% starting from
amino polystyrene). A suspension of the resin prepared as described above
(6 g, 3.3 mmol) in a 2� solution of SnCl2 ¥ 2H2O in DMF (130 mL) was
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shaken for 18 h at room temperature and then filtered. The resin was
washed with DMF, THF, THF/water (1:1), THF, methanol, methylene
chloride, and cyclohexane (2� each), and dried to constant weight in vacuo
to yield the off-white resin 23b (5.68 g). IR (KBr): �� � 3303 (NH), 1759
(C�O), 1670 (C�O) cm�1. Fmoc-loading: 0.54 mmolg�1 (81% starting from
amino polystyrene).


General procedure for the reductive amination of the polymer-bound
amines 23 (Procedure A): To a suspension of the polymer-bound aniline 23
in THF/HOAc (100:1, 5 mL/100 mg resin) was added aldehyde 24
(10 equiv). The mixture was shaken for 6 h and then filtered. The resin
washed with THF (3� ), suspended in THF/HOAc (100:1, 5 mL/100 mg
resin) and NaCNBH3 (10 equiv) was added. The mixture was shaken for
12 h at room temperature and then filtered. The resin was washed with
THF, methanol, methylene chloride, and cyclohexane (2� each), and dried
to constant weight in vacuo.


General procedure for the preparation 2-aminothiazoles 31 (Procedure B):
Fmoc-NCS 26[25b] (5 equiv) was added to a suspension of the polymer-
bound aniline 23 or 25 in methylene chloride/pyridine (100:1, 3 mL/100 mg
resin). The mixture was shaken for 15 h at room temperature and then
filtered. The resin was washed with methylene chloride, THF, methanol,
methylene chloride, and cyclohexane (2� each), and dried to constant
weight in vacuo. The resin was shaken with DMF/piperidine (4:1, 3 mL per
100 mg resin, 2� 5 min) at room temperature, and then filtered. It was then
was washed with DMF, THF, methanol, methylene chloride, and cyclo-
hexane (2� each), and dried to constant weight in vacuo. This polymer-
bound thiourea was treated twice with a solution of 2-bromocarbonyl
compound in dioxane (0.1�, 3 mL per 100 mg resin) for 3 h at room
temperature, and then filtered. The resin was washed with dioxane, THF,
methanol, methylene chloride, and cyclohexane (2� each), and dried to
constant weight in vacuo. The oxidative cleavage of the hydrazide linker
was achieved according to Method A with [Cu(OAc)2] in n-propylamine
followed by work-up with SPE.


2-Aminothiazole 31/1: According to Procedure B, 23a (168 mg, 94 �mol)
was treated with Fmoc-NCS (26, 132 mg, 0.47 mmol) in methylene
chloride/pyridine (100:1, 5 mL). The Fmoc groups were removed, and the
resin was treated with 2-bromo-4�-chloroacetophenone in dioxane (0.1�,
2� 3 mL) and oxidatively cleaved with [Cu(OAc)2] in n-propylamine to
yield the aminothiazole 31/1 (18.6 mg, 65 �mol, 69% overall yield, i.e.,
96% per step); HPLC: 96% pure (260 nm); 1H NMR (CDCl3, 400 MHz):
�� 7.79 (d, 3J(H,H)� 8.8 Hz, 2H, arom. CH), 7.44 ± 7.35 (m, 6H, arom.
CH), 7.11 (t, 3J(H,H)� 6.8 Hz, 1H, arom. CH), 6.81 (s, 1H, thiazole-CH);
GC-MS (70 eV, EI): m/z (%): 286 (100) [M]� , 168 (19), 150 (16), 133 (14),
125 (13), 104 (8), 89 (12), 77 (9).


2-Aminothiazole 31/2 : According to Procedure B, 23a (168 mg, 94 �mol)
was treated with Fmoc-NCS (26, 132 mg, 0.47 mmol) in methylene
chloride/pyridine (100:1, 5 mL). The Fmoc-groups were removed, and the
resin was treated with 2-bromo-2�,5�-dimethoxyacetophenone in dioxane
(0.1�, 2� 3 mL) and oxidatively cleaved with [Cu(OAc)2] in n-propyl-
amine to yield the aminothiazole 31/2 (14.4 mg, 46 �mol, 49% overall yield,
i.e., 92% per step); HPLC: 99% pure (260 nm); 1H NMR (CDCl3,
400 MHz): �� 7.76 (d, 4J(H,H)� 3.1 Hz, 1H, arom. CH), 7.44 ± 7.24 (m, 4H,
arom. CH), 7.08 (t, 3J(H,H)� 7.0 Hz, 1H, arom. CH), 6.93 ± 6.82 (m, 3H,
arom. CH, thiazole-CH), 3.92, 3.85 (2s, 6H, 2OCH3); GC-MS (70 eV, EI):
m/z (%): 312 (100) [M]� , 281 (16), 265 (15), 194 (18), 179 (26), 161 (37), 149
(14), 136 (11), 77 (13).


2-Aminothiazole 31/3 : According to Procedure B, 23a (168 mg, 94 �mol)
was treated with Fmoc-NCS (26, 132 mg, 0.47 mmol) in methylene
chloride/pyridine (100:1, 5 mL). The Fmoc-groups were removed, the
resin was treated with 2-bromo-2�-phenyl-acetophenone in dioxane (0.1�,
2� 3 mL) and oxidatively cleaved with [Cu(OAc)2] in n-propylamine to
yield the aminothiazole 31/3 (10.5 mg, 32 �mol, 34% overall yield, i.e.,
89% per step); HPLC: 86% pure (260 nm); 1H NMR (CDCl3, 400 MHz):
�� 7.36 ± 7.25, 7.54 ± 7.51 (2�, 15H, arom. CH); GC-MS (70 eV, EI): m/z
(%): 328 (100) [M]� , 251 (6), 210 (10), 178 (17), 165 (4), 150 (17), 121 (6),
104 (8), 77 (8).


2-Aminothiazole 31/4 : According to Procedure B, 23b (170 mg, 92 �mol)
was treated with Fmoc-NCS (26, 132 mg, 0.47 mmol) in methylene
chloride/pyridine (100:1, 5 mL). The Fmoc groups were removed, and the
resin was treated with 2-bromo-2�-phenyl-acetophenone in dioxane (0.1�,
2� 3 mL) and oxidatively cleaved with [Cu(OAc)2] in n-propylamine to


yield the aminothiazole 31/4 (6.2 mg, 17 �mol, 19% overall yield, i.e., 84%
per step); HPLC: 99% pure (260 nm); 1H NMR (CDCl3, 400 MHz): ��
7.92 ± 7.21 (m, 14H, arom. CH); GC-MS (70 eV, EI): m/z (%): 353 (100)
[M]� , 276 (3), 250 (2), 210 (10), 178 (26), 165 (25), 121 (6), 104 (7).


2-Aminothiazole 31/5 : According to Procedure B, 23b (170 mg, 92 �mol)
was treated with Fmoc-NCS (26, 132 mg, 0.47 mmol) in methylene
chloride/pyridine (100:1, 5 mL). The Fmoc groups were removed, and the
resin was treated with 2-bromo-2�,5�-dimethoxyacetophenone in dioxane
(0.1�, 2� 3 mL) and oxidatively cleaved with [Cu(OAc)2] in n-propyl-
amine to yield the aminothiazole 31/5 (9.0 mg, 27 �mol, 29% overall yield,
i.e., 87% per step); HPLC: 89% pure (260 nm); 1H NMR (CDCl3,
400 MHz): �� 7.82 (d, 4J(H,H)� 3.2 Hz, 1H, arom. CH), 7.76 (dd,
3J(H,H)� 8.4, 3J(H,H)� 3.2 Hz, 2H, arom. CH), 7.41 ± 7.23 (m, 2H, arom.
CH), 6.93 ± 6.82 (m, 3H, arom. CH, thiazole-CH), 3.91, 3.89 (2s, 6H,
2OCH3); GC-MS (70 eV, EI): m/z (%): 337 (100) [M]� , 304 (16), 290 (9),
194 (17), 179 (29), 161 (53), 151 (9), 102 (7).


2-Aminothiazole 31/6 : According to Procedure A, 23a (120 mg, 68 �mol)
was treated with furane-2-carbaldehyde (65 mg, 0.68 mmol) and NaCNBH3


(43 mg, 0.68 mmol). According to Procedure B, this resin was treated with
Fmoc-NCS (26, 96 mg, 0.34 mmol) in methylene chloride/pyridine (100:1,
5 mL). The Fmoc groups were removed, and the resin was treated with
2-bromo-2�,5�-dimethoxyacetophenone in dioxane (0.1�, 2� 3 mL) and
oxidatively cleaved with [Cu(OAc)2] in n-propylamine to yield the
aminothiazole 31/6 (6.4 mg, 16 �mol, 28% overall yield, i.e., 88% per
step); HPLC: 99% pure (260 nm); 1H NMR (CDCl3, 400 MHz): �� 7.91
(d, 4J(H,H)� 3.2 Hz, 1H, arom. CH), 7.42 ± 7.24 (m, 8H, arom. CH), 7.24 (s,
1H, thiazole-CH), 6.90 (d, 3J(H,H)� 9.0 Hz, 1H, arom. CH), 6.82 (dd,
3J(H,H)� 9.0, 4J(H,H)� 3.2 Hz, 1H, arom. CH), 5.21 (s, 2H, benzyl-CH2),
3.89, 3.86 (2 s, 6H, 2OCH3); GC-MS (70 eV, EI): m/z (%): 392 (100) [M]� ,
361 (54), 311 (56), 300 (27), 281 (70), 179 (25), 157 (20), 81 (58).


2-Aminothiazole 31/7: According to Procedure A, 23a (120 mg, 68 �mol)
was treated with furane-2-carbaldehyde (65 mg, 0.68 mmol) and NaCNBH3


(43 mg, 0.68 mmol). According to Procedure B, this resin was treated with
Fmoc-NCS (26, 96 mg, 0.34 mmol) in methylene chloride/pyridine (100:1,
5 mL). The Fmoc groups were removed, and the resin was treated with
2-bromo-2-phenyl-acetophenone in dioxane (0.1�, 2� 3 mL) and oxida-
tively cleaved with [Cu(OAc)2] in n-propylamine to yield the aminothiazole
31/7 (8.6 mg, 21 �mol, 31% overall yield, i.e., 89% per step); HPLC: 92%
pure (260 nm); 1H NMR (CDCl3, 400 MHz): �� 7.59 ± 7.21 (m, 16H, arom.
CH), 6.40 (d, 3J(H,H)� 3.2 Hz, 1H, arom. CH), 6.32 (dd, 3J(H,H)� 3.3,
4J(H,H)� 1.8 Hz, 1H, arom. CH), 5.29 (s, 2H, benzyl-CH2); GC-MS
(70 eV, EI): m/z (%): 408 (72) [M]� , 327 (100), 316 (14), 210 (80), 165 (17),
81 (18).


2-Aminothiazole 31/8 : According to Procedure A, 23a (120 mg, 68 �mol)
was treated with 4-bromobenzaldehyde (126 mg, 0.68 mmol) and
NaCNBH3 (43 mg, 0.68 mmol). According to Procedure B, this resin was
treated with Fmoc-NCS (26, 96 mg, 0.34 mmol) in methylene chloride/
pyridine (100:1, 5 mL). The Fmoc groups were removed, and the resin was
treated with 2-bromo-4�-chloroacetophenone in dioxane (0.1�, 2� 3 mL)
and oxidatively cleaved with [Cu(OAc)2] in n-propylamine to yield the
aminothiazole 31/8 (11.8 mg, 26 �mol, 38% overall yield, i.e., 91% per
step); HPLC: 99% pure (260 nm); 1H NMR (CDCl3, 400 MHz): �� 7.79
(d, 3J(H,H)� 8.8 Hz, 2H, arom. CH), 7.44 ± 7.24 (m, 11H, arom. CH), 6.68
(s, 1H, thiazole-CH), 5.24 (s, 2H, benzyl-CH2); GC-MS (70 eV, EI): m/z
(%): 456 (70) [M]� , 364 (11), 285 (100), 245 (45), 168 (63), 90 (23), 77 (18).


2-Aminothiazole 31/9 : According to Procedure A, 23a (120 mg, 68 �mol)
was treated with cyclohexanecarbaldehyde (76 mg, 0.68 mmol) and
NaCNBH3 (43 mg, 0.68 mmol). According to Procedure B, this resin was
treated with Fmoc-NCS (26, 96 mg, 0.34 mmol) in methylene chloride/
pyridine (100:1, 5 mL). The Fmoc groups were removed, and the resin was
treated with 2-bromo-4�-chloroacetophenone in dioxane (0.1�, 2� 3 mL)
and oxidatively cleaved with [Cu(OAc)2] in n-propylamine to yield the
aminothiazole 31/9 (7.5 mg, 20 �mol, 29% overall yield, i.e., 92% per step);
HPLC: 92% pure (260 nm); 1H NMR (CDCl3, 400 MHz): �� 7.78 (d,
3J(H,H)� 8.8 Hz, 2H, arom. CH), 7.55 ± 7.22 (m, 7H, arom. CH), 6.69 (s,
1H, thiazole-CH), 3.92 (b, 2H, cyclohexyl-CH2), 1.84 ± 1.12 (m, 11H,
cyclohexane-CH); GC-MS (70 eV, EI): m/z (%): 384 (15) [M�H]� , 382
(35), 285 (21), 250 (10), 168 (25), 97 (100), 77 (9).


2-Aminothiazole 31/10 : According to Procedure A, 23a (120 mg, 68 �mol)
was treated with furane-2-carbaldehyde (65 mg, 0.68 mmol) and NaCNBH3
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(43 mg, 0.68 mmol). According to Procedure B, this resin was treated with
Fmoc-NCS (26, 96 mg, 0.34 mmol) in methylene chloride/pyridine (100:1,
5 mL). The Fmoc groups were removed, and the resin was treated with
2-bromo-4�-chloroacetophenone in dioxane (0.1�, 2� 3 mL) and oxida-
tively cleaved with [Cu(OAc)2] in n-propylamine to yield the aminothiazole
31/10 (10.5 mg, 29 �mol, 42% overall yield, i.e., 92% per step); HPLC:
99% pure (260 nm); 1H NMR (CDCl3, 400 MHz): �� 7.78 ± 7.12 (m, 10H,
arom. CH), 6.67 (s, 1H, thiazole-CH), 6.32 ± 6.19 (m, 2H, arom. CH), 5.20
(s, 2H, benzyl-CH2); GC-MS (70 eV, EI): m/z (%): 366 (70) [M]� , 337 (9),
285 (38), 274 (10), 250 (17), 168 (35), 157 (17), 81 (100).


2-Aminothiazole 31/11: According to Procedure A, 23a (120 mg, 68 �mol)
was treated with cyclohexanecarbaldehyde (76 mg, 0.68 mmol) and
NaCNBH3 (43 mg, 0.68 mmol). According to Procedure B, this resin was
treated with Fmoc-NCS (26, 96 mg, 0.34 mmol) in methylene chloride/
pyridine (100:1, 5 mL). The Fmoc groups were removed, and the resin was
treated with 2-bromo-2�,5�-dimethoxyacetophenone in dioxane (0.1�, 2�
3 mL) and oxidatively cleaved with [Cu(OAc)2] in n-propylamine to yield
the aminothiazole 31/11 (5.6 mg, 14 �mol, 20% overall yield, i.e., 85% per
step); HPLC: 86% pure (260 nm); 1H NMR (CDCl3, 400 MHz): �� 7.85
(d, 4J(H,H)� 3.0 Hz, 1H, arom. CH), 7.49 ± 7.29 (m, 5H, arom. CH), 7.14 (s,
1H, thiazole-CH), 6.90 (d, 3J(H,H)� 8.8 Hz, 1H, arom. CH), 6.82 (dd,
3J(H,H)� 8.8, 4J(H,H)� 3.0 Hz, 1H, arom. CH), 3.97 (b, 2H, C6H11-CH2),
3.89, 3.85 (2s, 6H, 2OCH3), 1.80 ± 1.07 (m, 11H, cyclohexyl-CH); GC-MS
(70 eV, EI): m/z (%): 408 (44) [M]� , 377 (13), 325 (23), 312 (100), 249 (19),
235 (16), 162 (12), 91 (18).


2-Aminothiazole 31/12 : According to Procedure A, 23a (120 mg, 68 �mol)
was treated with thiophene-2-carbaldehyde (76 mg, 0.68 mmol) and
NaCNBH3 (43 mg, 0.68 mmol). According to Procedure B, this resin was
treated with Fmoc-NCS (26, 96 mg, 0.34 mmol) in methylene chloride/
pyridine (100:1, 5 mL). The Fmoc groups were removed, and the resin was
treated with 2-bromo-2-phenyl-acetophenone in dioxane (0.1�, 2� 3 mL)
and oxidatively cleaved with [Cu(OAc)2] in n-propylamine to yield the
aminothiazole 31/12 (8.7 mg, 20 �mol, 30% overall yield, i.e., 89% per
step); HPLC: 87% pure (260 nm); 1H NMR (CDCl3, 400 MHz): �� 7.63
(dd, 3J(H,H)� 8.0, 4J(H,H)� 1.8 Hz, 1H, arom. CH), 7.45 ± 7.20 (m, 15H,
arom. CH), 7.03 (d, 3J(H,H)� 3.0 Hz, 1H, arom. CH), 6.93 (dd, 3J(H,H)�
5, 4J(H,H)� 3.5 Hz, 1H, arom. CH), 5.46 (s, 2H, benzyl-CH2); GC-MS
(70 eV, EI): m/z (%): 424 (53) [M]� , 327 (100), 210 (73), 173 (19), 165 (15),
97 (27).


2-Aminothiazole 31/13 : According to Procedure A, 23a (120 mg, 68 �mol)
was treated with thiophene-2-carbaldehyde (76 mg, 0.68 mmol) and
NaCNBH3 (43 mg, 0.68 mmol). According to Procedure B, this resin was
treated with Fmoc-NCS (26, 96 mg, 0.34 mmol) in methylene chloride/
pyridine (100:1, 5 mL). The Fmoc groups were removed, and the resin was
treated with 2-bromo-2�,5�-dimethoxyacetophenone in dioxane (0.1�, 2�
3 mL) and oxidatively cleaved with [Cu(OAc)2] in n-propylamine to yield
the aminothiazole 31/13 (13.1 mg, 32 �mol, 47% overall yield, i.e., 93% per
step); HPLC: 81% pure (260 nm); 1H NMR (CDCl3, 400 MHz): �� 8.02
(d, 3J(H,H)� 3.3 Hz, 1H, arom. CH), 7.43 ± 7.12 (m, 7H, arom. CH), 6.97 ±
6.80 (m, 4H, arom. CH, thiazole-CH), 5.37 (s, 2H, benzyl-CH2), 3.89, 3.86
(2s, 6H, 2OCH3); GC-MS (70 eV, EI): m/z (%): 408 (100) [M]� , 377 (44),
316 (69), 296 (24), 281 (78), 194 (17), 179 (28), 173 (43), 97 (99), 77 (14).


2-Aminothiazole 31/14 : According to Procedure A, 23a (120 mg, 68 �mol)
was treated with 4-mercaptobenzaldehyde (103 mg, 0.68 mmol) and
NaCNBH3 (43 mg, 0.68 mmol). According to Procedure B, this resin was
treated with Fmoc-NCS (26, 96 mg, 0.34 mmol) in methylene chloride/
pyridine (100:1, 5 mL). The Fmoc groups were removed, and the resin was
treated with 2-bromo-4�-chloroacetophenone in dioxane (0.1�, 2� 3 mL)
and oxidatively cleaved with [Cu(OAc)2] in n-propylamine to yield the
aminothiazole 31/14 (10.1 mg, 24 �mol, 35% overall yield, i.e., 90% per
step); HPLC: 84% pure (260 nm); 1H NMR (CDCl3, 400 MHz): �� 7.83
(d, 3J(H,H)� 8.8 Hz, 2H, arom. CH), 7.44 ± 7.24 (m, 9H, arom. CH), 7.18 (d,
3J(H,H)� 8.6 Hz, 2H, arom. CH), 6.61 (s, 1H, thiazole-CH), 5.46 (s, 2H,
benzyl-CH2), 2.46 (s, 3H, SCH3); GC-MS (70 eV, EI): m/z (%): 424 (6)
[M]� , 422 (13) [M�H]� , 285 (5), 250 (4), 213 (5), 168 (9), 137 (100), 122
(13), 77 (5).


2-Aminothiazole 31/15 : According to Procedure A, 23a (120 mg, 68 �mol)
was treated with cyclohexanecarbaldehyde (76 mg, 0.68 mmol) and
NaCNBH3 (43 mg, 0.68 mmol). According to Procedure B, this resin was
treated with Fmoc-NCS (26, 96 mg, 0.34 mmol) in methylene chloride/


pyridine (100:1, 5 mL). The Fmoc groups were removed, and the resin was
treated with 2-bromo-2-phenyl-acetophenone in dioxane (0.1�, 2� 3 mL)
and oxidatively cleaved with [Cu(OAc)2] in n-propylamine to yield the
aminothiazole 31/15 (5.5 mg, 13 �mol, 19% overall yield, i.e., 85% per
step); HPLC: 98% pure (260 nm); 1H NMR (CDCl3, 400 MHz): �� 7.58 ±
7.18 (m, 15H, arom. CH), 3.99 (br., 2H, cyclohexyl-CH2), 1.85 ± 1.09 (m,
11H, cyclohexane-CH); GC-MS (70 eV, EI): m/z (%): 424 (35) [M]� , 341
(19), 328 (100), 251 (12), 210 (20), 178 (14), 165 (12), 91 (12).


2-Aminothiazole 31/16 : According to Procedure A, 23a (120 mg, 68 �mol)
was treated with 3,4-dimethoxybenzaldehyde (113 mg, 0.68 mmol) and
NaCNBH3 (43 mg, 0.68 mmol). According to Procedure B, this resin was
treated with Fmoc-NCS (26, 96 mg, 0.34 mmol) in methylene chloride/
pyridine (100:1, 5 mL). The Fmoc groups were removed, and the resin was
treated with 2-bromo-4�-chloroacetophenone in dioxane (0.1�, 2� 3 mL)
and oxidatively cleaved with [Cu(OAc)2] in n-propylamine to yield the
aminothiazole 31/16 (7.1 mg, 16 �mol, 24% overall yield, i.e., 87% per
step); HPLC: 99% pure (260 nm); 1H NMR (CDCl3, 400 MHz): �� 7.82
(d, 3J(H,H)� 8.5 Hz, 2H, arom. CH), 7.50 ± 6.76 (m, 10H, arom. CH), 6.68
(s, 1H, thiazole-CH), 5.19 (s, 2H, benzyl-CH2), 3.88, 3.87 (2 s, 6H, 2OCH3);
GC-MS (70 eV, EI): m/z (%): 436 (9) [M]� , 285 (3), 168 (6), 151 (100), 107
(6).


2-Aminothiazole 31/17: According to Procedure A, 23a (120 mg, 68 �mol)
was treated with 3,4-dimethoxybenzaldehyde (113 mg, 0.68 mmol) and
NaCNBH3 (43 mg, 0.68 mmol). According to Procedure B, this resin was
treated with Fmoc-NCS (26, 96 mg, 0.34 mmol) in methylene chloride/
pyridine (100:1, 5 mL). The Fmoc groups were removed, and the resin was
treated with 2-bromo-2-phenyl-acetophenone in dioxane (0.1�, 2� 3 mL)
and oxidatively cleaved with [Cu(OAc)2] in n-propylamine to yield the
aminothiazole 31/17 (11.4 mg, 24 �mol, 35% overall yield, i.e., 90% per
step); HPLC: 86% pure (260 nm); 1H NMR (CDCl3, 400 MHz): �� 7.58
(dd, 3J(H,H)� 7.0, 4J(H,H)� 2.0 Hz, 2H, arom. CH), 7.39 ± 7.20 (m, 11H,
arom. CH), 7.00 (d, 4J(H,H)� 2.0 Hz, 1H, arom. CH), 6.90 (dd, 3J(H,H)�
8.4, 4J(H,H)� 1.9 Hz, 2H, arom. CH), 6.78 (d, 3J(H,H)� 8.0 Hz, 2H, arom.
CH), 5.25 (s, 2H, benzyl-CH2), 3.86, 3.79 (2s, 6H, 2OCH3); GC-MS (70 eV,
EI): m/z (%): 478 (19) [M]� , 368 (11), 327 (9), 227 (9), 210 (18), 151 (100),
107(5).


2-Aminothiazole 31/18 : According to Procedure A, 23a (120 mg, 68 �mol)
was treated with 4-bromobenzaldehyde (126 mg, 0.68 mmol) and
NaCNBH3 (43 mg, 0.68 mmol). According to Procedure B, this resin was
treated with Fmoc-NCS (26, 96 mg, 0.34 mmol) in methylene chloride/
pyridine (100:1, 5 mL). The Fmoc groups were removed, and the resin was
treated with 2-bromo-2�,5�-dimethoxyacetophenone in dioxane (0.1�, 2�
3 mL) and oxidatively cleaved with [Cu(OAc)2] in n-propylamine to yield
the aminothiazole 31/18 (6.5 mg, 13.5 �mol, 20% overall yield, i.e., 85%
per step); HPLC: 82% pure (260 nm); 1H NMR (CDCl3, 400 MHz): ��
7.73 (d, 4J(H,H)� 3.0 Hz, 1H, arom. CH), 7.44 ± 7.24 (m, 9H, arom. CH),
7.16 (s, 1H, thiazole-CH), 6.90 (d, 3J(H,H)� 9.0 Hz, 1H, arom. CH), 6.83
(dd, 3J(H,H)� 9.0, 4J(H,H)� 3.0 Hz, 1H, arom. CH), 5.32 (s, 2H, benzyl-
CH2), 3.89, 3.83 (2 s, 6H, 2OCH3); GC-MS (70 eV, EI): m/z (%): 482 (100),
480 (93) [M�H]� , 449 (14), 390 (19), 311 (100), 281 (95), 194 (26), 171 (40),
90 (25), 77 (17).


2-Aminothiazole 31/19 : According to Procedure Aπ 23a (120 mg, 68 �mol)
was treated with 4-mercaptobenzaldehyde (103 mg, 0.68 mmol) and
NaCNBH3 (43 mg, 0.68 mmol). According to Procedure B, this resin was
treated with Fmoc-NCS (26, 96 mg, 0.34 mmol) in methylene chloride/
pyridine (100:1, 5 mL). The Fmoc groups were removed, and the resin was
treated with 2-bromo-2�,5�-dimethoxyacetophenone in dioxane (0.1�, 2�
3 mL) and oxidatively cleaved with [Cu(OAc)2] in n-propylamine to yield
the aminothiazole 31/19 (10.1 mg, 22 �mol, 33% overall yield, i.e., 90% per
step); HPLC: 85% pure (260 nm); 1H NMR (CDCl3, 400 MHz): �� 7.81
(d, 4J(H,H)� 3.3 Hz, 1H, arom. CH), 7.35 ± 7.12 (m, 8H, arom. CH), 6.85
(d, 3J(H,H)� 8.8 Hz, 1H, arom. CH), 6.76 (dd, 3J(H,H)� 8.8, 4J(H,H)�
3.3 Hz, 1H, arom. CH), 6.38 (s, 1H, thiazole-CH), 5.19 (s, 2H, benzyl-CH2),
3.85, 3.79 (2s, 6H, 2OCH3), 2.42 (s, 3H, SCH3); GC-MS (70 eV, EI): m/z
(%): 448 (30) [M]� , 417 (11), 356 (10), 309 (13), 281 (15), 213 (15), 137
(100), 122 (13).


2-Aminothiazole 31/20 : According to Procedure A, 23a (120 mg, 68 �mol)
was treated with 4-mercaptobenzaldehyde (103 mg, 0.68 mmol) and
NaCNBH3 (43 mg, 0.68 mmol). According to Procedure B, this resin was
treated with Fmoc-NCS (26, 96 mg, 0.34 mmol) in methylene chloride/
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pyridine (100:1, 5 mL). The Fmoc groups were removed, and the resin was
treated with 2-bromo-2-phenyl-acetophenone in dioxane (0.1�, 2� 3 mL)
and oxidatively cleaved with [Cu(OAc)2] in n-propylamine to yield the
aminothiazole 31/20 (11.0 mg, 24 �mol, 35% overall yield, i.e., 90% per
step); HPLC: 81% pure (260 nm); 1H NMR (CDCl3, 400 MHz): �� 7.60 ±
7.18 (m, 19H, arom. CH), 5.38 (s, 2H, benzyl-CH2), 2.47 (s, 3H, SCH3); GC-
MS (70 eV, EI): m/z (%): 464 (35) [M]� , 372 (17), 327 (25), 210 (38), 165
(10), 137 (100), 122 (12).


2-aminothiazole 31/21: According to Procedure A, 23a (120 mg, 68 �mol)
was treated with 4-bromobenzaldehyde (126 mg, 0.68 mmol) and
NaCNBH3 (43 mg, 0.68 mmol). According to Procedure B, this resin was
treated with Fmoc-NCS (26, 96 mg, 0.34 mmol) in methylene chloride/
pyridine (100:1, 5 mL). The Fmoc groups were removed, and the resin was
treated with 2-bromo-2-phenyl-acetophenone in dioxane (0.1�, 2� 3 mL)
and oxidatively cleaved with [Cu(OAc)2] in n-propylamine to yield the
aminothiazole 31/21 (9.5 mg, 19 �mol, 28% overall yield, i.e., 88% per
step); HPLC: 93% pure (260 nm); 1H NMR (CDCl3, 400 MHz): �� 7.47
(dd, 3J(H,H)� 8.2, 4J(H,H)� 1.8 Hz, 2H, arom. CH), 7.36 ± 7.14 (m, 17H,
arom. CH), 5.16 (s, 2H, benzyl-CH2); GC-MS (70 eV, EI): m/z (%): 498
(39) [M]� , 496 (38), 404 (24), 327 (97), 210 (100), 178 (15), 165 (21), 90 (11),
77 (10).


2-aminothiazole 31/23 : According to Procedure A, 23a (120 mg, 68 �mol)
was treated with 3,4-dimethoxybenzaldehyde (113 mg, 0.68 mmol) and
NaCNBH3 (43 mg, 0.68 mmol). According to Procedure B, this resin was
treated with Fmoc-NCS (26, 96 mg, 0.34 mmol) in methylene chloride/
pyridine (100:1, 5 mL). The Fmoc groups were removed, and the resin was
treated with 2-bromo-2�,5�-dimethoxyacetophenone in dioxane (0.1�, 2�
3 mL) and oxidatively cleaved with [Cu(OAc)2] in n-propylamine to yield
the aminothiazole 31/22 (13.2 mg, 29 �mol, 42% overall yield, i.e., 92% per
step); HPLC: 82% pure (260 nm); 1H NMR (CDCl3, 400 MHz): �� 7.91
(d, 4J(H,H)� 3.2 Hz, 2H, arom. CH), 7.50 ± 6.76 (m, 9H, arom. CH), 6.68
(s, 1H, thiazole-CH), 5.19 (s, 2H, benzyl-CH2), 3.88, 3.87, 3.85, 3.77 (4s,
12H, 4 OCH3); GC-MS (70 eV, EI): m/z (%): 462 (17) [M]� , 370 (16), 281
(7), 227 (9), 151 (100), 107 (6).


2-Aminothiazole 31/23 : According to Procedure A, 23a (120 mg, 68 �mol)
was treated with thiophene-2-carbaldehyde (76 mg, 0.68 mmol) and
NaCNBH3 (43 mg, 0.68 mmol). According to Procedure B, this resin was
treated with Fmoc-NCS (26, 96 mg, 0.34 mmol) in methylene chloride/
pyridine (100:1, 5 mL). The Fmoc groups were removed, and the resin was
treated with 2-bromo-4�-chloroacetophenone in dioxane (0.1�, 2� 3 mL)
and oxidatively cleaved with [Cu(OAc)2] in n-propylamine to yield the
aminothiazole 31/23 (8.1 mg, 21 �mol, 31% overall yield, 89% per step);
HPLC: 84% pure (260 nm); 1H NMR (CDCl3, 400 MHz): �� 7.87 (d,
3J(H,H)� 8.6 Hz, 2H, arom. CH), 7.45 ± 7.20 (m, 8H, arom. CH), 7.00 (d,
3J(H,H)� 3.1 Hz, 1H, arom. CH), 7.92 (dd, 3J(H,H)� 3.1, 4J(H,H)�
1.8 Hz, 1H, arom. CH), 6.68 (s, 1H, thiazole-CH), 5.44 (s, 2H, benzyl-
CH2); GC-MS (70 eV, EI): m/z (%): 384 (15) [M]� , 382 (35) [M�H]� , 285
(21), 250 (10), 168 (25), 97 (100), 77 (9).
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C�C� Insertion: Insertion of an Alkyne into the C�C Single Bond between
the Carbene-Carbon Atom and the �-Carbon Atom of a Fischer
Carbene Complex by an Unprecedented Metalla(di-�-methane) Skeletal
Rearrangement **


Seda ‹naldi,[a] Rudolf Aumann,*[a] and Roland Frˆhlich�[a]


Abstract: The first examples of insertion of a C�C bond of an alkyne into a
Ccarbene�C� single bond of a carbene complex (C�C� insertion) are reported. (prim-
Alkyl)carbene complexes [(OC)5M�C(OEt)CH2R] (1a ± f ; M�Cr, W; R� nPr,
C7H7, Ph) undergo C�C� insertion of electron-deficient alkynes [PhC�CC(XEt)N-
Me2]BF4 (5a,b ; X�O, S) to give zwitterionic carbiminium carbonylmetalates 3a ± g,
which are thermally transformed into (CO)4M chelate carbene complexes 4a ± g by
elimination of CO. The overall reaction is highly regio- and stereoselective. It
involves an unprecedented metalla(di-�-methane) rearrangement as the key step.


Keywords: carbene ligands ¥ chro-
mium ¥ insertion ¥ rearrangement ¥
tungsten


Introduction


The metal carbene complexes discovered by E. O. Fischer in
the early 1960s and named ™Fischer carbene complexes∫ after
their discoverer have proved to be indispensable tools for
organic synthesis. Especially since the discovery of the Dˆtz
reaction, a formal cycloaddition of �,�-unsaturated carbene
complexes to alkynes with concomitant insertion of carbon
monoxide, the chemistry of Fischer carbene complexes has
gained much interest among organic chemists.[2] A diversity of
different co-cyclizations based on quite different reaction
mechanisms has been established for Fischer carbene com-
plexes to date. Those which have so far found the widest
application in organic synthesis are initiated by insertion of an
unsaturated substrate, such as an alkyne, an isocyanide or
carbon monoxide. The insertion of an alkyne is commonly
directed towards the M�C bond (M�C insertion).[3] Insertion
into a C��H or N��H bond (C��H and N��H insertion,
respectively) are also known, but have been less widely
investigated.[4] To the best of our knowledge, insertion of
alkynes into a C�C single bond between the carbene carbon
atom and the �-carbon atom to which it is attached (C�C�


insertion) has not previously been described. We now report
on the first examples of C�C� insertions of alkynes into
Fischer carbene complexes.[5]


Results and Discussion


N,N-Dimethyl(X-ethyl)phenylpropioamidium tetrafluorobo-
rates 5, generated in situ from propiolic amides 2 and
triethyloxonium tetrafluoroborate, undergo smooth addition
to (prim-alkyl)carbene complexes 1a ± f in the presence of
triethylamine to give mesoionic carbiminium carbonylmeta-
lates 3 (Scheme 1).[6] Compounds 3 are transformed into
chelate complexes 4 on heating. Formation of 3 and 4 is highly
regio- and stereoselective. The stereoisomers shown in
Scheme 1 are obtained as the only products.[7]


The mechanism of the C�C� insertion of an alkyne is
outlined in Scheme 2. N,N-Dimethyl(X-ethyl)phenylpropioa-
midium tetrafluoroborates 5a,b (X�O, S) are assumed to
form 1,4-adducts 6 with the conjugate bases 1�a ± f of carbene
complexes 1a ± f. The addition seems to be highly regioselec-
tive. 1,2-Adducts were not obtained with (prim-alkyl)carbene
complexes 1a ± f (R�H), but were generated with methyl-
carbene complexes 1g,h (R�H, see Scheme 4), in line with
Pearson×s HSBA concept.[8] Of the four diastereomeric allenyl
adducts 6 which could in principle be obtained, two, com-
pounds 6A and 6B, are shown in Scheme 2. Diastereomers
6A are expected to be generated faster than diastereomers
6B on the basis of steric interactions. An exo-trig ring closure
of compounds 6 is assumed to initially afford cyclobutene
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derivatives 7, from which compounds 3 are subse-
quently obtained by conrotatory ring opening. The
stereoselectivity of the overall reaction is remark-
able: Z isomers of compounds 3 are formed as the
only products. The high stereoselectivity of
the reaction is tentatively explained on the assump-
tion that 4-exo-trig ring closure should be faster in
™closed conformation∫ 6A� than in ™open confor-
mation∫ 6A because of the presumably much
lower dipole moment resulting from charge separa-
tion in the transition state corresponding to the
former.


Unprecedented metalla(di-�-methane) skeletal re-
arrangement : The key step of the C�C� insertion
outlined in Scheme 2 involves an unprecedented
metalla(di-�-methane) skeletal rearrangement. It
has been amply established that 1,4-pentadienes and
related compounds in which two � systems are
separated by an sp3-carbon atom undergo a photo-
chemically induced di-�-methane rearrangement to
vinylcyclopropanes (Scheme 3, top).[9] The metal-
la(di-�-methane) skeletal rearrangement of 1-met-
alla-1,4,5-hexatrienes 6 (Scheme 3, bottom) is of a
different nature: it is induced thermally and involves
fission of a C�C single bond between the carbene
carbon atom and its �-carbon atom. The overall
reaction is highly stereoselective.


Scheme 3. Di-�-methane photo-rearrangement of 1,4-penta-
dienes (top) and novel thermal metalla(di-�-methane) skeletal
rearrangement of 1-metalla-1,4,5-hexatrienes (bottom).


Rearrangement of 1-metalla-1,4,5-hexatrienes 11
into 1-metalla-1,3,5-hexatrienes 12 : The ratio in
which 1,4- and 1,2-adducts respectively of carbene
complexes 1 to electron-deficient alkynes 5 are
formed is expected to be strongly influenced by an �
substituent R. Whilst conjugate bases of (prim-
alkyl)carbene complexes 1a ± f (R�H) gave 1,4-
addition products only (see above), conjugate bases
of methylcarbene complexes 1g,h (R�H) gave
both 1,2- and 1,4-adducts (Scheme 4). 1,2-Adducts 8
are assumed to be generated as major products from
methylcarbene complexes, but they were readily
transformed into more stable conjugated 1-metalla-
1,3-hexadienes 9 and 10 by elimination of HNMe2
and HOEt or HSEt, respectively, on attempted
isolation by chromatography. 1,4-Adducts 11 are


Scheme 1. C�C� insertion of alkynes into (prim-alkyl)carbene complexes 1 gives
carbiminium carbonylmetalates 3 and chelate carbene complexes 4. [a] Chemical yields
of isolated compounds 3. [b] Chemical yields of isolated compounds 4 generated from
compounds 3 at 50 �C for 6 h. [c] Chemical yields of isolated compounds 4 generated
from compounds 3 at 22 �C for 24 h.


Scheme 2. Formation of carbiminium carbonylmetalates 3 by C�C� insertion and
skeletal rearrangement of allenyl intermediates 6.
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assumed to be derived from methylcarbene complexes 1g,h in
a minor reaction. These primary adducts were not stable
under the reaction conditions and were transformed into
more stable conjugated 1-metalla-1,3,5-hexatrienes 12, pre-
sumably by base-induced migration of an �-hydrogen atom.
Remember that nonconjugated 1-metalla-1,4,5-trienes 6 with
R�H did not undergo this type of isomerisation to con-
jugated systems (Scheme 2). The different reactivity of
compounds 6 and 11 is tentatively explained by the assump-
tion that the (secondary) �-hydrogen atomH* of an adduct 11
would be more acidic than the geminal �-hydrogen atom,
since the conformation of the carbanion derived from the
C�H*moiety (but not from the geminal C�H group) could be
arranged for optimal � conjugation with the neighboring
M(CO)5 unit (Figure 1). If the atom H* is replaced by a group
R, as in adduct 6, base-induced hydrogen migration seems to


be slower and therefore is out-
run by a metalla(di-�-methane)
rearrangement (Figure 1).
Concerning the question


whether metalated cyclobutenyl
derivatives 7 (Scheme 2) might
be generated directly from a
conjugate base 1� and an elec-
tron-deficient alkyne 5 by [2�2]
cycloaddition, it appears to us
that this process should be more
facile with methylcarbene com-
plexes 1g,h (R�H) than with
(prim-alkyl)carbene complexes
1a ± f (R�H) for steric reasons.
Furthermore, it would be diffi-
cult to explain formation of
conjugated 1-metalla-1,3,5-hex-
atrienes 12 from [2�2] cyclo-
adducts generated directly from
methylcarbene complexes 1g,h
(Scheme 4).


Skeletal rearrangement of
1-metallahex-1-en-5-ynes 8 into
1-metalla-1,4,5-hexatrienes 11:
Whilst compounds 9 and 10 are
stable thermally in C6D6 solu-


tion at 60 �C for at least 8 h,[10] compounds 12 undergo further
transformation under these conditions. Interestingly, the yield
of 12 increased markedly at the cost of 9 and 10 when the
reaction time was extended to 24 h (see legend to Scheme 4).
Since direct transformation of compounds 9 or 10 into
compounds 12 has been excluded experimentally, it is
assumed that it is the precursor compound 8 which undergoes
a skeletal rearrangement to the intermediate 11. We therefore
conclude that an early workup of the reaction would result in
transformation of compounds 8 into compounds 9 and 10 on
contact with silica gel, whilst an extension of the reaction time
would lead to transformation of compounds 8 into compounds
11 and accordingly to formation of larger amounts of
compounds 12.
The thiolate 12c (X� S) could be isolated by chromatog-


raphy without major decomposition and was transformed into
the cyclopentadiene 13c by �


cyclization at 60 �C for 7 h in
52% yield.[6d, 11] The alkoxy de-
rivatives 12a,b (X�O), on the
other hand, were quite sensitive
to hydrolysis on silica gel, and
afforded 1-metalla-1,3-hexa-
dienes 14 and 1-metalla-1,4-hex-
adienes 15 on attempted
isolation by chromatography
(Scheme 5 and Scheme 4).


Structure elucidation: The mo-
lecular structures of the zwitter-
ionic iminium carbonylmeta-


Scheme 4. Addition of methylcarbene complexes 1g,h (R�H) to electron-deficient alkynes 5, and rearrange-
ment of 1-metalla-hex-1-en-5-ynes 8 into 1-metalla-1,4,5-hexatrienes 11. [a] Molar ratio of 9 and 10. [b] Chemical
yield of product isolated by chromatography of the reaction mixture after 1 h at 20 �C in CH2Cl2 (see also
Scheme 5). [c] Chemical yield of product isolated by chromatography of reaction mixture after 24 h at 20 �C in
CH2Cl2. [d] Chemical yield of 13c isolated from the thermolysis of 12c at 60 �C for 7 h in cyclohexane (see
Scheme 5).


Figure 1. Newman projection of 1,4-adducts 6 and 11, and influence of substituents R on rearrangement of
1-metalla-1,4,5-hexatrienes.
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Scheme 5. �-Cyclization and hydrolysis of 1-metalla-1,3,5-hexatrienes 12
(M�Cr, W).


lates 3a ± g and the chelate carbene complexes 4a ± g are
based on 1H and 13C NMR data. Compounds 3 and 4 are
readily distinguished on the basis of characteristic shift
differences of certain NMR signals, for example, �CH (3a :
�H� 5.66 ppm, �C� 132.8 ppm; 4a : �H� 6.18 ppm, �C�
132.1 ppm), (MC)OCH2 (3a : �H� 4.01 ppm, �C� 71.2 ppm;
4a : �H� 4.65 ppm, �C� 78.4 ppm), C�N�Me2 and C�NMe2
groups, respectively (3a : �C� 182.3 ppm, 4a : �C� 176.1 ppm).
Note that the signal of the ™carbene carbon atom∫ of the
meso-ionic carbiminium carbonylates (e.g., 3a : �C�
242.3 ppm) is shifted significantly upfield compared to the
(cyclic) tetracarbonyltungsten carbene complexes (e.g., 4a :
�C� 306.2 ppm), as a consequence of different bonding modes
of the MC units in these compounds.[6] A further way to easily
distinguish the (CO)5W compounds 3 from (CO)4W com-
pounds 4 is the pattern of the �(C�O) bands in the IR
spectrum (e.g., 3a : �� � 2051.7 (30), 1959.2 (10), 1890.3 (100);
4a : �� � 2004.5 (60), 1877.3 (100), 1830.9 (80) cm�1), which are
similar to those of other zwitterionic carbiminium pentacar-
bonyltungstates (e.g.,
[(OC)5WC(OEt)�C{CMe(�N�Bu2)Me}CPh�CH(CO2Me)]�:
�� � 2049.4, 1955.3, 1891.5 cm�1)[6f] and chelated tetracarbo-
nyltungsten carbene complexes (e.g., �� � 2008 (51), 1902
(100), 1853 cm�1 (57)), respectively.[6a] The configurational
assignment of structures 3 and 4 is also based on NOE
experiments (see Experimental Section). For example, irra-
diation of the�CH signal in compound 3a results in a positive
intensity enhancement of the signals for the o-Ph and
CH2CH2CH3 protons. An intensity enhancement of the
CH2CH2CH3 signal is also observed on irradiation of
MC(OCH2CH3).
Charge compensation of zwitterionic carbiminium carbon-


ylmetalates 3 is hindered by the nonplanar arrangement of the
conformationally unstable ligand backbone.[6] Fast rotation of
the C�[C(XEt)�N�Me2] single bond leads to dynamic NMR
spectra. A ™frozen∫ spectrum of compound 3a is observed at
223 K, 600 MHz, in which the proton signals of the diaster-
eotopic (W�C)OCH2 group (�� 3.96, 3.93 ppm), the diaster-
eotopic C(OCH2)�N�Me2 group (�� 4.65, 4.45 ppm) and the
methyl signals of the�N�(CH3)2 unit (�� 3.45, 3.12 ppm) are
separated. Coalescence of the C(OCH2)�N�Me2 signals is
observed at 273 K, which corresponds to �G�� 13 kcalmol�1


for the rotational barrier of the C�[C(OCH2)�N�Me2] bond.
This small rotational barrier is in line with a zwitterionic
carbiminium carbonylmetallate 3a, but inconsistent with a
cross-conjugated metallatriene structure in which charge
compensation has occurred. A similar �G� value was
obtained for the exchange of the magnetic environments of
the diastereotopic methylene protons of the (WC)OCH2 unit
of compound 3a, but a slightly higher rotational barrier of
�G�� 14 kcalmol�1 was found for the exchange of the
magnetic environments of the methyl groups in the
C�N�(CH3)2 unit.
The zwitterionic carbiminium carbonyltungstate 3 f and the


corresponding cyclic carbene complex 4 f were also charac-
terized by crystal structure analyses (Figures 2 and 3). The
pattern of bond lengths in the ligand backboneW�C1�C2�C7
of compound 3 f (W�C1 2.310(3), C1�C2 1.401(4), C2�C7
1.494(4) ä) is characteristically different from that of


Figure 2. Molecular structure of the carbiminium carbonyltungstate 3 f.
Selected bond lengths [ä] and angles [�]: W�C1 2.310(3), C1�O9 1.351(3),
C1�C2 1.401(4), C2�C3 1.437(3), C2�C7 1.494(4), C3�N4 1.298(3),
C3�O12 1.330(3); O9-C1-C2 107.1(2), O9-C1-W 123.9(2), C2-C1-W
126.5(2), C1-C2-C3 118.9(2), C1-C2-C7 122.8(2), C3-C2-C7 118.3(2), N4-
C3-O12 111.7(2), N4-C3-C2 125.3(3), O12-C3-C2 123.0(2), C8-C7-C2
124.2(3); C1-C2-C3-N4 �135.8(3), C1-C2-C7-C8 �145.9(3).


Figure 3. Molecular structure of the chelate carbene complex 4 f. Selected
bond lengths [ä] and angles [�]: W�C1 2.142(4), W�N4 2.331(3), C1�O7
1.323(4), C1�C2 1.446(5), C2�C3 1.355(5), C2�C13 1.552(8), C3�O10
1.322(4), C3�N4 1.441(4), C13�C14 1.318(13); C1-W-N4 73.85(12), O7-C1-
C2 108.3(3), O7-C1-W 132.6(3), C2-C1-W 119.1(3), C3-C2-C1 116.0(3), C3-
C2-C13 122.9(4), C1-C2-C13 119.0(4), O10-C3-C2 131.0(3), C3-N4-W
111.2(2), C14-C13-C2 114.3(7); W-C1-C2-C3 4.8(6), C1-C2-C3-N4 2.6(7),
C2-C3-N4-W � 7.8(5), C15-C13-C14-C21 177.5(5).
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W�C1�C2�C3 in the cyclic carbene complex 4 f (W�C1
2.142(4), C1�C2 1.446(5), C2�C3 1.355(5) ä). Most notably,
the W�C distance of compound 3 f (2.310(3) ä) is signifi-
cantly longer than the W�C distance of carbene complex 4 f
(2.142(4) ä). A similar trend was previously established for
related carbene complexes [e.g., [(CO)5W�C(OEt)CH�
C(Ph)N�C(OEt)CH�CHMe], 2.215(5)][12] and zwitter-
ionic compounds such as [(�OC)(OC)4W�C(OEt)�
C[C(�N�R2)Me]C(Ph)�CHPh] (2.275(7) ä).[13] The C3�N4
distance of compound 3 f (1.298(3) ä) is significantly shorter
than the corresponding C�N distance in the carbene complex
4 f (1.441(4) ä) but is similar to the C�N� distance of the
carbiminium carbene complex [(�OC)(OC)4WC�(OEt)�
C{C(�N�R2)Me}C(Ph)�CHPh] (1.284(8) ä}.[13] Furthermore,
the C1-C2-C3-N4 unit of compound 3 f is strongly twisted by
�135.8(3)�, which indicates little or no � interaction in the
C2�C3 bond. A strong distortion from planarity by
�145.9(3)� is also observed for the C1-C2-C7-C8 unit.
The chelate carbene complex 4 f has an essentially planar


metallacyclic ring according to the torsion angles W-C1-C2-
C3 (4.8(6)�), C1-C2-C3-N4 (2.6(7)�), and C2-C3-N4-W
(�7.8(5)�). The exocyclic vinyl group is almost perpendicular
to the neighboring ring, with an angle of 96.4� between the
planes defined by W-C1-C2-C3-N4 and C15-C13-C14-C21.


Conclusion


To date it has been generally assumed that addition of an
alkyne to a transition metal carbene complex would result in
insertion of the C�C bond into the M�C bond. This
assumption is no longer valid, since we have demonstrated
that a C�C bond of an alkyne can also insert into a Ccarbene�C�


single bond of a carbene complex [(C�C�)-insertion]. Addi-
tion of electron-deficient alkynes [PhC�CC(XEt)NMe2]BF4
(5a,b ; X�O, S) to (prim-alkyl)carbene complexes
[(OC)5M�C(OEt)CH2R] (1a ± f ; M�Cr, W; R� nPr, C7H7,
Ph) was shown to proceed by C�C� insertion to give
zwitterionic carbiminium carbonylmetalates 3 and chelate
carbene complexes 4 derived therefrom. The mechanism of
the C�C� insertion was elucidated and was found to involve a
metalla(di-�-methane) rearrangement as the key step. The
scope of C�C� insertion reactions is strongly influenced by the
� substituent R. So far the reaction is limited to (prim-
alkyl)carbene complexes 1a ± f (R�H). Addition of electron-
deficient alkynes 5a,b to methylcarbene complexes
[(OC)5M�C(OEt)CH3] (1g,h ; M�Cr, W), on the other hand,
was shown to follow a different reaction path leading to
1-metallahexa-1,3-dien-5-ynes 9/10 and 1-metalla-1,3,5-hexa-
trienes 12. The latter reaction seems to involve a skeletal
rearrangement of 1-metallahex-1-en-5-ynes 8 into 1-metalla-
1,4,5-hexatrienes 11.
The C�C� insertion of alkynes requires special electronic


properties which are provided by Fischer carbene complexes,
but not by organic compounds like esters, which are consid-
ered isolobal to Fischer carbene complexes. This reaction,
which is currently under further investigation, may be applied
for chain extension and possibly also for the enlargement of
cyclic compounds.


Experimental Section


All operations were carried out in an atmosphere of argon. All solvents
were dried and distilled prior to use. All 1H and 13C NMR spectra were
routinely recorded on Bruker ARX300 and AM360 instruments. IR spectra
were recorded on a Bruker Vektor 22 instrument. 1J(H,C), 2J(H,C),
3J(H,C) decoupling and NOE experiments were performed on a Bruker
AMX 400 instrument. Elemental analyses were determined on a Perkin-
Elmer 240 elemental analyzer. Analytical TLC plates, Merck DC-Alufolien
Kieselgel 60F240 , were viewed under UV light (254 nm) and stained with
iodine. Rf values refer to TLC tests. Chromatographic purifications were
performed on Merck Kieselgel 60. Compounds 1c,d,[14] 1e,f,[15] 1g,h[16] and
2[17] were prepared according to literature methods.


(1Z,3Z)-1-Ethoxy-2-[dimethyl(ethoxymethylenyl)ammonium]-3-phenyl-
1,3-heptadien-1-yl-pentacarbonyltungstate (3a) and [�1-W,N]-(4Z)-2-
ethoxy-3-[dimethylamino(ethoxymethylene)]-4-phenyl-1-tetracarbonyl-
tungsta-1,4-octadiene (4a): N,N-Dimethyl(O-ethyl)phenylpropioamidium
tetrafluoroborate (5a), generated by reaction of N,N-dimethylpropynoic
acid amide (2a, 85 mg, 0.50 mmol) with triethyloxonium tetrafluoroborate
(95 mg, 0.50 mmol) in dry dichloromethane (3 mL) at 20 �C for 20 h, was
added to a solution of pentacarbonyl(1-ethoxypentylidene)tungsten (1a,
218 mg, 0.50 mmol) and triethylamine (50 mg, 0.50 mmol) in dry dichloro-
methane (1 mL). Flash chromatography on silica gel (column 2� 40 cm)
after 1 h at 20 �C afforded a brown fraction of a 6:1 mixture (according to
1H NMR spectrum, Rf� 0.8 in dichloromethane/n-pentane 1/2) of com-
pound 3a (211 mg, 67%, yellow oil) and 4a (31 mg, 11%, brown oil).
Compound 3a (100 mg) in cyclohexane (3 mL) at 50 �C for 6 h under argon
is partially transformed into the chelate complex 4a (48 mg, 48%).


Data for 3a : 1H NMR (300 MHz, CDCl3, 30 �C, time-averaged spectrum):
�� 7.07 ± 7.41 (m, 5H; m-, o- and p-H Ph), 5.66 (t, 3J� 6.6 Hz, 1H; 4-H,
NOE (�) with o-H Ph, CH2CH2CH3), 4.51 (q, 2H; 1�-OCH2, NOE (�) with
o-H Ph), 4.01 (q, 2H; NOE (�) with CH2CH2CH3, 1-OCH2), 3.12 (br, 6H,
N(CH3)2), 1.96 (q, 2H; 5-H2), 1.47 (m, 2H; 6-H2), 1.35 (t, 3H; 1�-
OCH2CH3), 1.20 (t, 3H; 1-OCH2CH3), 1.10 ppm (t, 3H; 7-H3); 1H NMR
(300 MHz, CDCl3, �50 �C, ™frozen∫ spectrum): �� 7.32 ± 7.54 (m, 5H; m-,
o- and p-H Ph), 5.69 (t, 3J� 6.6 Hz, 1H; 4-H), 4.65 and 4.45 (q, 2H;
diastereotopic protons of 1�-OCH2), 3.96 and 3.93 (q, 2H; diastereotopic
protons of 1-OCH2), 3.45 and 3.12 (s, 6H; diastereotopic CH3 groups of
N(CH3)2), 1.88 (q, 2H; 5-H2), 1.58 (m, 2H; 6-H2), 1.42 (t, 3H; 1�-
OCH2CH3), 1.02 (t, 3H; 1-OCH2CH3), 1.11 ppm (t, 3H; 7-H3); 13C NMR
(CDCl3, 30 �C): �� (Cq; C1),[18] 202.8 and 201.2 (each Cq, trans- and cis-CO
of W(CO)5), 182.3 (Cq; C�N�), 143.1 (Cq; i-CPh), 137.2 (Cq; C3), 132.8
(CH; C4); 128.6, 128.4, 128.0, 127.9 and 127.6 (each CH; Ph), 118.1 (Cq; C2),
71.2 (1-OCH2), 70.0 (1�-OCH2), 40.5 (broad signal due to dynamic line
broadening, N(CH3)2), 33.3 (CH2; C5), 22.1 (CH2; C6), 15.6 (1-OCH2CH3),
14.7 (1�-OCH2CH3), 14.0 ppm (CH3; C7); 13C NMR (CDCl3, �50 �C): ��
242.3 (Cq; C1); 203.4 and 200.4 (each Cq, trans- and cis-CO of W(CO)5],
178.7 (Cq; C�N�), 143.2 (Cq; i-CPh), 137.5 (Cq; C3), 132.7 (CH; C4); 129.5,
128.7, 128.2, 127.9 and 127.5 (each CH; Ph), 117.0 (Cq; C2), 71.6 (1-OCH2),
70.4 (1�-OCH2), 44.4 and 38.6 (diastereotopic CH3 groups of N(CH3)2), 33.2
(CH2; C5), 22.4 (CH2; C6), 14.6 (CH3; C7), 15.5 (1�-OCH2CH3), 15.1 ppm
(1-OCH2CH3); IR (n-hexane) [cm�1 (%)]: �� � 2051.7 (30), 1959.2 (10),
1890.3 (100) (�(C�O)), 1559.1 (10); MS (70 eV):m/z for 184W (%): 639 (10)
[M]� , 611 (20) [M�CO]� , 555 (100) [M� 2CO]� , 497 (30) [M� 5CO�
2H]� ; elemental analysis (%) calcd for C25H29O7NW (639.3): C 46.90, H
4.57, N 2.19; found: C 46.03, H 4.53, N 2.37.


Data for 4a : 1H NMR (300 MHz, CDCl3): �� 7.11 ± 7.31 (m, 5H;m-, o- and
p-H Ph), 6.18 (dd, 3J� 6.7, 6.6 Hz, 1H; 5-H), 4.65 (q, 2H; W�COCH2); 4.33
and 3.95 (q, 2H; diastereotopic protons of OCH2); 3.34 and 3.33 (s, 6H;
CH3 of N(CH3)2), 1.97 (q, 2H; 6-H2), 1.48 (m, 2H; 7-H2), 1.33 (t, 3H;
W�COCH2CH3), 1.18 (t, 3H; 8-H3), 1.19 ppm (t, 3H; CH2CH3); 13C NMR
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(CDCl3): �� 306.2 (Cq; C2); 220.6, 215.2, 205.5 and 205.1 (each Cq,
W(CO)4), 176.1 (Cq; �CN), 142.3 (Cq; i-CPh), 137.8, (Cq; C4), 132.1 (CH;
C5), 128.4, 128.0, 127.0, 126.9 and 126.6 (each CH; Ph), 123.2 (Cq; C3), 78.4
(W�COCH2), 69.4 (OCH2); 57.0 and 55.6 (diastereotopic CH3 groups of
N(CH3)2), 32.7 (CH2, C6), 22.5 (CH2; C7), 15.6 (W�COCH2CH3), 14.6
(OCH2CH3), 14.0 ppm (CH3; C8); IR (n-hexane) [cm�1 (%)]: �� � 2004.5
(60), 1877.3 (100), 1830.9 (80) (�(C�O)), 1596.3 (10); MS (70 eV): m/z for
184W (%): 611 (10) [M]� , 555 (100) [M�CO]� , 499 (30) [M� 4CO]� ;
elemental analysis (%) calcd for C24H29O6NW (611.1): C 47.15, H 4.78, N
2.29; found: C 47.21, H 4.75, N 2.29.


(1Z,3Z)-1-Ethoxy-2-[dimethyl(ethoxymethylenyl)ammonium]-3-phenyl-
1,3-heptadien-1-yl-pentacarbonylchromate (3b) and [�1-Cr,N]-2-ethoxy-3-
[dimethylamino(ethoxymethylene)]-4-phenyl-1-tetracarbonylchroma-1,4-
octadiene ((4Z)-4b): N,N-Dimethyl(O-ethyl)phenylpropioamidium tetra-
fluoroborate (5a, 0.50 mmol), generated as described above, was treated
with pentacarbonyl(1-ethoxypentylidene)chromium (1b, 153 mg,
0.50 mmol) and triethylamine (101 mg, 1.00 mmol) in dry dichloromethane
(1 mL). Workup after 1 h at 20 �C by flash chromatography on silica gel
(column 2� 40 cm) with dichloromethane/n-pentane (1/2) afforded a
brown fraction with a 1/1 mixture (NMR analysis) of 3b (76 mg, 36%,
Rf� 0.8 in dichloromethane/n-pentane 1/2, brown oil) and 4b (75 mg, 36%,
Rf� 0.8 in dichloromethane/n-pentane 1/2, red crystal from n-pentane, m.p.
60 �C). According to NMR analysis, 57% of 3b (100 mg) in [D6]benzene
(1 mL) at 22 �C is converted after 24 h to the corresponding chelate
complex 4b.


Data for 3b : 1H NMR (300 MHz, CDCl3, 30 �C): �� 7.16 ± 7.59 (m, 5H;
Ph), 5.69 (t, 3J� 7 Hz, 1H; 4-H), 4.50 (q, 2H; 1�-COCH2), 3.92 (q, 2H;
1-OCH2), 3.21 (br, 6H; N(CH3)2), 1.97 (q, 2H; 5-H2), 1.51 (m, 2H; 6-H2),
1.32 (t, 3H; 1�-OCH2CH3), 1.26 (t, 3H; 1-OCH2CH3), 0.94 ppm (t, 3H,
7-H3); 13C NMR (CDCl3): �� 260.5 (Cq; C2); 216.2 and 215.0 (Cq; trans-
and cis-CO of Cr(CO)5), 179.7 (Cq; C�N�), 144.5 (Cq; i-CPh), 138.7 (Cq;
C3), 135.1 (CH; C4); 129.8, 129.5, 128.4, 128.3 and 128.1 (each CH; Ph),
119.0 (Cq; C2), 72.7 (1-OCH2), 70.8 (1�-OCH2), 43.3 (br, N(CH3)2), 34.8
(CH2; C5), 23.9 (CH2; C6), 16.7 (1-OCH2CH3), 15.5 (1�-OCH2CH3),
15.3 ppm (CH3; C7); IR (n-hexane) [cm�1 (%)]: �� � 2042.7 (20), 1948.3
(15), 1882 (100) (�(C�O)), 1606.3 (10); MS (70 eV): m/z for 52Cr (%): 507
(2) [M]� , 451 (5) [M� 2CO]� , 367 (100) [M� 4CO]� ; elemental analysis
(%) calcd for C25H29O7NCr (507.1): C 59.16, H 5.76, N 2.76; found: C 58.56,
H 5.80, N 2.67.


Data for 4b : 1H NMR (300 MHz, CDCl3): �� 7.16 ± 7.59 (m, 5H; Ph), 6.18
(dd, 3J� 7.1, 6.9 Hz, 1H; 5-H), 4.82 (q, 2H; Cr�COCH2), 4.31 and 3.90
(™m∫, 2H; diastereotopic protons of OCH2), 3.01 (br s due to dynamic line
broadening, 6H; N(CH3)2), 1.97 (q, 2H; 6-H2), 1.51 (t, 2H; 7-H2), 1.33 (t,
3H; Cr�COCH2CH3), 1.24 (t, 3H; 8-H3), 1.10 ppm (q, 3H; OCH2CH3);
13C NMR (CDCl3): �� 329.4 (Cq; C2); 232.2, 231.4, 221.5, 218.5 (each Cq,
Cr(CO)4), 177.6 (Cq; �CN), 145.1 (Cq; i-CPh), 141.9 (Cq; C4); 133.2 (CH;
C5), 129.8, 129.5, 128.3, 127.4 and 126.8 (each CH; Ph), 124.3, (Cq; C3), 77.2
(Cr�COCH2), 70.5 (OCH2); 56.9 and 55.4 (N(CH3)2), 33.5 (CH2; C6), 23.7
(CH2; C7), 16.4 (Cr�COCH2CH3), 15.9 (OCH2CH3), 15.2 ppm (CH3, C8);
IR (n-hexane) [cm�1 (%)]: �� � 2000.7 (60), 1890.1 (80), 1881.0 (100) 1835.2
(70) (�(C�O)), 1607.9 (10); MS (70 eV): m/z for 52Cr (%): 479 (10) [M]� ,
451 (5) [M�CO]� , 394 (40) [M� 3CO]� , 367 (100) [M� 4CO]� ;
elemental analysis (%) calcd for C24H29O6NCr (479.1): C 60.11, H 6.10, N
2.92; found: C 60.22, H 6.07, N 2.95.


(1Z,3Z)-1-Ethoxy-2-[dimethyl(ethylsulfanyl)methylenylammonium]-3-
phenyl-1,3-heptadien-1-yl-pentacarbonyltungstate (3c) and [�1-W,N]-2-
ethoxy-3-[dimethylamino(ethylsulfanyl)methylene]-4-phenyl-1-tetracar-
bonyltungsta-1,4-octadiene ((4Z)-(4c): N,N-Dimethyl(S-ethyl)phenylpro-
pioamidium tetrafluoroborate (5b), generated by reaction of 3-phenyl-
propynethionic acid dimethylamide (2b, 95 mg, 0.50 mmol) with triethy-
loxonium tetrafluoroborate (95 mg, 0.50 mmol) in dry dichloromethane
(3 mL) at 20 �C for 20 h, was added to a solution of pentacarbonyl(1-


ethoxypentylidene)tungsten (1a, 218 mg, 0.50 mmol) and triethylamine
(50 mg, 0.50 mmol) in dry dichloromethane (1 mL). Flash chromatography
on silica gel (column 2� 40 cm) after 1 h at 20 �C afforded a red fraction of
a 6/1 mixture (according to a 1H NMR spectrum, Rf� 0.8 in dichloro-
methane/n-pentane 1/2) of 3c (196 mg, 60%, red oil) and 4c (33 mg, 12%,
red oil). Heating the carbiminium metallate 3c (100 mg) at 50 �C for 6 h in
cyclohexane ether under argon affords the corresponding chelate complex
4c (52 mg, 54%, red oil).


Data for 3c : 1H NMR (300 MHz, CDCl3): �� 7.21 ± 7.38 (m, 5H; Ph), 5.85
(t, 1H, 3J� 6.6 Hz; 4-H), 4.32 (q, 2H; 1-OCH2), 3.14 (s, 6H; N(CH3)2), 3.04
(q, 2H; SCH2), 2.01 (q, 2H; 5-H2), 1.53 (m, 2H; 6-H2), 1.32 (t, 3H;
OCH2CH3), 1.28 (t, 3H, SCH2CH3), 0.98 ppm (q, 3H; 7-H3); 13C NMR
(CDCl3): �� (Cq, C1);[18] 204.0 and 200.8, (each Cq; trans- and cis-CO of
W(CO)5), 182.0 (Cq; C�N�), 144.0 (Cq; i-CPh), 140.5 (Cq; C3), 134.3 (CH;
C4); 129.1, 128.8, 127.6, and 127.3 (each CH; Ph), 126.4 (Cq; C2), 74.0
(OCH2), 45.0 (br; N(CH3)2), 34.6 (CH2; C5), 31.9 (SCH2), 23.1 (CH2; C6),
16.2 (CH3; C7), 14.9 (OCH2CH3), 13.9 ppm (SCH2CH3); IR (n-
hexane) [cm�1 (%)]: �� � 2052.2 (50), 1960.1 (40), 1894.4 (100) (�(C�O)),
1516.3 (30); MS (70 eV): m/z for 184W (%): 654 (20) [M]� , 626 (80) [M�
CO]� , 542 (90) [M� 2CO]� , 486 (100) [M� 5CO]� ; elemental analysis
(%) calcd for C25H29O6SNW (654.1): C 45.79, H 4.46, N 2.14; found: C
46.07, H 4.56, N 2.43.


Data for 4c : 1H NMR (300 MHz, CDCl3): �� 7.07 ± 7.30 (m, 5H; Ph), 6.07
(dd, 1H, 3J� 6.6, 6.5 Hz, 5-H; NOE (�) with o-H Ph, 5-H and 6-H), 4.48 (q,
2H; OCH2), 3.0 (br, 6H; N(CH3)2), 3.17 (q, 2H; SCH2), 1.76 (q, 2H; 6-H2),
1.26 (m, 2H; 7-H2), 1.41 (t, 3H; OCH2CH3), 0.96 (t, 3H; SCH2CH3),
1.01 ppm (q, 3H; 8-H3); 13C NMR (CDCl3): �� 295.3 (Cq; C2); 214.2, 211.2,
205.1 and 202.8 (each Cq, W(CO)4), 174.9 (Cq;�CN), 136.5 (Cq; C4), 128.7
(CH; C5); 129.1, 128.9, 128.8, 128.4, and 127.1 (each CH; Ph), 123.5 (Cq;
C3), 78.1 (OCH2), 44.1 (N(CH3)2), 33.7 (CH2; C6), 31.2 (SCH2), 22.6 (CH2;
C7), 15.3 (OCH2CH3), 15.0 (SCH2CH3), 14.3 ppm (CH3; C8); IR (n-
hexane) [cm�1 (%)]: �� � 2005.1 (60), 1878.2 (100), 1838.4 (90) (�(C�O)),
1544.6 (40); MS (70 eV): m/z for 184W (%): 626 (80) [M]� , 542 (100) [M�
3CO]� ; elemental analysis (%) calcd for C24H29O5SNW (626.4): C 46.01, H
4.63, N 2.23; found: C 47.07, H 4.56, N 2.43.


(1Z,3Z)-1-Ethoxy-2-[dimethyl(ethylsulfanyl)methylenylammonium]-4-
(2�,4�,6�-cycloheptatrienyl)-3-phenyl-1,3-butadien-1-yl-pentacarbonyltung-
state (3d) and [�1-W,N]-2-ethoxy-3-[dimethylamino(ethylsulfanyl)methyl-
ene]-5-(2�,4�,6�-cycloheptatrienyl)-4-phenyl-1-tetracarbonyltungsta-1,4-
pentadiene ((4Z)-4d): N,N-Dimethyl(S-ethyl)phenylpropioamidium tetra-
fluoroborate (5b), generated from 3 phenylpropynethionic acid dimethy-
lamide (2b, 95 mg, 0.50 mmol) and triethyloxonium tetrafluoroborate
(95 mg, 0.50 mmol) in dry dichloromethane (3 mL) at 20 �C for 20 h, was
added to pentacarbonyl 2-(2,4,6-cycloheptatrienyl)-1-ethoxyethylidene-
tungsten (1c, 243 mg, 0.50 mmol) and triethylamine (50 mg, 0.50 mmol)
in dry dichloromethane (1 mL). Flash chromatography on silica gel
(column 2� 40 cm) after 1 h at 20 �C afforded a red fraction of a 1/2
mixture (according to a 1H NMR spectrum, Rf� 0.8 in dichloromethane/n-
pentane 1/2) of compound 3d (201 mg, 55%, red oil) and 4d (44 mg, 11%,
red oil). Compound 3d (100 mg) undergoes 62% conversion to the
corresponding chelate complex 4b (59 mg) over 22 �C at 24 h.


Data for 3d : H NMR (300 MHz, CDCl3): �� 7.27 ± 7.34 (m, 5H; Ph), 6.68
(m, 2H; 4�-H), 6.18 (m, 2H; 3�-H), 6.02 (d, 3J� 10.5 Hz, 1H; 4-H), 5.13 (m,
2H; 2�-H), 4.02 (q, 2H; OCH2), 3.10 (s, 6H; N(CH3)2), 2.91 (q, 2H; SCH2),
2.01 (m, 1H; 1�-H), 1.29 (t, 3H; OCH2CH3), 0.98 ppm (t, 3H; SCH2CH3);
13C NMR (CDCl3): �� (Cq; C1);[18] 202.1, and 199.9 (each Cq ; trans- and cis-
CO of W(CO)5), 174.1 (Cq; C�N�), 142.9 (i-C; Ph), 141.1 (Cq; C3), 131.3
(CH; C-4), 130.8 (CH; C4�); 128.4, 128.1, 127.2, 126.9, 125.9, and 124.4 (each
CH; Ph), 122.4 (Cq; C2), 124.2 (CH; C3�), 123.4 (CH; C2�), 72.5 (OCH2),
44.6 (CH; C1�), 43.6 (N(CH3)2), 40.8 (SCH2), 15.2 (OCH2CH3), 14.6 ppm
(SCH2CH3); IR (n-hexane) [cm�1 (%)]: �� � 2051.3 (40), 1959.1 (20), 1897.3
(100), (�(C�O)), 1517.7 (10); MS (70 eV): m/z for 184W (%): 702 [M]� , 674
(50) [M�CO]� , 591 (10) [M� 3CO]� , 534 (100) [M� 5CO]� ; elemental
analysis (%) calcd for C29H28O6SNW (702.1): C 49.49, H 4.16, N 1.99;
found: C 50.92, H 4.09, N 2.52.


Data for 4d : H NMR (300 MHz, CDCl3): �� 7.27 ± 7.34 (m, 5H; Ph), 6.65
(m, 2H; 4�-H), 6.21 (m, 2H; 3�-H), 6.48 [dd, 3J� 10.5 and 10.6 Hz, 1H; 5-H,
(�) NOE with o-H Ph, 1�-H, 2�-H, 3�-H, and 4�-H), 5.11 (m, 2H; 2�-H), 4.41
(q, 2H; COCH2), 3.09 (s, 6H; N(CH3)2), 3.12 (q, 2H; SCH2), 2.03 (m, 1H;
1�-H), 1.26 (t, 3H; OCH2CH3), 0.91 ppm (t, 3H; SCH2CH3); 13C NMR
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(CDCl3): �� 295.1 (Cq; C2); 228.9, 217,4, 213.2 and 212.1 (each Cq;
W(CO)4), 173.7 (Cq;�CN), 141.1 (Cq; C4), 128.8 (CH; C5), 130.8 (CH; C4�);
128.4, 128.1, 127.2, 126.9, 125.9 and 124.4 (each CH; Ph), 124.2 (CH; C3�),
123.4 (CH; C2�), 76.6 (OCH2), 44.4 (CH; C1�), 43.6 (N(CH3)2), 40.3 (SCH2),
15.2 (OCH2CH3), 13.0 ppm (SCH2CH3); IR (n-hexane) [cm�1 (%)]: �� �
2005.0 (50), 1880 (100), 1840 (80) (�(C�O)), 1545.9 (25); MS (70 eV): m/z
for 184W (%): 674 (50) [M]� , 591 (10) [M� 2CO]� , 534 (100) [M� 5CO]� ;
elemental analysis (%) calcd for C28H28O5SNW (674.1): C 49.77, H 4.33, N,
2.07; found: C 50.51, H 3.90, N 1.97.


(1Z,3Z)-1-Ethoxy-2-[dimethyl(ethoxymethylenyl)ammonium]-4-(2�,4�,6�-
cycloheptatrienyl)-3-phenyl-1,3-butadien-1-yl-pentacarbonyltungstate
(3e) and [�1-W,N]-2-ethoxy-3-[dimethylamino(ethoxymethylene)]-5-
(2�,4�,6�-cycloheptatrienyl)-4-phenyl-1-tetracarbonyltungsta-1,4-pentadiene
((4Z)-4e): N,N-Dimethyl(O-ethyl)phenylpropioamidium tetrafluorobo-
rate (5a, 0.50 mmol), generated as described above, was treated with
pentacarbonyl-2-(2,4,6-cycloheptatrienyl)-1-ethoxyethylidenetungsten
(1c, 243 mg, 0.50 mmol) and triethylamine (51 mg, 0.50 mmol) in dry
dichloromethane (1 mL). Workup after 1 h at 20 �C by flash chromatog-
raphy on silica gel (column 2� 40 cm) with dichloromethane/n-pentane (1/
2) afforded a 1/1 mixture of 3e (121 mg, 39%, Rf� 0.8 in dichloromethane/
n-pentane 1/2, yellow crystals from n-pentane at�20 �C, m.p. 70 �C) and 4e
(121 mg, 39%, brown oil). Compound 3e (100 mg) undergoes slow
conversion in [D6]benzene to the corresponding chelate complex 4e
(63 mg, 66%) at 22 �C over 24 h.


Data for 3e : 1H NMR (300 MHz, CDCl3): �� 7.28 ± 7.32 (m, 5H; Ph), 6.66
(m, 2H; 3�-C), 6.33 (d, 3J� 10.5 Hz, 1H; 4-H), 6.13 (m, 2H; 2�-H), 4.51 (br,
2H; 1�-OCH2), 4.21 (q, 2H; 1-OCH2), 3.28 (s, 6H; N(CH3)2), 2.11 (m, 1H;
1�-H), 1.28 (t, 3H; 1�-OCH2CH3), 0.98 ppm (t, 3H; OCH2CH3); 13C NMR
(CDCl3): �� 242.2 (Cq; C1); 202.3 and 200.9 (each Cq; trans- and cis-CO of
W(CO)5), 179.1 (Cq; C�N�), 147.3 (CH; C-4), 143.2 (Cq; C3), 131.7 (CH;
C4�), 130.2 (CH; C3�); 128.7, 128.1, 127.3, 126.9 126.3 (each CH; Ph), 124.4
(CH; C3�), 122.3 (Cq; C2), 72.3 (1-OCH2), 70.6 (1�-OCH2), 40.7 (CH; C1�),
41.0 (N(CH3)2), 15.5 (1�-OCH2CH3), 14.7 ppm (1-OCH2CH3); IR (n-
hexane) [cm�1 (%)]: �� � 2052.3 (30), 1957.3 (15), 1898.4 (100) (�(C�O)),
1554.9 (10); MS (70 eV): m/z for 184W (%): 687 (5) [M]� , 659 (100) [M�
CO]� , 603 (100) [M� 3CO]� ; elemental analysis (%) calcd for
C29H29O7NW (687.1): C 50.64, H 4.25, N, 2.04; found: C 50.52, H 3.99, N
1.92.


Data for 4e : 1H NMR (300 MHz, CDCl3): �� 7.28 ± 7.32 (m, 5H; Ph), 6.68
(m, 2H; 4�-C), 6.17 (m, 2H; 3�-H), 5.94 (d, 3J� 10.5 Hz, 1H; 4-H), 5.11 (q,
2H; W�COCH2), 4.02 and 4.21 (q, 2H; diastereotopic OCH2), 3.10 (br,
6H; N(CH3)2), 2.05 (m, 1H; 1�-H), 1.27 (t, 3H; W�COCH2CH3), 0.98 ppm
(t, 3H; OCH2CH3); 13C NMR (CDCl3): �� 303.3 (Cq; C2); 220.3, 214.6,
205.3 and 204.3 (each Cq, W(CO)4), 177.1 (Cq;�CN), 146.9 (Cq; C4), 142.8
(CH; C5), 131.0 (CH; C4�), 130.2 (CH; C3); 128.1, 128.7, 127.3, 126.7 and
124.7 (each CH; Ph), 124.0 (CH; C3�), 123.4 (CH; C2�), 78.3 (W�COCH2),
72.3 (OCH2), 38.2 (CH; C1�), 55.1 (N(CH3)2), 15.3 (W�COCH2CH3),
14.7 ppm (OCH2CH3); IR (n-hexane) [cm�1 (%)]: �� � 2006.4 (560), 1908.1
(100), 1840 (5) (�(C�O)), 1554.9; MS (70 eV): m/z for 184W (%): 659 [M]� ,
518 (100) [M� 5CO�H]� ; elemental analysis (%) calcd for C28H29O6NW
(659.1): C 50.97, H 4.43, N 2.12; found: C 51.02, H 4.43, N 2.10.


(1Z,3Z)-1-Ethoxy-2-[dimethyl(ethoxymethylenyl)ammonium]-3,4-diphen-
yl-1,3-butadien-1-yl-pentacarbonyltungstate (3 f) and [�1-W,N]-2-ethoxy-3-
[dimethylamino(ethoxymethylene)]-4,5-diphenyl-1-tetracarbonyltungsta-
1,4-pentadiene ((4Z)-4 f): N,N-Dimethyl(O-ethyl)phenylpropioamidium
tetrafluoroborate (5a, 0.50 mmol), generated as described above, was
treated with pentacarbonyl(1-ethoxy-2-phenylethylidene)tungsten (1e,
171 mg, 0.50 mmol) and triethylamine (51 mg, 0.50 mmol) in dry dichloro-
methane (1 mL). Workup after 1 h at 20 �C by flash chromatography on
silica gel (column 2� 40 cm) with dichloromethane/n-pentane (1/2)
afforded a brown fraction with a 7/1 mixture of 3 f (127 mg, 66%, Rf�
0.8 in dichloromethane/n-pentane 1/2, yellow crystals, m.p. 104 �C) and 4 f
(64 mg, 10%, Rf� 0.8 in dichloromethane/n-pentane 1/2, brown oil).
Compound 3 f (100 mg) is slowly converted to the corresponding chelate
complex 4 f (57 mg) at 22 �C over 24 h.


Data for 3 f : 1H NMR (300 MHz, CDCl3): �� 7.09 ± 7.40 (m, 5H; Ph), 6.58
(s, 1H; 4-H), 4.32 (q, 2H; 1�-OCH2), 4.01 (q, 2H; 1-OCH2), 2.76 (br, 6H;
N(CH3)2), 1.29 (t, 3H; 1�-OCH2CH3), 0.87 ppm (t, 3H; 1-OCH2CH3);
13C NMR (CDCl3): �� 250.1 (Cq; C1); 202.8 and 201.3 (each Cq; trans- and
cis-CO ofW(CO)5), 178.1 (Cq; C�N�), 144.4 (i-C; Ph), 139.3 (Cq; C3), 133.3


(CH; C4); 129.9, 129.3, 129.2, 129.0, 128.6, 128.5, 128.2, 127.6, 127.4, 126.9
and 126.2 (each CH; Ph), 117.1, (Cq; C2), 71.3 (1-OCH2), 70.0 (1�-OCH2),
41.9 (br, N(CH3)2), 15.6 (1-OCH2CH3), 14.5 ppm (1�-OCH2CH3); IR (n-
hexane) [cm�1 (%)]: ��� 2052.5 (50), 1959.1 (25), 1897.1 (100) (�(C�O)),
1575.6 (15); MS (70 eV): m/z for 184W (%): 673 (10) [M]� , 645 (40) [M�
CO]� , 589 (100) [M� 3CO]� ; elemental analysis (%) calcd for C28H27O7NW
(673.1): C 49.92, H 4.04, N 2.08; found: C 50.05, H 4.07, N 2.10.


X-ray crystal structure analysis of 3 f : C28H27O7NW, Mr� 673.36, yellow
crystal, 0.30� 0.25� 0.20 mm, a� 9.929(1), b� 11.906(1), c� 12.699(1) ä,
�� 93.89(1), �� 111.02(1), �� 96.51(1)�, V� 1382.7(2) ä3, �calcd�
1.617 gcm�3, �� 42.22 cm�1, empirical absorption correction (0.364�T�
0.486), Z� 2, triclinic, space group P1≈ (no. 2), 	� 0.71073 ä, T� 293 K, 

and � scans, 17788 reflections collected (�h, �k, � l), (sin�)/	� 0.68ä�1,
6884 independent (Rint� 0.026) and 6127 observed reflections [I	 2(I)],
338 refined parameters, R� 0.025, wR2� 0.052, max./min. residual electron
density 0.57/� 0.86 eä�3, hydrogen atoms calculated and refined as riding
atoms.[19]


Data for 4 f : 1H NMR (300 MHz, CDCl3): �� 7.18 ± 7.45 (m, 5H; Ph), 7.09
(s, 1H; 5-H), 4.58 (q, 2H;W�COCH2), 4.24 and 3.97 (q, 2H; diastereotopic
H of OCH2); 2.93 and 3.20 (s; N(CH3)2), 1.21 (t, 3H; W�CH2CH3),
1.08 ppm (t, 3H; OCH2CH3); 13C NMR (CDCl3): �� 305.0 (Cq, C2); 219.3,
213.8, 203.8 and 203.7 (each Cq; W(CO)4), 174.4 (Cq;�CN), 137.6 (Cq; C4),
133.5 (CH; C5); 129.6, 128.5, 127.9, 127.7, 127.5, 127.2, 127.0, 126.9, 126.8,
126.7 and 125.9 (each CH; Ph), 124.8 (Cq; C3), 76.5 (W�COCH2), 68.8
(OCH2); 55.8 and 56.4 (diastereotopic CH3 groups of N(CH3)2), 14.3
(W�COCH2CH3), 13.7 ppm (OCH2CH3); IR (n-hexane) [cm�1 (%)]: �� �
2005.1 (50), 1890.1 (90), 1877.9 (100), 1822.2 (60) (�(C�O)); MS (70 eV):
m/z for 184W (%): 645 (40) [M]� , 589 (100) [M� 2CO]� , 533 (40) [M�
4CO]� ; elemental analysis (%) calcd for C27H27O6NW (645.1): C 50.22, H
4.22, N 2.17; found: C 50.42, H 4.21, N 2.26.


X-ray crystal structure analysis of compound 4 f : formula C27H27NO6W,
Mr� 645.35, red crystal, 0.30� 0.25� 0.10 mm, a� 9.230(1), b� 32.151(1),
c� 9.688(1) ä, �� 112.76(1)�, V� 2651.1(4) ä3, �calcd� 1.617 gcm�3, ��
43.97 cm�1, empirical absorption correction (0.352�T� 0.668), Z� 4,
monoclinic, space group P21/c (no. 14), 	� 0.71073 ä, T� 198 K, 
 and �


scans, 22630 reflections collected (�h, �k, � l), sin�/	� 0.67ä�1, 6404
independent (Rint� 0.038) and 5101 observed reflections (I	 2(I)), 339
refined parameters, R� 0.027, wR2� 0.059, max./min. residual electron
density 0.64/� 1.02 eä�3, positional disorder of the atoms C13 and C14
refined with split positions in a ratio of 0.57(1) to 0.43, hydrogen atoms
calculated and refined as riding atoms.


(1Z,3Z)-1-Ethoxy-2-[dimethyl(ethoxymethylenyl)ammonium]-3,4-diphen-
yl-1,3-butadien-1-yl-pentacarbonylchromate (3g) and [�1-Cr,N]-(3E,4Z)-
2-ethoxy-3-[dimethylamino(ethoxymethylene)]-4,5-diphenyl-1-tetracarbo-
nylchroma-1,4-pentadiene (4g): N,N-Dimethyl-(O-ethyl)phenylpropioa-
midium tetrafluoroborate (5a, 0.50 mmol), generated as described above,
was treated with pentacarbonyl(1-ethoxy-2-phenylethylidene)chromium
(1 f, 171 mg, 0.50 mmol) and triethylamine (51 mg, 0.5 mmol) in dry
dichloromethane (1 mL). Workup after 1 h at 20 �C by flash chromatog-
raphy on silica gel (column 2� 40 cm) with dichloromethane/n-pentane (1/
2) afforded a brown fraction of a 1/1 mixture of 3g (90 mg, 40%, Rf� 0.8 in
dichloromethane/n-pentane 1/2, yellow oil) and 4g (90 mg, 40%, Rf� 0.8 in
dichloromethane/n-pentane 1/2, red crystals from n-pentane at �20 �C,
m.p. 75 �C). Compound 3g (100 mg) in [D6]benzene is partially converted
to the corresponding chelate complex 4g (71 mg, 75%) at 22 �C over 24 h.


Data for 3g : 1H NMR (300 MHz, CDCl3): �� 7.51 ± 7.15 (m, 5H; Ph), 6.47
(br, 1H; 4H), 4.31 (q, 2H; 1�-OCH2), 3.95 (q, 2H; 1-OCH2), 2.78 (s, 6H;
N(CH3)2), 1.26 (t, 3H; 1�-OCH2CH3), 1.05 ppm (t, 3H; 1-OCH2CH3);
13C NMR (CDCl3): �� (Cq; C1);[18] 216.0 and 215.1 (each Cq; trans- and cis-
CO of Cr(CO)5), 174.1 (Cq; C�N�), 139.2 (Cq; C3); 133.2 (CH; C4); 127.7,
127.6, 127.5, 127.1, 172.2, 126.8, 126.7, 126.4, 125.9 and 124.4 (each CH; Ph),
119.2 (Cq; C2), 71.8 (1-OCH2), 70.1 (1�-OCH2), 41.1 (N(CH3)2), 14.0 (1-
OCH2CH3), 13.8 ppm (1�-OCH2CH3); IR (n-hexane) [cm�1 (%)]: �� �
2042.6 (70), 1881.4 (100), 1834.8 (80) (�(C�O)), 1601.7 (10); MS (70 eV):
m/z for 52Cr (%): 541 (10) [M]� , 513 (5) [M�CO]� , 485 (10) [M� 2CO]� ,
429 (10) [M� 4CO]� , 401 (100) [M� 5CO]� ; elemental analysis (%) calcd
for C28H27O7NCr (541.1): C 62.09, H 5.03, N 2.59; found: C 62.30, H 5.10, N
2.65.


Data for 4g : 1H NMR (300 MHz, CDCl3): �� 7.51 ± 7.15 (m, 5H; Ph), 7.04
(s, 1H; 5-H), 4.71 (q, 2H; Cr�COCH2); 4.21 and 3.89 (q, 2H; diaster-
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eotopic OCH2); 2.86 and 2.59 (s, 6H; N(CH3)2), 1.27 (t, 3H;
Cr�COCH2CH3), 1.07 ppm (t, 3H; OCH2CH3); 13C NMR (CDCl3): ��
327.6 (Cq; C2); 230.6, 228.9, 222.7, 219.7 (each Cq; Cr(CO)4), 174.1
(Cq;�CN), 140.0 (Cq; C4), 131.9 (CH; C5); 129.5, 129.3, 128.4, 127.8,
127.6, 127.5, 127.2, 126.8 and 126.7 (each CH; Ph), 124.8 (Cq; C3), 76.3
(Cr�COCH2), 68.1 (OCH2), 52.5 and 53.0 (N(CH3)2), 14.0
(Cr�COCH2CH3), 13.5 ppm (OCH2CH3); IR (n-hexane) [cm�1 (%)]: ���
2000.1 (80), 1881.7 (80), 1878.4 (100), 1831.0 (90) (�(C�O)), 1601.7; MS
(70 eV): m/z for 52Cr (%): 513 (5) [M]� , 485 (5) [M�CO], 429 (10) [M�
3CO]� , 401 (100) [M� 4CO]� ; elemental analysis (%) calcd for
C27H27O6NCr (513.1): C 63.14, H 5.30, N 2.73; found: C 63.30, H 5.70, N 2.90.


4-Dimethylamino-2-ethoxy-6-phenyl-1-pentacarbonyltungsta-1,3-hexa-
dien-5-yne ((3E)-9a and (3Z)-9a), 2,4-diethoxy-6-phenyl-1-pentacarbonyl-
tungsta-1,3-hexadien-5-yne ((3E)-10a and (3Z)-10a), 2-ethoxy-5-ethoxy-
carbonyl-4-phenyl-1-pentacarbonyltungsta-1,4-pentadiene ((4Z)-15a) and
2-ethoxy-5-ethoxycarbonyl-4-phenyl-1-pentacarbonyltungsta-1,3-penta-
diene ((3E)-14a): N,N-Dimethyl(O-ethyl)phenylpropioamidium tetra-
fluoroborate (5a, 0.50 mmol), generated as described above, was treated
with methylcarbene complex 1g (197 mg, 0.50 mmol) and triethylamine
(50 mg, 0.50 mmol) in dry dichloromethane (1 mL). Workup after 1 h at
20 �C by flash chromatography on silica gel (column 2� 40 cm) with
dichloromethane/n-pentane 1/2 afforded a red fraction with a 4/1 mixture
of (3E)-10a and (3Z)-10a (126 mg, 38%, Rf� 0.8 in dichloromethane/n-
pentane 1/2; dark red crystals of (3E)-10a from n-pentane at �20 �C, m.p.
55 �C), a further red fraction with (3E)-9a free of its isomer (3Z)-9a (23 mg,
8%, Rf� 0.5 in dichloromethane/n-pentane 1/2, red crystals from n-
pentane, m.p. 85 �C), an orange fraction with (4Z)-15a (30 mg, 10%, Rf�
0.5 in dichloromethane/n-pentane 1/2, orange oil) and a red fraction with
(3E)-14a (65 mg, 23%, Rf� 0.3 in dichloromethane/n-pentane 1/2, dark
red crystal from n-pentane, m.p. 55 �C).


Data for (3E)-9a : 1H NMR (300 MHz, CDCl3): � 7.52 (2H, o-H), 7.37 (3H;
m- and p-H, Ph), 6.64 (s, 1H; 3-H), 4.66 (q, 2H; W�COCH2), 3.23 (s, 6H;
N(CH3)2), 1.39 ppm (t, 3H; W�COCH2CH3); 13C NMR (CDCl3): �� 272.3
(Cq; C2); 203.9 and 199.3 (each Cq; trans- and cis-CO of W(CO)5), 135.0
(Cq; C4); 131.5, 129.7, 128.5 (2:2:1, m-, p- and o-C Ph), 122.9 (CH; C3),
100.1 (Cq; C6), 84.5 (Cq; C5), 76.8 (W�COCH2), 41.1 (CH3; N(CH3)2),
15.3 ppm (W�COCH2CH3); IR (n-hexane) [cm�1 (%)]: �� � 2060.8 (50),
1908.2 (100) (�(C�O)); MS (70 eV): m/z for 184W (%): 551 (10) [M]� , 495
(40) [M� 2CO]� , 439 (30) [M� 4CO]� , 411 (100) [M� 5CO]� ; elemental
analysis (%) calcd for C20H17O6NW (551.0): C 43.55, H 3.11, N 2.54; found:
C 43.59, H 2.91, N 2.47.


Data for (3E)-10a [(3Z)-10a]: 1H NMR (300 MHz, CDCl3): �� 7.56 [7.56]
(2H; o-H, Ph), 7.31 [7.31] (3H; p- and m-H, Ph), 7.29 [6.83] (s, 1H; 3-H,
NOE (�) with OCH2), 4.86 [4.75] (q, 2H; W�COCH2), 4.19 [4.37] (q, 2H;
OCH2), 1.61 [1.59] (t, 3H; W�COCH2CH3), 1.44 [1.42] ppm (t, 3H;
OCH2CH3); 13C NMR (CDCl3): �� 294.2 [294.2] (Cq; C2); 203.7 and 198.5
[203.7 and 198.5] (each Cq; trans- and cis-CO ofW(CO)5), 139.8 [142.3] (Cq;
C4); 131.7, 130.2, 129.3, 128.6, [132.1, 130.0, 130.6, 128.5] (each CH; Ph),
121.0 [120.0] (CH; C3), 98.3 [98.3] (Cq, C6), 84.6 [84.6] (Cq; C5), 78.6 [78.1]
(W�COCH2), 65.7 [68.1] (OCH2), 14.7 [14.8] (W�COCH2CH3), 14.6 [14.6]
ppm (OCH2CH3); IR (n-hexane) [cm�1 (%)]: �� � 2194.4 (50) (��(C�C));
2060.8 (50), 1908.2 (100) (�(C�O)), 1525.7 (40); MS (70 eV): m/z for 184W
(%): 552 (10) [M]� , 524 (30) [M�CO]� , 468 (50) [M� 3CO]� , 411 (100)
[M� 5CO]� ; elemental analysis (%) calcd for C20H16O7W (552.0): C 43.48,
H 2.29; found: C 43.37, H 2.65.


Data for (4Z)-15a : 1H NMR (300 MHz, CDCl3): �� 7.39 (p- andm-H, 3H;
Ph), 7.50 (o-H, 2H; Ph), 6.20 (s, 1H; 5-H), 5.14 (s, 2 H; 3-H), 4.81 (q, 2H;
W�COCH2), 4.18 (q, 2H; OCH2), 1.32 (t, 3H; W�COCH2CH3), 1.21 ppm
(t, 3H; OCH2CH3); 13C NMR (CDCl3): �� 323.8 (Cq; C2); 202.7 and 197.1


(each Cq, trans- and cis-CO of W(CO)5), 165.9 (Cq; C�O), 152.9 (Cq; C4),
140.4 (Cq; i-C Ph); 128.6, 128.5, 128.0, 127.6, 127.2 (each CH; Ph), 119.2
(CH; C5), 80.6 (W�COCH2), 66.7 (OCH2CH3), 60.0 (CH; C3), 14.1
(W�COCH2CH3), 13.9 ppm (OCH2CH3); IR (n-hexane) [cm�1 (%)]: �� �
2065.8 (50), 1918.5 (100) (�(C�O)), 1734.3 (20), 1710.0 (10) (�(C�O)); MS
(70 eV): m/z for 184W (%): 570 (10) [M]� , 486 (100) [M� 3CO]� , 429 (50)
[M�CO]� .


Data for (3E)-14a : 1H NMR (300 MHz, CDCl3): �� 7.50 (o-H, 2H; Ph),
7.39 (p- andm-H, 3H; Ph), 7.72 (s, 1H; 3-H, NOE (�) with o-H Ph), 4.94 (q,
2H; W�COCH2), 4.12 (q, 2H; OCH2), 3.62 (s, 2H; 3-H), 1.66 (t, 3H;
W�COCH2CH3), 1.19 ppm (t, 3H; 6-OCH2CH3); 13C NMR (CDCl3): ��
310.2 (Cq; C2); 203.6, and 197.1 (each Cq; trans- and cis-CO of W(CO)5),
169.4 (Cq; C�O), 146.2 (CH; C3), 141.5 (Cq; C4), 133.8 (Cq; i-C, Ph); 129.1,
128.8, 127.2 (2:2:1, each CH; Ph), 79.8 (W�COCH2), 60.9 (OCH2CH3), 39.0
(CH; C5), 14.8 (W�COCH2CH3), 13.9 ppm (6-OCH2CH3); IR (n-
hexane) [cm�1 (%)]: �� � 2066.0 (100), 1917.3 (100) (�(C�O)), 1736.8 (10);
MS (70 eV): m/z for 184W (%): 570 (10) [M]� , 486 (100) [M� 3CO]� ;
elemental analysis calcd for C20H18O8W (570.0): C 42.10, H, 3.18; found: C
42.84, H 3.30.


4-Dimethylamino-2-ethoxy-6-phenyl-1-pentacarbonylchroma-1,3-hexa-
dien-5-yne ((3E)-9b and (3Z)-9b), 2,4-diethoxy-6-phenyl-1-pentacarbo-
nylchroma-1,3-hexadien-5-yne ((3E)-10b and (3Z)-10b), (3E)-2-ethoxy-5-
ethoxycarbonyl-4-phenyl-1-pentacarbonylchroma-1,3-pentadiene ((3E)-
14b): N,N-Dimethyl(O-ethyl)phenylpropioamidium tetrafluoroborate
(5a, 0.50 mmol), generated as described above, was treated with ethox-
y(methyl)carbene chromium complex 1h (132 mg, 0.50 mmol) and triethyl-
amine (50 mg, 0.50 mmol) in dry dichloromethane (1 mL). Workup after
1 h at 20 �C by flash chromatography on silica gel (column 2� 40 cm) with
dichloromethane/n-pentane (1/2) afforded a red fraction with a 4/1 mixture
of (3E/3Z)-10b (79 mg, 38%, Rf� 0.8 in dichloromethane/n-pentane 1/2,
dark red crystals of (3E)-10b from n-pentane at �20 �C, m.p. 50 �C], a red
fraction with (3E)-9b free of isomers (46 mg, 22%, Rf� 0.5 in dichloro-
methane/n-pentane 1/2, red crystal from n-pentane at �20 �C, m.p. 80 �C),
and a further red fraction with (3E)-14b (40 mg, 20%, Rf� 0.3 in
dichloromethane/n-pentane 1/2, red oil).


Data for (3E)-10b [(3Z)-10b]: 1H NMR (300 MHz CDCl3). �� 7.54 ± 7.41
[7.54 ± 7.41] (5H; Ph), 7.35 [6.79] (s, 1H; 3-H), 5.05 [4.89] (q, 2H;
Cr�COCH2), 4.21 [4.43] (q, 2H; OCH2), 1.59 [1.60] (t, 3H;
Cr�COCH2CH3), 1.43 [1.43] ppm (t, 3H; OCH2CH3); 13C NMR (CDCl3):
�� 321.8 [321.8] (Cq; C2); 224.2 and 218.7 [225.2 and 218.7] (each Cq; trans-
and cis-CO of Cr(CO)5), 136.4 [138.0] (Cq; C4); 132.2, 130.3, 128.7, 125.2
[131.9, 130.1, 126.9, 125.0] (each CH; Ph), 122.0 ,[122.0] (CH; C3), 99.0
[98.4] (Cq; C6), 85.9 [85.9] (Cq; C5), 77.7 [76.9] (Cr�COCH2), 69.5 [67.3]
(OCH2; C7), 16.5 [16.1] (Cr�COCH2CH3), 15.9 [15.6] ppm (OCH2CH3); IR
(n-hexane) [cm�1 (%)]: ��� 2194.8 (10) (�(C�C)), 2053.2 (70), 1917.0 (100)
(�(C�O)), 1532.6 (50); MS (70 eV): m/z for 52Cr (%): 420 (10) [M]� , 392 (2)
[M�CO]� , 336 (10) [M� 3CO]� , 280 (100) [M� 5CO]� ; elemental analysis
(%) calcd for C20H16O7Cr (420.0): C 57.14, H 3.84; found: C 57.40, H 3.90.


Data for (3E)-9b : 1H NMR (300 MHz, CDCl3): �� 7.52 (2H; o-H; Ph), 7.45
(3H, p- andm-H; Ph), 6.63 (s, 1H; 3-H), 4.82 (q, 2H; Cr�COCH2), 3.28 (s,
6H; N(CH3)2), 1.43 ppm (t, 3H, Cr�COCH2CH3); 13C NMR (CDCl3): ��
295.7 (Cq; C2); 225.6, and 220.0 (each Cq; trans- and cis-CO of Cr(CO)5),
133.1 (Cq; C4); 132.8, 131.0, 129.8; (2:2:1, each CH; Ph), 120.9 (CH; C3),
100.5 (Cq; C6), 85.7 (Cq; C5), 75.3 (Cr�COCH2), 42.3 (N(CH3)2), 16.8 ppm
(Cr�COCH2CH3); IR (n-hexane) [cm�1 (%)]: �� � 2053.0 (30), 1920.4 (100)
(�(C�O)); MS (70 eV): m/z for 52Cr (%): 419 (10) [M]� , 307 (10) [M�
4CO]� , 279 (100) [M� 5CO]� ; elemental analysis (%) calcd for
C20H17O6NCr (419.4): C 57.27, H 4.09, N 3.34; found: C 57.50, H 4.10, N 3.40.
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Data for (3E)-14b : 1H NMR (300 MHz, CDCl3): �� 7.49 (2H, o-H; Ph),
7.39 ± 7.26 (3H, p- and m-H; Ph), 7.72 (s, 1H; 3-H), 5.15 (q, 2H;
Cr�COCH2), 4.11 (q, 2H; OCH2), 3.62 (s, 2H; 3-H), 1.68 (t, 3H;
Cr�COCH2CH3), 1.21 ppm (t, 3H; OCH2CH3); 13C NMR (CDCl3): ��
338.0 (Cq, C2); 223.8 and 216.2 (each Cq; trans- and cis-CO of Cr(CO)5),
169.7 (Cq; C�O), 142.4 (CH; C3), 141.1 (Cq; C4), 130.0 (Cq; i-C, Ph); 128.9,
128.6, 128.4, 127.6 and 127.1 (each CH; Ph), 78.0 (Cr�COCH2), 60.9
(OCH2CH3), 38.6 (CH; C5), 15.0 (Cr�COCH2CH3), 14.1 ppm (OCH2CH3);
IR (n-hexane) [cm�1 (%)]: �� � 2057.9 (90), 1922.0 (100) (�(C�O)), 1737.0
(70); MS (70 eV):m/z for 52Cr (%): 438 (10) [M]� , 382 (5) [M� 2CO]� , 354
(10) [M� 3CO]� , 326 (50) [M� 4CO]� , 298 (100) [M� 5CO]� ; elemental
analysis (%) calcd for C20H18O8Cr (438.0): C 54.79, H 4.14; found: C 55.04,
H 4.18.


4-Dimethylamino-2-ethoxy-6-phenyl-1-pentacarbonyltungsta-1,3-hexa-
dien-5-yne ((3E)-9 c and (3Z)-9c), 6-dimethylamino-2-ethoxy-6-ethylsul-
fanyl-4-phenyl-1-pentacarbonyltungsta-1,3,5-hexatriene ((3Z)-12c), and
5-dimethylamino-1-ethoxy-5-ethylsulfanyl-3-phenyl-1,3-cyclopentadiene
(13c):N,N-Dimethyl(S-ethyl)phenylpropioamidium tetrafluoroborate (5b,
0.50 mmol), generated as described above, was treated with ethoxy(me-
thyl)carbene tungsten complex 1g (197 mg, 0.50 mmol) and triethylamine
(50 mg, 0.50 mmol) in dry dichloromethane (1 mL). Workup after 1 h at
20 �C by flash chromatography on silica gel (column 2� 40 cm) with
dichloromethane/n-pentane (1/2) afforded a red fraction with (3E)-9c
(185 mg, 67%, Rf� 0.8 in dichloromethane/n-pentane 1/2, red crystal from
n-pentane, m.p. 85 �C), a red fraction with (3Z)-12c (29 mg, 9%, Rf� 0.8 in
dichloromethane/n-pentane 1/2, red oil). When the reaction was extended
to 24 h at 20 �C, the amount of (3Z)-12c was greatly increased (152 mg,
44%) at the cost of (3E)-9c (10 mg, 4%). Thermolysis of the metal-
lahexatriene (3Z)-12c (100 mg) at 60 �C for 7 h in cyclohexane afforded the
cyclopentadiene 13c (36 mg, 52%, Rf� 0.4 in dichloromethane/n-pentane
1/2, pale orange oil).


Data for (3E)-9c : 1H NMR (300 MHz, CDCl3): � 7.52 (2H, o-H), 7.37 (3H,
m- and p-H, Ph), 6.64 (s, 1H; 3-H), 4.66 (q, 2H; W�COCH2), 3.23 (s, 6H;
N(CH3)2), 1.39 ppm (t, 3H; W�COCH2CH3); 13C NMR (CDCl3): �� 272.3
(Cq; C2); 203.9 and 199.3 (each Cq ; trans- and cis-CO of W(CO)5), 135.0
(Cq; C4); 131.5, 129.7, 128.5, (2:2:1, each CH; Ph), 122.9 (CH; C3), 100.1
(Cq; C6), 84.5 (Cq; C5), 76.8 (W�COCH2), 41.1 (CH3; N(CH3)2), 15.3 ppm
(W�COCH2CH3); IR (n-hexane) [cm�1 (%)]: �� � 2060.8 (50), 1908.2 (100)
(�(C�O)); MS (70 eV): m/z for 184W (%): 551 (10) [M]� , 495 (40) [M�
2CO]� , 439 (30) [M� 4CO]� , 411 (100) [M� 5CO]� ; elemental analysis
(%) calcd for C20H17O6NW (551.0): C 43.55, H 3.11, N 2.54; found: C 43.59,
H 2.91, N, 2.47.


Data for (3Z)-12c : 1H NMR (C6D6): �� 7.61 ± 7.42 (m, 5H; H-Ph), 6.50 (s,
1H; 3-H, NOE (�) with N(CH3)2), 6.01 (s, 1H, 5-H, NOE (�) with o-H
Ph), 4.52 (q, 2H; W�COCH2, NOE (�) with o-H Ph), 2.23 (s, 6H;
N(CH3)2, NOE (�) with 3-H and 5-H), 2.11 (q, 2H; SCH2CH3), 1.14 (t, 3H;
W�COCH2CH3), 1.01 ppm (t, 3H; SCH2CH3); 13C NMR (CDCl3): ��
268.3 (Cq; C2); 204.3 and 200.6 (Cq; trans- and cis-CO of W(CO)5), 154.1
(Cq; C6), 140.5 (Cq; i-CPh), 138.5 (Cq; C4), 128.3 (CH; C5); 129.0, 128.1,
127.5 and 127.4 (each CH; Ph), 120.9 (Cq; C3), 76.8 (W�COCH2), 40.0
(N(CH3)2), 26.5 (SCH2), 15.5 (SCH3), 15.4 ppm (OCH2CH3); IR (n-
hexane) [cm�1 (%)]: �� � 2055.6 (30), 1898.2 (100) (�(C�O)); MS (70 eV):
m/z for 184W (%): 612 [M]� , 557 (10) [M� 2CO]� , 500 (100) [M� 4CO]� ;
elemental analysis (%) calcd for C22H23O6SNW (612.0): C 43.06, H 3.78, N
2.28; found: C 43.20, H 3.70, N 2.20.


Data for 13c : 1H NMR (300 MHz, C6D6): �� 7.87 (2H; o-H; Ph); 7.33 and
7.28 (3H; p-, and m-H; Ph), 6.55 (d, 1H, 4J� 3.0 Hz; 2-H), 6.27 (d, 4J�
3.0 Hz, 1H; 4-H), 3.57 (q, 2H; OCH2), 2.61 (s, 6H; N(CH3)2), 2.13 (q, 2H;
SCH2), 0.98 (t, 3H; OCH2CH3), 0.93 ppm (t, 3H; SCH2CH3); 13C NMR
(C6D6): �� 147.1 (Cq; C1), 155.0 (Cq; C3), 130.0 (i-C; Ph), 128.5, (CH; C4),
128.9, 128.5, 127.9, 127.7 and 126.4 (each CH; Ph), 108.4 (CH; C2), 98.0 (Cq;
C5), 63.2 (CH2; OCH2), 40.3 (CH3; N(CH3)2), 27.9 (CH2; SCH2), 15.6 (CH3;
OCH2CH3), 15.5 ppm (CH3; SCH2CH3); IR (n-hexane) [cm�1 (%)]: �� �
1600.7 (25), 1506.6 (100), 1465.2 (50), 1377.3 (50); MS (70 eV):m/z : 289 (10)


[M]� , 257 (100) [M�OCH3]� ; elemental analysis (%) calcd for C17H23OSN
(289.1): C 70.55, H 8.02, N 4.84; found: C 71.01, H 8.10, N 4.90.


CCDC-201087 and CCDC-201088 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
(�44)1223-336033; or deposit@ccdc.cam.uk).
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Synthesis and Structure of New Carborane-Substituted Cyclotriphosphazenes


Domingo Abizanda,[a] Olga Crespo,[a] M. Concepcion Gimeno,[b] Josefina Jime¬nez,*[a] and
Antonio Laguna*[b]


Abstract: The reactions of [N3P3Cl6]
with one, two, or three equivalents of the
difunctional 1,2-closo-carborane C2B10H10-
{CH2OH}2 and K2CO3 in acetone have
been investigated. These reactions led to
the new spiro-closo-carboranylphospha-
zenes gem-[N3P3Cl6�2n{(OCH2)2C2B10-
H10}n] (n� 1 (1), 2 (2)) and the first fully
carborane-substituted phosphazene
gem-[N3P3{(OCH2)2C2B10H10}3] (3). A
bridged product, non-gem-
[N3P3Cl4{(OCH2)2C2B10H10}] (4), was also
detected. The reaction of the well-
known spiro derivatives [N3P3Cl2-
(O2C12H8)2] and [N3P3Cl4(O2C12H8)]
with the same carborane-diol and
K2CO3 in acetone gave the new
compounds gem-[N3P3(O2C12H8)3�n-


{(OCH2)2C2B10H10}n] (n� 1 (5) or 2 (6),
respectively), without signs of intra- or
intermolecularly bridged species. Upon
treatment with NEt3 in acetone, com-
pound 5 was converted into the corre-
sponding nido-carboranylphosphazene.
However, the reaction of gem-[N3P3-
(O2C12H8)2{(OCH2)2C2B10H10}] (5) with
NEt3 in ethanol instead of acetone
proceeded in a different manner to give
the new compound (NHEt3)2[N3P3-
(O2C12H8)2(O){OCH2C2B9H10CH2-
OCH2CH3}] (7). For compounds with


two 2,2�-dioxybiphenyl units, gem-
[N3P3(O2C12H8)2{(OCH2)2C2B10H10}] (5),
(NHEt3)[N3P3(O2C12H8)2{(OCH2)2C2-
B9H10}] (8), and (NHEt3)2[N3P3-
(O2C12H8)2(O){OCH2C2B9H10CH2-
OCH2CH3}] (7), a mixture of different
stereoisomers may be expected. How-
ever, for 5 and 7 only the meso com-
pounds seem to be formed, with the
same (R,S)-configuration as in the pre-
cursor [N3P3Cl2(O2C12H8)2]. The reac-
tion of 5 to give 8 seems to proceed with
a change of configuration at one phos-
phorus center, giving a racemic mixture.
The crystal structures of the nido-car-
boranylphosphazenes 7 and 8 have been
confirmed by X-ray diffraction methods.


Keywords: C-O coupling ¥ carbor-
anes ¥ chirality ¥ NMR spectroscopy
¥ phosphazenes


Introduction


Phosphazenes, [NPR2], are an important class of inorganic
compounds, the most striking characteristic of which is their
ability to form high polymers, of which the properties can be
tailored by the choice of appropriate R groups on phospho-
rus.[1] They are usually prepared by nucleophilic substitution
reactions of alkoxides, aryloxides, or amines on halophospha-
zene cyclic trimer or high polymers as substrates.[1, 2]


To a more limited extent, inorganic, organometallic, or
other organic side groups can be attached to the phosphazene
skeleton to design materials with properties that are difficult
to obtain with other more conventional polymers.[3] Thus, for
example, ortho-carboranes C2B10H10R� (R�Me or Ph) have
been connected to phosphazenes through C�P bonds by
reaction of cyclic and high polymeric chlorophosphazenes
with lithio derivatives of carboranes (Scheme 1), and these
compounds have been reported to be of interest as high-
temperature inmobilized-catalyst species or as materials with
unusual electrical behavior.[4]


Skeletal cleavage reactions often accompany the concur-
rent halogen replacement in halophosphazenes when
Grignard or organolithium reagents are employed. Thus, in
the reactions with lithiocarboranes, high polymers have only
been obtained when less than about 15% of halogen atoms
were replaced by carborane groups.[4] These high polymers V
and VI have also been obtained from cyclic carboranyl-
phosphazenes of type II (see Scheme 1) by ring-opening
polymerization, and these cyclic phosphazenes have also
provided excellent models for structural and reactivity studies
at the macromolecular level.[4]


Homopolymers with all the chloro substituents replaced by
carboranes have likewise proved inaccessible by substitu-
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tion of the cyclic species and further ring-opening polymer-
ization. Cyclophosphazenes that bear more than one organic
group often resist polymerization, possibly for steric rea-
sons.[4b, 5]


The use of non-organometallic-carborane nucleophiles
could be envisaged as leading to substitution of the chloro
substituents in halopolyphosphazenes without skeletal cleav-
age. This prompted us to investigate the reactions with a
functionalized ortho-carborane bearing alcohol groups,
C2B10H10{CH2OH}2, in the presence of K2CO3.


Since the use of difunctional reagents could lead to cross-
linking in the first steps of the chlorine substitution process in
[NPCl2]n, giving unstable insoluble materials,[6] we have first
explored the reactions with hexachlorocyclotriphosphazene
(I), and the results obtained are presented herein.


Notably, nido-carboranes can be obtained from closo-
carboranes in the presence of a base,[7] and that these can
function as � ligands for transition metals.[8] Thus, the use of a
base, such as K2CO3, as a deprotonating reagent for the
carborane-diol, C2B10H10{CH2OH}2, could cause the reactions
with chlorophosphazenes to proceed not only with substitu-
tion of the chloro substituents but also with conversion to
nido-carboranylphosphazenes. Indeed, Allcock and co-work-
ers have reported that cyclic or high polymeric closo-
carboranylphosphazenes of the type VII (Scheme 2) are
converted to nido-carboranylphosphazenes, and that the
resulting anions are capable of ligand substitution reactions
with metal complexes [RhCl(PPh3)3] or [M(CO)6] (M�Mo or
W).[9] Therefore, our objectives were: a) to ascertain
whether intramolecularly or intermolecularly bridged
species are formed in the reaction of [N3P3Cl6] with
C2B10H10{CH2OH}2, and if so, to try to avoid the formation
of such bridged species by using other nucleophiles in the first
steps of the chlorine substitution, b) to investigate the
possibility of controlling the conversion to nido-carboranyl-
phosphazenes in the presence of K2CO3, and c) to try to
obtain cyclotriphosphazenes with all the chloro substituents
replaced by carboranes.


To the best of our knowledge, only a few carboranylcyclo-
phosphazenes have been obtained to date, and only in cases
wherein one chlorine atom is replaced by a carborane, as
shown in Scheme 1 and Scheme 2.[4, 9]


Abstract in Spanish: En este trabajo se han investigado las
reacciones de [N3P3Cl6] con 1, 2 o¬ 3 equivalentes del 1,2-closo-
carborano difuncional, C2B10H10{CH2OH}2, y K2CO3 en
acetona. Estas reacciones dieron lugar a los nuevos spiro-
closo-carboranilfosfazenos gem-[N3P3Cl6�2n{(OCH2)2C2B10-
H10}n] (n� 1 (1), 2 (2)) y al primer fosfazeno con carboranos
como u¬nico grupo lateral gem-[N3P3{(OCH2)2C2B10H10}3] (3).
En estas reacciones se ha detectado tambie¬n el compuesto no-
gem-[N3P3Cl4{(OCH2)2C2B10H10}] (4). La reaccio¬n de los
conocidos spiro derivados [N3P3Cl2(O2C12H8)2] and
[N3P3Cl4(O2C12H8)] con el mismo carboranodiol dio los
nuevos compuestos gem-[N3P3(O2C12H8)3�n{(OCH2)2C2-
B10H10}n] (n� 1 (5) o 2 (6), respectivamente), sin signos de
formacio¬n de especies en las que el carborano actu¬a de puente.
El compuesto 5 reacciono¬ con NEt3 en acetona con conversio¬n
al ana¬logo nido-carboranilfosfazeno. Sin embargo, la reaccio¬n
de ese mismo compuesto 5 con NEt3 en etanol en lugar de
acetona evoluciono¬ de forma distinta, dando el compuesto
nuevo (NHEt3)2[N3P3(O2C12H8)2(O){OCH2C2B9H10CH2-
OCH2CH3}] (7). Para los derivados con dos unidades 2,2�-
dioxibifenilo, gem-[N3P3(O2C12H8)2{(OCH2)2C2B10H10}]
(5), (NHEt3)[N3P3(O2C12H8)2{(OCH2)2C2B9H10}] (8), y
(NHEt3)2[N3P3(O2C12H8)2(O){OCH2C2B9H10CH2OCH2CH3}]
(7), puede esperarse una mezcla de varios estereoiso¬meros. Sin
embargo, para 5 y 7 so¬lo parecen formarse los compuestos
meso, con la misma configuracio¬n (R,S) que en el producto de
partida [N3P3Cl2(O2C12H8)2]. La reaccio¬n de 5 para dar 8
parece evolucionar, sin embargo, con un cambio en la
configuracio¬n de un centro de fo¬sforo, dando una mezcla
race¬mica. Se han confirmado las estructuras cristalinas de los
nido-carboranilfosfacenos 7 y 8 por difraccio¬n de Rayos X.


Scheme 1.
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Results and Discussion


Reactions of [N3P3Cl6] with C2B10H10{CH2OH}2 : The reac-
tion of hexachlorocyclotriphosphazene [N3P3Cl6] with
C2B10H10{CH2OH}2, in a molar ratio of 1:1 or 1:2, in the
presence of K2CO3 in acetone led to the new closo-carbor-
anylphosphazenes gem-[N3P3Cl4{(OCH2)2C2B10H10}] (1) and
gem-[N3P3Cl2{(OCH2)2C2B10H10}2] (2), in which the dinucleo-
phile replaced two chlorine atoms at the same phosphorus to
form spirocyclic structures. However, these reactions were not


clean, not even when the difunctional reagent was added very
slowly and dropwise to minimize the formation of products
with multiple substituents. With both stoichiometries, a
mixture of 1 and 2 was observed, with a greater proportion
of the derivative corresponding to the stoichiometric ratio


used (see Experimental Section), and with a molar ratio of 1:2,
gem-[N3P3{(OCH2)2C2B10H10}3] (3) was also observed. Be-
sides, in both of these reactions (1:1 and 1:2), non-gem-
[N3P3Cl4{(OCH2)2C2B10H10}] (4) with a transannularly bridged
structure was also detected (about 30% or 8%, respectively),
formed by the replacement of two chloro substituents on
different phosphorus atoms.


The majority of compound 4 precipitated from the reaction
mixture with a 1:1 molar ratio upon addition of CH2Cl2/
hexane (1:15), and the tris-spiro derivative 3, which is only


sparingly soluble, was isolated in
pure form by using a 1:3 ratio.
From the reaction mixture with a
1:2 stoichiometry, it was possible
to isolate compound 2 containing
about 6% of 3 by virtue of its
lower solubility in hexane (see
Experimental Section). However,
1 could not be isolated, not even
by chromatography techniques.
Compounds 2 ± 4 were identified
by IR, 1H and 31P NMR spectros-
copies, mass spectral and micro-
analytical data, and confirmation
of the structure of 1 was obtained
from IR, 1H, and 31P NMR, and
mass spectral data. The IR spec-
tra of all of these compounds
feature peaks at around
1200 cm�1 (br) (P�N)[10] and
2600 cm�1 (br) (B�H)[11] (see Ex-
perimental Section), and the


31P{1H} NMR spectra consist of a singlet in the case of 3 and
an AX2 pattern in the cases of 1 and 2, with signals at similar
positions to those observed for tris-spiro-, mono-spiro-, and
bis-spiro-biphenoxy derivatives, respectively (see Ta-
ble 1).[2b, 12] For 4, the 31P{1H} NMR spectrum shows an AB2
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Table 1. 31P NMR data in (CD3)2CO for 1 ± 4.


Compound �[NPCl2][a] �[NPCl(O2R)][a,b] �[NP(O2R)][a,b] 2J(P,P)[c]


gem-[N3P3Cl4(O2C12H8)] 25.8(d) ± 14.0(dd) 72.0
gem-[N3P3Cl4{(OCH2)2C2B10H10}] (1) 25.34(d) ± 12.21(t) 72.8
gem-[N3P3Cl2(O2C12H8)2] 29.8(dd) ± 20.7(d) 81.0
gem-[N3P3Cl2{(OCH2)2C2B10H10}2] (2) 28.95(t) ± 17.67(d) 77.8
gem-[N3P3(O2C12H8)3] ± ± 27.0(s) ±
gem-[N3P3{(OCH2)2C2B10H10}3](3) ± ± 23.0(s) ±
Non-gem-[N3P3Cl4{(OCH2)2C2B10H10}] (4) 24.36(dd) 21.62(d) ± 69.9


[a] Values in ppm. [b] R�C12H8 or (CH2)2C2B10H10. [c] Values in Hz.
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pattern with both chemical shifts in the region of �� 20 ppm ,
as has been observed for other cyclophosphazenes with a
transannular bridge.[13] The 1H and 13C{1H} NMR spectra of 4
show chemical equivalence of the two methylene groups,
probably indicating a cis disposition, as has also been
observed when 2,2�-dioxybiphenyl (O2C12H8) acts as a trans-
annular bridge.[13] The signals in the 13C{1H} NMR spectrum
were assigned by comparison with those observed for other
similar carboranes.[14] For the same sample, the phosphorus-
decoupled 1H NMR spectrum showed an AB pattern with
2J(H,H)� 14.7 Hz (�A� 5.63 ppm and �B� 5.13 ppm in
(CD3)2CO), indicating chemical inequivalence of the two
protons of the same methylene group, as expected, while a
simulation of the phosphorus-coupled 1H NMR spectrum of
the same sample (ABXX� system) gave 3J(HA,Px)�
5J(HA,Px�)� 8.6 Hz and 3J(HB,Px)� 5J(HB,Px�)� 7.4 Hz. Its pro-
ton-coupled 31P NMR spectrum showed split peaks for the
resonance of the phosphorus atoms linked to the carborane
substituent, as expected, with the same coupling constants.


The 1H NMR spectrum of 1 showed a chemical equivalence
of all the methylene protons, with 3J(H,P)� 19.2 Hz, probably
due to a fluxional process involving the carborane. (This signal
became broader when the spectrum was acquired at�80 �C in
acetone). Such a fluxional process was not observed in the
case of compound 2, the 13C{1H} NMR spectrum of which
showed chemical equivalence of all the methylene groups, but
its phosphorus-decoupled 1H NMR spectrum consisted of an
AB pattern with 2J(H,H)� 13.5 Hz (�A� 4.94 ppm and �B�
4.92 ppm in (CD3)2CO).


The mass spectral and microanalytical data are summarized
in the Experimental Section.


Reactions of gem-[N3P3Cl2(O2C12H8)2] or gem-[N3P3Cl4-
(O2C12H8)] with C2B10H10{CH2OH}2 : In contrast to the above
reactions, the well-known cyclotriphosphazenes gem-
[N3P3Cl2(O2C12H8)2] and gem-[N3P3Cl4(O2C12H8)][2b, 12] react-
ed with the same carborane-diol, C2B10H10{CH2OH}2, in the
presence of K2CO3 in acetone, to afford the new compounds
gem-[N3P3(O2C12H8)2{(OCH2)2C2B10H10}] (5) and gem-
[N3P3(O2C12H8){(OCH2)2C2B10H10}2] (6). These were isolated
in pure form and in high yield (�90%), without any signs of
intra- or intermolecularly bridged species.


All the analytical and spectroscopic data were in accord
with the formulae indicated for 5 and 6. Thus, the IR spectra
showed peaks at around 1200 cm�1 (br) (P�N)[10] and
2600 cm�1 (br) (B�H),[11] and the 31P{1H} NMR spectra
consisted of an AB2 pattern. The chemical shifts correspond-


ing to the different phosphorus atoms were assigned by taking
into account the proton-coupled 31P NMR spectra. Thus, for
example, for 5 the signals corresponding to the A portion of
the spectrum are split by coupling to the carborane-methylene
protons, with 3J(P,H)� 18.5 Hz (in acetone).


As was observed for 2, the 13C{1H} NMR spectrum of 6
showed chemical equivalence of all the methylene groups, and
its phosphorus-decoupled 1H NMR spectrum showed an AB
system with 2J(H,H)� 12.1 Hz (�A� 4.87 ppm and �B�
4.82 ppm in (CD3)2CO), indicating chemical inequivalence
of the two protons of the same methylene group. An X-ray
crystal analysis of compound 6 confirmed the proposed
structure. Unfortunately, disorder problems precluded a good
refinement and consequently data are not presented in full.
The unit cell has the following dimensions: a� 8.0635(5), b�
13.2068(8), c� 18.9681(12) ä, �� 95.790(1), �� 92.743(1),
�� 102.341(1)�, triclinic P1≈.


Compound 5 deserves special attention. Since the diol 2,2�-
dioxybiphenyl exists in the form of rapidly interconverting R
and S isomers,[15] different diastereomers may be formed when
a racemic mixture of the diol is used and more than one diol
unit is bonded to the cyclophosphazene ring. Thus, cyclo-
phosphazenes made up of all-R- or all-S-configured phospho-
rus centers and/or having different R- or S-configured
phosphorus centers within one N3P3 ring may be anticipated.
In particular, in this case, the formation of three stereoisomers
might have been expected, namely a pair of R,R- or S,S-
configured enantiomers and the diastereotopicmeso form. As
has been observed for other similar cyclophosphazenes,
such as gem-[N3P3(O2C12H8)2(OR)2] and gem-[N3P3(O2-


C20H12)2(OR)2] (OR� p-OC6H4OMe[15]), these diaster-
eoisomers may be distinguished by 31P NMR spectroscopy.
However, only one diastereoisomer seems to be formed here,
as evidenced by the observation of a single set of resonances
of an AB2 spin system in the 31P NMR spectrum of the crude
reaction mixture. If we assume that the R,S configuration at
the phosphorus centers of the well-known starting material
gem-[N3P3(O2C12H8)2Cl2][15] is retained in the course of the
substitution reaction, then the two methylene groups (and the
two carbon atoms of the carborane) become diastereotopic
and should give rise to two resonance signals. On the other
hand, if the configuration at one phosphorus center is changed
under the reaction conditions from R to S–or vice versa–
chiral cyclotriphosphazenes with R,R- and S,S-configured
phosphorus centers will be obtained. In these, the two
methylene groups (and the two carbon atoms of the carbor-
ane) are related by a C2 axis of symmetry and only one


resonance signal is to be ex-
pected.


In the 1H and 13C{1H} NMR
spectra of compound 5, only
one signal due to the methylene
groups of the carborane is ob-
served, but two signals due to
the carbon atoms of C2B10H10


are observed in the 13C{1H}
NMR spectrum. The product
therefore seems to be the meso
diastereomer, containing one
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R- and one S-configured phosphorus center, as in the starting
material. However, single crystals suitable for X-ray diffrac-
tion analysis could not be obtained.


In contrast to this, Gr¸tzmacher et al. have observed that
when [N3P3Cl2{(R,S)-(O2C12H8)2}] reacts with hard nucleo-
philes such as 4-methoxyphenolate (or even with 2,2�-dioxy-
biphenolate), a change of configuration at one phosphorus
center occurs to give a racemic mixture of chiral phospha-
zenes. Considering the findings of these authors, the sterically
more demanding carborane should give rise to increased
steric interactions, which, at first glance, may be smaller in the
meso isomer.[15]


As observed for 1, the 1H NMR spectrum of 5 shows
chemical equivalence of the two protons of the same
methylene group. (This signal also became broader when
the spectrum was recorded at �80 �C in acetone).


nido-Carborane formation : It is noteworthy that in the
reactions of [N3P3Cl6] with the carborane-diol,
C2B10H10{CH2OH}2, only closo-carboranylphosphazenes 1 ± 4
were detected, without any signs of conversion to nido-
carboranyl species, even when a great excess of K2CO3


(2.5 equivalents per alcohol) and conditions of refluxing for
4 h were used. However, in the reactions of gem-
[N3P3Cl2(O2C12H8)2] or gem-[N3P3Cl4(O2C12H8)] with the
carborane-diol, exclusively closo-carboranylphosphazenes 5
or 6 were only detected when a nearly stoichiometric amount
of K2CO3 was employed to deprotonate the diol. The use of a
larger amount of the base led to partial conversion to nido-
carboranylphosphazenes. Evidence for the formation of nido-
carboranyl species was clearly obtained from 1HNMR spectra
of the reaction mixture, which showed signals at ��� 2,
attributable to the bridging B-H-B proton of the open face of
nido-carborane. However, complete conversion was not
observed, even after prolonged reflux, and a mixture in which
the closo-carboranylphosphazenes were still present was
invariably obtained.


To obtain nido-carboranylphosphazenes, which might func-
tion as ligands for transition metals, gem-[N3P3(O2-


C12H8)2{(OCH2)2C2B10H10}] (5) was treated with an excess of
NEt3 in ethanol, conditions often used for free carboranes.
After 50 h at reflux, no closo-carboranyl species were
detected, and the precipitate formed was identified as
compound 7.


This unusual structure, which was confirmed by a single-
crystal X-ray analysis, is likely to result not only from


nucleophilic attack on the carborane cage leading to con-
version to a nido-carboranylphosphazene,[7] but also from
nucleophilic attack by ethoxide on the phosphorus atom
linked to the carborane to give an intermediate with a
pentacoordinate phosphorus, which could then undergo
displacement of one OCH2 unit of the carborane by ethoxide
and further reorganization to give 7.


Displacements of side groups in phosphazenes are well
known during reactions with alkoxides,[13, 16] but, to the best of
our knowledge, no further reorganization similar to that seen
in this reaction has hitherto been observed. Further nucleo-
philic attack by ethoxide on the carborane-substituted phos-
phorus atom in compound 7 could lead to new functionalized
nido-carboranes, reactions which are still under investigation.


To reduce the possibility of side reactions other than
conversion to nido-carboranyl species, acetone was used as
solvent instead of ethanol. Under these conditions, in the
presence of NEt3, compound 5 was quantitatively trans-
formed to the nido-carboranylphosphazene species 8, after
stirring under reflux for 48 h.
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All the spectroscopic and analytical data for 7 and 8 were in
accord with the proposed formulae. Besides, both of these
structures were confirmed by single-crystal X-ray analyses, as
discussed in the following section. Thus, the IR and 1H NMR
spectra of compounds 7 and 8 confirmed the removal of the
boron atom in the transformation. The former displays a
�(B�H) absorption at lower energies (at 2525 cm�1) com-
pared to the corresponding closo-carborane derivative (5), as
has been observed for other nido-carboranes.[17] The IR
spectra of both of these compounds also show absorptions
attributable to �(P�N) at around 1200 cm�1 and to �(N�H) at
around 3370 cm�1.


In the 1H NMR spectra, the signal centered at ��� 2.4,
assigned to the bridging B-H-B proton, is also consistent with
nido-carborane formation.[17] The spectra of both of these
compounds also show resonances corresponding to the other
carborane protons, to the aromatic rings, and to NHEt3� (see
Experimental Section). For 7, the 1H NMR spectrum also
features another two signals at �� 3.48 ppm (m, 2H) and ��
1.05 ppm (t, 3H), attributable to the ethoxide group. The
signals in the 1H NMR spectrum of 7, on which the structural
confirmation was based, were assigned by taking into account
their multiplicities and the phosphorus-decoupled 1H NMR
spectrum of the same sample. In the latter spectrum, only the
resonance at �� 4.34 ppm became more simple, showing an
AB pattern (�A� 4.36 ppm, �B� 4.31 ppm, 2JA,B� 10.2 Hz)
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instead of the ABX system observed in the phosphorus-
coupled 1H NMR spectrum, from which it can be concluded
that this signal is due to the protons of the OCH2 unit attached
to the phosphorus atom. It should be pointed out that this
1H NMR spectrum shows that the two protons of each of the
methylene groups of the carborane are diastereotopic and
that therefore rotation about the CH2�C and CH2�O bonds
within the carborane cannot take place, which is not the case
in the free carborane, C2B10H10{CH2OH}2, in which all the
methylenic protons are equivalent.


As for compound 5, for 7 and 8 three stereoisomers might
have been expected but again only one seems to be formed, as
evidenced by the observation of a single set of resonances of
an AX2 or ABX spin system, respectively, in the 31P{1H} NMR
spectra. However, unlike for compound 5, for 7 and 8 neither
the 13C{1H} NMR spectrum nor the 1H NMR spectrum allows
unequivocal assignment of the stereoisomer present, because
of different reasons in each case. For (R,S)-7, the aforemen-
tioned probable lack of rotation about the POCH2�C2B9H10-


CH2OCH2CH3 bond renders the two hydrogen atoms of the
OCH2 unit directly linked to phosphazene (and the two
P(O2C12H8) units) diastereotopic. In the chiral cyclotriphos-
phazenes (R,R)-7 or (S,S)-7, these groups are not related by
any symmetry element, even if there is rotation about such a
bond. The 1H NMR spectrum of 7 shows the two protons of
each of the methylene groups to be non-equivalent, but the
31P{1H} NMR spectrum shows the two P(O2C12H8) units to be
equivalent. X-ray analysis revealed an R,S configuration,
presumably like that in the precursor 5. For 8, in the three
possible stereoisomers, both the P(O2C12H8) units and the
methylene groups are expected to be non-equivalent, due to
the asymmetry imparted by the nido-carborane. Indeed, the
13C{1H} and 1H NMR spectra show both groups to be
nonequivalent, and the 31P{1H} NMR spectrum recorded in
acetone consists of an ABX pattern, with A centered at ��
27.53 ppm [P(O2C12H8)], B at �� 25.92 ppm [P(O2C12H8)],
and X at �� 20.09 ppm [P{(OCH2)2C2B9H10}]. The chemical
shifts of the respective phosphorus atoms were assigned by
taking into account the proton-coupled 31P NMR spectrum, in
which the X portion of the spectrum is split by coupling to the
carborane-methylene protons with 3J(P,H)� 10.3 Hz and
3J(P,H)� 24.2 Hz. X-ray analysis revealed an S,S and an R,R
configuration at the two biphenoxy-substituted phosphorus
centers and, therefore, the configuration at one phosphorus
center must have changed in the course of the reaction if we
assume an R,S configuration in the precursor 5. This seems
somewhat surprising in view of the observation by Gr¸tz-
macher et al. that the presence of a PCl2 group in the
precursor seems to be necessary to observe a change in the
configuration. Of course, the presence of the other stereo-
isomers in compound 5 would explain this change. However,
this would mean that these diastereoisomers cannot be
distinguished by NMR spectroscopy, which has not been
observed by these authors.


On the other hand, we cannot offer a straightforward
explanation as to why a change in the configuration is
observed, especially as these same authors have observed that
soft nucleophiles such as amines do not affect the config-
uration in [N3P3Cl2{(R,S)-(O2C12H8)2}].


It should also be pointed out that although compound 8
gives rise to an ABX 31P{1H} NMR spectrum in acetone
solution, this pattern changes as the solvent is varied. Thus,
the spectrum of the same sample in CDCl3 showed an ABC
spin system, with A centered at �� 26.92 ppm [P(O2C12H8)],
B at �� 22.80 ppm [P(O2C12H8)], and C at �� 20.30 ppm
[P{(OCH2)2C2B9H10}]. Again, the signals were assigned by
taking into account the proton-coupled 31P NMR spectrum, in
which the C portion of the spectrum is split by coupling to the
carborane-methylene protons with 3J(P,H)� 8.5 Hz and
3J(P,H)� 25.0 Hz. The synthesis of the similar derivative
(NBu4)[N3P3(O2C12H8)2{(OCH2)2C2B9H10}] (9) (see Experi-
mental Section), with the NBu4


� counterion instead of
NHEt3�, revealed that the different 31P NMR pattern
observed for 8 was due to the presence of the triethylammo-
nium cation, suggesting that in CDCl3 the proton of this ion
occupies a fixed position acting as a bridge with one nitrogen
atom of the cyclophosphazene unit. A similar situation
has been observed for gem-[N3P3(NC5H10)4(Me)-
{CH2C2B9H11}�H�],[9] in which the proton counterion occupies
a fixed basic site on the phosphazene skeletal unit in CDCl3
solution.


X-ray structure analyses of 7 and 8 : X-ray structural analyses
of 7 and 8 confirmed the proposed structures, as illustrated in
Figure 1 and Figure 2, respectively (only the anions are
shown); selected bond lengths and angles are listed in Table 2
for 7 and in Table 3 for 8. Details of the data collections are
given in Table 4.


Figure 1. Structure of the anion of 7. Hydrogen atoms have been omitted
for clarity. Radii are arbitrary.


The structure of 7 shows the nido-carborane unit to be
linked to the phosphazene ring through only one OCH2 unit,
and an R,S configuration at the two biphenoxy-substituted
phosphorus centers. Although the poor precision (because of
the low quality of the crystals and disordered solvent
molecules) precludes detailed discussion of molecular dimen-
sions, the phosphazene ring is seen to be almost planar (mean
deviation from the best plane 0.0163 ä) and the P�O bonds
that link the methoxy-carborane and biphenoxy units to the
phosphazene skeleton are of normal length and are consistent
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Figure 2. Structure of the anion of 8. Hydrogen atoms have been omitted
for clarity. Radii are arbitrary.


with values reported for other related alkoxy- or aryloxycy-
clotriphosphazenes.[14, 18±20] As expected, the P1�O3 distance
is shorter than the other P�O distances, which is a conse-
quence of the greater bond order. Undoubtedly, the presence
of this terminal oxygen atom will reduce the d� ± p� character
of the N1-P1-N3 segment, which is consistent with the longer
distances observed for these bonds compared to the other
P�N distances. Similar P�N and P�O distances have been


observed in [NBu4][N3P3Cl5O].[21] Furthermore, intermolecu-
lar hydrogen bonds are formed between O3 and the proton of
one NHEt3� group. The distances are O3�H5C# 1.797 ä and
O3 ¥¥¥ H5C#�N5# 2.708 ä (# x� 1, y, z).


The structure of 8 also shows the phosphazene ring to be
almost planar (mean deviation from the best plane 0.0936 ä),
with a slightly twisted conformation and an S,S configuration
at the two biphenoxy-substituted phosphorus centers in the
asymmetric unit. In the unit cell, both S,S and R,R config-
urations are present. The P�O bonds that bind the biphenoxy
units to the phosphazene ring are also comparable in length
(1.577(2) to 1.587(2) ä) to those reported for other biphe-
noxycyclotriphosphazenes,[14, 18±20] and the P�O bonds to the
carborane unit are slighty shorter (1.574(2) ä and 1.561(2) ä)
than the others. Within the carborane cage, the B�B bond
lengths and internal acute angles are normal, which indicates
no unusual interactions between this unit and the rest of the
molecule. All P�N distances, P-N-P (average 120.82(13)�) and
N-P-N (av 117.45(11)�) angles lie within the expected
ranges.[22] The O1-P1-O2 angle (106.92(9)�) is slightly larger
than the other O-P-O angles (102.46(9) and 102.49(9)�). An
intermolecular hydrogen bond is formed between N3 and the
proton H0 of the NHEt3� counterion. The distances are
N3�H0 2.023 and N3 ¥¥ ¥H0�N5 2.898 ä. Thus, although this
mode of interaction is unexpected, the X-ray results confirm
the conclusions drawn from the 31P NMR data.


Table 2. Selected bond lengths [ä] and angles [�] for compound 7


P1�O3 1.505(4) P1�O1 1.584(4) P1�N1 1.609(5)
P1�N3 1.611(5) P2�N1 1.555(5) P2�N2 1.582(5)
P2�O4 1.595(4) P2�O5 1.595(4) P3�N3 1.550(5)
P3�N2 1.576(5) P3�O6 1.588(4) P3�O7 1.596(4)
O1�C1 1.437(7) O2�C4 1.346(9) O2�C5 1.709(15)
C1�C2 1.492(9) C2�C3 1.590(9) C3�C4 1.585(10)
C5�C6 1.57(2)
O3-P1-O1 102.4(2) O3-P1-N1 112.6(3) O1-P1-N1 106.9(3)
O3-P1-N3 113.1(3) O1-P1-N3 108.2(3) N1-P1-N3 112.8(3)
N1-P2-N2 119.5(3) N1-P2-O4 112.3(3) N2-P2-O4 104.5(3)
N1-P2-O5 106.0(3) N2-P2-O5 111.7(3) O4-P2-O5 101.4(2)
N3-P3-N2 119.7(3) N3-P3-O6 105.2(3) N2-P3-O6 111.4(3)
N3-P3-O7 113.3(3) N2-P3-O7 103.9(2) O6-P3-O7 102.2(2)
P2-N1-P1 124.2(3) P3-N2-P2 119.2(3) P3-N3-P1 124.4(3)
C1-O1-P1 118.2(4) C4-O2-C5 105.5(8) O1-C1-C2 111.2(5)
C1-C2-C3 117.2(6)


Table 3. Selected bond lengths [ä] and angles [�] for compound 8


P1�O1 1.561(2) P1�O2 1.574(2) P1�N1 1.590(2)
P1�N3 1.599(2) P2�N2 1.565(2) P2�N3 1.576(2)
P2�O4 1.583(2) P2�O3 1.587(2) P3�N1 1.563(2)
P3�O5 1.577(2) P3�N2 1.581(2) P3�O6 1.588(2)
O1�C1 1.461(3) O2�C2 1.476(3) C1�C3 1.504(3)
C2�C4 1.501(3) C3�C4 1.569(3)
O1-P1-O2 106.92(9) O1-P1-N1 111.06(11) O2-P1-N1 110.84(11)
O1-P1-N3 106.25(11) O2-P1-N3 105.24(10) N1-P1-N3 115.97(11)
N2-P2-N3 118.65(11) N2-P2-O4 112.18(11) N3-P2-O4 103.06(10)
N2-P2-O3 106.50(11) N3-P2-O3 112.88(11) O4-P2-O3 102.46(9)
N1-P3-O5 106.86(10) N1-P3-N2 117.75(11) O5-P3-N2 110.94(11)
N1-P3-O6 112.99(11) O5-P3-O6 102.49(9) N2-P3-O6 104.81(12)
P3-N1-P1 121.35(13) P2-N2-P3 120.33(13) P2-N3-P1 120.80(13)
C1-O1-P1 122.1(2) C2-O2-P1 119.1(2) O1-C1-C3 110.2(2)
O2-C2-C4 109.1(2) C2-C4-C3 116.2(2)


Table 4. Details of data collection and structure refinement for compounds
7 and 8


Compound 7 ¥ 2CH2Cl2 8


chemical formula C44H66B9Cl4N5O7P3 C37H52B9N4O7P3


crystal habit colorless prism colorless prism
crystal size [mm] 0.20� 0.15� 0.10 0.40� 0.20� 0.18
crystal system monoclinic monoclinic
space group P2(1)/n P2(1)/c
a [ä] 15.9389(16) 9.7975(5)
b [ä] 21.501(2) 38.468(2)
c [ä] 17.2593(16) 12.7851(7)
� [�] 90 90
� [�] 110.394(2) 98.019(1)
� [�] 90 90
U [ä3] 5544.1(9) 4284.5(4)
Z 4 4
�calcd [g�1 cm�3] 1.329 1.326
Mr 1109.02 855.03
F(000) 2316 1792
T [�C] � 100 � 100
2�max [�] 57 57
�(MoK�) [mm�1] 0.352 0.192
transmission 0.933, 0.965 0.355, 1.0
no. of reflections measured 36002 28350
no. of unique reflections 12951 10112
Rint 0.099 0.071
R[a] (F� 4�(F)) 0.102 0.061
wR2[b] (F 2, all refl.) 0.317 0.143
no. of reflections used 12951 10109
no. of parameters 674 590
no. of restraints 491 0
S[c] 0.879 0.933
max. �� [eä�3] 0.568 0.516


[a] R(F)�� � �Fo �� �Fc � �/� �Fo �. [b] wR(F 2)� [�{w(F 2
o �F 2


c �2}/�{w(F 2
o�2}]0.5;


w�1��2(F 2
o�� (aP)2�bP, where P� [F 2


o �2F 2
c ]/3 and a and b are constants


adjusted by the program. [c] S� [�{w(F 2
o �F 2


c �2}/(n�p)]0.5, where n is the
number of data and p the number of parameters.
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Conclusion


The dinucleophile C2B10H10{CH2OH}2 reacts with hexachlor-
ocyclotriphosphazene in the presence of a base replacing the
chloro substituents to give the new spiro-closo-carboranyl-
phosphazenes gem-[N3P3Cl6�2n{(OCH2)2C2B10H10}n] (n� 1 (1),
2 (2), or 3 (3)), depending on the molar ratio used,
and without signs of conversion to nido-carboranyl
species. An intramolecularly bridged species, non-gem-
[N3P3Cl4{(OCH2)2C2B10H10}], is also formed.


The use of another nucleophile, 2,2�-dihydroxybiphenyl, in
the first steps of the substitution in N3P3Cl6 avoided the
formation of cross-linked species. Thus, the substitution of the
chloro substituents in gem-[N3P3Cl2(O2C12H8)2] and gem-
[N3P3Cl4(O2C12H8)] by the same carborane-diol led to the
new compounds gem-[N3P3(O2C12H8)3�n{(OCH2)2C2B10H10}n]
(n� 1 (5) or 2 (6)) in high yield.


Complete conversion of the closo-carboranylphosphazene
5 to the corresponding nido-carboranylphosphazene was only
achieved by treatment with excess NEt3 and prolonged reflux
in acetone. However, the same reaction of 5 using ethanol as
solvent led to a new cyclotriphosphazene (NHEt3)2[N3P3(O2-


C12H8)2(O){OCH2C2B9H10CH2OCH2CH3}] (7).
For compounds with two 2,2�-dioxybiphenyl groups, 5, 7,


and 8, a mixture of different stereoisomers may be expected.
However, in contrast to the findings of Grutzmacher
et al. ,[15] the reaction of gem-[N3P3Cl2(O2C12H8)2] with
C2B10H10{CH2OH}2 to give 5 did not seem to affect the
configuration at the phosphorus centers, leading to the meso
compound, the configuration assumed for the precursor.
Likewise, no change in the configuration of the phosphorus
centers was apparent when 5 was treated with NEt3 in ethanol
to give the nido-carboranylphosphazene (NHEt3)2[N3P3(O2-


C12H8)2(O){OCH2C2B9H10CH2OCH2CH3}] (7). However, the
reaction of 5 to give (NHEt3)[N3P3(O2C12H8)2{(OCH2)2-
C2B9H10}] (8) seems to proceed with a change of configuration
at one phosphorus center, giving a racemic mixture.


Experimental Section


Instrumentation : IR spectra were recorded in the range 4000 ± 350 cm�1 on
a Perkin-Elmer FT-IR Spectrum One spectrometer with samples as Nujol
mulls between polyethylene sheets. C, H, and N analyses were carried out
with a Perkin-Elmer 240C microanalyser. Mass spectra were recorded on a
VG Autospec by means of LSIMS techniques in a nitrobenzyl alcohol
matrix. 1H, 13C, and 31P NMR spectra were recorded on a Varian Unity 300
spectrometer with samples in CDCl3 or (CD3)2CO solutions. Chemical
shifts are quoted relative to SiMe4 (1H and 13C, external) and H3PO4 (85%)
(31P, external).


Solvents and reagents : K2CO3 was dried at 140 �C prior to use. The acetone
used as solvent was distilled from anhydrous CaSO4 under a dry nitrogen
atmosphere. Hexachlorocyclotriphosphazene [N3P3Cl6] (Strem Chemicals)
was purified by recrystallization from hot hexane and dried in vacuo. NEt3
and NBu4F ¥ 3H2O were purchased from Aldrich. Carborane
[C2B10H10(CH2OH)2][23] and phosphazenes ([N3P3Cl2(O2C12H8)2] and
[N3P3Cl4(O2C12H8)]) were prepared by literature methods.[2b] The latter
were purified by chromatography on a silica gel column eluting with
dichloromethane/hexane (1:3). All the reactions were carried out under a
dry nitrogen atmosphere.


Reaction of [N3P3Cl6] with one equivalent of C2B10H10(CH2OH)2 : A
solution of C2B10H10(CH2OH)2 (0.102 g, 0.5 mmol) in acetone (10 mL) was


added to a mixture of N3P3Cl6 (0.174 g, 0.5 mmol) and K2CO3 (0.173 g,
1.25 mmol) in acetone (30 mL), and the resulting mixture was stirred for
1 h. The solvent was removed under reduced pressure and the residue was
extracted with dichloromethane (3� 10 mL). Evaporation of the solvent
in vacuo gave a white solid (0.232 g), which proved to be a mixture
of gem-[N3P3Cl4{(OCH2)2C2B10H10}] (1) (ca. 51%), gem-[N3P3Cl2-
{(OCH2)2C2B10H10}2] (2) (19%), and non-gem-[N3P3Cl4{(OCH2)2C2B10H10}]
(4) (30%).
The majority of compound 4 precipitated from the mixture upon addition
of CH2Cl2/hexane (1:15). Yield: 0.046 g (20%).


4 : Elemental analysis calcd (%) for C4H14B10Cl4N3O2P3 (479.0): C 10.02, H
2.95, N 8.77; found: C 10.52, H 3.12, N 8.26; IR (Nujol): 	
 � 1187 ± 1207 (vs)
(P�N); 2586 (s, br) and 2661 cm�1 (m) (B�H); 31P{1H} NMR (CDCl3): ��
23.98 (™t∫, 1P; PCl2), 20.74 ppm (™d∫, 2P; PCl{OCH2C2B10H10CH2O})
(AB2 system, 2JAB� 65.8 Hz); 31P{1H} NMR ((CD3)2CO): �� 24.36 (™dd∫,
1P; PCl2), 21.62 ppm (™d∫, 2P; PCl{OCH2C2B10H10CH2O}) (AB2 system,
2JAB� 69.9 Hz); 1H NMR (CDCl3): �� 5.06 (m, N� 37.2 Hz, 2H; OCHH),
4.65 (m,N� 34.2 Hz, 2H; OCHH), 3.6 ± 1 ppm (m, 10H; B10H10); 1H NMR
((CD3)2CO): �� 5.63 (m, N� 31.8 Hz, 2H; OCHH), 5.13 (m, N� 30 Hz,
2H; OCHH), 3.6 ± 1 ppm (m, 10H; B10H10); 13C{1H} NMR ((CD3)2CO):
�� 79.84 (s, 2C; OCH2), 68.38 ppm (s, 2C; C2B10H10); MS (LSIMS�): m/z
(%): 479 (100) [M�] and peaks derived from the sequential loss of
carborane and chloride.


1: 31P{1H} NMR (CDCl3): �� 24.83 (d, 2P; PCl2), 11.35 ppm (t, 1P;
P{(OCH2)2C2B10H10}) (AX2 system, 2JAX� 72.3 Hz); 31P{1H} NMR
((CD3)2CO): �� 25.34 (d, 2P; PCl2), 12.21 ppm (t, 1P;
P{(OCH2)2C2B10H10}) (AX2 system, 2JAX� 72.8 Hz); 1H NMR (CDCl3):
�� 4.71 (d, 3J(H,P)� 19.2 Hz, 4H; OCH2), 3.4 ± 1 ppm (m, 10H; B10H10);
1H NMR ((CD3)2CO): �� 5.0 (d, 3J(H,P)� 19.2 Hz, 4H; OCH2), 3.4 ±
1 ppm (m, 10H; B10H10).


Reaction of [N3P3Cl6] with two equivalents of C2B10H10(CH2OH)2 : A
mixture of [N3P3Cl6] (0.174 g, 0.5 mmol), C2B10H10(CH2OH)2 (0.204 g,
1 mmol), and K2CO3 (0.346 g, 2.5 mmol) in acetone (40 mL) was stirred for
1 h at room temperature. The volatiles were evaporated in vacuo, and the
residue was extracted with dichloromethane (3� 10 mL). Evaporation of
the solvent gave a white solid (0.276 g), which proved to be
a mixture of gem-[N3P3Cl4{(OCH2)2C2B10H10}] (1) (ca. 11%), gem-
[N3P3Cl2{(OCH2)2C2B10H10}2](2) (77%), gem-[N3P3{(OCH2)2C2B10H10}3]
(3) (3.3%), and non-gem-[N3P3Cl4{(OCH2)2C2B10H10}] (4) (8.7%). Addi-
tion of hexane (60 mL) led to the deposition of 2 as a white solid
contaminated with about 6% of 3 (0.119 g, 43%).
The first solid obtained, which was insoluble in dichloromethane, was
washed with water (60 mL), ethanol (3� 5 mL), and hexane (3� 5 mL).
The resulting white solid (3) was dried in vacuo (0.023 g, 7.7%).


2 : Elemental analysis calcd (%) for C8H28B20Cl2N3O4P3 (610.4): C 15.74, H
4.62, N 6.88; found: C 16.24, H 4.55, N 6.57; IR (Nujol): 	
 � 1176 (s), 1228 ±
1280 (vs) (P�N); 2590 (s, br) and 2632 cm�1 (s) (B�H); 31P{1H} NMR
(CDCl3): �� 28.63 (t, 1P; PCl2), 16.75 ppm (d, 2P; P{(OCH2)2C2B10H10})
(AX2 system, 2JAX� 76.8 Hz); 31P{1H} NMR ((CD3)2CO): �� 28.95 (t, 1P;
PCl2), 17.67 ppm (d, 2P; P{(OCH2)2C2B10H10}) (AX2 system, 2JAX�
77.8 Hz); 1H NMR (CDCl3): �� 4.63 (m, N� 49.8 Hz, 8H; OCH2), 3.6 ±
1 ppm (m, 20H; B10H10); 1H NMR ((CD3)2CO): �� 4.93 (m, N� 49.8 Hz,
8H; OCH2), 3.6 ± 1 ppm (m, 20H; B10H10); 13C{1H} NMR ((CD3)2CO): ��
75.78 (s, 4C; OCH2), 67.33 ppm (s, 4C; C2B10H10); MS (LSIMS�): m/z (%):
611 (100) [(M�H)�] and peaks derived from the sequential loss of
carborane and chloride.


Synthesis of [N3P3{(OCH2)2C2B10H10}3] (3): A mixture of [N3P3Cl6] (0.174 g,
0.5 mmol), C2B10H10(CH2OH)2 (0.306 g, 1.5 mmol), and K2CO3 (0.52 g,
3.75 mmol) in acetone (40 mL) was stirred for 24 h at room temperature.
The volatiles were evaporated in vacuo, and the residue was washed with
water (60 mL), ethanol (3� 5 mL), hexane (3� 5 mL), and dichloro-
methane (20 mL). The resulting white solid of 3 was dried in vacuo. Yield:
0.30 g (81%). Compounds 1, 2, and 3 were detected in the resulting
dichloromethane solution.
Elemental analysis calcd (%) for C12H42B30N3O6P3 (741.7): C 19.43, H 5.71,
N 5.67; found: C 19.40, H 5.55, N 5.61; IR (Nujol): 	
 � 1177 (s), 1256 ± 1281
(vs) (P�N); 2586 (vs, br), 2638 (s), and 2651 cm�1 (s) (B�H); 31P{1H} NMR
(CDCl3): �� 21.92 ppm (s, 3P; N3P3 ring); 31P{1H} NMR ((CD3)2CO): ��
23.0 ppm (s); 1H NMR ((CD3)2CO): �� 4.91 (br, 12H; OCH2), 3.4 ± 1 ppm
(m, 30H; B10H10); MS (LSIMS�): m/z (%): 743 (100) [(M�H)�].
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Synthesis of [N3P3(O2C12H8)2{(OCH2)2C2B10H10}] (5): C2B10H10(CH2OH)2
(0.102 g, 0.5 mmol) and K2CO3 (0.173 g, 1.25 mmol) were added to a
solution of gem-[N3P3Cl2(O2C12H8)2] (0.287 g, 0.5 mmol) in acetone
(40 mL), and the mixture was stirred under reflux for 2 h. The solvent
was removed under reduced pressure, and the residue was extracted with
dichloromethane (3� 10 mL). Concentration of the combined extracts to a
volume of about 1 mL and addition of light petroleum (66 ± 68 �C) led to the
precipitation of 5 as a white solid. Yield: 0.335 g (95%).


Elemental analysis calcd (%) for C28H30B10N3O6P3 (705.6): C 47.66, H 4.28,
N 5.95; found: C 48.08, H 4.58, N 5.63; IR (Nujol): 	
 � 1170 (vs, br),
1198 ± 1273 (vs) (P�N); 2586 (s, br) and 2628 cm�1 (m) (B�H);
31P{1H} NMR (CDCl3): �� 25.37 (2P; P(O2C12H8)), 23.61 ppm (1P;
P{(OCH2)2C2B10H10}) (AB2 system, 2JAB� 101.3 Hz); 31P{1H} NMR
((CD3)2CO): �� 26.35 (2P; P(O2C12H8)), 24.56 ppm (1P;
P{(OCH2)2C2B10H10}) (AB2 system, 2JAB� 101.5 Hz); 1H NMR (CDCl3):
�� 7.55 ± 7.20 (m, 16H; aromatic rings), 4.67 ppm (d, 3JP,H� 18.1 Hz, 4H;
OCH2), 3.4 ± 1 (m, 10H; B10H10); 1H NMR ((CD3)2CO): �� 7.77 ± 7.41 (m,
16H; aromatic rings), 4.91 (d, 3JP,H� 18.5 Hz, 4H; OCH2), 3.4 ± 1 ppm (m,
10H; B10H10); 13C{1H} NMR (CDCl3): �� 122.0 (s), 126.55 (s), 128.92 (s),
130.07 (s), 130.24 (s), 148.22 (m, 24C; C12H8), 74.22 (s, 2C; OCH2), 66.11 (s,
1C; C2B10H10), 66.05 ppm (s, 1C; C2B10H10); MS (LSIMS�): m/z (%): 706
(100) [M�] and peaks derived from the sequential loss of carborane and
biphenoxide.


Synthesis of [N3P3(O2C12H8){(OCH2)2C2B10H10}2] (6): A mixture of gem-
[N3P3Cl4(O2C12H8)] (0.230 g, 0.5 mmol), C2B10H10(CH2OH)2 (0.204 g,
1 mmol), and K2CO3 (0.35 g, 2.5 mmol) in acetone (40 mL) was refluxed
for 2 h. The volatiles were evaporated in vacuo, and the residue was
extracted with dichloromethane (3� 10 mL). The solution was concen-
trated to a volume of about 1 mL, and subsequent addition of light
petroleum or hexane led to the precipitation of 6 as a white solid. Yield:
0.337 g (93%).


Elemental analysis calcd (%) for C20H36B20N3O6P3 (723.7): C 33.19, H 5.01,
N 5.81; found: C 33.60, H 5.32, N 5.70; IR (Nujol): 	
 � 1190 ± 1277 (vs)
(P�N); 2588 (vs, br) and 2628 cm�1 (s) (B�H); 31P{1H} NMR (CDCl3): ��
24.37 (1P; P(O2C12H8)), 22.84 ppm (2P; P{(OCH2)2C2B10H10}) (AB2


system, 2JAB� 92 Hz); 31P{1H} NMR ((CD3)2CO): �� 25.53 (1P;
P(O2C12H8)), 23.78 ppm (2P; P{(OCH2)2C2B10H10}) (AB2 system, 2JAB�
92.4 Hz); 1H NMR (CDCl3): �� 7.58 ± 7.19 (m, 8H; aromatic rings), 4.61
(m, N� 47.7 Hz, 8H; OCH2), 3.4 ± 1 ppm (m, 20H; B10H10); 1H NMR
((CD3)2CO): �� 7.73 ± 7.29 (m, 8H; aromatic rings), 4.84 (m, N� 53.2 Hz,
8H; OCH2), 3.6 ± 1 ppm (m, 20H; B10H10); 13C{1H} NMR (CDCl3): ��
121.65 (s), 126.49 (s), 128.53 (s), 129.8 (s), 129.91 (s), 147.78 (m, 12C;
C12H8), 73.91 (s, 4C; OCH2), 66.1 ppm (s, 4C; C2B10H10); 13C{1H} NMR
((CD3)2CO): �� 122.62 (s), 127.58 (s), 129.39 (s), 130.8 (s), 131.12 (s),
148.79 (m, 12C; C12H8), 75.94 (s, 4C; OCH2), 66.84 ppm (s, 4C; C2B10H10);
MS (LSIMS�): m/z (%): 724 (100) [M�] and peaks derived from the
sequential loss of biphenoxide and carborane.


Synthesis of (NHEt3)2[N3P3(O2C12H8)2(O){OCH2C2B9H10CH2OCH2CH3}]
(7): NEt3 (4.3 mL, 30.5 mmol) was added to a suspension of 5 (0.282 g,
0.4 mmol) in ethanol (30 mL) and the mixture was stirred under reflux for
50 h. The white precipitate of 7 formed was filtered off and washed with
ethanol (3� 5 mL) and hexane (3� 5 mL). Yield: 0.256 g (68%).


Elemental analysis calcd (%) for C42H67B9N5O7P3 (944.2): C 53.43, H 7.15,
N 7.42; found: C 53.0, H 6.82, N 7.22; IR (Nujol): 	
 � 1177 ± 1263 (vs)
(P�N); 2525 (s, br) and 2668 cm�1 (m, br) (B�H); 3368 cm�1 (br) (N�H);
31P{1H} NMR ((CD3)2CO): �� 28.69 (d, 2P; P(O2C12H8)), 8.59 (t, 1P;
P(O){OCH2C2B9H10CH2OCH2CH3}) (AX2 system, 2JAX� 69.6 Hz);
1H NMR ((CD3)2CO): �� 10.65 (br, 2H; NHEt3�), 7.94 ± 7.38 (m, 16H;
aromatic rings), 4.34 (m, N� 33.3 Hz, 2H; OCH2), 3.83 (2H;
C2B9H10CH2O, AB system, �A� 4.06, �B� 3.6, 2J(H-H)� 11.1 Hz), 3.48
(2H; OCH2CH3, ABX3 system, �A� 3.55, �B� 3.41, 2JAB(H-H)� 9.4 Hz,
3JAX� 3JBX(H,H)� 6.9 Hz), 3.12 (c, 3J(H,H)� 7.2 Hz, 12H; N-CH2), 1.27 (t,
3J(H,H)� 7.2 Hz, 18H; N-CH2CH3), 1.05 (t, 3J(H,H)� 6.9 Hz, 3H;
OCH2CH3), 3.1 ± 0 (m, 9H; B9H10), �2.43 ppm (br, 1H; B9H10); MS
(LSIMS�): m/z (%): 741 (22) [{M� 2(NHEt3)}�] and peaks derived from
the loss of OCH2CH3, C2B9H10, and biphenoxide.


Synthesis of (NHEt3)[N3P3(O2C12H8)2{(OCH2)2C2B9H10}] (8): NEt3 (1 mL,
8.5 mmol) was added to a solution of 5 (0.141 g, 0.2 mmol) in acetone
(30 mL) and the mixture was stirred under reflux for 48 h. The volatiles
were then evaporated in vacuo and dichloromethane (1 mL) was added.


Upon addition of light petroleum (20 mL), 8 precipitated as a white solid.
Yield: 0.147 g (92%).
Elemental analysis calcd (%) for C34H46B9N4O6P3 (797.0): C 51.24, H 5.82,
N 7.03; found: C 50.96, H 5.61, N 7.06; IR (Nujol): 	
 � 1172 (vs), 1190 ±
1270 cm�1 (vs) (P�N); 2525 (s, br) (B�H); 3370 cm�1 (br) (N�H); 31P{1H}
NMR (CDCl3): �� 26.92 (™dd∫, 1PA; P(O2C12H8)), 22.80 (™dd∫, 1PB;
P(O2C12H8)), 20.30 ppm (™dd∫, 1PC; P{(OCH2)2C2B9H10}) (ABC system,
2JAB� 92 Hz, 2JAC� 86.3 Hz, 2JBC� 81.7 Hz); 31P{1H} NMR ((CD3)2CO):
�� 27.53 (1PA; P(O2C12H8)), 25.92 (1PB; P(O2C12H8)), 20.09 ppm (™dd∫,
1PX; P{(OCH2)2C2B9H10}) (ABX system, 2JAB� 93.7 Hz, 2JAX� 97.3 Hz,
2JBX� 82.7 Hz); 1H NMR (CDCl3): �� 8.8 (br, 1H; NHEt3), 7.61 ± 7.28 (m,
16H; aromatic rings), 4.70 (™dd∫, 3J(P,H)� 8.5 Hz, 2J(H,H)� 12.6 Hz, 2H;
OCHH), 4.22 (™dd∫, 3J(P,H)� 25 Hz, 2J(H,H)� 12.6 Hz, 2H; OCHH),
2.93 (q, 3J(H,H)� 7.2 Hz, 6H; NCH2CH3), 1.22 (t, 3J(H,H)� 7.2 Hz, 9H;
NCH2CH3), 3.4 ± 1 (m, 9H; B9H10), �2.64 ppm (m, 1H; B9H10); 1H NMR
((CD3)2CO): �� 7.70 ± 7.39 (m, 16H; aromatic rings), 4.56 (™dd∫, 3J(P,H)�
10.3 Hz, 2J(H,H)� 12.3 Hz, 2H; OCHH), 4.19 (™dd∫, 3J(P,H)� 24.2 Hz,
2J(H,H)� 12.3 Hz, 2H; OCHH), 3.43 (q, 3J(H,H)� 7.2 Hz, 6H;
NCH2CH3), 1.40 (t, 3J(H,H)� 7.2 Hz, 9H; NCH2CH3), 3.4 ± 1 (m, 9H;
B9H10),�2.33 ppm (br, 1H; B9H10); 13C{1H} NMR (CDCl3): �� 121.92 (m),
126.55 (m), 128.82 (m), 130.01 (m), 130.44 (m), 148.13 (m, 24C; O2C12H8),
72.34 (s, 1C; OCH2), 72.27 (s, 1C; OCH2), 58.3 (br, 2C; C2B9H10), 46.04 (s,
3C; NCH2CH3), 8.62 ppm (s, 3C; NCH2CH3); 13C{1H} NMR ((CD3)2CO):
�� 122.93 (m), 127.11 (m), 129.76 (m), 130.49 (m), 130.82 (m), 149.36 (m,
24C; O2C12H8), 72.20 (s, 1C; OCH2), 72.12 (s, 1C; OCH2), 58.0 (br, 2C;
C2B9H10), 48.29 (s, 3C; NCH2CH3), 9.49 ppm (s, 3C; NCH2CH3); MS
(LSIMS�): m/z (%): 695 (100) [M�] and peaks derived from the loss of
(CH2)2C2B9H10 and OC12H8.


Synthesis of (NBu4)[N3P3(O2C12H8)2{(OCH2)2C2B9H10}] (9): NBu4F ¥ 3H2O
(0.15 g, 0.48 mmol) was added to a solution of 5 (0.282 g, 0.4 mmol) in
acetone (40 mL) and the mixture was stirred under reflux for 16 h. The
solution was concentrated to dryness and the residue was washed with
isopropanol (3� 10 mL) and hexane (3� 5 mL). The white solid obtained
was dried in vacuo. Yield: 0.349 g (93%).
Elemental analysis calcd (%) for C44H66O6B9N4P3 (937.3): C 56.39, H 7.10, N
5.98; found: C 55.93, H 7.40, N 5.71; IR (Nujol): 	
 � 1172 (vs), 1190 ± 1270
(vs) (P�N); 2525 cm�1 (s, br) (B�H); 31P{1H} NMR (CDCl3): �� 26.52
(1PA; P(O2C12H8)), 24.91 (1PB; P(O2C12H8)), 19.08 ppm (™dd∫, 1PX;
P{(OCH2)2C2B9H10}) (ABX system, 2JAB� 93.7 Hz, 2JAX� 97.3 Hz, 2JBX�
82.7 Hz); 31P{1H} NMR ((CD3)2CO): �� 27.50 (1PA; P(O2C12H8)), 26.18
(1PB; P(O2C12H8)), 19.9 ppm (™dd∫, 1PX; P{(OCH2)2C2B9H10}) (ABX
system, 2JAB� 93.3 Hz, 2JAX� 93.6 Hz, 2JBX� 91.0 Hz); 1H NMR (CDCl3):
�� 7.54 ± 7.26 (m, 16H; aromatic rings), 4.56 (™dd∫, 3J(P,H)� 10.3 Hz,
2J(H,H)� 12.3 Hz, 2H; OCHH), 4.16 (™dd∫, 3J(P,H)� 24.2 Hz, 2J(H,H)�
12.3 Hz, 2H; OCHH), 3.47 (m, 8H; NBu4


�), 1.86 (m, 8H; NBu4
�), 1.46 (m,


8H; NBu4
�), 1.10 (t, 3J(H,H)� 7.5 Hz, 12H; NBu4


�), 3.4 ± 1 (m, 9H; B9H10),
�2.30 (br, 1H; B9H10); 1H NMR ((CD3)2CO): �� 7.70 ± 7.39 (m, 16H;
aromatic rings), 4.55 (™dd∫, 3J(P,H)� 10.5 Hz, 2J(H,H)� 12.3 Hz, 2H;
OCHH), 4.18 (™dd∫, 3J(P,H)� 24.3 Hz, 2J(H,H)� 12.3 Hz, 2H; OCHH),
3.48 (m, 8H; NBu4


�), 1.86 (m, 8H; NBu4
�), 1.46 (m, 8H; NBu4


�), 1.01 (t,
3J(H,H)� 7.2 Hz, 12H; NBu4


�), 3.4 ± 1 (m, 9H; B9H10),�2.30 ppm (br, 1H;
B9H10); 13C{1H} NMR (CDCl3): �� 122.19 (m), 126.22 (m), 129.1 (m),
129.76 (m), 129.99 (m), 148.56 (m, 24C; O2C12H8), 71.37 (br, 2C; OCH2),
58.0 (br, 2C; C2B9H10), 58.9 (s, 4C; NBu4


�), 23.9 (s, 4C; NBu4
�), 19.64 (s,


4C; NBu4
�), 13.63 ppm (s, 4C; NBu4


�); MS (LSIMS�) m/z (%): 695 (100)
[M�] and peaks derived from the loss of (CH2)2C2B9H10 and OC12H8.


Crystal structure determinations : The crystals were mounted on glass fibres
in inert oil and transferred to the cold gas stream of a Bruker SMART
diffractometer. Data were collected by using monochromated MoK�


radiation (�� 0.71073 ä) in �-scan mode. An absorption correction was
applied with the program SADABS, based on multiple scans. The
structures were solved by direct methods and refined against F 2 using the
program SHELXL-97.[24] All non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms were included using a riding model. Further crystal
data are given in Table 4. The structure of 7 contains two dichloromethane
molecules, one of which is disordered.
CCDC-200259 and CCDC-200260 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax:
(�44)1223 336033; or deposit@ccdc.cam.ac.uk).
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The Solution Structure of (Me3Si)3CSiBr–An Ab Initio/NMR Study
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Abstract: The first halosilylene stable in solution was investigated by ab initio/NMR
calculations (IGLO SOS-DFPT PW91/B2//B3LYP/6-31�G(d)). The � 29Sicalc of
(Me3Si)3CSiBr (446 ppm) does not agree with the measured NMR signal at 106 ppm
assigned to the free halosilylene. From the possible silylene complexes in the reaction
solution, two structures agree with the observed NMR signal: the (Me3Si)3CSiBr2
anion (� 29Sicalc� 124 ppm) and the unsolvated and solvated complex of the anion
with two Li� (� 29Sicalc� 117 and estimated 134 ppm). Additionally the � 29Sicalc of
alkylsilylenes, R-Si-X, ranging from 200 to 900 ppm are presented to guide NMR
identification in future silylene synthesis.


Keywords: density functional
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Introduction


Recently, Lee et al.[1] reported the first halosilylene stable in a
solution of tetrahydrofuran. The formation and reaction of
the intermediate, expected to be bromo-[tris(trimethylsilyl)]-
methylsilylene, were monitored by gas chromatography and
NMR analysis. The 29Si NMR spectrum shows a resonance
signal at �� 106 ppm, assigned to the intermediate. Identi-
fication of the compound as silylene was based on the
products of trapping reactions and its chemical shift being in
the range of previously characterized diaminosilylenes (78,[2]


97,[3] 117 ppm[4]). The huge difference between the 106 ppm
and the � 29Si of the stable dialkylsilylene[5] (567 ppm) was
ignored. But is the 29Si chemical shift range of R-Si-Br really
similar to that of aminosilylenes including the known
diaminosilylenes?
Early computations on silylenes show that their adducts


with donor molecules are kinetically stable (e.g. SiH2�OH2
has an association energy of 13.3 kcalmol�1 and a rearrange-
ment barrier of 38.3 kcalmol�1).[6] Experimental evidence was
provided by Takeda et al. ,[7] who reported a silylene ± isocya-
nide complex stable in solution and undergoing the character-
istic trapping reactions. Accordingly, Lee et al. suggested
additional structures for their intermediate: a silylene ±THF
adduct and a head-to-head silylene dimer (Scheme 1).


Scheme 1. Proposed intermediate structures 1, 2, and 3 with R�H (a),
CH3 (b), C(SiH3)3 (c), and C(SiMe3)3 (d).


However, it is well known that silylenes can react both as
electrophiles and nucleophiles.[8±10] Therefore silylene ±Li�


complexes also have to be considered to be stable. Thus
another question arises: is the halosilylene in the reaction
solution with THF, Li�, and Br� a free silylene or is it part of
some kind of complex?
This paper addresses the open questions by presenting


results of ab initio NMR calculations for the R-Si-Br silylene 1
with R�H (a), H3C (b), (H3Si)3C (c), and (Me3Si)3C (d). The
largest substituent d is also used in Lee×s[1] synthetic work.
Furthermore, complexes of 1with Li� and/or Br� (structures 2
to 6 in Schemes 1 and 2) were investigated in this context.


Scheme 2. Possible intermediate structures 4, 5, and 6.


Additionally, NMR chemical shift ranges for a comprehen-
sive set of alkylsilylenes are reported to provide practical
estimates and to assist the identification of silylenes by 29Si
NMR analyses.
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Computational Methods


Geometry optimizations were carried out at the hybrid density functional
B3LYP/6-31�G(d) level of theory[11] without symmetry constraint. Mag-
netic shieldings were computed by using the IGLO SOS-DFPT[12] Perdew ±
Wang91 (PW91)/B2 approach.[13] The reported chemical shifts, � 29Sicalc,
were calculated from these shieldings with the reference molecule TMS
(Me4Si, � 29Siexp� 0) with the magnetic shielding �� 366.1 ppm at the same
theoretical level. The quality of the NMR calculations was evaluated by
comparison with 29Si chemical shifts measured for a set of silylenes,
bromosilanes, and dibromosilanes (see Figure 1 and Supporting Informa-
tion). For this set, the deviation between observed and calculated � 29Si,
characterized by the root-mean-square error (rmse), is 32 ppm. A down-
field deviation of up to�40 ppm occurs for the dibromosilanes H2SiBr2 and
Me2SiBr2.


Figure 1. Plot of the measured versus the IGLO-PW91/B2//B3LYP/6 ±
31�G(d) calculated 29Si chemical shifts of silylenes, bromosilanes, and
dibromosilanes. The values of � 29Siexp� 567.4 and � 29Sicalc� 578.6, related
to a dialkylsilylene,[5] are not displayed but are included in the statistics
(rmse� 32 ppm).


One of the reasons for this large error is the neglect of relativistic effects.[14]


Including one-electron spin ± orbit-coupling effects diminishes the chem-
ical shift of HSiBr by 4 ppm (� 29Sicorr� 530), of HSiBr2� by 16 ppm
(� 29Sicorr� 83), of H2SiBr2 by 57 ppm (� 29Sicorr��45.3 vs. � 29Siexp�
�30.36[15]), and Me2SiBr2 by 55 ppm (�29Sicorr� 8.0 vs. �29Siexp� 19.9[16]).[17]
The two-electron spin ± orbit-coupling effects are expected to reduce these
corrections by 10 to 20%.


Results and Discussion


Already the calculated shifts for the small silylenes H-Si-F
(� 29Si� 375.0), H-Si-Cl (� 29Si� 483.6), H-Si-Br (� 29Si�
525.5), and H-Si-H (� 29Si� 638.1) point to much higher shift
values. Generally, the � 29Si values of free silylenes X-Si-R (X
being H, CH3, NH2, OH, F, SiH3, PH2, SH, Cl, Br and R�H
(a), CH3 (b), (H3Si)3C (c), and (Me3Si)3C (d)) are calculated
to be between 200 and 900 ppm (see Figure 2 and Supporting
Information). The chemical shift ranges of F-Si-R, Cl-Si-R,
and Br-Si-R follow the expected trend[18] of increasing


Figure 2. Calculated 29Si chemical-shift ranges of the silylenes X-Si-R, with
R�H (a), CH3 (b), (H3Si)3C (c), (Me3Si)3C (d).


chemical shifts with decreasing electronegativity of X. In most
R-Si-X sets the substituents R have a similar effect on � 29Sicalc
(a and b at the low field end). Substituent c, (H3Si)3C, shows
the strongest magnetic shielding effect (upfield shift) on the
silylene Si. The depicted ranges partially overlap with the
exception of the H3Si-Si-R range, which shows the highest
NMR chemical shifts (742 to 881 ppm). With the exception of
the H2N-Si-R and the HS-Si-R molecules, the sets in Figure 2
have 100 to 200 ppm wide ranges. An unusual substituent
effect on � 29Sicalc is observed in the H2P-Si-R set: 438 ppm in
H-Si-PH2, 597 in Me-Si-PH2, 515 in (H3Si)3C-Si-PH2, and 597
in (Me3Si)3C-Si-PH2. The cause is a considerable � conjuga-
tion between phosphorus and silicon (the Wiberg bond index
of Si�P is 1.26) occurring only in the H-Si-PH2 molecule. In
symmetrically substituted silylenes, X-Si-X, the effects of the
X groups add up, so that � 29Sicalc is smaller in Si(NH2)2
(86 ppm) than in (H3Si)3C-Si-NH2 and � 29Sicalc is larger in
Si(SiH3)2 (1125 ppm) than in H3C-Si-SiH3.
The 29Si chemical shift of 1d corresponding to the


postulated free silylene is calculated to be 445 ppm. Therefore
it cannot be associated with the intermediate (� 29Si�
106 ppm). Table 1 shows the substituent effects of R in R-Si-
Br molecules on bond lengths, angles, and � 29Si. Remarkably,
the shifts of 1b and 1c differ by 116 ppm; this shows that
including the silyl groups as � substituents is crucial to


Table 1. Geometry parameters of the R-Si-Br molecules optimized at the
B3LYP/6 ± 31�G(d) level and the IGLO PW91/B2 calculated � 29Si for
these geometries.


Si-C Si-Br C-Si-Br � 29Si[a]


1a ± 2.268 ± 526
1b 1.913 2.286 98.5 520
1c 1.908 2.301 102.3 403
1d 1.907 2.328 105.6 446
Exp. 106


[a] Reference TMS, PW91/B2//B3LYP/6 ± 31�G(d), � 29Si� 366.1 ppm.
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obtaining reasonable predictions. Even the �-substituent
effect on � 29Si is larger than the error of the method
(� 29Sicalc(1d) ±�29Sicalc(1c)� 42 ppm).
Since the free silylene can be excluded, the question arises


as to whether the observed 29Siexp stems from other structures,
such as the silylene ± solvent complex 2 or the cyclic dimer 3.
Silylene ± solvent interactions were tested for 1 with water,


dimethyloxide, and the experimentally applied THF. Table 2
shows that the geometry of the silylene backbone is not
substantially affected by the choice of solvent.


The association energies Eass of 1c(ROR) complexes do not
change significantly on going from ROR�H2O to Me2O to
THF (Eass��11.6, �10.9, and �14.5 kcalmol�1, respective-
ly). Note, the solvent causes an upfield shift of 244 ppm (1c to
2c). The bulkiness of the attached solvent molecules does not
systematically influence the chemical shifts: �� 29Si(1c ±
1c(ROR)) is 232 ppm for H2O, 193 ppm for Me2O, and
244 ppm for THF (2c). A second THF molecule on 2c causes
a further upfield shift of only 7 ppm. For the larger complex
1d(ROR) (� 2d), � 29Si is 245 ppm. Despite the dramatic
lowering of the chemical shift due to complexation with a
solvent (201 ppm for 1d to 2d) the difference to the measured
signal is too large to claim a match.
Structure 3, suggested by Lee et al., is a Br-bridged dimer.


Two structures, one with a trans and the other with a cis
arrangement of the substituents R, are minima (Erel(cis-3c)�
0.5 kcalmol�1). The trans preference can be expected to be
larger in 3d than in 3c due to steric effects. trans-3c resonates
at 199 ppm, while cis-3c has a � 29Si of 180 ppm. According to
the substituent effects observed for structures 1a ± d and 2a ±
d, we can expect the chemical shifts of 3d to be at least 40 ppm
higher than the ones of 3c. Therefore, comparison of the
observed with the calculated chemical-shift values also rules
out both of Lee×s alternative structures for the intermediate.
But what other structure could evoke the measured NMR


signal of 106 ppm? Acyclic dimers of 1, the 1,2-dibromodisi-
lenes, have chemical shifts in the appropriate range. However,
these molecules should not undergo the observed silylene
trapping reactions. Other potential candidates to form loose
interactions with the silylene backbone are naphthalene from
the reducing agent, Br�, and Li� ions. Since none of our
attempts to optimize a silylene ± naphthalene adduct was
successful, these complexes are not further discussed.
Scheme 2 sketches the complexes of the silylene with Li�


(4), with Br� (5), and with a LiBr ion pair (6). According to
orbital considerations, Li� coordinates in plane to the Si lone
pair, while Br� adds perpendicularly to the Br-Si-C plane
(donating a lone pair into the empty p atomic orbital of Si).


The chemical shift of the cation adduct 4c differs by only
6 ppm from the free silylene (� 29Si(4c)� 409 ppm). Conse-
quently � 29Si of 4d is expected at about 440 ppm.
In contrast, the addition of bromide yields a silyl anion, 5d,


with a calculated chemical shift that is 321 ppm upfield from
1d. � 29Si(5d) is 124 ppm and fits the measured value
considering the error of the method. The Si�Br bond lengths
in 5d are approximately equal (Si�Br 2.441 ä). The bond
angle sum of 301� indicates distinct pyramidality. Note,
the effect of the substituent R on � 29Si is much smaller in
the anion structures 5 (� 29Si(5c)� 114 ppm, � 29Si(5d)�
124 ppm) than in the corresponding silylene structures.
Anion 5 can be expected to attract Li� cations. The


discussion of possible geometries and NMR signals of 6 is
complicated by the occurrence of two alternative minima. As
for the silylenoid H2SiClNa,[10] the optimized structure 6c has
a lithium interacting both with silicon and one of the
bromines. In the alternative structure 6c� the Li cation
interacts with both Br atoms (Figure 3). 6c� is 11.9 kcalmol�1


more stable than 6c. The chemical shift of 6c is 153 ppm,
while 6c� (� 29Si� 122 ppm) has a shift similar to that of the
anion 5c (114 ppm).


To model the solvation of Li� dimethyloxide, Me2O, was
used in place of THF. Adding threeMe2Omolecules produces
two isomers with very similar energy (�E� 1.8 kcalmol�1)
and geometry. In both structures, Li� interacts with only one
of the bromines, causing one elongated Si�Br bond (2.534 ä
vs. 2.445 ä). The chemical shifts of 6c(Me2O)3 and
6c�(Me2O)3 (144 and 147 ppm) do not differ considerably.
Structures 6 can be regarded as neutral complexes of LiBr


with 1 and serve probably as precursors for the reacting
silylene. The dissociation of 6 is likely to occur readily enough
for further reactions with the trapping agents. A similar
observation has been described by Takeda et al. for an
intermediate silylene ± isocyanide complex that is also stable
in solution.[7] Since the silylenoid 6 still has a lone pair on Si, it
can interact with another Li cation forming structure 7
(Figure 4). The chemical shifts are 91 ppm for the unsolvated
7c and 117 ppm for 7d. Adding three Me2O to each Li�


increases � 29Si(7c(Me2O)6) to 124 ppm. � 29Si of the larger
7d(Me2O)6 can be estimated to be approximately 140 ppm.
Consequently, both structures 6 and 7 are reasonable candi-
dates for the intermediate identified by Lee and co-workers.
Calculations for H2MeSiSiCl, H2MeSiSiCl2�, and H2MeSi-


SiCl2Br indicate that one of the signals detected by Wiberg
et al.[19] in a reaction solution could be assigned to the
MeR*2SiSiCl2� anion (� 29Si(R*�H)� 104 ppm, � 29Si(R*�


Table 2. Influence of the solvent molecule ROR (ROR�H2O, Me2O,
THF) on structure[a] and 29Si chemical shift of the silylene (H3Si)3CSiBr
(1c).


ROR Si ¥ ¥ ¥O Si�Br Si�C C�Si�Br �29Si


H2O 2.141 2.369 1.950 100.4 172
Me2O 2.161 2.350 1.949 102.3 194
THF 2.078 2.363 1.953 102.0 159


[a] The chemical shift of 1c increases with increasing Br-Si-C angle by
about 3 ppm per degree.


Figure 3. Gas-phase geometries of minima 6c and 6c�.
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SitBu3)� 92 ppm in experiment). As in Lee×s experiment, the
free silylene shows a NMR signal at much lower field
(� 29Sicalc(Me(Me3Si)2SiSiCl)� 872 ppm) than the observed
precursor.


Conclusion


In conclusion, while trapping reactions point to the presence
of a bromosilylene in solution, the observed � 29Si of 106 ppm
certainly does not belong to the free silylene 1 (� 29Sicalc�
446 ppm). Based on our ab initio calculations, we also rule out
the other previously proposed intermediate structures, name-
ly the solvated silylene 2 (� 29Sicalc� 245 ppm) and the dimer 3
(� 29Sicalc � 199 ppm). In contrast, the Br� adduct, forming
anion 5 with � 29Sicalc� 124 ppm, differs by less than the rmse
of the method. The � 29Sicalc of the silylenoid, 6, composed of 5
with one unsolvated Li�, is, at 167 ppm, slightly too high to fit
the observed � 29Si of the intermediate. However, � 29Sicalc of
complex 7, formed of 5 with two Li�, lies within the correct
range. When solvation is neglected, � 29Sicalc of complex 7 is
117 ppm. Including three solvent molecules per Li� has a
chemical shift of 124 ppm for 7c and estimated 140 ppm for 7d.
To bridge the gap between some measured diaminosilyl-


enes (78 ± 117 ppm) and the dialkylsilylene[5] (567 ppm), the
calculated ranges for a number of alkylsilylenes are presented.
The ten investigated R-Si-X sets, with the � 29Si of R-Si-NH2 at
the high-field end and R-Si-SiH3 shifts at the low-field end,
span an overall range from 200 to 900 ppm (X�H, CH3, NH2,
OH, F, SiH3, PH2, SH, Cl, and Br and R�H, CH3, (H3Si)3C,
and (Me3Si)3C). Extreme chemical shifts are predicted for
Si(NH2)2, 86 ppm, and Si(SiH3)2, 1125 ppm. These results
should help in identifying transient free silylenes through
reaction monitoring by 29Si NMR.
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Figure 4. Geometries of silylenoid 6c(Me2O)3 (left) and the cationic complex 7c (right). Bond lengths in
ängstrˆms.
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Introduction


Recently, Lee et al.[1] reported the first halosilylene stable in a
solution of tetrahydrofuran. The formation and reaction of
the intermediate, expected to be bromo-[tris(trimethylsilyl)]-
methylsilylene, were monitored by gas chromatography and
NMR analysis. The 29Si NMR spectrum shows a resonance
signal at �� 106 ppm, assigned to the intermediate. Identi-
fication of the compound as silylene was based on the
products of trapping reactions and its chemical shift being in
the range of previously characterized diaminosilylenes (78,[2]


97,[3] 117 ppm[4]). The huge difference between the 106 ppm
and the � 29Si of the stable dialkylsilylene[5] (567 ppm) was
ignored. But is the 29Si chemical shift range of R-Si-Br really
similar to that of aminosilylenes including the known
diaminosilylenes?
Early computations on silylenes show that their adducts


with donor molecules are kinetically stable (e.g. SiH2�OH2
has an association energy of 13.3 kcalmol�1 and a rearrange-
ment barrier of 38.3 kcalmol�1).[6] Experimental evidence was
provided by Takeda et al. ,[7] who reported a silylene ± isocya-
nide complex stable in solution and undergoing the character-
istic trapping reactions. Accordingly, Lee et al. suggested
additional structures for their intermediate: a silylene ±THF
adduct and a head-to-head silylene dimer (Scheme 1).


Scheme 1. Proposed intermediate structures 1, 2, and 3 with R�H (a),
CH3 (b), C(SiH3)3 (c), and C(SiMe3)3 (d).


However, it is well known that silylenes can react both as
electrophiles and nucleophiles.[8±10] Therefore silylene ±Li�


complexes also have to be considered to be stable. Thus
another question arises: is the halosilylene in the reaction
solution with THF, Li�, and Br� a free silylene or is it part of
some kind of complex?
This paper addresses the open questions by presenting


results of ab initio NMR calculations for the R-Si-Br silylene 1
with R�H (a), H3C (b), (H3Si)3C (c), and (Me3Si)3C (d). The
largest substituent d is also used in Lee×s[1] synthetic work.
Furthermore, complexes of 1with Li� and/or Br� (structures 2
to 6 in Schemes 1 and 2) were investigated in this context.


Scheme 2. Possible intermediate structures 4, 5, and 6.


Additionally, NMR chemical shift ranges for a comprehen-
sive set of alkylsilylenes are reported to provide practical
estimates and to assist the identification of silylenes by 29Si
NMR analyses.
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Computational Methods


Geometry optimizations were carried out at the hybrid density functional
B3LYP/6-31�G(d) level of theory[11] without symmetry constraint. Mag-
netic shieldings were computed by using the IGLO SOS-DFPT[12] Perdew ±
Wang91 (PW91)/B2 approach.[13] The reported chemical shifts, � 29Sicalc,
were calculated from these shieldings with the reference molecule TMS
(Me4Si, � 29Siexp� 0) with the magnetic shielding �� 366.1 ppm at the same
theoretical level. The quality of the NMR calculations was evaluated by
comparison with 29Si chemical shifts measured for a set of silylenes,
bromosilanes, and dibromosilanes (see Figure 1 and Supporting Informa-
tion). For this set, the deviation between observed and calculated � 29Si,
characterized by the root-mean-square error (rmse), is 32 ppm. A down-
field deviation of up to�40 ppm occurs for the dibromosilanes H2SiBr2 and
Me2SiBr2.


Figure 1. Plot of the measured versus the IGLO-PW91/B2//B3LYP/6 ±
31�G(d) calculated 29Si chemical shifts of silylenes, bromosilanes, and
dibromosilanes. The values of � 29Siexp� 567.4 and � 29Sicalc� 578.6, related
to a dialkylsilylene,[5] are not displayed but are included in the statistics
(rmse� 32 ppm).


One of the reasons for this large error is the neglect of relativistic effects.[14]


Including one-electron spin ± orbit-coupling effects diminishes the chem-
ical shift of HSiBr by 4 ppm (� 29Sicorr� 530), of HSiBr2� by 16 ppm
(� 29Sicorr� 83), of H2SiBr2 by 57 ppm (� 29Sicorr��45.3 vs. � 29Siexp�
�30.36[15]), and Me2SiBr2 by 55 ppm (�29Sicorr� 8.0 vs. �29Siexp� 19.9[16]).[17]
The two-electron spin ± orbit-coupling effects are expected to reduce these
corrections by 10 to 20%.


Results and Discussion


Already the calculated shifts for the small silylenes H-Si-F
(� 29Si� 375.0), H-Si-Cl (� 29Si� 483.6), H-Si-Br (� 29Si�
525.5), and H-Si-H (� 29Si� 638.1) point to much higher shift
values. Generally, the � 29Si values of free silylenes X-Si-R (X
being H, CH3, NH2, OH, F, SiH3, PH2, SH, Cl, Br and R�H
(a), CH3 (b), (H3Si)3C (c), and (Me3Si)3C (d)) are calculated
to be between 200 and 900 ppm (see Figure 2 and Supporting
Information). The chemical shift ranges of F-Si-R, Cl-Si-R,
and Br-Si-R follow the expected trend[18] of increasing


Figure 2. Calculated 29Si chemical-shift ranges of the silylenes X-Si-R, with
R�H (a), CH3 (b), (H3Si)3C (c), (Me3Si)3C (d).


chemical shifts with decreasing electronegativity of X. In most
R-Si-X sets the substituents R have a similar effect on � 29Sicalc
(a and b at the low field end). Substituent c, (H3Si)3C, shows
the strongest magnetic shielding effect (upfield shift) on the
silylene Si. The depicted ranges partially overlap with the
exception of the H3Si-Si-R range, which shows the highest
NMR chemical shifts (742 to 881 ppm). With the exception of
the H2N-Si-R and the HS-Si-R molecules, the sets in Figure 2
have 100 to 200 ppm wide ranges. An unusual substituent
effect on � 29Sicalc is observed in the H2P-Si-R set: 438 ppm in
H-Si-PH2, 597 in Me-Si-PH2, 515 in (H3Si)3C-Si-PH2, and 597
in (Me3Si)3C-Si-PH2. The cause is a considerable � conjuga-
tion between phosphorus and silicon (the Wiberg bond index
of Si�P is 1.26) occurring only in the H-Si-PH2 molecule. In
symmetrically substituted silylenes, X-Si-X, the effects of the
X groups add up, so that � 29Sicalc is smaller in Si(NH2)2
(86 ppm) than in (H3Si)3C-Si-NH2 and � 29Sicalc is larger in
Si(SiH3)2 (1125 ppm) than in H3C-Si-SiH3.
The 29Si chemical shift of 1d corresponding to the


postulated free silylene is calculated to be 445 ppm. Therefore
it cannot be associated with the intermediate (� 29Si�
106 ppm). Table 1 shows the substituent effects of R in R-Si-
Br molecules on bond lengths, angles, and � 29Si. Remarkably,
the shifts of 1b and 1c differ by 116 ppm; this shows that
including the silyl groups as � substituents is crucial to


Table 1. Geometry parameters of the R-Si-Br molecules optimized at the
B3LYP/6 ± 31�G(d) level and the IGLO PW91/B2 calculated � 29Si for
these geometries.


Si-C Si-Br C-Si-Br � 29Si[a]


1a ± 2.268 ± 526
1b 1.913 2.286 98.5 520
1c 1.908 2.301 102.3 403
1d 1.907 2.328 105.6 446
Exp. 106


[a] Reference TMS, PW91/B2//B3LYP/6 ± 31�G(d), � 29Si� 366.1 ppm.
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obtaining reasonable predictions. Even the �-substituent
effect on � 29Si is larger than the error of the method
(� 29Sicalc(1d) ±�29Sicalc(1c)� 42 ppm).
Since the free silylene can be excluded, the question arises


as to whether the observed 29Siexp stems from other structures,
such as the silylene ± solvent complex 2 or the cyclic dimer 3.
Silylene ± solvent interactions were tested for 1 with water,


dimethyloxide, and the experimentally applied THF. Table 2
shows that the geometry of the silylene backbone is not
substantially affected by the choice of solvent.


The association energies Eass of 1c(ROR) complexes do not
change significantly on going from ROR�H2O to Me2O to
THF (Eass��11.6, �10.9, and �14.5 kcalmol�1, respective-
ly). Note, the solvent causes an upfield shift of 244 ppm (1c to
2c). The bulkiness of the attached solvent molecules does not
systematically influence the chemical shifts: �� 29Si(1c ±
1c(ROR)) is 232 ppm for H2O, 193 ppm for Me2O, and
244 ppm for THF (2c). A second THF molecule on 2c causes
a further upfield shift of only 7 ppm. For the larger complex
1d(ROR) (� 2d), � 29Si is 245 ppm. Despite the dramatic
lowering of the chemical shift due to complexation with a
solvent (201 ppm for 1d to 2d) the difference to the measured
signal is too large to claim a match.
Structure 3, suggested by Lee et al., is a Br-bridged dimer.


Two structures, one with a trans and the other with a cis
arrangement of the substituents R, are minima (Erel(cis-3c)�
0.5 kcalmol�1). The trans preference can be expected to be
larger in 3d than in 3c due to steric effects. trans-3c resonates
at 199 ppm, while cis-3c has a � 29Si of 180 ppm. According to
the substituent effects observed for structures 1a ± d and 2a ±
d, we can expect the chemical shifts of 3d to be at least 40 ppm
higher than the ones of 3c. Therefore, comparison of the
observed with the calculated chemical-shift values also rules
out both of Lee×s alternative structures for the intermediate.
But what other structure could evoke the measured NMR


signal of 106 ppm? Acyclic dimers of 1, the 1,2-dibromodisi-
lenes, have chemical shifts in the appropriate range. However,
these molecules should not undergo the observed silylene
trapping reactions. Other potential candidates to form loose
interactions with the silylene backbone are naphthalene from
the reducing agent, Br�, and Li� ions. Since none of our
attempts to optimize a silylene ± naphthalene adduct was
successful, these complexes are not further discussed.
Scheme 2 sketches the complexes of the silylene with Li�


(4), with Br� (5), and with a LiBr ion pair (6). According to
orbital considerations, Li� coordinates in plane to the Si lone
pair, while Br� adds perpendicularly to the Br-Si-C plane
(donating a lone pair into the empty p atomic orbital of Si).


The chemical shift of the cation adduct 4c differs by only
6 ppm from the free silylene (� 29Si(4c)� 409 ppm). Conse-
quently � 29Si of 4d is expected at about 440 ppm.
In contrast, the addition of bromide yields a silyl anion, 5d,


with a calculated chemical shift that is 321 ppm upfield from
1d. � 29Si(5d) is 124 ppm and fits the measured value
considering the error of the method. The Si�Br bond lengths
in 5d are approximately equal (Si�Br 2.441 ä). The bond
angle sum of 301� indicates distinct pyramidality. Note,
the effect of the substituent R on � 29Si is much smaller in
the anion structures 5 (� 29Si(5c)� 114 ppm, � 29Si(5d)�
124 ppm) than in the corresponding silylene structures.
Anion 5 can be expected to attract Li� cations. The


discussion of possible geometries and NMR signals of 6 is
complicated by the occurrence of two alternative minima. As
for the silylenoid H2SiClNa,[10] the optimized structure 6c has
a lithium interacting both with silicon and one of the
bromines. In the alternative structure 6c� the Li cation
interacts with both Br atoms (Figure 3). 6c� is 11.9 kcalmol�1


more stable than 6c. The chemical shift of 6c is 153 ppm,
while 6c� (� 29Si� 122 ppm) has a shift similar to that of the
anion 5c (114 ppm).


To model the solvation of Li� dimethyloxide, Me2O, was
used in place of THF. Adding threeMe2Omolecules produces
two isomers with very similar energy (�E� 1.8 kcalmol�1)
and geometry. In both structures, Li� interacts with only one
of the bromines, causing one elongated Si�Br bond (2.534 ä
vs. 2.445 ä). The chemical shifts of 6c(Me2O)3 and
6c�(Me2O)3 (144 and 147 ppm) do not differ considerably.
Structures 6 can be regarded as neutral complexes of LiBr


with 1 and serve probably as precursors for the reacting
silylene. The dissociation of 6 is likely to occur readily enough
for further reactions with the trapping agents. A similar
observation has been described by Takeda et al. for an
intermediate silylene ± isocyanide complex that is also stable
in solution.[7] Since the silylenoid 6 still has a lone pair on Si, it
can interact with another Li cation forming structure 7
(Figure 4). The chemical shifts are 91 ppm for the unsolvated
7c and 117 ppm for 7d. Adding three Me2O to each Li�


increases � 29Si(7c(Me2O)6) to 124 ppm. � 29Si of the larger
7d(Me2O)6 can be estimated to be approximately 140 ppm.
Consequently, both structures 6 and 7 are reasonable candi-
dates for the intermediate identified by Lee and co-workers.
Calculations for H2MeSiSiCl, H2MeSiSiCl2�, and H2MeSi-


SiCl2Br indicate that one of the signals detected by Wiberg
et al.[19] in a reaction solution could be assigned to the
MeR*2SiSiCl2� anion (� 29Si(R*�H)� 104 ppm, � 29Si(R*�


Table 2. Influence of the solvent molecule ROR (ROR�H2O, Me2O,
THF) on structure[a] and 29Si chemical shift of the silylene (H3Si)3CSiBr
(1c).


ROR Si ¥ ¥ ¥O Si�Br Si�C C�Si�Br �29Si


H2O 2.141 2.369 1.950 100.4 172
Me2O 2.161 2.350 1.949 102.3 194
THF 2.078 2.363 1.953 102.0 159


[a] The chemical shift of 1c increases with increasing Br-Si-C angle by
about 3 ppm per degree.


Figure 3. Gas-phase geometries of minima 6c and 6c�.
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SitBu3)� 92 ppm in experiment). As in Lee×s experiment, the
free silylene shows a NMR signal at much lower field
(� 29Sicalc(Me(Me3Si)2SiSiCl)� 872 ppm) than the observed
precursor.


Conclusion


In conclusion, while trapping reactions point to the presence
of a bromosilylene in solution, the observed � 29Si of 106 ppm
certainly does not belong to the free silylene 1 (� 29Sicalc�
446 ppm). Based on our ab initio calculations, we also rule out
the other previously proposed intermediate structures, name-
ly the solvated silylene 2 (� 29Sicalc� 245 ppm) and the dimer 3
(� 29Sicalc � 199 ppm). In contrast, the Br� adduct, forming
anion 5 with � 29Sicalc� 124 ppm, differs by less than the rmse
of the method. The � 29Sicalc of the silylenoid, 6, composed of 5
with one unsolvated Li�, is, at 167 ppm, slightly too high to fit
the observed � 29Si of the intermediate. However, � 29Sicalc of
complex 7, formed of 5 with two Li�, lies within the correct
range. When solvation is neglected, � 29Sicalc of complex 7 is
117 ppm. Including three solvent molecules per Li� has a
chemical shift of 124 ppm for 7c and estimated 140 ppm for 7d.
To bridge the gap between some measured diaminosilyl-


enes (78 ± 117 ppm) and the dialkylsilylene[5] (567 ppm), the
calculated ranges for a number of alkylsilylenes are presented.
The ten investigated R-Si-X sets, with the � 29Si of R-Si-NH2 at
the high-field end and R-Si-SiH3 shifts at the low-field end,
span an overall range from 200 to 900 ppm (X�H, CH3, NH2,
OH, F, SiH3, PH2, SH, Cl, and Br and R�H, CH3, (H3Si)3C,
and (Me3Si)3C). Extreme chemical shifts are predicted for
Si(NH2)2, 86 ppm, and Si(SiH3)2, 1125 ppm. These results
should help in identifying transient free silylenes through
reaction monitoring by 29Si NMR.
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Synthesis, Structure, and Reactivity of sp Carbon Chains with Bis(phosphine)
Pentafluorophenylplatinum Endgroups: Butadiynediyl (C4) through
Hexadecaoctaynediyl (C16) Bridges, and Beyond


Wolfgang Mohr, J¸rgen Stahl, Frank Hampel, and J. A. Gladysz*[a]


Abstract: The reaction of trans-
[(C6F5)(p-tol3P)2PtCl] (PtCl) and buta-
diyne (cat. CuI, HNEt2) gives trans-
[(C6F5)(p-tol3P)2Pt(C�C)2H] (PtC4H,
81%), which reacts with excess
HC�CSiEt3 under Hay coupling condi-
tions (O2, cat. CuCl/TMEDA, acetone)
to yield PtC6Si (53%). A solution of
PtC6Si in acetone is treated with wet
nBu4NF to generate PtC6H. The addi-
tion of ClSiMe3 (F� scavenger) and then
excess HC�CSiEt3 under Hay condi-
tions gives PtC8Si (39%). Hay homo-
couplings of PtC4H, PtC6H, and PtC8H
(generated in situ analogously to PtC6H)


yield PtC8Pt, PtC12Pt, and PtC16Pt (97 ±
92%). Reactions of PtC4H and PtC6H
with PtCl (cat. CuCl, HNEt2) give
PtC4Pt and PtC6Pt (69%, 34%). The
attempted conversion of PtC8H to
PtC10Si affords mainly PtC16Pt, with
traces of PtC20Pt and PtC24Pt. The
complexes PtCxPt are exceedingly sta-
ble (dec pts 234 to 288 �C), and Et3P
displaces p-tol3P to give the correspond-


ing compounds Pt�C8Pt� and Pt�C12Pt�
(94 ± 90%). The effect of carbon chain
lengths upon IR �C�C patterns (progres-
sively more bands), UV/Vis spectra
(progressively red-shifted and more in-
tense bands with �� 600000M�1 cm�1),
redox properties (progressively more
difficult and less reversible oxidations),
and NMR values are studied, and ana-
lyzed with respect to the polymeric sp
carbon allotrope ™carbyne∫. The crystal
structure of PtC12Pt shows a dramatic,
unprecedented degree of chain bending,
whereas the chains in PtC8Pt, Pt�C12Pt�,
and PtC16Pt are nearly linear.


Keywords: carbyne ¥ crystal struc-
tures ¥ oxidative coupling ¥
platinum ¥ polyynes


Introduction


There has been extensive recent interest in the synthesis and
study of compounds composed of long sp carbon chains and
transition-metal endgroups, LnMCxMLn.[1±12] These efforts
have been motivated by a number of fundamental and
applied objectives. For example, metal fragments provide
dramatic stability enhancements over hydrogen or n-alkyl
endgroups, facilitating characterization of basic properties. At
shorter chain lengths, such compounds provide models for
oligoynes believed to occur in interstellar clouds and carbon-
rich stars.[13] At longer chain lengths, models for the polymeric
sp carbon allotrope ™carbyne∫,[14] the one-dimensional coun-
terpart of graphite and diamond, are realized. Complexes in
which metals are bridged by unsaturated ligands also exhibit a
rich variety of redox and charge- or energy-transfer phenom-
ena, and are under investigation as components in molecular-


scale devices.[15] An sp carbon chain constitutes the most
fundamental and wirelike connecting group, and cannot be
twisted out of conjugation.
In terms of current art, C8 complexes represent a logical


dividing line between ™short∫ and ™long∫ carbon chains.
Approximately thirty such species have now been reported,
all with identical endgroups and polyynediyl or �(C�C)n�
bridges, as represented by I in Scheme 1.[2±11] In principle, two
consecutive one-electron oxidations can give related dica-
tionic complexes with cumulenic or �(C�C)n� bridges (III).
Cyclic voltammograms sometimes show reversible cou-
ples,[2, 7, 8] and several such C4 complexes have been isolated.
However, the C8 analogues are distinctly less stable, and have
not yet proved spectroscopically observable. One diiron C8
cation radical, representing the intermediate oxidation state
II, has proved isolable.[2a] As illustrated in Scheme 1, three
classes of complexes with longer chains have been reported:
chiral dirhenium C12, C16, and C20 complexes of the type 1, the
properties of which have been summarized in a detailed full
paper;[7] Akita×s diiron C12 complex 2 ;[4b] diplatinum C12 and
C16 complexes of the type 3 and analogues with pentafluor-
ophenyl ligands, as described in two preliminary communica-
tions.[9, 10] Similar nonmetallic Cx species with trialkylsilyl,
cyano, and bulky, dendrimer-like aryl endgroups have also
proved isolable.[16, 17]


[a] Prof. Dr. J. A. Gladysz, Dr. W. Mohr, Dipl.-Chem. J. Stahl, Dr. F.
Hampel
Institut f¸r Organische Chemie
Friedrich-Alexander-Universit‰t Erlangen-N¸rnberg
Henkestra˚e 42, 91054 Erlangen (Germany)
Fax: (�49)9131-8526865
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Scheme 1. Metal complexes of long sp carbon chains: selected redox
possibilities (I ± III), specific examples (1 ± 3), and target molecules
(PtCxPt).


Herein, we describe the synthesis, structure, reactivity, and
detailed spectroscopic characterization of a series of Cx


complexes (x� 4, 6, 8, 12, 16, 20, 24) with sixteen-valence-
electron, pentafluorophenyl-substituted platinum endgroups.
These are designated PtCxPt, as defined in Scheme 1. The
effect of chain length upon thermal stabilities and IR, NMR,
UV/Vis, and redox properties is carefully documented, with
PtC24Pt representing the longest sp carbon chain complex
prepared to date. These data complement those obtained for
dirhenium complexes of the
type 1, which feature eighteen-
valence-electron endgroups,[7]


and together with those for all
known series of Cx compounds
help to define the properties of
the polymeric carbon allotrope
carbyne. The complexes PtCxPt
are also the first species of the


type I to be used as functional building blocks for more
complex structures. As recently communicated,[11] coordina-
tion-driven self-assembly can be employed to ™insulate∫ the
(C�C)nmoiety by two sp3 carbon chains, which adopt a double
helical motif as shown in IV (Scheme 1). Hence, a further
purpose of this study is to provide the baseline data required
to define the effect of this ™insulation∫ on chemical and
physical properties.


Results


Syntheses of PtCxH/Si complexes : For reasons described
elsewhere,[11] we sought a series of compounds with platinum
endgroups more Lewis acidic than in 3 (Scheme 1). Accord-
ingly, we wondered if the p-tolyl ligand could be replaced by a
pentafluorophenyl ligand. Our attention was drawn to the
latter as a result of its extensively developed platinum
chemistry, pioneered largely by groups in Zaragoza.[18±20]


The tetrahydrothiophene (THT) derivative [{(C6F5)(tht)-
Pt(�-Cl)}2][19, 21] had previously been shown to react with
various donor ligands to give complexes of the formula trans-
[(C6F5)(L)2PtCl].[20, 22] As shown in Scheme 2, an analogous
reaction with p-tol3P gave trans-[(C6F5)(p-tol3P)2PtCl] (PtCl)
in 93% yield after workup.
We next sought to replace the chlorine ligand in PtCl by a


butadiynyl group. A method previously applied en route to 3
and related compounds (excess butadiyne, cat. CuI,
HNEt2),[10] gave trans-[(C6F5)(p-tol3P)2Pt(C�C)2H] (PtC4H)
in 81% yield (Scheme 2). All stable new complexes isolated in
sufficient quantity were characterized by IR and NMR (1H,
13C, 31P) spectroscopy, mass spectrometry, and microanalysis,
as well as by additional means described below. Complexes
PtCl and PtC4H, and all subsequently derived compounds,
showed one 31P NMR signal, and virtual coupling patterns
typical of trans square-planar bis(phosphine) species.[23]


One of the major challenges associated with syntheses of
™higher∫ LnMCxMLn complexes is efficient chain extension.[6]


We were therefore curious whether longer H(C�C)nH build-
ing blocks might be employed. Since these present greater
explosion hazards than butadiyne,[24] we attempted their
generation in situ from the corresponding bis(trimethylsilyl)
compounds TMS(C�C)nTMS (n� 3, 4)[25, 26] with wet nBu4NF
in acetone at �78 �C. However, various problems soon
became apparent. First, these compounds required several
steps to prepare (direct precursors of butadiyne are commer-
cially available). Second, the initial products PtCxH were
much more labile than PtC4H, as observed for other types of
LnM(C�C)nH complexes[7, 9] and further documented below.
Third, mixtures of PtCxH, PtCxTMS, and PtCxPt were


Scheme 2. Platinum endgroup synthesis. a) p-tol3P; b) butadiyne, cat. CuI, HNEt2.
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commonly obtained, even when excess PtCl was employed.
We therefore abandoned this approach in favor of simple
iterative chain extensions, as summarized by the reactions
presented vertically in Scheme 3.
Thus, PtC4H and an excess of the commercially available


silylated ethyne HC�CSiEt3 were allowed to react under Hay
oxidative coupling conditions (excess O2, 0.20 ± 0.25 equiv
CuCl/tetramethylethylenediamine (TMEDA)) in refluxing
acetone.[27] Workup gave the desired cross-coupled silylated
hexatriynyl complex PtC6Si in 53% yield, as well as some
homocoupling product PtC8Pt (25%; see below). A subse-
quent reaction with nBu4NF in wet THF gave the parent
hexatriynyl complex PtC6H as a white powder in 85% yield
after a low-temperature workup. This material darkened
within a few minutes at room temperature, but was stable at
�18 �C for several days. Spectroscopic data are summarized
with those of other complexes below.
To minimize the handling of PtC6H, coupling conditions


were sought that would allow it (and higher homologues) to
be generated in situ. Thus, a solution of PtC6Si in acetone was
treated with nBu4NF in wet THF to generate PtC6H. Then
ClSiMe3 was added, and the Hay coupling with excess
HC�CSiEt3 repeated. Chromatography gave the silylated
octatetraynyl complex PtC8Si (Scheme 3) in 39% yield. When
ClSiMe3 was omitted, only traces of PtC8Si formed. We
hypothesize that the ClSiMe3 scavenges fluoride ions, which


for some reason interfere with the coupling. The modest yield
of PtC8Si is ameliorated by a useful by-product, PtC12Pt (ca.
25%).
A CDCl3 solution of PtC8Si and nBu4NF in wet THF was


combined in a NMR tube at room temperature. IR and NMR
(1H, 31P) spectra verified the clean formation of PtC8H, which
showed no decomposition over the course of 1 h. However,
samples rapidly decomposed when concentrated. Finally,
similar attempts were made to cross-couple PtC4H and PtC6H
with diynes such as HC�CC�CSiMe3. Although such four-
carbon chain extensions would greatly enhance synthetic
efficiency, only very low yields of the target molecules were
realized.


Syntheses of PtC8Pt, PtC12Pt, and PtC16Pt : The homocou-
plings presented horizontally in Scheme 3 were investigated
next. The reaction of PtC4H under Hay conditions in refluxing
acetone gave the C8 or �-octatetraynediyl complex PtC8Pt in
97% yield after workup. Acetone solutions of PtC6Si and
PtC8Si were treated with nBu4NF in wet THF to generate
PtCxH as above, followed by ClSiMe3. Hay homocouplings
were then effected in situ to give the �-dodecahexaynediyl
and �-hexadecaoctaynediyl complexes PtC12Pt and PtC16Pt in
92% yields. Rates increased with increasing chain length, such
that the synthesis of PtC16Pt could be conducted at room
temperature.[28] Small quantities of PtC16Pt were also ob-


Scheme 3. Syntheses of PtC8Pt, PtC12Pt, and PtC16Pt. a) O2, cat. CuCl/TMEDA, acetone; b) HC�CSiEt3 (excess), O2, cat. CuCl/TMEDA, acetone; c) wet
nBu4NF; d) ClSiMe3.
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tained by subjecting the PtCl/H(C�C)4H reaction mixtures
described above to the Hay conditions. However, separation
from the many by-products was tedious.
Complexes PtC8Pt, PtC12Pt, and PtC16Pt were air-stable


yellow to apricot powders of extraordinary thermal stability.
As summarized in Table 1, decomposition points were
�234 �C. The complexes were highly soluble in common
organic solvents, and showed progressively shorter retention
times in silica gel chromatography. IR, NMR, and UV/Vis
spectra were recorded under rigorously identical conditions.
Key data are summarized in Table 2, Table 3 and Table 4 and
Figure 1, and the various chain length effects are thoroughly
interpreted below.


Syntheses of PtC4Pt and PtC6Pt : To better analyze certain
properties of the preceding compounds, lower homologues


were sought. In an initial approach to PtC4Pt, PtCl and ethyne
were combined under conditions analogous to those used for
butadiyne in Scheme 2. However, reaction was much slower,
perhaps due to the lower acidity of ethyne,[29] and only modest
yields of PtC2H were obtained. Analogous condensations of
ethyne with bis(trialkylphosphine) platinum halides work
well.[30] However, to our knowledge there are no reports of
successful reactions with bis(triarylphosphine) species. In a
parallel study, we found that the Hay homocoupling of
bis(triethylphosphine) complex trans-[(C6F5)(Et3P)2PtC�CH]
(Pt�C2H) proceeded in low yield.[31] Pronounced steric effects
upon Eglinton homocouplings of rhenium ethynyl and


Table 1. Thermal stability data [�C].


Complex Mass loss (onset), Decomposition (onset),
TGA capillary thermolysis[a]


PtC4Pt 332 260[b]


PtC6Pt 251 240[c]


PtC8Pt 252 234[b,d]


PtC12Pt 270 288[b,d]


PtC16Pt 270 270[b,d]


PtC4H 180 171[b,e]


[a] Sealed; conventional melting point apparatus. [b] Decomposition with-
out melting. [c] Melting at 189 �C. [d] See text for additional IR data.
[e] Liquifies at a slightly higher temperature.


Table 2. Selected IR and 31P NMR data for PtCx complexes.


Complex IR �C�C [cm�1][a] 31P{1H} NMR (�)[b]


[1JP,Pt , Hz]


PtC4Pt not observed 16.3 [2713]
PtC6Pt not observed 17.2 [2683]
PtC8Pt 2152 s, 2011 m 17.6 [2654]
PtC12Pt 2127 m, 2088 s, 1992 m 17.7 [2622]
PtC16Pt 2154 w, 2088 w, 2054 s, 1984 m 18.0 [2609]
PtC4H 2154 m[c] 17.6 [2655]
PtC6H 2162 s, 2108 m, 2003 m[d] 18.0 [2627]
PtC6Si 2150 s, 2023 m 17.9 [2636]
PtC8H 2131 s, 2069 s, 2003 s[b,d] 17.8 [2622]
PtC8Si 2131 m, 2088 s, 2065 sh, 2015 w 17.9 [2624]
Pt�C8Pt� 2140 s, 1997 m 13.2 [2393]
Pt�C12Pt� 2131 m, 2096 s, 1996 m 13.5 [2376]


[a] Powder film unless noted. [b] In CDCl3. [c] �C�H� 3320 w. [d] �C�H�
3296 w.


Table 3. Selected 13C NMR data for PtCx complexes.[a]


Complex PtC� [1JC,Pt , Hz] PtC�C [2JC,Pt, Hz] PtC�CC Other


PtC4Pt 86.4 [970] 104.0 [262] ± ±
PtC6Pt 95.8 98.4 61.1 ±
PtC8Pt 100.6 [998] 96.7 [265] 64.1 58.1
PtC12Pt 106.5 95.5 65.7 63.0, 61.0, 57.1
PtC16Pt 109.1 95.0 66.7 64.9, 63.1, 61.5, 60.1, 56.8
PtC4H 97.8 [990] 94.9 [266] 72.5 59.6
PtC6Si 104.2 95.4 66.1 91.2 (CSi), 80.3 (CCSi), 55.9
PtC8Si 106.3 [1000] 95.2 [264] 66.6 90.2 (CSi), 82.9 (CCSi), 64.1, 59.3, 56.3
Pt�C8Pt� 103.4 91.1 [285] 63.9 57.6
Pt�C12Pt� 108.1 90.6 65.7 63.0, 61.1, 56.7


[a] In CDCl3. The absence of a JC,Pt value indicates the coupling was not observed.


Table 4. UV/Vis data for PtCx complexes.


Complex Wavelength (nm) [� (��1 cm�1)]


PtC4Pt[a] 330 [17000], 350 [13200]
PtC6Pt[a] 315 [44000], 345 [15000], 358 [11000], 369 [9000]
PtC8Pt[b] 294 [88000], 326 [126000], 356 [7000], 383 [6000], 414 [3000]
PtC12Pt[b] 315 [101000], 336 [267000], 359 [432000]
PtC16Pt[b] 290 [46000], 306 [42000], 326 [54000], 346 [151000], 369 [397000], 397 [602000]
PtC20Pt[c] 322, 344, 366, 392, 422
PtC24Pt[c] 388, 416, 446
Pt�C8Pt� 271 [62000], 288 [118000], 314 [131000], 350 [4000], 378 [4000], 410 [2000]
Pt�C12Pt� 305 [91200], 329 [205000], 349 [338000]
PtC4H[d] 305 [5600]
PtC6Si[b] 244 [116000], 249 [125000], 255 [131000], 261 [104000]
PtC8Si[b] 255 [62000], 269 [65000], 287 [98000], 310 [73000]
SiC8Si[e] 221 [35000], 232 [63000], 244 [138000], 256 [195000], 321 [140], 344 [150], 349 [190], 369 [100], 375 [110]


[a] 1.25� 10�5� in CH2Cl2. [b] 1.25� 10�6� in CH2Cl2. [c] Hexane/CH2Cl2 (89:11 v/v; see Figure 1). [d] 1.25� 10�4� in CH2Cl2. [e] Methanol, from
reference [16a] (similar values in hexane).
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butadiynyl complexes have been noted.[8a] Hence, this route to
PtC4Pt was abandoned.
The alternative shown in Scheme 4 was investigated next.


The butadiynyl complex PtC4H and a slight excess of PtCl
were combined in the presence of HNEt2 and a catalytic
amount of CuCl. These conditions follow those used for the
conversion of 1,3-butadiyne and PtCl to PtC4H in Scheme 2,
except with CuCl in place of CuI. No reaction occurred at
room temperature. However, coupling took place over the
course of 55 h at 50 �C, and workup gave PtC4Pt in 69% yield
based upon the limiting reactant. When CuI was employed, a
by-product formed that was difficult to separate, which was
tentatively assigned as the iodide complex PtI.
Based upon this success, PtC6H was generated in situ as


described above and similarly combined with PtCl. Reaction
now occurred at room temperature, and workup gave the
target complex PtC6Pt in 34% yield. We attribute the lower
yield to the lower stability of PtC6H. Many other synthetic
approaches were investigated, and gave much poorer results.
Any conjugated polyyne with an odd number of triple bonds,
such as PtC6Pt, is of course not accessible by standard


homocoupling reactions. Com-
plexes PtC4Pt and PtC6Pt were,
like their higher homologues,
extremely stable, and key prop-
erties are incorporated into Ta-
ble 1, Table 2, Table 3 and Ta-
ble 4 and Figure 1 above.


Generation of PtC20Pt and
PtC24Pt : We naturally won-
dered whether the above meth-
odology could be extended to
still longer carbon chains. As
shown in Scheme 5, the elabo-
ration of PtC8Si to the silylated
decapentaynyl complex PtC10Si
was attempted under condi-
tions similar to those used for
PtC6Si to PtC8Si in Scheme 3.
To minimize the thermal de-
composition of intermediate
PtC8H, the temperature was


reduced to 25 ± 40 �C. However, many products formed, which
were partially separated by silica gel column chromatography.
A minor component gave NMR data (1H, 31P) and a mass
spectral molecular ion consistent with the target complex
PtC10Si. The major fraction consisted mainly of PtC16Pt, but
contained small amounts of several additional species.
Specifically, the mass spectrum of this fraction clearly


exhibited a molecular ion for PtC20Pt. A 31P NMR spectrum
showed three peaks, one for PtC16Pt (�� 18.0 ppm) and the
other two with plausible chemical shifts for PtC20Pt and
PtC24Pt (�� 17.9 and 18.2 ppm; 77:15:8 ratio). The 13C NMR
and IR spectra also gave several new peaks (experimental
section). The new species could be separated by analytical
HPLC, and UV/Vis spectra were recorded using the detector
(inset, Figure 1). Although extinction coefficients could not
be measured, the patterns of long-wavelength bands provide
convincing evidence for the formation of PtC20Pt and PtC24Pt.
In view of the sub milligram quantities involved, no attempts
were made to isolate pure samples. Possible mechanisms
for these transformations are analyzed in the discussion
section.


Scheme 4. Syntheses of PtC4Pt and PtC6Pt. a) cat. CuCl, HNEt2.
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Figure 1. UV/Vis spectra of PtCxPt (x� 4, 6, 8, 12, 16) in CH2Cl2 and (inset) PtC20Pt and PtC24Pt in CH2Cl2/
hexane (11:89 v/v).
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Reactivity : We sought to probe three fundamental reactions
of the title complexes: thermolysis, oxidation, and ligand
substitution. The first has two aspects: how stable are the
complexes, and do tractable products form? As summarized
in Table 1, all were exceedingly stable, with decomposition
points ranging from 234 to 288 �C. There was no sign of a
diminution with chain length, and no explosions ever occur-
red. Except in the case of PtC6Pt, which melted (189 �C), no
pronounced endotherms or exotherms were observed by
differential scanning calorimetry (DSC). Except for PtC4Pt,
thermogravimetric analysis (TGA) showed the onset of mass
loss close to the decomposition point.
Next, several capillaries of PtC8Pt, PtC12Pt, or PtC16Ptwere


simultaneously heated to just under the decomposition points,
and then sequentially removed at approximately 10 �C
intervals for IR analysis. In the case of PtC8Pt, the IR �C�C
bands shifted slightly (230 �C, 2154/2011 cm�1; 240 �C, 2151/
2011 cm�1; 250 �C, 2146/2007 cm�1; 260 �C, 2142/2003 cm�1)
and gradually decreased in intensity. No shifts occurred in the
fingerprint region, and no new absorptions appeared. In the
cases of PtC12Pt and PtC16Pt, all IR �C�C bands gradually
disappeared without shifting or new absorptions. The bands in
the fingerprint regions were unaffected.
The title complexes were stable in air for several months. To


quantitatively characterize the redox properties, cyclic vol-
tammograms were recorded in CH2Cl2 under conditions used
previously for dirhenium complexes such as 1.[7, 8a,c] Data are
summarized in Table 5, and typical traces are shown in
Figure 2. Oxidations, presumably to the corresponding cation
radicals (II, Scheme 1), were always observed, but no
reductions took place prior to the solvent-induced limit.


Although none of the oxidations were chemically or electro-
chemically reversible, the degree of reversibility (ic/a , �E)
decreased dramatically with increased chain length. The
oxidations also became thermodynamically less favorable
(more positive E�). Given the limited stabilities of these
species, no preparative experiments were attempted.
In certain cases, phosphine substitution reactions of PtCxPt


can be used to access the ™insulated∫ species IV in
Scheme 1.[11] Thus, some model reactions were attempted,
motivated in part by possible future mechanistic investiga-
tions. As shown in Scheme 6, PtC8Pt or PtC12Pt and excess
Et3P (1:4.3 ± 8.0 mol ratio) were combined in CH2Cl2 at room
temperature. Consistent with the relative phosphine donor
strengths (Et3P � p-tol3P), workups gave the substitution
products Pt�C8Pt� and Pt�C12Pt� in 94 ± 90% yields. As
summarized in Table 1, Table 2, Table 3, and Table 4, the
thermal stabilities, IR �C�C bands, 13C NMR C�C chemical
shifts, and UV/Vis absorptions were very similar to those of
PtC8Pt and PtC12Pt. Although square-planar d8 complexes
often exhibit associative substitution mechanisms, there is


Scheme 5. Attempted extension of Scheme 3. b) HC�CSiEt3 (excess), O2, cat. CuCl/TMEDA, acetone. c) wet nBu4NF. d) ClSiMe3.


Table 5. Cyclic voltammetry data.


Complex[a] Ep,a [V] Ep,c [V] E� [V] �E [mV] ic/a


PtC4Pt 0.940 0.862 0.901 78 0.98
PtC8Pt 1.261 1.143 1.202 118 0.48
PtC12Pt 1.467 1.306 1.387 161 ±
PtC16Pt 1.514 ± ± ± ±
Pt�C8Pt� 1.294 1.206 1.250 88 0.52


[a] Conditions: (7 ± 9)� 10�5� nBu4NBF4/CH2Cl2 at 22.5� 1 �C; Pt work-
ing and counter electrodes, potential vs. Ag wire pseudoreference; scan
rate, 100 mVs�1 ; ferrocene� 0.46 V.
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Figure 2. Representative cyclic voltammograms under the conditions of
Table 5.


much precedent with platinum(��) hydrocarbyl and silyl
complexes for dissociative processes.[32]


Structures : In general, the preceding compounds were easy to
crystallize, and solvates were usually obtained. Accordingly,
the crystal structures of PtC8Pt, PtC12Pt, Pt�C12Pt�, and
PtC16Pt were determined as summarized in Table 6 and the
Experimental Section. The molecular structures are depicted
in Figure 3. All except PtC12Pt exhibited a center of symme-
try. Key bond lengths and angles, and other structural
parameters, are presented in Table 7. Importantly, PtC16Pt
represents the longest polyyne crystallographically character-
ized to date, and only a few structures of dodecahexaynes
have been determined.[4b, 9, 33, 34] The carbon chains in PtC8Pt,
Pt�C12Pt�, and PtC16Pt were quite linear and typical of other
polyynes. However, PtC12Pt exhibited a dramatic, unprece-


dented degree of curvature, which is analyzed together with
other structural features in the Discussion Section.
We sought to quantify the relative conformations of the


endgroups. Due to the various distortions from idealized
platinum square planar and carbon chain geometries in this
series of compounds, no single measure suffices for all
purposes. In order to focus on the relative dispositions of
the phosphine ligands, the following four-atom least squares
planes were determined: P-Pt1-P/Pt2 and Pt1/P-Pt2-P, in which
the phosphorus atoms are those directly bonded to the
platinum atom specified. As summarized in Table 7, the plane-
plane angles in the three molecules with centers of symmetry
were 0�, as mathematically required. That in PtC12Pt, 18.4�,
was similar. Additional plane-plane angles involving platinum
and directly ligating atoms are listed in Table 7. In the case of
PtC12Pt, these are much greater than 0�, due to the chain
curvature.
The crystal packing was also analyzed. The complexes


Pt�C12Pt� and PtC16Pt crystallized in motifs with parallel
chains, whereas PtC8Pt exhibited two non-parallel sets of
parallel chains. Both patterns have extensive precedent with
octatetraynes,[34] and a representative packing diagram is
given in Figure 4. The parallel chains nearest to each other
were identified, and the shortest Csp-Csp distance calculated
(Table 7). In each case, the endgroup of one molecule nested
along the carbon chain of its neighbors, as any dumbbell-
shaped object would be expected to pack. Thus, the carbon
chains are ™offset∫ by ca. 1.5 atoms in PtC8Pt, eleven atoms in
PtC16Pt (compare molecules in different ™layers∫ in Figure 4),
and ten atoms in Pt�C12Pt�. Complex PtC12Pt exhibited two
perpendicular sets of ™parallel∫ chains, as illustrated in the top
portion of Figure 5. Another view of the lattice (Figure 5,
bottom) shows a series of channels formed by chains of
alternating curvature.


Discussion


Syntheses of title complexes : Although Scheme 2, Scheme 3,
Scheme 4, and Scheme 5 contain a number of successful
syntheses, they illustrate the many current challenges in-
volved in preparing compounds with long sp carbon chains.
First, there is the issue of the initial sp carbon building block.
Butadiyne is easily generated and can reliably be used as a
precursor to butadiynyl complexes–either directly as in
Scheme 2, or via � adducts as reported for rhenium com-
plexes.[7, 8] However, in view of the problems described above,
practical procedures involving hexatriyne and octatetrayne
are unlikely to be developed. Second, there is the issue of sp
carbon chain extension. The C2 species HC�CSiEt3 serves
adequately in Scheme 3, but yields are moderate and 7 ± 8 fold


Scheme 6. Phosphine substitution reactions. a) Et3P.
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excesses are necessary to minimize homocoupling of the
reaction partner PtCxH. Efforts to use the C4 building block
HC�CC�CSiMe3, or Cadiot ±Chodkiewicz reactions, have
always given inferior results with platinum pentafluorophenyl
complexes.
Another challenge is the decreasing stability of PtCxH with


increasing chain length. While this appears to contribute to
the modest yield of PtC6Pt in Scheme 4, it does not seem to
adversely affect the Hay oxidative homocouplings in
Scheme 3. Indeed, the critical point with regard to chain
extension is that the competition between homocoupling and
cross-coupling with HC�CSiEt3 increasingly favors homocou-
pling. Accordingly, Scheme 5 represents the practical limit of
our methodology. Importantly, in no cases are yields limited
by the stability of PtCxPt. Hence, if a means can be found to
increase the efficiency of cross-coupling, there is every reason
to believe that the chain lengths in this series of compounds


can be extended. Even at the
present limit, PtC24Pt, a plati-
num±platinum separation of
�33 ä (3.3 nm) can be calcu-
lated.
We suggest that the small


quantities of PtC20Pt generated
in Scheme 3 form from the
target cross-coupling product
PtC10Si. The acidities of termi-
nal alkynes increase with chain
length.[29] Thus, the leaving
group ability of the PtCxmoiety
in PtC10Si should be enhanced,
facilitating in situ desilylation
and further reaction. Accord-
ingly, no PtC16Pt is detected as
a by-product in the conversion
of PtC6H to PtC8Si. The trace
quantities of PtC24Pt might
arise by a repetition of this
sequence. However, we remain
open-minded with respect to
alternative mechanisms, as we
have occasionally encountered
reactions (also in the dirhenium
series 1) that afford a puzzling
distribution of chain lengths. In
this context, Hirsch noted that
the Hay homocoupling of an
aryl-terminated ArC10H species
gave, in addition to the desired
C20 product, trace quantities of
C16 and C18 homologues.[17b]


When ClSiMe3 is omitted from
the homocouplings in
Scheme 3, analogous species
are sometimes observed.


Chain length effects; stabilities :
In principle, the value of any
measurable quantity for a series


of conjugated polyynes can be plotted versus 1/n, where n is
the number of alkyne units. Extrapolation to the y intercept
(1/n� 0) gives the hypothetical value for the infinite-chain
species, which approximates the polyyne form of the sp
carbon allotrope carbyne. Of course, many properties do not
exhibit monotonic trends, and the decomposition points in
Table 1 are a case in point. Nonetheless, it can confidently be
predicted that some higher homologues of the title com-
pounds should be isolable. Polyynes normally possess highly
positive heats of formation, and can thus be viewed as energy-
rich and thermodynamically unstable materials. We suggest
that the bulk and the electropositive nature of the platinum
endgroups provide steric and electronic kinetic stabilization.
Thermal sp-chain/sp-chain reactions of diynes and triynes in


the solid state are well documented.[35] Cross-linked conju-
gated systems often form, particularly when crystal lattice
properties are favorable. IR data suggest that thermolyses of


Figure 3. Structures of (from top to bottom) PtC8Pt ¥ (toluene), PtC12Pt ¥ (benzene)4(ethanol), Pt�C12Pt�, and
PtC16Pt ¥ (benzene)10 with solvent molecules omitted.







FULL PAPER J. A. Gladysz et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 3324 ± 33403332


Table 6. General crystallographic data.[a]


Complex PtC8Pt ¥ (toluene) PtC12Pt ¥ (benzene)4(ethanol) PtC16Pt ¥ (benzene)10 Pt�C12Pt�


empirical formula C111H92F10P4Pt2 C168H144F10OP4Pt2 C172H144F10P4Pt2 C48H60F10P4Pt2
formula weight 2129.91 2882.89 2914.93 1341.02
temperature [K] 173(2) 173(2) 173(2) 173(2)
wavelength [ä] 0.71073 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic triclinic monoclinic
space group P21/c P21/c P1≈ C2
unit cell dimensions
a [ä] 20.389(4) 19.9891(2) 15.58460(10) 14.3497(2)
b [ä] 12.114(2) 26.3139(2) 16.6860(2) 12.8955(2)
c [ä] 21.103(4) 21.9870(2) 17.1428(2) 14.5533(2)
� [�] 90 90 100.7410(10) 90
� [�] 108.32(3) 93.1800(10) 100.7620(10) 96.9509(5)
� [�] 90 90 117.5760(10) 90
volume [ä3] 4948.0(17) 11542.43(18) 3686.54(7) 2673.24(7)
Z 2 4 1 2
�calcd [Mgm�3] 1.430 1.659 1.313 1.666
� [mm�1] 2.954 2.558 2.002 5.412
F(000) 2128 5864 1482 1308
crystal size [mm3] 0.35� 0.35� 0.15 0.30� 0.10� 0.05 0.35� 0.35� 0.35 0.40� 0.20� 0.15
range for data collection 1.96 to 27.47� 2.30 to 25.05� 1.93 to 27.50� 2.46 to 27.54�
index ranges � 25� h� 26 � 23� h� 23 � 20� h� 20 � 18� h� 18


� 14� k� 15 � 31� k� 31 � 21� k� 21 � 16� k� 16
� 27� l� 27 � 26� l� 26 � 22� l� 22 � 18� l� 18


reflections collected 19183 40099 31770 6114
independent reflections 11299 [R(int)� 0.0454] 20382 [R(int)� 0.03941] 16857 [R(int)� 0.0213] 6114 [R(int)� 0.0000]
max. and min. transmission 0.6656 and 0.4245 0.8828 and 0.5141 0.5408 and 0.5408 0.4974 and 0.2207
data/restraints/parameters 11299/0/586 20382/1/1350 16857/0/847 6114/9/290
goodness-of-fit on F 2 1.018 1.030 1.019 1.025
final R indices [I� 2�(I)] R1� 0.0374, wR2� 0.0771 R1� 0.0388, wR2� 0.0911 R1� 0.0273, wR2� 0.0661 R1� 0.0237, wR2� 0.0600
R indices (all data) R1� 0.0675, wR2� 0.0868 R1� 0.0681, wR2� 0.1033 R1� 0.0360, wR2� 0.0698 R1� 0.0263, wR2� 0.0617
Largest diff. peak and hole [ eä�3] 1.575 and �0.840 1.198 and �0.987 1.919 and �0.939 1.185 and �1.480
[a] Features common to all structures: diffractometer, Nonius Kappa CCD; absorption correction, SCALEPACK; refinement method, full-matrix least-
squares on F 2.


Table 7. Key crystallographic distances [ä] and bond or plane/plane angles [�].


PtC8Pt ¥ (toluene) PtC12Pt[a] ¥ (benzene)4(ethanol) PtC16Pt ¥ (benzene)10 Pt�C12Pt�


Pt�C1 1.951(5) 1.972(6)/1.983(5) 1.981(2) 1.999(4)
C1�C2 1.252(6) 1.234(8)/1.223(7) 1.220(3) 1.205(6)
C2�C3 1.365(6) 1.361(8)/1.374(7) 1.355(3) 1.361(5)
C3�C4 1.209(6) 1.209(8)/1.208(7) 1.214(3) 1.224(5)
C4�C5 or C4�C4� 1.351(8) 1.363(8)/1.356(7) 1.350(3) 1.363(5)
C5�C6 ± 1.216(7)/1.210(7) 1.217(4) 1.204(5)
C6�C7 or C6�C6� ± 1.358(8) 1.349(3) 1.358(7)
C7�C8 ± ± 1.212(3) ±
C8�C8� ± ± 1.349(5) ±
Pt1 ¥ ¥ ¥ Pt2 12.895(3) 17.009(6) 23.071(4) 18.0307(3)
sum of all bond lengths from Pt1 to Pt2 12.905 18.067 23.145 18.070
Pt�P1 2.3144(12) 2.3088(13)/2.3057(13) 2.3106(6) 2.309(4)
Pt�P2 2.3063(12) 2.3129(13)/2.3071(14) 2.3136(6) 2.293(5)
Pt�Cipso 2.059(4) 2.048(5)/2.058(5) 2.065(2) 2.076(3)
Pt-C1-C2 177.6(4) 172.9(5)/171.6(5) 175.7(2) 178.5(6)
C1-C2-C3 179.2(5) 173.2(7)/171.8(6) 176.9(3) 179.3(18)
C2-C3-C4 177.1(5) 178.3(7)/176.2(6) 178.2(3) 174(2)
C3-C4-C5 or C3-C4-C4� 178.5(6) 175.6(7)/173.4(6) 178.0(3) 173(2)
C4-C5-C6 ± 175.3(6)/175.3(6) 178.7(3) 176(2)
C5-C6-C7 or C5-C6-C6� ± 175.7(6)/175.7(6) 179.1(3) 178.4(10)
C6-C7-C8 ± ± 178.3(3) ±
average, Pt-C1-C2 and Csp-Csp-Csp 178.1 174.6 178.0 176.5
(PPt1P)-Pt2 vs. (PPt2P)-Pt1 0 18.4 0 0
(Cipso-PPt1P) vs. (Cipso-PPt2P) 0 68.3 0 0
(Cipso-PPt1P-C1) vs. (Cipso-PPt2P-C1) 0 70.6 0 0
shortest Csp-Csp distance between parallel chains 11.936 7.535 8.786 5.353


[a] Values separated by slash are derived from the second platinum atom. The other complexes exhibit an inversion center at the midpoint of the chain.
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Figure 5. Packing diagrams of PtC12Pt ¥ (benzene)4(ethanol), with solvent
molecules and p-tolyl ligands omitted.


dirhenium Cx complexes such as 1 initially give new con-
jugated networks. However, the IR data for PtC8Pt, PtC12Pt,
and PtC16Pt indicate either much more extensive decompo-
sition of the Cxmoieties, or slightly modified environments en
route to such decomposition.


IR and NMR spectra : The title compounds exhibit distinctive
IR �C�C bands, and a constant series of absorptions associated
with the endgroups. The data in Table 2 show several expected
trends. First, the monoplatinum complexes exhibit more
bands than diplatinum complexes of the same chain length,
consistent with their lower symmetry. Second, the number of
bands, and the extinction coefficient of the most intense band,
increase with chain length. Interestingly, PtC12Pt, Pt�C12Pt�,
and PtC16Pt exhibit one more absorption than predicted
theoretically for H(C�C)6H and H(C�C)8H.[13] The vibra-
tional spectra of polymers based upon the PtCx repeat unit [-
Pt(PR3)2(C�C)n-] (n� 2, 3) have also been analyzed in
detail.[36]


The 31P NMR data in Table 2
show two chain length effects.
First, the chemical shifts in-
crease monotonically from
PtC4Pt (�� 16.3 ppm) through
PtC16Pt (�� 18.0 ppm). The
signals assigned to PtC20Pt and
PtC24Pt (�� 17.9 and 18.2 ppm)
suggest a plateau near the latter
value. Second, the large 1JPPt
coupling constants, which can


be more accurately determined, decrease with chain length in
every series of compounds. In the case of PtCxPt, plots versus
1/n are linear (r� 0.99)[37] and predict a value of 2563 Hz for
PtC	Pt. This trend can be assigned to small changes in
hybridization in the platinum orbital used for phosphine
bonding.[23] With the aryl platinum complexes trans-[(p-
ZC6H4)Pt(PEt3)2X] (X�Br, H), the 1JP,Pt values decrease as
the group Z becomes more electron-withdrawing.[38]


The 13C NMR data in Table 3 show a downfield shift of the
PtC� signal with increasing chain length in every series of
compounds. In the case of PtCxPt, plots versus 1/n are again
linear (r� 0.99)[37] and predict a value of �� 116 ppm for
PtC	Pt. The PtC�C signals fall into a narrower range, but
nonetheless always move upfield with increasing chain length.
A value of �� 92.8 ppm is predicted for PtC	Pt. The
remaining sp carbon signals of PtC8Pt, PtC12Pt, and PtC16Pt
cluster between �� 55.9 and 66.7 ppm. Similar trends have
been noted in all modern studies of longer polyynes.[7, 17]


Hence, the 13C NMR chemical shift of the polyyne form of
carbyne can confidently be predicted to occur in this region.
The 195Pt{1H} NMR spectrum of PtC8Pt exhibits a triplet of


triplets due to coupling with two equivalent phosphorus nuclei
(2651 Hz) and two equivalent ortho fluorine nuclei (295 Hz).
Interestingly, the JPt,Pt values of symmetrical diplatinum
complexes can often be determined.[39] We thought that this
would constitute an interesting measure of metal ±metal
electronic communication in PtCxPt. However, extensive
studies with PtC4Pt and Pt�C4Pt�, which will be described
elsewhere, showed no detectable coupling and established an
upper limit of 20 Hz.[40] Longer chain lengths are certain to
give still lower values.


UV/Vis spectra : As summarized in Figure 1 and Table 4, the
electronic spectra of PtCxPt showmarked chain length effects.
Increasing numbers of progressively more intense bands are
generally observed. From PtC6Pt to PtC24Pt, the most intense
band monotonically shifts to lower energy (C6, 315; C8, 326;
C12, 359; C16, 397; C20, 422; C24, 446 nm). For the four longest-
chain compounds, this is also the longest wavelength band.
For PtC8Pt, three much weaker bands occur at longer
wavelengths.[41] The extinction coefficient for PtC16Pt exceeds
600000��1 cm�1, and those of PtC20Pt and PtC24Pt (Figure 1,
inset) are certain to be greater still. The polyyne with the
highest measured extinction coefficient prior to this study was
Et3Si(C�C)8SiEt3 or SiC16Si (336 nm, 447000��1 cm�1 in
hexane).[15a] Hirsch has recently reported a C20 species with
dendrimer-like aryl endgroups and a still greater value
(379 nm, 604000��1 cm�1 in CH2Cl2).[17b]


Figure 4. Packing diagram of PtC16Pt ¥ (benzene)10 with solvent molecules and p-tolyl ligands omitted, and the
closest sp-carbon/sp-carbon contact illustrated (8.786 ä, C1-C5�; Table 7).
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With PtC8Si and PtC8Pt, mono- and diplatinum compounds
of the same chain length can be compared. The two most
intense bands of the former occur at shorter wavelengths (287,
310 nm versus 294, 326 nm), and are reversed in relative
intensity. The UV/Vis spectrum of SiC8Si has also been
reported (Table 4).[16a] The most intense absorption shifts to
still shorter wavelengths (256 nm, 195000��1 cm�1), although
a number of very weak longer-wavelength bands are present.
With PtC8Pt and Pt�C8Pt�, or PtC12Pt and Pt�C12Pt�, triaryl-
and trialkylphosphines complexes of the same chain length
can be compared. The longest wavelength bands show only
modest shifts to higher energies (324 versus 314 nm; 359
versus 349 nm), indicating that the orbitals involved are only
slightly affected by the phosphine.
The most intense UV/Vis bands of Cx species with various


carbon, hydrogen, and trialkylsilyl endgroups, which are often
but not always the longest wavelength bands, show similar
chain length trends.[16, 17] These have been assigned to
transitions with dominant �
�* character, which are
symmetry-allowed, in accord with the high extinction coef-
ficients. Importantly, plots of energies versus 1/n (n� 2) are
linear. Extrapolations to infinite chain length give, in all cases,
values between 550 and 569 nm.[17] The dirhenium complexes
represented by 1 (Scheme 1) exhibit more complicated
spectra, with less intense transitions believed to have domi-
nant n
�* character at longest wavelength.[7] Nonetheless,
plots of what should be the �
�* transitions give a value of
565 nm. In the case of PtCxPt, analogous plots give values of
527 nm (x� 12, 16, 20, 24; r� 0.99) or 492 nm (x� 8, 12, 16,
20, 24; r� 0.97) for PtC	Pt.[37, 41b]


Given that these limiting values are so similar, a �
�*
transition at 525 ± 570 nm can confidently be predicted for
carbyne. In any event, all series of polyynes are predicted to
have persistent, non-zero HOMO/LUMO gaps at infinite
chain length. As analyzed earlier,[7, 17] this implies the con-
vergence of C�C and �C�C� bond lengths to two distinct
limiting values (not a common average), as supported by our
structural data (analyzed below). The less intense, shorter-
wavelength UV/Vis bands of PtC12Pt through PtC24Pt are
likely due to vibrational fine structure, as observed for other
polyyne families.[16, 17] The spacings in PtC20Pt (1810, 1810,
1750, 1990 cm�1) and PtC16Pt (1910, 1800, 1770 cm�1) are
representative, and are close to the stretching frequencies of
typical alkynes and the values in Table 2. There appears to be
a trend to lower spacings at shorter chain lengths, but this is
not as well-defined as in other compounds.[17a] We note in
passing that the electronic spectra of many platinum alkynyl
complexes have been studied in detail, and with other ligand
sets a variety of additional transitions become possible.[42]


Oxidations : Although exceptions are known,[43] platinum
complexes with sixteen valence electrons do not typically
give chemically or electrochemically reversible oxida-
tions.[44±46] Table 5 and Figure 2 show that the title compounds
behave similarly. However, this is in one sense an advantage,
as we seek to demonstrate an improved degree of reversibility
with the ™insulated∫ compounds IV (Scheme 1).[11] Many
electrochemical oxidations of platinum alkynyl complexes
have been reported,[44] including several diplatinum species


with alkyne-containing unsaturated bridges.[45] Some of these
feature more electron releasing donor and/or aryl ligands,
which thermodynamically facilitate oxidation.[45] Most data
have been interpreted in terms of successive one-electron
oxidations.[43d, 45a] Hence, we believe that the voltammograms
in Figure 1 reflect the formation of labile PtII/PtIII mixed
valence species of the type II (Scheme 1).
The chain length effects in Table 5 and Figure 2 parallel


those found with dirhenium complexes of the type 1.[7] First,
the E� values show that oxidations become progressively less
favorable thermodynamically. This should lead, from linear-
free-energy considerations, to cation radicals with increased
reactivity. Available evidence furthermore suggests that
decomposition occurs by chain/chain coupling and/or solvent
atom transfer reactions.[7] Each would be expected to become
more rapid as the carbon chain lengthens and becomes less
shielded by the endgroups. Together, these electronic and
steric factors nicely rationalize the progressively lower degree
of reversibility (ic/a ,�E). However, note that PtC4Pt exhibits a
nearly reversible couple. Surprisingly, Pt�C8Pt� is slightly more
difficult to oxidize than PtC8Pt, despite a more basic or
electron-releasing phosphine.
The E� values indicate that the HOMO energies decrease


with chain length. At the same time, the UV/Vis data show
that the �
�* energy gaps decrease with chain length. How
are these trends best reconciled? To probe these and other
points, the electronic structures of PtCxPt complexes are being
examined by DFT calculations.[40] Preliminary data with the
model compounds trans,trans-[(C6H5)(H3P)2Pt(C�C)nPt-
(PH3)2(C6H5)] (n� 2,3) reveal the following: 1) the HOMO
has substantial platinum and sp carbon chain character, and is
of suitable symmetry of originate a �
�* transition; 2) the
HOMO energies decrease with chain length, consistent with
the electrochemical data; 3) the energies of all unoccupied
orbitals decrease even more with chain length, such that the
HOMO/LUMO gap, and all other HOMO/unoccupied orbi-
tal spacings, decrease. Similar conclusions were reached in
computational studies of Cx complexes with [(	5-C5H5)Fe-
(CO)2] endgroups.[47]


Structures : Dirhenium complexes of the type 1 do not readily
crystallize when the chains exceed four carbon atoms, perhaps
in part because they are mixtures of diastereomers.[7, 8] As
noted above, only a handful of dodecahexaynes have been
structurally characterized.[4b, 9, 33, 34] Hence, the homologous
series PtC8Pt, PtC12Pt, and PtC16Pt offers a unique oppor-
tunity to examine the effect of sp carbon chain length upon
molecular structure.
Since the carbon ± carbon single bond of butadiyne is


comprised of two sp orbitals, it is much shorter than its
sp3/sp3 counterpart in ethane (1.384(2) versus 1.54 ä).[48] Such
�C�C� bonds contract further in conjugated polyynes.[34] As
summarized in Table 7, those in the title compounds reach as
low as 1.349(3) ä, a value we believe is very close to the
asymptotic limit for carbyne. A computational study of
HC24H predicts a monotonic decrease from 1.361 to 1.339 ä
as the center of the chain is approached.[13] Although the
values in Table 7 suggest a similar trend, the estimated
standard deviations (0.003 ± 0.008 ä) preclude any conclu-
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sion. The computations also predict a monotonic increase in
C�C bond lengths from 1.225 to 1.245 ä. Here, there is no
discernable experimental trend. The first C�C linkage in
PtC8Pt appears longer than the second (1.252(6) versus
1.209(6) ä), which might be rationalized as an endgroup
effect. However, the difference is less in PtC16Pt, and there is
no significant lengthening as the center of the chain is
approached (1.220(3), 1.214(3), 1.217(4), 1.212(3) ä).
The bond lengths and angles about platinum are very


similar to those in monoplatinum analogues, which have been
extensively analyzed elsewhere.[49] The Pt�Csp bond inPtC16Pt
is longer than that in PtC8Pt, (1.981(2) versus 1.951(5) ä)
suggesting a chain length effect. However, the Pt�Csp bond in
the triethylphosphine complex Pt�C12Pt� is longest
(1.999(4) ä). As shown in Figure 3, the p-tol3P ligands adopt
conformations that create p-tolyl/C6F5/p-tolyl stacks, with
aryl/aryl distances of 3.2 ± 4.0 ä. Analogous motifs occur in
many related complexes.[11, 22, 49b,c] These can be ascribed to
attractive C6F5/C6H4 � interactions, which are now well
documented in a variety of molecules.[50] This leads to nearly
eclipsed C�PPtP�C bonds. Interestingly, this feature is also
found in Pt�C12Pt�, which lacks the p-tolyl groups.
The crystal structures of PtC8Pt and PtC16Pt exhibit


relatively straight chains, but PtC12Pt shows a dramatic
curvature (Figure 3). In contrast, Pt�C12Pt� features a much
straighter chain, and the related C12 complex 3 (Scheme 1)[9] is
only moderately curved. This strongly suggests that packing
effects are responsible for the bending in PtC12Pt. However, a
detailed examination of the lattice reveals no obvious single-
parameter explanation (e.g. van der Waals contacts, intermo-
lecular � interactions, solvate molecules). DFT calculation on
model alkynes show that only a few kcalmol�1 are needed to
produce such distortions.[33b] There are also many tetraynes
that crystallize, like PtC12Pt, with perpendicular sets of
parallel chains, but show no significant curvature.[14b, 34, 51]


We have sought to analyze this curvature in various ways.
The average of the Pt-C-C and C-C-C bond angles in PtC12Pt,
174.6�, is not so different from 180�, and only 1.9 ± 3.5� less
than in the other compounds in Table 7 or 3 (177.0�) However,
all of the bends reinforce each other. In contrast, PtC16Pt
exhibits two distinct domains. From one platinum through the
midpoint of the chain there is a slight curvature in one
direction. Then the inversion center is crossed, leading to
curvature in the opposite direction. In the case of PtC12Pt, the
Pt�Pt distance (17.009(6) ä) is 5.9% shorter than the sum of
the intervening bond lengths (18.067 ä). With PtC16Pt, the
Pt�Pt distance (23.071(4) ä) is only 0.3% shorter than the
sum of the intervening bond lengths (23.145 ä). In all cases
but Pt�C12Pt�, the Pt-C-C angle shows the greatest deviation
from 180�, consistent with the lower bending force constant
that would be expected.
Other polyynes show other types of deviations from


linearity. However, we are unaware of any mathematically
rigorous method of quantification that can be applied to all
chain lengths and motifs.[34c] In our opinion, a semicircle
represents a good intuitive reference point for curvature. As
shown schematically in Figure 6, the Pt ± Pt vector of PtC12Pt
defines 33.9, 30.2 and 16.6 ± 16.7� angles, respectively, with C1,
C12, and the midpoint of the chain or C6�C7 bond. If the atoms


Figure 6. Comparison of chain curvature in PtC12Pt ¥ (benzene)4(ethanol)
with that of a semicircle.


were arrayed in a semicircle, the latter value would be 45�.
Hence, the curvature in PtC12Pt can be viewed as about 40%
of that of a semicircle. The most highly bowed tetrayne, un-
symetrically-substituted [(	5-C5Me5)Re(NO)(PPh3){(C�C)4-
p-tol}] , gives values of 17.1(2)� and 8.0� (ca. 18% of a
semicircle).[34b] In this lattice, �-stacking interactions between
p-tolyl groups are evident (3.0 ± 3.5 ä distances).
The marked curvature in crystalline PtC12Pt supports the


speculative proposition that carbyne might easily bend and
rearrange to other carbon allotropes.[14b] A final structural
question involves the relative conformations of the square-
planar endgroups. All of the compounds in Figure 4, and all
related species reported elsewhere,[9±11] exhibit parallel or
roughly parallel orientations, as best assayed by the PPtP/Pt
plane-plane angles in Table 7. Preliminary DFT calculations
do not show an intrinsic electronic preference for this or any
other conformation.[40] Hence, it is tentatively ascribed to a
lattice effect that is probably coupled to the ™offset∫ between
parallel chains noted above and exemplified for PtC16Pt in
Figure 4.


Conclusion


Efficient syntheses of the platinum sp carbon chain complexes
PtC4Pt, PtC6Pt, PtC8Pt, PtC12Pt, and PtC16Pt have been
developed, and trace quantities of PtC20Pt and PtC24Pt have
been generated. PtC24Pt represents the longest such metal
complex observed to date, PtC16Pt represents the longest
polyyne of any type structurally characterized to date, and
PtC12Pt represents the most highly curved polyyne found to
date.
These complexes survive extended periods in air and


heating to �230 �C. However, the p-tol3P ligands are readily
substituted by Et3P. The IR, NMR, and UV/Vis spectra, and
structural and cyclic voltammetry data, show a number of
chain length effects. These help to model the properties of the
one-dimensional polymeric sp carbon allotrope carbyne,
which based upon this and other studies should feature
alternating single and triple bonds and a non-zero HOMO/
LUMO gap. The dramatic curvature in crystalline PtC12Pt
underscores the geometric flexibility of this allotrope.
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This investigation also provides a thorough foundation for
the investigation of related complexes with ™insulated∫ sp
carbon chains, as represented by IV in Scheme 1.[11] Parallel
studies of structural, spectroscopic, thermal, and redox
properties, including detailed analyses with respect to the
title compounds of this work, will be described in future
reports.[31, 37, 52]


Experimental Section


General : Reactions were conducted under N2 atmospheres. Chemicals
were treated as follows: hexane and THF, distilled fromNa/benzophenone;
acetone, distilled from P2O5; HNEt2, distilled from KOH; TMEDA,
distilled; nBu4NF (trihydrate, Lancaster), dissolved in THF containing
5 wt% H2O to give a 1.0� solution; HC�CSiEt3, ClSiMe3 (2�Aldrich), p-
tol3P, Et3P (2�Fluka), CuI, CuCl (2�Aldrich, 99.99%), and other
materials, used as received. IR and UV/Vis spectra were recorded on
ASI ReactIR-1000 and Shimazu model 3102 spectrometers. NMR spectra
were recorded on standard 400 MHz spectrometers. Mass spectra were
recorded on a Micromass Zabspec instrument. Microanalyses were
conducted on a Carlo Erba EA 1110 instrument. DSC and TGA data
were recorded with a Mettler-Toledo DSC-821 instrument.[53]


trans-[(C6F5)(p-tol3P)2PtCl] (PtCl): A Schlenk flask was charged with
[(C6F5)(tht)Pt(�-Cl)]2 (0.729 g, 0.750 mmol; THT� tetrahydrothio-
phene),[19] p-tol3P (1.029 g, 3.381 mmol), and CH2Cl2 (25 mL). The solution
was stirred for 16 h and filtered through a Celite/decolorizing carbon/glass
frit assembly. Solvent was removed by rotary evaporation. The residue was
washed with methanol (2� 15 mL) and dried by oil pump vacuum to give
PtCl as a white powder (1.410 g, 1.401 mmol, 93%), decomp pt (capillary,
onset) 230 �C. Elemental analysis calcd (%) for C48H42ClF5P2Pt: C 57.29, H
4.21; found: C 57.48, H 4.34; 1H NMR (CDCl3): �� 7.51 (m, 12H, o to P),
7.09 (d, 3JH,H� 7.8 Hz, 12H, m to P), 2.33 ppm (s, 18H, CH3); 13C{1H}
NMR:[54] �� 145.2 (dd, 1JC,F� 225 Hz, 2JC,F� 21 Hz, o to Pt), 140.7 (s, p to
P), 136.9 (dm, 1JC,F� 241 Hz, p to Pt), 136.2 (dm, 1JC,F� 245 Hz, m to Pt),
134.4 (virtual t, 2JC,P� 6.5 Hz, o to P), 128.7 (virtual t, 3JC,P� 6.0 Hz,m to P),
126.6 (virtual t, 1JC,P� 29.7 Hz, i to P), 114.2 (br, i to Pt), 21.3 ppm (s, CH3);
31P{1H} NMR:[55] �� 19.9 ppm (s, 1JP,Pt 2728 Hz); MS:[56] 1005 (PtCl�, 5%),
970 ([(C6F5)Pt(Ptol3)2]� , 20%), 803 ([Pt(Ptol3)2]� , 23%), 497 ([Pt(Ptol3)]� ,
8%), 304 ([Ptol3]� , 100%).


trans-[(C6F5)(p-tol3P)2Pt(C�C)2H] (PtC4H): A Schlenk flask was charged
with PtCl (1.560 g, 1.550 mmol), CuI (0.060 g, 0.32 mmol), CH2Cl2 (10 mL),
and HNEt2 (100 mL), and cooled to �45�C (CO2/CH3CN). Then butadiyne
(2.9� in THF, 8.6 mL, 24.9 mmol)[57] was added with stirring. The cold bath
was allowed to warm to room temperature (ca. 3 h). After an additional
2.5 h, solvent was removed by oil pump vacuum. The residue was extracted
with toluene (3� 20 mL). The combined extracts were filtered through a
neutral alumina column (7 cm, packed in toluene). Solvent was removed by
rotary evaporation. The residue was washed with ethanol (20 mL) and
dried by oil pump vacuum to give PtC4H as an off-white solid (1.275 g,
1.250 mmol, 81%), decomp pt (capillary, onset) 171 �C. Elemental analysis
calcd (%) for C52H43F5P2Pt: C 61.24, H 4.25; found: C 60.83, H 4.31;[58]
1H NMR (CDCl3):[59] �� 7.49 (m, 12H, o to P), 7.10 (d, 3JH,H� 7.4 Hz, 12H,
m to P), 2.34 (s, 18H, CH3), 1.46 ppm (s, 1H, �CH); 13C{1H} NMR: ��
145.8 (dd, 1JC,F� 224 Hz, 2JC,F� 22 Hz, o to Pt), 140.7 (s, p to P), 136.8 (dm,
1JC,F� 239 Hz, p to Pt), 136.3 (dm, 1JC,F� 248 Hz, m to Pt), 134.3 (virtual t,
2JC,P� 6.2 Hz, o to P), 128.6 (virtual t, 3JC,P� 5.2 Hz,m to P), 127.4 (virtual t,
1JC,P� 30.2 Hz, i to P), 97.8 (s, 1JC,Pt� 990 Hz,[55] PtC�C), 94.9 (s, 2JC,Pt�
266 Hz,[55] PtC�C), 72.5 (s, PtC�CC), 59.6 (s, PtC�CC�C), 21.3 ppm (s,
CH3); 19F{1H} NMR: ���117.31 (m, 3JF,Pt� 293 Hz,[55] 2F, o to Pt),
�165.07 (m, 2F, m to Pt), �165.64 ppm (t, 3JF,F� 19.6 Hz, 1F, p to Pt);
MS:[56] 1020 (PtC4H�, 26%), 970 ([(C6F5)Pt(Ptol3)2]� , 72%), 851
([Pt(Ptol3)2C4H]� , 23%), 803 ([Pt(Ptol3)2]� , 100%).


trans-[(C6F5)(p-tol3P)2Pt(C�C)3SiEt3] (PtC6Si): A three-neck flask was
charged with PtC4H (0.205 g, 0.201 mmol), HC�CSiEt3 (0.197 g,
1.40 mmol), and acetone (15 mL), and fitted with a gas dispersion tube
and a condenser (cooled with circulating �20 �C ethanol). A Schlenk flask
was charged with CuCl (0.050 g, 0.51 mmol) and acetone (15 mL), and
TMEDA (0.030 mL, 0.20 mmol) was added with stirring. After 30 min,


stirring was halted, and a green solid separated from a blue supernatant.
Then O2 was bubbled through the three-neck flask with stirring, and the
solution was heated to 65 �C. After 10 min, the blue supernatant was added
in portions. After 3 h, solvent was removed by rotary evaporation. The
residue was extracted with hexane (3� 5 mL) and then benzene (3�
5 mL). The extracts were passed in sequence through a neutral alumina
column (15 cm, packed in hexane). Solvent was removed from the benzene
extracts by rotary evaporation and oil pump vacuum. The yellow powder
was chromatographed on a silica gel column (15 cm, 10:90 v/v CH2Cl2/
hexane to elute PtC6Si, 40:60 v/v CH2Cl2/hexane to elute byproduct PtC8Pt
(0.051 g, 0.025 mmol, 25%)). The first band was taken to dryness by oil
pump vacuum to give PtC6Si as a pale yellow powder (0.124 g, 0.107 mmol,
53%), decomp pt (capillary, onset) 249 �C. Elemental analysis calcd (%) for
C60H57F5P2PtSi: C 62.22, H 4.96; found: C 61.99, H 5.01;[58] 1H NMR
(CDCl3):[59] �� 7.45 (m, 12H, o to P), 7.10 (d, 3JH,H� 7.4 Hz, 12H, m to P),
2.36 (s, 18H, C6H4CH3), 0.90 (t, 3JH,H� 7.8 Hz, 9H, CH2CH3), 0.50 ppm (q,
3JH,H� 7.8 Hz, 6H, CH2CH3); 13C{1H} NMR:[54] �� 146.0 (dd, 1JC,F�
226 Hz, 2JC,F� 22 Hz, o to Pt), 140.8 (s, p to P), 136.0 (dm, 1JC,F� 232 Hz,
p to Pt), 136.3 (dm, 1JC,F� 248 Hz,m to Pt), 134.2 (virtual t, 2JC,P� 6.5 Hz, o
to P), 128.7 (virtual t, 3JC,P� 5.5 Hz,m to P), 127.1 (virtual t, 1JC,P� 30.2 Hz,
i to P), 104.2 (s, PtC�C), 95.4 (s, PtC�C), 91.2 (C�CSi), 80.3 (s, C�CSi), 66.1
(s, PtC�CC), 55.9 (s, PtC�CC�C), 21.3 (s, C6H4CH3), 7.3 (s, CH2CH3),
4.3 ppm (s, CH2CH3); MS:[56] 1158 (PtC6Si�, 2%), 970 ([(C6F5)Pt(Ptol3)2]� ,
28%), 803 ([Pt(Ptol3)2]� , 30%), 304 ([Ptol3]� , 100%).


trans-[(C6F5)(p-tol3P)2Pt(C�C)3H] (PtC6H): A Schlenk flask was charged
with PtC6Si (0.090 g, 0.078 mmol) and THF (25 mL). Then nBu4NF (1.0�
in THF/5 wt% H2O, 0.015 mL, 0.015 mmol) was added with stirring. After
15 min, the mixture was poured into water (40 mL) and extracted with
CH2Cl2 (3� 30 mL). The combined extracts were dried (MgSO4), and
solvent was removed by oil pump vacuum at 0 �C. The residue was
extracted with cold hexane (3� 10 mL). The extract was passed through a
silica gel column (10 cm, packed in hexane) and discarded. The residue was
then extracted with cold CH2Cl2 (1 mL). The extract was passed through
the same column. The column was eluted with 10:90 v/v CH2Cl2/hexane.
Solvent was removed from the CH2Cl2-containing fractions by oil pump
vacuum at 0 �C to give PtC6H as a white powder (0.069 g, 0.066 mmol,
85%). This darkens at room temperature within a few minutes but can be
stored without discolorization at �18 �C for several days.[58] 1H NMR
(CDCl3):[59] �� 7.45 (m, 12H, o to P), 7.09 (d, 3JH,H� 7.8 Hz, 12H, m to P),
2.34 (s, 18H, CH3), 1.81 (s, 1H, �CH); MS:[56] 1044 (PtC6H�, 2%), 970
([(C6F5)Pt(Ptol3)2]� , 28%), 803 ([Pt(Ptol3)2]� , 50%), 304 ([Ptol3]� , 100%).


trans-[(C6F5)(p-tol3P)2Pt(C�C)4SiEt3] (PtC8Si): A three-neck flask was
charged with PtC6Si (0.201 g, 0.174 mmol) and acetone (15 mL), and fitted
with a gas dispersion tube and a condenser (cooled with circulating �20 �C
ethanol). A Schlenk flask was charged with CuCl (0.100 g, 1.02 mmol) and
acetone (30 mL), and TMEDA (0.060 mL, 0.40 mmol) was added with
stirring. After 30 min, stirring was halted, and a green solid separated from
a blue supernatant. Then nBu4NF (1.0� in THF/5 wt% H2O, 0.040 mL,
0.040 mmol) was added to the solution of PtC6Siwith stirring. After 20 min,
ClSiMe3 (0.022 mL, 0.17 mmol) was added. Then O2 was bubbled through
the solution. The flask was transferred to a 65 �C oil bath, and HC�CSiEt3
(0.197 g, 1.40 mmol) was added, followed by portions of the blue super-
natant. After 3 h, solvent was removed by rotary evaporation. The residue
was extracted with hexane (3� 5 mL) and then benzene (3� 5 mL). The
extracts were passed in sequence through a neutral alumina column (15 cm,
packed in hexane). Solvent was removed from the benzene extracts by
rotary evaporation. The yellow powder was chromatographed on a silica
gel column (15 cm, 10:90 v/v CH2Cl2/hexane to elute PtC8Si, 40:60 v/v
CH2Cl2/hexane to elute byproduct PtC12Pt (0.046 g, 0.022 mmol, 25%)).
The first band was taken to dryness by oil pump vacuum to give PtC8Si as a
pale yellow powder (0.080 g, 0.068 mmol, 39%), decomp pt (capillary,
onset) 115 �C. Elemental analysis calcd (%) for C62H57F5P2PtSi: C 62.99, H
4.86; found: C 62.68, H 4.80;[58] 1H NMR (CDCl3):[59] �� 7.45 (m, 12H, o to
P), 7.11 (d, 3JH,H� 7.8 Hz, 12H, m to P), 2.36 (s, 18H, C6H4CH3), 0.95 (t,
3JH,H� 7.8 Hz, 9H, CH2CH3), 0.57 ppm (q, 3JH,H� 7.8 Hz, 6H, CH2CH3);
13C{1H} NMR:[54] �� 145.7 (dd, 1JC,F� 223 Hz, 2JC,F� 19 Hz, o to Pt), 140.9
(s, p to P), 140.0 (dm, 1JC,F� 237 Hz, p to Pt), 136.4 (dm, 1JC,F� 242 Hz,m to
Pt), 134.2 (virtual t, 2JC,P� 6.5 Hz, o to P), 128.7 (virtual t, 3JC,P� 5.5 Hz, m
to P), 126.9 (virtual t, 1JC,P� 30.6 Hz, i to P), 106.3 (s, 1JC,Pt 1000 Hz,[55]


PtC�C), 95.2 (s, 2JC,Pt� 264 Hz,[55] PtC�C), 90.2 (s, C�CSiEt3), 82.9 (s,
C�CSiEt3), 66.6 (s, PtC�CC), 64.1, 59.3, 56.3 (3 s, other C�C), 21.3 (s,
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C6H4CH3), 7.3 (s, CH2CH3), 4.2 ppm (s, CH2CH3); MS:[56] 1182 (PtC8Si�,
18%), 970 ([(C6F5)Pt(Ptol3)2]� , 70%), 803 ([Pt(Ptol3)2]� , 100%).


trans-[(C6F5)(p-tol3P)2Pt(C�C)4H] (PtC8H): A NMR tube was charged
with PtC8Si (0.015 g, 0.013 mmol) and CDCl3 (0.7 mL). Then nBu4NF (1.0�
in THF/5 wt% H2O, 0.004 mL, 0.004 mmol) was added. After 5 min the
sample was analyzed by NMR and IR spectroscopy.[58] 1H NMR (CDCl3):[59]


�� 7.42 (m, 12H, o to P), 7.09 (d, 3JH,H� 7.8 Hz, 12H, m to P), 2.33 ppm (s,
18H, CH3).


trans,trans-[(C6F5)(p-tol3P)2Pt(C�C)2Pt(Pp-tol3)2(C6F5)] (PtC4Pt): A
Schlenk flask was charged with PtCl (0.132 g, 0.131 mmol), PtC4H
(0.116 g, 0.114 mmol), CuCl (0.004 g, 0.04 mmol), and HNEt2 (25 mL).
The mixture was stirred for 55 h at 50 �C. After cooling, solvent was
removed by oil pump vacuum, and the residue extracted with toluene (3�
5 mL). The combined extracts were filtered through a neutral alumina
column (5 cm, packed in toluene). Solvent was removed by rotary
evaporation. The residue was chromatographed on a silica gel column
(25 cm, 30:70 v/v CH2Cl2/hexane) to give PtC4Pt as a lemon yellow solid
(0.078 g, 0.039 mmol, 69%), dec pt (capillary, onset) 260 �C. Elemental
analysis calcd (%) for C100H84F10P4Pt2: C 60.36, H 4.26; found: C 60.40, H
4.49;[58] 1H NMR (CDCl3):[59] �� 7.43 (m, 24H, o to P), 6.88 (d, 3JH,H�
7.7 Hz, 24H, m to P), 2.28 ppm (s, 36H, CH3); 13C{1H} NMR:[54] �� 145.9
(dd, 1JC,F� 220 Hz, 2JC,F� 22 Hz, o to Pt), 139.7 (s, p to P), 136.5 (dm, 1JC,P�
240 Hz, m/p to Pt), 134.4 (virtual t, 2JC,P� 6.3 Hz, o to P), 128.1 (virtual t,
1JC,P� 29.7 Hz, i to P), 128.1 (virtual t, 3JC,P� 5.4 Hz, m to P), 104.0 (s,
2JC,Pt� 262 Hz,[55] PtC�C), 86.4 (s, 1JC,Pt� 970 Hz,[55] PtC�C), 21.3 ppm (s,
CH3); 19F{1H} NMR: ���116.82 (m, 3JF,Pt� 290 Hz,[55] 4F, o to Pt),
�165.54 (m, 4JF,Pt� 110 Hz,[55] 4F,m to Pt), �166.61 ppm (t, 3JF,F� 19.6 Hz,
2F, p to Pt); MS:[56] 1989 (PtC4Pt�, 24%), 1323 ([(C6F5)Pt(Ptol3)3C4]� ,
22%), 970 ([(C6F5)Pt(Ptol3)2]� , 54%), 802 ([Pt(Ptol3)2-H]� , 72%).


trans,trans-[(C6F5)(p-tol3P)2Pt(C�C)3Pt(Pp-tol3)2(C6F5)] (PtC6Pt): A
Schlenk flask was charged with PtCl (0.050 g, 0.050 mmol), HNEt2
(20 mL), and CuCl (0.004 g, 0.04 mmol). The mixture was stirred until a
clear solution formed and was then cooled to �45 �C. Another Schlenk
flask was charged with PtC6Si (0.048 g, 0.041 mmol) and CH2Cl2 (2 mL).
Then nBu4NF (1.0� in THF/5 wt% H2O, 0.010 mL, 0.010 mmol) was
added. The solution was stirred for 15 min, cooled to �45 �C, and
transferred via cannula to the solution of PtCl with stirring. The mixture
was allowed to warm to room temperature. After 5 days, solvent was
removed by oil pump vacuum. The residue was extracted with hexane (3�
5 mL) and toluene (3� 5 mL). The extracts were passed in sequence
through a neutral alumina column (15 cm, packed in hexane). Solvent was
removed from the toluene extracts by rotary evaporation and oil pump
vacuum. The residue was chromatographed on a silica gel column (15 cm,
40:60 v/v CH2Cl2/hexane). The yellow band was taken to dryness by oil
pump vacuum to give PtC6Pt as a yellow powder (0.028 g, 0.014 mmol,
34%). An analytically pure sample was obtained by repeated recrystalli-
zation from CHCl3/methanol, m.p. (capillary) 189 �C or (DSC, Ti/Te/Tp)
178.5/184.3/189.8 �C.[53] Elemental analysis calcd (%) for C102H84F10P4Pt2: C
60.84, H 4.20; found: 60.61, H 4.26;[58] 1H NMR (CDCl3):[59] �� 7.44 (m,
24H, o to P), 7.06 (d, 3JH,H� 7.8 Hz, 24H, m to P), 2.29 ppm (s, 36H, CH3);
13C{1H} NMR:[54] 145.7 (dd, 1JC,F� 226 Hz, 2JC,F� 22 Hz, o to Pt), 140.4 (s, p
to P), 137.0 (dm, 1JC,F� 235 Hz, p to Pt), 136.5 (dm, 1JC,F� 249 Hz,m to Pt),
134.2 (virtual t, 2JC,P� 6.5 Hz, o to P), 128.7 (virtual t, 3JC,P� 5.5 Hz,m to P),
126.8 (virtual t, 1JC,P� 30.5 Hz, i to P), 98.4 (s, PtC�C), 95.8 (br s, PtC�C),
61.1 (s, PtC�CC), 21.3 ppm (s, CH3). MS:[56] 2014 (PtC6Pt�, 10%), 970
([(C6F5)Pt(Ptol3)2]� , 40%), 803 ([Pt(Ptol3)2]� , 100%).


trans,trans-[(C6F5)(p-tol3P)2Pt(C�C)4Pt(Pp-tol3)2(C6F5)] (PtC8Pt): A
three-neck flask was charged with PtC4H (1.035 g, 1.015 mmol) and
acetone (25 mL), and fitted with a gas dispersion tube and a condenser.
A Schlenk flask was charged with CuCl (0.015 g, 0.15 mmol) and acetone
(6 mL), and TMEDA (0.010 mL, 0.060 mmol) was added with stirring.
After 30 min, stirring was halted, and a green solid separated from a blue
supernatant. Then O2 was bubbled through the three-neck flask with
stirring, and the solution was heated to 65 �C. After 10 min, the blue
supernatant was added in portions. After 1.5 h, solvent was removed by
rotary evaporation. The residue was extracted with toluene (2� 20 mL).
The combined extracts were filtered through a neutral alumina column
(7 cm, packed in toluene). Solvent was removed by rotary evaporation.
Ethanol (20 mL) was added, and the yellow powder was collected by
filtration and dried by oil pump vacuum to give PtC8Pt (1.005 g,
0.493 mmol, 97%), decomp pt (capillary, gradual darkening without


melting) 234 �C. Elemental analysis calcd (%) for C104H84F10P4Pt2: C
61.30, H 4.15; found: C 61.33, H 4.12;[58] 1H NMR (CDCl3):[59] �� 7.43 (m,
24H, o to P), 7.06 (d, 3JH,H� 7.8 Hz, 24H, m to P), 2.33 ppm (s, 36H, CH3);
13C{1H} NMR:[54] �� 145.7 (dd, 1JC,F� 225 Hz, 2JC,F� 22 Hz, o to Pt), 140.6
(s, p to P), 136.8 (dm, 1JC,F� 240 Hz, p to Pt), 136.6 (dm, 1JC,F� 248 Hz,m to
Pt), 134.2 (virtual t, 2JC,P� 6.2 Hz, o to P), 128.6 (virtual t, 3JC,P� 5.4 Hz, m
to P), 127.2 (virtual t, 1JC,P� 30.2 Hz, i to P), 100.6 (s, 1JC,Pt� 998 Hz,[55]
PtC�C), 96.7 (s, 2JC,Pt� 265 Hz,[55] PtC�C), 64.1 (s, PtC�CC), 58.1 (s,
PtC�CC�C), 21.3 ppm (s, CH3); 19F{1H} NMR: ���117.54 (m, 3JF,Pt�
292 Hz,[55] o to Pt), �165.31 (m, m to Pt), �165.89 ppm (t, 3JF,F� 19.3 Hz,
p to Pt); 195Pt{1H} NMR: ���3093 ppm (tt, 1JP,Pt� 2651 Hz, 3JF,Pt�
295 Hz). MS:[56] 970 ([(C6F5)Pt(Ptol3)2]� , 23%), 803 ([Pt(Ptol3)2]� , 100%).


trans,trans-[(C6F5)(p-tol3P)2Pt(C�C)6Pt(Pp-tol3)2(C6F5)] (PtC12Pt): A
three-neck flask was charged with PtC6Si (0.100 g, 0.086 mmol) and
acetone (25 mL), and fitted with a gas dispersion tube and a condenser.
A Schlenk flask was charged with CuCl (0.100 g, 1.02 mmol) and acetone
(30 mL), and TMEDA (0.060 mL, 0.40 mmol) was added with stirring.
After 30 min, stirring was halted, and a green solid separated from a blue
supernatant. Then nBu4NF (1.0� in THF/5 wt% H2O, 0.020 mL,
0.020 mmol) was added to the solution of PtC6Si with stirring. After
20 min, ClSiMe3 (0.011 mL, 0.086 mmol) was added. Then O2 was bubbled
through the solution. After 10 min, the blue supernatant was added in
portions. The flask was transferred to an oil bath, which was heated to 65 �C
(ca. 10 min). After 2.2 h, solvent was removed by rotary evaporation. The
residue was extracted with hexane (3� 10 mL), which was passed through a
neutral alumina column (10 cm, packed in hexane) and discarded, and then
with benzene (3� 10 mL), which was filtered through the same column.
Solvent was removed by rotary evaporation. Methanol (20 mL) was added,
and the yellow powder was collected by filtration and dried by oil pump
vacuum to give PtC12Pt (0.083 g, 0.039 mmol, 92%), decomp pt (capillary,
gradual darkening without melting) 288 �C. Elemental analysis calcd (%)
for C108H84F10P4Pt2: C 62.19, H 4.06; found: C 62.27, H 4.36;[58] 1H NMR
(CDCl3):[59] �� 7.43 (m, 24H, o to P), 7.09 (d, 3JH,H� 7.8 Hz, 24H, m to P),
2.34 ppm (s, 36H, CH3); 13C{1H} NMR:[54] �� 145.7 (dd, 1JC,F� 226 Hz,
2JC,F� 22 Hz, o to Pt), 140.9 (s, p to P), 136.6 (dm, 1JC,F� 240 Hz, p to Pt),
136.8 (1JC,F� 248 Hz, m to Pt), 134.2 (virtual t, 2JC,P� 6.5 Hz, o to P), 128.7
(virtual t, 3JC,P� 5.5 Hz, m to P), 126.9 (virtual t, 1JC,P� 29.4 Hz, i to P),
106.5 (s, PtC�C), 95.5 (s, PtC�C), 65.7 (s, PtC�CC), 63.0, 61.0, 57.1 (3 s,
other C�C), 21.3 ppm (s, CH3); MS:[56] 2085 (PtC12Pt�, 5%).


trans,trans-[(C6F5)(p-tol3P)2Pt(C�C)8Pt(Pp-tol3)2(C6F5)] (PtC16Pt): A
three-neck flask was charged with PtC8Si (0.140 g, 0.119 mmol) and
acetone (15 mL), and fitted with a gas dispersion tube and a condenser.
A Schlenk flask was charged with CuCl (0.100 g, 1.02 mmol) and acetone
(30 mL), and TMEDA (0.060 mL, 0.40 mmol) was added with stirring.
After 30 min, stirring was halted and a green solid separated from the blue
supernatant. Then nBu4NF (1.0� in THF/5 wt% H2O, 0.028 mL,
0.028 mmol) was added to the solution of PtC8Si with stirring. After
10 min, ClSiMe3 (0.014 mL, 0.11 mmol) was added. Then O2 was bubbled
through the solution. After 10 min, the blue supernatant was added in
portions.[60] After 1 h, solvent was removed by oil pump vacuum. The
residue was extracted with hexane (3� 15 mL), which was passed through a
neutral alumina column (15 cm, packed in hexane) and discarded, and then
with benzene (3� 10 mL), which was filtered through the same column.
Solvent was removed by oil pump vacuum. Methanol (20 mL) was added,
and the apricot powder was collected by filtration and dried by oil pump
vacuum to give PtC16Pt (0.118 g, 0.055 mmol, 92%), decomp pt (capillary,
gradual darkening without melting) 270 �C. Elemental analysis calcd (%)
for C112H84F10P4Pt2: C 63.04, H 3.97; found: C 62.49, H 4.16;[58] 1H NMR
(CDCl3),[59] �� 7.44 (m, 24H, o to P), 7.10 (d, 3JH,H� 7.8 Hz, 24H, m to P),
2.35 ppm (s, 36H, CH3); 13C{1H} NMR:[54] �� 145.7 (dd, 1JC,F� 226 Hz,
2JC,F� 22 Hz, o to Pt), 141.0 (s, p to P), 137.0 (dm, 1JC,F� 235 Hz, p to Pt),
136.5 (dm, 1JC,F� 249 Hz, m to Pt), 134.2 (virtual t, 2JC,P� 6.5 Hz, o to P),
128.7 (virtual t, 3JC,P� 5.5 Hz, m to P), 126.8 (virtual t, 1JC,P� 30.5 Hz, i to
P), 109.1 (s, PtC�C), 95.0 (s, PtC�C), 66.7 (s, PtC�CC), 64.9, 63.1, 61.5, 60.1,
56.8 (5 s, other C�C), 21.3 ppm (s, CH3). MS[56] 2133 (PtC16Pt�, 1%).


Attempted coupling of PtC8Si and HC�CSiEt3 : Complex PtC8Si (0.140 g,
0.119 mmol), acetone (15 mL), CuCl (0.100 g, 1.02 mmol), acetone
(30 mL), TMEDA (0.060 mL, 0.40 mmol), and nBu4NF (1.0� in THF/
5 wt% H2O, 0.028 mL, 0.028 mmol) were combined in a sequence
analogous to that given for PtC8Si. After 10 min, ClSiMe3 (0.014 mL,
0.11 mmol) was added. Then O2 was bubbled through the solution, and
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HC�CSiEt3 (0.197 g, 1.40 mmol) was added, followed by portions of the
blue supernatant.[60] After 1 h, solvent was removed by oil pump vacuum.
The residue was extracted with hexane (3� 15 mL), which was passed
through a neutral alumina column (15 cm, packed in hexane) and
discarded. The residue was then extracted with benzene (3� 10 mL) and
filtered through the same column. Solvent was removed by rotary
evaporation. The yellow powder was chromatographed on a silica gel
column (15 cm, 15:85 v/v CH2Cl2/hexane to elute traces of PtC10Si, then
40:60 v/v CH2Cl2/hexane). Solvent was removed from the second band by
oil pump vacuum to give a mixture of PtC16Pt, PtC20Pt, PtC24Pt as a red
powder (0.020 g). The residue was extracted with HPLC grade CH2Cl2. The
extract was filtered through glass wool and analyzed by HPLC (11:89 v/v
CH2Cl2/hexane on a standard silica gel column) to give the data in Table 4
and Figure 1 (typical retention times (min): PtC24Pt, 30.92; PtC20Pt, 43.12;
PtC16Pt, 66.75).


PtC10Si : IR (powder film): �
(�C�C)� 2026 (s), 1930 cm�1 (s); 1H NMR
(CDCl3): �� 7.43 (m, 12H, o to P), 7.10 (d, 3JH,H� 8.0 Hz, 12H,m to P), 2.34
(s, 18H, C6H4CH3), 0.93 (t, 3JH,H� 7.8 Hz, 9H, CH2CH3), 0.63 ppm (q,
3JH,H� 7.8 Hz, 6H, CH2CH3); 31P{1H} NMR: �� 18.0 ppm (s, 1JP,Pt�
2613 Hz);[55] MS:[56] 1206 (PtC10Si�, 1%), 970 ([(C6F5)Pt(Ptol3)2]� , 50%),
803 ([Pt(Ptol3)2]� , 100%).


Mixture of PtC16Pt, PtC20Pt, PtC24Pt (new signals of PtC20Pt, PtC24Pt
italicized): IR (powder film): �
(�C�C)� 2162 (w), 2138 (w), 2096 (m), 2057
(s), 2026 (s), 1988 cm�1 (s). 1H NMR (CDCl3): �� 7.43 (m, 24H, o to P), 7.09
(d, 3JH,H� 7.8 Hz, 24H, m to P), 2.34 ppm (s, 36H, CH3); 13C{1H} NMR:[54]


�� 141.1, 141.0 (2s, p to P), 134.2 (virtual t, 2JC,P� 6.1 Hz, o to P), 128.7
(virtual t, 3JC,P� 5.5 Hz, m to P), 126.8, 126.7 (virtual t, 1JC,P� 30.5 Hz, i to
P), 109.1 (s, PtC�C), 95.0 (s, PtC�C), 66.7, 64.8, 63.4, 63.1, 62.1, 61.5, 60.1,
56.8 (s, other C�C), 21.4 ppm (s, C6H4CH3); 31P{1H} NMR: �� 18.2, 17.9,
18.0 (s, 1JP,Pt� 2609 Hz),[55] 8:77:15; MS:[56] 2182 (PtC20Pt�, 2%), 2133
(PtC16Pt�, 5%), 970 ([(C6F5)Pt(Ptol3)2]� , 50%), 802 ([Pt(Ptol3)2-H]� ,
100%).


trans,trans-[(C6F5)(Et3P)2Pt(C�C)4Pt(PEt3)2(C6F5)] (Pt�C8Pt�): A Schlenk
flask was charged with PtC8Pt (0.204 g, 0.100 mmol) and CH2Cl2 (40 mL).
Then Et3P (0.12 mL, 0.80 mmol) was added with stirring. After 2 h, solvent
was removed by oil pump vacuum. Ethanol (10 mL) was added. The solid
was collected by filtration, washed with ethanol (2� 10 mL), and dried by
oil pump vacuum to give Pt�C8Pt� as a yellow powder (0.122 g, 0.0944 mmol,
94%), dec pt (capillary) 189 ± 192 �C;[58, 61] 1H NMR (CDCl3):[59] �� 1.72
(m, 24H, CH2), 1.04 ppm (m, 36H, CH3); 13C{1H} NMR:[54] 146.9 (dd,
1JC,F� 226 Hz, 2JC,F� 22 Hz, o to Pt), 137.1 (dm, 1JC,F� 245 Hz, m/p to Pt),
103.4 (s, PtC�C), 91.1 (s, 2JC,Pt� 285 Hz, PtC�C), 63.9 (s, PtC�CC), 57.6 (s,
PtC�CC�C), 15.5 (virtual t, 1JC,P� 17.5 Hz, CH2), 7.7 ppm (s, CH3); MS:[56]
1292 (Pt�C8Pt��, 26%), 598 ([(C6F5)Pt(PEt3)2]� , 12%).


trans,trans-[(C6F5)(Et3P)2Pt(C�C)6Pt(PEt3)2(C6F5)] (Pt�C12Pt�): A
Schlenk flask was charged with PtC12Pt (0.118 g, 0.0566 mmol) and CH2Cl2
(10 mL). Then Et3P (0.029 g (mass difference between loaded and dis-
charged syringe), 0.24 mmol) was added with stirring. After 1 h, solvent was
removed by oil pump vacuum. The residue was extracted with methanol
(3� 5 mL) and then CH2Cl2 (3� 5 mL). The extracts were passed in
sequence through a neutral alumina column (15 cm, packed in methanol).
Solvent was removed from the CH2Cl2 extracts by rotary evaporation and
oil pump vacuum to give Pt�C12Pt� as a yellow powder (0.067 g, 0.051 mmol,
90%), dec pt (capillary, onset) 270 �C;[58, 61] 1H NMR (CDCl3):[59] �� 1.72
(m, 24H, CH2), 1.04 ppm (m, 36H, CH3); 13C{1H} NMR:[54] �� 146.9 (dd,
1JC,F� 226 Hz, 2JC,F� 22 Hz, o to Pt), 137.1 (dm, 1JC,F� 245 Hz, m/p to Pt),
108.1 (s, PtC�C), 90.6 (s, PtC�C), 65.7 (s, PtC�CC), 63.0, 61.1, 56.7 (3 s,
other C�C), 15.3 (virtual t, 1JC,P� 18.3 Hz, CH2), 7.7 ppm (s, CH3); MS:[56]
1342 ([Pt�C12Pt��H]� , 5%).
Cyclic voltammetry : A BAS CV-50W Voltammetric Analyzer (Cell Stand
C3) with the program CV-50W (version 2.0) was employed. Cells were
fitted with Pt working and counter electrodes, and a Ag wire pseudorefer-
ence electrode. All CH2Cl2 solutions were 7 ± 9� 10�4� in substrate, 0.1� in
nBu4NBF4 (crystallized from ethanol/hexane and dried by oil pump
vacuum), and prepared under nitrogen. Ferrocene was subsequently
added, and calibration voltammograms recorded. The ambient laboratory
temperature was 22.5� 1 �C.
Crystallography : A : Ethanol vapor was allowed to diffuse into a toluene
solution of PtC8Pt at room temperature. After one week, the thin yellow
plates of PtC8Pt ¥ (toluene) had formed, and data were collected as outlined


in Table 5. Cell parameters were obtained from 10 frames using a 10� scan
and refined with 37010 reflections. Lorentz, polarization, and absorption
corrections[62] were applied. The space group was determined from
systematic absences and subsequent least-squares refinement. The struc-
ture was solved by direct methods. The parameters were refined with all
data by full-matrix-least-squares on F 2 using SHELXL-97.[63] Non-hydro-
gen atoms were refined with anisotropic thermal parameters. The hydrogen
atoms were fixed in idealized positions using a riding model. Scattering
factors were taken from literature.[64] The asymmetric unit contained a half
molecule of disordered toluene. B : Ethanol vapor was allowed to diffuse
into a benzene solution of PtC12Pt at room temperature. After one week,
the thin yellow needles of PtC12Pt ¥ (benzene)4(ethanol) had formed, and
data were collected and refined as in A (cell parameters from 20768
reflections). The asymmetric unit contained four molecules of benzene and
one of disordered ethanol. C : Ethanol vapor was allowed to diffuse into a
benzene solution of PtC16Pt at room temperature. After one week, the thin
orange needles of PtC16Pt ¥ (benzene)10 had formed, and data were
collected and refined as in A (cell parameters from 16192 reflections).
The unit cell contained ten benzene molecules. D : A CH2Cl2 solution of
Pt�C12Pt� was allowed to slowly evaporate. After one week, yellow prisms
had formed, and data were collected and refined as in A (cell parameters
from 3204 reflections). The structure was refined as a racemic twin with a
52:48 ratio (Flack parameter: 0.520(15)).[65]
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Combined Effects of Electrostatic and � ±� Stacking Interactions:
Selective Binding of Nucleotides and Aromatic Carboxylates by
Platinum(��) ±Aromatic Ligand Complexes
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Giuseppe Arena,[c] Reiko Takamido,[b] Mieko Hanaki,[b] Yasuhiro Funahashi,[e]
Akira Odani,[f] and Osamu Yamauchi*[a]


Abstract: Adduct formations of PtII


complexes containing an aromatic dii-
mine (DA) and an �-amino acid (A)
with an aromatic carboxylate (AR) or a
mononucleotide (NMP) has been stud-
ied by synthetic, structural, spectroscop-
ic, and calorimetric methods. Several
adducts between PtII complexes,
[Pt(DA)(�-A)] (charges are omitted;
DA� 2,2�-bipyrimidine (bpm); A� �-
arginine (�-Arg), �-alaninate (�-Ala),
and AR (� indole-3-acetate (IA), genti-
sate (GA)) or GMP were isolated as
crystals and structurally characterized
by the X-ray diffraction method. GMP
in [Pt(bpm)(Arg)](GMP) ¥ 5 H2O was
revealed to be bound through the � ±�
stacking and guanidinium ± phosphate


hydrogen bonds. The [Pt(DA)(A)]-AR
and -NMP systems in aqueous solution
exhibited NMR upfield shifts of the
aromatic ring proton signals due to
stacking. The stability constants (K) for
the adducts were determined by absorp-
tion and NMR spectra and calorimetric
titrations. The logK values were found
to be in the range 1.40 ± 2.29 for AR and
1.8 ± 3.3 for NMP, the order for NMP
being GMP�AMP�CMP�UMP. The
�H � values were negative for all the


systems studied, and the values for AR
(� IA and GA) were more negative than
those for NMP, indicating that ARs are
stronger electron donors than NMPs.
Comparison of the logK values for
[Pt(bpm)(�-Arg)] and [Pt(bpm)(�-Ala)]
(Ala� alaninate) indicated that the Arg
moiety further stabilized the adducts
by the guanidinium ± carboxylate or
± phosphate hydrogen bonds. The com-
bined effects of weak interactions on the
stability of the adducts in solution are
discussed on the basis of the thermody-
namic parameters and solid state struc-
tures.


Keywords: hydrogen bonds ¥
nucleotides ¥ platinum(��) complexes
¥ stability constants ¥ stacking
interactions


Introduction


Specificity and efficiency of chemical and biological reactions
owe much to noncovalent or weak interactions.[1] These are
important for the stabilization of for example protein
structures,[1c, 2±5] DNA base pair formation,[6] electron transfer
pathway formation,[7] and are responsible not only for
recognition and specific binding between molecules but also
for the structural change upon binding.[1b, d] Various interac-
tions including CH ±�,[8] NH ±�,[9] and cation ±�[10±13] inter-
actions are thus attracting much attention. Molecules can be
organized by metal coordination and various weak interac-
tions, so that the molecular design and effective use of such
binding forces are of prime importance in supramolecular
chemistry.[14] Highly specific intermolecular binding as ob-
served for proteins is attained by combination of several
interacting groups, so that information on the modes and
contributions of the interactions of individual groups[15] will
serve as a basis for organization of molecules and construction
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of multicomponent reaction systems. Planar platinum(��)
complexes with aromatic nitrogen ligands are known to be
DNA intercalators,[16±18] while chiral octahedral complexes of
ruthenium(��) and other metal ions with similar ligands have
been shown to bind with DNA in an enantioselective way.[19±23]


In dilute aqueous solution PtII complexes such as
[Pt(phen)(en)]2� (phen� 1,10-phenanthroline; en� ethyle-
nediamine)[24] were found to form stable adducts with
nucleotide 5�-monophosphates (NMPs) through aromatic ring
stacking as an important binding force.[25±29] This result
supported the DNA intercalation of PtII complexes by
stacking and was in line with the X-ray crystal structure
analyses, for example, of [PtCl(terpy)] ¥ AMP[30] and
[Pt(bpy)(en)] ¥ AMP[31] (terpy� 2,2�:6�,2��-terpyridine) and ex-
tended H¸ckel molecular orbital calculations.[26]


Intramolecular electrostatic interactions or hydrogen bonds
and stacking interactions in mixed ligand metal complexes
involving amino acids have been shown to enhance the
stability of the complexes relative to those without such
interactions.[31±37] These observations indicate that metal
complexes of ligands with interacting groups can be the site
of recognition and may be regarded as receptors for uncoor-
dinated molecules. In addition the metal center such as PtII is
expected to assist the interactions by its planar coordination
structure and electron withdrawing effect.[28] With these
points in mind, we carried out synthetic, structural, spectral,
and calorimetric studies on the receptor ability of PtII


complexes incorporating an aromatic bidentate ligand (DA)
and an amino acid (�-A) with a charged or polar side chain
group, [Pt(DA)(�-A)] (charges are omitted). In the present
studies we aimed at obtaining information on the combined
effects of stacking and electrostatic interactions in selective
adduct formation with NMPs or aromatic carboxylates (ARs)
as guest molecules (Scheme 1). NMPs such as AMP and GMP
have now been found to be bound more strongly with
[Pt(DA)(A)] having a basic amino acid, �-Arg or �-Lys, than
with the complexes having �-Ala in place of �-Arg or �-Lys.
The [Pt(bpm)(�-Arg)] ± GMP adduct isolated as crystals has
been revealed to have intramolecular guanidinium ± phos-
phate hydrogen bonds and bpm ± guanine � ±� interactions
and interesting guanine ± guanine hydrogen bonds, as re-
vealed for the guanine quartet in telomeres, between the
adduct units. These results substantiate the effects of com-
bined weak interactions and correlate the structural and
solution chemical phenomena.


Results and Discussion


Structural characterization of PtII complexes and the adducts
with guest molecules


Molecular structure of [Pt(bpm)(�-Arg)]Cl2 ¥ 3H2O (2): The
structure of complex 2, one of the PtII complexes with a
positively charged side chain, was determined by the X-ray
diffraction method and is shown in Figure 1; PtII is in a square-
planar geometry formed by the two nitrogen atoms from bpm


Scheme 1. Structures, numbering schemes, and abbreviations of selected
ligands and complexes used.


Figure 1. ORTEP drawing of [Pt(bpm)(�-Arg)] ¥ Cl2 ¥ 3H2O (2) with the
atomic labeling scheme. Thermal ellipsoids are drawn at the 50 %
probability level. Chloride ions and water molecules are omitted for
clarity. Selected bond lengths [ä] and bond angles [�]: Pt ± O(1) 1.993(7),
Pt ± N(1) 2.041(10), Pt ± N(4) 1.996(8), Pt ± N(5) 2.062(10);�O(1)-Pt-N(1)
95.6(4), �O(1)-Pt-N(4) 175.4(3), �O(1)-Pt-N(5) 82.1(4), �N(1)-Pt-N(4)
79.8(4),�N(1)-Pt-N(5) 177.1(4),�N(4)-Pt-N(5) 102.5(4).


and a nitrogen and an oxygen atom from �-Arg. The angle
between the bpm plane and the plane formed by the PtII ± �-
Arg bonds is 1.8�, which indicates that the PtII coordination
plane is nearly planar. The Pt ± N bond lengths (2.041(10),
1.996(8), and 2.062(10) ä for Pt ± N(1), Pt ± N(4), and Pt ±
N(5), respectively) and the Pt ± O bond length (1.993(7) ä)
are within the ranges of the reported values.[38] The side chain
containing the guanidinium group is extended sideways from
the coordination plane and the N(6) ± H moiety is involved in
the hydrogen bond with a chloride ion with the N(6) ± Cl(2)
distance of 3.30(1) ä.


Structures of the adducts and interaction modes : The
reactions of IA with 1 and 2 gave the adducts 3 and 4,
respectively, and the structure of 3 was successfully deter-
mined. On the other hand, 1 and 2 gave adducts 6 and 5,
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respectively, with GA; 5 was structurally characterized.
Complex 2 reacted with GMP to give the adduct 7 as crystals,
whose structure has been found to consist of discrete adduct
units bound by hydrogen bonds in the crystal structure.


[Pt(bpm)(�-Ala)](IA) ¥ 7H2O (3): The structure of 3 depicted
in Figure 2 shows that the [Pt(bpm)(�-Ala)] moiety has a
planar coordination structure with the bond lengths around
the PtII center nearly the same as those for 2. The IA molecule


Figure 2. ORTEP drawing of [Pt(bpm)(�-Ala)](IA) ¥ 7 H2O (3) with the
atomic labeling scheme. Thermal ellipsoids are drawn at the 50 %
probability level. Water molecules are omitted for clarity. Selected bond
lengths [ä] and bond angles [�]: Pt ± O(1) 1.994(7), Pt ± N(1) 2.009(8), Pt ±
N(4) 1.982(8), Pt ± N(5) 2.051(8); �O(1)-Pt-N(1) 95.3(3), �O(1)-Pt-N(4)
174.3(3), �O(1)-Pt-N(5) 82.0(3), �N(1)-Pt-N(4) 79.4(3), �N(1)-Pt-N(5)
177.1(3),�N(4)-Pt-N(5) 103.3(3). Selected interatomic distances [ä]: Pt ¥ ¥ ¥
C(16) 3.52(1), O(3) ¥ ¥ ¥ N(5) 2.94(1), N(1) ¥ ¥ ¥ C(17) 3.35(2), N(4) ¥ ¥ ¥ C(19)
3.46(1), C(4) ¥ ¥ ¥ C(18) 3.35(1), C(7) ¥ ¥ ¥ C(12) 3.47(2).


is bound in parallel with the
coordination plane through
stacking with coordinated bpm
with the spacing of ca. 3.4 ä
(N(1) ± C(17) 3.35(2), C(4) ±
C(18) 3.35(1), and N(4) ± C(19)
3.46(1) ä). Interestingly, one of
the carboxylate oxygen atoms
(O(3)) of IA is hydrogen-bond-
ed to the coordinated amino
group with the O(3) ± N(5) dis-
tance of 2.94 ä, and this may
have affected the orientation of
IA above the coordination
plane. The carboxylate oxygen
atoms are further bound with
the neighboring water mole-
cules with the distances of
2.70 ± 2.75 ä. The crystal struc-
ture is constructed by the piles
of the adduct units, forming a
layer structure with alternating
stacks of the bpm and indole
rings (N(4) ± C(13�) 3.39(1) and


N(3) ± C(12�) 3.45(2) ä) (Figure 3). The neighboring piles are
connected by the IA carboxylate ± water molecule hydrogen
bonds.


[Pt(bpm)(�-Arg)](GA)Cl ¥ 2H2O (5): The structure of 5
shown in Figure 4 indicates that the adduct exists in two
forms in a unit cell which may be regarded as a dimer. The two


Figure 3. Hydrogen-bonding network showing intermolecular association
of 3. Selected interatomic distances [ä]: Pt ¥ ¥ ¥ C(15�) 3.49(1), O(3) ¥ ¥ ¥ O(10)
3.40(1), O(4��) ¥ ¥ ¥ O(10) 2.70(1), N(1) ¥ ¥ ¥ C(15�) 3.48(1), N(3) ¥ ¥ ¥ C(12�)
3.45(2), C(5) ¥ ¥ ¥ C(14�) 3.48(1).


Figure 4. ORTEP drawing of [Pt(bpm)(�-Arg)]2(GA)2 ¥ Cl2 ¥ 4 H2O (5) with the atomic labeling scheme. Thermal
ellipsoids are drawn at the 50% probability level. Chloride ions and water molecules are omitted for clarity.
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complex molecules appear to sandwich a GA molecule with
the same side of the coordination plane facing GA, and the
remaining GA molecule stacks with a complex on the
opposite side. The aromatic ring of GA is bound with bpm
above one of the coordinated nitrogen atoms with the face-to-
face distance of 3.3 ä (O(6A) ± N(4A) 3.20(3), N(1A) ±
C(20A) 3.32(3), O(6B) ± N(4B) 3.24(3), and N(1B) ± C(20B)
3.39(4) ä) (Table 1). The side chain guanidinium group of


Arg is stretched outward to be involved in hydrogen bonds,
while the carboxylate group of GA is oriented in a different
direction. The other GA molecule of the dimeric unit is close
to the complexes sandwiching GA to be also bound through
face-to-face stacking. The GA carboxylate oxygen atoms of
each adduct unit are bound with the Arg guanidinium group
of a neighboring unit through two parallel O ¥ ¥ ¥ H ± N hydro-
gen bonds with the O ± N distances of 2.89(3) (O(3A) ±
N(7A�)), 2.84(3) (O(4A) ± N(8A�)), and 2.80(3) ä (O(3B) ±
N(7B��) and O(4B) ± N(8B��)) (Figure 5). These hydrogen
bonds contribute to the formation of the crystal structure. In
dilute aqueous solution, however, these intermolecular hydro-
gen bonds should be ineffective, and instead the hydrogen
bonds between the guanidinium and GA carboxylate groups
within the same PtII complex ± GA adduct unit should become
important for the adduct stability (see below).


[Pt(bpm)(�-Arg)](GMP) ¥ 5H2O (7): The structure of 7 (Fig-
ure 6) indicates that the guanine ring of GMP is in a face-to-
face stacking arrangement with a bpm-GMP distance of 3.3 ä
(N(13) ± C(5) 3.29(2) ä), which may be compared with that in
[Pt(bpy)(en)](AMP)[31] and [Pt(terpy)Cl](AMPH),[30] with
the distances of 3.5 and 3.3 ä, respectively. The side chain


Figure 5. Hydrogen-bonding network showing intermolecular association
of 5.


Figure 6. ORTEP drawing of [Pt(bpm)(�-Arg)](GMP) ¥ 5H2O (7) with the
atomic labeling scheme. Thermal ellipsoids are drawn at the 50 %
probability level. Water molecules are omitted for clarity. Selected bond
lengths [ä] and bond angles [�]: Pt ± O(1) 1.99(1), Pt ± N(1) 2.04(1), Pt ±
N(4) 2.04(1), Pt ± N(5) 2.06(1); �O(1)-Pt-N(1) 95.7(4), �O(1)-Pt-N(4)
174.8(5), �O(1)-Pt-N(5) 82.9(4), �N(1)-Pt-N(4) 79.2(5), �N(1)-Pt-N(5)
177.4(5), �N(4)-Pt-N(5) 102.2(5). Selected interatomic distances [ä]:
O(3) ¥ ¥ ¥ N(1) 3.45(2), O(3) ¥ ¥ ¥ C(4) 3.48(2), O(8) ¥ ¥ ¥ N(5) 2.93(2), O(8) ¥ ¥ ¥
N(6) 2.79(2), O(9) ¥ ¥ ¥ N(7) 2.83(1), N(1) ¥ ¥ ¥ C(15) 3.44(2), N(4) ¥ ¥ ¥ N(13)
3.46(2), N(13) ¥ ¥ ¥ C(5) 3.29(2).


of �-Arg is stretched along with the ribose 5�-phosphate
moiety of GMP toward to the opposite side of the stacked
coordination plane to interact with the phosphate moiety via
two parallel hydrogen bonds (N(6) ± O(8) 2.79(2), N(7) ± O(9)
2.83(1) ä). The hydrogen bond with the coordinated amino
group (N(5) ± O(8) 2.93(2) ä) further contributes to fixing the
phosphate group. It is remarkable that one [Pt(bpm)(�-Arg)]
complex molecule interacts with a GMP molecule via
combination of the stacking interaction and hydrogen bonds
to form a nearly discrete adduct unit even in the crystal
structure, where the adduct units are arranged in zigzag lines
by unique guanine ± guanine hydrogen bonds (N(9�) ± N(13)
2.82(2) and O(3) ± N(10�) 2.86(2) ä) (Figure 7). The gua-
nine ± guanine pairing pattern is reminiscent of that in the
guanine quartet in telomeres[39, 40] and indicates a versatile


Table 1. Selected bond lengths, angles, and interatomic distances for
[Pt(bpm)(�-Arg)]2(GA)2 ¥ Cl2 ¥ 4H2O (5).


a) Bond lengths [ä]


Pt(1)�O(1A) 2.03(2) Pt(1)�N(1A) 1.97(2)
Pt(1)�N(4A) 2.04(2) Pt(1)�N(5A) 2.03(2)
Pt(2)�O(1B) 1.95(2) Pt(2)�N(1B) 2.04(2)
Pt(2)�N(4B) 1.92(3) Pt(2)�N(5B) 2.00(2)


b) Bond angles [�]


O(1A)-Pt(1)-N(1A) 96.6(7) O(1A)-Pt(1)-N(4A) 176.5(6)
O(1A)-Pt(1)-N(5A) 83.8(7) N(1A)-Pt(1)-N(4A) 80.0(7)
N(1A)-Pt(1)-N(5A) 177.9(8) N(4A)-Pt(1)-N(5A) 99.6(8)
O(1B)-Pt(2)-N(1B) 96.2(7) O(1B)-Pt(2)-N(4B) 177.1(7)
O(1B)-Pt(2)-N(5B) 82.6(7) N(1B)-Pt(2)-N(4B) 81.0(8)
N(1B)-Pt(2)-N(5B) 176.3(8) N(4B)-Pt(2)-N(5B) 100.2(7)


c) Interatomic distances [ä]


Pt(1) C(21A) 3.39(3) Pt(1) C(16B���) 3.39(3)
Pt(2) C(16A����) 3.43(2) Pt(2) C(21B) 3.45(2)
O(3A) N(7A�) 2.89(3) O(4A) N(8A�) 2.84(3)
O(6A) N(4A) 3.20(3) O(3B) N(7B��) 2.80(3)
O(4B) N(8B��) 2.80(3) O(6B) N(4B) 3.24(3)
N(1A) C(20A) 3.32(3) N(1A) C(17B���) 3.33(3)
N(1A) C(19A) 3.49(3) N(1B) C(17A����) 3.35(3)
N(1B) C(20B) 3.39(4) N(1B) C(19B) 3.44(3)
C(1A) C(19A) 3.51(3) C(1B) C(18B) 3.51(4)
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hydrogen-bonding ability of the guanine base. The zigzag lines
are connected by the interactions between the phosphate and
sugar hydroxyl groups of two neighboring GMP molecules
with the O(6) ± O(8��) distance of 2.72(1) ä.


Adduct formation with aromatic carboxylates


We reported previously that PtII complexes containing for
example bpy, phen, formed adducts with nucleotides such as
AMP, GMP, and NAD.[25±29] The solid state structures of 3
(Figure 2) and 5 (Figure 4) indicate that 1, 2, and probably
other PtII complexes have the ability to form adducts with the


aromatic carboxylates through
aromatic ring stacking and hy-
drogen bonding.


1H NMR spectra and stability
constants : The 1H NMR spectra
of the PtII complex ± AR sys-
tems (AR� IA, SA, or GA) in
D2O, measured at room tem-
perature for solutions contain-
ing 2 m� AR and varying
amounts (0 ± 10 m�) of 1 or 2,
indicated that the signals for the
aromatic protons of AR are
shifted upfield upon formation
of adducts due to the ring
current effect,[41, 42] while the
shifts due to self-stacking in
AR solutions (�10 m�) were
found to be smaller than
0.01 ppm. The upfield shift ��,
which is expressed as the differ-
ence between the shift of AR
(�AR) and that in the presence
of a PtII complex (�Pt-AR), �AR ±
�Pt-AR, reflects the mode and
extent of stacking interactions.
Figure 8 illustrates the concen-
tration dependencies of the ��


values for the indole protons in
the 2 ± IA system, which indi-
cates the increase of �� values
with the concentration of the
complex and support that the
indole ring of IA is stacked with
the bpm moiety of 2 in dilute
solution. Similar curves were
obtained for the 1 ± IA system.
The observed shifts for 10 m�
PtII complex are large for H7
and H6 (��� 0.41 ± 0.47 ppm
for 2 and 0.34 ± 0.39 ppm for 1)
and small for H2 and H4 (���
0.22 ± 0.33 ppm for 2 and 0.20 ±
0.31 ppm for 1). This may re-
flect a rather restricted orienta-


tion of IA above the PtII coordination plane due to the
hydrogen bond as revealed for 3 in the solid state. On the
other hand, the upfield shifts for SA (��� 0.21 ± 0.28 ppm for
2 and 0.18 ± 0.24 ppm for 1) and GA (��� 0.34 ± 0.40 ppm for
2 and 0.30 ± 0.34 ppm for 1) are similar for all the protons,
probably because the benzene ring is smaller than the indole
ring. Since the carboxylate group is coplanar with the benzene
ring, it should affect the orientation because of the repulsion
between this and the coordinated carboxylate group in 1 and
2. The effect of the guanidinium group is evident from the
larger �� values for 2 as compared with those for 1, and
suggests that electrostatic interactions or hydrogen bonds
between the PtII complexes and AR contribute to stabilization


Figure 7. Intramolecular guanidinium ± phosphate and intermolecular guanine ± guanine hydrogen bonds for 7;
a) top view, b) side view, and c) interactions between guanines. Selected interatomic distances [ä]: O(3) ¥ ¥ ¥ N(10�)
2.86(2), N(9�) ¥ ¥ ¥ N(13) 2.82(2).
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Figure 8. Upfield shifts of IA in [Pt(bpm)(�-Arg)] ± IA (in D2O) plotted
against concentrations of the PtII complex. The curves were fitted by the
least-squares treatment. [IA]� 2 m� ; 23 �C; I� var. � IA2, � IA 4, � IA 5,
� IA6, � IA7.


of the adduct formed. The adduct formation is expressed by
Equation (1) for the 1:1 species (charges are omitted for
clarity):


[Pt(bpm)(A)]�AR �K [Pt(bpm)(A)] ¥ ¥ ¥ AR (1)


where A refers to �-Arg or �-Ala and AR to IA, SA, or GA.
The stability constants K have been determined by a least-
squares curve fitting procedure using the �� values for H5 for
IA, H4 for SA, and H3 for GA, obtained at 23 �C (I� var.).
The logK values together with the calculated �� values
(��calcd) for completely stacked species are shown in Table 2,


which indicates that the logK values are in the range 1.40 ±
2.29 and that the adducts with 2 are more stable than those
with 1 by about 0.4 ± 0.6 log units. This stability difference is
most probably due to the hydrogen bonds by the guanidinium
group of 2 which may contribute to binding and fixing the AR
molecule close to the coordination site. IA forms the most
stable adducts because of its aromatic ring size and high
electron density, and the stability difference between GA and
SA is ascribed to the effect of an additional hydroxyl group in
GA increasing the electron density of the benzene ring. The
[Pt(bpm)(A)] ¥ ¥ ¥ AR adducts were found to be somewhat less
stable than the corresponding adducts with NMP (see below).


195Pt NMR spectra : Addition of AR to an aqueous solution
(20 m�) of 2 caused a downfield shift of the 195Pt signal
relative to the shift of [Pt(en)2]Cl2 as standard. The AR
concentration dependencies of the 195Pt downfield shifts
(��Pt) for the 2 ± AR systems are shown in Table 3, which
indicates that the electron density of the PtII center was
decreased upon adduct formation with AR. The downfield


shifts for 100 % adduct formation (��Pt,adduct) were calculated
from the logK values to be 115(5), 75(1), and 59(2) ppm for
IA, GA, and SA, respectively, which implies that the
electronic effect on PtII is greater for more stable or more
strongly stacked adducts. These findings are in line with our
previous observations[28] for the PtII complex ± NMP systems
where the 195Pt NMR downfield shifts were attributed to
electron density decrease due to stacking interactions as a
result of delocalization of the electrons of PtII over coordi-
nated and stacked aromatic rings; we also observed a linear
relationship between the ��Pt values and the enthalpy
changes (��H �) for the adduct formation with NMP and
interpreted the results as reflecting the bonding interaction
between the aromatic rings with charge transfer from the �-
orbital (next HOMO) of NMP to the �* orbital (LUMO) of
[Pt(bpy)(en)].[26] The logK and ��Pt,adduct values obtained by
the present studies support that stacking as seen in the solid
state structures is the principal force for the adduct formation
in solution.


Adduct formation with NMP


1H NMR spectra : The 1H NMR chemical shifts for 1, 2, and
AMP in D2O are summarized in Table 4, and the numbering
schemes for bpm and AMP are shown in Scheme 1. The
assignment has been made by comparing the spectra for
[Pt(bpm)(en)] (9) and [Pt(bpm)(Gly)] (8). The spectra for 1:1
1 ± and 2 ± AMP systems exhibited upfield shifts, ���
�[Pt(bpm)(A)] � �adduct and �NMP� �adduct , for the signals of both
bpm and AMP, respectively, resulting from adduct formation.
The �� values for the 1:1 2 ± AMP system (10 m�) were
0.18 ppm for H6 of bpm and 0.21 ppm for H8 of AMP. Since
the upfield shift for H8 of AMP due to self-stacking was about
0.1 ppm for 10 m� AMP, the observed upfield shifts support
that the PtII complexes form adducts through stacking


Table 2. Stability constants, logK, for PtII complex ± AR adducts and
upfield shifts, ��calcd , for completely stacked species calculated from the
chemical shifts of 1H NMR spectra at room temperature.[a]


[Pt(bpm)(�-Arg)]2� (2) [Pt(bpm)(�-Ala)]� (1)
logK ��calcd [ppm] proton logK ��calcd [ppm] proton


IA 2.29(1) 0.52(1) H5 1.84(2) 0.71(1) H5
GA 2.20(6) 0.66(3) H3 1.84(5) 0.89(6) H3
SA 2.02(7) 0.44(3) H4 1.40(3) 0.96(5) H4


[a] Values in parentheses denote estimated standard deviations.


Table 3. Downfield shifts (��Pt [ppm]) for 195Pt NMR of [Pt(bpm)(�-
Arg)] ± AR systems.[a]


[AR] [m�] IA GA SA


10 18.4 10.5 8.6
20 32.4 20.7 12.2
40 54.8 35.9 24.8
60 68.0 42.0 32.1


100 73.1 47.1 38.2
200 82.3 54.3 41.6


[a] The shifts are expressed relative to the shift of [Pt(en)2]Cl2.


Table 4. 1H NMR upfield shifts (�� [ppm]) for 1:1 PtII complex ± AMP
systems.


[Pt(bpm)(�-Arg)] (2) [Pt(bpm)(�-Ala)] (1)
proton 5 [m�] 10 [m�] 5 [m�] 10 [m�]


bpm H4 0.007 0.009 0.008 0.011
H4� 0.015 0.017 0.008 0.012
H5 0.004 0.006 0.007 0.010
H5� � 0.036 � 0.038 � 0.019 � 0.025
H6 0.153 0.176 0.080 0.113
H6� 0.042 0.056 0.028 0.039


AMP H8 0.179 0.207 0.078 0.115
H2 0.142 0.171 0.084 0.123
H1� 0.089 0.106 0.049 0.071
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between the bpm and adenine rings. The �� values for the
bpm protons of 1 and 2 plotted against the concentration of
AMP show that the H6 signal exhibited the largest upfield
shift (��� ca. 0.4 ppm at 100-fold excess of AMP). The H6�
signal also shifted upfield (��� ca. 0.1 ppm), but the other
signals were rather insensitive to the adduct formation (���
0.1 ppm). The �� values for H6 and H6� protons were larger
for 2 than for 1, probably reflecting the adduct stability.


Stability constants calculated from the absorption spectral
changes : The absorption spectra of various PtII complex ±
NMP systems showed changes in the 300 ± 450 nm region
corresponding to the charge transfer between the stacked
aromatic rings. Figure 9 illustrates the difference absorption


Figure 9. Difference absorption spectra of 1:n [Pt(bpm)(en)] ± GMP
systems ([Pt(bpm)(en)], 0.1 m� ; n� 10 ± 50; I� var.).


spectra measured for the 1:n [Pt(bpm)(en)] ± GMP systems
(n� 0 ± 50) in aqueous solution (I� var.). Various spectral
patterns were observed for [Pt(DA)(en or A)] ± NMP systems
(DA� bpm, bpy, phen, and dpa; A� �-Ala, �-Arg, and �-
Lys). The stability constant K for the adduct formation
[Eq. (2)], which is similar to Equation (1), can be calculated
by a nonlinear least-squares method by using the intensities of
the difference spectra (�abs) at the wavelength showing the
largest spectral changes:


[Pt(DA)(en or A)]�NMP �K [Pt(DA)(en or A)] ¥ ¥ ¥ NMR (2)


Exclusive formation of the 1:1 adduct was confirmed by the
Benesi ± Hildebrand plots giving linear relationships. The
logK values for the [Pt(DA)(en or A)] ¥ ¥ ¥ NMP systems
(NMP�AMP, GMP, CMP, and UMP) determined at pH 6.5 ±
8.5 (23 �C; I� var.) are summarized in Table 5, which shows
that the stability sequence viewed from the nucleobases is in
the order, GMP�AMP�CMP�UMP for [Pt(bpy)(en or
A)], in agreement with our previous results.[25±29] The stability
of the adducts decreased in the order of DA, phen� bpy�
dpa� bpm; this indicates that phen, which has the largest
aromatic ring forms the most stable adducts due to effective
aromatic ring stacking and that bpy with a conjugated �-
system interacts with NMP more effectively than dpa without
it. The adducts with the bpm-containing PtII complexes are
less stable than those containing phen and bpy by 0.3 ± 0.7 log
units. The charged side chain of A has a strong effect on the
stability of the adducts. The [Pt(DA)(A)] ¥ ¥ ¥ NMP adducts


(DA� bpy, phen, and bpm; A� �-Arg and �-Lys; NMP�
AMP and GMP) are more stable than the [Pt(DA)(�-Ala)]
¥ ¥ ¥ NMP adducts by 0.4 ± 0.8 log units, suggesting that the
positively charged guanidinium and ammonium groups of �-
Arg and �-Lys, respectively, contribute to the adduct stability
by interaction with the negatively charged phosphate group of
NMP. This is supported by the fact that the stability constants
for Ado, which has no phosphate group are very similar to
each other irrespective of amino acids in the PtII complexes.
Comparison of the present logK values for [Pt(DA)(en)]
(DA� phen and bpy) with those determined at I� 0.1�
(KNO3) reveals that there is a decrease of ca. 0.5 log unit
due to addition of KNO3.[27, 28] The difference is considered to
correspond to the contribution of the electrostatic interac-
tions of the phosphate group with the Pt center and the amino
group of en.


Thermodynamic aspects of adduct formation


Calorimetric studies : The logK values as well as the
associated enthalpy and entropy values for formation of the
adducts between the complexes (1, 2, 9, and 13) and ARs (IA
and GA) or NMPs (AMP and GMP) were determined by
calorimetry (Table 6). It is worth mentioning that the stability
constants for NMP determined by calorimetric measurements
are in good agreement with those obtained by spectroscopy
(see above); the logK values obtained through the two
techniques, which probe different physical parameters, are
coincident within the experimental error. The discrepancy
observed for [Pt(bpm)(�-Arg)] ± GA and ± IA (see Tables 2
and 6) may be due to the small logK values and to the
different experimental conditions required by the two techni-
ques. The slightly larger standard deviations affecting GA and
IA thermodynamic parameters result from the simultaneous
determination of K and �H values. To be consistent the �H
and �S values were refined by using the entries listed in the
second column. The stability constants of the systems
reported in Table 6 do show some sizeable differences; for
example all the adducts with A� �-Arg are more stable than
the analogous adducts with A� �-Ala. To have a more
detailed description of the complexes we split the �G � value


Table 5. Stability constants, logK, for PtII complex ± NMP adducts calcu-
lated from absorption spectra at pH 6.5 ± 8.5 (23 �C; I� var.).[a]


Complex AMP GMP CMP UMP Ado


[Pt(bpy)(en)]2� 2.79(4) 2.85(3) 2.36(4) 1.9(1)
[Pt(bpy)(�-Arg)]2� (10) 3.13(3) 3.3(2) 2.37(5) 2.2(1) 2.11(8)
[Pt(bpy)(�-Lys)]2� (11) 3.06(2) 3.23(4) 2.25(4) 2.38(7) 2.09(5)
[Pt(bpy)(�-Asn)]� 2.43(4) 2.54(1) 1.84(8) 1.8(2) 1.8(3)
[Pt(bpy)(�-Gln)]� 2.62(4) 2.87(8) 1.89(6) 1.98(9) 2.27(2)
[Pt(bpy)(�-Ala)]� (12) 2.56(2) 2.75(7) 1.9(1) 1.8(2) 1.82(4)
[Pt(bpy)(Gly)]� 2.42(1) 2.70(5) 1.9(1) 1.64(5) 1.72(8)
[Pt(phen)(en)]2� 3.09(3) 3.01(3)
[Pt(phen)(�-Arg)]2� 3.23(5) 3.22(5) 2.00(4)
[Pt(phen)(�-Lys)]2� 3.12(3) 3.19(6) 2.03(4)
[Pt(phen)(�-Ala)]� 2.72(2) 2.68(2) 1.98(6)
[Pt(dpa)(en)]2� (13) 2.58(2) 2.45(5)
[Pt(bpm)(en)]2� (9) 2.39(4) 2.39(5)
[Pt(bpm)(�-Arg)]2� (2) 2.80(2) 2.96(4)
[Pt(bpm)(�-Ala)]� (1) 2.14(2) 2.12(4)


[a] Values in parentheses denote estimated standard deviations.
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into enthalpic and entropic contributions. In fact, comparable
stability constant values may result from significantly differ-
ent enthalpic and entropic contributions. For instance, the
formation of the adduct between four different methyl
substituted ammonium cations and a water-soluble resorcar-
ene is characterized by an almost identical �G � value, yet
resulting from opposite enthalpic and entropic contribu-
tions.[43] The adducts of [Pt(phen)(en)] with GMP and IMP
also exhibited opposite contributions of these parameters.[27]


Table 6 shows that all the adducts are enthalpically favored.
The thermodynamic values indicate that the adduct formation
is invariably driven by the enthalpic contribution irrespective
of the molecules providing the donor atoms involved in the
coordination to PtII, that is, �-Ala, �-Arg, or en, as well as of
the species involved in the stacking, that is, AMP, GMP, IA, or
GA. This is not surprising because experimental evidence
does indicate that for the interaction of small molecules in
water, this is the rule rather than the exception. In other
words, it is the mutual attraction between the interacting
particles rather than their desolvation that mainly drives the
formation of the adduct. This clearly indicates that in all the
complexes we are dealing with a ™non-classical∫ hydrophobic
effect.[26±28, 44±51] The data also show that the adduct is more
rigidified when the guest molecule is IA or GA, negative �H �
values of which are more than twice as large as the
corresponding values for NMP, showing that stacking of a
nucleotide, irrespective of the PtII complexes taken into
consideration, results in a significant drop of the enthalpic
contribution (��Ho


AR ����Ho


NMP � and �So


AR ��So


NMP	.
There is an even more subtle aspect that deserves some


comments. Regardless of the ligands involved in the primary
coordination to PtII, the stability (�G �) of the adducts of 2
containing �-Arg is greater than that of the �-Ala-containing
analogues. The greater stability of the �-Arg-containing
adducts results from a difference in the enthalpic contribution
between the �-Arg- and �-Ala-containing adducts. It has to be
underlined that in the comparison between them any differ-
ence arising from factors that are difficult to be analyzed
separately (e.g. the solvation of guests, solvation of the
complexes) is factored out in the sense that we are considering
differences (��G � or ��H �) only. The �H � contribution for
2 ¥¥ ¥ AR and 2 ¥¥¥ NMP is larger than that of the corresponding


adducts with 1 (Table 6). This indicates that the electrostatic
interaction between the guanidinium and carboxylate or
phosphate groups as seen in Figure 6 is possible only for the �-
Arg-containing systems and anchors the guests, thus render-
ing the stacking interaction more efficient. This in turn results
in a more favorable enthalpic contribution.


The systems containing en show �H � values that are lower
than those obtained for the analogous systems containing
either �-Ala or �-Arg. This is to be related with the greater
electron donor ability of en compared with �-Arg or �-Ala.
An electron richer moiety (e.g. [Pt(bpm)(en)] as compared
with [Pt(bpm)(�-Arg)]) is less prone to accept electrons from
the donating moiety (GMP or AMP), which results in a
weaker stacking interaction. This is seen from the 195Pt NMR
��Pt values as well as from the enthalpic values that are lower
than those obtained for the [Pt(bpm)(A)] complexes.


Structures of adducts and structure ± stability relationship as a
basis of molecular recognition and self-organization


Crystal structure analysis of the isolated adducts, 3, 5, and 7
revealed that the PtII complexes as hosts bind with AR and
NMP molecules as guests by � ±� interactions and various
hydrogen bonds or electrostatic interactions. For example, the
molecular structure of 3 shows how the PtII-complex 1 and IA
are held together to form an adduct by stacking between the
IA indole and bpm rings complemented by a hydrogen bond
between the IA carboxylate and coordinated amino groups. In
all the cases, the stacking between coordinated bpm and the
aromatic ring of AR or NMP, which may be crucial for
molecular association, and the hydrogen bonding contribute
to stability and host ± guest orientation of the resulting
molecular assembly; � ±� stacking leads to formation of piles
of aromatic rings, while hydrogen bonds connect the adducts
to form an organized structure. The 1H NMR spectra clearly
indicate the presence of the stacking interaction within the
adduct in dilute solution. The upfield shift due to the ring
current effect is larger for the indole ring of IA than for the
purine ring of AMP and GMP, which may reflect the energy of
stacking. The thermodynamic parameters and 195Pt NMR
downfield shifts clearly show that the stacking is a bonding
interaction with a negative �H � values. The presence of �-


Table 6. Stability constants and thermodynamic parameters for adduct formation (25 �C; pH 6.5 ± 8.5; I� var.).[a]


System logK �G � [kJ mol�1] �H � [kJ mol�1] T�S � [kJ mol�1]


[Pt(bpm)(�-Arg)]2� ± AMP 2.80(2)[b] 2.8(6)[d] � 16.0 � 16.7(7) � 0.7(7)
[Pt(bpm)(�-Ala)]� ± AMP 2.14(2)[b] 2.15(9)[d] � 12.2 � 12.4(8) � 0.2(8)
[Pt(dpa)(en)]2� ± AMP 2.58(2)[b] 2.6(1)[d] � 14.8 � 8.8(7) 6.0(7)
[Pt(bpm)(en)]2� ± AMP 2.39(4)[b] 2.4(6)[d] � 13.7 � 10.8(5) 2.9(5)
[Pt(bpm)(�-Arg)]2� ± GMP 2.96(4)[b] 2.95(9)[d] � 16.8 � 17.0(7) � 0.2(7)
[Pt(bpm)(�-Ala)]� ± GMP 2.12(4)[b] 2.1(1)[d] � 12.0 � 14.6(5) � 2.6(5)
[Pt(dpa)(en)]2� ± GMP 2.45(5)[b] 2.47(9)[d] � 14.1 � 10.6(6) 3.5(6)
[Pt(bpm)(en)]2� ± GMP 2.39(5)[b] 2.4(1)[d] � 13.7 � 11.3(5) 2.4(5)
[Pt(bpm)(�-Arg)]2� ± IA 2.29(1)[c] 2.01(4)[e] � 11.4 � 33(1) � 22(1)
[Pt(bpm)(�-Ala)]� ± IA 1.84(2)[c] 1.81(9)[d] � 10.3 � 29(1) � 19(1)
[Pt(bpm)(�-Arg)]2� ± GA 2.20(6)[c] 1.9(1)[e] � 10.8 � 41(1) � 30(1)
[Pt(bpm)(�-Ala)]� ± GA 1.84(5)[c] 1.91(7)[d] � 10.9 � 29(1) � 18(1)


[a] Values in parentheses denote estimated standard deviations. [b] Determined by absorption spectroscopy. [c] Determined by 1H NMR spectroscopy.
[d] Checked by calorimetry. [e] Determined by calorimetry.
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Arg in the complexes caused further upfield shifts most
probably due to the guanidinium ± carboxylate or ± phosphate
hydrogen bonds, which are considered to fix interacting
molecules in certain positions and increase the adduct
stability. The ESI-MS spectrum of 4 gave the peak due to
[Pt(bpm)(�-Arg)](IA)� (m/zobsd 701.2) as confirmed by the
isotope pattern, indicating that the adduct species is present in
solution.


IA forms stable adducts with the PtII complexes probably
due to its large indole ring with high electron density and
hydrophobicity. This was further corroborated by 195Pt NMR
investigations, which revealed the largest electron density
decrease of PtII in the present PtII complex ± AR adducts.
Since IA and NMP are to be regarded as electron donors in
the stacked adducts, it is evident that a poorer donor (NMP)
undergoes a less effective stacking, and this is reflected on less
favorable enthalpic contribution (Table 6) as well as on the
smaller �� values (Table 4). The downfield shifts of 195Pt
NMR may be interpreted as due to delocalization of electrons
over the entire adduct structure. Intramolecular stacking such
as in Cu(bpy)(AMP)[52±54] and Cu(bpy)(Trp)[29, 34, 55] has been
established to increase the stability of the ternary complexes
due to the bpy ± adenine and bpy ± indole stacking, respec-
tively, as revealed by X-ray analysis. It is remarkable that the
crystal structure of adduct 7 is constructed by the [Pt(bpm)(�-
Arg)] ¥ ¥ ¥ GMP units connected by the hydrogen bonds be-
tween the guanines and between the coordinated amino and
phosphate groups, while the structures of IA- and GA-
containing adducts, 3 and 5, respectively, are essentially
constructed by piles of stacked aromatic rings, and effective
interactions, that is, the � ±� interactions in 3 and the � ±�
interactions and guanidinium ± carboxylate double hydrogen
bonds in 5, occur between adduct units, leading to self-
organized assemblies. The information obtained from the
present studies will be a fundamental step toward under-
standing biological molecular recognition in protein ± protein,
protein ± DNA, and protein ± ligand interactions and con-
struction of functional molecular assemblies.


Experimental Section


Materials : AMP was purchased from Oriental Yeast, Ado from Kojin,
GMP, CMP, and UMP from Yamasa Shoyu, K2[PtCl4] from Tanaka Noble
Metals, bpm from Lancaster, bpy from Wako, en, SA, GA (sodium salt),
and dpa from Tokyo Kasei, and IA (potassium salt), phen, and amino acids
(�-Arg, �-Lys, �-Ala, and Gly) from Nacalai Tesque. Deuterium oxide was
obtained from Merck.


Spectral measurements : Absorption spectra were measured at room
temperature with a Shimadzu UV-3101PC recording spectrophotometer.
1H and 195Pt NMR spectra were recorded at 23 �C with a Varian VXR-300S
NMR spectrometer with tBuOH and [Pt(en)2]Cl2 as internal standards,
respectively. Electro-spray ionization mass spectra (ESI-MS) were meas-
ured with a Perkin-Elmer Sciex API-300 mass spectrometer. All the
samples were prepared by dissolving the complexes, organic carboxylates,
and nucleotides in water or deuterium oxide. SA was dissolved in water
containing an equivalent amount of NaOH.


[PtCl2(bpm)]: bpm (0.32 g, 2 mmol) dissolved in MeOH (50 mL) was
added to a solution of [PtCl2(dmso)2][56] (0.85 g, 2 mmol) in water (100 mL),
and the mixture was stirred overnight at room temperature. The precipitate
was collected by filtration (0.84 g, 96 %). Elemental analysis calcd (%) for


C8H6N4Cl2Pt ¥ 0.5H2O (433.16): C 22.18, H 1.63, N 12.93; found: C 22.30, H
1.48, N 12.89.


[PtCl2(dpa)]: This was prepared in the manner described for [PtCl2(bpm)]
from [PtCl2(dmso)2] (2.11 g, 5 mmol) and dpa (0.86 g, 5 mmol) to yield the
title compound (2.0 g, 86%). Elemental analysis calcd (%) for
C7H10N2Cl2Pt (388.16): C 27.47, H 2.07, N 9.62; found: C 27.73, H 2.17, N
9.50.


[Pt(bpm)(�-Ala)]Cl (1): A solution of �-Ala (0.10 g, 1.5 mmol) and tBuOK
(0.13 g, 1.5 mmol) in water (10 mL) was added to a suspension of
[PtCl2(bpm)] (0.43 g, 1 mmol) in 50 % aq MeOH (50 mL), and the mixture
was stirred at 70 ± 80 �C until a clear solution was obtained. The solution
was concentrated, and the residue was recrystallized twice from aq acetone
to give the product as a yellow powder (75 mg, 15%). Elemental analysis
calcd (%) for C11H12N5O2ClPt ¥ H2O (494.80): C 26.70, H 2.85, N 14.15;
found: C 26.97, H 2.61, N 14.41.


[Pt(bpm)(�-Arg)]Cl2 (2): This was prepared analogously from
[PtCl2(bpm)] (0.43 g, 1 mmol) and �-Arg (0.21 g, 1.2 mmol) without
addition of tBuOK to yield yellow plates (0.11 g, 16 %). Elemental analysis
calcd (%) for C14H20N8O2Cl2Pt ¥ 3H2O (652.40): C 25.77, H 4.02, N 17.18;
found: C 25.80, H 3.90, N 17.33.


[Pt(bpm)(�-Ala)](IA) (3): Complex 1 (72 mg, 0.15 mmol) and IA (38 mg,
0.18 mmol) were dissolved in 50% aq MeOH (20 mL), and the solution was
stirred for 1 h and concentrated. Recrystallization from aq EtOH gave red
plates (59 mg, 53%). Elemental analysis calcd (%) for C21H20N6O4Pt ¥
7H2O (741.61): C 34.01, H 4.62, N 11.33; found: C 34.14, H 4.37, N 11.49.


[Pt(bpm)(�-Arg)](IA)Cl (4): Complex 2 (0.13 g, 0.2 mmol) and IA (50 mg,
0.24 mmol) were dissolved in 50% aq MeOH (10 mL), and the solution was
stirred for 1 h and concentrated. Recrystallization from acetone/MeOH
gave a reddish brown powder (84 mg, 37%). Elemental analysis calcd (%)
for C24H28N9O4ClPt ¥ H2O (755.09): C 38.18, H 4.00, N 16.69; found: C
38.36, H 4.08, N 16.76.


[Pt(bpm)(�-Arg)](GA)Cl (5): Complex 2 (32 mg, 0.05 mmol) and the
sodium salt of GA (11 mg, 0.05 mmol) were dissolved in 50 % aq MeOH
(10 mL), and the solution was stirred for 1 h and concentrated. Recrystal-
lization from aq acetone gave orange needles (14 mg, 37%). Elemental
analysis calcd (%) for C21H25N8O6ClPt ¥ 2 H2O (752.04): C 33.54, H 3.89, N
14.90; found: C 33.42, H 3.82, N 15.18.


[Pt(bpm)(�-Ala)](GA) (6): This was prepared in the manner described for
5 from 1 (24 mg, 0.05 mmol) and GA (11 mg, 0.05 mmol) to yield orange
needles (12 mg, 39%). Elemental analysis calcd (%) for C18H17N5O6Pt ¥
H2O (612.46): C 35.30, H 3.13, N 11.43; found: C 35.02, H 2.93, N 11.56.


[Pt(bpm)(�-Arg)](GMP) (7): A solution of complex 2 (64 mg, 0.1 mmol)
and GMP (disodium salt, 52 mg, 0.1 mmol) in water (5 mL) was stirred
overnight, and the precipitate was filtered and recrystallized from water to
give yellow plates (40 mg, 39%). Elemental analysis calcd (%) for
C24H32N13O10PPt ¥ 5H2O (978.73): C 29.45, H 4.33, N 18.60; found: C
29.21, H 4.37, N 18.46.


[Pt(bpm)(Gly)]Cl (8): This was prepared in a manner similar to that for 1
to yield a pale yellow powder (82 mg, 17%). Elemental analysis calcd (%)
for C10H10N5O2ClPt ¥ H2O (480.77): C 24.98, H 2.50, N 14.57; found: C 25.05,
H 2.34, N 14.71.


[Pt(bpm)(en)]Cl2 (9): bpm (0.17 g, 1.1 mmol) dissolved in a small amount
of water was added to a suspension of [PtCl2(en)] (0.33 g, 1.0 mmol) in
water (30 mL), and the mixture was stirred for 2 h at 80 �C, filtered,
concentrated to a small volume, and mixed with MeOH to give an orange
powder (90 mg, 18%). Elemental analysis calcd (%) for C10H14N6Cl2Pt ¥
2H2O (520.28): C 23.09, H 3.49, N, 16.15; found: C 22.80, H 3.23, N 15.97.


[Pt(bpy)(�-Arg)]Cl2 (10): This was prepared according to the procedure for
2 to yield a yellow powder (0.13 g, 16%). Elemental analysis calcd (%) for
C16H22N6O2Cl2Pt ¥ 2H2O (632.41): C 30.39, H 4.14, N 13.29; found: C 30.24,
H 3.92, N 13.22.


[Pt(bpy)(�-Lys)](ClO4)2 (11): [PtCl2(bpy)] (85 mg, 0.2 mmol), �-Lys ¥ HCl
(37 mg, 0.2 mmol), and NaHCO3 (30 mg, 0.2 mmol) were mixed in aq
EtOH and stirred at 70 �C, when a clear yellow solution was obtained. The
solution was further stirred for 2 ± 3 h at 70 �C, filtered, and concentrated to
give a precipitate, which was removed by filtration. The filtrate was mixed
with a small volume of aq NaClO4 (ca. 5�) and kept overnight in a
refrigerator after concentration to yield a yellow powder (70 mg, 47%).







FULL PAPER O. Yamauchi et al.


¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 3341 ± 33523350


Elemental analysis calcd (%) for C16H22N4O10Cl2Pt ¥ 2 H2O (732.39): C
26.24, H 3.58, N 7.65; found: C 26.39, H 3.15, N 7.49.


Caution! Perchlorates may be explosive and should be handled with
caution.


[Pt(bpy)(�-Ala)]ClO4 (12): Na2CO3 ¥ H2O (62 mg, 0.5 mmol) dissolved in a
small volume of water was added to a suspension of [PtCl2(bpy)] (0.42 g,
1.0 mmol) and �-Ala (89 mg, 1.0 mmol) in aq MeOH, and the mixture was
stirred for 3 h at 80 �C, filtered, and concentrated. The residue was mixed
with aq NaClO4 (2.5 equiv) and a small volume of EtOH and kept in a
refrigerator to yield a yellow powder (0.12 g, 22%). Elemental analysis
calcd (%) for C13H14N3O6ClPt (538.80): C 28.98, H 2.62, N 7.80; found: C
29.19, H 2.43, N 7.69.


[Pt(dpa)(en)]Cl2 (13): A solution of en (0.78 g, 1.3 mmol) in a small volume
of water was added to a suspension of [PtCl2(dpa)] (0.44 g, 1.0 mmol) in
water (30 mL), and the mixture was stirred for 2 h at 80 �C and filtered. The
filtrate was concentrated to a small volume (5 mL), when a pale yellow
precipitate was formed. Recrystallization from MeOH gave pale yellow
needles (0.33 g, 60 %). Elemental analysis calcd (%) for C12H17N5Cl2Pt ¥
3H2O (551.33): C 26.14, H 4.21, N 12.70; Found: C 26.40, H 4.10, N 12.73.


[Pt(bpy)(en)]Cl2 and [Pt(phen)(en)]Cl2 were prepared according to the
literature.[57]


Calorimetric measurements : Thermogravimetric data were obtained by
means of a Perkin ± Elmer thermal analyzer TGS-2. The measurements
were carried out by heating samples of about 3 ± 4 mg mass at 10 K min�1 in
air from room temperature up to a final temperature of 900 �C. The
calorimetric runs were performed under isoperibol conditions. The
measurements were performed with a Tronac 450 isoperibol calorimeter
equipped with a 4 mL dewar cell. This calorimeter measured the temper-
ature changes following the addition of a titrant through a precision
thermistor which generated a voltage output. This output was converted
into a heat quantity by a precision heater.[58] The calorimetric apparatus
was calibrated by titrating 2-amino-2-hydroxymethyl-1,3-propanediol (tris)
with HCl.[59] As recommended, the dewar was calibrated beforehand to
ensure that the volume increase resulting from addition of the titrant did


not cause an increase in the heat leakage constant of the calorimetric
vessel. For the experiments described here the volume upper limit was
found to be 3.4 mL. Consequently the amount of titrant added was never
allowed to exceed 0.3 mL. Usually a solution of AMP or GMP (0.06 ±
0.07�) or a solution of IA or GA (0.1�) was added to 3 mL of a 3 ± 5 m�
solution of an appropriate platinum complex. Although it would have been
highly desirable to have higher titrant concentrations to maximize heat
effects, these concentrations were kept below the upper limit to avoid
problems connected with nucleotide self-stacking.[60, 61] Blank experiments
(see below) were carried out for evaluation of heat contributions arising
from association/dissociation of the nucleotide. IA and GA solutions
employed as titrants were always freshly prepared. For each system 3 ± 5
different independent titrations were performed. In all cases the titration
data, corrected for all non-chemical energy terms determined by separate
experiments, were refined simultaneously using the computer program
DOEC,[62] which minimizes the function U��jwj(Qi,calcd � Qj,exptl)2. Here
Qj is the heat of reaction at the jth point and is related to �H by �Qj �
�i�Hi�ni,j , where �ni and �Hi are the number of moles and the enthalpy of
the ith species (one in the present case), respectively, for obtaining the final
�H values.


X-ray structure determinations : Diffraction data for 2, 3, and 5 were
collected at 295 K with a Rigaku AFC-7R four-circle automated diffrac-
tometer with graphite-monochromated MoK� radiation (�� 0.71073 ä)
using a rotating anode generator. Crystals suitable for X-ray analysis were
obtained by recrystallization and mounted on a glass fiber. Accurate cell
dimensions were determined by least-squares refinement using 25 carefully
centered reflections with appropriate intensities. Intensity data were
collected by the �-2� scan technique with the scan rate of 16�min�1(�).
The reflection intensities were monitored by three standard reflections at
every 150 reflections, and the decays of intensities for all crystals were
within 2 %. All the data were corrected for both Lorentz and polarization
effects, and empirical absorption corrections were applied by using the
DIFABS program.[63] Diffraction data of 7 were collected at 295 K with a
Rigaku/MSC Mercury diffractometer with graphite monochromated MoK�


radiation for a crystal mounted on a glass fiber. A total of 720 oscillation


Table 7. Crystallographic data.


2 3 5 7


formula C14H26N8O5Cl2Pt C21H34N6O11Pt C42H58N16O16Cl2Pt2 C24H42N13O15PPt
Fw 652.41 741.62 1504.1 987.74
crystal color, habit yellow, plate red, prismatic orange, needle yellow, plate
crystal dimensions [mm] 0.30
 0.20
 0.10 0.20
 0.20
 0.20 0.50
 0.20
 0.05 0.50
 0.20
 0.03
crystal system orthorhombic orthorhombic orthorhombic monoclinic
lattice parameters
a [ä] 11.262(2) 17.412(3) 13.882(3) 8.828(2)
b [ä] 18.181(2) 22.759(4) 29.917(2) 11.060(2)
c [ä] 11.004(2) 7.017(2) 12.704(2) 18.214(3)
� [�] 94.537(10)
V [ä3] 2253.0(5) 2780(1) 5276(1) 1772.9(6)
space group P212121 P212121 P212121 P21


Z 4 4 4 2
�calcd [g cm�3] 1.923 1.771 1.893 1.833
F(000) 1272 1472 2960 980
� (MoK�) [cm�1] 64.82 50.92 54.61 40.74
2�max [�] 59.99 55.01 50.00 54.96
absorption correction DIFABS[a] DIFABS[a] DIFABS[a] numerical
transmission factors 0.3046 ± 0.5230 0.2962 ± 0.3612 0.6445 ± 0.7611
no. measd refls 3701 3648 5197 8300
no. independent refls 3675 3618 5165 7960
no. refls Included in refinement 3675 3618 5165 7949
no. variables 273 434 704 488
program of structure solution SIR92[b] SIR92[b] MITHRIL90[c] MITHRIL90[c]


R ; Rw[d] 0.088; 0.133 0.057; 0.089 0.069; 0.092 0.118; 0.204
R1[e] 0.047 0.034 0.037 0.077
no. refls to calcd R1 2761 2818 2932 6393
p Factor 0.078 0.044 0.026 0.074
residual el. density [eä�3] 3.35 1.00 1.09 1.95


[a] DIFABS.[44] [b] SIR92.[45] [c] MITHRIL90.[46] [d] R�� � �Fo �� �Fc � �/� �Fo �, Rw� {��(�Fo �� �Fc � )2/��F 2
o }1/2 ; ��1/�2(Fo)� {� 2


c (Fo)�p 2/4F 2
o }�1.


[e] R1 �� � �Fo �� �Fc � �/� �Fo � for I� 2�(I) data.
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images were collected using � scans from �70.0 to 100.0� in 0.50� steps, at
	� 45.0� and �� 0.0 and 90.0�. These data were collected and processed
using the CrystalClear program and corrected for Lorentz and polarization
effects, numerical absorption corrections being applied. Crystal data and
experimental details of the data collection for all the complexes analyzed
are summarized in Table 7.


The structures were solved by the direct method using SIR92[64] or
MITHRIL90[65] and expanded by Fourier techniques using the DIRDIF
program.[66] The non-hydrogen atoms were refined anisotropically against
�F 2 � by full-matrix least-squares calculations using all the reflection data.
Atomic scattering factors[67] and anomalous dispersion terms[68] were taken
from the literature. Hydrogen atoms for all structures were located at the
calculated positions with d(C ± H)� 0.95 ä except for water molecules and
hydroxyl groups of 5, and all hydrogen atoms were not refined. All the
calculations were performed by using the teXan program package.[69]


CCDC-201 005 (2), -201 006 (3), -201 007 (5), -201 008 (7) 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 deposit@ccdc.ca-
m.uk).
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U-Pin Polyamide Motif for Recognition of the DNA Minor Groove


Alexander Heckel and Peter B. Dervan*[a]


Abstract: DNA-binding hairpin pyrrole ± imidazole polyamides with �-aminobuty-
ric acid as a turn-forming residue tolerate A ¥T or T ¥A base pairs under the turn.
U-pins–polyamides with a different turn–have been synthesized and their DNA
binding properties were studied. The two turn-forming residues are connected via the
ring nitrogens using variable length aliphatic linkers ((CH2)n, n� 3 ± 6). Through
optimization of the linker length and the substituents at the 2-position of the pyrrole
residue on the U-turn, polyamides with G ¥C/C ¥G tolerant turns could be found,
which bind to DNA in a predictable manner.


Keywords: amino acids ¥ DNA
recognition ¥ pyrrole ± imidazole
polyamides ¥ U-pins


Introduction


Polyamides made from N-methylpyrrole (Py), N-methylimi-
dazole (Im) and N-methyl-3-hydroxypyrrole (Hp) amino
acids bind with high affinities and sequence specificities to
the minor groove of double stranded DNA. This opens the
door to an array of potential applications, for example
regulating gene expression and chromosomal staining.[1, 2]


The progression from the natural products netropsin and
distamycin to the current picture of DNA recognition with
polyamides has been summarized in a recent review article.[1a]


This journey has included systematic variations of atoms,
substituents, residues and entire motifs and the DNA-binding
characteristics of each variant have been measured by
quantitative footprinting titrations. Hairpin polyamides con-
sist of two strands of aromatic amino acids which are
positioned antiparallel side-by-side in the minor groove of
DNA. A pairing rule paradigm has been developed, wherein a
Py/Im pair targets a C ¥G base pair, while an Im/Py pair
targets a G ¥C base pair. Likewise, a Py/Hp combination
distinguishes A ¥T from T ¥A. A Py/Py pair is degenerate and
binds to both A ¥T and T ¥A but not to G ¥C or C ¥G.
Figure 1[3] shows a mnemonic to illustrate how polyamides
read the recognition pattern present in the minor groove. This
model presents our view of polyamides as modular DNA-
recognition tools, constructed using simple rules and a small
set of readily available monomer units (the residues). Poly-
amides target a considerable number of DNA sequences with


high affinity and selectivity; however, there are limitations.
Covalently linking the antiparallel polyamide strands with a
�-aminobutyric acid residue (GABA) in the hairpin motif
affords higher affinity binders. This also ensures a heterodi-
meric[4] binding mode with the DNA and locks the register of
the two strands with respect to each other, increasing the
specificity.[5] However, the hairpin motif has a sequence
requirement under the GABA turn residue, tolerating only
A ¥T/T ¥A base pairs for steric reasons.[6] In a recent inves-
tigation the influence of different tail residues on G/C
tolerance was studied.[7] Here, the ability of a new turn motif
to provide a similar G/C tolerance at the other end of the
recognition site are explored.
The intolerance of a GABA turn toward G ¥C/C ¥G base


pairs is due to the conflict with the steric bulk presented by the
exocyclic amino group of a guanine residue. This NH2 group
points outwards from the bottom of the minor groove ™on∫
which the alkyl chain of the GABA turn lies. An alternative
way to connect two polyamide strands is the ™H-pin∫ motif[8, 9]


in which two N-methyl groups of central residues are
connected with an alkyl chain leading to polyamide molecules
that resemble the letter ™H∫ (Figure 2). While these mole-
cules have the potential to target G ¥C/C ¥G tracts they are
significantly different in their architecture from hairpin
polyamides because they have a branched structure. As a
result they are more difficult to synthesize especially on solid
phase.[9] Moving the bridge away from the internal residues,
toward the edge of the molecule creates a linear oligomer
resembling the letter ™U∫ (Figures 2 and 3).
We refer to this new class of polyamides as ™U-pins∫ and to


the turn as a ™U-turn∫. While this only seems to be a minor
change, there were some caveats: To tolerate adjacent G/C
base pairs, it was possible that the substituent R (Figure 3) on
the U-pin would have to be hydrogen, to avoid a steric clash.
Compared with the analogous hairpin polyamide 2, such a
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Figure 2. Three motifs for DNA-binding polyamides: Hairpin, U-pin and
H-pin. As opposed to the two former, the latter has a branched architecture
with a concomitant additional level of complication in the synthesis. In this
black-and-white pictogram representation imidazole residues are drawn as
black circles and pyrrole residues as open circles. A methyl amide tail is
drawn as a triangle, a �-alanine residue as a diamond and an aminopropyl
group as a crescent with a ™�∫ sign. For structural formulae of these
polyamides see Figure 3 and ref. [9]. The arrows indicate the N�C
direction in the polyamide.


U-pin would have two fewer hydrogen bonds, and potentially
lower affinity. Furthermore, U-pins could theoretically bind to
DNA in modes other than the predicted ™normal∫ one
(Figure 4). U-pins could bind in reverse fashion, as is observed
for certain hairpin polyamides.[10]


Additionally, U-pins could extend and bind in a ™Z binding
mode∫ or, if the bridge were long enough, in a fully linear
binding mode. To address these questions, the U-pins 1a ± f
which have different linker lengths and substituents were
synthesized.


Results and Discussion


To prepare U-pins using estab-
lished solid-phase synthesis
methods,[11] it was necessary to
synthesize U-turn dimers
(Scheme 1). Starting from the
commercially available substi-
tuted pyrrole 3 compound 6was
obtained after nitration (�4),
esterification (�5), reduction
and Boc protection. Then imi-
dazole was alkylated with ace-
tyl-protected bromo alcohols of
different chain lengths to ob-
tain compounds 7a ± c. After
tricholoroacetylation the result-
ing trichloroketones 8a ± c were
converted to the O-deprotected
alcohols 9a ± c. To obtain the
dimer the alcohols were con-
verted to the respective iodides
using I2, PPh3 and imidazole.
After aqueous workup the
crude mixture of the iodide
and OPPh3 was directly used
for the alkylation of compound
6 to provide the compounds
10a ± c. This step was followed
by deprotection of the carbox-


ylic acid with TBAF and formation of methyl amides 11a ± c.
Finally, the building blocks 12a ± c were obtained after
saponification of the ethyl ester. Because compounds 12a ± c
readily decarboxylate upon acidification they were used as
their sodium salts.
The six-carbon bridged dimers 12d, 16 and 20 required a


slightly different route (Scheme 2). Since the requisite acetyl-
protected bromo alcohol is not commercially available, 1,6-
hexanediol as used as the starting material. After monoace-
tylation[12] (�13) the protected diol was treated with I2, PPh3
and imidazole. The crude iodide obtained after aqueous
workup was used directly for the alkylation of imidazole
(�7d). Trichloroacetylation (�8d) and esterification afford-
ed compound 9d, which was converted to the iodide and
treated with the nitro-substituted pyrrole 5 to obtain com-
pound 14. Nitropyrrole 5 was found to give better alkylation
yields than Boc-aminopyrrole 6. Reduction and Boc protec-
tion of compound 14 provided compound 10d. Deprotection
and amide bond formation using MeNH2 or NH3 afforded
compounds 11d and 15, respectively. After saponification, the
carboxylic acid sodium salts 12d and 16 were obtained and
again used without acidification to avoid decarboxylation.
Preparing the minimally substituted component 18 using the
crude iodide 17 and 3-nitropyrrole[13] proved to be impractical,
due to separation difficulties–the use of purified iodide 17,[14]


however, proceeded smoothly. After reduction and Boc
protection (�19), saponification afforded the sodium salt
20. The remaining building blocks for the solid-phase syn-
thesis were either commercially available or obtained accord-


Figure 1. Dip-and-bump-mnemonic for polyamides reading the recognition pattern of the DNA minor groove.
The pairing rules are represented as shape complementarities. Pyrrole residues are drawn in yellow, imidazole
residues in red and hydroxypyrrole residues in blue. The bottom of the minor groove (shown as a crescent)
presents its recognition pattern as a series of dips and bumps ± dips for hydrogen-bond acceptors and bumps for
hydrogen bond donors. A Py residue can be paired with itself (this combination tolerates but does not
discriminate between A ¥Tand T ¥A base pairs) or with an Im or an Hp residue. The former is drawn as a red ball
with a dip (a hydrogen bond acceptor position) matching the bump (the NH2 group) of a guanine base, the latter
as a blue ball with a bump symbolizing the steric bulk and hydrogen bond donor capability of the hydroxy group.
For polyamides with good binding affinities the following two rules must be obeyed: All bumps have to be
matched by a dip and vice versa. As only exception, a Py/Py pair with its neutral surface can match the dip of an
A ¥T base pair.[3]
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Figure 4. Representations of theoretically possible binding modes of
U-pins. In the ™normal∫ binding mode the N�C direction of the
polyamide is parallel to the 5�� 3� direction of the DNA, whereas in the
reverse binding mode it is antiparallel. These two binding modes have been
observed for hairpin polyamides with the latter occurring in some
exceptional cases only.[10] Depending on the length of the bridge in the
U-turn, binding in a previously unknown ™Z binding mode∫ or–in case of
longer bridges–in a linear (or 1:1) binding mode could also be
theoretically possible. Since the upper and lower strands of the DNA are
arbitrarily defined, the polyamide could of course also fit into the minor
groove after a 180� rotation around an axis perpendicular to the helix
axis–given an appropriate recognition pattern in the minor groove.


ing to literature proce-
dures.[2, 15, 16] Following estab-
lished solid phase synthesis pro-
tocols[7, 11] and using oxime res-
in, the U-pins 1a ± f and the
hairpin 2 were synthesized and
purified by RP-HPLC
(Scheme 3).
At first the question of the


optimal linker length was ad-
dressed. Therefore, DNase I
footprinting titration experi-
ments were performed with
the U-pins 1a ±d and the hair-
pin polyamide 2 as reference
compound on a restriction frag-
ment of the plasmid pDEH9
(Figure 5). This 250 base-pair
sequence has several potential
binding sites of interest. Ideally,
the U-pins 1a ± f should read a
sequence 5�-GGWC-3� (W�
A,T). The site labeled ™A∫ is
the only match site on this
restriction fragment; sites ™B∫
and ™C∫ are both designed
single base pair mismatch sites.
Site ™D∫ contains overlapping
regions to which the U-pins
could bind in all of the unwant-
ed binding modes (see Fig-
ure 4). The lower left corner of
Figure 5 shows the result of a
footprinting titration with the


reference hairpin 2. The affinities to the respective binding
sites are summarized in Table 1. Reference hairpin 2 binds
with high affinity and specificity to the match site
(site ™A∫).
Surprisingly, the U-pins showed a very similar behavior. In


all cases the footprint at the match binding site is the
dominant feature. U-pins 1a, b and d bind the DNA with
affinities nearly equal to that of reference compound 2–a
surprising result since these U-pins have one hydrogen bond
less than the reference compound. Only U-pin 1c with a five-
carbon linker has a significantly lower affinity in this DNA
context. A recent study on H-pins[9] showed a similar behavior
for the linker lengths: polyamides with a 4- or 6-carbon bridge
displayed the highest affinities, while polyamides with a five-
carbon bridge displayed lower affinities.
Significantly, the U-pins bind DNA in the ™normal∫ mode


essentially exclusively. For example, no footprint is observed
at site D, where the U-pins could theoretically bind in several
possible undesired binding modes. Furthermore, the U-pins
display specificities for the match over the single base pair
mismatch site that are comparable to the ones of hairpin
polyamide 2. Non-specific binding was only observed with
U-pin 1d at 5 n� or higher concentrations. Nonetheless, U-pin
1d displays significant DNA binding at concentrations below
5 n� and it had the best overall affinity in the series.


Figure 3. A comparison between U-pins and hairpins. Right: The U-pins 1a ± f and the reference hairpin
polyamide 2 synthesized for this study. Left: Hydrogen bonding pattern of hairpins and–extrapolating–the
putative hydrogen bonding pattern of U-pins. In this ™exploded view∫ the minor groove of DNA is drawn as
ladder. The steps of the ladder are the planes of the base pairs which present their respective recognition
elements: electron pairs (two dots in a circle) and H-bond donors (H in a circle).
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The tolerance for G/C adjacent to the U-turn element was
examined using plasmid pAH2 which incorporates designed
sites 5�-TGGTCX-3� that differ only in the base pair adjacent
to the core binding site (Figure 6). The X�T site appears
twice because it is also part of the plasmid pUC19,[17] from
which pAH2 was cloned.
Figure 7 shows the results of the footprinting experiments


with reference hairpin polyamide 2 and U-pins 1d ± f. The
binding affinities to the respective sites are summarized in
Table 2 and represented graphically in Figure 8.
As expected, the GABA residue of the hairpin polyamide 2


tolerates an A ¥Tor T ¥A base pair at the turn position, but the


binding affinity drops by one order of magnitude for X�C
and no binding was observed for X�G in the concentration
ranges used. This confirms the trend which had been
previously found for hairpin polyamides.[6] U-pins 1b and d
(with methyl amide substituents) encounter a lower energetic
penalty for binding the sites with X�C or G, but these
compounds also bind with slightly lower affinities than hairpin
polyamide 2. As pointed out earlier, a U-pin, such as 1b or d,
has one hydrogen bond less than a comparable hairpin
polyamide such as 2. Interestingly, in this DNA context U-pin
1b showed approximately the same affinity as U-pin 1d, while
U-pin 1d showed a higher affinity on the restriction fragment
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Scheme 1. Synthesis of the U-turn building blocks 12a ± c. a) HNO3, Ac2O; b) TMSEOH, NaH; c) 1. H2, Pd/C, 2. Boc2O, NaHCO3; d) Br(CH2)nOAc, NaH;
e) CCl3COCl; f) NaOEt; g) I2, PPh3, Im; h) 6, K2CO3; i) TBAF; j) 1. DCC, HOBt, 2. MeNH2, DIEA; k) NaOH.
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derived from the plasmid pDEH9 (cf. Figure 5 and Table 1).
Reducing the size of the ring substituent further increases the
tolerance for C or G adjacent to the turn residue: U-pin 1e
with the primary amide substituent, tolerates the three base


pairs A ¥T, T ¥A and C ¥Gwith equal affinities. However, a G ¥
C base pair (where the exocyclic NH2 group of the G base is
closer to the substituent on the U-turn as in a C ¥G pair) still
causes a drop in affinity. Only U-pin 1 f with the unsubstituted
turn tolerates all base pairs equally. Its affinity is again lower
which was to be expected since this U-pin has one hydrogen
bond less than U-pins 1b, d and e and two hydrogen bonds less
than the hairpin polyamide 2. As a reference, six-ring hairpin
polyamides which have the same number of hydrogen bonds
generally bind with an equilibrium association constant of Ka


�108��1.[18]


Summary and Outlook


In summary, we have presented a newmotif for minor groove-
binding pyrrole ± imidazole polyamides. The U-pins were
designed to have a G/C-tolerant turn. While U-pins might
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Scheme 3. Solid-phase synthesis of the U-pin polyamides 1a ± f and hairpin polyamide 2 on oxime resin. In the pictogram representation the linker of the
oxime resin is drawn as a gray bar and the pyrrole and imidazole residues as circles according to the rules explained in Figure 2. a) 3 equiv 21, 6 equiv DIEA,
DMF, 14 h, RT, wash with DMF, CH2Cl2; b) 25% TFA in CH2Cl2, 2� 30 s, 2� 10 min, wash with CH2Cl2, DMF, DMF/DIEA, DMF; c) 3 equiv 21, 6 equiv
DIEA, DMF, 2 h, RT, wash with DMF, CH2Cl2; d) 3 equiv 12a ± d, 16 or 20 (activated with 2.7 equiv HBTU, 6 equiv DIEA, DMF, 15 min, RT), 2 h, RT, wash
with DMF, CH2Cl2; e) 3 equiv 22 (activated with 2.7 equiv HBTU, 6 equiv DIEA, DMF, 15 min, RT), 2 h, RT, wash with DMF, CH2Cl2; f) 50% TFA in
CH2Cl2, 2� 30 s, 2� 10 min, wash with CH2Cl2, DMF, DMF/DIEA, DMF; g) 9 equiv 23 (activated with 7 equiv HBTU, 6 equiv DIEA, DMF, 15 min, RT),
14 h, 37 �C, wash with DMF, CH2Cl2; h) 4 equiv 24 (activated with 3.8 equiv HOBt, 3.8 equiv DCC, DMF, 2.5 h, RT), 6 equiv DIEA, 2 h, RT, wash with DMF,
CH2Cl2; i) 7 equiv 25 (activated with 4 equiv HBTU, 6 equiv DIEA, DMF, 20 min, RT), 14 h, 37 �C, wash with DMF, CH2Cl2, CH2Cl2/MeOH, CH2Cl2;
j) saturated solution of MeNH2 in MeOH, 1 h, 37 �C, wash with MeOH, CH2Cl2, MeOH.


Table 1. Equilibrium association constants [��1] obtained in DNase I footprint-
ing experiments with the EcoRI/PvuII restriction fragment of the plasmid
pDEH9 and the polyamides 1a ± d and 2 (see also Figure 5). All experiments
were performed at least three times. Given are the average values and the
standard deviations (in parentheses).


Polyamide 5�-TGGTCA-3� 5�-TGGCCA-3� 5�-TGGGCA-3�
(site ™A∫) (site ™B∫) (site ™C∫)


1a (n� 3, R�CONHMe) 7.7� 109 (1.1) � 1� 108 � 2� 108


1b (n� 4, R�CONHMe) 8.0� 109 (1.2) � 108 � 108


1c (n� 5, R�CONHMe) 2.6� 109 (0.5) � 108 � 108


1d (n� 6, R�CONHMe) 1.7� 1010 (0.3) (5� 108)[a] (5� 108)[a]


2 (hairpin) 1.3� 1010 (0.2) � 4� 108 � 7� 108


[a] At this threshold polyamide 1d binds nonspecifically to the DNA fragment.
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Figure 5. Results of DNase I footprinting experiments with the EcoRI/PvuII restriction fragment of the plasmid pDEH9 and the polyamides 1b, d and 2. In
the lower right corner the sequence of the restriction fragment is shown (insert used for cloning in bold-face) and the four binding sites of interest are labeled
A, B, C and D (for a discussion see text). The only match site for such a U-pin is site A. The numbers indicate the position on the DNA fragment.
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Figure 6. Sequence of the EcoRI/PvuII restriction fragment of the plasmid
pAH2. The binding sites of interest are marked with boxes. The insert used
in the cloning process is shown in bold face.


theoretically bind to DNA in different binding modes (Fig-
ure 4), only binding in the so-called ™normal∫ mode was
observed and the U-pins showed good selectivity for binding
to match over mismatch sites. U-pins tolerate several different
linker lengths with the exception of five linking carbon atoms.
Probing the influence of the substitution of the turn on G/C
tolerance, it was found that U-pin 1e is best for tolerating a
C ¥G base pair. Finally, in order to target a DNA sequence in a
larger context which has a G ¥C base pair in the turn region it
was necessary to remove all substituents on the U-turn, as
evident from the binding behavior of U-pin 1 f. The U-pin
motif extends the repertoire of DNA sites that can be targeted
by polyamides.


Experimental Section


Compounds 21,[11a] 22,[11a] 24[2, 9] and 25[16] were obtained according to
literature procedures. All other chemicals used were purchased from
Aldrich. All reactions were performed under an Ar atmosphere and using
dry solvents. NMR spectra were recorded on a 300 MHz Varian Mercury


spectrometer. The spectra were referenced as indicated, using reported
chemical shifts for the respective signals.[19] Peaks were assigned by 2D
NMR spectroscopy and by comparison. UV/Vis spectra were recorded on a
Hewlett-Packard 8452A diode array spectrometer. High resolution mass
spectrometry was performed at the Mass Spectrometry Facility of the
University of California, Los Angeles (UCLA). All other mass spectra
were recorded at the mass spectrometry facility of the Division of
Chemistry and Chemical Engineering at Caltech. Analytical HPLC:
Beckman System Gold, 125 Solvent Module, 168 Detector, 508 Autosam-
pler, software: Gold Nouveau V1.7, unless otherwise noted the following
conditions were used: column: Varian Microsorb MV 300-8 C18, flow:
1 mLmin�1, solvents: A� 0.1% TFA in H2O, B�MeCN, gradient: 0�
60% B linear in 30 min. Preparative HPLC: Beckman System Gold, 127P
Solvent Module, 166P Detector, columns: 1) Waters PrepLC 25 mm
module, 2) Hamilton PRP-1, unless otherwise noted the following con-
ditions were used: solvents: A� 0.1% TFA in H2O, B�MeCN, gradient:
0% B (0 min), 0% B (5 min), 20% B (30 min), 25% B (50 min), 35% B
(60 min), 45% B (70 min), linear. Unless otherwise noted, enzymes were
purchased from Roche. The oligonucleotides (inserts) used for the
preparation of the plasmids were obtained from the Oligonucleotide
Synthesis Facility of the Beckman Institute at the California Institute of
Technology. Sequencing of oligonucleotides was performed by the Se-
quence Analysis Facility, Division of Biology, California Institute of
Technology. Radioactively labeled nucleotides were purchased from
Perkin ±Elmer. The footprinting experiments were performed according
to published procedures[20] using the general rule of �� 8690 Lmol�1 cm�1


per ring in a polyamide for the quantification which turned out to also hold
for U-pins. To quantify the gels they were exposed over night on Kodak
storage phosphor screens (SO230, purchased from Molecular Dynamics).
To obtain the images, the storage phosphor screen was scanned on a
Typhoon 8600 phosphorimager from Molecular Dynamics. For the analysis
the software ImageQuant (version 5.1) was used and the equilibrium
affinity constants were determined according to previously published
methods.[20] Abbreviations used: TMSE: trimethylsilylethyl, DCC: dicy-
clohexylcarbodiimide, HOBt: hydroxybenzotriazole, HBTU: 2-(1H-ben-
zotriazole-1-yl)-1,1,3,3-tetramethyluronium hexa-fluorophosphate, DIEA:
H¸nig×s base, Phth: ortho-phthalimide.


U-pins 1a ± f : The U-pins for this study were all prepared according to
reported solid phase synthesis protocols[7] on oxime resin (Novabiochem,
catalogue number 01-64-002, 0.48 mmolg�1) and using the conditions
detailed in Scheme 3. The U-pins were stored at �80 �C and the purity of
this stock was rechecked at the end of this study.


U-pin 1a : 1H NMR (300 MHz, DMSO, 25 �C, DMSO): �� 1.97 (m, 2H;
N(Py)CH2CH2CH2NH3


�), 2.18 (m, 2H; N(Py)CH2CH2CH2N(Im)), 2.66
(m, 8H; 2CONHCH3�N(Py)CH2CH2CH2NH3


�), 3.75 (s, 3H; NMe), 3.76
(s, 3H; NMe), 3.82 (s, 3H; NMe), 3.83 (s, 3H; NMe), 3.99 (s, 3H; NMe),
4.30 ± 4.32 (m, 4H; N(Py)CH2CH2CH2NH3


��N(Py)CH2CH2CH2N(Im)),
4.46 (m, 2H; N(Py)CH2CH2CH2N(Im)), 6.79 ± 7.57 (m; arom. H), 7.64 (m,
3H; NH3


�), 7.93 ± 7.97 (m, 2H; 2CONHMe), 9.72 (s, 1H; amide NH), 9.89
(s, 1H; amide NH), 9.96 (s, 1H; amide NH), 10.06 (s, 1H; amide NH), 10.42
(s, 1H; amide NH), 10.50 (s, 1H; amide NH); analytical HPLC: tR�
18.87 min; preparative HPLC: tR� 46 min; UV/Vis (H2O): �max� 244,
317 nm; MS (MALDI): m/z : calcd for C50H58N20O8: 1066.48; found:
1105.40 [M�K]� , 1089.43 [M�Na]� , 1067.44 [M�H]� .


U-pin 1b : 1H NMR (300 MHz, DMSO, 25 �C, DMSO): �� 1.69 (m, 4H;
N(Py)CH2CH2CH2CH2N(Im)), 1.98 (m, 2H; N(Py)CH2CH2CH2NH3


�),
2.67 (m, 8H; 2CONHCH3�N(Py)CH2CH2CH2NH3


�), 3.78 (s, 3H; NMe),
3.82 (s, 3H; NMe), 3.83 (s, 3H; NMe), 4.00 (s, 6H; 2NMe), 4.29 (m, 2H;
N(Py)CH2CH2CH2CH2N(Im)), 4.35 (m, 2H; N(Py)CH2CH2CH2NH3


�),


Table 2. Equilibrium association constants [��1] obtained in DNase I footprinting experiments with the EcoRI/PvuII restriction fragment of the plasmid
pAH2 and the polyamides 1b, d ± f and 2 (see also Figures 6 ± 8). All experiments were performed at least three times. Given are the average values and the
standard deviations (in brackets).


Polyamide 5�-TGGTCA-3� 5�-TGGTCT-3� 5�-TGGTCC-3� 5�-TGGTCG-3�


1b (n� 4, R�CONHMe) 6.3� 109 (1.5) 8.9� 109 (1.4) 2.4� 109 (0.3) 1.8� 108 (0.1)
1d (n� 6, R�CONHMe) 4.1� 109 (0.9) 6.5� 109 (1.4) 2.0� 109 (1.0) 2.0� 108 (0.5)
1e (n� 6, R�CONH2) 2.6� 109 (0.9) 2.6� 109 (1.0) 2.8� 109 (1.2) 4.1� 108 (1.5)
1f (n� 6, R�H) 2.3� 108 (0.4) 4.4� 108 (0.5) 2.9� 108 (0.8) 1.8� 108 (0.2)
2 (hairpin) 1.3� 1010 (0.1) 1.4� 1010 (0.1) 1.5� 109 (0.2) � 5� 107
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4.44 (m, 2H; N(Py)CH2CH2CH2CH2N(Im)), 6.79 ± 7.57 (m; arom. H), 7.65
(m, 3H; NH3


�), 7.90 ± 7.95 (m, 2H; 2CONHMe), 9.70 (s, 1H; amide NH),
9.88 (s, 1H; amide NH), 9.94 (s, 1H; amide NH), 10.02 (s, 1H; amide NH),
10.40 (s, 1H; amide NH), 10.44 (s, 1H; amide NH); analytical HPLC: tR�
19.58 min; preparative HPLC: tR� 50 min; UV/Vis (H2O): �max (�)� 250
(4.67� 104), 312 nm (6.91� 104 Lmol�1 cm�1); MS (MALDI): m/z : calcd


for C51H60N20O8: 1080.49; found: 1119.50 [M�K]� , 1103.47 [M�Na]� ,
1081.51 [M�H]� .


U-pin 1c : 1H NMR (300 MHz, DMSO, 25 �C, DMSO): �� 1.21 (m, 2H;
N(Py)CH2CH2CH2CH2CH2N(Im)), 1.66 (m, 2H; N(Py)CH2CH2CH2-
CH2CH2N(Im)), 1.75 (m, 2H; N(Py)CH2CH2CH2CH2CH2N(Im)), 1.96


Figure 7. Results of DNase I footprinting experiments with the EcoRI/PvuII restriction fragment of the plasmid pAH2 (see Figure 6) and the polyamides
1d ± f and 2. The numbers indicate the base-pair position and correspond to those in Figure 6.
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(m, 2H; N(Py)CH2CH2CH2NH3
�), 2.67 (m, 8H; 2CONHCH3�


N(Py)CH2CH2CH2NH3
�), 3.78 (s, 3H; NMe), 3.82 (s, 3H; NMe), 3.83 (s,


3H; NMe), 3.99 (s, 6H; 2NMe), 4.24 (m, 2H; N(Py)CH2CH2CH2CH2CH2-
N(Im)), 4.35 (m, 2H; N(Py)CH2CH2CH2NH3


�), 4.40 (m, 2H;
N(Py)CH2CH2CH2CH2CH2N(Im)), 6.78 ± 7.58 (m; arom. H), 7.66 (m, 3H;
NH3


�), 7.93 (m, 2H; 2CONHMe), 9.72 (s, 1H; amide NH), 9.89 (s, 1H;
amide NH), 9.95 (s, 1H; amide NH), 10.03 (s, 1H; amide NH), 10.42 (s, 1H;
amide NH), 10.46 (s, 1H; amide NH); analytical HPLC: tR� 20.18 min;
preparative HPLC: tR� 54 min; UV/Vis (H2O): �max (�)� 244, 311 nm; MS
(MALDI): m/z : calcd for C52H62N20O8: 1094.51; found: 1138.48 [M�K]� ,
1117.51 [M�Na]� , 1095.55 [M�H]� .


U-pin 1d : 1H NMR (300 MHz, DMSO, 25 �C, DMSO): �� 1.23 (m, 4H;
N(Py)CH2CH2CH2CH2CH2CH2N(Im)), 1.61 (m, 2H; N(Py)CH2CH2-
CH2CH2CH2CH2N(Im)), 1.73 (m, 2H; N(Py)CH2CH2CH2CH2CH2CH2-


N(Im)), 1.97 (m, 2H; N(Py)CH2CH2CH2NH3
�), 2.67 (m, 8H; 2CON-


HCH3�N(Py)CH2CH2CH2NH3
�), 3.78 (s, 3H; NMe), 3.82 (s, 3H; NMe),


3.83 (s, 3H; NMe), 3.99 (s, 6H; 2NMe), 4.22 (m, 2H;
N(Py)CH2CH2CH2CH2CH2CH2N(Im)), 4.35 (m, 2H; N(Py)CH2-
CH2CH2NH3


�), 4.38 (m, 2H; N(Py)CH2CH2CH2CH2CH2CH2N(Im)),
6.76 ± 7.58 (m; arom. H), 7.65 (m, 3H; NH3


�), 7.92 (m, 2H; 2CONHMe),
9.72 (s, 1H; amide NH), 9.90 (s, 1H; amide NH), 9.96 (s, 1H; amide NH),
10.03 (s, 1H; amide NH), 10.43 (s, 1H; amide NH), 10.47 (s, 1H; amide
NH); analytical HPLC: tR� 22.28 min; preparative HPLC: tR� 73 min,
gradient: 0% B (0 min), 0% B (5 min), 25% B (60 min), 35% B (90 min),
45% B (100 min), linear; UV/Vis (H2O): �max (�)� 252, 312 nm; MS
(MALDI): m/z : calcd for C53H64N20O8: 1108.53; found: 1147.45 [M�K]� ,
1131.49 [M�Na]� , 1109.53 [M�H]� .


U-pin 1e : 1H NMR (300 MHz, DMSO, 25 �C, DMSO): �� 1.24 (m, 4H;
N(Py)CH2CH2CH2CH2CH2CH2N(Im)), 1.62 (m, 2H; N(Py)CH2CH2-
CH2CH2CH2CH2N(Im)), 1.73 (m, 2H; N(Py)CH2CH2CH2CH2CH2CH2-


N(Im)), 1.98 (m, 2H; N(Py)CH2CH2CH2NH3
�), 2.68 (m, 6H; CON-


HCH3�N(Py)CH2CH2CH2NH3
�), 3.79 (s, 3H; NMe), 3.83 (s, 3H;


NMe), 3.84 (s, 3H; NMe), 4.00 (s, 6H; 2NMe), 4.24 (m, 2H;
N(Py)CH2CH2CH2CH2CH2CH2N(Im)), 4.36 (m, 2H; N(Py)CH2CH2-
CH2NH3


�), 4.42 (m, 2H; N(Py)CH2CH2CH2CH2CH2CH2N(Im)), 6.79 ±
7.58 (m; arom. H), 7.66 (m, 3H; NH3


�), 7.93 (m, H; CONHMe), 9.73 (s,
1H; amide NH), 9.90 (s, 1H; amide NH), 9.96 (s, 1H; amide NH), 10.01 (s,
1H; amide NH), 10.43 (s, 1H; amide NH), 10.47 (s, 1H; amide NH);
analytical HPLC: tR� 21.15 min; preparative HPLC: tR� 70 min, gradient:
0% B (0 min), 0% B (5 min), 25% B (60 min), 35% B (90 min), 45% B
(100 min), linear; UV/Vis (H2O): �max (�)� 252, 314 nm; MS (MALDI):
m/z : calcd for C52H62N20O8: 1094.51; found: 1117.25 [M�Na]� , 1095.24
[M�H]� .


U-pin 1 f : 1H NMR (300 MHz, DMSO, 25 �C, DMSO): �� 1.24 (m, 4H;
N(Py)CH2CH2CH2CH2CH2CH2N(Im)), 1.64 (m, 2H; N(Py)CH2CH2-
CH2CH2CH2CH2N(Im)), 1.72 (m, 2H; N(Py)CH2CH2CH2CH2CH2CH2-


N(Im)), 1.97 (m, 2H; N(Py)CH2CH2CH2NH3
�), 2.67 (m, 6H; CON-


HCH3�N(Py)CH2CH2CH2NH3
�), 3.79 (m, 5H; NMe�N(Py)CH2-


CH2CH2CH2CH2CH2N(Im)), 3.82 (s, 3H; NMe), 3.83 (s, 3H; NMe), 3.99
(s, 6H; 2NMe), 4.34 (m, 2H; N(Py)CH2CH2CH2NH3


�), 4.42 (m, 2H;
N(Py)CH2CH2CH2CH2CH2CH2N(Im)), 6.06 (m, 1H; arom. H), 6.56 (m,
1H; arom. H), 6.79 ± 7.58 (m; arom. H), 7.65 (m, 3H; NH3


�), 7.92 (m, H;
CONHMe), 9.72 (s, 1H; amide NH), 9.88 (s, 1H; amide NH), 9.90 (s, 1H;
amide NH), 9.95 (s, 1H; amide NH), 10.40 (s, 1H; amide NH), 10.47 (s, 1H;
amide NH); analytical HPLC: tR� 22.93 min; preparative HPLC: tR�
76 min, gradient: 0% B (0 min), 0% B (5 min), 25% B (60 min), 35% B
(90 min), 45% B (100 min), linear; UV/Vis (H2O): �max (�)� 250, 314 nm;
MS (MALDI): m/z : calcd for C51H61N19O7: 1051.50; found: 1090.72
[M�K]� , 1074.72 [M�Na]� , 1052.80 [M�H]� .


Hairpin-polyamide 2 : This compound was prepared according to reported
solid phase synthesis strategies[7] on oxime resin (Novabiochem, catalogue
number 01-64-002, 0.48 mmolg�1) and using the conditions detailed in
Scheme 3. 1H NMR (300 MHz, DMSO, 25 �C, DMSO): �� 1.80 (m, 2H;
NCH2CH2CH2CO (GABA)), 2.00 (m, 2H; N(Py)CH2CH2CH2NH3


�), 2.36
(t, 3J(H,H)� 6.6 Hz, 2H; NCH2CH2CH2CO (GABA)), 2.68 (d, 3J(H,H)�
4.4 Hz, 3H; CONHCH3), 2.76 (m, 2H; N(Py)CH2CH2CH2NH3


�), 3.20 (m,
2H; NCH2CH2CH2CO (GABA)), 3.54 (s, 3H; NMe), 3.80 (s, 3H; NMe),
3.81 (s, 3H; NMe), 3.84 (s, 3H; NMe), 3.86 (s, 3H; NMe), 3.96 (s, 3H;
NMe), 4.01 (s, 3H; NMe), 4.38 (m, 2H; N(Py)CH2CH2CH2NH3


�), 6.81 ±
7.67 (m; arom. H), 7.94 (d, 3J(H,H)� 4.4 Hz, 1H; CONHCH3), 8.06 (m,
1H; NHCH2CH2CH2CO (GABA)), 9.74 (s, 1H; amide NH), 9.92 (s, 1H;
amide NH), 9.96 (s, 1H; amide NH), 10.00 (s, 1H; amide NH), 10.05 (s, 1H;
amide NH), 10.29 (s, 1H; amide NH), 10.45 (s, 1H; amide NH); analytical
HPLC: tR� 19.30 min (column: Varian Microsorb MV 100-5C18, 250�
4.6 mm); preparative HPLC: tR� 49.5 min; UV/Vis (H2O): �max� 236,
314 nm; MS (MALDI): m/z : calcd for C52H61N21O9: 1123.50; found:
1162.40 [M�K]� , 1146.39 [M�Na]� , 1124.41 [M�H]� .


2,2,2-Trichloro-1-(4-nitro-1H-pyrrol-2-yl)-ethanone (4): 2,2,2-Trichloro-1-
(1H-pyrrol-2-yl)-ethanone (209 g, 0.984 mol) was dissolved in Ac2O (1 L)
and the solution was cooled to �15 �C. Then fuming HNO3 (113 mL) was
added very carefully, so that the temperature of the reaction mixture was
kept between �20 and �15 �C. After the addition was finished the
temperature of the reaction mixture was slowly allowed to come to RTand
stirring was continued over night. Then the mixture was poured into ice
water. The precipitate was collected and dried. After coevaporating with
toluene several times the residue was again dried and recrystallized from
CHCl3/EtOH 95:5. Thus, compound 4 was isolated as beige solid (139 g,
0.540 mol, 55%). The spectroscopic data were in accord with literature
data.[2]


4-Nitro-1H-pyrrole-2-carboxylic-2-trimethylsilanyl ethyl ester (5): NaH
(0.8 g, 60%, 20.2 mmol, 0.2 equiv) was suspended in THF and 2-trime-
thylsilanyl-ethanol (16 mL, 13.2 g, 111 mmol, 1.1 equiv) was slowly added.
Then compound 4 (26 g, 101.0 mmol, 1 equiv) was dissolved in THF and
slowly added. After stirring at RT for 14 h the reaction mixture was
neutralized with conc. H2SO4 and the solvent was evaporated. Then CH2Cl2
(30 mL) and petroleum ether (80 mL) were added and the mixture was
kept in a freezer for several hours. After filtration, compound 5 was
isolated as a yellow powder (25.07 g, 97.8 mmol, 97%). The spectroscopic
data were in accord with literature data.[2]


4-tert-Butoxycarbonylamino-1H-pyrrole-2-carboxylic-2-trimethylsilanyl
ethyl ester (6): In a 1 L bomb compound 5 (75 g, 293 mmol, 1.0 equiv) was
suspended in EtOAc (500 mL) and EtOH (150 mL) and the suspension was
purged with Ar. Then Pd/C (30 g, 10%) was added and the bomb was
pressurized with H2 (25 bar). After 3 h the reaction mixture was filtered
through Celite and most of the solvent was evaporated. Then an aqueous
solution of NaHCO3 and Boc2O (96 g, 439.5 mmol, 1.5 equiv) were added
and the mixture was stirred at RT for 1 h. After separation of the phases the
aqueous layer was extracted twice with EtOAc. The combined organic
phases were dried with MgSO4 and the solvent was evaporated, affording a
yellowish powder which was dissolved in CH2Cl2 (100 mL), followed by
addition of petroleum ether (800 mL). After keeping this mixture in a
freezer for several hours, filtration afforded compound 6 as a colorless
powder (80.3 g, 249 mmol, 84%). The spectroscopic data was in accord
with literature data.[2]


Compounds 7a ± c : Detailed example for the preparation of compound 7b :
NaH (20 g, 60%, 0.499 mol, 1.00 equiv) was suspended in THF (90 mL).
Then a solution of imidazole (34 g, 0.499 mol, 1.00 equiv) in THF (200 mL)
was slowly added. The suspension was heated to reflux and more THF


Figure 8. Graphical representation of the binding affinities of the poly-
amides 1b, d ± f and 2 to the respective binding sites on the EcoRI/PvuII
restriction fragment of pAH2. For the numerical values see Table 2.
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(80 mL) was added. After dissolving acetic 4-bromo-butyl ester (99.3 g,
0.509 mol, 1.02 equiv) in THF (100 mL) this solution was added to the
reaction mixture. After heating to reflux for 20 h the reaction was allowed
to cool to room temperature, H2O (1 mL) was added and the solvent was
evaporated. The residue was partitioned between CH2Cl2 and H2O and the
aqueous phase was extracted twice with CH2Cl2. The combined organic
layers were extracted with brine, dried with MgSO4 and the solvent was
evaporated. Then the remaining orange oil was distilled under vacuum. To
remove traces of mineral oil the product was dissolved in dilute aqueous
HCl and the solution was extracted with petroleum ether. After neutral-
ization with K2CO3 the aqueous phase was extracted with CH2Cl2 (three
times). The combined organic layers were dried with MgSO4 and the
solvent was evaporated to obtain spectroscopically pure compound 7b as
colorless liquid (76.1 g, 0.418 mol, 84%). 1H NMR (300 MHz, CDCl3,
25 �C, CHCl3): �� 1.58 ± 1.67 (m, 2H; CH2), 1.81 ± 1.91 (m, 2H; CH2), 2.04
(s, 3H; OAc), 3.99 (t, 3J(H,H)� 7.1 Hz, 2H; CH2), 4.07 (t, 3J(H,H)�
6.6 Hz, 2H; CH2), 6.92 (s, 1H; arom. H), 7.08 (s, 1H; arom. H), 7.58 (s,
1H; arom. H); 13C NMR (75 Hz, CDCl3, 25 �C, CDCl3): �� 21.01, 25.75,
27.78, 46.62, 63.45, 118.62, 129.20, 136.84, 170.82; IR (CHCl3): �� � 2966 (m),
1733 (s), 1508 (m), 1451 (w), 1390 (w), 1367 (m), 1224 (s), 1111 (w), 1078
(m), 1049 (m), 910 cm�1 (w); HR-MS (ESI): calcd for C9H14N2O2: 182.1055;
found: 183.113 [M�H]� .


Compound 7a : Obtained similarly; the acetic 3-bromo-propyl ester used
was obtained by diluting 3-bromo-propanol (50 g, 0.36 mol, 1 equiv) with
CH2Cl2 (300 mL) and adding a preformed mixture of Ac2O (34 mL,
0.36 mol, 1 equiv) and Et3N (50 mL, 0.36 mol, 1 equiv). After stirring at RT
for 20 min an aqueous solution of NaHCO3 was added and the phases were
separated. The organic layer was extracted once more with aqueous
NaHCO3 and then with brine. After drying with MgSO4 the solvent was
evaporated and the residue distilled under reduced pressure, affording
acetic 3-bromo-propyl ester as colorless oil (53.0 g, 0.292 mol, 81%). Then,
using imidazole (32.0 g, 0.470 mol, 1 equiv), acetic 3-bromo-propyl ester
(86.7 g, 0.479 mol, 1.02 equiv) and NaH (18.8 g, 60%, 0.470 mol, 1 equiv),
compound 7awas isolated as slightly yellowish oil (49.1 g, 0.292 mol, 62%).
Rf (hexane/acetone 3:2)� 0.38; 1H NMR (300 MHz, CDCl3, 25 �C, CHCl3):
�� 2.03 (s, 3H; OAc), 2.07 (quint. , 3J(H,H)� 6.0 Hz, 2H; CH2CH2CH2),
4.03 (m, 4H; CH2CH2CH2), 6.89 (d, 3J(H,H)� 1.1 Hz, 1H; arom. H), 7.04
(d, 3J(H,H)� 1.1 Hz, 1H; arom. H), 7.47 (s, 1H; arom. H); 13C NMR
(75 MHz, CDCl3, 25 �C, CDCl3): �� 20.84, 30.16, 43.68, 60.82, 118.60,
129.45, 136.93, 170.52; IR (CHCl3): �� � 2968 (m), 1738 (s), 1508 (m), 1454
(w), 1392 (w), 1369 (m), 1225 (s), 1110 (m), 1079 (m), 1050 (m), 910 (m),
818 cm�1 (m); HR-MS (EI): calcd for C8H12N2O2: 168.0899; found:
168.0891 [M]� .


Compound 7c : Obtained similarly, using imidazole (40.0 g, 0.587 mol,
1 equiv), acetic 5-bromo-pentyl ester (125.21 g, 0.599 mol, 1.02 equiv) and
NaH (23.5 g, 60%, 0.587 mol, 1 equiv), and isolated as colorless oil (77.5 g,
0.395 mol, 67%). 1H NMR (300 MHz, CDCl3, 25 �C, CHCl3): �� 1.25 ± 1.38
(m, 2H; CH2), 1.58 ± 1.67 (m, 2H; CH2), 1.73 ± 1.84 (m, 2H; CH2), 2.01 (s,
3H; OAc), 3.93 (dt, 3J(H,H)� 1.6, 7.1 Hz, 2H; CH2), 4.02 (dt, 3J(H,H)�
1.6, 6.6 Hz, 2H; CH2), 6.88 (dd, 3J(H,H)� 1.6, 2.7 Hz, 1H; arom. H), 7.03 (s,
1H; arom. H), 7.46 (s, 1H; arom. H); 13C NMR (75 MHz, CDCl3, 25 �C,
CDCl3): �� 20.98, 23.03, 28.06, 30.68, 46.81, 63.87, 118.59, 129.20, 136.84,
170.85; IR (CHCl3): �� � 2946 (m), 2867 (s), 1731 (s), 1509 (m), 1453 (w),
1391 (w), 1367 (m), 1245 (s), 1110 (m), 1078 (m), 1049 (m), 910 cm�1 (w).


Compound 7d : Triphenylphosphine (33.9 g, 129 mmol, 1 equiv) and
imidazole (8.8 g, 129 mmol, 1 equiv) were dissolved in CH2Cl2. After
cooling with an ice bath, I2 (32.8 g, 129 mmol, 1 equiv) was slowly added.
After the addition was finished, the reaction mixture was stirred for
another 10 min at RT. Then acetic 6-hydroxy-hexyl ester (20.69 g,
129 mmol, 1 equiv)–prepared according to a literature procedure[12]–
was diluted with CH2Cl2 and slowly added to the previous reaction mixture,
which had again been cooled with an ice bath. After the addition was
finished the reaction mixture was stirred for another 10 min at RT and
extracted twice with an aqueous solution of Na2S2O3 and then with brine.
The organic layer was then dried with MgSO4 and the solvent was
evaporated, affording a colorless solid (67.9 g) which was dissolved in THF.
Then NaH (5.0 g, 60%, 125 mmol, 0.97 equiv) was washed with hexane and
suspended in THF. After imidazole (8.4 g, 125 mmol, 0.97 equiv) had been
dissolved in THF and added to the NaH suspension, the slurry was heated
to reflux and the THF solution of the iodide was added. Heating (reflux)
was continued for 2 h. Then the reaction mixture was allowed to cool to RT


and stirred over night. After quenching with H2O (1 mL), the solvent was
evaporated and H2O and CH2Cl2 were added. The aqueous layer was
extracted twice with CH2Cl2. The combined organic layers were extracted
with brine. Then most of the solvent was evaporated and aqueous HCl (1�)
was added. After separation of the layers the organic phase was extracted
twice with dilute aqueous HCl. The combined aqueous layers were
neutralized with K2CO3 and the product was extracted three times with
CH2Cl2. After drying with MgSO4 the solvent was evaporated, affording
compound 7d as slightly brownish oil (22.8 g, 108 mmol, 84%). 1H NMR
(300 MHz, CDCl3, 25 �C, CHCl3): �� 1.32 ± 1.38 (m, 4H; CH2), 1.62 (quint. ,
3J(H,H)� 6.6 Hz, 2H; CH2), 1.79 (quint. , 3J(H,H)� 7.1 Hz, 2H; CH2), 2.04
(s, 3H; OAc), 3.94 (t, 3J(H,H)� 7.1 Hz, 2H; CH2), 4.04 (t, 3J(H,H)�
6.6 Hz, 2H; CH2), 6.91 (s, 1H; arom. H), 7.06 (s, 1H; arom. H), 7.46 (s,
1H; arom. H); 13C NMR (75 MHz, CDCl3, 25 �C, CDCl3): �� 21.01, 25.49,
26.23, 28.42, 30.98, 46.87, 64.16, 118.58, 129.28, 136.87, 170.93; IR (CHCl3):
�� � 2942 (s), 2863 (m), 1732 (s), 1509 (s), 1465 (m), 1390 (m), 1368 (s), 1251
(s), 1110 (m), 1078 (s), 910 cm�1 (m); HR-MS (ESI): calcd for C11H18N2O2:
210.1368; found: 211.1441 [M�H]� .


Compounds 8a ± d : Detailed example for the preparation of compound 8b :
Cl3CCOCl (20.6 mL, 33.6 g, 0.185 mol, 1.1 equiv) was diluted with CH2Cl2.
After cooling the solution to 5 �C, compound 7b (30.6 g, 0.168 mol,
1 equiv), diluted with CH2Cl2 (50 mL), was slowly added so that the
temperature did not exceed 10 �C. After stirring for 10 min at 5 �C, Et3N
(23.4 mL, 0.168 mol, 1 equiv) was slowly added so that the temperature of
the reaction mixture did not exceed 15 �C. After the addition was finished
the reaction mixture is diluted with CH2Cl2 and stirred at RT for 10 min.
Then the solvent was evaporated and EtOAc and an aqueous solution of
NaHCO3 were added. The organic layer was again extracted with aqueous
NaHCO3 and then with a 5% aqueous solution of citric acid. After drying
the organic layer with MgSO4, the solvent was evaporated, affording the
crude product as brownish oil (45.6 g, 0.139 mol, 83%). This product was
sufficiently pure for the following reactions. Since the product decomposes
very fast (even when kept at �20 �C) it was always immediately used for
further reactions. To obtain an spectroscopically pure sample, the crude
product was dissolved in CH2Cl2 and filtered through silica gel, affording a
yellowish oil. Rf (hexane/acetone 3:2)� 0.56; 1H NMR (300 MHz, CDCl3,
25 �C, TMS): �� 1.72 (m, 2H; CH2), 1.90 (m, 2H; CH2), 2.07 (s, 3H; OAc),
4.12 (t, 3J(H,H)� 6.0 Hz, 2H; CH2), 4.45 (t, 3J(H,H)� 7.1 Hz, 2H; CH2),
7.23 (s, 1H; arom. H), 7.38 (s, 1H; arom. H); 13C NMR (75 MHz, CDCl3,
25 �C, CDCl3): �� 21.00, 25.67, 27.59, 49.20, 63.40, 127.49, 130.62, 135.35,
170.84, 171.88; IR (CHCl3): �� � 3002 (m), 2966 (m), 1732 (s), 1698 (m), 1662
(s), 1583 (w), 1502 (m), 1466 (m), 1438 (w), 1387 (s), 1366 (s), 1394 (m),
1246 (s), 1170 (w), 1120 (w), 1050 (w), 916 cm�1 (w).


Compound 8a : Obtained similarly, using compound 7a (10 g, 59 mmol,
1 equiv), Cl3CCOCl (7.2 mL, 11.8 g, 65 mmol, 1.1 equiv) and Et3N (8.3 mL,
59 mmol, 1 equiv) and isolated as slightly yellowish liquid (11.8 g, 40 mmol,
67%). Rf (hexane/acetone 3:2)� 0.52; 1H NMR (300 MHz, CDCl3, 25 �C,
CHCl3): �� 2.06 (s, 3H; OAc), 2.17 (quint., 3J(H,H)� 6.6 Hz, 2H; CH2),
4.11 (t, 3J(H,H)� 6.0 Hz, 2H; CH2), 4.51 (t, 3J(H,H)� 7.1 Hz, 2H; CH2),
7.22 (s, 1H; arom. H), 7.37 (s, 1H; arom. H); 13C NMR (75 MHz, CDCl3,
25 �C, CDCl3): �� 20.93, 29.76, 46.68, 60.86, 94.76, 127.71, 130.67, 135.42,
170.62, 171.90; IR (CHCl3): �� � 2998 (m), 1738 (s), 1699 (s), 1468 (m), 1387
(s), 1369 (m), 1242 (s), 1162 (w), 1078 (w), 1049 (m), 1018 (m), 918 cm�1 (w).


Compound 8c : Obtained similarly, using compound 7c (77.5 g, 0.395 mol,
1 equiv), Cl3CCOCl (79.1 g, 0.435 mol, 1.1 equiv) and Et3N (55 mL,
0.395 mol, 1 equiv) and isolated as yellowish liquid (132.2 g, 0.387 mol,
98%). Rf (hexane/acetone 3:2)� 0.57; 1H NMR (300 MHz, CDCl3, 25 �C,
CHCl3): �� 1.45 (m, 2H; CH2), 1.71 (m, 2H; CH2), 1.88 (m, 2H; CH2), 2.05
(s, 3H; OAc), 4.07 (t, 3J(H,H)� 6.6 Hz, 2H; CH2), 4.44 (t, 3J(H,H)�
7.7 Hz, 2H; CH2), 7.27 (s, 1H; arom. H), 7.36 (s, 1H; arom. H); 13C NMR
(75 MHz, CDCl3, 25 �C, CDCl3): �� 20.81, 22.80, 27.88, 30.33, 49.26, 63.68,
94.73, 127.44, 130.31, 135.04, 170.60, 171.49; IR (CHCl3): �� � 2998 (m), 2958
(m), 2866 (w), 1732 (s), 1699 (s), 1662 (m), 1468 (m), 1437 (w), 1387 (s),
1367 (m), 1250 (s), 1167 (w), 1068 (w), 1047 (w), 1020 (m), 918 cm�1 (w).


Compound 8d : Obtained similarly, using compound 7d (1.87 g, 8.89 mmol,
1 equiv), Cl3CCOCl (1.09 mL, 9.78 mmol, 1.1 equiv) and Et3N (1.24 mL,
8.89 mmol, 1 equiv), and isolated as yellowish oil (3.16g, 8.89 mmol, 99%).
Rf (hexane/acetone 3:2)� 0.50; 1H NMR (300 MHz, CDCl3, 25 �C, CHCl3):
�� 1.41 (m, 4H; 2CH2), 1.65 (m, 2H; CH2), 1.85 (m, 2H; CH2), 2.05 (s, 3H;
OAc), 4.06 (t, 3J(H,H)� 6.6 Hz, 2H; CH2), 4.41 (t, 3J(H,H)� 7.7 Hz, 2H;
CH2), 7.22 (s, 1H; arom. H), 7.37 (s, 1H; arom. H); 13C NMR (75 MHz,
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CDCl3, 25 �C, CDCl3): �� 21.02, 25.49, 26.15, 28.43, 30.81, 49.57, 64.14,
94.82, 127.46, 130.47, 135.28, 170.92, 171.76; IR (CHCl3): �� � 2996 (m), 2942
(s), 2863 (m), 1732 (s), 1698 (s), 1469 (s), 1438 (m), 1387 (s), 1368 (s), 1308
(m), 1243 (s), 1020 (s), 975 cm�1 (s); MS (ESI): m/z (%): 355.2 (85)
[M�H]� , 313.2 (100), 295.2 (25), 213.1 (85).


Compounds 9a ± d : Detailed example for the preparation of compound 9b :
A solution of NaOEt was prepared by adding Na (3.18 g, 0.138 mol,
1 equiv) to EtOH (200 mL). After all Na had reacted, a solution of freshly
prepared compound 8b (45.3 g, 0.138 mol, 1 equiv) in EtOHwas added and
the reaction mixture was stirred over night at RT. Then the reaction
mixture was carefully neutralized with conc. H2SO4 and the solvent was
evaporated. After adding EtOAc and a saturated solution of NaHCO3 the
layers were separated and the aqueous layer was extracted twice with
EtOAc. The organic layers were combined, dried with MgSO4 and the
solvent was evaporated, affording compound 9b (24.8 g, 0.117 mol, 85%)
as an orange oil which could be used without any further purification. To
obtain an spectroscopically pure sample, the crude product was filtered
through silica gel using hexane/acetone 1:4 as solvent, affording a yellowish
oil. Rf (hexane/acetone 1:3)� 0.47; 1H NMR (300 MHz, CDCl3, 25 �C,
TMS): �� 1.42 (t, 3J(H,H)� 7.1 Hz, 3H; OCH2CH3), 1.60 (quint.,
3J(H,H)� 6.6 Hz, 2H; CH2), 1.91 (quint. , 3J(H,H)� 7.1 Hz, 2H; CH2),
3.20 (br s, 1H; OH), 3.66 (t, 3J(H,H)� 6.0 Hz; 2H, CH2OH), 4.36 ± 4.46 (m,
4H; OCH2CH3�NCH2), 7.11 (s, 1H; arom. H), 7.12 (s, 1H; arom. H);
13C NMR (75 MHz, CDCl3, 25 �C, CDCl3): �� 14.15, 27.68, 29.21, 48.11,
61.23, 61.41, 125.02, 129.00, 135.64, 158.67; IR (CHCl3): �� � 2984 (m), 1710
(s), 1470 (m), 1422 (m), 1386 (m), 1258 (s), 1156 (w), 1118 (s); HR-MS
(MALDI): calcd for C10H16N2O3: 212.1161; found: 235.1051 [M�Na]� ,
213.1232 [M�H]� .


Compound 9a : Obtained similarly, using Na (400 mg, 17.5 mmol, 1 equiv)
and compound 8a (5.2 g, 17.5 mmol, 1 equiv) and isolated as yellow oil
(2.5 g, 13 mmol, 72%).Rf (hexane/acetone 1:3)� 0.43; 1H NMR (300 MHz,
CDCl3, 25 �C, CHCl3): �� 1.40 (t, 3J(H,H)� 7.1 Hz, 3H; OCH2CH3), 2.03
(quint. , 3J(H,H)� 6.0 Hz, 2H; CH2CH2CH2), 3.61 (t, 3J(H,H)� 6.0 Hz;
2H, CH2OH), 4.36 (quart.�brs, 3J(H,H)� 7.1 Hz, 3H; OCH2CH3�OH),
4.54 (t, 3J(H,H)� 7.1 Hz, 2H; NCH2), 7.11 (s, 1H; arom. H), 7.18 (s, 1H;
arom. H); 13C NMR (75 MHz, CDCl3, 25 �C, CDCl3): �� 13.96, 33.39,
44.91, 57.76, 61.16, 125.47, 128.69, 135.53, 158.51; IR (CDCl3): �� � 3626 (w),
3524 (w), 2964 (w), 1707 (s), 1473 (m), 1422 (s), 1386 (m), 1308 (m), 1257
(s), 1182 (w), 1157 (w), 1116 (s); HR-MS (MALDI): calcd for C9H14N2O3:
198.1004; found: 221.0895 [M�Na]� , 199.1076 [M�H]� .


Compound 9c : Obtained similarly, using Na (9.3 g, 0.404 mol, 1.05 equiv)
and compound 8c (132.2 g, 0.387 mmol, 1 equiv) and isolated as yellowish
oil (79.1 g, 0.35 mol, 90%). Rf (hexane/acetone 1:3)� 0.50; 1H NMR
(300 MHz, CDCl3, 25 �C, TMS): �� 1.43 (m, 5H; OCH2CH3 , CH2), 1.59
(quint. , 3J(H,H)� 6.6 Hz, 2H; CH2), 1.82 (quint. , 3J(H,H)� 7.7 Hz, 2H;
CH2), 3.11 (br s, 1H; OH), 3.62 (t, 3J(H,H)� 6.6 Hz; 2H, CH2OH), 4.36 ±
4.43 (m, 4H; OCH2CH3�NCH2), 7.10 (s, 1H; arom. H), 7.13 (s, 1H; arom.
H); 13C NMR (75 MHz, CDCl3, 25 �C, CDCl3): �� 14.10, 22.69, 30.84,
31.90, 48.27, 61.13, 61.79, 124.95, 128.94, 135.61, 158.59; IR (CHCl3): �� �
2986 (m), 2941 (m), 2867 (w), 1711 (s), 1473 (m), 1422 (s), 1386 (m), 1311
(w), 1258 (s), 1156 (m), 1117 (m), 1068 (m); HR-MS (MALDI): calcd for
C11H18N2O3: 226.1317; found: 249.1208 [M�Na]� , 227.1386 [M�H]� .


Compound 9d : Obtained similarly, using Na (202 mg, 8.8 mmol, 1.05 equiv)
and compound 8d (2.98 g, 8.38 mmol, 1 equiv) and isolated as yellowish oil
(1.75 g, 7.28 mmol, 87%). Rf (hexane/acetone 1:1)� 0.27; 1H NMR
(300 MHz, CDCl3, 25 �C, TMS): �� 1.25 ± 1.45 (m, 7H; OCH2CH3�2CH2),
1.52 ± 1.60 (m, 2H; CH2), 1.71 ± 1.87 (m, 3H; CH2�OH), 3.63 (t, 3J(H,H)�
6.0 Hz, 2H; CH2OH), 4.37 ± 4.47 (m, 4H; OCH2CH3�NCH2), 7.15 (s, 1H;
arom. H), 7.29 (s, 1H; arom. H); 13C NMR (75 MHz, CDCl3, 25 �C, CDCl3):
�� 14.35, 25.31, 26.32, 31.23, 32.52, 48.42, 61.38, 62.58, 125.07, 129.29,
157.15; IR (CHCl3): �� � 3628 (m), 3392 (m), 2986 (s), 2940 (s), 2863 (s), 1711
(s), 1510 (w), 1473 (s), 1422 (s), 1386 (s), 1360 (m), 1311 (m), 1257 (s), 1156
(s), 1117 (s), 1070 (s), 1052 (m), 1019 (m), 925 cm�1 (m); HR-MS (MALDI):
calcd for C12H20N2O3: 240.1474; found: 241.1549 [M�H]� .


Compounds 10a ± c : Detailed procedure for the preparation of compound
10b : PPh3 (5.53 g, 21.1 mmol, 1 equiv) and imidazole (1.44 g, 21.1 mmol,
1 equiv) were dissolved in CH2Cl2 and I2 (5.36 g, 21.1 mmol, 1 equiv) was
added. After 10 min stirring at RT compound 9b (4.5 g, 21.1 mmol, 1 equiv)
was diluted with CH2Cl2 and added. After 10 min stirring at RT the reaction
mixture was shaken with an aqueous solution of Na2S2O3 and the layers


were separated. The organic phase was extracted with brine, dried with
MgSO4 and the solvent was evaporated. Then the orange residue was
dissolved in MeCN, compound 6 (11.7 g, 36 mmol, 1.7 equiv) and K2CO3


(5.0 g, 36 mmol, 1.7 equiv) were added and the reaction mixture was heated
to 80 �C for 22 h. After filtration the solvent was evaporated and CH2Cl2
and an aqueous solution of NaHCO3 were added. The aqueous layer was
extracted twice with CH2Cl2. Then the combined organic layers were
extracted with brine and dried with MgSO4. Evaporation of the solvent
afforded the crude product as a brown foam (22.7 g). Purification by flash
column chromatography (hexane/acetone 2:1�1% Et3N) afforded com-
pound 10b as slightly red foam (4.9 g, 9.4 mmol, 45%). Rf (hexane/acetone
1:1)� 0.59; 1H NMR (300 MHz, DMSO, 25 �C, TMS): �� 0.06 (s, 9H;
SiMe3), 1.05 (t, 3J(H,H)� 8.2 Hz, 2H; CH2SiMe3), 1.42 (t, 3J(H,H)� 7.1 Hz,
3H; OCH2CH3), 1.48 (s, 9; tBu), 1.78 (m, 4H; 2CH2), 4.25 ± 4.43 (m, 8H;
2COOCH2�2NCH2), 6.26 (br s, 1H; NH), 6.60 (d, 3J(H,H)� 2.2 Hz, 1H;
arom. H), 7.06 (s, 1H; arom. H), 7.26 (s, 2H; arom. H); 13C NMR (75 MHz,
DMSO, 25 �C, DMSO): ���1.33 (SiMe3), 14.11 (OCH2CH3), 16.94
(CH2SiMe3), 27.88 (NCH2CH2CH2CH2N), 28.18 (C(CH3)3), 47.24 (NCH2),
47.45 (NCH2), 60.58 (COOCH2), 61.31 (COOCH2), 78.43 (C(CH3)3), 107.56,
118.11, 123.06 (2C), 126.24, 128.64, 135.21, 152.50, 158.40, 159.99; IR
(CDCl3): �� � 3450 (w), 2983 (m), 1712 (s), 1587 (w), 1539 (w), 1472 (m),
1422 (m), 1401 (m), 1369 (m), 1253 (s), 1160 (s), 1118 cm�1 (m); HR-MS
(MALDI): calcd for C25H40N4O6Si: 520.2717; found: 543.2611 [M�Na]� .
Compound 10a : Obtained similarly, using PPh3 (10.5 g, 40 mmol, 1 equiv),
imidazole (2.7 g, 40 mmol, 1 equiv), I2 (10.2 g, 40 mmol, 1 equiv), com-
pound 9a (7.9 g, 40 mmol, 1 equiv), compound 6 (23.5 g, 72 mmol,
1.8 equiv) and K2CO3 (10.0 g, 72 mmol, 1.8 equiv) and isolated as lightly
red foam (5.1 g, 10 mmol, 25%). Rf (hexane/acetone 1:1)� 0.40; 1H NMR
(300 MHz, DMSO, 25 �C, DMSO): �� 0.01 (s, 9H; SiMe3), 0.97 (t,
3J(H,H)� 8.2 Hz, 2H; CH2SiMe3), 1.25 (t, 3J(H,H)� 7.1 Hz, 3H;
OCH2CH3), 1.41 (s, 9; tBu), 2.00 ± 2.10 (m, 2H; CH2), 4.16 ± 4.34 (m, 8H;
2COOCH2�2NCH2), 6.62 (s, 1H; arom. H), 7.06 (s, 1H; arom. H), 7.12 (s,
1H; arom. H), 7.49 (s, 1H; arom. H), 9.14 (s, 1H; NH); 13C NMR (75 MHz,
DMSO, 25 �C, DMSO): ���0.57 (SiMe3), 14.88 (OCH2CH3), 17.71
(CH2SiMe3), 28.95 (C(CH3)3), 33.35 (NCH2CH2CH2CH2N), 46.19
(NCH2), 46.38 (NCH2), 61.32 (COOCH2), 62.13 (COOCH2), 79.22
(C(CH3)3), 108.46, 118.64, 119.06, 124.04, 126.75, 129.57, 136.14, 153.25,
159.11, 160.72; IR (CHCl3): �� � 3449 (m), 3017 (m), 2982 (m), 1711 (s), 1567
(m), 1538 (m), 1511 (w), 1470 (m), 1453 (m), 1423 (m), 1402 (m), 1369 (m),
1298 (w), 1252 (s), 1161 (s), 1117 (s), 1097 (s), 1062 (m), 861 (m), 840 cm�1


(m); HR-MS (ESI): calcd for C24H38N4O6Si: 506.2561; found: 507.2630
[M�H]� .


Compound 10c : Obtained similarly, using PPh3 (10.5 g, 40 mmol, 1 equiv),
imidazole (2.7 g, 40 mmol, 1 equiv), I2 (10.15 g, 40 mmol, 1 equiv), com-
pound 9c (9.05 g, 40 mmol, 1 equiv), compound 6 (23.5 g, 72 mmol,
1.8 equiv) and K2CO3 (10.0 g, 72 mmol, 1.8 equiv) and isolated as lightly
red foam (5.5 g, 10.3 mmol, 26%).Rf (hexane/acetone 1:1)� 0.55; 1H NMR
(300 MHz, DMSO, 25 �C, DMSO): �� 0.02 (s, 9H; SiMe3), 0.98 (t,
3J(H,H)� 8.2 Hz, 2H; CH2SiMe3), 1.17 (m, 2H; CH2), 1.26 (t, 3J(H,H)�
7.1 Hz, 3H; OCH2CH3), 1.42 (s, 9; tBu), 1.59 ± 1.70 (m, 4H; 2CH2), 4.15 ±
4.32 (m, 8H; 2COOCH2�2NCH2), 6.59 (s, 1H; arom. H), 7.03 (s, 1H;
arom. H), 7.11 (s, 1H; arom. H), 7.46 (s, 1H; arom. H), 9.10 (s, 1H; NH);
13C NMR (75 MHz, DMSO, 25 �C, DMSO): ���0.57 (SiMe3), 14.88
(OCH2CH3), 17.71 (CH2SiMe3), 23.69 (NCH2CH2CH2CH2CH2N), 28.94
(C(CH3)3), 31.13 (NCH2CH2CH2CH2CH2N), 31.44
(NCH2CH2CH2CH2CH2N), 48.23 (NCH2), 48.54 (NCH2), 61.31
(COOCH2), 62.04 (COOCH2), 79.18 (C(CH3)3), 108.24, 118.83, 123.76,
126.92, 129.35, 135.92, 153.26, 159.18, 160.76; IR (CHCl3): �� � 3451 (m),
3020 (m), 2982 (m), 2957 (m), 1710 (s), 1586 (m), 1539 (m), 1508 (w), 1471
(m), 1456 (m), 1422 (m), 1403 (m), 1369 (m), 1252 (s), 1236 (s), 1161 (s),
1119 (m), 1088 (m), 1062 (m), 862 (m), 840 cm�1 (m); HR-MS (ESI): calcd
for C26H42N4O6Si: 534.2874; found: 535.294 [M�H]� .


Compound 10d : In a 1 L bomb compound 14 (9.36 g, 19.6 mmol, 1 equiv)
was dissolved in EtOAc (100 mL) and the solution was purged with Ar.
Then Pd/C (2.26 g, 10%) and Boc2O (4.5 g, 20.6 mmol, 1.05 equiv) were
added and the bomb was pressurized with H2 (35 bar). After stirring at RT
for 5 h all starting material had reacted (detection by NMR of a sample of
the reaction mixture since the starting material and the product are very
hard to separate by TLC). Then the reaction mixture was filtered through
Celite and the solvent was evaporated. Purification of the crude product by
flash column chromatography (hexane/acetone 2:1�0.1% Et3N) afforded
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compound 10d (8.6 g, 15.7 mmol, 80%) as a colorless foam. Rf (hexane/
acetone 3:2)� 0.50; 1H NMR (300 MHz, DMSO, 25 �C, DMSO): �� 0.01
(s, 9H; SiMe3), 0.98 (t, 3J(H,H)� 7.7 Hz, 2H; CH2SiMe3), 1.20 (m, 4H;
2CH2), 1.26 (t, 3J(H,H)� 7.1 Hz, 3H; OCH2CH3), 1.41 (s, 9H; tBu), 1.44 ±
1.65 (m, 4H; 2NCH2CH2), 4.14 ± 4.31 (m, 8H; 2COOCH2�2NCH2), 6.59
(s, 1H; arom. H), 7.04 (s, 1H; arom. H), 7.10 (s, 1H; arom. H), 7.47 (s, 1H;
arom. H), 9.11 (s, 1H; NH); 13C NMR (75 MHz, DMSO, 25 �C, DMSO):
���1.32 (SiMe3), 14.16 (OCH2CH3), 16.97 (CH2SiMe3), 25.56 (2 middle
CH2), 28.19 (C(CH3)3), 30.72 (NCH2CH2), 31.10 (NCH2CH2), 47.60
(NCH2), 47.91 (NCH2), 60.55 (COOCH2), 61.27 (COOCH2), 78.42
(C(CH3)3), 107.47, 118.10, 122.99, 126.18, 128.63, 135.21, 152.51, 158.46,
160.01; IR (CHCl3): �� � 3450 (m), 3007 (m), 2983 (m), 2957 (m), 2863 (w),
1710 (s), 1585 (m), 1537 (m), 1511 (w), 1470 (m), 1455 (m), 1422 (m), 1404
(m), 1252 (s), 1160 (s), 1119 (m), 1102 (m), 1084 (m), 1061 (m), 997 (w), 937
(w), 861 cm�1 (m); HR-MS (ESI): calcd for C27H44N4O6Si: 548.3030; found:
549.3106 [M�H]� .


Compounds 11a ± d : Detailed procedure for the preparation of compound
11b : Compound 10b (4.74 g, 9.1 mmol, 1 equiv) was dissolved in THF and
the solution was cooled in an ice bath. Then TBAF (27.3 mL, 1� solution in
THF, 27.3 mmol, 3 equiv) was added and the reaction mixture was stirred
for 14 h. Then the solvent was evaporated and CH2Cl2 was added. This
organic phase was extracted with aqueous citric acid (0.5�). The aqueous
phase was extracted twice with CH2Cl2. Then the organic phases were
combined and extracted with brine, dried with MgSO4 and the solvent was
evaporated, affording the tetrabutylammonium salt of the deprotected acid
(5.4 g, 8.16 mmol, 90%) as a beige foam. An aliquot of this salt (1.0 g,
1.5 mmol, 1 equiv) was dissolved in DMF and HOBt (306 mg, 2.3 mmol,
1.5 equiv) and DCC (1.4 mL, 1� in CH2Cl2, 1.4 mmol, 0.95 equiv) were
added. After stirring at RT for 4 h the reaction mixture was filtered and
MeNH2 (0.8 mL, 2� in THF, 1.6 mmol, 1.05 equiv) and DIEA (261 mL,
1.5 mmol, 1 equiv) were added. After stirring at RT for 20 min the solvent
was evaporated. EtOAc and an aqueous solution of NaHCO3 were added.
After separation of the layers, the aqueous phase was extracted twice with
EtOAc. The combined organic phases were then extracted with brine, dried
with MgSO4 and the solvent was evaporated. Flash column chromatog-
raphy (hexane/acetone 2:3�0.1% Et3N) afforded compound 11b (473 mg,
0.92 mmol, 61%) as colorless foam. Rf (hexane/acetone 2:3)� 0.36;
1H NMR (300 MHz, DMSO, 25 �C, DMSO): �� 1.26 (t, 3J(H,H)� 7.1 Hz,
3H; OCH2CH3), 1.41 (s, 9H; tBu), 1.57 (m, 4H; 2NCH2CH2), 2.62 (d,
3J(H,H)� 4.4 Hz, 3H; CONHCH3), 4.21 ± 4.32 (m, 6H;
COOCH2�2NCH2), 6.54 (s, 1H; arom. H), 6.86 (s, 1H; arom. H), 7.03 (s,
1H; arom. H), 7.48 (s, 1H; arom. H), 7.86 (d, 3J(H,H)� 4.9 Hz, 1H;
CONHMe), 9.04 (s, 1H; NH (Boc)); 13C NMR (75 MHz, DMSO, 25 �C,
DMSO): �� 14.88 (OCH2CH3), 25.28 (COONHCH3), 26.36 (NCH2CH2),
28.99 (C(CH3)3), 29.17 (NCH2CH2), 47.78 (NCH2), 48.04 (NCH2), 61.36
(COOCH2), 78.94 (C(CH3)3), 103.99, 115.86, 122.98, 127.05, 129.39, 135.96,
153.36, 159.17, 162.11; HR-MS (MALDI): calcd for C21H31N5O5: 433.2325;
found: 456.2210 [M�Na]� .
Compound 11a : Obtained similarly, using compound 10a (5.0 g, 9.9 mmol,
1 equiv) and TBAF (29.6 mL, 1� in THF, 29.6 mmol, 3 equiv), affording
the tetrabutylammonium salt of the deprotected acid (5.0 g, 7.7 mmol,
78%). A part of it (4.92 g, 7.59 mmol, 1 equiv) was coupled with DCC
(7.21 mL, 1� in CH2Cl2), HOBt (1.54 g, 11.39 mmol, 1.5 equiv), MeNH2


(4.55 mL, 2� in THF, 9.11 mmol, 1.2 equiv) and DIEA (2.64 mL,
15.18 mmol, 2 equiv), affording compound 11a (2.30 g, 5.5 mmol, 72%)
as yellowish foam. Rf (hexane/acetone 2:3)� 0.20; 1H NMR (300 MHz,
DMSO, 25 �C, DMSO): �� 1.25 (t, 3J(H,H)� 7.1 Hz, 3H; OCH2CH3), 1.41
(s, 9H; tBu), 2.09 (m, 2H; NCH2CH2CH2), 2.63 (d, 3J(H,H)� 3.8 Hz, 3H;
CONHCH3), 4.21 ± 4.32 (m, 6H; COOCH2�2NCH2), 6.57 (s, 1H; arom.
H), 6.86 (s, 1H; arom. H), 7.06 (s, 1H; arom. H), 7.49 (s, 1H; arom. H), 7.86
(d, 3J(H,H)� 4.4 Hz, 1H; CONHMe), 9.08 (s, 1H; NH (Boc)); 13C NMR
(75 MHz, DMSO, 25 �C, DMSO): �� 14.89 (OCH2CH3), 26.36
(COONHCH3), 28.99 (C(CH3)3), 33.65 (NCH2CH2), 46.00 (NCH2), 46.34
(NCH2), 61.35 (COOCH2), 78.97 (C(CH3)3), 104.06, 115.60, 123.15, 123.25,
126.70, 129.55, 136.14, 153.36, 159.10, 162.05; IR (CHCl3): �� � 3449 (m),
2936 (m), 1710 (s), 1656 (s), 1592 (m), 1547 (w), 1462 (m), 1384 (m), 1368
(m), 1310 (w), 1156 (s), 1114 (s), 996 cm�1 (w); HR-MS (ESI): calcd for
C20H29N5O5: 419.2169; found: 420.2232 [M�H]� .


Compound 11c : Obtained similarly, using compound 10c (5.2 g, 9.7 mmol,
1 equiv) and TBAF (29.2 mL, 1� in THF, 29.2 mmol, 3 equiv), affording
the tetrabutylammonium salt of the deprotected acid (5.8 g, 8.6 mmol,


88%). A part of it (5.49 g, 8.12 mmol, 1 equiv) was coupled with DCC
(7.71 mL, 1� in CH2Cl2), HOBt (1.65 g, 12.18 mmol, 1.5 equiv), MeNH2


(4.87 mL, 2� in THF, 9.74 mmol, 1.2 equiv) and DIEA (2.83 mL,
16.24 mmol, 2 equiv), affording compound 11c (3.30 g, 7.37 mmol, 91%)
as yellowish foam. Rf (hexane/acetone 2:3)� 0.40; 1H NMR (300 MHz,
DMSO, 25 �C, DMSO): �� 1.14 (m, 2H; NCH2CH2CH2), 1.26 (t,
3J(H,H)� 7.1 Hz, 3H; OCH2CH3), 1.42 (s, 9H; tBu), 1.56 ± 1.69 (m, 4H;
2NCH2CH2), 2.63 (d, 3J(H,H)� 4.4 Hz, 3H; CONHCH3), 4.16 ± 4.31 (m,
6H; COOCH2�2NCH2), 6.54 (s, 1H; arom. H), 6.86 (s, 1H; arom. H), 7.04
(s, 1H; arom. H), 7.47 (s, 1H; arom. H), 7.85 (d, 3J(H,H)� 4.4 Hz, 1H;
CONHMe), 9.03 (s, 1H; NH (Boc)); 13C NMR (75 MHz, DMSO, 25 �C,
DMSO): �� 14.91 (OCH2CH3), 23.78 (NCH2CH2CH2), 26.36
(COONHCH3), 29.00 (C(CH3)3), 31.18 (NCH2CH2), 31.69 (NCH2CH2),
48.17 (NCH2), 48.28 (NCH2), 61.33 (COOCH2), 78.90 (C(CH3)3), 103.92,
115.82, 122.93, 126.97, 129.35, 135.91, 153.36, 159.19, 162.14; IR (CHCl3):
�� � 3451 (w), 3007 (m), 2936 (m), 1713 (s), 1656 (m), 1591 (w), 1534 (s),
1472 (m), 1422 (m), 1394 (m), 1369 (m), 1242 (s), 1161 (s), 1115 (m), 1094
(m), 1069 (m), 997 cm�1 (w); HR-MS (ESI): calcd for C22H33N5O5:
447.2482; found: 448.2551 [M�H]� .


Compound 11d : Obtained similarly, using compound 10d (8.6 g,
15.7 mmol, 1 equiv) and TBAF (47.1 mL, 1� in THF, 47.1 mmol, 3 equiv),
affording the tetrabutylammonium salt of the deprotected acid (9.25 g,
13.4 mmol, 85%). A part of it (2.00 g, 2.9 mmol, 1 equiv) was coupled with
DCC (2.75 mL, 1� in CH2Cl2, 2.75 mmol, 0.95 equiv), HOBt (588 mg,
4.35 mmol, 1.5 equiv), MeNH2 (1.74 mL, 2� in THF, 3.48 mmol, 1.2 equiv)
and DIEA (1 mL, 5.80 mmol, 2 equiv), affording compound 11d (1.17 g,
2.53 mmol, 87%) as yellowish foam. Rf (hexane/acetone 2:3)� 0.50;
1H NMR (300 MHz, DMSO, 25 �C, DMSO): �� 1.17 (m, 4H;
2NCH2CH2CH2), 1.26 (t, 3J(H,H)� 7.1 Hz, 3H; OCH2CH3), 1.40 (s, 9H;
tBu), 1.43 ± 1.66 (m, 4H; 2NCH2CH2), 2.61 (d, 3J(H,H)� 4.4 Hz, 3H;
CONHCH3), 4.13 ± 4.30 (m, 6H; COOCH2�2NCH2), 6.51 (s, 1H; arom.
H), 6.83 (s, 1H; arom. H), 7.02 (s, 1H; arom. H), 7.46 (s, 1H; arom. H), 7.83
(d, 3J(H,H)� 4.9 Hz, 1H; CONHMe), 9.02 (s, 1H; NH (Boc)); 13C NMR
(75 MHz, DMSO, 25 �C, DMSO): �� 14.16 (OCH2CH3), 24.51
(COONHCH3), 25.58 (2NCH2CH2CH2), 28.23 (C(CH3)3), 30.27
(NCH2CH2), 31.32 (NCH2CH2), 47.49 (NCH2), 47.61 (NCH2), 60.57
(COOCH2), 78.15 (C(CH3)3), 103.13, 114.99, 122.12, 122.30, 126.18,
128.62, 135.20, 152.04, 152.61, 158.45, 161.39; IR (CHCl3): �� � 3452 (w),
3006 (m), 2938 (m), 1714 (s), 1654 (m), 1591 (m), 1534 (m), 1472 (m), 1421
(m), 1255 (m), 1160 (m), 1115 (w), 1069 cm�1 (w); HR-MS (ESI): calcd for
C23H35N5O5: 461.2638; found: 462.2714 [M�H]� .


Compounds 12a ± d : Detailed procedure for the preparation of compound
12b : Compound 11b (764 mg, 1.76 mmol, 1 equiv) was dissolved in a
solution of NaOH in MeOH/H2O 1:1 (17.6 mL, 0.1�, 1.76 mmol, 1 equiv).
After shaking at 37 �C for 2 h the reaction mixture was lyophilized,
affording compound 12b as a colorless foam (712 mg, 1.67 mmol, 95%).
The Na salt of the product is remarkably stable (no decomposition
detectable by NMR or MS(ESI) after storage for seven months at �20 �C).
However, it was always freshly prepared before the solid phase synthesis.
Upon acidification the product decarboxylates spontaneously. 1H NMR
(300 MHz, DMSO, 25 �C, DMSO): �� 1.41 (s, 9H; tBu), 1.56 (m, 4H;
2NCH2CH2), 2.63 (d, 3J(H,H)� 4.4 Hz, 3H; CONHCH3), 4.21 (br s, 2H;
NCH2), 4.43 (br s, 2H; NCH2), 6.57 (s, 1H; arom. H), 6.73 (s, 1H; arom. H),
6.85 (s, 1H; arom. H), 7.07 (s, 1H; arom. H), 7.90 (d, 3J(H,H)� 4.4 Hz, 1H;
CONHMe), 9.05 (s, 1H; NH (Boc)); 13C NMR (75 MHz, DMSO, 25 �C,
DMSO): �� 26.36 (COONHCH3), 29.00 (C(CH3)3), 34.15 (NCH2CH2),
47.08 (NCH2), 47.97 (NCH2), 78.91 (C(CH3)3), 104.08, 115.91, 122.57, 122.98,
126.27, 145.69, 153.39, 162.14, 162.78; HR-MS (ESI): calcd for C19H27N5O5:
405.2012; found: 404.1942 [M�H]� .


Compound 12a : Obtained similarly, using compound 11a (630 mg,
1.5 mmol, 1 equiv) and a solution of NaOH in MeOH/H2O 1:1 (15 mL,
0.1�, 1.5 mmol, 1 equiv) and isolated as colorless foam (615 mg, 1.49 mmol,
99%). 1H NMR (300 MHz, DMSO, 25 �C, DMSO): �� 1.41 (s, 9H; tBu),
2.05 (m, 2H; NCH2CH2), 2.63 (d, 3J(H,H)� 3.3 Hz, 3H; CONHCH3), 4.17
(t, 3J(H,H)� 7.1 Hz, 2H; NCH2), 4.42 (t, 3J(H,H)� 7.1 Hz, 2H; NCH2),
6.58 (s, 1H; arom. H), 6.76 (s, 1H; arom. H), 6.82 (s, 1H; arom. H), 7.06 (s,
1H; arom. H), 7.92 (d, 3J(H,H)� 3.8 Hz, 1H; CONHMe), 9.07 (s, 1H; NH
(Boc)); 13C NMR (75 MHz, DMSO, 25 �C, DMSO): �� 26.40
(COONHCH3), 29.01 (C(CH3)3), 34.33 (NCH2CH2), 45.49 (NCH2), 46.35
(NCH2), 78.96 (C(CH3)3), 104.10, 115.51, 122.36, 123.19, 126.51, 145.78,
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153.39, 162.12, 162.78; HR-MS (ESI): calcd for C18H25N5O5: 391.1856;
found: 414.1735 [M�Na]� , 392.1916 [M�H]� .


Compound 12c : Obtained similarly, using compound 11c (671 mg,
1.5 mmol, 1 equiv) and a solution of NaOH in MeOH/H2O 1:1 (15 mL,
0.1�, 1.5 mmol, 1 equiv) and isolated as colorless foam (666 mg, 1.50 mmol,
99%). 1H NMR (300 MHz, DMSO, 25 �C, DMSO): �� 1.11 (m, 2H; CH2),
1.42 (s, 9H; tBu), 1.62 (m, 4H; 2NCH2CH2), 2.63 (s, 3H; CONHCH3), 4.16
(t, 3J(H,H)� 7.1 Hz, 2H; NCH2), 4.40 (t, 3J(H,H)� 7.1 Hz, 2H; NCH2),
6.55 (s, 1H; arom. H), 6.73 (s, 1H; arom. H), 6.85 (s, 1H; arom. H), 7.05 (s,
1H; arom. H), 7.89 (br s, 1H; NH); 13C NMR (75 MHz, DMSO, 25 �C,
DMSO): �� 23.99 (CH2), 26.38 (COONHCH3), 29.02 (C(CH3)3), 31.68
(NCH2CH2), 31.92 (NCH2CH2), 47.51 (NCH2), 48.26 (NCH2), 78.88
(C(CH3)3), 104.05, 115.87, 122.62, 123.03, 126.24, 145.59, 153.43, 162.20,
162.90; HR-MS (ESI): calcd for C20H29N5O5: 419.2169; found: 442.2051
[M�Na]� , 420.2231 [M�H]� .


Compound 12d : Obtained similarly, using compound 11d (27 mg,
58.5 mmol, 1 equiv) and a solution of NaOH in MeOH/H2O 1:1 (585 mL,
0.1�, 58.5 mmol, 1 equiv) (additional H2O (1 mL) and MeOH (2 mL) had
to be added to completely dissolve the starting material) and isolated as
yellowish foam (22 mg, 45.7 mmol, 79%). 1H NMR (300 MHz, DMSO,
25 �C, DMSO): �� 1.15 (m, 4H; 2NCH2CH2CH2), 1.42 (s, 9H; tBu), 1.54 ±
1.62 (m, 4H; 2NCH2CH2), 2.63 (d, 3J(H,H)� 4.4 Hz, 3H; CONHCH3),
4.15 (t, 3J(H,H)� 6.6 Hz, 2H; NCH2), 4.40 (t, 3J(H,H)� 6.6 Hz, 2H;
NCH2), 6.54 (s, 1H; arom. H), 6.72 (s, 1H; arom. H), 6.84 (s, 1H; arom. H),
7.04 (s, 1H; arom. H), 7.89 (d, 3J(H,H)� 3.8 Hz, 1H; COONHMe), 9.04 (s,
1H; NH (Boc)); 13C NMR (75 MHz, DMSO, 25 �C, DMSO): �� 24.60
(COONHCH3), 25.63 (NCH2CH2CH2), 25.78 (NCH2CH2CH2), 28.26
(C(CH3)3), 31.25 (NCH2CH2), 31.44 (NCH2CH2), 46.76 (NCH2), 47.56
(NCH2), 78.15 (C(CH3)3), 103.24, 115.01, 121.71, 122.13, 122.38, 125.46,
145.02, 152.63, 161.46, 162.07; HR-MS (ESI): calcd for C21H31N5O5:
433.2325; found: 432.2263 [M�H]� .


Compound 14 : PPh3 (8.73 g, 33.3 mmol, 1 equiv) and imidazole (2.27 g,
33.3 mmol, 1 equiv) were dissolved in CH2Cl2 and I2 (8.45 g, 33.3 mmol,
1 equiv) was added. After stirring at RT for 10 min compound 9d (8.0 g,
33.3 mmol, 1 equiv) was diluted with CH2Cl2 and added. After stirring at
RT for 10 min the reaction mixture was shaken with an aqueous solution of
Na2S2O3 and the phases were separated. The aqueous layer was extracted
three times with CH2Cl2. The combined organic layers were extracted with
brine, dried with MgSO4 and the solvent was evaporated. The resulting
orange residue (20 g) was dissolved in MeCN and compound 5 (10.0 g,
40 mmol, 1.2 equiv) and K2CO3 (11.5 g, 83.2 mmol, 2.5 equiv) were added.
This mixture was heated to 80 �C with vigorous stirring for 3 h. After
filtration the solvent was evaporated and CH2Cl2 and aqueous NaHCO3


were added. After separation of the layers the aqueous phase was extracted
twice with CH2Cl2. The combined organic phases were extracted with
brine, dried with MgSO4 and the solvent was evaporated. The residue was
subjected to flash column chromatography (hexane/acetone 2:1�1%
Et3N), affording compound 14 as a yellow liquid (10.55 g, 22 mmol,
66%). Rf (hexane/acetone 3:2)� 0.50; 1H (300 MHz, CDCl3, 25 �C, TMS):
�� 0.05 (s, 9H; SiMe3), 0.98 (t, 3J(H,H)� 8.2 Hz, 2H; CH2SiMe3), 1.33 (m,
4H; 2CH2), 1.40 (t, 3J(H,H)� 7.1 Hz, 3H; OCH2CH3), 1.77 (m, 4H; 2CH2),
4.29 ± 4.41 (m, 8H; 2COOCH2�2NCH2), 7.04 (s, 1H; arom. H), 7.12 (s, 1H;
arom. H), 7.37 (d, 3J(H,H)� 2.2 Hz, 1H; arom. H), 7.59 (d, 3J(H,H)�
2.2 Hz, 1H; arom. H); 13C NMR (75 MHz, CDCl3, 25 �C, CDCl3): ��
�1.42 (SiMe3), 14.31 (OCH2CH3), 17.39 (CH2SiMe3), 25.97 (2 middle
CH2), 30.93 (NCH2CH2), 30.98 (NCH2CH2), 48.26 (NCH2), 50.22 (NCH2),
61.35 (COOCH2), 63.26 (COOCH2), 112.74, 122.40, 125.00, 126.45, 129.34,
135.13, 157.13, 158.89, 159.91; IR (CHCl3): �� � 3143 (m), 2985 (s), 2958 (s),
2863 (s), 1711 (s), 1540 (s), 1511 (s), 1473 (s), 1422 (s), 1385 (s), 1371 (s),
1318 (s), 1252 (s), 1151 (s), 1107 (s), 1082 (s), 925 cm�1 (m); HR-MS (ESI):
calcd for C22H34N4O6Si: 478.2248; found: 479.2324 [M�H]� .


Compound 15 : Obtained analogously to compound 11d, using compound
10d (8.6 g, 15.7 mmol, 1 equiv) and TBAF (47.1 mL, 1� in THF, 47.1 mmol,
3 equiv), affording the tetrabutylammonium salt of the deprotected acid
(9.25 g, 13.4 mmol, 85%). A part of it (2.00 g, 2.9 mmol, 1 equiv) was
coupled with DCC (2.75 mL, 1� in CH2Cl2, 2.75 mmol, 0.95 equiv), HOBt
(588 mg, 4.35 mmol, 1.5 equiv), NH3 (7.0 mL, 0.5� in dioxane, 3.48 mmol,
1.2 equiv) and DIEA (1 mL, 5.80 mmol, 2 equiv), affording compound 15
(1.2 g, 2.68 mmol, 92%) as colorless foam. Rf (hexane/acetone 2:3)� 0.38;
1H NMR (300 MHz, DMSO, 25 �C, DMSO): �� 1.16 (m, 4H;
2NCH2CH2CH2), 1.25 (t, 3J(H,H)� 7.1 Hz, 3H; OCH2CH3), 1.40 (s, 9H;


tBu), 1.43 ± 1.66 (m, 4H; 2NCH2CH2), 4.14 ± 4.30 (m, 6H;
COOCH2�2NCH2), 6.58 (s, 1H; arom. H), 6.70 (br s, 1H; CONH2), 6.84
(s, 1H; arom. H), 7.02 (s, 1H; arom. H), 7.38 (br s, 1H; CONH2), 7.46 (s, 1H;
arom. H), 8.99 (s, 1H; NH (Boc)); 13C NMR (75 MHz, DMSO, 25 �C,
DMSO): �� 14.17 (OCH2CH3), 25.54 (2 NCH2CH2CH2), 28.24 (C(CH3)3),
30.71 (NCH2CH2), 31.26 (NCH2CH2), 47.52 (NCH2), 47.61 (NCH2), 60.58
(COOCH2), 78.13 (C(CH3)3), 104.40, 115.67, 121.90, 122.00, 128.64, 135.20,
152.67, 158.45, 162.71; IR (CHCl3): �� � 3534 (w), 3449 (w), 3417 (w), 2984
(m), 2938 (m), 2862 (m), 1713 (s), 1665 (s), 1599 (w), 1575 (m), 1536 (w),
1510 (w), 1467 (w), 1423 (w), 1323 (w), 1255 (m), 1160 (s), 1121 (w), 1070
(w), 998 cm�1 (w); HR-MS (ESI): calcd for C22H33N5O5: 447.2482; found:
448.2558 [M�H]� .


Compound 16 : Obtained analogously to compound 12d, using compound
15 (31 mg, 69.3 mmol, 1 equiv) and a solution of NaOH in MeOH/H2O 1:1
(693 mL, 0.1�, 69.3 mmol, 1 equiv) (additional MeOH (1.5 mL) had to be
added to completely dissolve the starting material) and isolated as
yellowish foam (23 mg, 49.6 mmol, 72%). 1H NMR (300 MHz, DMSO,
25 �C, DMSO): �� 1.15 (m, 4H; 2NCH2CH2CH2), 1.41 (s, 9H; tBu), 1.54 ±
1.62 (m, 4H; 2NCH2CH2), 4.16 (t, 3J(H,H)� 6.6 Hz, 2H; NCH2), 4.40 (t,
3J(H,H)� 7.1 Hz, 2H; NCH2), 6.60 (s, 1H; arom. H), 6.72 (s, 1H; arom. H),
6.84 (s, 1H; arom. H), 7.05 (s, 1H; arom. H); 13C NMR (75 MHz, DMSO,
25 �C, DMSO): �� 25.75 (NCH2CH2CH2), 28.28 (C(CH3)3), 31.20
(NCH2CH2), 31.39 (NCH2CH2), 46.77 (NCH2), 47.57 (NCH2), 78.00
(C(CH3)3), 104.53, 115.77, 121.87, 122.32, 125.49, 144.94, 152.83, 162.82;
HR-MS (ESI): calcd for C20H29N5O5: 419.2169; found: 442.2057 [M�Na]� .
Compound 17: PPh3 (5.25 g, 20 mmol, 1 equiv) and imidazole (1.36 g,
20 mmol, 1 equiv) were dissolved in CH2Cl2 and I2 (5.08 g, 20 mmol,
1 equiv) was added. After stirring at RT for 10 min compound 9d (4.81 g,
20 mmol, 1 equiv) was dissolved in CH2Cl2 and added. After stirring at RT
for 10 min the reaction mixture was shaken with an aqueous solution of
Na2S2O3 and the layers were separated. The aqueous layer was extracted
three times with CH2Cl2. Then the combined organic layers were extracted
with brine, dried with MgSO4 and the solvent was evaporated. The orange
residue (14.5 g) was purified by flash column chromatography (hexanes/
acetone 2:1) to afford compound 17 (5.25 g, 15 mmol, 75%) as yellow oil.
Rf (hexane/acetone 2:1)� 0.45; 1H (300 MHz, CDCl3, 25 �C, TMS): ��
1.34 ± 1.46 (m, 7H; 2CH2�OCH2CH3), 1.77 ± 1.84 (m, 4H;
ICH2CH2�NCH2CH2), 3.17 (t, 3J(H,H)� 7.1 Hz, 2H; CH2I), 4.37 ± 4.44
(m, 4H; 2COOCH2�NCH2), 7.11 (s, 1H; arom. H), 7.15 (s, 1H; arom. H);
13C NMR (75 MHz, CDCl3, 25 �C, CDCl3): �� 6.61 (CH2I), 14.03
(OCH2CH3), 25.10 (NCH2CH2CH2), 29.58 (ICH2CH2CH2), 30.68
(NCH2CH2), 32.84 (ICH2CH2), 47.96 (NCH2), 60.94 (COOCH2), 124.75
(C5 of imidazole), 128.93 (C4 of imidazole, 135.51 (C2 of imidazole), 158.48
(CO); IR (CHCl3): �� � 2986 (s), 2939 (s), 2861 (m), 1710 (s), 1511 (w), 1473
(s), 1422 (s), 1386 (s), 1304 (m), 1257 (s), 1141 (s), 1108 (s), 1071 (m),
1011 cm�1 (w); HR-MS (ESI): calcd for C12H29N2O2I: 350.0491; found:
351.0568 [M�H]� .


Compound 18 : Compound 17 (3.47 g, 9.9 mmol, 1.1 equiv) was dissolved in
MeCN (50 mL). Then 3-nitropyrrole[13] (1.01 g, 9.0 mmol, 1.0 equiv) and
K2CO3 (2.5 g, 18.0 mmol, 2.0 equiv) were added and the reaction mixture
was heated to 80 �C for 12 h. After filtration the solvent was evaporated.
CH2Cl2 and an aqueous solution of NaHCO3 were added. After separation
of the layers the aqueous layer was extracted twice with CH2Cl2. The
combined organic phases were extracted with brine, dried with MgSO4 and
the solvent was evaporated. The crude product was purified by flash
column chromatography (hexane/acetone 2:1�0.1% Et3N), affording
compound 18 (2.03 g, 6.07 mmol, 67%) as a yellowish oil. Rf (ethyl
acetate)� 0.40; 1H (300 MHz, CDCl3, 25 �C, TMS): �� 1.33 ± 1.46 (m, 7H;
2CH2�OCH2CH3), 1.79 ± 1.82 (m, 4H; 2NCH2CH2), 3.88 (t, 3J(H,H)�
7.1 Hz, 2H; N(Py)CH2), 4.40 (m, 4H; 2COOCH2�N(Im)CH2), 6.54 (t,
3J(H,H)� 2.7 Hz, 1H; H4 of Py), 6.70 (dd, 3J(H,H)� 1.8, 2.7 Hz, 1H; H5 of
Py), 7.06 (d, 3J(H,H)� 0.9 Hz, 1H; H5 of Im), 7.15 (d, 3J(H,H)� 1.2 Hz,
1H; H4 of Im), 7.50 (t, 3J(H,H)� 2.1 Hz, 1H; H2 of Py); 13C NMR
(75 MHz, CDCl3, 25 �C, CDCl3): �� 14.32 (OCH2CH3), 25.95
(NCH2CH2CH2), 30.64 (NCH2CH2), 30.95 (NCH2CH2), 48.20 (N(Im)CH2),
50.63 (N(Py)CH2), 61.38 (COOCH2), 105.52 (C5 of Py), 121.14 (C2 or C4 of
Py), 121.35 (C4 or C2 of Py), 125.00 (C5 of Im), 129.38 (C4 of Im), 135.87
(C3 of Py or C2 of Im), 136.58 (C2 of Im or C3 of Py), 158.90 (CO); IR
(CDCl3): �� � 2943 (m), 2863 (w), 1710 (s), 1532 (m), 1514 (m), 1489 (s), 1473
(m), 1422 (s), 1385 (m), 1365 (m), 1294 (s), 1257 (m), 1155 (m), 1129 (m),
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1072 cm�1 (m); HR-MS (ESI): calcd for C16H22N4O4: 334.1641; found:
335.1716 [M�H]� .


Compound 19 : Compound 18 (0.9 g, 2.7 mmol, 1 equiv) was dissolved in
EtOAc and Boc2O (617 mg, 2.83 mmol, 1.05 equiv) was added. After
purging the solution with Ar, Pd/C (311 mg, 10%) was added. This mixture
was stirred under a H2 atmosphere (35 bar) at RT for 3.5 h. Then it was
filtered and the solvent was evaporated. Purification by flash column
chromatography (hexane/acetone 2:1�0.1% Et3N) afforded compound 19
as a colorless oil (0.96 g, 2.37 mmol, 88%). Rf (hexane/acetone 1:1)� 0.56;
1H (300 MHz, CDCl3, 25 �C, TMS): �� 1.30 (m, 4H; 2CH2), 1.43 (t,
3J(H,H)� 7.1 Hz, 3H; OCH2CH3), 1.49 (s, 9H; tBu), 1.70 ± 1.80 (m, 4H;
2NCH2CH2), 3.76 (t, 3J(H,H)� 7.1 Hz, 2H; N(Py)CH2), 4.34 ± 4.44 (m, 4H;
2COOCH2�N(Im)CH2), 5.85 (t, 3J(H,H)� 2.2 Hz, 1H; C4 of Py), 6.24
(br s, 1H; NH), 6.43 (t, 3J(H,H)� 2.7 Hz, 1H; C5 of Py), 6.87 (br s, 1H; C2
of Py), 7.04 (s, 1H; C5 of Im), 7.14 (s, 1H; C4 of Im); 13C NMR (75 MHz,
CDCl3, 25 �C, CDCl3): �� 14.37 (OCH2CH3), 26.14 (NCH2CH2CH2), 26.26
(NCH2CH2CH2), 28.46 (C(CH3)3), 31.10 (2 NCH2CH2), 48.38 (N(Im)CH2),
49.78 (N(Py)CH2), 61.36 (COOCH2), 79.56 (C(CH3)3), 99.86 (C4 of Py),
109.91 (C2 or C5 of Py), 118.52 (C5 or C2 of Py), 122.58 (C3 of Py), 125.08
(C5 of Im), 129.35 (C4 of Im), 135.93 (C2 of Im), 157.10 (CO (Boc)), 158.93
(COOEt); IR (CHCl3): �� � 2956 (m), 2863 (w), 1712 (s), 1577 (w), 1540 (m),
1491 (m), 1422 (m), 1390 (m), 1369 (m), 1312 (w), 1250 (s), 1165 (s), 1120
(m), 1072 (w), 1059 (w), 1019 cm�1 (w); HR-MS (ESI): calcd for
C21H32N4O4: 404.2424; found: 405.2499 [M�H]� .


Compound 20 : Compound 19 (291 mg, 0.72 mmol, 1 equiv) was dissolved
in a solution of NaOH in MeOH/H2O 1:1 (3.6 mL, 0.2�, 0.72 mmol,
1 equiv). After shaking at 37 �C for 12 h the reaction mixture was
lyophilized, affording compound 20 as a yellowish foam (280 mg,
0.70 mmol, 98%). This compound was always freshly prepared before
the solid-phase synthesis. 1H NMR (300 MHz, DMSO, 25 �C, DMSO): ��
1.18 (m, 4H; 2CH2), 1.41 (s, 9H; tBu), 1.59 ± 1.64 (m, 4H; 2NCH2CH2), 3.70
(t, 3J(H,H)� 7.1 Hz; 2H, NCH2), 4.42 (t, 3J(H,H)� 7.1 Hz; 2H; NCH2),
5.79 (s, 1H; arom. H), 6.46 (s, 1H; arom. H), 6.70 (s, 1H; arom. H), 6.74 (s,
1H; arom. H), 7.06 (s, 1H; arom. H); 13C NMR (75 MHz, DMSO, 25 �C,
DMSO): �� 25.68 (NCH2CH2CH2), 25.79 (NCH2CH2CH2), 28.37
(C(CH3)3), 30.93 (NCH2CH2), 31.16 (NCH2CH2), 46.76 (NCH2), 48.72
(NCH2), 77.22 (C(CH3)3), 99.86, 108.77, 118.01, 121.78, 124.48, 125.47,
144.93, 152.99, 162.09; HR-MS (ESI): calcd for C19H28N4O4: 376.2111;
found: 399.2011 [M�Na]� .
Construction of plasmid DNA : To obtain the plasmid pAH2, the
oligonucleotide strands printed in bold face in Figure 6 were hybridized
and then ligated (Roche rapid ligation kit) into linearized pUC19[17]


(BamHI/HindIII) using T4 DNA ligase. The resultant construct was used
to transform JM109 cells (Promega). Ampicillin-resistant white colonies
were selected from Luria-Bertani medium-agar plates containing ampicil-
lin (50 mg mL�1), IPTG (120 mg mL�1) and XGAL (40 mg mL�1) and
grown in Luria-Bertani medium. Then the plasmid was isolated using the
Qiagen HiSpeed Plasmid Purification Kit. The sequence was verified by
dideoxy sequencing using the primers PBD1f (5�-
CTGCGCAACTGTTGGGAAGGG-3�) and PBD1r (5�-GGGCAGT-
GAGCGCAACGCAAT-3�). The plasmid pDEH9 had been prepared in
a similar way by S. E. Swalley and D. E. Herman.


Preparation of 3�-end-labeled restriction fragments : Following a literature
procedure,[20] the plasmids pDEH9 and pAH2 were linearized with EcoRI
and PvuII and then treated with Klenow enzyme, deoxyadenosine 5�-[a-
32P]triphosphate and thymidine 5�-[a-32P]triphosphate. After separation on
a nondenaturing polyacrylamide gel the desired band was visualized by
autoradiography and isolated. Chemical sequencing reactions were per-
formed according to published methods.[21]
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New Molecular Topologies by Fourfold Metathesis Reactions within a
Hydrogen-Bonded Calix[4]arene Dimer


Myroslav O. Vysotsky,[a] Michael Bolte,[b] Iris Thondorf,[c] and Volker Bˆhmer*[a]


Abstract: A calix[4]arene tetrapentyl
ether in the cone conformation substi-
tuted at its wide rim by four m-(�-
octenyloxy)phenyl urea groups forms
hydrogen-bonded dimeric capsules in
dichloromethane/benzene (95:5). Meta-
thesis reaction with Grubbs× catalyst
under high-dilution conditions (1.1�
10�4�) followed by hydrogenation leads
to a covalent connection of all the urea
groups within a dimer. Three topologi-
cally different products may be expected
in such a reaction: a bis[2]catenane, a
doubly bridged monocatenane and a
tetrabridged capsule. All three possible


reaction products could be isolated in an
overall yield up to 60% for the sepa-
rated and purified compounds. Their
identification was based on the NMR
patterns which reflect the characteristic
symmetry properties of the isomeric
products especially in the region of the
hydrogen-bonded NH protons and were
further confirmed by MALDI-TOF
mass spectra. Further structural support


for the bis[2]catenane comes from a
single-crystal X-ray structure, although
severe disorder prevents the localization
of all atoms in the aliphatic chains
connecting the two calix[4]arenes. Ki-
netic studies for the guest release/ex-
change (cyclohexane against the solvent
[D6]benzene) do not show remarkable
differences between the starting dimer
and the additionally linked dimers, while
the mobility of an included tetraethyl-
ammonium cation is obviously more
restricted.


Keywords: calixarenes ¥ catenanes
¥ inclusion compounds ¥ metathesis
¥ self-assembly


Introduction


Topologically intriguing molecules[1] such as catenanes,[2]


rotaxanes,[3] knots[4] and Mˆbius strips[5] continue to attract
the interest of scientists. This is not only due to simple
curiosity or the challenge to synthesize more and more
sophisticated structures; there are also relationships to
natural products (catenated or super-coiled DNA[6]), new
materials and nanometre-sized functional devices or ma-
chines.[7] The construction of ™knotaxanes∫ by using (chiral)
knots as stoppers in a rotaxane was recently proposed.[8]


The topologically correct covalent connection of molecular
fragments can be efficiently assisted by a proper pre-
organization through reversible (noncovalent) links, a process
currently described by ™self-assembly∫. Various rotaxanes,
catenanes and knots have been synthesized by using the pre-
organization of functionalized building blocks by metal ± li-
gand interactions,[9] inter/intramolecular hydrogen bonding,[10]


� ±� stacking[11] or hydrophobic interactions.[3, 12]


It is now well established that calix[4]arenes substituted on
their wide rim by four urea functions (1) form dimeric
capsules which are held together by a seam of intermolecular
hydrogen bonds.[13] The inclusion of a suitable guest, often a
solvent molecule, is a necessary condition and may be used to
induce the formation of the capsule. In these dimers the two
calixarenes are turned by 45� (time average) around their
common main axis with respect to each other, while the
interpenetrating urea residues R point in different directions
(Figure 1).


Since these dimers show high thermodynamic[14] and often
also high kinetic stability,[15] this is an ideal situation to
construct various covalently linked biscalix[4]arenes by re-
action between suitable functional groups in the residues R/
R�. An appropriate reaction for such a covalent connection is
the metathesis of CH�CH2 groups followed by hydrogenation
to obtain a saturated CH2�CH2 link, thereby avoiding all
complications caused by cis ± trans isomerism. This strategy
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Figure 1. General formula of a tetraurea calix[4]arene and stick represen-
tation of a dimeric capsule with benzene (space filling) as guest,
demonstrating the relative orientation of the urea residues R and R�.


has been successfully used to synthesize [2]catenanes[16] and
knots.[17, 18] Further examples of its application are the
covalent linking of pre-organized building blocks of hydro-
gen-bonded assemblies like dimers of cyclopeptides[19] and
rosettes,[20] as well as the connection of residues on the surface
of dendrimers.[21] Here we report our first results on meta-
thesis reactions carried out with dimers formed by 2 (see
Figure 3), a tetraurea calix[4]arene with urea residues bearing
alkenyl groups.


General topological considerations : In principle, two possi-
bilities exist for the covalent connection of residues attached
to the urea functions within a dimeric complex. They are
schematically indicated for a dimer of a tetraphenyl urea in
Figure 2.


Figure 2. Two possible connections (indicated by arrows) between the urea
residues of the same (�) or different calix[4]arenes (�) within a hydrogen-
bonded dimer. The two (identical) calixarenes of the homodimer are
distinguished by filled and unfilled phenyl urea units; ether groups Y are
omitted for clarity.


Thus, three reaction products must be considered for a
quantitative conversion, provided the metathesis reaction can
be entirely restricted to a single capsule and reactions
between capsules do not occur: 1) exclusive connection of
adjacent residues within one calixarene (� : R ±R and R� ±R�;
Figure 1 and Figure 2) leads to the bis[2]catenane 3, 2)
exclusive connection of adjacent residues belonging to differ-
ent calixarenes (� : R ±R�) results in the formation of the
tetrabridged unimolecular capsule 5,[22] and 3) both connec-
tions are realised in the mono[2]catenane 4 which has
structural similarities to a pretzelane.[23, 24]


The situation is schematically illustrated in Figure 3 in
which the single calix[4]arenes within a dimer are represented
by a regular square. The urea functions attached to the para
positions of the phenolic units extend from the corners of
these squares. The ™equatorial∫ plane of the dimer, the
™hydrogen-bonded∫ belt, corresponds to the drawing plane.


Figure 3. Schematic representation of the dimer 2 ¥ 2 and of the potential products of a metathesis reaction. The single calix[4]arenes are symbolized by
regular squares (solid and dashed lines) from the corners of which the urea functions extend. Two and fourfold axes are indicated; the symmetry groups
without (a) and with directionality (b) of the hydrogen-bonded belt of urea functions are listed.







Fourfold Metathesis Reactions in Calixarene Dimers 3375±3382


Chem. Eur. J. 2003, 9, 3375 ± 3382 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3377


To discuss the symmetry properties of the species we first
will concentrate on the ™molecular skeleton∫ or ™molecular
assembly∫ itself, that is, on the mutual arrangement and
covalent connection of the two calixarenes (case a in Figure 3
in which there is no directionality of the hydrogen-bonded
belt). A homodimer of two calix[4]arenes consisting of four
identical phenolic units possesses a C4 axis (perpendicular to
the drawing plane in Figure 3), four C2 axes (within the
drawing plane, which means perpendicular to the C4 axis) and
four symmetry planes (� planes) intersecting the C4 axis. This
corresponds to the achiral symmetry groupD4d. No symmetry
plane is present in all the potential products 3 ± 5, which
possess two, one and fourC2 axes lying in the drawing plane of
Figure 3. As indicated, a C2 and a C4 axis perpendicular to the
drawing plane are present in compounds 3 and 5, respectively.
Thus, all three potential reaction products are chiral, with
symmetry groups D2 , C2 , and D4 for 3 ± 5, and this chirality is
independent of the direction of the hydrogen-bonded belt.[25]


It should be observed also for capsules with cationic guests for
which the directionality usually changes rapidly on the NMR
time scale.[26] With neutral guests, for which a hydrogen-
bonded belt is ™kinetically stable on the NMR time scale∫, the
C2 axes in the drawing plane do not exist, and the symmetry
reduces to S8 for the homodimer 2 ¥ 2 and to C2, C1 and C4
for 3 ± 5.


Synthesis : The tetraurea 2 was easily obtained in 82% yield
from the active tetraurethane of calix[4]arene 10 by reaction
with the aniline 8 in the presence of H¸nig×s base. The aniline
8 was prepared (in two steps) from commercially availablem-
hydroxyacetanilide (6) by O-alkylation followed by alkaline
hydrolysis in 52% overall yield (Scheme 1).


The commercially available Grubbs× catalyst was used
under standard conditions (dichloromethane, room temper-
ature, 48 h) for the metathesis reaction. Since CH2Cl2 is not a
good template for the dimerization of 2, benzene was added in
a concentration of 0.55�, while the concentration of 2 was
kept at 1.1� 10�4� to suppress reactions between capsules. A
complete conversion was easily verified by the disappearance


of the 1H NMR signals for the CH�CH2 protons. After
hydrogenation (Pd/C, THF, 30 ± 35 �C)[27] the resulting mix-
ture of products was separated by flash chromatography.
Three compounds could be isolated with an overall yield of up
to 60% which gave MALDI-TOF spectra with peaks at m/
z 3389.0 (MH�) and 3411.5 (MNa�). These correspond to the
expected masses of the isomeric compounds 3 ± 5, present as a
dimer without guest.


NMR spectra : One of the characteristics of hydrogen-bonded
dimers of type 2 ¥ 2 is a strong hydrogen bond between the
NH� , attached to the urea residue R, and the carbonyl oxygen
atom of the adjacent urea function. This hydrogen bond, the
presence of which was confirmed by X-ray analysis,[28] shifts
the respective NMR signal(s) to very low field (approximately
10 ppm in [D6]benzene), while the hydrogen bond of the NH�


attached to the calixarene skeleton is weaker and its signal(s)
appear in the region of the aromatic protons (approximately
6.3 ppm in [D6]benzene).


According to the symmetry classes C2,C1, and C4 one has to
expect four, eight, and two signals, respectively, for the eight
NH� groups of capsules formed by compounds 3 ± 5, if the
hydrogen-bonded belt keeps its directionality on the NMR
time scale. Indeed, this is exactly what is observed in 1H NMR
spectra measured in [D6]benzene. For comparison, Figure 4
also shows the dimer 2 ¥ 2 for which a single signal is found
owing to its S8 symmetry.


Four, eight, and two different aromatic units of the
calix[4]arene skeletons and the same number of different
methylene bridges have to be expected in capsules formed by
compounds 3 ± 5. The aromatic protons appear as m-coupled
doublets under conditions where the directionality of the
hydrogen-bonded belt persists, and four, eight and two pairs
of doublets (J� 2.0 ± 2.8 Hz) could be clearly identified from
the gs-COSY spectra. The protons of the methylene bridges
appear as doublets with geminal coupling (J� 11 ± 13 Hz),
and four and two pairs of doublets could be distinguished for 3
and 5 (see Table 1). Only in the case of 4 are some of these
doublets overlapping.


Taken together with the mass
spectrometric data, these 1HNMR
results give unambiguous evi-
dence that the structures of the
compounds are bis[2]catenane 3
(isolated in 5 ± 12%), doubly
bridged mono[2]catenane 4 (26 ±
32%) and tetrabridged dimer 5
(10 ± 15%).[29]


Single-crystal X-ray analysis : Sin-
gle crystals of 3 were obtained
from chloroform/methanol and
the structure was solved after
numerous attempts (Figure 5).
However, the best crystal diffract-
ed to a resolution of just 1.65 ä.
Due to severe disorder, which
obviously is an intrinsic property
of the given structure, not all theScheme 1. Synthesis of the tetraurea calix[4]arene (2).
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Figure 4. Low-field region (NH� protons) of the 1H NMR spectra (room
temperature, [D6]benzene) of capsules 2 ¥ 2, 3, 4, and 5.


atoms of the chains connecting the urea residues could be
found. Thus, the topology of the bis[2]catenane cannot be
evidenced directly by the interlocking macrocycles.


The two calixarene parts form a hydrogen-bonded dimer
with 16 hydrogen bonds, assuming as arbitrary limits a
distance of N ¥¥¥ O � 3.50 ä and an angle of N�H ¥¥¥O �


135�. Eight hydrogen bonds may be considered as ™strong∫
(average distance N� ¥ ¥ ¥ O� 2.86 ä) and eight as ™weak∫ ones
(average distance N� ¥ ¥ ¥ O� 3.29 ä). The pole-to-pole dis-
tance of the capsule, determined between centroids of
methylene bridges (ArCH2Ar) is 10.1 ä, which is slightly
longer than the distance found in a benzene complex
(9.7 ä),[28] but shorter than the one found in a capsule with
the tetraethylammonium cation as guest (10.5 ä).[30] The
oxygen atoms attached to the urea phenyl groups point
exactly in the direction expected for 3, while these directions
should be different for structures 4 and 5. This may be
considered as an indirect proof for the topology of a
bis[2]catenane.


Internal mobility and exchange of guests : If benzene is
replaced by the tetraethylammonium cation as guest, the
symmetry of 3 changes from C2 to D2 due to the rapid


Figure 5. Top view of the X-ray molecular structure of the catenane 3. Due
to severe disorder only fragments of alkyl chains were found which are
omitted for clarity. These connecting chains are symbolized by dashed lines
while the directions of the ether bonds are indicated by arrows. Distances
[ä] between urea residues are: 3.426 (O101�N601), 3.015 (O101�N602),
3.432 (O201�N701), 3.030 (O201�N702), 3.357 (O301�N801), 2.843
(O301�N802), 3.160 (O401�N501), 2.780 (O401�N502), 3.350
(O501�N101), 2.803 (O501�N102), 3.007 (O601�N201), 2.832
(O601�N202), 3.334 (O701�N301), 2.792 (O701�N302), 3.353
(O801�N401), 2.768 (O801�N402).


reorientation of the hydrogen-bonded urea belt in the 3 ¥
Et4N� complex.[26] Lowering of the temperature to �40 �C
leads again to a spectrum reflecting C2 symmetry (Figure 6)
which may be seen as an additional confirmation of the
topological considerations developed above.[31] This temper-
ature dependence of the 1H NMR pattern can be used to
determine the respective energy barrier �G� for the reor-
ientation of the hydrogen-bonded belt. Due to the over-
lapping peaks, this is best done by lineshape analysis and
respective studies are in progress.


Table 1. Selected 1H NMR data for 3 ± 5 ([D6]benzene, 400 MHz).


Com-
pound


NH protons[a] Aromatic protons of calix[4]arene[b] ArCH2Ar protons of calix[4]arene[c]


3 10.01 (2H), 9.93 (2H), 9.91 (2H), 9.82 (2H) 8.16 and 6.35 (4H), 8.15 and 6.29 (4H),
7.93 and 6.32 (4H), 7.92 and 6.24 (4H)


4.58 and 3.33 (4H), 4.53 and 3.27 (4H),
4.50 and 3.26 (4H), 4.47 and 3.20 (4H)


4 10.03 (1H), 10.01 (1H), 9.99 (1H), 9.96 (1H),
9.94 (1H), 9.92 (1H), 9.86 (1H), 9.82 (1H)


8.16 and 6.35 (2H), 8.11 and 6.31 (2H),
8.10 and 6.29 (2H), 8.09 and 6.28 (2H),
8.08 and 6.33 (2H), 8.07 and 6.32 (2H),
7.99 and 6.31 (2H), 7.96 and 6.23 (2H)


4.56 and 3.27 (8H),[d] 4.55 and 3.31 (2H),
4.51 and 3.28 (4H),[d] 4.47 and 3,21 (2H)


5 10.01 (4H), 9.93 (4H) 8.11 and 6.32 (8H), 8.07 and 6.32 (8H) 4.57 and 3.27 (8H), 4.53 and 3.24 (8H)


[a] Only the signals of 8 NH hydrogens which form strong hydrogen bonds are listed. [b] Pairs of doublets correlated by gs-COSY spectra, 4J� 2.0 ± 2.8 Hz.
[c] Pairs of doublets correlated by gs-COSY spectra, 2J� 11 ± 13 Hz. [d] Overlapping doublets.
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Figure 6. Low-field region of the complex 3 ¥ Et4N�BF4
� in [D1]chloroform


at 58 �C (D2 symmetry) and �40 �C (C2 symmetry). Signals at �� 8.6 ppm
belong to NH� protons of the urea groups.


Lowering of the temperature leads also to a splitting of the
signal observed for the methyl groups of the included
tetraethylammonium cation at ���1.62 ppm (58 �C, Fig-
ure 7) into two broad signals at ���3.30 and �0.17 ppm.[32]


This has to be attributed to the freezing of the rapid rotation


Figure 7. High-field section of the guest signal for (3 ¥ Et4N�) BF4
� at


different temperatures.


of the included Et4N� cation around a pseudo-C2 axis in the
equatorial plane, by which ™equatorial∫ and ™polar∫ methyl
groups change their place.[26a] In this case the energy barrier
�G� can be derived from the coalescence temperature (Tc)


and the frequency difference �� by using the Gutowsky ±
Holm equation.[33] These values are collected in Table 2.
Evidently, the energy barriers �G� for the rotation of the
guest are slightly higher for 3 ± 5 than for the starting urea 2.
The observed increase in the order 2� 5� 4� 3 is in agree-
ment with an increasingly tighter connection of the two
calixarenes.


Preliminary kinetic studies have also been done for the
guest exchange. If a capsule containing cyclohexane as guest is
dissolved in [D6]benzene the signal for the included C6H12 at
���0.97 ppm slowly disappears, since it is replaced by the
deuterated solvent as guest. This process can be conveniently
monitored by NMR spectroscopy. First-order rate constants
thus obtained are also given in Table 2. The differences
between 3 ± 5 and 2 ¥ 2 are not strong, but the tendency is the
same as for the rotation of an included guest.[34] Evidently, the
connecting chains are too long for an effective hindrance of
the guest exchange.


Molecular modeling : Molecular dynamics simulations[35] have
been carried out for 3 ± 5 including either benzene or a
tetraethylammonium cation as guests in order to establish
whether a specific compound should be favored.[36] A
comparison of the average geometrical parameters of 3 ± 5
to those obtained in the same way for 1 (R�H, Y�Et)
reveals that the shape of the capsules is very similar (Table 3).
The differences of the interaction energies of the calixarene
monomers in 3 ± 5 (the alkyl chains were omitted from this
calculation) as well as the host ± guest interaction energies
vary only within the standard deviation (Table 4). Thus, from
molecular modelling investigations a more or less statistical
product distribution (1:2:1) should be expected, as was indeed
observed.


Table 2. Energy barriers of the hindered rotation of the included
tetraethylammonium cation �G� [kJmol�1] within corresponding com-
plexes, rate constants k (h�1) and half-life times �1/2 [h] of cyclohexane
complexes in [D6]benzene (25 �C).


Compound �G� (Tc [K]) k[a] [h�1] �1/2 [h]


2 47 (265) 0.090 7.7
3 55 (306) 0.045 15
4 52 (292) 0.048 14
5 50 (278) 0.059[b] 12


[a] Averaged from three independent experiments; deviation �15%.
[b] Deviation �25%.


Table 3. Summary of average geometric parameters in 1 (R�H, Y�Et) and 3 ± 5.


1/C6H6 3/C6H6 4/C6H6 5/C6H6 1/Et4N� 3/Et4N� 4/Et4N� 5/Et4N�


number of hydrogen bonds 14 14 14 14 8 8 8 8
extension pole ¥¥ ¥ pole [ä][a] 9.6 9.5 9.5 9.5 10.4 10.3 10.2 10.2
equatorial extension [ä][b] 8.0 8.4 8.2 8.2 9.0/10.5 9.0/9.8 9.0/9.7 8.8/10.0
N�H ¥¥¥O distance (peripheral) 2.01 2.11 2.11 2.11 2.29 2.36 2.26 2.30
N�H ¥¥¥O distance (inner) 2.45 2.39 2.40 2.39 2.82 2.80 2.76 2.74


[a] Distance of the two centroids of the bridging methylene carbon atoms. [b] Measured between opposing van der Waals surfaces. In the case of Et4N� due to
the ellipsoidal shape two values for the minimum and maximum diameter are given.
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Conclusion


We have demonstrated that the pre-organization of the two
calix[4]arenes in a tetraurea dimer can be used to synthesize
topologically interesting molecules. In particular, to the best
of our knowledge, the topology of the macrocyclic bis[2]ca-
tenane 3 has not been described previously. It should be
possible to tune the reaction by an appropriate choice of the
reactive urea functions. Thus, the length and place of the
spacer could be varied and the incorporation of rigid
structural elements could be used to favor the selective
formation of one of the possible structures. Bis[2]catenanes of
type 3 should be the only product from heterodimers between
2 and a tetraurea derivative in which adjacent urea functions
are already covalently connected,[37] while rotaxane-like
structures would result from heterodimers between 2 and a
bulky tetraurea.[15a] A doubly bridged capsule with D2 or C2


symmetry (compare a and b in Figure 2, respectively) would
result from homodimers of tetraureas bearing reactive alkenyl
residues alternating with nonreactive residues (ABAB type).
These examples show that various additional structures with
interesting topologies should be available through the meta-
thesis reaction of alkenyl-substituted tetraureas. Studies to
explore these possibilities are under way.


Experimental Section


General : [D1]Chloroform (stabilized over silver wool, 99.8% of deuterium,
Fa. Merck) was used for the spectroscopic studies. The 1H NMR spectra
were measured on a Bruker DRX400 Avance (400.13 MHz) spectrometer
unless otherwise indicated. The 3-hydroxyacetanilide (6), N,N-diisopropy-
lethylamine (both from ACROS), 4-nitrophenylchloroformate (Fluka) and
Grubbs× catalyst (Strem) were purchased, while the tetraamine 9 was
prepared as described in the literature.[38] Solvents used in syntheses were
of a reagent grade (ACS). Reactions were carried out under a nitrogen
atmosphere. The complexes with tetraethylammonium tetrafluoroborate
for variable temperature 1H NMRmeasurements were prepared by mixing
the corresponding ureas in the NMR tube with an excess of the salt (1:3) in
[D1]chloroform (0.7 mL) for 5 ± 10 min in an ultrasonic bath. Cyclohexane
complexes of 2 ± 5 were prepared by dissolving a sample (3 ± 5 mg) in
benzene (3 mL), stirring the resulting solution with aluminium hydroxide
(0.1 g, basic, from Merck), filtering, and evaporating to dryness under
reduced pressure. The residue (benzene complex) was dissolved in
cyclohexane (3 mL) at reflux and evaporated. The last procedure was
repeated and the complex thus obtained was dissolved in [D6]benzene
(0.6 ± 0.7 mL). A sample was placed in the magnet of the NMR instrument
for a whole kinetic run and spectra were recorded automatically every 1 ±
2 h.


Synthesis


3-(7�-Octenyloxy)acetanilide (7): A mixture of 3-hydroxyacetanilide (6)
(1.125 g, 7.44 mmol), �-bromoctene-1 (1.565 g, 8.19 mmol), and K2CO3


(1.13 g, 8.19 mmol) in DMF (20 mL) were stirred at 70 �C for 6 h. After
cooling, the reaction mixture was poured into distilled water (150 mL) and
extracted with chloroform (4� 20 mL). The organic layer was washed with


water (2� 20 mL), dried over MgSO4, and then evaporated under reduced
pressure to dryness. Recrystallization from methanol (15 mL) gave the title
compound (1.29 g, 60%) as a white crystalline powder.M.p. 55 �C; 1HNMR
([D1]chloroform, 25 �C): �� 7.55 (br s, 1H; NH), 7.26 (s, 1H; CH), 7.16 (t,
J� 7.9 Hz, 1H; CH), 6.94 (d, J� 7.6 Hz, 1H; CH), 6.62 (d, J� 7.6 Hz, 1H;
CH), 5.80 (m, 1H; CH�CH2), 4.99 (dd, 2J� 17.0 Hz, 3J� 1.8 Hz, 1H;
CH�CH2), 4.92 (dd, 2J� 11.1 Hz, 3J� 1.2 Hz, 1H; CH�CH2), 3.90 (t, J�
6.4 Hz, 2H; OCH2), 2.14 (s, 3H; COCH3), 2.03 (q, J� 7 Hz, 2H;
CH2CH�CH2), 1.74 (q, J� 7.0 Hz, 2H; CH2), 1.45 ± 1.30 ppm (m, 6H;
CH2); 13C NMR (CDCl3): �� 168.54, 159.63, 139.11, 138.98, 129.51, 114.23,
111.80, 110.56, 106.22, 67.92, 33.65, 29.13, 28.79, 28.76, 25.82, 24.57 ppm;
elemental analysis calcd (%) for C16H23NO: C 73.53, H 8.87, N 5.36; found:
C 73.14, H 8.40, N 5.42.


3-(7�-Octenyloxy)aniline (8): A mixture of anilide 7 (0.76 g, 2.9 mmol) and
NaOH (4.07 g, 0.102 mol) was heated at reflux in a mixture of ethanol
(100 mL) and water (10 mL) for 6 h. After cooling, the mixture was
evaporated under reduced pressure, distilled water (300 mL) was added
and the mixture was extracted with dichloromethane (4� 20 mL). The
organic layer was washed with water (2� 30 mL), dried over MgSO4 and
evaporated to dryness to give the title compound (0.56 g, 87%) as a yellow
oil. 1H NMR ([D1]chloroform, 25 �C): �� 7.08 (t, J� 7.6 Hz, 1H; CH), 6.36
(dd, 3J� 8.2 Hz, 4J� 1.8 Hz, 1H; CH), 6.29 (dd, 3J� 8.2 Hz, 4J� 1.8 Hz,
1H; CH), 6.26 (t, J� 2.4 Hz, 1H; CH), 5.86 (m, 1H; CH�CH2), 5.07 (dd,
2J� 17.0 Hz, 3J� 1.8 Hz, 1H; CH�CH2), 5.01 (d, J� 10.6 Hz, 1H;
CH�CH2), 3.94 (t, J� 6.5 Hz, 2H; OCH2), 3.65 (br s, 2H; NH2), 2.12 (q,
J� 7 Hz, 2H; CH2CH�CH2), 1.81 (q, J� 8.2 Hz, 2H; CH2), 1.55 ± 1.35 ppm
(m, 6H; CH2); 13C NMR (CDCl3): �� 160.05, 147.66, 138.78, 129.77, 114.09,
107.49, 104.25, 101.36, 67.44, 33.50, 29.05, 28.65, 28.61, 25.70 ppm; elemental
analysis calcd (%) for C12H17NO: C 75.35, H 8.96, N 7.32; found: C 75.10, H
9.02, N 7.12.


5,11,17,23-Tetrakis(N�-(4��-nitrophenyloxy)carbonylamine)-25,26,27,28-tet-
rakis(pentyloxy)calix[4]arene (10): A solution of tetraamine 9 (3 g,
3.92 mmol) and 4-nitrophenylchloroformate (3.947 g, 19.6 mmol) in a
mixture of chloroform (75 mL) and THF (45 mL) was heated at reflux
overnight. After cooling, the reaction mixture was evaporated to dryness
under reduced pressure. The residue was heated at reflux in ethyl acetate
(40 mL) for 2 ± 3 min. The yellow precipitate was filtered off, washed with
hot ethyl acetate and dried to give the title compound (3.69 g, 70% yield).
M.p. � 240 �C (decomp); 1H NMR ([D6]DMSO, 200 MHz): �� 9.95 (br s,
4H; NH), 8.20 (d, J� 8.8 Hz; CH), 7.37 (d, J� 8.8 Hz; CH), 6.90 (br s, 8H;
CH), 4.35 and 3.11 (2d, J� 12.7 Hz, 8H; ArCH2Ar), 3.81 (br t coupling was
unresolved, 8H; OCH2), 1.87 (m, 8H; CH2), 1.50 ± 1.30 (m, 16H; CH2),
0.91 ppm (br t, J� 6.3 Hz; CH3); 13C NMR ([D1]chloroform, 25 �C): ��
155.36, 152.49, 150.20, 143.78, 134.49, 130.84, 124.26, 121.54, 119.23, 74.47,
30.54, 29.03, 27.60, 22.02, 13.51 ppm.


5,11,17,23-Tetrakis(N�-3��-(7���-octenyloxy)phenyl-N-ureido)-25,26,27,28-
tetrakis(pentyloxy)calix[4]arene (2): A solution of aniline 8 (0.396 g,
1.81 mmol) and N,N-diisopropylethylamine (0.467 g, 3.61 mmol) in DMF
(5 mL) was added to a solution of the active urethane 10 (0.486 g,
0.361 mmol) in DMF (15 mL) and the reaction mixture was stirred at 70 �C
overnight. After cooling to a room temperature (22 �C), the reaction
mixture was poured into 1� potassium carbonate (250 mL) and extracted
with chloroform (4� 20 mL). The organic layer was then additionally
washed with 1� potassium carbonate (3� 30 mL), dried over MgSO4,
evaporated to dryness and purified twice by column chromatography over
silica (ethyl acetate/hexane 1:4) to afford the title compound (0.519 g,
82%). M.p. 165 ± 170 �C; 1H NMR ([D6]DMSO, 25 �C): �� 8.30 (s, 4H;
NH), 8.16 (s, 4H; NH), 7.06 (m, 8H; CH), 6.79 (s, 8H; CHcalix), 6.76 (d, J�
7.6 Hz, 4H; CH), 6.46 (d, J� 8.2 Hz, 4H; CH), 5.77 (m, 4H; CH�CH2), 5.02
(d, 2J� 17 Hz plus small unresolved long-range couplings, 4H; CH�CH2),
4.91 (d, J� 10 Hz plus small unresolved long-range couplings, 4H;
CH�CH2), 4.33 and 3.11 (2d, J� 12.3 Hz, 8H; ArCH2Ar), 3.90 ± 3.75 (m,
16H; OCH2), 2.00 (q, J� 6.5 Hz, 8H; CH2CH�CH2), 1.90 (m, 8H; CH2),
1.66 (quintet, J� 7.0 Hz, 8H; CH2), 1.50 ± 1.20 (m, 40H; CH2), 0.94 ppm
(br t, 12H; CH3); 1H NMR ([D1]chloroform, 200 MHz, 25 �C): �� 9.43 (s,
8H; NH), 7.65 and 5.82 (2ABd, 4J� 2 Hz, 16H; CHcalix), 7.58 (br t, small
unresolved long-range coupling, 8H; CH), 7.32 (d, 3J� 8.3 Hz plus small
unresolved long-range couplings, 8H; CH), 7.21 (t, 3J� 7.8 Hz, 8H; CH),
6.88 (s, 8H; NH), 6.53 (d, 3J� 7.8 Hz plus small unresolved long-range
couplings, 8H; CH), 5.75 (m, 8H; CH�CH2), 4.95 (dd, 3J� 15.6 Hz, 4J�
2.0 Hz plus small unresolved long-range couplings, 8H; CH�CH2), 4.88 (d,


Table 4. Average interaction energies of the calixarene monomers �Emon


[kcalmol�1] and average energies of host ± guest interactions �Einc [kcalmol�1]
within the capsules (Connecting alkyl chains omitted from the calculation).


�Emon �Einc �Emon �Einc


3/C6H6 � 62.8� 1.1 � 20.5� 2.5 3/Et4N� � 50.3� 3.2 � 59.9� 4.4
4/C6H6 � 62.3� 1.1 � 20.5� 2.7 4/Et4N� � 51.3� 3.0 � 59.3� 4.1
5/C6H6 � 62.5� 1.1 � 20.5� 2.4 5/Et4N� � 51.8� 2.9 � 58.9� 4.2
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3J� 8.8 Hz plus small unresolved long-range couplings, 8H; CH�CH2), 4.20
and 2.83 (2d, 2J� 11.7 Hz, 16H; ArCH2Ar), 3.90 ± 3.75 (m, 16H; OCH2),
3.65 (t, 3J� 7.8 Hz, 16H; OCH2), 2.08 ± 1.79 (m, 32H; CH2), 1.75 ± 1.55 (m,
16H; CH2), 1.45 ± 1.10 (m, 80H; CH2), 0.93 ppm (t, 3J� 7.3 Hz, 24H; CH3);
1H NMR ([D6]benzene, 25 �C): �� 10.01 (s, 8H; NH), 8.13 (s, 16H; CH�
CHcalix), 7.68 (d, 3J� 7.8 Hz plus small unresolved long-range couplings, 8H;
CH), 7.30 ± 6.90 (m, under solvent peak; CH�NH), 6.62 (d, 3J� 7.8 Hz plus
small unresolved long-range couplings, 8H; CH), 6.31 (brd, small
unresolved long-range coupling, 8H; CHcalix), 5.77 (m, 8H; CH�CH2),
5.04 (br dd, 3J� 17 Hz plus small unresolved long-range couplings, 8H;
CH�CH2), 4.99 (br dd, 3J� 10.1 Hz plus small unresolved long-range
couplings, 8H; CH�CH2), 4.56 and 3.28 (2d, 2J� 11.6 Hz, 16H; ArCH2Ar),
3.90 ± 3.60 (m, 32H; OCH2), 2.07 (quintet, 3J� 7.1 Hz, 16H; CH2), 1.94 (q,
3J� 7.2 Hz, 16H; CH2), 1.60 ± 1.45 (m, 16H; CH2), 1.40 (quintet, 3J� 7.5 Hz,
16H; CH2), 1.30 ± 1.05 (m, 64H; CH2), 0.98 ppm (t, 3J� 7.5 Hz, 24H; CH3);
13C NMR ([D6]DMSO, 25 �C): �� 158.96, 152.25, 151.06, 140.94, 138.63,
134.33, 133.25, 129.21, 118.12, 114.53, 110.07, 107.26, 104.12, 74.71, 67.04,
33.02, 30.54, 29.29, 28.55, 28.15, 28.13, 27.88, 25.25, 22.25, 13.89 ppm; FD
MS: m/z : 1747.1 [M�1]� .


Compounds 3 ± 5 : Benzene (p.a., 50 mL) was added to a solution of
calix[4]arene 2 (0.204 g, 0.117 mmol) in dry dichloromethane (1.00 L).
After approximately 15 min a solution of Grubbs× catalyst (0.019 g,
0.0234 mmol) in dry dichloromethane (25 mL) was added. The reaction
mixture was stirred for two days at room temperature. DMSO (p.a.,
150 �L) was then added, and after 12 h, the solution was washed with water
(4� 100 mL), dried over magnesium sulfate and evaporated to dryness. The
residue was passed through a silica column (chloroform as eluant). The
mixture of compounds was then hydrogenated (H2 (1 atm), Pd/C, THF,
30 ± 35 �C, 5 h) until the signal of CH�CH protons at 5.5 ppm had
disappeared and the products were separated by flash chromatography
(gradient hexane/ethyl acetate 10:1 to ethyl acetate) to yield 3 ± 5 (see
Table 1 for selected spectroscopic data). Compound 3 (yield 5 ± 12%): m.p.
(chloroform/methanol) � 300 �C (decomp.), 265 ± 290 ph. tr.; for selected
1H NMR data see Table 1; MALDI-TOF MS: m/z : 3389.0 [M�1]� .
Compound 4 (yield 26 ± 32%): m.p. (chloroform/methanol) � 330 (de-
comp.), 207 ± 230 and 295 ± 330 ph. tr.; for selected 1H NMR data see
Table 1; MALDI-TOF MS: m/z :3390.3 [M�2]� , 3411.3 [M�Na�]. Com-
pound 5 (yield 10 ± 15%): � 330 �C (decomp); MALDI-TOF MS: m/z :
3411.5 [M�Na�].


X-ray structure analysis : Single crystals of 3 (Figure 5) suitable for an X-ray
analysis were obtained from chloroform/methanol. However, the best
crystal diffracted to a resolution of just 1.65 ä. Nevertheless, the structure
could be solved after numerous attempts by the Shake-and-Bake method
(SHELXD, a program for the solution of macromolecular structures; G. M.
Sheldrick, University of Gˆttingen, 1999). It clearly shows the dimeric
capsule, but due to the disorder in the four C14H28 chains between the
oxygen atoms and the low resolution of the data it was impossible to decide
how the urea residues are connected. Refinement was performed on F 2


(SHELXL, a program for the refinement of crystal structures; G. M.
Sheldrick, University of Gˆttingen, 1997). All non-hydrogen atoms were
kept isotropically and hydrogen atoms were not included. Space group P21/
c, a� 22.319(2), b� 39.251(6), c� 29.259(3) ä, �� 109.465(8)�, V�
24167(5) ä3, Z� 4, �� 0.08mm�1 (MoK�), crystal dimensions 0.5� 0.5�
0.4 mm3, 131365 measured intensities, 38492 independent reflections
(Rint� 0.20), 669 parameters, 149 restraints, R� 0.42, highest peak and
deepest hole in the final difference map: 1.35, �0.67 eä�3. CCDC-204634
contains the supplementary crystallographic data for 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)1223-336033; or depos-
it@ccdc.cam.uk).


MD simulations : MD simulations of 3 ± 5 (in which the n-pentyl groups at
the narrow rim were replaced by ethyl groups) have been carried out by
using the AMBER6 force field for 9 ns in a rectangular box of chloroform
molecules. For details of the protocol see ref. [30].
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Routes to Metallodendrimers: Synthesis of Isomeric Neutral Metallomacro-
molecules Based on Bis(2,2�:6�,2��-terpyridine)ruthenium(��) Connectivity


George R. Newkome,*[a] Kyung Soo Yoo,[a] Hyung Jin Kim,[b] and Charles N. Moorefield[a]


Abstract: Routes for the syntheses of isomeric, zwitterionic, bisterpyridine ±RuII-
based macromolecules are described. Access to these novel architectures is
facilitated by the construction of terpyridine-modified, 1� 3 C-branched, ester-
terminated building blocks. Constitutional isomers result from the interchangable
placement of methyl and tert-butyl ester groups on both the branched framework
near the RuII centers and the termini of the branched construct. Water solubility is
imparted to each isomer through selective transformation of the tert-butyl esters to
their corresponding carboxylates. Along with the standard characterization techni-
ques, electrochemical and spectroscopic data also support the structural formation.


Keywords: constitutional isomer ¥
dendrimers ¥ nanostructures ¥
ruthenium ¥ zwitterions


Introduction


For a number of years, the 2,2�:6�,2��-terpyridine ligand[1, 2] has
been of interest in the assembly of metallomacromolecules
and metallosupramolecules,[3±12] owing to its metal-coordinat-
ing ability and the subsequent application in areas such as
magnetic, electronic, electrochemical, photooptical, and cata-
lytic potential.[12±31] In general, these positively charged,
terpyridine ±metal ± terpyridine assemblies are counter bal-
anced with ions, such as Cl�, BF4


�, PF6
� ; however, to date,


there has been a derth of study relating to the zwitterionic
forms of these types of complexes and their effects on
macromolecular architecture. Recently, we have reported the
construction of neutral dendritic metallomacromolecules
without external counterions that incorporate bis(2,2�:6�,2��-
terpyridine)ruthenium(��) ([��Ru��]) complexes with inter-
nally off-setting charges.[32±34] Goals related to the construc-
tion of metallodendrimers[35, 36] possessing covalently bound
counterions include the investigation and modification of such
physicochemical properties as solubility, charge density, and
electrochemical behavior. Herein, we report the synthesis and
electrochemical behavior for isomeric, neutral, RuII-based
metallomacromolecules (19 and 22) that possess the requisite


number of covalently bound internal or terminal charge-
compensating carboxylate ions as well as limited sites for
surface modification or dendritic growth.


Results and Discussion


With respect to the assembly the isomeric neutral metal-
lomacromolecules with four bis(terpyridine) ± ruthenium con-
nections ([��Ru��]), it was of interest to evaluate the
juxtaposition of appended counterions. In essence, either an
internal or external relative disposition of the eight carbox-
ylate moieties was necessary to compensate for the overall
8� charge of the four connective RuII centers; thus, simple
routes to dendritic macromolecules possessing eight tert-butyl
and methyl ester moieties, assembled by means of four
[��Ru��] metallo-connections, were devised. The initial 1�
(2�1) branched monomers, for example, 4, were devised so
that easy hydrolysis of the tert-butyl ester could be achieved,
thus generating the desired internal counterions for the
adjacent divalent metal, and the unique remaining surface arm
could be used to continue the branched construction motif.
Recently, a series of 1� (2�1) C-branched monomers,


possessing either ester and protected hydroxy or mixed esters,
has been reported as an initial study on selectively function-
alized hyperbranched and dendritic frameworks.[37] As a
continuation of that series, amines 4 and 14, which contain a
single [��Ru��] site of connection within each dendron as
well as introduce a terminal hydroxy site for later surface
modification, have been isolated. The treatment of tert-butyl
(or alkyl) acrylate with MeNO2 in the presence of a catalytic
amount of Triton B (BnMe3N�OH�) gave an alkyl 4-nitro-
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butanoate, which after hydrolysis and reduction
with BH3 ¥ THF afforded (85%) 4-nitrobutan-1-ol (1;
Scheme 1),[37, 38] which was confirmed (13C NMR spectrosco-
py) by the appearance of a new peak for primary CNO2 at ��
75.2 ppm. Protection of hydroxy terminus with dihydropyran


OHO2N
OTHPR


OO


OO


OTHPO2N


3 R; -NO2
4 R; -NH2


1 2


i ii


iii


Scheme 1. i) Dihydropyran, TsOH, CH2Cl2, 25 �C, 4 h; ii) 2 equiv tert-
butyl acrylate, Triton B, THF, 25 �C, 24 h; iii) T1 Raney Ni, EtOH, 60 psi,
24 h.


afforded (97%) the corresponding ether 2, which was
identified by the downfield chemical shift (13C NMR spectros-
copy) for CH2O from 61.0 to 62.2 ppm and appearance of the
appropriate peaks for the THP moiety. Treatment of ether 2
with two equivalents of tert-butyl acrylate, in the presence of
Triton B, in THF at 60 �C for 24 h gave the bis-C-functional-
ized dendron 3, the structure of which was supported by the
appearance of the new C4�NO2 signal at �� 92.8 ppm, which
is shifted downfield from the signal (�� 75.2 ppm) assigned to
the C1�NO2 group in 2. Reduction of the nitro moiety with
Raney-Ni in absolute EtOH at 40 �C for 24 h afforded (96%)
the desired starting 1� (2�1) monomer 4 in an overall 80%
yield from MeNO2. The use of alternative O-protecting
moieties, such as acetate (selectively deprotected with base)
and benzyl (deprotected by hydrogenolysis), has been dem-
onstrated;[37] the THP derivative can be deprotected under
acidic conditions. The structure of 4 was confirmed by the
upfield chemical shift (13C NMR) for C4� from 92.8 to
52.2 ppm; the molecular peak (ESI-MS) m/z 430.4 [M��H]
(calcd 430.4 [M��H]) further supported the assignment.
Amine 4 was then coupled with 4-[4�-(2,2�:6�,2��-terpyri-


dinyloxy)]butanoic acid (5), prepared from 4�-chloro-2,2��:6�,2��-
terpyridine and 4-hydroxybutanoate,[39, 40] by means of tradi-
tional peptide coupling conditions[41] to afford (82%) 6, which
was identified by the formation of a new peak assigned to the
amide carbonyl carbon at �� 170.9 ppm (CONH); the ESI-
MS further confirmed the assignment by a peak at m/z 769.8
[M��Na] (calcd: 769.4 [M��Na]). Next, treatment of 6 with
one equivalent of RuCl3 in MeOH at reflux afforded the
paramagnetic, THP-free, RuIII complex 7. The THP moiety
was lost upon treatment with RuCl3 ¥H2O, which presumably
acted as a Lewis acid under the reaction conditions. The
corresponding methyl ester 8 was obtained (98%) by the
facile transesterification and deprotection of 6 in absolute
MeOH with a trace of acid at 60 �C for 24 h. Its structure was
confirmed (13C NMR spectroscopy) by the presence of a peak
at �� 51.7 ppm for the new methyl ester groups, as well as the
complete disappearance of tert-butyl signals; peaks at m/z
601.3 [M��Na] (calcd: 601.3 [M��Na]) in its ESI-MS further
establish its identity. The RuIII adduct 9 was subsequently
obtained (68%) by treatment with RuCl3 ¥ 3H2O in MeOH
(Scheme 2). Both adducts 7 and 9 were used without further
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Scheme 2. i) 4, DCC, 1-HOBt, DMF, 25 �C; ii) RuCl3 ¥H2O, MeOH, �, 2 h;
iii) MeOH, H2SO4 (cat.), 25 �C.


purification or characterization due to their poor solubility in
most organic solvents and their inherent paramagnetic
character.
Synthesis of the 1� (2�1) dendron 14, which possesses a


single terpyridine moiety, was accomplished as depicted in
Scheme 3. The pentylamine 10, previously synthesized,[40] was
treated with one equivalent of acryloyl chloride in the
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Scheme 3. i) Et3N, THF, CH2�CHCOCl, O� C; ii) MeNO2, CHCl3, Triton
B, 25 �C, 24 h; iii) CH2�CHCO2CMe3, 2 equiv), CH2Cl2, Triton B, 25 �C,
24 h; iv) T1 Raney Ni, EtOH, 120 psi H2, 40 �C, 24 h.


presence of Et3N in THF to give the N-substituted amide 11
(91%), which was confirmed (13C NMR spectroscopy) by the
observation of new peaks assigned to the acrylamido group at
�� 126.3 (CH2�), 130.8 (�CH), and 165 ppm (C�O), as well
as the expected chemical shift change for the NCH2 peak (42.0
to 39.4 ppm) upon amidation; ESI-MS further confirmed the
assignment by a peak at m/z 789.2 [M��H] (calcd: 789.3
[M��H]). Michael addition ofMeNO2 to 11 in the presence of
Triton B afforded the amide 12 (75%), whose structure was
supported (13C NMR spectroscopy) by the appearance of a
new resonance for primary CH2NO2 group at �� 74.5 ppm, as
well as loss of signals associated with the unsaturated center.
Attachment of the two ester units to the carbon � to the nitro
moiety in amide 12 was accomplished through the use of
Michael-type conditions by reaction with two equivalents of
tert-butyl acrylate in the presence of Triton B in CHCl3 at
25 �C for 24 h to generate the diester 13 (70%). Character-
ization of the product (13C NMR spectroscopy) included an
expected change in chemical shift for the resonance assigned
to the CH2NO2 group from �� 74.5 ppm to �� 92.3 ppm,
corresponding to the (alkyl)3CNO2 transformation. An alter-
nate approach to diester 13 was realized by treatment of
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4-nitro-4-di(2-tert-butoxycarbonylethyl)butanoic acid[37] with
1-amino-(4�-terpyridinyloxy)pentane[33, 42] by means of stand-
ard, DCC-type, peptide-coupling conditions. Reduction of the
nitro moiety in diester 13 with Raney-Ni in absolute EtOH at
40 �C smoothly afforded the desired aminodiester monomer
14 (87%), as evidenced by the traditional upfield chemical
shift (13C NMR spectroscopy) of the signal assigned to the C4�
from �� 92.3 ppm to �� 52.3 ppm; the remaining NMR
peaks were essentially unchanged, and the molecular peak at
m/z 677.8 [M��H] (calcd: 677.8 [M��H]) in the ESI-MS
further supported the assignment.
The first-generation dendrimer 16, which has a single


terpyridine group and two internal hydrolyzable tert-butyl
groups per arm (Scheme 4), was accessed by treatment of the
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Scheme 4. i) 15 (4 equiv), HOBt, DCC,DMF, 25 �C, 3 d; ii) MeOH, H2SO4


(cat.), 25 �C, 24 h.


known tetraacid core 15[43] with four equivalents of dendron
14 with DCC-promoted coupling in anhydrous DMF at 25 �C
for 72 h. The 13C NMR spectrum of poly(tert-butyl ester) 16
revealed a notable downfield shift of the signal at ��
52.3 ppm to �� 57.3 ppm, corresponding to the formation of
the new C4�NHCO group; this corroborated the amidation.
As well, the peak (MALDI-TOF) at m/z 3077.1 [M��Na]
(calcd: 3077.7 [M��Na]) provided further support for this
structure. The related dendrimer 17, which has internal acid-
stable methyl esters, was obtained (78%) by simple trans-
esterification of poly(tert-butyl ester) 16 by reaction with
absolute MeOH promoted by a trace of acid at 60 �C for 24 h;
the amide and ether bonds are unperturbed by these
conditions. The structure of poly(methyl ester) 17 was
identified by the presence of a new methyl ester peak at
�� 51.5 ppm, a slight downfield shift (�� 1 ppm) for the ester
carbonyl peak, and the complete disappearance of tert-butyl
peaks; the peak observed at m/z 2720.6 [M��H] (calcd:
2719.2 [M��H]) in the MALDI-TOF MS also supports the
assignment.
The tert-butyl ester core 16 was then refluxed with four


equivalents of the paramagnetic RuIII adduct 9 in MeOH in
the presence of an equivalent amount of 4-ethylmorpholine,
as reducing agent, to afford the mixed alkyl hexadecaester 18
(76%; Scheme 5). After dialysis (MeOH, membrane molec-
ular weight cut Off (MWCO) 3500 amu), the isolated
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Scheme 5. i) MeOH, 4-ethylmorpholine, �, 3 h; ii) HCO2H, 25 �C, 12 h;
iii) KOH (8 equiv), MeOH/H2O, dialysis.


material exhibited (13C NMR spectroscopy) an absence of any
free terpyridine moieties based on the expected shifts of all
terpyridine carbon signals as well as the assignable, symmetric
pattern of the alkyl region. Further corroboration was
provided by the expected upfield chemical shift (1H NMR
spectroscopy) of the resonance assigned to the 6,6�� terpyr-
idine protons upon complexation (i.e. , from �� 8.64 ppm to
�� 7.56 ppm). MALDI-TOF mass spectra revealed a broad
signal at the correct molecular mass; notably, better mass
spectra were obtained for the corresponding acid and
carboxylate. Hydrolysis of the tert-butyl moieties from ester
18 was readily accomplished by treatment with HCO2H
affording complex 19 (95%). The characteristic downfield
shift (13C NMR spectroscopy) of the carbonyl carbon atom
(�� 2.7 ppm) clearly indicated the complete transformation
to the acid with retention of the external methoxycarbonyl
groups, as confirmed by the presence of the signals at �� 52.2
and 175.4 ppm (Figure 1). The structure of octaacid 19 was
further confirmed by the molecular ion peak (MALDI-TOF)
at m/z 5609 [M��H] (calcd: 5610) and m/z 2771 [M2�� 2Cl]
(calcd: 2769). The addition of a slight excess of KOH to the
free acid 19 in H2O/MeOH gave, after dialysis for 24 h, the
neutral octacarboxylate 20, as characterized by the downfield
shift (13C NMR spectroscopy) for acid carbonyl carbon atom
(�� 3.3 ppm) and the mass peak (MALDI-TOF) atm/z 5355
[M��K] (calcd: 5357) for the molecular ion.
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Figure 1. 13C NMR spectra of the metallodendrimers 18 ± 20 showing the
progressive changes of the tert-butyl carbonyl carbon atom as it is
transformed to the corresponding acid and carboxylate.


Utilizing the same procedure, one equivalent of core 17
with methyl esters was refluxed with four equivalents of RuIII


adduct 9 in MeOH in the presence of 4-ethylmorpholine to
assemble dendrimer 21 (82%), which, after dialysis, was
characterized by similar 1H and 13C NMR absorption patterns
as observed for the isomeric polyester 18. Hydrolysis of the
terminal tert-butyl groups of ester 21 by treatment with
HCO2H at 25 �C quantitatively afforded the free octaacid 22.
Observation of a similar characteristic downfield shift
(13C NMR spectroscopy) of the carbonyl carbon atom (��
2.5 ppm) supported the transformation to the polyacid along
with the molecular ion peak (MALDI-TOF) at m/z 5573
[M��Cl] (calcd: 5575). The neutral terminal octacarboxylate
23 (87%) was then synthesized by adding a slight excess of
KOH into an H2O/MeOH solution of acid 22. After dialysis in
MeOH for 24 h, the neutral complex 23, identified by the
downfield shift (13C NMR spectroscopy) for the external acid
carbonyl carbon (�� 3.5 ppm), was isolated. The mass peak
(MALDI-TOF) at m/z 5355 [M��K] (calcd: 5357) for the
molecular ion further supported the transformation.
Four major absorption bands (�max 241, 267, 304, 486 nm), in


UV-visible spectra were observed for these [��Ru��] con-
nected constructs. The molar absorptivities (�) of the com-
plexes have similar values (Table 1); this suggests that the
isomeric neutral assembles 20 and 23 have the same number
of [��Ru��] units. Notably, for the highest absorption (�max�
486 nm), the molar absorptivites (�� 6.03� 104 and 5.91�
104 dm3mol�1 cm�1 for 20 and 23, respectively) are approx-
imately four times as strong as Constable×s [Ar��Ru��Ar]
complex.[44]


Cyclic voltammetry experiments showing the half-wave
potentials in the metal oxidation region for each isomeric
dendrimer pair (18 ± 23) are shown in Figure 2. The cyclic
responses of the terpyridine ligands of isomers 18 and 21 show


Figure 2. Cyclic voltammetry responses of the isomeric metallodendrimers
18 ± 23.


the typical two reversible waves due to successive monoelec-
tronic reduction events. Removal of the tert-butyl groups to
give the free carboxylic acid moieties in 19 and 22 results in
the merging of the two redox waves and the virtual
disappearance of the corresponding anodic signal. Based on
previous studies of the electrochemical reduction of pyridine
and its derivatives,[33] this is due to an electrochemical reaction
in which an aromatic anion radical abstracts a proton from the
adjacent carboxylic acid group. The explanation is further
supported by CV experiments with the neutral dendrimer 20
and 23, whereby the lack of neighboring acidic protons results
in the recovery of the typical two-wave reversible response of
the terpyridine ligands.
Observed solubilities of the all-ester, metalloterpyridine


constructs 18, 19, 21, and 22 follow that expected for polyionic
species in that they are freely soluble in solvents such as
MeOH, EtOH, and DMSO and insoluble in ethereal solvents
such as THF. Both carboxylate-based materials 20 and 23,
however, exhibited good solubility in H2O as well as alcoholic
solvents.


Conclusion


In summary, we have prepared isomeric, mixed ester, first-
generation dendrimers and converted them to their corre-
sponding octacarboxylate derivatives, thus allowing access to
the overall neutral, zwitterionic forms. Solubilities were
observed to be those expected for these types of molecules.
The observed electrochemistry followed trends associated
with protic-functionalized polypyridinyl moieties and was
shown to display typical reversible redox behavior upon
deprotonation. Investigation of these novel materials with
respect to charge densities and electron storage potential as
well as their use as cores for dendritic surface growth is
ongoing.


Experimental Section


General : The melting points were determined in capillary tubes with an
Electrothermal 9100 apparatus and are uncorrected. 1H and 13C NMR
spectra were recorded at 300 and 71 MHz, respectively, on a Varian
GEMINI 300 MHz spectrometer and were obtained in CDCl3, unless


Table 1. Molar absorptivies of [��Ru��] metallodendrimers.


�� 104 [dm3mol�1 cm�1]
�max [nm] 241 267 304 486


18 18.51 17.19 21.27 6.11
19 18.81 17.05 20.73 6.05
20 18.43 16.81 20.22 6.03
21 19.04 17.71 21.31 5.94
22 18.99 17.59 21.04 5.92
23 18.87 17.29 20.92 5.91
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otherwise stated. Mass spectral data were obtained on either a Bruker
Esquire electrospray ion-trap mass spectrometer (ESI-MS) or Bruker
Reflex-III MALDI-TOF mass spectrometer. All reagents were obtained
from Aldrich and used without further purification. THF was distilled
under nitrogen with LiAlH4, as drying agent, and triphenylmethane, as
indicator.


1-Nitro-4-(2�-tetrapyranyloxy)butane (2): A catalytic amount of p-TsOH
was added to a stirred solution of 4-nitrobutan-1-ol[37] (1; 5.5 g, 46.2 mmol)
and dihydropyran (7.76 g, 92.3 mmol) in anhydrous CH2Cl2 (50 mL). The
mixture was maintained for 4 h at 25 �C, then a satd. NaHCO3 solution
(50 mL) was added; the organic layer was separated and washed with water
(3� ), and satd. brine. The organic solution was dried (Na2SO4), filtered,
and reduced in vacuo to give 2 (8.3 g, 97%), as colorless liquid. 1H NMR:
�� 1.43 (m, 6H; THPH4,5 , CH2CH2O), 1.58 (q, J� 8 Hz, 2H; THPH3), 2.01
(quintet, J� 8.7 Hz, 2H; O2NCH2CH2), 3.34 (td, J� 7, 6 Hz, 2H; CH2O),
3.69 (td, J� 7.4, 6.7 Hz, 2H; THPH6), 4.36 (t, J� 8.4 Hz, 2H; O2NCH2),
4.45 ppm (s, 1H; THPH2); 13C NMR: �� 19.4 (THPC4), 24.5
(O2NCH2CH2), 25.3 (THPC5), 26.2 (CH2CH2O), 30.5 (THPC3), 62.1
(CH2O), 66.1 (THPC6), 75.2 (O2NCH2), 98.7 ppm (THPC2); ESI-MS: m/z
calcd: 201.2 [M��H]; found: 201.2


Di-tert-butyl 4-nitro-4-[3�-(tetrahydropyran-2��-yloxy)propyl]heptane-
dioate (3): Triton B (600 �L of a 40% MeOH solution) was added to a
stirred solution of ether 2 (4.1 g, 20.4 mmol) in tert-butyl acrylate (6.57 mL,
44.8 mmol) in THF (80 mL), and then the mixture was stirred for 24 h at
60 �C. Then the mixture was reduced in vacuo, and the residue was
dissolved in CH2Cl2 and sequentially washed with dilute HCl, water, and
satd. brine. The organic solution was dried (Na2SO4), filtered, and reduced
in vacuo to give a yellow oil, which was purified by column chromatography
(SiO2) eluting with a 20%EtOAc/hexane solution to give 3 (5.9 g, 63%), as
colorless liquid. 1H NMR: �� 1.33 (s, 18H; CH3), 1.38 ± 1.51 (m, 8H;
CH2CH2CO2, CH2CH2CH2O), 1.59 ± 1.66 (m, 6H; THPH3-5), 2.11 (m, 4H;
CH2CH2CO2), 3.26, 3.37 (m, 2H; CH2O), 3.61, 3.68 (m, 2H; THPH6),
4.33 ppm (s, 1H; THPH2); 13C NMR: �� 19.7 (THPC4), 24.2 (CH2CH2O),
25.5 (THPC5), 28.1 (CH3), 29.8 (CH2CO2), 30.6 (CH2CH2CO2), 30.7
(CH2CH2CH2O), 32.0 (THPC3), 62.5 (CH2O), 66.6 (THPC6), 81.0
(CMe3), 92.8 (O2NC), 99.0 (THPC2), 171.3 ppm (CO2); ESI-MS: m/z
calcd: 482.4 [M��Na]; found: m/z 482.4.


Di-tert-butyl 4-amine-4-[3�-(tetrahydropyran-2��-yloxy)propyl]heptane-
dioate (4): The diester 3 (1.2 g, 2.62 mmol) was hydrogenated with T1
Raney Ni (3 g) in absolute EtOH (100 mL) at 60 psi for 24 h. The solution
was cautiously filtered through Celite (pyrophoric), after which the solvent
was concentrated in vacuo. The mixture was dissolved in EtOAc, then
sequentially washed with a 5% NH4OH solution, water, and satd. brine.
The organic solution was dried (Na2SO4), filtered, and reduced in vacuo to
give 4 (1.08 g, 96%), as colorless oil. 1H NMR: �� 1.19 (s, 18H; CH3),
1.37 ± 1.50 (m, 8H; CH2CH2CO2, CH2CH2CH2O), 1.59 ± 1.66 (m, 6H;
THPH3-5), 2.02 (m, 4H; CH2CH2CO2), 3.12, 3.25 (m, 2H; CH2O), 3.48, 3.60
(m, 2H; THPH6), 4.33 ppm (s, 1H; THPH2); 13C NMR: �� 19.1 (THPC4),
23.3 (CH2CH2O), 24.9 (THPC5), 27.5 (CH3), 29.4 (CH2CO2), 30.1
(CH2CH2CO2), 33.8 (THPC3), 35.2 (CH2CH2CH2O), 52.2 (H2NC), 61.6
(CH2O), 67.0 (THPC6), 79.4 (CMe3), 98.1 (THPC2), 172.5 ppm (CO2); ESI-
MS: m/z calcd: 430.4 [M��H]; found: 430.4.


Di-tert-butyl 4-{4-[(2,2�:6�,2��)terpyridin-4�-yloxy]butyrylamino}-4-[3-(tet-
rahydropyran-2-yloxy)propyl]heptanedioate (6): DCC (700 mg,
3.44 mmol) and 1-HOBt (470 mg, 3.44 mmol) were added at 25 �C to a
solution of 5[39] (770 mg, 2.29 mmol) in dry DMF (10 mL). This mixture was
stirred for 2 h, and then amine 4 (986 mg, 2.29 mmol) was added. The
mixture was stirred for 36 h at 25 �C, after which the white precipitate was
filtered. The filtrate was concentrated in vacuo affording a crude oil, which
was dissolved in CH2Cl2 (100 mL), and washed with water and satd. brine.
The organic solution was dried (Na2SO4), filtered, and reduced in vacuo to
give a crude product, which was purified by column chromatography
(Al2O3), eluting with a 50% EtOAc/hexane solution to give 6 (1.41 g,
82%), as a spongy white solid. 1H NMR: �� 1.38 (s, 18H; CH3), 1.42 ± 1.51
(m, 6H; CH2CH2CH2OTHP, THPH4,5), 1.73 (m, 4H; THPH3 ,
CH2CH2CONH), 1.96 (m, 4H; CH2CH2CO2), 2.17 (m, 4H; CH2CO2),
2.34 (m, 2H; CH2CONH), 3.30, 3.43 (m, 2H; CH2O), 3.67, 3.79 (m, 2H;
THPH6), 4.23 (t, J� 6 Hz, 2H; tpyOCH2), 4.48 (s, 1H; THPH2), 5.75 (s,
1H; CONH), 7.25 (td, J� 5.1, 1.5 Hz, 2H; tpyH5,5��), 7.80 (td, J� 7.8, 1.5 Hz,
2H; tpyH4,4��), 7.98 (s, 2H; tpyH3�,5�), 8.57 (d, J� 8.1, 2H; tpyH3,3��), 8.64 ppm
(d, J� 4.2 Hz, 2H; tpyH6,6��); 13C NMR: �� 19.1 (THPC4), 23.0


(CH2CH2O), 24.5 (CH2CH2CONH), 24.8 (THPC5), 27.4 (CH3), 29.2
(CH2CO2), 29.5 (CH2CH2CO2), 30.1 (THPC3), 30.8 (CH2CONH), 32.6
(CH2CH2CH2O), 57.1 (CONHC), 61.7 (CH2O), 66.6 (THPC6), 66.8
(tpyOCH2), 79.7 (CMe3), 98.3 (THPC2), 106.7 (tpyC5,5��), 120.6 (tpyC4,4��),
123.2 (tpyC3,3��), 136.1 (tpyC3�,5�), 148.3 (tpyC6,6��), 155.3 (tpyC2,2��), 156.4
(tpyC2�,6�), 166.3 (tpyC4�), 170.9 (CONH), 172.3 ppm (CO2); ESI-MS: m/z
calcd: 769.4 [M��Na]; found: 769.8.
RuIII-metalloappendage of ligand 6 (complex 7): A solution of RuCl3 ¥
3H2O (178 mg, 680 �mol) and ether 6 (510 mg, 680 �mol) in MeOH
(20 mL) was refluxed for 2 h. After cooling, the precipitate was filtered,
washed sequentially with MeOH (50 mL), water (50 mL), and Et2O
(50 mL), then dried in vacuo to afford 7 (520 mg, 88%), as yellow-brown
solid. Thematerial was used directly without further purification in the next
step.


Dimethyl 4-(3-hydroxypropyl)-4-{4-[(2,2�:6�,2��)terpyridin-4�-yloxy]butyryl-
amino}heptanedioate (8): A few drops of conc. H2SO4 were added at 25 �C
to a solution of the THP ether 6 (700 mg, 940 �mol) in MeOH (50 mL). The
mixture was refluxed for 24 h, and then reduced in vacuo; the residue was
dissolved in CH2Cl2 and washed sequentially with a satd. NaHCO3 solution,
water (3� ), and satd. brine. The organic solution was dried (Na2SO4),
filtered, and reduced in vacuo to give an oil, which was purified by column
chromatography (Al2O3), eluting with a 10% MeOH/EtOAc solution to
give (530 mg; 98%) 8, as a spongy white solid. 1H NMR: �� 1.48 (m, 2H;
CH2CH2OTHP), 1.73 (m, 2H; tpyOCH2CH2), 2.03 (m, 4H; CH2CH2CO2),
2.16 (m, 2H; CH2CH2CH2OH), 2.26 (m, 4H; CH2CO2), 2.38 (t, J� 7.2 Hz,
2H; CH2CONH), 3.55 (m, 2H; CH2OH), 3.57 (s, 6H; CH3), 4.26 (t, J�
6 Hz, 2H; tpyOCH2), 5.98 (s, 1H; CONH), 7.33 (td, J� 5.1, 1.5 Hz, 2H;
tpyH5,5��), 7.84 (td, J� 7.8, 1.5 Hz, 2H; tpyH4,4��), 7.97 (s, 2H; tpyH3�,5�), 8.58
(d, J� 8.1, 2H; tpyH3,3��), 8.65 (d, J� 4.2 Hz, 2H; tpyH6,6��); 13C NMR: ��
24.8 (CH2CH2OH), 26.1 (CH2CH2CONH), 28.4 (CH2CO2), 30.0
(CH2CH2CO2), 31.2 (CH2CONH), 33.3 (CH2CH2CH2OH), 51.7 (CH3),
57.5 (CONHC), 62.1 (CH2O), 67.1 (tpyOCH2), 107.4 (tpyC5,5��), 121.4
(tpyC4,4��), 123.8 (tpyC3,3��), 136.8 (tpyC3�,5�), 148.9 (tpyC6,6��), 155.9 (tpyC2,2��),
157.04 (tpyC2�,6�), 166.9 (tpyC4�), 171.6 (CONH), 173.9 ppm (CO2); ESI-MS:
calcd m/z : 601.3 [M��Na]; found: m/z : 601.3.


RuIII-metalloappendage of dimethyl ester 8 (complex 9): A solution of
RuCl3 ¥ 3H2O (136 mg, 520 �mol) and 8 (300 mg, 520 �mol) in MeOH
(20 mL) was refluxed for 2 h. After cooling, the precipitate was filtered,
washed sequentially with MeOH (50 mL), water (50 mL), and Et2O
(50 mL), and then dried in vacuo yielding 9 (280 mg, 68%) as yellow-brown
solid.


N-{5-[4�-(2,2�:6�,2��)Terpyridinyloxy]pentyl}acrylamide (11): Acryloyl chlor-
ide (1.17 mL, 14.4 mmol) was added to a stirred solution of 5-[4�-
(2,2�:6�,2��)terpyridinyloxy]pentylamine[40] (10 ; 4.1 g, 12.2 mmol) and Et3N
(2.01 mL, 14.4 mmol) in dried THF (100 mL) at 0 �C. After the mixture was
stirred for 2 h at 25 �C, the solvent was removed in vacuo, and the residue
was dissolved in CH2Cl2 and washed with the water and satd. brine. The
organic solution was dried (MgSO4), filtered, and reduced in vacuo to give a
crude solid, which was purified by column chromatography (Al2O3), eluting
with a 66% EtOAc/hexane solution to give amide 11 (4.3 g, 91%) as white
solid. 1H NMR: �� 1.62 (m, 4H; NHCH2CH2CH2), 1.90 (t, 2H; J� 6.3 Hz,
CH2CH2O), 2.07 (s, 2H; NH2), 3.40 (q, J� 6.3 Hz, 2H; NHCH2), 4.24 (t,
J� 6.2 Hz, 2H; CH2O), 5.65 (dd, J� 10.0, 1.4 Hz, 1H; CH2�CH), 6.09 (br,
1H; CONH), 6.10 (dd, J� 17.0, 10.0 Hz, 1H; CH2�CH), 6.32 (dd, J� 17.0,
1.4 Hz, 1H; CH2�CH), 7.36 (td, tpyH5,5�� , 2H; J� 5.8, 1.4 Hz), 7.88 (td, 2H;
J� 7.8, 1.2 Hz, tpyH4,4��), 8.01 (s, 2H; tpyH3�,5�), 8.63 (d, J� 7.9 Hz, 2H;
tpyH3,3��), 8.71 ppm (d, J� 4.5 Hz, 2H; pyH6,6��); 13C NMR: �� 23.4
(CH2CH2CH2O), 28.5 (CH2CH2O), 29.1 (CONHCH2CH2), 39.4
(CONHCH2), 67.9 (CH2O), 107.3 (tpyC5,5��), 121.4 (tpyC4,4��), 123.8 (tpyC3,3��),
126.3 (CH2�CH), 130.8 (CH2�CH), 136.8 (tpyC3�,5�), 148.9 (tpyC6,6��), 156.0
(tpyC2,2��), 156.9 (tpyC2�,6�), 165.6 (CONH), 167.1 ppm (tpyC4�); IR: �� � 3296,
1654, 1622 cm�1; ESI-MS: m/z calcd: 389.3 [M��H]; found: 389.2.


N-{5-[4�-(2,2�:6�,2��)Terpyridinyloxy]pentyl} 4-nitrobutanoyl amide (12):
Triton B (600 �L of a 40% MeOH solution) was added to a solution of
acrylamide (11) (3.7 g, 9.52 mmol) in a CH3NO2/CHCl3 (1:1; 200 mL); then
the mixture was stirred for 24 h at 25 �C. The mixture was then reduced in
vacuo to give a residue, which was dissolved in CHCl3 and then washed with
dilute aq. HCl, water, and satd. brine. The organic solution was dried
(Na2SO4), filtered, and reduced in vacuo to give a crude oil, which was
purified by column chromatography (Al2O3), eluting with a 33% EtOAc/
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hexane solution to give amide 12 (3.2 g, 75%) as a colorless oil: 1H NMR:
�� 1.38 (m, 4H; NHCH2CH2CH2), 1.89 (t, J� 5.6 Hz, 2H; CH2CH2O),
2.32 (m, 4H; CH2CH2CONH), 3.30 (t, J� 5.7 Hz, 2H; NHCH2), 4.24 (t, J�
5.7 Hz, 2H; CH2O), 4.48 (t, J� 4.7 Hz, 2H; O2NCH2), 5.85 (s, 1H; CONH),
7.35 (td, J� 6.3, 1.5 Hz, 2H; tpyH5,5��), 7.87 (t, J� 7.4 Hz, 2H; tpyH4,4��), 8.01
(s, 2H; tpyH3�,5�), 8.62 (d, J� 7.8 Hz, 2H; tpyH3,3��), 8.69 ppm (d, J� 5.2 Hz,
2H; tpyH6,6��); 13C NMR: �� 22.8 (O2NCH2CH2), 23.1 (CH2CH2CH2O),
28.3 (CH2CH2O), 28.9 (CONHCH2CH2), 31.9 (CH2CONH), 39.2
(CONHCH2), 67.7 (CH2O), 74.5 (O2NCH2), 107.1 (tpyC5,5��), 121.2 (tpyC4,4��),
123.7 (tpyC3,3��), 136.7 (tpyC3�,5�), 148.7 (tpyC6,6��), 155.7 (tpyC2,2��), 156.7
(tpyC2�,6�), 166.9 (tpyC4�), 170.8 ppm (CONH); IR: �� � 3300, 1550,
1377 cm�1; ESI-MS: m/z calcd: 472.2 [M��Na]; found: 472.2.
Di-tert-butyl 4-{2-[5-(4�-(2,2�:6�,2��)terpyridinyloxy)pentylcarbamoyl]eth-
yl}-4-nitroheptanedioate (13): tert-Butyl acrylate (2.5 mL, 17.04 mmol)
and Triton B (600 �L of a 40% MeOH solution) were added to a stirred
solution of amide 12 (3.2 g, 7.12 mmol) in dry CHCl3 (100 mL). After the
mixture was stirred for 24 h at 25 �C, it was reduced in vacuo to give a
residue, which was dissolved in CH2Cl2 and then sequentially washed with
dilute aq. HCl, water, and satd. brine. The organic solution was dried
(Na2SO4), filtered, and reduced in vacuo to give a oil, which was purified by
column chromatography (Al2O3), eluting with a 25% EtOAc/hexane
mixture to give 13 (3.5 g, 70%) as a white solid:. The spectral data were
identical to that prepared by using the 1� 2 branched monomer
approach.[37]


Di-tert-butyl 4-{2-[5-(4�-(2,2�:6�,2��)terpyridinyloxy)pentylcarbamoyl]eth-
yl}-4-aminoheptanedioate (14): The diester 13 (3.0 g, 4.25 mmol) was
hydrogenated with T1 Raney Ni (10 g) in absolute EtOH (100 mL) at
120 psi at 40 �C for 24 h. The solution was cautiously filtered (pyrophoric)
through Celite, after which the solvent was removed in vacuo to give a
residue, which was dissolved in EtOAc and then washed with dilute aq.
NaOH, water, and satd. brine. The organic solution was dried (Na2SO4),
filtered, and reduced in vacuo to give 14 (87%), as a yellow oil. The spectral
data are identical to that prepared by using the 1� 2 branched monomer
approach.[37]


First-generation dendrimer (16): Dendrimer 16 was prepared from the
tetraacid 15[43] (97 mg, 230 �mol) and amine 14 (683 mg, 1.01 mmol) as
previously reported.[37] MALDI-TOF: m/z calcd: 3077.7 [M��Na]; found:
3077.1.


Transesterification of octa(tert-butyl ester) 16 (formation of the octamethyl
ester 17): Conc. H2SO4 (100 �L) was added to a solution of octaester 16
(250 mg, 81.8 �mol) in MeOH (100 mL) at 25 �C. The mixture was refluxed
for 24 h, then concentrated in vacuo to afford a residue, which was
dissolved in CH2Cl2, and then washed with satd. aq. NaHCO3, water (3� ),
and satd. brine. The organic solution was dried (Na2SO4), filtered, and
reduced in vacuo to give an oil, which was purified by column chromatog-
raphy (Al2O3), eluting with a 5% MeOH/EtOAc mixture to give 17
(175 mg, 78%) as a spongy white solid. 1H NMR: �� 1.51 (m, 16H;
CH2CH2CH2CH2O), 1.82 (m, 8H; CH2CH2O), 1.98 (m, 24H;
CH2CH2CO2), 2.19 (m, 24H; CH2CO2), 2.34 (m, 8H; CH2CONHC4�),
3.20 (m, 8H; CONHCH2), 3.30 (s, 8H; CCH2O), 3.61 (s, 24H; CH3), 3.63 (s,
8H; CH2OCH2), 4.15 (m, 8H; CH2Opy), 7.29 (t, J� 5.0 Hz, 8H; tpyH5,5��),
7.80 (t, 8H; J� 7.5 Hz, tpyH4,4��), 7.95 (s, 8H; tpyH3�,5�), 8.57 (d, J� 7.9 Hz,
8H; tpyH3,3��), 8.64 ppm (d, J� 4.2 Hz, 8H; tpyH6,6��); 13C NMR: �� 23.2
(NHCH2CH2CH2), 27.8 (CH2CH2O), 28.4 (NHCH2CH2), 29.0
(CH2CH2CO2), 29.7 (CH2CH2CONH), 30.4 (CH2CO2), 34.6 (CH2CONH),
37.3 (OCH2CH2CONH), 39.3 (CONHCH2), 45.1 (C4�), 51.5 (CO2CH3), 57.2
(CONHC), 67.5 (OCH2CH2CONH), 67.7 (CH2O), 68.9 (CCH2O), 107.1
(tpyC5,5��), 121.1 (tpyC4,4��), 123.6 (tpyC3,3��), 136.6 (tpyC3�,5�), 148.8 (tpyC6,6��),
155.8 (tpyC2,2��), 156.8 (tpyC2�,6�), 166.9 (tpyC4�), 171.0 (CONHC), 172.6
(CONH), 173.6 ppm (CO2); MALDI-TOF:m/z calcd: 2719.2 for [M��H];
found: 2720.6.


Inside octa(tert-butyl ester) metallodendrimer (18): Tetrakisterpyridine
core 16 (120 mg, 39.3 �mol) and 4-ethylmorpholine (6 drops) were added to
a suspension of four equivalents of 9 (134 mg, 170 �mol) inMeOH (10 mL).
The mixture was refluxed for 3 h; during this time, the solution turned dark
red. After cooling to 25 �C, the solution was filtered to remove any
insoluble materials. The solution was sealed into a membrane (MWCO�
3500) to dialyze for 24 h, and was then concentrated and dried in vacuo to
afford complex 18 (180 mg, 76%) as a red solid. 1H NMR (CD3OD): ��
1.29 (s, 8H; CH2CH2OH), 1.43 (s, 72H; C(CH3)3), 1.45 (m, 8H;


CH2CH2CH2Otpy), 1.75 (m, 24H; CH2CH2CH2CH2Otpy, tpyOCH2CH2),
2.05 (m, 48H; C4�CH2CH2CO2, C4�CH2CH2CONH, CH2CH2CH2OH),
2.34 (m, 56H; CH2CONH, C4�CH2CH2CO2, C4�CH2CH2CONH), 3.33 (s,
16H; C4�CH2OCH2, CONHCH2), 3.58 (m, 16H; C4�CH2OCH2, CH2OH),
3.64 (s, 24H; CH3), 4.66 (br s, 16H; CH2Otpy), 7.30 (dd, J� 5.0 Hz, 16H;
tpyH5,5��), 7.56 (d, J� 7.5 Hz, 16H; tpyH6,6��), 8.01 (dd, 16H; tpyH4,4��), 8.68 (s,
J� 7.9 Hz, 16H; tpyH3�,5�), 8.81 ppm (d, J� 4.2 Hz, 16H; tpyH3,3��); 13CNMR
(CD3OD): �� 24.4 (NHCH2CH2CH2), 25.8 (CH2CH2OH), 27.2
(tpyOCH2CH2CH2CONH), 28.4 (C(CH3)3), 29.3 (CH2CO2), 29.6
(C4�CH2CH2CONH), 30.1 (CH2CH2Otpy), 30.6 (CH2CH2CO2), 31.3
(OCH2CH2CH2CONH), 31.7 (CONHCH2CH2), 33.1 (C4�CH2CH2CONH),
33.3 (CH2CH2CH2OH), 38.1 (OCH2CH2CONH), 40.3 (CONHCH2), 46.6
(C4�), 52.1 (CO2CH3), 58.7, 58.8 (CONHC), 62.9 (CH2OH), 68.7
(OCH2CH2CONH), 70.4 (CCH2O), 71.3 (tpyOCH2), 81.4 (CMe3), 112.4
(tpyC5,5��), 125.8 (tpyC4,4��), 128.9 (tpyC3,3��), 139.0 (tpyC3�,5�), 153.3 (tpyC6,6��),
157.7 (tpyC2,2��), 159.8 (tpyC2�,6�), 167.4, 167.7 (tpyC4�), 173.2 (CONH), 174.3
(CO2C(CH3)), 174.5 (CONH), 175.3 (CONH), 175.5 ppm (CO2CH3);
MALDI-TOF: a broad signal at correct formula mass, the precise MS
analyses were conducted on the corresponding free acid 19 and subsequent
carboxylate 20.


Inside octaacid tetra-RuII-metallodendrimer (19)A solution of 18 (120 mg,
19.8 �mol) in HCO2H (20 mL) was stirred for 12 h at 25 �C. After reaction,
the formic acid was removed in vacuo. A mixture of MeOH and H2O was
added to dissolve the resultant material, which was then placed into a
membrane (cut off mass� 3500) to dialyze for 24 h; the solution was then
concentrated and dried in vacuo to afford the complex 19 (101 mg, 95%) as
a red solid; 1H NMR (CD3OD): �� 1.39 (m, 8H; CH2CH2CH2Otpy), 1.73
(m, 24H; CH2CH2CH2CH2Otpy, tpyOCH2CH2), 1.79 (m, 8H;
CH2CH2OH), 2.09 (m, 48H; C4�CH2CH2CO2, C4�CH2CH2CONH,
CH2CH2CH2OH), 2.39 (m, 56H; CH2CONH, C4�CH2CH2CO2,
C4�CH2CH2CONH), 3.33 (s, 8H; C4�CH2OCH2), 3.37 (s, 8H; CONHCH2),
3.59 (m, 16H; C4�CH2OCH2 , CH2OH), 3.61 (s, 24H; CH3), 4.63 (br s, 16H;
CH2Otpy), 7.28 (dd, J� 5.0 Hz, 16H; tpyH5,5��), 7.52 (d, J� 7.5 Hz, 16H;
tpyH6,6��), 7.99 (dd, 16H; tpyH4,4��), 8.65 (s, J� 7.9 Hz, 16H; tpyH3�,5�),
8.76 ppm (dd, J� 4.2 Hz, 16H; tpyH3,3��); 13C NMR (CD3OD): �� 23.5
(NHCH2CH2CH2), 24.4 (CH2CH2OH), 25.8 (tpyOCH2CH2), 29.2
(CH2CO2), 29.6 (C4CH2CH2CONH), 30.0 (CH2CH2Otpy), 30.5
(CH2CH2CO2), 31.5 (OCH2CH2CH2CONH, CONHCH2CH2), 33.4
(CH2CH2CH2OH, C4�CH2CH2CONH), 38.3 (OCH2CH2CONH), 40.3
(CONHCH2), 46.6 (C4�), 52.2 (CO2CH3), 58.8, 58.9 (CONHC), 64.9
(CH2OH), 68.8 (OCH2CH2CONH), 70.5 (CCH2O), 71.3 (tpyOCH2),
112.3 (tpyC5,5��), 125.8 (tpyC4,4��), 128.8 (tpyC3,3��), 139.0 (tpyC3�,5�), 153.3
(tpyC6,6��), 157.7 (tpyC2,2��), 159.8 (tpyC2�,6�), 167.4, 167.6 (tpyC4�), 173.5
(CONH), 174.6 (CONH), 175.3 (CONH), 175.4 (CO2CH3), 177.0 ppm
(CO2H); MALDI-TOF: m/z calcd: 5610 [M�H]� , 2769 [M� 2Cl]2� ;
found: 5609, 2771.


Neutral (inside octacarboxylate) tetra-RuII-metallodendrimer (20): KOH
(463 �g, 8.26 �mol) in H2O (20 mL) was added to a solution of acid
dendrimer 19 (44 mg, 8.26 �mol) in MeOH/H2O (2/20 mL). The solution
was sealed into a membrane (cutoff mass� 3500) to dialyze for 24 h, and
was then concentrated and dried in vacuo to give the desired neutral
metallodendrimer 20 (37 mg, 80%) as a red solid. 1H NMR (CD3OD): ��
1.29 (m, 8H; CH2CH2CH2Otpy), 1.71 (m, 24H; CH2CH2CH2CH2Otpy,
tpyOCH2CH2), 1.92 (m, 8H; CH2CH2OH), 2.06 (m, 48H; C4�CH2CH2CO2,
C4�CH2CH2CONH, CH2CH2CH2OH), 2.34 (m, 56H; CH2CONH,
C4�CH2CH2CO2, C4�CH2CH2CONH), 3.32 (s, 8H; C4�CH2OCH2), 3.36 (s,
8H; CONHCH2), 3.60 (m, 16H; C4�CH2OCH2, CH2OH), 3.61 (s, 24H;
CH3), 4.60 (br s, 16H; CH2OPy), 7.29 (dd, J� 5.0 Hz, 16H; tpyH5,5��), 7.49 (d,
J� 7.5 Hz, 16H; tpyH6,6��), 8.00 (dd, 16H; tpyH4,4��), 8.54 (s, J� 7.9 Hz, 16H;
tpyH3�,5�), 8.67 ppm (d, J� 4.2 Hz, 16H; tpyH3,3��); 13C NMR (CD3OD): ��
24.0 (NHCH2CH2CH2), 25.8 (CH2CH2OH), 26.2 (tpyOCH2CH2), 29.2
(CH2CO2), 29.6 (C4�CH2CH2CONH), 30.2 (CH2CH2OPy), 30.5
(CH2CH2CO2), 31.3 (OCH2CH2CH2CONH, CONHCH2CH2), 33.4
(CH2CH2CH2OH, C4�CH2CH2CONH), 38.3 (OCH2CH2CONH), 40.3
(CONHCH2), 46.3 (C4�), 52.8 (CO2CH3), 58.7, 58.8 (CONHC), 62.6
(CH2OH), 68.8 (OCH2CH2CONH), 70.5 (CCH2O), 71.3 (tpyOCH2),
111.9 (tpyC5,5��), 125.6 (tpyC4,4��), 128.7 (tpyC3,3��), 139.1 (tpyC3�,5�), 153.0
(tpyC6,6��), 157.5 (tpyC2,2��), 159.4 (tpyC2�,6�), 167.0, 167.3 (tpyC4�), 173.5
(CONH), 175.2 (CONH), 176.2 (CONH), 176.7 (CO2CH3), 180.3 ppm
(CO2


�); MALDI-TOF: m/z calcd: 5357 [M��K]; found: 5355.
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Outside octa(tert-butyl ester) tetra-RuII-metallodendrimer (21): Tetrakis-
terpyridine core 17 (115 mg, 42.3 �mol) and 4-ethylmorpholine (6 drops)
were added to a suspension of four equivalents of 9 (169 mg, 180 � mmol) in
MeOH (10 mL). The workup followed exactly that of 17 affording the
complex 21 (210 mg, 82%) as a red solid. 1H NMR (CD3OD): �� 1.43 (s,
72H; C(CH3)3), 1.44 (m, 16H; CH2CH2OH, CH2CH2CH2Otpy), 1.75 (m,
24H; CH2CH2CH2CH2Otpy, tpyOCH2CH2), 2.05 (m, 48H;
C4�CH2CH2CO2, C4�CH2CH2CONH, CH2CH2CH2OH), 2.34 (m, 56H;
CH2CONH, C4�CH2CH2CO2, C4�CH2CH2CONH), 3.33 (s, 16H;
C4�CH2OCH2, CONHCH2), 3.58 (m, 16H; C4�CH2OCH2 , CH2OH), 3.64
(s, 24H; CH3), 4.66 (br s, 16H; CH2Otpy), 7.30 (dd, J� 5.0 Hz, 16H;
tpyH5,5��), 7.56 (d, J� 7.5 Hz, 16H; tpyH6,6��), 8.01 (dd, 16H; tpyH4,4��), 8.68 (s,
16H; tpyH3�,5�), 8.81 ppm (d, J� 4.2 Hz, 16H; tpyH3,3��); 13C NMR
(CD3OD): �� 24.4 (NHCH2CH2CH2), 25.9 (CH2CH2OH), 27.3
(tpyOCH2CH2), 28.3 (C(CH3)3), 29.1 (CH2CO2), 29.6 (C4�CH2CH2CONH),
30.0 (CH2CH2Otpy), 30.8 (CH2CH2CO2), 31.4 (OCH2CH2CH2CONH),
31.8 (CONHCH2CH2), 33.4 (C4�CH2CH2CONH), 35.7 (CH2CH2CH2OH),
38.2 (OCH2CH2CONH), 40.2 (CONHCH2), 46.5 (C4�), 52.2 (CO2CH3),
58.6, 58.9 (CONHC), 62.9 (CH2OH), 68.8 (OCH2CH2CONH), 70.4
(CCH2O), 71.3 (tpyOCH2), 81.4 (CMe3), 112.4 (tpyC5,5��), 125.8 (tpyC4,4��),
128.8 (tpyC3,3��), 139.0 (tpyC3�,5�), 153.3 (tpyC6,6��), 157.7 (tpyC2,2��), 159.8
(tpyC2�,6�), 167.4, 167.7 (tpyC4�), 173.3 (CONH), 174.5 (CO2C(CH3)), 174.5
(CONH), 175.3 (CONH), 175.3 ppm (CO2CH3); MALDI-TOF: a broad
signal at correct formula mass; the precise MS analyses were conducted on
the corresponding free acid 22 and subsequent carboxylate 23.


Outside octaacid tetra-RuII-metallodendrimer (22): A solution of 21
(120 mg, 19.8 �mol) in HCO2H (20 mL) was stirred for 12 h at 25 �C; then
the formic acid was removed in vacuo. The workup exactly followed that of
19 to afford the complex 22 (105 mg, 99%) as a red solid. 1H NMR
(CD3OD): �� 1.30 (m, 8H; CH2CH2CH2Otpy), 1.75 (m, 24H;
CH2CH2CH2CH2Otpy, tpyOCH2CH2), 1.83 (m, 8H; CH2CH2OH), 2.10
(m, 48H; C4�CH2CH2CO2, C4�CH2CH2CONH, CH2CH2CH2OH), 2.35 (m,
56H; CH2CONH, C4�CH2CH2CO2, C4�CH2CH2CONH), 3.33 (s, 8H;
C4�CH2OCH2), 3.37 (s, 8H; CONHCH2), 3.59 (m, 16H; C4�CH2OCH2 ,
CH2OH), 3.63 (s, 24H; CH3), 4.66 (br s, 16H; CH2Otpy), 7.28 (dd, J�
5.0 Hz, 16H; tpyH5,5��), 7.56 (d, J� 7.5 Hz, 16H; tpyH6,6��), 8.00 (dd, J�
7.9 Hz, 16H; tpyH4,4��), 8.67 (s, 16H; tpyH3�,5�), 8.78 (d, J� 4.2 Hz, 16H;
tpyH3,3��); 13C NMR (CD3OD): �� 23.5 (NHCH2CH2CH2), 24.4
(CH2CH2OH), 25.8 (tpyOCH2CH2), 29.2 (CH2CO2), 29.6
(C4�CH2CH2CONH), 30.0 (CH2CH2Otpy), 30.5 (CH2CH2CO2), 31.3
(OCH2CH2CH2CONH), 31.6 (CONHCH2CH2), 33.3 (CH2CH2CH2OH,
C4�CH2CH2CONH), 38.3 (OCH2CH2CONH), 40.3 (CONHCH2), 46.5
(C4�), 52.3 (CO2CH3), 58.7, 58.8 (CONHC), 65.0 (CH2OH), 68.8
(OCH2CH2CONH), 70.5 (CCH2O), 71.4 (tpyOCH2), 112.4 (tpyC5,5��),
125.9 (tpyC4,4��), 128.8 (tpyC3,3��), 139.0 (tpyC3�,5�), 153.4 (tpyC6,6��), 157.8
(tpyC2,2��), 159.8 (tpyC2�,6�), 167.4, 167.7 (tpyC4�), 173.4 (CONH), 174.5
(CONH), 175.2 (CONH), 175.3 (CO2CH3), 177.0 ppm (CO2H); MALDI-
TOF: m/z calcd: 5575 [M��Cl]; found: 5573.


Neutral (outside octacarboxylate) tetra-RuII-metallodendrimer (23): To a
solution of acid dendrimer 22 (54.4 mg, 10.2 �mol) in MeOH and H2O, was
added KOH (573 �g, 10.2 �mol) in H2O (20 mL). The workup exactly
followed that of 19 to give the desired neutral metallodendrimer 23
(50.1 mg, 87%) as a red solid: 1H NMR (CD3OD): �� 1.29 (m, 8H;
CH2CH2CH2Otpy), 1.72 (m, 24H; CH2CH2CH2CH2Otpy, tpyOCH2CH2),
1.83 (m, 8H; CH2CH2OH), 2.06 (m, 48H; C4�CH2CH2CO2,
C4�CH2CH2CONH, CH2CH2CH2OH), 2.34 (m, 56H; CH2CONH,
C4�CH2CH2CO2, C4�CH2CH2CONH), 3.31 (s, 8H; C4�CH2OCH2), 3.35 (s,
8H; CONHCH2), 3.60 (m, 16H; C4�CH2OCH2, CH2OH), 3.61 (s, 24H;
CH3), 4.62 (br s, 16H; CH2Otpy), 7.27 (dd, 16H; J� 5.0 Hz, tpyH5,5��), 7.52
(d, J� 7.5 Hz, 16H; tpyH6,6��), 7.98 (dd, J� 7.9 Hz, 8H; tpyH4,4��), 8.64 (s,
16H; tpyH3�,5�), 8.75 ppm (dd, J� 4.2 Hz, 16H; tpyH3,3��); 13C NMR
(CD3OD): �� 24.5 (NHCH2CH2CH2), 25.8 (CH2CH2OH), 27.8
(tpyOCH2CH2), 29.2 (CH2CO2), 29.7 (C4�CH2CH2CONH), 30.2
(CH2CH2OPy), 30.5 (CH2CH2CO2), 31.4 (OCH2CH2CH2CONH), 32.4
(CONHCH2CH2), 33.6 (CH2CH2CH2OH), 35.7 (C4�CH2CH2CONH), 38.2
(OCH2CH2CONH), 40.3 (CONHCH2), 46.5 (C4�), 52.3 (CO2CH3), 58.7,
59.4 (CONHC), 63.3 (CH2OH), 68.9 (OCH2CH2CONH), 70.6 (CCH2O),
71.3 (tpyOCH2), 112.4 (tpyC5,5��), 125.9 (tpyC4,4��), 128.8 (tpyC3,3��), 139.1
(tpyC3�,5�), 153.4 (tpyC6,6��), 157.8 (tpyC2,2��), 159.9 (tpyC2�,6�), 167.7 (tpyC4�),
173.9 (CONH), 174.1 (CONH), 175.4 (CONH), 175.4 (CO2CH3),
180.5 ppm (CO2


�); MALDI-TOF: m/z calcd: 5357 [M��K]; found: 5355.
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Absolute Potassium Cation Affinities (PCAs) in the Gas Phase


Justin Kai-Chi Lau,[a] Carrie Hoi Shan Wong,[a] Po Shan Ng,[a] Fung Ming Siu,[a]
Ngai Ling Ma,*[b] and Chun Wai Tsang*[a]


Abstract: The potassium cation affini-
ties (PCAs) of 136 ligands (20 classes) in
the gas phase were established by hybrid
density functional theory calculations
(B3-LYP with the 6-311�G(3df,2p) ba-
sis set). For these 136 ligands, 70 exper-
imental values are available for compar-
ison. Except for five specific PCA val-
ues–those of phenylalanine, cytosine,
guanine, adenine (kinetic-method mea-
surement), and Me2SO (by high-pres-
sure mass spectrometric equilibrium
measurement)–our theoretical esti-
mates and the experimental affinities


are in excellent agreement (mean abso-
lute deviation (MAD) of 4.5 kJmol�1).
Comparisons with previously reported
theoretical PCAs are also made. The
effect of substituents on the modes of
binding and the PCAs of unsubstituted
parent ligands are discussed. Linear
relations between Li�/Na� and K� affin-
ities suggest that for the wide range of


ligands studied here, the nature of bind-
ing between the cations and a given
ligand is similar, and this allows the
estimation of PCAs from known Li�


and/or Na� affinities. Furthermore, em-
pirical equations relating the PCAs of
ligands with their dipole moments, po-
larizabilities (or molecular weights), and
the number of binding sites were estab-
lished. Such equations offer a simple
method for estimating the PCAs of
ligands not included in the present study.


Keywords: alkali metals ¥ binding
affinities ¥ cations ¥ density func-
tional calculations ¥ potassium


Introduction


The potassium cation is one of the most abundant metal
cations in biological systems. The binding between potassium
cation and protein/DNA±RNA/carbohydrate structures un-
derlies many fundamental biological processes and enzymatic
functions.[1] Knowledge of the K� binding modes and intrinsic
binding energies (affinities) of smaller model ligand systems
are fundamental to a full understanding of the interaction of
K� in the more complex and larger biological systems.


Avariety of experimental techniques has been employed to
determine the alkali metal cation affinities of small model
ligands. Absolute affinities were obtained by threshold colli-
sional induced dissociation (threshold CID),[2±13] radiative
associative kinetics measurements,[14] and high-pressure mass
spectrometric (HPMS) equilibrium measurements,[15±24] while
relative affinities were obtained by Fourier transform ion
cyclotron resonance (FT-ICR) ligand exchange equilibrium
measurements,[25±28] and the mass spectrometric kinetic meth-
od.[29±31] Complementing the progress made in experimental
measurements, quantum chemical methods have advanced to
a stage that not only relative but also absolute alkali metal
cation affinities can be obtained in excellent agreement
(accuracy: �15 kJmol�1) with experimental val-
ues.[7, 10, 24, 26, 27, 32, 33] In many instances, reliable theoretical
results have been shown to provide a complementary/alter-
native route for obtaining and confirming alkali metal cation
affinities.[9, 34±37] Also, theoretical findings on the most stable
and low-lying binding modes/structures often provide new
insights into the interpretation of experimental data. For
example, a recent theoretical study on Li�, Na�, and K�


affinity of DNA/RNA nucleobases highlighted the problem
of assigning correct binding structures to measured alkali
metal affinities when the free ligand exhibits tautomer-
ism.[36, 37] On the other hand, measured experimental affinities
are essential for the calibration, validation, and establishment
of reliable theoretical protocols.


[a] Dr. C. W. Tsang, J. K.-C. Lau, C. H. S. Wong, P. S. Ng, Dr. F. M. Siu
Department of Applied Biology and Chemical Technology
and Central Laboratory of the Institute of Molecular Technology
for Drug Discovery and Synthesis**
The Hong Kong Polytechnic University, Hung Hom, Hong Kong
Fax: (�852)23649932
E-mail : bcctsang@polyu.edu.hk


[b] Dr. N. L. Ma
Institute of High Performance Computing,
1 Science Park Road, #01-01,
The Capricorn, Singapore Science Park II, Singapore 117528
Fax: (�65)67780522
E-mail : ida@ihpc.a-star.edu.sg


[**] An Area of Excellence of the University Grants Committee (Hong
Kong)


Supporting information for this article is available on the WWWunder
http://www.chemeurj.org or from the author.


FULL PAPER


Chem. Eur. J. 2003, 9, 3383 ± 3396 DOI: 10.1002/chem.200204678 ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3383







FULL PAPER N. L. Ma et al.


While good compilations of intrinsic interaction energies
between Li�/Na� and model organic ligands are availa-
ble,[10, 24±27] far fewer potassium cation affinities (both exper-
imental and theoretical) have been reported in the literature.
The present work represents the most comprehensive theo-
retical study on the potassium cation affinity (PCA) scale
reported to date. By comparison with the existing exper-
imental data, the accuracy of the theoretical protocol was
established. For the 136 ligands studied here, the K� interacts
with different atoms (noble gases, carbon, oxygen, nitrogen,
sulfur, phosphorus, etc.) in the ligands, and with a wide range
of functional groups (alcohol, sulfide, sulfoxide, amine, amide,
ether, aldehyde, ketone, nitrile, carboxylic acid, aromatic,
heterocyclic, etc.). With such a broad spectrum of ligands, we
believe the findings presented here are of general chemical
interest and useful in revealing the nature of K� binding to
organic and biological ligands in the gas phase.


Methods of Calculation


Based on our previous studies on a smaller set of ligands,[38, 39] the
interactions between potassium cations and neutral ligands in the gas phase
were modeled using the following protocol:
1) Geometry optimization at the HF/6-31G(d) level, followed by frequen-


cy calculations to obtain the zero-point energy (ZPE) correction.
2) The effect of electron correlation on structures of ligands and K� ±


ligand complexes was obtained by full geometry optimization at the B3-
LYP/6-31G(d) level.[40]


3) Energetics were obtained by using the B3-LYP functional with the large
and flexible 6-311�G(3df,2p) basis set, based on geometries deter-
mined in step (2), that is, the energetic calculations were carried out at
the B3-LYP/6-311�G(3df,2p)//B3-LYP/6-31G(d) level.


Potassium cation affinities (PCAs) at 0 K, �H0 , were obtained by using
Equation (1) where EK� , EL, and EK��L are the electronic energies of the
potassium cation, the ligand, and the K� ± ligand complex, respectively,
obtained from step (3); ZPEL and ZVPEK��L are the zero-point energy
corrections for the ligand and the K� ± ligand complex, respectively,
obtained from step (1) with a scaling factor of 0.8929 for the Hartree ±
Fock frequencies.[32±34] For ease of description, this protocol is abbreviated
as energetic protocol for K�, EP(K�), in the following. For comparison with
experimental values, the EP(K�) theoretical values at 0 K (�H0) were
converted to affinities at 298 K (�H298) by standard statistical thermody-
namics relations[41] calculated from the scaled HF/6-31G(d) vibrational
frequencies.


�H0� [(EK��EL)�EK��L]� [ZPEL�ZPEK��L]� 0.8929 (1)


Results and Discussion


Overview of theoretical and experimental alkali metal cation
affinities : In this section, we highlight some recent advances in
and issues related to the theoretical and experimental
determination of alkali metal cation affinities reported in
the literature. Using a density functional based method, Burk
et al. recently reported the Li� affinity for 63 ligands,
calculated at the B3-LYP/6-311�G(d,p) level.[26] Calibration
against experimental data suggested that this level of theory
carried an average unsigned error of 15 kJmol�1, and the
accuracy could be improved if systematic errors were taken
into account.[26] Several theoretical studies of Na� affinities


appeared recently.[10, 24, 27, 42] Most of these were conducted at
the MP2(full)/6-311�G(2d,2p)//MP2/6-31G(d) level, with
corrections for basis set superposition error (BSSE).[24, 27]


Armentrout and Rodgers further compared the performance
of this level of theory and other models (DFT, CBS, G2, G3,
etc.) with experimental data.[10] Theoretical and experimental
sodium affinities were found to be in good general agreement.
However, while BSSE-corrected B3-LYP/6-311�G(2d,2p)//
B3-LYP/6-31G(d) sodium affinities are consistently too high
(MAD of 8.5 kJmol�1 relative to experiment), the BSSE-
corrected B3-P86/6-311�G(2d,2p)//B3-P86/6-31G(d) values
appear to fare better (MAD of 5.5 kJmol�1 in comparison
with experiment).[10] Recently, to improve the quality of the
basis set for the sodium inner-valence 2s/2p orbitals, Petrie
decontracted the standard 6-311�G(3df) basis for the Na
atom. With this more flexible basis set, Na� affinities of 38
ligands at the geometry-corrected counterpoise ™CPd-
G2thaw∫ level were obtained,[42] and it was suggested that
the currently established experimental sodium cation affin-
ities were systematically too low by 3 ± 5 kJmol�1.


For K�, far fewer theoretical and experimental values are
available. The EP(K�) theoretical PCAs at 298 K obtained in
this study and the available experimental PCAs are compiled
in Table 1 and graphically presented in Figure 1, while the


Figure 1. Plot of experimental versus EP(K�) PCAs: the diagonal line with
a slope of 1.0 is drawn for reference purposes. Large differences
(�15 kJmol�1) are depicted as �.


geometries of K� binding modes for representative class of
ligands are shown in Figure 2. Here, we wish to comment on
the temperatures reported in the experimental studies. The
experimental PCA values were largely obtained by threshold
CID, HPMS, and kinetic methods. The threshold CID
measurements yielded PCAs at 0 K, and corrections to
298 K (generally less than 2 kJmol�1) were carried out by
theoretical calculations. In HPMS measurements, it is gen-
erally assumed that the standard enthalpy of cation binding
�H is approximately equal to the ion ± ligand bond dissoci-
ation energy, and is independent of temperature effects.
Similarly, in measurements by the kinetic method, the relative
affinity measured, �(�H), is also implicitly assumed to be
independent of the ™effective temperature∫, even though the
�(�H) term may be anchored to a reference �H value at a
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known temperature. Consequently, experimental values ob-
tained by HPMS and the kinetic method are usually not
reported at any specific temperature. However, temperature
effects on the�H or�(�H) term are expected to be small. For
the 136 ligands studied, we found general agreement (within


�15 kJmol�1) between our EP(K�) PCA values and exper-
imental values reported in the literature. Only for a few sets of
PCA values (phenylalanine, cytosine, guanine, adenine ob-
tained by kinetic method measurements, andMe2SO obtained
by high-pressure mass spectrometric equilibrium measure-


Chem. Eur. J. 2003, 9, 3383 ± 3396 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3385


Figure 2. Geometries of selected K� ± ligand complexes, optimized at the B3-LYP/6 ± 31G(d) level of theory. Ligand in a ± c�P4; d� 1,4-dioxane; e� 1,2-
dioxane; f� 1,3-dioxane; g, h� SO2; i, j� borazine; k� benzene; l, m� phenol; n� 1,8-naphthyridine; o� indole; p� isoxazole; q� oxazole; r�proline;
s� serine; t� cysteine; u� phenylalanine; v�CF3CH2OH
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ment, as indicated by open circles in Figure 1) does the
difference between EP(K�) values and reported experimental
values exceed 15 kJmol�1. These cases of discrepancy are
further discussed in the individual sections below.


In addition, we also compiled the theoretical PCAs from
the literature (Table 2), corrected to 298 K if required, to
facilitate comparison. Different theoretical models were
employed in various studies, in which different geometries,
electron correlation methods, basis sets, core sizes, and zero-
point energies were employed, and BSSE corrections may or
may not be included.[3, 5, 6, 8, 9, 11±14, 33, 35, 37, 43±47] Even though
direct comparison is difficult, it appears that the PCAs
estimated by the EP(K�) protocol tend to be slightly larger
than the affinities estimated by other methods, except when
the K� binds to the ligand by aromatic � binding (as in the
case of benzene, phenol, and pyrrole). Nevertheless, the
general agreement is good (within �5 kJmol�1) except for a
few species (CO, H2S, NH3, imidazole, glycine, and the five
DNA/RNA nucleobases). Detailed discussions of the discrep-
ancies are given in individual sections below.


Before we discuss the PCAs of individual class of ligands,
we would like to comment on our choice of B3-LYP over B3-
P86 density functional. To obtain the energetics at the B3-P86/
6-311�G(3df,2p)//B3-LYP/6-31G(d) level for comparison,
we replaced the single-point energy calculations (step (3) of
the EP(K�) protocol) with the B3-P86 functionals, and the
results are shown in the Supporting Information (Table S1).
We found that the affinities obtained by EP(K�) and B3-P86
functional are both in good agreement with existing exper-
imental affinities, with MADs of 4.5 and 4.3 kJmol�1,
respectively. The EP(K�) affinities tend to be slightly larger
in most cases, except when K� interacts with �-type ligands
such as C2H2, C2H4, benzene, and borazine. The largest
difference is found for glycerol, for which the EP(K�) affinity
is larger than the B3-P86 affinities by 6 kJmol�1. For species
which show a relatively large difference in EP(K�) and B3-
P86 affinities, we carried out additional calculations at the
G2(MP2,SVP) level for benchmarking. We found that the
EP(K�) affinities are marginally more comparable to this
benchmark level with a MAD of 3.2 kJmol�1 (as opposed to
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Table 1. Theoretical EP(K�) PCAs at 298 K and experimental PCAs [kJmol�1].


Molecule[a] Theoretical[b] Experimental[c] Molecule[a] Theoretical[b] Experimental[c]


He 4.1 Ne 4.1
Ar 9.4 15.4(7)[d] CO 24.8 19.0(5.0)[d]


HF 51.3 HCl 27.6
P4 34.4 PH3 42.2
C2H2 37.4 C2H4 34.7
H2S 39.6 MeSH 52.7
EtSH 57.5 nPrSH 59.3
iPrSH 60.2 nBuSH 60.6
iBuSH 63.2 tBuSH 62.0
Me2S 61.8 H2O 70.4 70.7,[e] 74.9[f],[g]


MeOH 75.7 79.5,[h] 83.7[h] EtOH 81.4
nPrOH 82.2 iPrOH 85.2
nBuOH 86.2 iBuOH 80.5
sBuOH 87.6 tBuOH 88.1
1,2-propanediol 116.2 1,3-propanediol 122.5
ethylene glycol 119.3 glycerol 133.9
CF3CH2OH 71.4 CCl3CH2OH 76.1
Me2O 74.9 87.0,[e] 74.0(4.0)[i] Et2O 85.0 93.3[e]


(MeOCH2)2 123.5 120.0(4.0),[i] 129.7[j] 1,2-dioxane 84.1
1,3-dioxane 82.9 1,4-dioxane 71.0
HCHO 77.9 MeCHO 93.7
EtCHO 95.8 nPrCHO 97.3
nBuCHO 98.5 CF3CHO 59.5
CCl3CHO 74.0 Me2CO 104.6 102.1,[k] 108.8[l]


MeCOEt 105.9 NH3 77.2 74.9,[e] 84.1,[n] 82(8)[m]


MeNH2 79.2 79.9[e] Me2NH 77.5 81.6[e]


Me3N 74.2 83.7[e] EtNH2 81.8
nPrNH2 81.3 91.2[e] HCN 78.4
MeCN 101.9 102.1(1.7)[o] EtCN 105.5
nPrCN 107.0 iPrCN 108.2
tBuCN 110.3 PhCH2CN 110.3
CF3CN 58.6 CCl3CN 76.4
HCO2H 80.4 HCO2Me 90.2


[a] Abbreviations: Me�CH3, Et�C2H5, nPr�C3H8, iPr� (CH3)2CH, nBu�C4H11, iBu� (CH3)2CHCH2, sBu�C2H5CH, tBu� (CH3)3C, Ph�C6H5.
[b] This work, theoretical EP(K�) affinities at 298 K (�H298). [c] Experimental affinities are tabulated at 298 K (�H298) or at unspecified temperatures (see
text for further discussion). Numbers in parentheses represent reported experimental uncertainties where available. [d] Threshold CID,�H298 , adjusted from
�H0 reported in ref. [4]. [e] HPMS, ref. [17]. [f] HPMS, ref. [15]. [g] HPMS, ref. [20]. [h] Estimated from ligand-exchange HPMS data, ref. [53]; first value
anchored to experimental PCA of water reported in ref. [17], and the second to experimental PCA of water reported in refs. [15] and [20]. [i] Threshold CID,
�H298 , ref. [3]. [j] HPMS, ref. [16]. [k] Threshold CID, �H298 , ref. [2]. [l] HPMS, ref. [21]. [m] Threshold CID, �H298 , ref. [47]. [n] HPMS, ref. [19]. [o] HPMS,
ref. [18].
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4.1 kJmol�1 for B3-P86 values). As the performance of both
functionals does not differ significantly, the B3-LYP func-
tional was chosen for obtaining PCAs as it is more widely
used, and this will possibly allow more direct comparison with
other theoretical studies.


For a representative subset of 14 ligands shown in the
Supporting Information (Table S2), we further explored the
effects of employing B3-LYP geometries and vibrational
frequencies on zero-point vibrational energy and thermal
correction to 298 K, and the magnitude of the BSSE. Using
the B3-LYP frequencies to correct for zero-point energies
tends to decrease the theoretical PCA by about 0.5 kJmol�1,
as compared to using the HF frequencies. The thermal


correction at 298 K with B3-LYP parameters leads to a
further decrease of about 0.3 kJmol�1. We found that the
estimated BSSE obtained by the density functional-based
protocol is small (average of 0.7 kJmol�1), but can be as large
as 1.8 kJmol�1 when the cation binds to the ligand by aromatic
� interactions. For this subset of ligands, seven experimental
PCAs (CO, H2O, NH3, benzene, pyridine, pyrrole, and uracil)
are available for comparison. For these seven species,
inclusion of the above refinement in fact leads to a slight
increase in MAD (6.4 kJmol�1, as opposed to 6.0 kJmol�1


with our EP(K�) protocol). Therefore, the corrections may
not lead to better agreement with experimental data. Given
that the magnitude of these corrections (ca. 1 ± 2 kJmol�1) has
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Table 1 (cont.).


Molecule[a] Theoretical[b] Experimental[c] Molecule[a] Theoretical[b] Experimental[c]


MeCO2H 91.8 HCO2Et 95.3
HCO2nPr 97.0 MeCO2Me 99.5
MeCO2Et 105.7 EtCO2Me 100.9
CF3CO2Me 82.2 ClCO2Me 80.9
SO2 51.9 Me2SO 128.1 130.1,[k] 146.4(12.6)[l]


PhSOMe 132.2 HCONH2 114.1
HCONHMe 120.7 117.7[p] HCONMe2 126.2 123.4,[k] 129.7[l]


MeCONH2 123.2 124.3,[k] 118.9[p] MeCONHMe 128.4 127.2[k]


MeCONMe2 130.6 121.3,[k] 129.7,[l] 131.2[p] benzene 67.6 76.6,[g] 74.2(4.1),[q] 80.3[r]


borazine 46.8 phenol 70.0 77.9(12.6),[s] 74.6(3.8)[t]


pyridine 93.3 86.6,[e] 90.6(3.9)[u] 2-methylpyridine 94.6 98.5(3.5)[v]


3-methylpyridine 99.1 100.1(3.5)[v] 4-methylpyridine 101.1 99.0(4.0)[v]


2-fluoropyridine 100.3 3-chloropyridine 81.9
1,8-naphthyridine 155.6 pyridazine 130.0 130.9(2.6)[u]


pyrimidine 75.7 69.7(4.3)[u] pyrazine 69.8 67.6(3.6)[u]


1,3,5-triazine 56.5 55.6(3.0)[u] pyrrole 77.1 85.1(3.6)[w]


indole 89.1 99.0(12.6)[s] pyrazole 90.5 84.2(3.3)[w]


imidazole 111.1 109.6(5.6)[x] thiazole 87.1
isothiazole 86.1 oxazole 83.5
isoxazole 94.4 1-methylpyrazole 94.5 94.8(3.6)[w]


3-methylpyrazole 92.8 4-methylpyrazole 96.4
1,4-dimethylpyrazole 100.0 1,5-dimethylpyrazole 101.3
1,3,5-trimethylpyrazole 103.4 3,4,5-trimethylpyrazole 105.4
1,3,4,5-tetramethylpyrazole 106.2 1-methylimidazole 118.8 117.7(2.7)[w]


1,2-dimethylimidazole 120.5 2,4,5-trimethylimidazole 122.0
2H-1,2,3-triazole 64.5[y] 55.6(5.5)[x] 1H-1,2,4-triazole 87.0[y] 87.5(4.5)[x]


2H-tetrazole 88.5[y] 89.6(4.6)[x] 1H-tetrazole 109.7[z]


4H-1,2,4-triazole 140.1[z] 1H-1,2,3-triazole 118.6[z]


glycine 118.4 125.5,[k] 119.3[a�] alanine 124.0 123.6[a�]


valine 128.2 128.0[a�] leucine 128.8 129.3[a�]


isoleucine 129.8 129.9[a�] proline 143.0
serine 137.5 cysteine 123.5
phenylalanine 145.6 104.2 (20.9)[b�] adenine 87.1[c�] 106,[d�] 97.4(3.2)[e�]


thymine 112.0[c�] 102,[d�] 104.6(3.8)[e�] uracil 113.1[c�] 101,[d�] 105.0(2.8)[e�]


cytosine 166.3[c�] 110[d�] guanine 143.3[c�] 117[d�]


[p] Ref. [54], kinetic-method measurements using theoretical G2(MP2,SVP)-ASC(GCP) K� affinity (�H0) values at 0 Kof formamide (109.2 kJmol�1)/N,N�-
dimethylformamide (123.9 kJmol�1)/N-methylacetamide (125.6 kJmol�1) as reference values, as reported in ref. [33] and corrected to �H298 . [q] Threshold
CID, �H298 , ref. [8]. [r] HPMS, ref. [22]. [s] Radiative associative kinetics measurement, ref. [14], reported value reduced by 6.2 kJmol�1, as described in text,
and with thermal correction to 298 K. [t] Threshold CID,�H298 , ref. [13]. [u] Threshold CID,�H298 , ref. [6]. [v] Threshold CID,�H298 , ref. [11]. [w] Threshold
CID, �H298 , ref. [12]. [x] Threshold CID, �H298 , ref. [5]. [y] EP(K�) PCA of the most stable tautomer of the free ligands 1H-1,2,4-triazole, 2H-1,2,3-triazole,
and 2H-tetrazole kinetically (but not energetically) favored to bind to K� in the gas phase, resulting in the formation of K� ± (1H-1,2,4-triazole), K� ± (2H-
1,2,3-triazole), and K� ± (2H-tetrazole) complexes proposed as likely to be observed in threshold-CID experiments, as explained in ref. [5]. [z] EP(K�) PCA
of the less stable tautomer of the free ligands 4H-1,2,4-triazole, 1H-1,2,3-triazole, and 1H-tetrazole, energetically (but not kinetically) favored to bind to K� in
the gas phase, leading to formation of the most stable K� ± (4H-1,2,4-triazole), K� ± (1H-1,2,3-triazole), and K�-(1H-tetrazole) complexes with the largest
PCA, but not likely observed in threshold-CID experiments, as explained in ref. [5]. [a�] Ref. [70], kinetic-method measurements using theoretical
G2(MP2,SVP)-ASC(GCP) (see also footnote [p]) K� affinity values at 0 K (�H0) of acetamide (118.7 kJmol�1)/N-methylacetamide (125.6 kJmol�1)/N,N�-
dimethylacetamide (129.2 kJmol�1) as reference values, as reported in ref. [33]; the experimentally determined values were corrected to �H298 . [b�] Kinetic
method, ref. [31]. [c�] The PCA is estimated for the most stable tautomer of the free ligands, corresponding to species A1, T1, U1, C1, and G1 in ref. [37].
[d�] Kinetic method, ref. [29]. [e�] Threshold CID, �H298 , ref. [9].
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minimal effect on calculated PCAs, it appears that they could
be omitted for computational efficiency.


Noble gas atoms : The strength of K� binding to the noble gas
atoms is at the lowest end of the PCA scale. While the
experimental K� affinities for He and Ne are not known, the
Ar affinity[4] was determined to be 14(7) kJmol�1 at 0 K
(experimental uncertainty in parenthesis). Our calculated K�


affinity for Ar (8 kJmol�1 at 0 K) is within the error limit of
this experimental value.


As the potassium cation is isoelectronic with the argon
atom, it is of interest to compare the PCAs of the noble gas
atoms with the bond dissociation energy of the corresponding
isoelectronic HeAr, NeAr, and Ar2. The bond dissociation
energies for the species are very small (�1 kJmol�1), as the
rare gas atoms are held together by weak dispersion forces.[48]


In comparison, the interactions between K� and noble gas
atoms are much stronger, ranging from 4 to 9 kJmol�1, and
reflect the strength of the inductive forces when a cation
interacts with the polarizable noble gas atoms.


Carbon monoxide : In agreement with previous findings on
Li�,[43, 49] Na�[24, 43] and K�,[43] the potassium cation prefers to
bind to the carbon atom of CO (estimated K� ¥ ¥ ¥ C distance of


3.04 ä) with formation of a linear cation ± ligand complex.
The preferential binding of K� to the carbon atom can be
explained by the fact that even though oxygen is more
electronegative than carbon, the negative end of the CO
dipole in fact resides on the carbon atom.[50] Thus, our result
highlights the importance of ion ± dipole interaction in this
complex.


The EP(K�) PCA is approximately 12 kJmol�1 smaller than
that reported previously by Ikuta,[43] and the discrepancy
arises presumably from the small basis sets employed in the
previous study. We note in passing that although the
experimental PCA of CO at 298 K (19(5) kJmol�1)[4] is closer
to our theoretical estimate for the K� ¥ ¥ ¥ OC (18 kJmol�1)
than for the K� ¥ ¥ ¥ CO (25 kJmol�1) binding mode, both
theoretical values are within the error bar of the experimental
measurement.


Hydrogen fluoride and hydrogen chloride : K� prefers to bind
to the halogen atoms in hydrogen halides. While K� ±HF is
linear, the K� ±HCl complex is bent (K� ¥ ¥ ¥ Cl-H angle of
119�). Sodiated hydrogen chloride (Na� ±HCl) has a similar
shape to the K� ±HCl complex, with an estimated Na� ¥ ¥ ¥ Cl-H
angle of 114�.[27] Hence, for both Na� and K�, the cation does
not bind along the dipole moment vector of HCl; this reflects
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Table 2. Theoretical PCAs (kJmol�1)


Molecule[a] Theoretical[b] Literature[c] Molecule[a] Theoretical[b] Literature[c]


CO 24.8 37.1[d] PH3 42.2 41.4[e]


H2S 39.6 31.6[e] H2O 70.4 74.7[e], 70.7[f], 68.4[g]


MeOH 75.7 74.9[g] EtOH 81.4 81.4[g]


nPrOH 82.2 81.2[g] iPrOH 85.2 85.2[g]


nBuOH 86.2 85.8[g] iBuOH 80.5 83.6[g]


sBuOH 87.6 87.4[g] tBuOH 88.1 88.7[g]


1,2-propanediol 116.2 117.9[h] 1,3-propanediol 122.5 122.2[h]


ethylene glycol 119.3 118.2[h] glycerol 133.9 134.3[h]


Me2O 74.9 79.0[i] NH3 77.2 79.5[e], 77.6[f]


75.1,[g] 75.1,[j] 77.1,[j]


76.1,[j] 64.1,[j] 66.1[j]


HCONH2 114.1 111.2[g] HCONHMe 120.7 118.9[g]


HCONMe2 126.2 124.5[g] MeCONH2 123.2 120.2[g]


MeCONHMe 128.4 126.9[g] MeCONMe2 130.6 129.5[g]


benzene 67.6 72.0[k] phenol 70.0 74.1[l]


pyridine 93.3 91.3[m], 91.4[n] 2-methylpyridine 94.6 94.5[m]


3-methylpyridine 99.1 97.0[m] 4-methylpyridine 101.1 97.9[m]


pyridazine 130.0 130.5[n] pyrimidine 75.7 73.2[n]


pyrazine 69.8 68.7[n] 1,3,5-triazine 56.5 53.5[n]


pyrrole 77.1 82.1[o] indole 89.1 87.2[p]


pyrazole 90.5 86.7[o] imidazole 111.1 109.3[o], 116.8[q]


1-methylpyrazole 94.5 91.3[o] 1-methylimidazole 118.8 117.2[o]


2H-1,2,3-triazole 64.5 65.5[q] 1H-1,2,4-triazole 87.0 91.7[q]


2H-tetrazole 88.5 90.7[q] glycine 118.4 110.9[r]


phenylalanine 145.6 146.4[s] adenine 87.1[t] 78.7[f], 85.2[u]


thymine 112.0[t] 107.1[f], 104.0[u] uracil 113.1[t] 108.4[f], 104.5[u]


cytosine 166.3[t] 159.0[f] guanine 143.3[t] 139.7[f]


[a] Abbreviations: Me�CH3, Et� -C2H5, nPr�C3H8, iPr� (CH3)2CH, nBu�C4H11, iBu� (CH3)2CHCH2, sBu�C2H5CH3CH, tBu� (CH3)3C, Ph� -
C6H5. [b] This work, theoretical EP(K�) affinities at 298 K (�H298). [c] Previously reported PCA at 298 K from literature. For cases where only values at 0 K
are reported, thermal corrections to 298 K using HF/6 ± 31G(d) geometries and frequencies were applied. [d] Ref. [43]. [e] Ref. [44]. [f] Ref. [37].
[g] Ref. [33]. [h] Ref. [46]. [i] Ref. [3]. [j] Ref. [47]. [k] Ref. [8]. [l] Ref. [13]. [m] Ref. [11]. [n] Ref. [6]. [o] Ref. [12]. [p] Ref. [14]. [q] Ref. [5]. [r] Ref. [35].
[s] Ref. [45]. [t] The PCA is estimated for the most stable tautomer of the free ligands, corresponding to species A1, T1, U1, C1, and G1 in ref. [37].
[u] Ref. [9].
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a certain degree of covalency when the alkali metal cation
binds to second-row elements.[27]


Phosphorus and phosphine : A theoretical study on Li� ±P4


suggested that Li� binds to P4 in a monodentate fashion, along
a threefold axis of the tetrahedron (species 2 in ref. [51]). We
found that the larger K� prefers to bind in a bidentate manner
on an edge of the P4 tetrahedron, with a K� ¥ ¥ ¥ P distance of
3.51 ä (C2v, species a, Figure 2) and a PCA of 34 kJmol�1. The
monodentate complex (C3v, species b, Figure 2) and the
tridentate face-bound K� ± P4 complex (C3v, species c, Fig-
ure 2) are approximately 4 kJmol�1 less stable.


The PCA of phosphine (PH3) is slightly higher than that of
P4. The cation binds to phosphine along the C3v axis of the
ligand, with a K� ¥ ¥ ¥ P distance of 3.37 ä. Our estimate of K� ±
PH3 affinity at 0 K (41 kJmol�1) is in excellent agreement with
a previous theoretical value of 40 kJmol�1.[44]


Ethene and ethyne : Hoyau et al.[24] showed that Na� binds to
the � bonds of C2H2 and C2H4 at an average distance of 2.65 ä
above the plane of the ligand. For K�, we found that the
cation ±� binding distance is longer (3.13 ä). The increased
distance leads to a decrease in cation affinities by approx-
imately 16 kJmol�1.


Hydrogen sulfide and thiols : For these sulfur-containing
ligands, the cation binds to the sulfur atom at a distance of
approximately 3.20 ä. The cation has a tendency to bind to
one of the lone pairs of the sulfur atom and is hence rather
poorly aligned (ca. 40�) with the molecular dipole moment of
the ligand.


The estimated PCAs for ligands of this class studied here
range from approximately 40 to 60 kJmol�1. Our theoretical
K� affinity of H2S at 0 K (38 kJmol�1) is 8 kJmol�1 larger than
the value previously reported by Magnusson.[44] This discrep-
ancy may be attributed to two factors: no zero-point energy
correction was made and the affinity was calculated with
rather small basis sets in that paper. However, no experimen-
tal PCAs for this class of compounds are available for
comparison.


Water and alcohols : For this class of ligands, K� binds to the
oxygen atom at a distance of approximately 2.58 ä. For K� ±
H2O, the cation binds along the twofold axis of the ligand, in
perfect alignment with its dipole moment. This is in contrast
with the preferred mode of K� binding in H2S discussed
above, and again reflects the presence and influence of
covalency when the cation binds to second-row atoms.


Two sets of experimental PCA for H2O were determined by
Kebarle et al. using the HPMS technique. Our present
estimate of 70 kJmol�1 is within �5 kJmol�1 of both exper-
imental values: 70.7 kJmol�1[17] and 74.9 kJmol�1.[15, 20] Three
theoretical PCAs for H2O are available for compari-
son.[33, 37, 44] The EP(K�) PCA is in good agreement with all
three values, and it is virtually identical to that obtained by
Russo et al.[37] at the B3-LYP/6-311�G(2df,2p)//B3-LYP/6-
311�G(2df,2p) level with BSSE correction.


For simple alcohols, the cation is in reasonable alignment
(ca. 17�) with the dipole moment of the ligands. Previous


studies[34, 52] found that when nBuOH binds to Li�, the alkyl
chain wraps around so that the terminal carbon atom of the
ligand undergoes a secondary interaction with the cation. In
the case of K�, this additional favorable interaction appa-
rently cannot compensate for the unfavorable ligand defor-
mation, so that this cyclic form is slightly less stable than the
extended open form (by 5 kJmol�1).[33]


Direct experimental determination of the absolute PCA of
simple alcohols has not been reported. However, the relative
enthalpy change when water is exchanged by methanol was
determined to be 8.8 kJmol�1,[53] which is in reasonable
agreement with the corresponding relative affinity values
estimated by various theoretical protocols (i.e., EP(K�) in
Table 1; B3-P86 and G2(MP2,SVP) in the Supporting In-
formation, Table S1) to be in the range of 4.3 ± 6.4 kJmol�1.
We note that using the two experimental PCAs of water and
the experimental relative enthalpy change of 8.8 kJmol�1,[53]


the absolute PCA for methanol can be estimated to be 79.5[17]


or 83.7 kJmol�1.[15, 20] All theoretical protocols employed here
[EP(K�), B3-P86, G2(MP2,SVP)] yield PCA values that are
more consistent with the lower estimate.


Compared with simple aliphatic alcohols, K� interactions
with polyhydroxyl ligands have been less widely studied. Our
results suggested that K� bind in a bidentate manner to
ethylene glycol (1,2-ethanediol), 1,2-propanediol, and 1,3-
propanediol, and in a tridentate fashion with glycerol (1,2,3-
propanetriol). Compared with the monodentate binding in
simple alcohols, bidentate K� interactions with the diols
increase the PCA by about 30 kJmol�1. However, the
transition from bidentate (in diols) to tridentate (in glycerol)
binding leads to a further enhancement of the PCA by only
about 15 kJmol�1. This suggests that the destabilizing effect of
ligand deformation plays an important role in determining the
PCA of multidentate complexes.[3, 7, 46]


Ethers and dioxanes : For this class of ligands, K� binds to the
oxygen atom with a typical K� ¥ ¥ ¥ O distance of 2.65 ä, slightly
longer than that found in K� complexes of aliphatic alcohols,
and hence the PCA is smaller than that of the corresponding
alcohol analogue.


Dioxanes (C4O2H8), which are well-known carcinogens, can
be considered as cyclic ethers. For 1,4-dioxane, the cation
binds in a monodentate fashion to one of the oxygen atoms in
the ligand (Cs, species d, Figure 2). In K� ± 1,2-dioxane (C1,
species e, Figure 2) and K� ± 1,3-dioxane (Cs, species f,
Figure 2), the cation is coordinated in a bidentate manner to
the two closely situated oxygen atoms. As a result, the PCA of
1,4-dioxane is lower than those of 1,2- and 1,3-dioxane.


Experimental affinities are available for some ethers. The
PCAs at 298 K of Me2O and (MeOCH2)2 were determined by
Armentrout et al. using the threshold CIDmethod to be 74(4)
and 120(4) kJmol�1, respectively.[3] Both values are in good
agreement (within �4 kJmol�1) with our theoretical esti-
mates. In contrast, an earlier reported PCA of Me2O[17]


determined by HPMS (87 kJmol�1) differs more widely from
our theoretical estimate of 74.9 kJmol�1.


Aldehydes and ketones : For this class of ligand, K� binds to
the carbonyl oxygen atom. Compared to the alcohols and
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ethers, the K� ¥ ¥ ¥ O distance is shorter (2.56 ä), with a typical
K� ¥ ¥ ¥ O�C angle of 165�. Two experimental PCAs of Me2CO
were reported,[2, 21] and both are within �4.5 kJmol�1 of our
calculated value (105 kJmol�1).


Ammonia and amines : K� binds to the electronegative
nitrogen atom in these ligands, with a typical K� ¥ ¥ ¥ N distance
of 2.78 ä. A few theoretical PCAs are available for compar-
ison for NH3.[33, 37, 44, 47] The EP(K�) PCA is in good agreement
with all the reported values based on calculations with all-
electron basis sets. In comparison, the two values reported in
ref. [47] using pseudopotential are too low by over
10 kJmol�1. Our EP(K�) PCA is virtually identical to that
obtained at the B3-LYP/6-311�G(2d,2p)//B3-LYP/6-311�
G(2d,2p)[37] and B3-LYP/6-311�G(2d,2p)//B3-LYP/6-
31G(d) levels,[47] and this indicates that if sufficiently large
basis sets are used, the effects of geometry and zero-point
corrections on K� binding affinities would be minimal.
Interestingly, for K�-(NH3)n complexes (n� 1 ± 5), the BSSE
at the B3-LYP level is small (within �1 kJmol�1) when
compared to the BSSE obtained by MP2 calculations (3 ±
4 kJmol�1) using the same basis set.[47] The rather small BSSE
corrections found for these systems at the B3-LYP level are in
agreement with our general findings presented in the Sup-
porting Information (Table S2).


Experimental affinities are available for ammonia and four
alkylamines.[17, 19, 47] While the experimental PCAs are in good
general agreement with our theoretical estimates (within
�10 kJmol�1), qualitative differences are found in the order
of relative affinities upon successive methyl substitution of
ammonia (see section ™Effect of substituents∫ below for
further discussion).


Hydrogen cyanide and alkyl nitriles : For HCN and the six
alkyl nitriles studied here (including PhCH2CN), K� prefers to
bind to the nitrogen atom of the ligand. The average K� ¥ ¥ ¥ N
distance is 2.68 ä, slightly shorter than that found in
potassiated amine complexes. This reflects the fact that the
interaction of K� with the sp-hybridized nitrogen atom in
nitriles is stronger than that with the sp3-hybridized nitrogen
atom in amines. The experimental PCA of MeCN[18] of
102 kJmol�1 at 298 K is in excellent agreement with our
calculated value.


Carboxylic acids and esters : Two potential K� binding sites
are available for this class of ligands (two carboxylic acids and
eight esters): the carbonyl and hydroxyl/alkoxyl oxygen
atoms. We found that the K� prefers to bind to the carbonyl
oxygen atom (average K� ¥ ¥ ¥ O distance of 2.51 ä, average
K� ¥ ¥ ¥ O�C angle of 165�), with a ™trans∫ conformation of the
K� ¥ ¥ ¥ O�C�O moiety. In this class of ligand, K� is in fairly
good alignment with the molecular dipole moment of the
ligand (angle of deviation ca. 10�). In general, the PCA of a
carboxylic acid is larger than that of the corresponding
alcohol; for example, the PCA of acetic acid is 5 kJmol�1


higher than that of methanol. As we are not aware of any
experimental and theoretical values in the literature, the
PCAs reported here are the first set of estimates available for
this class of ligands.


Sulfoxides : For the three sulfoxides studied here, including
PhSOMe, K� binds exclusively to the oxygen atom, with an
average K� ¥ ¥ ¥ O distance of 2.50 ä. It is interesting to
compare the structure of the K� ± SO2 complex with that of
the Na� ± SO2 complex reported previously.[24] Ohanessian
et al. found that Na� binds to the SO2 group in a bidentate
fashion (with C2v symmetry). We found that the larger K�


prefers to bind in a monodentate fashion to one of the oxygen
atoms (Cs, species g, Figure 2), and this mode of binding is
about 4 kJmol�1 more stable than the bidentate C2v mode
(species h, Figure 2). Two experimental values for the PCA of
Me2SO [146 (HPMS)[21] and 130 kJmol�1 (threshold CID][2]


were reported by Kebarle et al. However, it was pointed out
that the HPMS value was based on the slope of a van�t Hoff
plot covering only a narrow temperature range, and hence was
subject to a greater experimental error. Thus, the threshold-
CID value is considered to be more reliable.[2] Our calculated
PCA (128 kJmol�1 at 298 K) is in very good agreement with
the threshold-CID value of 130 kJmol�1, and provides further
support for this more recently determined value.


Amides : Amides are perceived as an entry point for under-
standing the peptide linkage in protein structures, and hence
K� ± amide interactions are of special biological interest. For
the amide complexes studied here, K� binds in a monodentate
fashion to the oxygen atom (K� ¥ ¥ ¥ O distance of 2.45 ä, K� ¥ ¥ ¥
O�C angle of 166�), in good alignment with the molecular
dipole moment.[2] Kebarle et al. determined PCAs for four of
the six amides studied here by HPMS[21] and threshold CID[2]).
The reported 298 K PCA of N,N�-dimethylacetamide (Me-
CONMe2) deserves special attention. For this species, the
PCA determined by threshold CID[2] (121 kJmol�1) is notice-
ably lower than that determined by HPMS (130 kJmol�1).[21]


More importantly, the affinity determined by threshold CID is
even lower than those of N,N�-dimethylformamide
(HCONMe2, 123 kJmol�1) and acetamide (MeCONH2,
124 kJmol�1).[2] This is quite surprising, as the more polar-
izable MeCONMe2 is expected to have the highest K� affinity
of these three amides. To resolve this discrepancy, we recently
re-measured the PCA of MeCONMe2 using the kinetic
method. By anchoring to the ab initio G2(MP2,SVP)-
ASC(GCP) theoretical value of HCONMe2 corresponding
to 125 kJmol�1 at 298 K[33] (which is consistent with the
threshold-CID value[2] of 123 kJmol�1), we obtained a PCA of
MeCONMe2 of 131 kJmol�1.[54] This indicates that, in contrast
to K� ±Me2SO (see above), the K� ±MeCONMe2 affinity
determined by the HPMS method[21] is more consistent with
available theoretical and experimental values. if the thresh-
old-CID value for MeCONMe2 is excluded, our protocol
yields affinities to within �3 kJmol�1 for all the six amides
studied here.


Benzene, borazine, and phenol : The interaction between
cations and aromatic � electrons is a relatively newly
discovered type of electrostatic interaction. Such cation ±�
interaction are implicated in many important biological
functions,[55, 56] and benzene is often used as the prototype
ligand for understanding them. The most recent experimental
dissociation energy of K� ± benzene (73 kJmol�1 at 0 K),
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determined by Amicangelo and Armentrout,[8] is in good
agreement with our estimated value of 67 kJmol�1 at 0 K. We
note that our 298 K PCA reported in Table 1 (67.6 kJmol�1) is
obtained from the EP(K�) PCA value at 0 K (67.1 kJmol�1),
with thermal corrections using the HF/6-31G(d) geometry
and vibrational frequencies. The experimental PCA
(74.2 kJmol�1, Table 1) is taken directly from ref. [8], with
thermal correction at the MP2(full)/6-31G(d) level. The
apparent inconsistency (0.7 kJmol�1) between the two sets
of PCAvalues at 0 K and 298 K probably arises from the level
of theory employed for the thermochemical correction.


Even though borazine (B3N3H6) is isoelectronic with
benzene, its electronic nature has been controversial. Criteria
based on magnetic properties and energetic and geometric
indices suggested that borazine may not be aromatic.[57]


However, recent findings showed that borazine should be
aromatic, although its aromaticity is about half of that of
benzene.[58] The most stable structure we obtained for
borazine has D3h symmetry and is in agreement with previous
experimental and theoretical studies.[59] We located two stable
minima on the K� ± borazine potential energy surface. The
less stable complex is planar and has C2v symmetry (species i,
Figure 2). The more stable complex hasC3v symmetry (species
j, Figure 2), with the cation 2.88 ä above the ring centroid and
K� ¥ ¥ ¥ N and K� ¥ ¥ ¥ B distances of 3.22 and 3.33 ä, respectively.


While the structural features of the most stable K� ± bora-
zine complex (species j, Figure 2) are quite comparable to
those obtained for K� ± benzene (C6v, species k, Figure 2), the
estimated PCA of borazine is 21 kJmol�1 lower than that of
benzene (68 kJmol�1). As the quadrupole moment of a ligand
is expected to play a key role in determining the strength of
the cation ±� interaction,[60] we calculated the quadrupole
moment of these two ligands. Not only are the calculated
values (�3.62 and �7.88 Buckingham for borazine and
benzene, respectively) in excellent agreement with experi-
ment (�4.18 and �7.99 Buckingham, respectively),[61] but the
increase in quadrupole moment of the ligand also correlates
with the increase in PCA from borazine to benzene. Thus, the
important contribution of ion ± quadrupole interactions in this
class of aromatic ligands appears to be confirmed.


Phenol is a prototypical case for competition between � and
non-� hydroxyl oxygen binding sites for K�. For the Na� ±
phenol complexes,[24, 62] the binding affinities at 298 K for the
aromatic � and non-� complexes are comparable, and differ
by about 1 ± 4 kJmol�1, depending on the computational
protocol used to obtain the Na� affinities. However, the free
energy of binding �G298 indicates that the non-� complex is
the favored form of Na� ± phenol in the gas phase.[24]


For K� ± phenol, two stable minima were again found. In
the more stable form (in terms of �H298), K� is bound to the
aromatic � ring (species l, Figure 2), while the less stable (by
3 kJmol�1) non-� mode has a K� ¥ ¥ ¥ O interaction of 2.58 ä
(species m, Figure 2). Similar to the Na� ± phenol system, the
difference in EP(K�) free energy of binding (�G298) suggests
that the non-� complex is favored over the � mode (by about
4 kJmol�1) in K� ± phenol.


We obtained an EP(K�) PCA for phenol of 70 kJmol�1.
Two experimental values are available for comparison: a
recent threshold-CID value of 75 kJmol�1,[13] and an earlier


value of 84 kJmol�1 based on results of radiative association
kinetics measurements and density functional calculations.[14]


We note that the latter value is anchored to the K� ± benzene
affinity (at 298 K) of 80 kJmol�1.[22] However, recent experi-
ments[8] suggested that the PCA at 298 K for benzene might
need to be lowered to 74 kJmol�1. Adopting this lower PCA
value of benzene as the anchoring point leads to a revised
PCA value of 78 kJmol�1 (corrected to 298 K). With this
downward revision of the PCA of K� ± phenol from ref. [14],
the two experimental values and our theoretical EP(K�)
affinity are now much more consistent.


Azines : Pyridine (C5NH5), pyridazine, pyrimidine, pyrazine
(isomers of C4N2H4), and 1,3,5-triazine (C3N3H3) are six-
membered nitrogen heterocycles. The presence of nitrogen
atom(s) disturbs the symmetry of the �-electron distribution:
charge is localized on the nitrogen atoms, and the resonance
stabilization and aromatic character of the molecule are thus
decreased.[6] Hence, for this class of ligands, K� prefers to bind
to the nitrogen lone pair, with an average K� ¥ ¥ ¥ N distance of
2.75 ä, rather than to the � cloud. Our present relative and
absolute PCAs are in very good agreement with a combined
experimental and theoretical study:[6] the MADs with respect
to the reported experimental and BSSE-corrected MP2(full)/
6-311�G(2d,2p)//MP2(full)/6-31G(d) values are 2.5 (Ta-
ble 1) and 1.8 kJmol�1 (Table 2), respectively.


The modes of cation binding in 1,8-naphthyridine (C8N2H6)
and its PCA have not been reported previously. Our model
(C2v, species n, Figure 2) suggests that K� binds in a bidentate
fashion to the two nitrogen atoms of the ligand. Because of the
combined effect of polarizability and multidentate interac-
tion, the PCA of 1,8-naphthyridine (156 kJmol�1) is much
higher than those of the other pyridines, and it is at the top
end of the PCA scale presented here.


Pyrrole and indole : Pyrrole (C4NH5) and indole (C8NH7) are
important models for understanding the cation ±� interac-
tions in tryptophan-containing proteins. Unlike pyridine, the
nitrogen atom in pyrrole is electron-deficient,[63] so the pyrrole
nitrogen atom is not a favorable site for cation binding. As in
the case of Na� ± pyrrole, the potassium cation prefers to bind
to the � ring (K� ¥ ¥ ¥� distance of ca. 2.85 ä) of the ligand.


The experimental PCA for pyrrole was recently determined
to be 85 kJmol�1,[12] in good agreement with our theoretical
PCA (77 kJmol�1). This is approximately 10 kJmol�1 larger
than the theoretical estimate for benzene, and can be
attributed to the larger quadrupole and dipole moments of
pyrrole.[61]


In the Na� ± indole complex, the cation can bind to either
the benzo-� or pyrrolo-� face of the ligand.[64] For the larger
potassium cation, only one type of K� ± indole complex is
found, in which the cation binds to the benzo-� face, with an
estimated PCA of 89 kJmol�1 (species o, Figure 2). Thus, even
though the PCA of pyrrole is larger than that of benzene, it
appears that K� binds exclusively to the benzo-� face of
indole. This suggests that the distribution of � electrons is
sufficiently altered in the polycyclic aromatic ligands that
indole should not be regarded as fused benzene and pyrrole
rings.[14, 55]


Chem. Eur. J. 2003, 9, 3383 ± 3396 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3391







FULL PAPER N. L. Ma et al.


The experimental PCA of indole at 0 K was reported to be
105 kJmol�1 in the study on K� ± phenol by Ryzhov and
Dunbar.[14] In view of our discussions in the above section
™Benzene, borazine, and phenol∫, this experimental PCA of
indole may need to be lowered (by 6 kJmol�1) because of the
anchoring value of benzene. The revised value is 99 kJmol�1


(at 298 K), which brings it into closer agreement with our
estimated PCA at 298 K for indole of 89 kJmol�1.


Azole : Azoles are building blocks for many antibiotics,
anticancer agents, and other drugs.[65] Even though these
five-membered heterocycles may be perceived as derivatives
of pyrrole, the mode of potassium cation binding is different
from that found in pyrrole. For the azoles studied here (except
isoxazole), K� binds exclusively to the nitrogen lone pair, with
an average K� ¥ ¥ ¥ N distance of 2.71 ä, comparable to that
found for azines. No cation ±� complexes were located, that
is, all azoles favor � binding interaction (except pyrrole).[5, 12]


Two theoretical PCAs for imidazole (C3N2H4) were reported
previously.[5, 12] Our value is in good agreement with the more
recent value, calculated at the MP2(full)/6-311�G(2d,2p)//
MP2(full)/6-31G(d) level with BSSE correction.[12] The earlier
value,[5] calculated at the HF/6-31G(d,p) level, is about
6 kJmol�1 too large when compared to the EP(K�) PCA.


In general, the PCA of azoles increases with increasing
number of methyl substituent,[12] and with increasing number
of ring nitrogen atoms, except for tetrazole.[5] We also
estimated the PCAs of oxygen- and sulfur-containing azoles
(isomers of C3ONH3: oxazole, isoxazole; isomers of C3SNH3:
thiazole and isothiazole), which have not been reported
previously. Isoxazole has a higher PCA (by about 10 kJmol�1)
than oxazole, as K� is bound in a bidentate fashion to both N
and O atoms in isoxazole (species p, Figure 2), but solely to
the N atom in oxazole (species q, Figure 2). On the other
hand, thiazole and isothiazole have similar PCAs, as K� binds
exclusively to the N atom in both ligands.


Our EP(K�) PCA values at 0 K for 2H-1,2,3-triazole, 1H-
1,2,4-triazole, and 2H-tetrazole are in good agreement (within
�9 kJmol�1) with the previously reported experimental
threshold-CID PCA values (MAD of 4 kJmol�1). However,
our theoretical PCAs for the corresponding 1H-1,2,3-triazole,
4H-1,2,4-triazole, and 1H-tetrazole tautomers are significantly
higher by 20 ± 63 kJmol�1.[5] Our findings here are consistent
with the rationalization put forward by Rodgers and Ar-
mentrout: in their threshold-CID experiments, binding of K�


to the most stable tautomers of 2H-1,2,3-triazole, 1H-1,2,4-
triazole, and 2H-tetrazole is kinetically favored, even though
the resulting K� complexes are not the thermodynamically
most stable K�-bound species (see footnotes [y] and [z] to
Table 1).[5]


Amino acids : Because of the presence of the acidic carboxyl
group and basic amino group, amino acids can exist in two
forms: charge-solvated (CS) and zwitterionic (ZW).[35, 66, 67, 68]


The ZW form of amino acids is dominant in solution[69] and
can be stabilized in the gas phase by binding to cations.[67]


Similar to the case of glycine and alanine reported earlier,[68]


our calculations show that for other aliphatic amino acids such
as valine, leucine, and isoleucine, the potassium cation prefers


to bind in a bidentate fashion to the carbonyl and hydroxyl
oxygen atoms of the CS form.


Comparing our EP(K�) PCA of glycine with that estimated
by Hoyau and Ohanessian[35] shows their value to be too small
by almost 8 kJmol�1; the difference most likely is due to the
different basis sets employed. We are not aware of theoretical
and experimental PCAs for the larger aliphatic amino acids in
the literature. Using our theoretical G2(MP2,SVP)-ASC-
(G-CP) PCAs at 0 K of acetamide (118.7 kJmol�1), N-
methylacetamide (125.6 kJmol�1), and N,N�-dimethylacet-
amide (129.2 kJmol�1) as anchoring reference values,[33] we
obtained the experimental PCA of aliphatic amino acids by
the kinetic method, as shown in Table 1 (see also footnote [a�]
to Table 1). The relative and absolute EP(K�) PCAs of all five
aliphatic amino acids were found to be in very good agree-
ment with the quantitative values determined by the mass
spectrometric kinetic method in the order:[70] glycine�
alanine� valine� leucine� isoleucine; the absolute PCAs
are also within �1 kJmol�1 of those determined experimen-
tally.[70] We note that the anchoring value of 129.2 kJmol�1 we
used for N,N�-dimethylacetamide is very close to the exper-
imental HPMS value of 129.5 kJmol�1 reported by Kebarle
et al.[21] Thus, the experimental set of PCAs for aliphatic
amino acids is not only consistent with our EP(K�) estimates,
but it is also consistent with the reported experimental affinity
of N,N�-dimethylacetamide.


We also obtained the PCAs of proline, serine, cysteine, and
phenylalanine (species r, s, t, u, respectively, in Figure 2). The
modes of K� binding for these ligands are similar to those of
the corresponding Na� complexes.[24, 38] No experimental or
theoretical PCAs are available in the literature, except for
K� ± phenylalanine. The theoretical PCA reported by Ryzhov
et al. (Table 2, 146.4 kJmol�1) is very close to our EP(K�)
PCA of 145.6 kJmol�1.[31, 45] Using the experimental PCAs of
adenine (106 kJmol�1), cytosine (110 kJmol�1), and guanine
(117 kJmol�1) as reference values (Table 1),[29] Ryzhov et al.
reported a value of 104.2 kJmol�1 (kinetic method) for the
PCA of phenylalanine,[31] which is even lower than the
threshold-CID value of K� ± glycine (126 kJmol�1 at 298 K)
reported by Kebarle et al.[2] This is counterintuitive, because
phenylalanine is expected to have a higher PCA than glycine
due to its greater polarizability and ion-induced dipole
interactions. Hence, it is likely that the kinetic-method value
for phenylalanine involves a relatively large margin of
experimental uncertainty (�20.9 kJmol�1/5 kcalmol�1), as
estimated by Ryzhov et al. (see section ™Nucleobases∫ below
for further discussions on the reference values). We have
conducted detailed theoretical and experimental studies on
the K� ± phenylalanine system, and our findings will be
reported elsewhere.


Nucleobases : Given the biological importance of these
ligands as models for cation ±RNA/DNA interactions, several
experimental[9, 29] and theoretical studies[9, 36, 37, 71] have been
reported on the gas-phase alkali metal cation affinities of the
five nucleobases adenine (A), thymine (T), uracil (U),
cytosine (C), and guanine (G).


Experimental PCAs for all five nucleobases were obtained
by Cerda and Wesdemiotis[29] using the extended mass


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 3383 ± 33963392







Absolute K� Ion Affinities in the Gas Phase 3383±3396


spectrometric kinetic method, and the PCAs of A, T, and U
were determined by Rodgers and Armentrout[9] using the
threshold CID method. There have been some concerns
regarding the accuracy of the PCAs reported by Cerda and
Wesdemiotis.[29] Firstly, Rodgers and Armentrout,[9, 72] noted
that the kinetic-method measurements were carried out under
only two excitation conditions or effective temperatures. As a
result, relative enthalpy (affinity) and entropy changes may
not be extractable from the experiment in a statistically
meaningful way. Secondly, under the experimental condition
of the kinetic-method measurement,[29] several tautomeric
forms of the free ligand may co-exist, and this would lead to
different K�-bound structures and affinities.[37] Depending on
the energy barrier for interconversion between these tauto-
meric forms in the free ligand and the K�-bound form, values
determined by the kinetic method may or may not correspond
to the PCA of a particular alkali metal cation complex of a
nucleobase.[37] Such a complication is suggested to be the case
for cytosine and guanine.[37] Moreover, it has also been noted
that the values determined by the kinetic method for adenine
could not be easily ascribed to the alkali metal cation affinity
of any one of the tautomers.[37] Nevertheless, on careful
examination, we consider that the PCAs of U and T
determined by the kinetic method should be reliable. In the
experiment, pyridine, aniline, and n-propylamine were used as
reference compounds. As noted by Rodgers and Armentr-
out,[9] these three reference compounds and U/Tall bind to K�


in a monodentate fashion; thus, entropic effects in the kinetic-
method measurement would be negligible. Moreover, for
these two species, the PCA determined by the kinetic method
is comparable to that determined by threshold CID. Taking all
the above factors into consideration, we omitted the kinetic-
method values for A/C/G, but retained those for U/T in the
evaluation of our EP(K�) protocol. We estimated the EP(K�)
affinities of the most stable K�-bound structures of these
ligands in the most stable free tautomeric forms. When
compared to the experimental threshold-CID and selected
kinetic-method values,[9] our EP(K�) affinity is on average
about 9.6 kJmol�1 too large.


Comparing the EP(K�) PCA with previously reported
values calculated by ab initio MP2 and DFT methods,[9, 37] our
present estimate is approximately 7 ± 9 kJmol�1 too large. In
the case of the MP2 values,[9] the difference can be at least
partly attributed to BSSE corrections. As an example, for
K� ± uracil, the reported BSSE for the MP2-based model is
4 kJmol�1,[9] which accounts for about 50% of the difference.
We note here again that our EP(K�) model does not include
the BSSE correction, but for this species, the EP(K�) BSSE
correction is calculated to be small (only 0.8 kJmol�1; see
Supporting Information, Table S2).


However, the differences between our values and the DFT-
based estimates by Russo et al.[37] cannot be easily explained.
The two DFT protocols, even though not identical, are
expected to be comparable, and indeed we found evidence for
this in the PCAs of water and ammonia (see discussions in the
respective sections above). Using K� ± uracil as an example,
we tried to identify the source of the discrepancies. We found
that the geometries are similar: for this complex, the
calculated K� ¥ ¥ ¥ O distance at the B3-LYP/6-31G(d) level


(2.465 ä) is only 0.002 ä shorter than that obtained at the B3-
LYP/6-311�G(2df,2p) level. The zero-point corrections are
also similar: the B3-LYP/6-31G(d) level ZVPE is only
0.4 kJmol�1 larger than that at the B3-LYP/6-311�
G(2df,2p) level. To resolve the differences, we attempted to
obtain the PCA of uracil using the model reported by Russo
et al. (B3-LYP/6-311�G(2df,2p)//B3-LYP/6-311�G(2df,2p)
with BSSE correction). A PCA of 113.8 kJmol�1 (without
BSSE correction) was obtained, which is very close to our
EP(K�) PCA of 113.1 kJmol�1. Applying the BSSE correction
reduced the estimate from 113.8 to 113.0 kJmol�1, which still
differs from the value reported by Russo et al. (108.1 kJmol�1,
corrected to 298 K) by 4.9 kJmol�1.[37] In conclusion, it
appears that DFT-based protocols could be overestimating
the PCAs for the nucleobases. Given these uncertainties,
further theoretical studies and experimental measurements
on guanine, cytosine, and adenine are clearly required.


Comparison of PCAs with lithium and sodium cation affinity
scales : Our theoretical PCA obtained by using the EP(K�)
protocol are plotted against the reported theoretical Li�


affinities[26] (calculated at the B3-LYP/6-311�G(d,p) level)
and Na� affinities[6, 10, 11, 24, 27, 42] in Figure 3. The calculations in


Figure 3. Correlation of PCAs with theoretical Li� affinities reported in
ref. [26] (298 K, �) and theoretical Na� affinities reported in
refs. [6, 10, 11, 24, 27] and related studies (298 K, �, Na�-1) and ref. [42]
(0 K, � , Na�-2)


refs. [6, 10, 11, 24, 27] and related studies were all carried out
at the MP2(full)/6-311�G(2d,2p)//MP2/6-31G(d) level, and
hence the theoretical Na� affinity values from these studies
were pooled together as one set and correlated with the
EP(K�) PCAs (denoted Na�-1 in Figure 3). However, the
theoretical Na� affinities reported by Petrie[42] were calcu-
lated at a different level of theory (CPd-G2thaw),[42] and
hence were correlated separately with the EP(K�) PCAs
(denoted Na�-2 in Figure 3).


The PCAs correlate linearly with Li� and Na� affinities
[Eqs. (2) ± (4)].


�H0(Li� ±L)� 1.55PCA� 40.93 (R2� 0.96) (2)


�H0(Na�-1 ±L)� 1.16PCA� 12.84 (R2� 0.97) (3)
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�H0(Na�-2 ±L)� 1.22PCA� 10.48 (R2� 0.97) (4)


Such good linear correlation indicates that the nature of
interactions between Li�, Na�, and K� and the wide range of
ligands studied here are indeed very similar. Furthermore, we
note that the correlation relations obtained for Na�-1
[Eq. (3)] and Na�-2 [Eq. (4)] differ only in the intercept. In
other words, different theoretical models are likely to yield
the same relative affinity scale, but the absolute affinities
obtained may be different. This highlights the importance of
obtaining a set of absolute theoretical PCAs that is consistent
with experimental values in order to minimize the presence of
systematic errors.


Effect of substituents : We now comment on the effect of
substituents on the binding mode and the PCA relative to the
unsubstituted parent ligands.


In the case of substituents without electronegative atoms
(e.g., alkyl groups), the cation is not bound to these groups.
Hence, the presence of these substituents affects the PCA but
not the binding site. For aromatic ligands such as pyridine and
azoles, methylation increases the PCA. Compared to o and m
substitution, the effect of p substitution on PCA is most
significant in pyridine, and has been attributed to the larger
dipole moment of p-methylpyridine.[11]


Using classical electrostatic theory, Davidson and Kebarle
suggested that alkyl substitution affects four properties of a
ligand: its polarizability, dispersion, intramolecular repulsion
(between ligand and ion), and dipole moment.[16] While
successive alkyl substituents increase the binding affinity of a
ligand by enhancing the polarizability and dispersion compo-
nent of the cation ± ligand interactions, it also increases the
repulsion and decreases the dipole moment of the ligand and
thus leads to a decrease in binding affinities. Here, we studied
the effect of successive methylation at the O/N/S binding sites
on the PCAs of water, ammonia, formamide/acetamide, and
hydrogen sulfide.


In the H2O/MeOH/Me2O series, the first methylation
increases the PCA by about 5 kJmol�1, while slight decrease
in PCA is found for the second methylation. In the H2S/
MeSH/Me2S series, the PCAs are in the order of H2S�
MeSH�Me2S. Similar observations were made for the
corresponding theoretical sodium cation affinities for both
series,[24, 27] and were rationalized in terms of opposing effects
of changes in ligand polarizability (increase) and dipole
moment (decrease).[27] While similar rationales can be applied
to explain the observed trends in PCAs, we would like to point
out that repulsive effects may also play a role here. For the
smaller oxygen atom, the repulsive steric effect of successive
methylation would be much more strongly felt than for the
larger sulfur atom. Thus, it may not be surprising that while
the PCA increases with increasing methylation in the H2S
series, it tails off or decreases in the H2O series.


For the ammonia series, our theoretical results show that
the effect of multiple methyl substitutions on the PCA of NH3


is small, spanning a range of only 5 kJmol�1. Similar to the
H2O series, the theoretical PCA increases with the first
methylation (by 2 kJmol�1 from NH3 to MeNH2), but
decreases on second and third methylations. Interestingly,


earlier experimental HPMS results suggest that successive
methyl substitution increases the PCA, that is, NH3�


MeNH2�Me2NH�Me3N.[16] As the difference in PCA for
successive methylations is small and can be considered to lie
within the expected error limits of theoretical models, we only
note here that our EP(K�) affinities are more in line with the
recent reported trends for the experimental (FT-ICR) and
theoretical (MP2) sodium cation affinities,[27] and our B3-P86
affinities (Supporting Information, Table S1) differ from the
prediction at the G2(MP2,SVP) level (Supporting Informa-
tion, Table S1). Thus, further calculations and experimental
measurements may be needed to resolve the difference in
qualitative trends found between experimental and theoret-
ical PCAs of ammonia and its methyl-substituted derivatives.


For electronegative (e.g., fluoro, chloro) or electron-rich
substituents (e.g., aromatic � rings), not only are the binding
affinities affected, but the presence of these substituents also
opens up new modes of binding that are not possible in the
parent ligand. We found that the F and Cl substituents are in
general not competitive with O or N binding sites already
present. Hence, for most classes of ligands (e.g., carboxylic
acids, aldehydes, ketones, nitriles), the binding modes remain
the same as in the parent ligand on halogenation. In general,
the PCA of halogenated ligands decreases, as these electron-
withdrawing groups decrease the dipole moment of the
ligand. However, in a few cases (e.g., CF3CH2OH, species v,
Figure 2) when the halogen atom is close to the original
binding site of of the parent ligand, it offers an additional
binding site for K�. In these cases, the PCA is increased
relative to the unsubstituted parent ligands.


For aromatic � substituents, the PCA increases in all cases,
as polarizability of the ligand is greatly enhanced by the
presence of the highly polarizable phenyl ring. In some cases,
the aromatic � substituents (e.g., from alanine to phenyl-
alanine) are also involved in binding, and this leads to a
further increase in PCA over that expected solely from the
polarizability effect.


Relating PCAs to properties of ligands : In the previous
section, the effect of substituents on PCA is discussed in a
qualitative manner. Here, we take the discussion one step
further by establishing quantitative relations between the
PCA of the 136 ligands and their properties. Our aim is to use
molecular properties which are readily available and acces-
sible, so that the PCAs can be predicted with relative ease.


As the K� ± ligand interaction is mainly electrostatic in
nature, ligand properties such as dipole moment and polar-
izability are expected to be important. The number of
interactions (coordination number or denticity) and to which
type of atom(s) K� binds should also be important. Based on
the goodness of fit (in terms of adjusted R2) from multiple
linear-regression analyses, four parameters were found to be
important in governing the PCA of a ligand: the dipole
moment � in Debye and the polarizability � in ä�1 of the
ligand, the number n1 of first-row atoms the K� ion interacts
with, and the number n2 of second-row atoms the K� interacts
with. The PCA is related to these four parameters by
Equation (5).
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PCA� 10.7�� 3.6�� 16.1n1� 11.8n2� 29.6 adjusted R2� 0.82 (5)


Figure 4 shows the relation between the calculated PCA
(Table 1) and the PCA predicted by Equation (5). Clearly,
several points show large deviations from the ideal correlation


Figure 4. Plot of predicted PCAs [Eq. (5)] against EP(K�) PCAs: the
diagonal line with a slope of 1.0 is drawn for reference purposes.


line with a slope of unity. At the lowest end of the PCA scale,
the error can be very large; in the case of Ne, as large as 12-
fold (calculated PCA 4 kJmol�1, predicted PCA 47 kJmol�1).
Such a deviation partly arises from the simplicity of the
correlation equation employed, but is also due to the small
numerical PCA value for this ligand.


It is clear that our proposed model is quite crude and has
neglected other effects such as ion ± local dipole interac-
tions.[6] Despite the crudeness of the model, the equation can
yield reasonable estimates of PCA. If the four lowest PCA
values (He, Ne, Ar, and CO) are ignored, the MAD for the
remaining 132 ligands is then reduced to 12 kJmol�1 (error of
10%), with a maximum of 38 kJmol�1 for CF3CH2OH (error
of 52%). We note that substituting the polarizability by the
molecular weight (MW, in gmol�1) of the ligand also yields a
reasonably good correlation [Eq. (6)].


PCA� 12.5�� 0.1MW� 15.4n1� 11.6n2� 40.0 (6)


Compared to Equation (5), the adjusted R2 is somewhat
lower (0.74). However, as the molecular weight of a ligand is a
parameter that can be more readily obtained than the
polarizability, Equation (6) in fact provides a simpler alter-
native for estimating the PCA of a ligand.


Conclusion


We have reported the theoretical potassium cation affinities
(PCA) of 136 ligands, spanning a range from 4 to 166 kJmol�1.
Of these 136 ligands, 70 experimental and 64 theoretical
values reported in the literature are available for comparison.
We found that our theoretical estimates and most of the
experimental affinities are in good general agreement (within
�10 kJmol�1). Based on our theoretical EP(K�) values, we
were able to conduct a critical evaluation of the reported


values for Me2SO, MeCONMe2, and phenol obtained by
different experimental techniques, for which PCA differences
of more than �10 kJmol�1 have been reported. Large
discrepancies (�26 kJmol�1) were found in the case of
phenylalanine,[31] cytosine,[29] guanine,[29] and adenine.[29] How-
ever, in all these cases, the discrepancies likely arise from
complications in the experimental measurements. Ignoring
these four values and the PCA of Me2SO determined by
HPMS, the mean absolute deviation of our theoretical PCA
from the remaining experimental values is 4.5 kJmol�1. Our
EP(K�) PCA is also consistent with most of the previously
reported theoretical values to within �5 kJmol�1. For species
with larger differences, we are able to account for the
difference in terms of the different basis sets used in the
theoretical calculations and/or basis set superposition errors.
However, the origin of the rather large difference of 7 ±
9 kJmol�1 found between our values and those reported by
Russo et al.[37] for the DNA/RNA nucleobases remains
unclear.


The effects of substitution on PCAs of parent ligands are
also discussed. For a halogenated ligand, the PCA decreases
in general, except when the halogen is close to the original
binding site. For aromatic � substituents, the PCA increases in
all cases, as the polarizability of the ligand is greatly enhanced
by the presence of the highly polarizable phenyl ring. First
methylation tends to increase the PCA, while the PCA may
decrease upon further methylation.


We have also compared the PCAs with lithium and sodium
cation affinities previously reported in the literature. The
excellent linear correlation that was found indicates that the
nature of the interactions between alkali metal cations (Li�,
Na�, and K�) and the wide range of ligands studied here are
indeed very similar. Thus, such relations [Eqs. (2) ± (4)] allow
estimation of PCA for ligands with known Li� and/or Na�


affinities, in particular where the mode of binding for K� is not
expected to differ from those of the smaller Li�/Na�.


Finally, we established two correlation equations [Eqs. (5)
and (6)] relating PCAs of ligands with their properties (dipole
moment, polarizability, molecular weight, and number of
interactions). These two equations offer relatively simple and
efficient methods of estimating the PCA of ligands not
reported here.
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Useful Dual Diels ±Alder Behavior of 2-Azetidinone-Tethered Aryl Imines as
Azadienophiles or Azadienes: A �-Lactam-Based Stereocontrolled Access to
Optically Pure Highly Functionalized Indolizidine Systems


Benito Alcaide,*[a] Pedro Almendros,*[b] Jose M. Alonso,[a] and Moustafa F. Aly[a, c]


Abstract: Imines derived from 4-oxoa-
zetidine-2-carbaldehydes have been
found to be versatile Diels ±Alder re-
agents in that they exhibit two reactivity
patterns. 2-Azetidinone-tethered imines
undergo diastereoselective reaction with
Danishefsky×s diene in the presence of
different Lewis acids. The effect of the
amount of catalyst on the conversion
rate as well as on the product ratio has
been studied. Under standard reaction
conditions, indium(���) chloride and zin-
c(��) iodide provided the best yields, and


indium(���) triflate the highest diastereo-
selectivity in the Lewis acid promoted
aza-Diels ±Alder cycloaddition. Treat-
ment of the aforementioned imines with
cyclopentadiene, 2,3-dimethyl-1,3-buta-
diene or 3,4-dihydro-2H-pyran led to
cycloadducts arising from inverse elec-
tron-demand condensation involving


the �-lactam-tethered aryl imine as the
heterodiene component. In addition, the
first methodology for preparing indoli-
zidines from �-lactams has been devel-
oped. This process involves amide bond
cleavage of the �-lactam ring in the aza-
Diels ±Alder cycloadducts with con-
comitant cyclization. Full chirality trans-
fer occurs when the reaction is per-
formed with an enantiomerically pure
substrate.


Keywords: asymmetric synthesis ¥
cyclization ¥ cycloaddition ¥ lactams
¥ small ring systems


Introduction


Hetero Diels ±Alder reactions involving imino-dienes or
imino-dienophiles are widely used for the construction of
nitrogen-containing compounds.[1] Indolizidine alkaloids have
recently attracted a lot of attention due to their widespread
occurrence and their utility as research tools in pharmacology.
Their structural and stereochemical complexity, coupled with
their diverse and potent biological activities,[2] makes indoli-
zidine alkaloids as well as related non-natural compounds
very attractive synthetic targets in the search for efficient and


selective synthetic methods.[3] In addition, functionalized
bicyclic lactams structurally related to indolizidine have been
found to act as conformationally restricted peptide mimet-
ics,[4] and they have been utilized in asymmetric synthesis
leading to natural products.[5] On the other hand, the
importance of 2-azetidinones as synthetic intermediates has
been widely recognized in organic synthesis.[6] ± [8] Despite the
versatility of the 2-azetidinone ring,[9] there is no information
available on the use of �-lactams as chiral synthons for the
synthesis of indolizidine alkaloids.[10] Our interest in the use of
carbonyl �-lactams as starting substrates for the preparation
of potentially bioactive products[11] prompted us to evaluate
the combination of the aza-Diels ±Alder reaction of 2-azeti-
dinone-tethered imines with rearrangement reactions on the
2-azetidinone ring as a route to complex indolizidine alkaloids
(Scheme 1). We report herein full details of the asymmetric
synthesis of different kinds of highly functionalized bi-, tri-,
and tetracyclic indolizidine systems using �-lactams as chiral
building blocks.


Scheme 1. Retrosynthetic analysis of indolizidine-type systems from
4-oxoazetidine-2-carbaldehydes.
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Results and Discussion


Starting substrates, 4-oxoazetidine-2-carbaldehydes 1a ± g,
were prepared both in the racemic form and in optically pure
form by using standard methodology. Racemic compounds
1a ± c were obtained as single cis diastereoisomers, following
our one-pot method from N,N-di-(p-methoxyphenyl)glyoxal
diimine.[12] Enantiopure 2-azetidinones 1c ± g were obtained
as single cis enantiomers from imines of (R)-2,3-O-isopropy-
lideneglyceraldehyde, through Staudinger reaction with the
appropriate alkoxyacetyl chloride in the presence of Et3N,
followed by sequential acidic acetonide hydrolysis and
oxidative cleavage.[11b] Treatment of aldehydes 1 with p-
anisidine or benzylamine at room temperature in the presence
of magnesium sulfate provided the corresponding imines 2
(Scheme 2). Aldimines 2 were amenable to purification by
flash chromatography and were obtained in good yields.
Importantly, the �-lactam ring stereochemistry was unaffected
by this process.


Scheme 2. Preparation of 2-azetidinone-tethered imines 2a ± i. Reagents
and conditions: a) R3NH2, MgSO4, dichloromethane, room temperature.


Because 1-methoxy-3-trimethylsilyloxy-1,3-butadiene
(Danishefsky×s diene) is among the best dienes traditionally
used in Diels ±Alder reactions, we decided to attempt the use
of 2-azetidinone-tethered imines 2 as dienophiles. First, we
studied the aza-Diels ±Alder reaction of aldimine (�)-2 f with
Danishefsky×s diene in the presence of various catalysts. The
cycloaddition took place at low temperature under Lewis acid
catalysis. Diastereoselectivities were generally reasonable, in
all cases giving rise to mixtures of cycloadducts (�)-3 f and
(�)-4 f, but the chemical yield of the process proved to be a
function of the nature of the Lewis acid (Scheme 3, Table 1).


Scheme 3. Lewis acid mediated Diels ±Alder cycloaddition between
2-azetidinone-tethered imines and Danishefsky×s diene. Reagents and
conditions: a) Lewis acid, acetonitrile, �20 �C.


These results show that under standard reaction conditions,
zinc(��) iodide (Table 1, entries 1 and 2) and indium(���)
chloride (Table 1, entries 3 and 4) provided the best yields,
and indium(���) triflate (Table 1, entry 6) the highest diaster-
eoselectivity in the Lewis acid promoted aza-Diels ±Alder
cycloaddition. The use of boron trifluoride diethyl etherate or
tin(��) chloride resulted in a sluggish reaction, leading mainly
to decomposition products (Table 1, entries 9 and 10). The
effect of the amount of catalyst on the conversion rate as well
as on the product ratio was studied, and it was found that the
efficiency of the process did not increase on increasing the
amount of catalyst. On the basis of these results, we chose to
use zinc(��) iodide (20 mol%) in our study with different
substituted 2-azetidinone-tethered imines 2. The effect of
altering the reaction solvent (acetonitrile, tetrahydrofuran,
diethyl ether or dichloromethane) was then explored. No
significant solvent effect on the diastereoselectivity was
observed, but the reaction proceeded more quickly in polar
solvents. In terms of achieving good yields with a reasonable
rate of reaction, acetonitrile seemed to be the solvent of
choice for this reaction. Reaction of aldimines 2 with
Danishefsky×s diene in acetonitrile at �20 �C in the presence
of zinc(��) iodide gave cycloadducts 3 and 4 with moderate to
good anti stereoselectivities (de 20 ± 100%, by integration of
well-resolved signals in the 1H NMR spectra of the crude
reaction mixtures before purification) (Table 1). Fortunately,
in all cases, the diastereomeric tetrahydropyridin-4-ones 3 and
4 could be easily separated by gravity flow chromatography.
The vicinal coupling constants of the two protons (H4 in the


�-lactamic ring, hydrogen � to the nitrogen in the six-
membered ring) located at the single bond connecting the
two rings were diagnostic of the relative stereochemistry of
these stereocenters. The vicinal coupling constants for cyclo-
adducts 3 are approximately 10.0 Hz, which suggests a relative
anti stereochemistry for this connection, whereas these vicinal
coupling constants for the minor isomers 4 are approximately


Abstract in Spanish: Se ha descubierto que las iminas
derivadas de 4-oxoazetidin-2-carbaldehidos son unos reactivos
muy versa¬tiles en la reaccio¬n de Diels ±Alder al presentar dos
modos diferentes de reactividad. Estas iminas, por tratamiento
con el dieno de Danishefsky dan una reaccio¬n aza-Diels ±Al-
der catalizada por a¬cidos de Lewis. Se llevo¬ a cabo un estudio
exhaustivo sobre el efecto del catalizador a¬cido de Lewis. Los
mejores rendimientos en la reaccio¬n de aza-Diels ±Alder se
obtuvieron utilizando cloruro de indio(���) o yoduro de cinc(��),
mientras que la mejor diastereoselectividad se logro¬ con triflato
de indio(���). Cabe destacar, que las iminas �-lacta¬micas por
reaccio¬n con ciclopentadieno, 2,3-dimetil-1,3-butadieno o 3,4-
dihidro-2H-pirano experimentan una cicloadicio¬n de deman-
da electro¬nica inversa, comporta¬ndose ahora el componente
imÌnico como heterodieno. Adema¬s, se describe la primera
metodologÌa para la preparacio¬n de indolizidinas a partir de �-
lactamas. Este proceso implica la ruptura del enlace amida en
el anillo de �-lactama y su ciclacio¬n posterior. Cuando se
utilizaron sustratos enantiome¬ricamente puros la transferencia
de quiralidad fue total, permitiendo una sÌntesis asime¬trica.
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3.0 Hz, and indicate a relative
syn stereochemistry. This config-
urational assignment was con-
firmed by means of an X-ray
diffraction analysis of the cyclo-
adduct (�)-4d,[13] which is the
minor product from the reaction
of imine (�)-2d with Danishef-
sky×s diene. The stereochemical
course of the reaction can be
explained by assuming that the
Lewis acid catalyst coordinates to the imine nitrogen and that
the �-lactam moiety preferentially adopts an anti-Felkin ±
Anh conformation, in which the large substituent of the
four-membered ring (the amino group) is oriented perpen-


dicular to the imine group. The
silyloxydiene should then pref-
erentially attack from the Re-
side and give the observed ma-
jor product (Figure 1).[14] The
stereoselectivity of the aza-
Diels ±Alder reaction was
found to be dependent on the
bulkiness of the N substituents
on the imines. Thus, on fixing
both substituents at the �-lac-


tam ring (Table 1, entries 11 and 12), when less hindered N-
benzyl imine (�)-2b rather than the N-4-methoxyphenyl
imine (�)-2a was used for cycloadduct formation, fully
distereoselective conversion was obtained.
We next turned our attention to studying the reactivity of


aldimines 2 with less electron-rich dienes. Reaction of
2-azetidinone-tethered imine (�)-2 f with 2,3-dimethyl-1,3-
butadiene in acetonitrile at room temperature in the presence
of zinc(��) iodide led to cycloadducts (�)-5 f and (�)-6 f as a
chromatographically separable mixture (60:40) of two dia-
stereomers (Scheme 4, Table 2) in good yield. Interestingly,
the dienophilic behavior of the imine in the Diels ±Alder
reaction was reversed such that it exhibited heterodienic


properties.[15] The cycloaddition did not take place with
electron-poor dienophiles such as 2-cyclohexen-1-one or
methyl acrylate, confirming that an inverse electron-demand
Diels ±Alder reaction was involved. This azadiene behavior is
well known for aryl imines derived from aromatic or �,�-
unsaturated aldehydes,[16] but little is known about the use of
aliphatic aldehyde derived-imines as the 4� component,[17]


and even less on their optically active derivatives.[18] Further-
more, to the best of our knowledge, the dual behavior of
aliphatic aldehyde-derived imines as both azadienes and as
dienophiles is unprecedented.
Next, the effect of Lewis acid on the conversion rate and


diastereoselectivity was explored. No improvements in ster-
eoselectivity were obtained with indium(���) chloride or
indium(���) triflate (Table 2, entries 4 and 6), but the reactions
were faster. Of the Lewis acids surveyed at this point,
indium(���) triflate gave good yields and good conversion
rates. Therefore, we focused on further exploration of the
indium(���) triflate mediated reaction of 2,3-dimethyl-1,3-
butadiene with a variety of imines 2 (Table 2, entries 9 ± 12).
The nature of the N substituent on the �-lactam nucleus
appeared to influence the stereoselectivity of the cycloaddi-
tion. While N-aryl-substituted �-lactams afforded moderate
selectivities (60:40 to 75:25), by far the best selectivity (100:0)
was observed when the N functionality at the four-membered
ring was an aliphatic moiety (Table 2, entry 12). Again,
cycloadducts 5 and 6 were easily separable by column
chromatography.


Table 1. Lewis acid mediated Diels ±Alder cycloaddition between 2-azetidinone-tethered imines and Danishefsky×s diene.[a]


Entry Imine R1 R2 R3 LA (mol%) t [h] 3/4 Ratio[b] Yield 3/4[c]


1 (�)-2f PMP PhO PMP ZnI2 (100) 6 (�)-3 f/(�)-4 f 75:25 65/22
2 (�)-2f PMP PhO PMP ZnI2 (20) 6 (�)-3 f/(�)-4 f 72:28 61/24
3 (�)-2f PMP PhO PMP InCl3 (100) 2 (�)-3 f/(�)-4 f 76:24 62/20
4 (�)-2f PMP PhO PMP InCl3 (20) 2 (�)-3 f/(�)-4 f 78:22 63/18
5 (�)-2f PMP PhO PMP In(TfO)3 (100) 2 (�)-3 f/(�)-4 f 80:20 33/8
6 (�)-2f PMP PhO PMP In(TfO)3 (20) 2 (�)-3 f/(�)-4 f 82:18 33/7
7 (�)-2f PMP PhO PMP HfCl4 (100) 3.5 (�)-3 f/(�)-4 f 74:26 49/17
8 (�)-2f PMP PhO PMP HfCl4 (20) 3.5 (�)-3 f/(�)-4 f 75:25 49/16
9 (�)-2f PMP PhO PMP BF3 ¥ Et2O 16
10 (�)-2f PMP PhO PMP SnCl4 14
11 (�)-2a PMP Ph PMP ZnI2 (20) 6 (�)-3a/(�)-4a 71:29 60/25
12 (�)-2b PMP Ph Bn ZnI2 (20) 6 (�)-3b/(�)-4b 100:0 64/0
13 (�)-2c PMP Pht PMP ZnI2 (20) 6 (�)-3c/(�)-4c 70:30 34/14
14 (�)-2d PMP BnO PMP ZnI2 (20) 6 (�)-3d/(�)-4d 60:40 45/30
15 (�)-2e PMP BnO Bn ZnI2 (20) 6 (�)-3e/(�)-4e 70:30 56/24
16 (�)-2g PMP MeO PMP ZnI2 (20) 6 (�)-3g/(�)-4g 70:30 57/25
17 (�)-2h Tol MeO PMP ZnI2 (20) 6 (�)-3h/(�)-4h 75:25 43/14


[a] PMP� 4-MeOC6H4. Pht�phthalimido. Tol� 4-MeC6H4. [b] The ratio was determined by integration of well-resolved signals in the 1H NMR spectra of
the crude reaction mixtures before purification. [c] Yield (%) of pure, isolated product with correct analytical and spectral data.


Figure 1. Model showing the
origin of the observed syn ster-
eochemistry.


Scheme 4. Lewis acid-mediated Diels ±Alder cycloaddition between 2-azetidinone-tethered imines and 2,3-
dimethyl-1,3-butadiene. Reagents and conditions: a) Lewis acid, acetonitrile, room temperature.
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Cyclic alkenes such as cyclo-
pentadiene and 3,4-dihydro-
2H-pyran (DHP) were tested
as well. The reactions proceed-
ed smoothly at ambient temper-
ature under trivalent indium
salt catalysis. Thus, indium tri-
chloride catalyzed (20 mol%)
reaction between the 2-azetidi-
none-tethered imine (�)-2g
and cyclopentadiene afforded
the chromatographically sepa-
rable derivatives (�)-7 and (�)-
8 (1:1 mixture) in an excellent
98% yield (Scheme 5). Further
reactions of N-benzylidene-2-
azetidinones 2 with DHP in
the presence of catalytic
amounts of indium(���) triflate
resulted in the formation of
isomeric pyrano[3,2-c]quino-
line-�-lactams 9 and 10. These
adducts, which could be separated by column chromatography
on silica gel, were obtained in good yields (70 ± 95%) with
acceptable levels of stereoselectivity (60:40 to 100:0). Thus,
for example, adduct (�)-9c was obtained as a single diaster-
eomer (Scheme 5). Detailed NMR studies have established
the structure and stereochemistry of compounds 7 ± 10.
Both of the observed products from the [4�2] cycloaddition


step, when using less electron-rich dienes, are derived from
endo cycloaddition of the dienophile to the azadiene. Stereo-
selectivity must be achieved by controlling the approach of
the dienophile to the azadiene from either the top or the
bottom face. Therefore, the approach of the dienophile from
the appropriate face when the N of the 2-azetidinone bears an
allyl group results in only a slight steric interaction.
A common and relevant feature of some indolizidines that


act as glycosidase inhibitors is the presence of a vicinal amino-
alcohol or -alkoxy functionality.[19] In this context, our aim was
to find an expedient transformation of our cycloadducts into
indolizidine systems bearing this substitution pattern. To our
delight, quantitative transformation of adducts (�)-5 f and
(�)-6 f into fused azatricycles 11 and 12 was directly effected


by means of a sodium methoxide rearrangement reaction
(Scheme 6). Similarly, indolizidinones 13 ± 16 were obtained
in good yields and in high purity after aqueous workup,
without the need for further purification (Scheme 7). The


Scheme 6. Sodium methoxide promoted transformation of quinoline-�-
lactams into enantiopure fused tricyclic indolizidinones. Reagents and
conditions: a) MeONa, MeOH, room temperature, 16 h.


Table 2. Lewis acid mediated Diels ±Alder cycloaddition between 2-azetidinone-tethered imines and 2,3-dimethyl-1,3-butadiene.[a]


Entry Imine R1 R2 LA (mol%) t [h] 5/6 Ratio[b] Yield 5/6[c]


1 (�)-2f PMP PhO ZnI2 (100) 216 (�)-5 f/(�)-6f 60:40 47/31
2 (�)-2f PMP PhO ZnI2 (20) 216 (�)-5 f/(�)-6f 60:40 51/34
3 (�)-2f PMP PhO InCl3 (100) 16 (�)-5 f/(�)-6f 60:40 49/32
4 (�)-2f PMP PhO InCl3 (20) 16 (�)-5 f/(�)-6f 60:40 49/32
5 (�)-2f PMP PhO In(TfO)3 (100) 3 (�)-5 f/(�)-6f 60:40 51/34
6 (�)-2f PMP PhO In(TfO)3 (20) 3 (�)-5 f/(�)-6f 60:40 52/35
7 (�)-2f PMP PhO HfCl4 (100) 16 (�)-5 f/(�)-6f 60:40 35/24
8 (�)-2f PMP PhO HfCl4 (20) 16 (�)-5 f/(�)-6f 60:40 36/24
9 (�)-2a PMP Ph In(TfO)3 (20) 1 (�)-5a/(�)-6a 75:25 62/21
10 (�)-2g PMP MeO In(TfO)3 (20) 1.5 (�)-5g/(�)-6g 65:35 56/30
11 (�)-2h Tol MeO In(TfO)3 (20) 1 (�)-5h/(�)-6h 65:35 58/31
12 (�)-2 i Allyl MeO In(TfO)3 (20) 1 (�)-5 i/(�)-6 i 100:0 67/0


[a] PMP� 4-MeOC6H4; Tol� 4-MeC6H4. [b] The ratio was determined by integration of well-resolved signals in the 1H NMR spectra of the crude reaction
mixtures before purification. [c] Yield (%) of pure, isolated product with correct analytical and spectral data.


Scheme 5. Lewis acid mediated Diels ±Alder cycloaddition between 2-azetidinone-tethered imines and cyclic
alkenes. Reagents and conditions: a) indium(���) chloride, acetonitrile, room temperature, 1 h. b) indium(���)
triflate, acetonitrile, room temperature.
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reaction of compound (�)-8 with sodium methoxide in
methanol overnight gave in quantitative yield as crude
product the compound (�)-17. Product (�)-17 has a fused
tricyclic tetrahydroquinoline structure, and it was found to
require heating for 30 min in toluene under PTSA catalysis
using a Dean ± Stark apparatus to give the expected indolizi-
dinone system (�)-14. Aza-polycyclic compounds 11 ± 16
showed a single set of signals in their 1H NMR spectra, thus
proving that these transformations proceeded without detect-
able isomerization.
Alternatively, this transformation can be carried out by


dissolving the aza-Diels ±Alder adducts 5 ± 10 in a saturated
solution of HCl(g) in 2-propanol. However, the 1H NMR
spectra of the crude reaction mixtures showed mainly 11 ± 16
together with unquantifiable traces of other isomer, which
could arise from partial epimerization. Fused aza-polycycles
11 ± 16 are pyrrolidinoisoquinolines, and the isomeric pyrro-
lidino[2,1-a]quinolines represent a structural fragment of
erytrinan alkaloids that exhibit significant pharmacological
activity.[20]


Cycloadducts 3 and 4 require further manipulation to
obtain the desired alkaloid system. Thus, the dihydropyridone
(�)-3h underwent sequential reduction of the alkene and
carbonyl moieties. �-Selectride reduction of the alkene moiety


at the six-membered ring is a
convenient way to obtain the
tetrahydropyridone (�)-18. So-
dium borohydride reduction of
the ketone moiety on compound
(�)-18 gave a 60:40 mixture of
epimeric alcohols (�)-19 and
(�)-20, which were separated
by flash chromatography. Pro-
tection of the hydroxyl group to
give the corresponding tert-bu-
tyldimethylsilyl ethers (�)-21
and (�)-22, followed by CAN-
promoted oxidative cleavage of
theN-4-methoxyphenyl substitu-
ent, provided the key intermedi-
ate oxoazetidinyl-piperidines
(�)-23 and (�)-24 (Scheme 8).
Compounds 25 ± 28 were ob-
tained in a similar way starting
from the minor cycloadduct (�)-
4h (Scheme 9). Fortunately, the


Scheme 7. Sodium methoxide promoted transformation of quinoline-�-
lactams into enantiopure fused tetracyclic indolizidinones. Reagents and
conditions: a) MeONa, MeOH, room temperature, 16 h. b) PTSA, toluene,
reflux, 30 min.


Scheme 8. Preparation of oxoazetidinyl-piperidines (�)-23 and (�)-24.
Reagents and conditions: a) �-Selectride, THF, �78 �C, 5 h. b) NaBH4,
MeOH, 0 �C. c) TBSCl, imidazole, DMF, room temperature. d) CAN,
CH3CN/H2O, �35 �C.
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Scheme 9. Preparation of oxoazetidinyl-piperidine (�)-28. Reagents and
conditions: a) �-Selectride, THF, �78 �C, 1 h. b) NaBH4, MeOH, 0 �C.
c) TBSCl, imidazole, DMF, room temperature. d) CAN, CH3CN/H2O,
�35 �C.


reduction of ketone (�)-25 was totally stereoselective, and
alcohol (�)-26 was obtained as the sole product without any
sign of the diastereomeric isomer.
The configuration at the carbinolic chiral centers of the


above major alcohols (�)-19 and (�)-26 was established by
comparison of the 1H NMR chemical shifts of their acetyl-
mandelates 29 ± 32 (Scheme 10).[21]


Substrates (�)-23, (�)-24, and (�)-28 were submitted to
sodium methoxide treatment to afford bicyclic indolizidine


Scheme 10. Synthesis of acetylmandelates 29 ± 32. Reagents and condi-
tions: a) (R)-acetylmandelic acid, DCC, DMAP, dichloromethane, room
temperature. b) (S)-acetylmandelic acid, DCC, DMAP, dichloromethane,
room temperature.


lactams 33 ± 35. Enantiopure indolizidinones (�)-33, (�)-34,
and (�)-35 were cleanly produced without byproducts in
quantitative yields (Scheme 11). This result demonstrates that
efficient asymmetric access to a plethora of stereochemically
different indolizidine moieties can be achieved through �-
lactam chemistry.


Scheme 11. Sodium methoxide promoted transformation of piperidine-�-
lactams into enantiopure functionalized bicyclic indolizidinones. Reagents
and conditions: a) MeONa, MeOH, room temperature, 16 h.


The transformation of piperidine-2-azetidinones 5 ± 10, (�)-
23, (�)-24, and (�)-28 into indolizidine derivatives 11 ± 16 and
33 ± 35 involves amide bond cleavage of the �-lactam ring,
followed by cyclization of the resulting amino ester with
concomitant ring expansion. The polycyclic structures (by
DEPT, HETCOR, and COSY) and the stereochemistry (by
vicinal proton couplings and NOE experiments) of indolizi-
dinones 11 ± 16 and 33 ± 35 were established by one- and two-
dimensional NMR techniques.
To further illustrate the use of this chemistry in alkaloid


synthesis, the conversion of indolizidinones to indolizidines
was easily accomplished by reduction of the amide group.
Thus, the fused-lactams (�)-11, (�)-15b, (�)-34, and (�)-35,
on treatment with a suspension of powdered lithium alumi-
num hydride in tetrahydrofuran or diethyl ether, smoothly
afforded the cyclic amines 36 ± 39 (Scheme 12).


Conclusion


In conclusion, imines derived from 4-oxoazetidine-2-carbal-
dehydes have been found to be versatile aza-Diels ±Alder
reagents in that two reactivity patterns have been observed.
These imines lead to cycloadducts arising from normal as well
as inverse electron-demand [4�2] cycloaddition. Further-
more, we have presented the first methodology for the
preparation of indolizidines from �-lactams. This �-lactam-
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Scheme 12. LAH-promoted transformation of indolizidinones into enan-
tiopure functionalized indolizidines. Reagents and conditions: a) LiAlH4,
THF, room temperature, 16 h. b) LiAlH4, Et2O, room temperature, 30 min.
c) LiAlH4, Et2O, room temperature, 45 min. d) LiAlH4, Et2O, room
temperature, 40 min.


based stereocontrolled route to bi- or polycyclic alkaloid
scaffolds is carried out asymmetrically, allowing efficient
access to a variety of optically pure highly functionalized
indolizidines.


Experimental Section


General methods : 1H and 13C NMR spectra were recorded on a Bruker
Avance-300, Varian VRX-300S or Bruker AC-200 spectrometer. NMR
spectra were recorded in CDCl3 solutions, except where otherwise stated.
Chemical shifts are given in ppm relative to TMS (1H, 0.0 ppm) or CDCl3
(13C, 76.9 ppm). Low- and high-resolution mass spectra were measured on a
HP5989A spectrometer, operating in chemical ionization (CI) mode unless
otherwise stated. Specific rotations [�]D are given in deg per dm at 20 �C,
and the concentration (c) is expressed in g/100 mL. All commercially
available compounds were used without further purification.


General procedure for the preparation of imines 2 : A solution of the
corresponding amine (1.50 mmol) in dichloromethane (4 mL) was added
dropwise to a stirred suspension of the appropriate 4-oxoazetidine-2-
carbaldehyde 1 (1.0 mmol) and magnesium sulfate (1.50 mmol) in dichloro-
methane (100 mL) at room temperature. After stirring for 16 h at room
temperature, the mixture was filtered and the solvent was removed under
reduced pressure. Chromatography of the residue eluting with ethyl
acetate/hexanes mixtures (containing 1% triethylamine) gave analytically
pure compounds 2. Spectroscopic and analytical data for some representa-
tive pure forms of 2 follow.[22]


Imine (�)-2g : Compound (�)-2g (4.12 g; 95%) was obtained from the
aldehyde (�)-1e (3.0 g, 12.7 mmol) after column chromatography (elution
with ethyl acetate/hexanes (1:1; containing 1% triethylamine)); yellow


solid; m.p. 121 ± 122 �C (hexanes/ethyl acetate); [�]D��107.3 (c� 1.0 in
CHCl3); 1H NMR (300 MHz, C6D6, 25 �C): �� 7.62 (d, J� 7.1 Hz, 1H), 6.89
and 7.40 (d, J� 8.9 Hz, each 2H), 6.47 (m, 4H), 4.27 (dd, J� 7.0, 5.1 Hz,
1H), 3.99 (d, J� 5.1 Hz, 1H), 3.04 and 3.07 (s, each 3H), 2.96 ppm (s, 3H);
13C NMR (75 MHz, C6D6, 25 �C): �� 163.3, 159.5, 158.8, 144.0, 132.2, 122.9,
118.4, 114.9, 114.7, 85.5, 61.3, 58.6, 55.0 ppm; IR (KBr): �� � 1742, 1644 cm�1;
MS (EI): m/z (%): 340 (100) [M]� ; elemental analysis calcd (%) for
C19H20N2O4 (340.4): C 67.05, H 5.92, N 8.23; found: C 67.12, H 5.90, N 8.25.


Imine (�)-2h : Compound (�)-2h (3.12 g; 75%) was obtained from the
aldehyde (�)-1 f (3.0 g, 12.9 mmol), after column chromatography (elution
with ethyl acetate/hexanes (1:1; containing 1% triethylamine)); yellow
solid; m.p. 117 ± 118 �C (hexanes/ethyl acetate); [�]D��92.5 (c� 0.8 in
CHCl3); 1H NMR (200 MHz, CDCl3, 25 �C): �� 7.88 (m, 1H), 7.04 (m, 4H),
6.76 and 7.25 (m, each 2H), 4.78 (m, 2H), 3.48 and 3.74 (s, each 3H),
2.23 ppm (s, 3H); 13C NMR (50 MHz, CDCl3, 25 �C): �� 163.7, 159.1, 158.9,
143.5, 135.2, 134.6, 129.9, 122.4, 117.1, 114.5, 85.2, 61.3, 59.3, 55.6, 21.1 ppm;
IR (KBr): �� � 1744, 1645 cm�1; MS (EI): m/z (%): 326 (7) [M�H]� , 325
(100) [M]� ; elemental analysis calcd (%) for C19H20N2O3 (324.4): C 70.35, H
6.21, N 8.64; found: C 70.43, H 6.23, N 8.60.


General procedure for the synthesis of cycloadducts 3 and 4 : A solution of
the corresponding imine (1.0 mmol) in acetonitrile (5 mL) was added
dropwise to a stirred suspension of the appropriate Lewis acid (0.2 mmol)
in acetonitrile (13 mL) at �20 �C. The reaction mixture was stirred at
�20 �C for 15 min and then Danishefsky×s diene (1.20 mmol) was added.
After the imine had been consumed (TLC), saturated aqueous NaHCO3


(1 mL) was added, and the mixture was extracted with ethyl acetate (3�
20 mL). The combined organic extracts were washed with brine, dried
(MgSO4), and concentrated under reduced pressure. Chromatography of
the residue eluting with ethyl acetate/hexanes mixtures (containing 1%
triethylamine) gave analytically pure compounds 3 and 4. Spectroscopic
and analytical data for some representative pure forms of 3 and 4 are given
below.


Preparation of cycloadducts (�)-3 f and (�)-4 f : The less polar compound
(�)-3 f (150 mg; 63%) and the more polar compound (�)-4 f (42 mg; 18%)
were obtained from the imine (�)-2 f (201 mg; 0.5 mmol), after column
chromatography (elution with ethyl acetate/hexanes (1:1 containing 1%
triethylamine)).


Cycloadduct (�)-3 f : Colorless oil; [�]D��425.3 (c� 0.9 in CHCl3);
1H NMR (300 MHz, CDCl3, 25 �C): �� 7.08 (m, 7H), 6.65 (m, 7H), 5.39 (d,
J� 5.9 Hz, 1H), 5.28 (d, J� 7.3 Hz, 1H), 5.07 (dd, J� 10.3, 5.9 Hz, 1H),
3.65 (s, 6H), 4.75 (m, 1H), 3.01 (dd, J� 17.1, 5.9 Hz, 1H), 2.44 ppm (d, J�
17.1 Hz, 1H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 191.0, 164.2, 157.5,
157.1, 156.8, 148.3, 137.5, 129.9, 129.8, 123.2, 120.7, 119.8, 116.3, 114.7, 114.2,
102.2, 80.1, 58.1, 55.6, 55.5, 52.7, 38.1 ppm; IR (CHCl3): �� � 1757, 1638 cm�1;
MS (CI): m/z (%): 471 (100) [M�H]� , 470 (39) [M]� ; elemental analysis
calcd (%) for C28H26N2O5 (470.5): C 71.47, H 5.57, N 5.95; found: C 71.58, H
5.54, N 5.92.


Cycloadduct (�)-4 f : Yellow solid; m.p. 186 ± 187 �C (hexanes/ethyl ace-
tate); [�]D��128.7 (c� 0.7 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C):
�� 7.01 (m, 14H), 5.24 (d, J� 5.2 Hz, 1H), 4.86 (d, J� 7.9 Hz, 1H), 4.71 (m,
2H), 3.72 and 3.74 (s, each 3H), 2.94 (dd, J� 17.0, 7.3 Hz, 1H), 2.71 ppm
(dd, J� 17.0, 5.6 Hz, 1H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 190.0,
163.2, 157.9, 157.3, 151.2, 137.5, 129.8, 129.7, 124.1, 122.8, 120.5, 115.6, 115.3,
114.4, 101.2, 79.3, 58.5, 56.9, 55.7, 55.5, 37.3 ppm; IR (KBr): �� � 1751,
1711 cm�1; MS (CI):m/z (%): 471 (100) [M�H]� , 470 (27) [M]� ; elemental
analysis calcd (%) for C28H26N2O5 (470.5): C 71.47, H 5.57, N 5.95; found: C
71.39, H 5.53, N 5.98.


Cycloadduct (�)-3b : Compound (�)-3b (305 mg; 64%) was obtained as a
colorless oil from the imine (�)-2b (400 mg, 1.08 mmol), after column
chromatography (elution with ethyl acetate/hexanes (2:1 containing 1%
triethylamine)); 1H NMR (300 MHz, CDCl3, 25 �C): �� 7.01 (m, 14H), 6.75
(d, J� 7.4 Hz, 1H), 4.97 (d, J� 7.4 Hz, 1H), 4.92 (dd, J� 10.6, 5.9 Hz, 1H),
4.66 (d, J� 5.9 Hz, 1H), 3.87 (d, J� 15.0 Hz, 1H), 3.73 (s, 3H), 3.68 (d, J�
14.8 Hz, 1H), 3.26 (m, 1H), 2.09 (dd, J� 17.0, 6.9 Hz, 1H), 1.61 ppm (d, J�
17.0 Hz, 1H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 189.6, 165.9, 156.9,
153.2, 135.9, 130.9, 130.6, 129.8, 129.0, 128.9, 128.4, 128.3, 127.6, 119.9, 114.4,
97.7, 59.7, 57.4, 55.5, 55.4, 51.3, 36.6 ppm; IR (CHCl3): �� 1753, 1703 cm�1;
MS (CI): m/z (%): 439 (100) [M�H]� , 438 (23) [M]� ; elemental analysis
calcd (%) for C28H26N2O3 (438.5): C 76.99, H 5.98, N 6.39; found: C 76.90, H
5.95, N 6.43.
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Preparation of cycloadducts (�)-3e and (�)-4e : The less polar compound
(�)-3e (327 mg; 56%) and the more polar compound (�)-4e (141 mg;
24%) were obtained from the imine (�)-2e (599 mg, 1.25 mmol), after
column chromatography (elution with ethyl acetate/hexanes (2:1 contain-
ing 1% triethylamine)).


Cycloadduct (�)-3e : Colorless oil; [�]D��201.1 (c� 0.5 in CHCl3);
1H NMR (300 MHz, CDCl3, 25 �C): �� 7.28 (m, 12H), 6.80 (d, J� 7.8 Hz,
1H), 6.79 (m, 2H), 5.02 (d, J� 7.8 Hz, 1H), 4.86 (m, 2H), 4.75 (d, J�
4.8 Hz, 1H), 4.66 (d, J� 11.7 Hz, 1H), 3.92 (d, J� 15.6 Hz, 1H), 3.89 (m,
1H), 3.73 (s, 3H), 3.68 (d, J� 15.6 Hz, 1H), 2.72 (dd, J� 17.1, 6.8 Hz, 1H),
2.24 ppm (d, J� 17.1 Hz, 1H); 13C NMR (75 MHz, CDCl3, 25 �C): ��
190.2, 165.5, 156.9, 152.9, 136.4, 130.3, 129.0, 128.6, 128.5, 128.3, 128.2,
128.0, 127.2, 119.3, 114.4, 98.0, 80.2, 73.5, 59.6, 55.9, 55.5, 52.5, 37.8 ppm; IR
(CHCl3): �� � 1749, 1705 cm�1; MS (CI): m/z (%): 469 (100) [M�H]� , 468
(17) [M]� ; elemental analysis calcd (%) for C29H28N2O4 (468.6): C 74.34, H
6.02, N 5.98; found: C 74.44, H 6.05, N 5.94.


Cycloadduct (�)-4e : Colorless oil; [�]D��150.0 (c� 0.7 in CHCl3);
1H NMR (300 MHz, CDCl3, 25 �C): �� 7.27 (m, 10H), 7.01 (d, J� 7.6 Hz,
1H), 6.90 (m, 2H), 6.78 (m, 2H), 4.94 (d, J� 7.6 Hz, 1H), 4.78 (m, 5H), 4.21
(d, J� 14.9 Hz, 1H), 3.94 (m, 1H), 3.68 (s, 3H), 2.47 (dd, J� 17.4, 7.3 Hz,
1H), 2.15 ppm (d, J� 17.6 Hz, 1H); 13C NMR (75 MHz, CDCl3, 25 �C): ��
189.9, 165.6, 157.4, 153.1, 137.1, 136.5, 129.7, 129.1, 128.9, 128.8, 128.7, 128.3,
127.5, 120.8, 114.5, 99.7, 80.3, 73.5, 58.3, 56.6, 55.5, 54.5, 37.2 ppm; IR
(CHCl3): �� 1756, 1711 cm�1; MS (CI): m/z (%): 469 (100) [M�H]� , 468
(31) [M]� ; elemental analysis calcd (%) for C29H28N2O4 (468.6): C 74.34, H
6.02, N 5.98; found: C 74.23, H 6.00, N 6.01.


Preparation of cycloadducts (�)-3h and (�)-4h : The less polar compound
(�)-3h (518 mg; 43%) and the more polar compound (�)-4h (169 mg;
14%) were obtained from the imine (�)-2h (1.0 g, 3.09 mmol), after
column chromatography (elution with ethyl acetate/hexanes (1:1 contain-
ing 1% triethylamine)).


Cycloadduct (�)-3h : Yellow solid; m.p. 144 ± 145 �C (hexanes/ethyl ace-
tate); [�]D��58.0 (c� 1.0 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C):
�� 7.08 (d, J� 7.6 Hz, 1H), 6.82 (m, 8H), 5.29 (d, J� 7.6 Hz, 1H), 4.95 (dd,
J� 10.1, 5.5 Hz, 1H), 4.63 (d, J� 5.5 Hz, 1H), 4.54 (m, 1H), 3.59 and 3.66
(s, each 3H), 2.99 (d, J� 17.1 Hz, 1H), 2.35 (dd, J� 17.1, 6.2 Hz, 1H),
2.16 ppm (s, 3H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 191.3, 165.8, 156.7,
148.5, 137.5, 134.7, 134.2, 129.3, 120.7, 118.0, 114.5, 101.8, 82.6, 59.9, 57.9,
55.5, 52.2, 38.0, 20.9 ppm; IR (KBr): �� 1740, 1705 cm�1; MS (CI): m/z
(%): 393 (100) [M�H]� , 392 (22) [M]� ; elemental analysis calcd (%) for
C23H24N2O4 (392.5): C 70.39, H 6.16, N 7.14; found: C 70.30, H 6.14, N 7.17.


Cycloadduct (�)-4h : Yellow solid; m.p. 150 ± 151 �C (hexanes/ethyl ace-
tate); [�]D��114.2 (c� 0.7 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C):
�� 7.15 (m, 9H), 4.98 (d, J� 7.8 Hz, 1H), 4.68 (m, 1H), 4.60 (dd, J� 5.4,
2.9 Hz, 1H), 4.48 (d, J� 5.4 Hz, 1H), 3.46 and 3.83 (s, each 3H), 2.93 (dd,
J� 17.1, 7.5 Hz, 1H), 2.64 (dd, J� 17.1, 6.3 Hz, 1H), 2.31 ppm (s, 3H);
13C NMR (75 MHz, CDCl3, 25 �C): �� 190.3, 165.1, 157.8, 151.5, 137.6,
134.9, 134.2, 129.5, 124.2, 118.6, 114.9, 101.1, 82.3, 59.4, 57.7, 56.7, 55.6, 37.4,
20.9 ppm; IR (KBr): �� � 1743, 1706 cm�1; MS (CI): m/z (%): 393 (100)
[M�H]� , 392 (17) [M]� ; elemental analysis calcd (%) for C23H24N2O4


(392.5): C 70.39, H 6.16, N 7.14; found: C 70.47, H 6.15, N 7.11.


General procedure for the synthesis of cycloadducts 5 and 6 : Indium(���)
triflate (0.2 mmol) was added in portions to a solution of the appropriate
imine 2 (1.0 mmol) and 2,3-dimethyl-1,3-butadiene (2.0 mmol) in acetoni-
trile (7 mL) at 0 �C. After the imine had been consumed (TLC), saturated
aqueous NaHCO3 (1 mL) was added, and the mixture was extracted with
ethyl acetate (3� 20 mL). The combined organic extracts were washed with
brine, dried (MgSO4), and concentrated under reduced pressure. Chroma-
tography of the residue eluting with ethyl acetate/hexanes mixtures gave
analytically pure compounds 5 and 6. Spectroscopic and analytical data for
some representative pure forms of 5 and 6 are given below.


Preparation of cycloadducts (�)-5 f and (�)-6 f : The less polar compound
(�)-5 f (121 mg; 52%) and the more polar compound (�)-6 f (82 mg; 35%)
were obtained from the imine (�)-2 f (200 mg, 0.498 mmol), after column
chromatography (elution with ethyl acetate/hexanes (1:6)).


Cycloadduct (�)-5 f : Colorless solid; m.p. 158 ± 159 �C (hexanes/ethyl
acetate); [�]D��75.5 (c� 0.6 in CHCl3); 1H NMR (300 MHz, CDCl3,
25 �C): �� 7.44 (m, 2H), 7.05 (m, 5H), 6.74 (m, 2H), 6.46 (m, 2H), 6.28 (d,
J� 9.4 Hz, 1H), 5.37 (d, J� 5.2 Hz, 1H), 4.92 and 5.02 (s, each 1H), 4.38
(dd, J� 6.8, 5.4 Hz, 1H), 3.94 (m, 1H), 3.61 and 3.74 (s, each 3H), 1.97 (m,


1H), 1.49 (m, 1H), 1.41 and 1.48 ppm (s, each 3H); 13C NMR (75 MHz,
CDCl3, 25 �C): �� 163.9, 157.4, 157.0, 152.5, 150.8, 137.6, 130.4, 129.6, 128.7,
122.5, 120.7, 116.3, 115.7, 114.2, 113.2, 112.9, 111.9, 79.5, 61.4, 55.6, 55.4, 50.3,
42.4, 37.4, 29.4, 19.7 ppm; IR (KBr): �� � 3420, 1757 cm�1; MS (CI):m/z (%):
485 (100) [M�H]� , 484 (37) [M]� ; elemental analysis calcd (%) for
C30H32N2O4 (484.6): C 74.36, H 6.66, N 5.78; found: C 74.46, H 6.63, N 5.81.


Cycloadduct (�)-6 f : Colorless oil; [�]D��22.1 (c� 0.8 in CHCl3);
1H NMR (300 MHz, CDCl3, 25 �C): �� 7.49 (m, 2H), 7.09 (m, 5H), 6.83
(m, 2H), 6.55 (dd, J� 5.7, 3.9 Hz, 1H), 6.43 (d, J� 2.9 Hz, 1H), 5.43 (d, J�
5.3 Hz, 1H), 4.88 and 4.97 (s, each 1H), 4.33 (t, J� 5.4 Hz, 1H), 4.01 (m,
1H), 3.62 and 3.73 (s, each 3H), 1.98 (m, 1H), 1.57 (m, 1H), 1.31 and
1.39 ppm (s, each 3H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 163.8, 157.5,
156.9, 152.9, 150.8, 137.8, 130.9, 129.9, 129.8, 129.6, 122.8, 120.3, 116.4, 115.9,
114.4, 113.4, 113.3, 112.2, 79.8, 62.4, 55.8, 55.6, 49.6, 42.5, 37.3, 29.7,
20.0 ppm; IR (CHCl3): �� � 3421, 1755 cm�1; MS (CI): m/z (%): 485 (100)
[M�H]� , 484 (29) [M]� ; elemental analysis calcd (%) for C30H32N2O4


(484.6): C 74.36, H 6.66, N 5.78; found: C 74.27, H 6.69, N 5.80.


Cycloadduct (�)-5 i : Compound (�)-5 i (518 mg; 67%) was obtained from
the imine (�)-2 i (200 mg, 0.73 mmol), after column chromatography
(elution with ethyl acetate/hexanes (1:1)); colorless oil; [�]D��41.8 (c�
0.6 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C): �� 6.52 (m, 3H), 5.70
(m, 1H), 5.18 (m, 2H), 4.94 and 5.04 (s, each 1H), 4.47 (d, J� 4.9 Hz, 1H),
3.95 (m, 2H), 3.61 (m, 2H), 3.55 and 3.60 (s, each 3H), 1.97 (m, 1H), 1.56
(m, 1H), 1.35 and 1.49 ppm (s, each 3H); 13C NMR (75 MHz, CDCl3,
25 �C): �� 167.8, 152.5, 151.1, 138.3, 132.6, 128.6, 118.8, 116.4, 113.5, 113.2,
112.2, 83.9, 62.1, 59.8, 55.9, 48.1, 44.5, 42.8, 38.1, 29.5, 20.1 ppm; IR (CHCl3):
�� � 3429, 1751 cm�1; MS (CI): m/z (%): 357 (100) [M�H]� , 356 (25) [M]� ;
elemental analysis calcd (%) for C21H28N2O3 (356.5): C 70.76, H 7.92, N
7.86; found: C 70.86, H 7.96, N 7.83.


Procedure for the synthesis of cycloadducts (�)-7 and (�)-8 : Indium(���)
chloride (44 mg, 0.2 mmol) was added in portions to a solution of the imine
(�)-2g (340 mg, 1.0 mmol) and cyclopentadiene (120 mg, 2.0 mmol) in
acetonitrile (7 mL) at �20 �C. The reaction mixture was stirred at room
temperature for 1 h, and then saturated aqueous NaHCO3 (1 mL) was
added and the mixture was extracted with ethyl acetate (3� 20 mL). The
combined organic extracts were washed with brine, dried (MgSO4), and
concentrated under reduced pressure. Chromatography of the residue
eluting with dichloromethane/ethyl acetate/hexanes (1:1:1 containing 1%
triethylamine) gave the less polar compound (�)-8 (398 mg; 49%) and the
more polar compound (�)-7 (398 mg; 49%).


Cycloadduct (�)-7: Pale green oil; [�]D��243.2 (c� 0.6 in CHCl3);
1H NMR (300 MHz, CDCl3, 25 �C): �� 6.80 and 7.20 (m, each 2H), 6.43 (m,
3H), 5.70 (m, 1H), 5.56 (m, 1H), 4.68 (d, J� 5.3 Hz, 1H), 4.17 (dd, J� 9.0,
5.3 Hz, 1H), 3.71 (m, 4H), 3.63 (m, 7H), 2.54 (m, 2H), 2.11 ppm (m, 1H);
13C NMR (75 MHz, CDCl3, 25 �C): �� 165.6, 157.7, 153.2, 138.4, 133.9,
130.1, 129.4, 127.1, 122.4, 117.3, 114.4, 113.9, 112.5, 83.2, 59.8, 59.3, 56.0, 55.7,
55.5, 46.1, 40.6, 31.4 ppm; IR (CHCl3): �� � 3345, 1743 cm�1; MS (CI): m/z
(%): 407 (100) [M�H]� , 406 (47) [M]� ; elemental analysis calcd (%) for
C24H26N2O4 (406.5): C 70.92, H 6.45, N 6.89; found: C 70.99, H 6.44, N 6.91.


Cycloadduct (�)-8 : Pale green solid; m.p. 166 ± 167 �C (hexanes/ethyl
acetate); [�]D��243.2 (c� 0.8 in CHCl3); 1H NMR (300 MHz, CDCl3,
25 �C): �� 6.94 and 7.51 (m, each 2H), 6.57 (d, J� 2.8 Hz, 1H), 6.46 (ddd,
J� 8.6, 2.9, 0.5 Hz, 1H), 6.21 (d, J� 8.6 Hz, 1H), 5.86 (m, 1H), 5.75 (m,
1H), 4.68 (d, J� 5.5 Hz, 1H), 4.34 (dd, J� 9.8, 5.5 Hz, 1H), 3.98 (m, 1H),
3.83 (m, 4H), 3.67 and 3.71 (s, each 3H), 3.06 (qd, J� 10.8, 2.9 Hz, 1H), 2.81
(m, 1H), 2.38 ppm (m, 1H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 166.0,
157.1, 153.3, 138.1, 134.3, 130.9, 130.1, 127.1, 120.2, 117.3, 114.6, 113.9, 112.3,
82.8, 60.5, 59.8, 59.7, 56.1, 55.7, 55.6, 46.2, 39.1, 31.6 ppm; IR (KBr): �� �
3342, 1744 cm�1; MS (CI): m/z (%): 407 (100) [M�H]� , 406 (36) [M]� ;
elemental analysis calcd (%) for C24H26N2O4 (406.5): C 70.92, H 6.45, N
6.89; found: C 70.84, H 6.43, N 6.87.


General procedure for the synthesis of cycloadducts 9 and 10 : Indium(���)
triflate (0.2 mmol) was added in portions to a solution of the appropriate
imine 2 (1.0 mmol) and 3,4-dihydro-2H-pyran (1.2 mmol) in acetonitrile
(7 mL) at 0 �C. After the imine had been consumed (TLC), saturated
aqueous NaHCO3 (1 mL) was added, and the mixture was extracted with
ethyl acetate (3� 20 mL). The combined organic extracts were washed with
brine, dried (MgSO4), and concentrated under reduced pressure. Chroma-
tography of the residue eluting with ethyl acetate/hexanes mixtures gave
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analytically pure compounds 9 and 10. Spectroscopic and analytical data for
some representative pure forms of 9 and 10 are given below.


Preparation of cycloadducts (�)-9a and (�)-10a : The less polar compound
(�)-9a (53 mg; 46%) and the more polar compound (�)-10a (21 mg;
24%) were obtained from the imine (�)-2 f (95 mg, 0.236 mmol), after
column chromatography (elution with ethyl acetate/hexanes (1:6)).


Cycloadduct (�)-9a : Yellow oil; [�]D��66.0 (c� 1.0 in CHCl3); 1H NMR
(300 MHz, CDCl3, 25 �C): �� 7.48 (m, 2H), 7.25 (m, 2H), 6.97 (m, 3H), 6.74
(m, 3H), 6.56 (ddd, J� 8.7, 2.9, 0.5 Hz, 1H), 6.18 (d, J� 8.7 Hz, 1H), 5.00
and 5.37 (d, J� 5.4 Hz, each 1H), 4.63 (dd, J� 9.8, 5.4 Hz, 1H), 3.92 (m,
1H), 1.46 (m, 4H), 3.67 and 3.77 (s, each 3H), 3.51 (m, 2H), 2.40 ppm (m,
1H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 164.2, 157.5, 157.0, 153.2, 137.9,
130.4, 129.6, 122.6, 121.5, 120.1, 116.4, 115.8, 114.9, 114.3, 111.6, 79.5, 71.5,
60.9, 57.8, 56.6, 55.6, 55.4, 33.0, 24.9, 18.8 ppm; IR (CHCl3): �� � 3418,
1751 cm�1; MS (CI):m/z (%): 487 (100) [M�H]� , 486 (46) [M]� ; elemental
analysis calcd (%) for C29H30N2O5 (486.6): C 71.59, H 6.21, N 5.76; found: C
71.69, H 6.25, N 5.73.


Cycloadduct (�)-10a : Yellow oil; [�]D��35.7 (c� 0.7 in CHCl3); 1HNMR
(300 MHz, CDCl3, 25 �C): �� 7.18 (m, 6H), 6.84 (m, 3H), 6.65 (dd, J� 8.7,
2.9 Hz, 1H), 6.37 (d, J� 8.7 Hz, 1H), 4.93 and 5.46 (d, J� 5.2 Hz, each 1H),
4.51 (dd, J� 9.4, 5.2 Hz, 1H), 4.07 (m, 1H), 3.68 and 3.77 (s, each 3H), 3.41
(m, 3H), 1.57 ppm (m, 4H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 163.6,
157.6, 157.0, 153.3, 137.9, 129.7, 129.6, 129.1, 122.8, 121.7, 116.3, 115.7, 115.1,
114.4, 111.4, 80.4, 71.7, 60.6, 57.2, 56.7, 55.6, 55.4, 33.7, 24.9, 18.6 ppm; IR
(CHCl3): �� � 3422, 1750 cm�1; MS (CI): m/z (%): 487 (100) [M�H]� , 486
(33) [M]� ; elemental analysis calcd (%) for C29H30N2O5 (486.6): C 71.59, H
6.21, N 5.76; found: C 71.48, H 6.18, N 5.73.


Cycloadduct (�)-9 c : Compound (�)-9c (620 mg; 95%) was obtained as a
colorless oil from the imine (�)-2 i (500 mg (1.825 mmol), after column
chromatography (elution with ethyl acetate/hexanes (1:1)); [�]D��43.5
(c� 0.5 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C): �� 6.90 (d, J�
2.9 Hz, 1H), 6.61 (dd, J� 8.6, 2.9 Hz, 1H), 6.39 (d, J� 8.6 Hz, 1H), 5.77 (m,
1H), 5.30 (m, 2H), 4.95 (d, J� 5.6 Hz, 1H), 4.49 (d, J� 5.1 Hz, 1H), 3.99
(m, 1H), 3.81 (m, 2H), 3.69 (s, 3H), 3.55 (m, 2H), 3.50 (s, 3H), 3.42 (m,
1H), 2.24 (m, 1H), 1.67 ppm (m, 4H); 13C NMR (75 MHz, CDCl3, 25 �C):
�� 168.4, 153.3, 138.4, 133.4, 121.9, 118.5, 116.4, 115.1, 111.8, 83.4, 71.8, 60.9,
60.3, 59.4, 55.8, 54.6, 44.7, 33.5, 25.2, 19.1 ppm; IR (CHCl3): �� � 3419,
1755 cm�1; MS (CI):m/z (%): 359 (100) [M�H]� , 358 (43) [M]� ; elemental
analysis calcd (%) for C20H26N2O4 (358.4): C 67.02, H 7.31, N 7.82; found: C
67.11, H 7.28, N 7.86.


Sodium methoxide promoted reaction of tetrahydroquinolinyl-�-lactams:
general procedure for the preparation of polycyclic indolizidinones 11 ± 16 :
Sodium methoxide (108.3 mg, 2.0 mmol) was added in portions at 0 �C to a
solution of the appropriate tetrahydroquinolinyl-�-lactam (0.50 mmol) in
methanol (10 mL). The reaction mixture was stirred at room temperature
until the starting material had been completely consumed (TLC), and then
water (1 mL) was added. The methanol was evaporated under reduced
pressure, the aqueous residue was extracted with ethyl acetate (10� 3 mL),
and the combined organic extracts were dried over MgSO4 and then
concentrated under reduced pressure. Chromatography of the residue
eluting with ethyl acetate/hexanes mixtures gave analytically pure com-
pounds 11 ± 16.


Fused indolizidinone (�)-11: Compound (�)-11 (70 mg; 100%) was
obtained from the cycloadduct (�)-5 f (70 mg, 0.145 mmol); pale orange
oil; [�]D��140.3 (c� 0.7 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C):
�� 8.38 (d, J� 9.0 Hz, 1H), 7.21 (m, 2H), 7.02 (m, 3H), 6.63 (m, 6H), 4.95
and 5.05 (s, each 1H), 4.68 (d, J� 3.5 Hz, 1H), 4.49 (m, 1H), 4.24 (m, 1H),
3.66 and 3.68 (s, each 3H), 1.49 and 2.09 (m, each 1H), 1.41 and 1.45 ppm (s,
each 3H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 167.4, 157.9, 156.5, 152.9,
150.2, 140.1, 134.8, 129.5, 128.9, 122.1, 121.4, 116.3, 115.1, 115.0, 113.4, 112.6,
112.0, 81.4, 55.6, 55.5, 55.3, 55.2, 43.4, 34.7, 29.2, 19.9 ppm; IR (CHCl3): �� �
3304, 1684 cm�1; MS (EI): m/z (%): 485 (100) [M]� ; elemental analysis
calcd (%) for C30H32N2O4 (484.6): C 74.36, H 6.66, N 5.78; found: C 74.46, H
6.69, N 5.76.


Fused indolizidinone (�)-12 : Compound (�)-12 (40 mg; 100%) was
obtained from the cycloadduct (�)-6 f (40 mg, 0.083 mmol); pale orange
oil; [�]D��34.4 (c� 1.0 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C):
�� 8.50 (d, J� 9.0 Hz, 1H), 7.14 (m, 4H), 6.82 (m, 7H), 4.97 and 5.05 (s,
each 1H), 4.80 (d, J� 7.9 Hz, 1H), 3.97 (m, 2H), 3.66 and 3.67 (s, each 3H),
1.97 (m, 2H), 1.37 and 1.44 (s, each 3H), 1.18 ppm (s, 1H); 13C NMR


(75 MHz, CDCl3, 25 �C): �� 167.4, 158.6, 156.2, 153.0, 149.8, 140.3, 134.0,
129.3, 128.4, 122.1, 120.8, 116.8, 115.9, 114.8, 113.3, 112.7, 112.1, 82.9, 61.8,
55.8, 55.6, 55.2, 43.0, 38.9, 29.1, 19.8 ppm; IR (CHCl3): �� � 3305, 1690 cm�1;
MS (EI): m/z (%): 485 (100) [M]� ; elemental analysis calcd (%) for
C30H32N2O4 (484.6): C 74.36, H 6.66, N 5.78; found: C 74.25, H 6.68, N 5.77.


Fused indolizidinone (�)-13 : Compound (�)-13 (83 mg; 90%) was
obtained from the cycloadduct (�)-7 (93 mg, 0.229 mmol); pale brown
oil; [�]D��44.6 (c� 0.9 in CHCl3); 1H NMR (300 MHz, C6D6, 25 �C): ��
9.09 (d, J� 9.0 Hz, 1H), 6.80 and 6.93 (m, each 2H), 6.73 (m, 2H), 5.67 (m,
1H), 5.42 (m, 1H), 3.84 (t, J� 6.5 Hz, 1H), 3.79 (s, 3H), 3.68 (m, 2H), 3.39
and 3.49 (s, each 3H), 3.20 (m, 1H), 2.72 (qd, J� 8.9, 3.4 Hz, 1H), 2.66 (m,
1H), 2.07 ppm (ddq, J� 18.8, 16.2, 1.4 Hz, 1H); 13C NMR (75 MHz, C6D6,
25 �C): �� 169.5, 156.8, 143.6, 141.3, 133.6, 131.4, 130.2, 129.1, 121.6, 115.8,
115.2, 114.3, 111.7, 85.0, 60.7, 59.1, 58.4, 55.2, 54.9, 46.2, 40.9, 31.8 ppm; IR
(CHCl3): �� � 3330, 1730 cm�1; MS (EI):m/z (%): 406 (100) [M]� ; elemental
analysis calcd (%) for C24H26N2O4 (406.5): C 70.92, H 6.45, N 6.89; found: C
70.99, H 6.47, N 6.86.


Fused indolizidinone (�)-15b : Compound (�)-15b (38 mg; 75%) was
obtained from the cycloadduct (�)-9c (50 mg, 0.139 mmol); colorless oil;
[�]D��38.0 (c� 0.7 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C): ��
7.91 (d, J� 8.9 Hz, 1H), 7.03 (d, J� 2.9 Hz, 1H), 6.78 (dd, J� 8.9, 2.9 Hz,
1H), 5.90 (m, 1H), 5.15 (m, 2H), 4.92 (d, J� 5.6 Hz, 1H), 3.86 (m, 2H), 3.74
and 3.76 (s, each 3H), 3.51 (m, 2H), 3.29 (m, 2H), 3.19 (m, 1H), 2.29 (m,
1H), 1.69 ppm (m, 4H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 169.8,
157.4, 136.1, 129.4, 128.3, 122.5, 116.7, 113.9, 111.9, 83.4, 72.4, 61.1, 59.1, 58.8,
58.2, 55.5, 51.5, 33.3, 24.5, 20.3 ppm; IR (CHCl3): �� � 3318, 1710 cm�1; MS
(ES): m/z (%): 381 (3) [M�Na]� , 359 (100) [M�1]� , 358 (3) [M]� ;
elemental analysis calcd (%) for C20H26N2O4 (358.4): C 67.02, H 7.31, N 7.82;
found: C 67.10, H 7.34, N 7.79.


General procedure for the synthesis of piperidones (�)-18 and (�)-25 : A
cooled solution of �-Selectride (49 mg, 0.259 mmol) in tetrahydrofuran
(0.259 mL) was added dropwise to a stirred solution of the appropriate
cycloadduct (�)-3h or (�)-4h (0.236 mmol) in tetrahydrofuran (3.5 mL) at
�78 �C, and the mixture was stirred at �78 �C [5 h for (�)-3h and 1 h for
(�)-4h]. Saturated aqueous sodium hydrogen carbonate (0.5 mL) was then
added, and the mixture was allowed to warm to room temperature, before
being extracted with ethyl acetate. The combined organic extracts were
washed with brine, dried (MgSO4), and concentrated under reduced
pressure. Chromatography of the residue eluting with ethyl acetate/
hexanes (1:1 containing 1% triethylamine) gave analytically pure com-
pounds (�)-18 and (�)-25.
Piperidone (�)-25 : Compound (�)-25 (152 mg; 80%) was obtained from
the cycloadduct (�)-4h (188 mg, 0.479 mmol); yellow solid; m.p. 158 ±
159 �C (hexanes/ethyl acetate); [�]D��21.2 (c� 1.0 in CHCl3); 1H NMR
(300 MHz, CDCl3, 25 �C): �� 7.48 (m, 4H), 7.04 (m, 4H), 6.82 (m, 2H), 4.34
and 4.41 (d, J� 5.6 Hz, each 1H), 4.00 (m, 1H), 3.54 and 3.74 (s, each 3H),
3.28 (m, 2H), 2.48 (m, 4H), 2.25 ppm (s, 3H); 13C NMR (75 MHz, CDCl3,
25 �C): �� 207.2, 165.4, 154.3, 144.1, 135.4, 134.6, 129.7, 122.9, 118.4, 115.2,
82.5, 59.8, 59.1, 57.4, 55.7, 52.7, 41.9, 40.9, 21.1 ppm; IR (KBr): �� � 1751,
1720 cm�1; MS (CI): m/z (%): 395 (100) [M�1]� , 394 (15) [M]� ; elemental
analysis calcd (%) for C23H26N2O4 (394.5): C 70.03, H 6.64, N 7.10; found: C
69.92, H 6.61, N 7.13.


General procedure for the synthesis of hydroxypiperidines (�)-19, (�)-20,
and (�)-26 : Sodium borohydride (51 mg, 1.29 mmol) was added in portions
to a stirred solution of the appropriate piperidone (�)-18 or (�)-25
(0.645 mmol) in methanol (6.5 mL) at 0 �C, and the mixture was stirred at
0 �C until the starting material had been consumed (TLC). Saturated
aqueous ammonium chloride (1.0 mL) was added, and the mixture was
allowed to warm to room temperature, before being extracted with ethyl
acetate. The combined organic extracts were washed with brine, dried
(MgSO4), and concentrated under reduced pressure. Chromatography of
the residue eluting with ethyl acetate/hexanes mixtures gave analytically
pure compounds (�)-19, (�)-20, and (�)-26.
Hydroxypiperidine (�)-26 : Compound (�)-26 (230 mg; 90%) was ob-
tained from the piperidone (�)-25 (254 mg, 0.645 mmol); yellow solid; m.p.
71 ± 72 �C (hexanes/ethyl acetate); [�]D��22.2 (c� 0.6 in CHCl3);
1H NMR (300 MHz, CDCl3, 25 �C): �� 7.60 (m, 2H), 7.05 (m, 4H), 6.78
(m, 2H), 4.20 and 4.38 (d, J� 4.0 Hz, each 1H), 3.81 (m, 4H), 3.64 (s, 3H),
3.46 (dd, J� 7.6, 2.0 Hz, 1H), 3.22 (dt, J� 7.8, 2.2 Hz, 1H), 2.66 (td, J� 8.0,
1.6 Hz, 1H), 2.32 (s, 3H), 2.27 (dt, J� 7.8, 2.0 Hz, 1H), 1.87 (m, 1H), 1.69
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(m, 1H), 1.60 (m, 1H), 1.41 ppm (m, 1H); 13C NMR (75 MHz, CDCl3,
25 �C): �� 165.1, 156.8, 144.5, 135.8, 133.7, 129.2, 125.9, 117.9, 114.7, 81.8,
68.7, 59.4, 58.9, 57.1, 55.4, 55.3, 36.6, 35.1, 20.8 ppm; IR (CHCl3): �� � 3511,
1745 cm�1; MS (CI): m/z (%): 397 (100) [M�1]� , 396 (15) [M]� ; elemental
analysis calcd (%) for C23H28N2O4 (396.5): C 69.67, H 7.12, N 7.07; found: C
69.57, H 7.15, N 7.03.


General procedure for the synthesis of tert-butyldimethylsilyl ethers (�)-
21, (�)-22, and (�)-27: A solution of the appropriate hydroxypiperidine
(�)-19, (�)-20, or (�)-26 (0.505 mmol) in dimethylformamide (1.0 mL) was
added dropwise to a stirred suspension of tert-butyldimethylsilyl chloride
(126 mg, 0.833 mmol) and imidazole at 0 �C, and the mixture was stirred at
room temperature until the starting material had been consumed (TLC).
Saturated aqueous ammonium chloride (1.0 mL) was added, and the
mixture was extracted with dichloromethane. The combined organic
extracts were washed with brine and water, dried (MgSO4), and concen-
trated under reduced pressure. Chromatography of the residue eluting with
ethyl acetate/hexanes mixtures gave analytically pure compounds (�)-21,
(�)-22, and (�)-27.
tert-Butyldimethylsilyl ether (�)-27: Compound (�)-27 (207 mg; 80%)
was obtained from the hydroxypiperidine (�)-26 (200 mg, 0.505 mmol);
yellow oil; [�]D��68.1 (c� 1.0 in CHCl3); 1H NMR (300 MHz, CDCl3,
25 �C): �� 7.62 (m, 2H), 7.05 (m, 4H), 6.77 (m, 2H), 4.17 and 4.38 (d, J�
5.6 Hz, 1H), 3.64 and 3.79 (s, each 3H), 3.41 (m, 1H), 3.19 (dt, J� 12.4,
3.4 Hz, 1H), 2.64 (td, J� 11.9, 2.7 Hz, 1H), 2.32 (s, 3H), 2.15 (m, 1H), 1.53
(m, 3H), 0.87 (s, 9H), 0.05 ppm (s, 6H); 13C NMR (75 MHz, CDCl3, 25 �C):
�� 165.5, 156.9, 145.0, 136.0, 133.9, 129.4, 126.2, 118.4, 114.9, 81.9, 70.1,
59.5, 59.2, 57.8, 56.1, 55.6, 36.9, 36.0, 26.0, 25.8, 21.0, 18.4 ppm; IR (CHCl3):
�� � 1747 cm�1; MS (CI): m/z (%): 511 (100) [M�1]� , 510 (31) [M]� ;
elemental analysis calcd (%) for C29H42N2O4Si (510.8): C 68.20, H 8.29, N
5.48; found: C 68.11, H 8.25, N 5.51.


General procedure for the CAN-mediated N-deprotection: synthesis of
piperidines (�)-23, (�)-24, and (�)-28 : A solution of CAN (171 mg,
0.313 mmol) in water (2 mL) was slowly added to a stirred solution of the
corresponding N-protected piperidine (�)-21, (�)-22, or (�)-27
(0.136 mmol) in acetonitrile (2 mL) at �35 �C. The reaction mixture was
stirred at �35 �C for 30 min. Aqueous 10% sodium sulfite (1.0 mL) was
then added, and the mixture was extracted with ethyl acetate. The
combined organic extracts were washed with brine and water, dried
(MgSO4), and concentrated under reduced pressure. Chromatography of
the residue eluting with ethyl acetate/hexanes mixtures gave analytically
pure compounds (�)-23, (�)-24, and (�)-28.
Piperidine (�)-28 : Compound (�)-28 (56 mg; (43%) was obtained from
the N-protected piperidine (�)-27 (160 mg, 0.311 mmol); red oil; [�]D�
�32.5 (c� 0.6 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C): �� 7.31 (m,
2H), 7.10 (m, 2H), 6.99 (s, 1H), 4.60 (d, J� 5.4 Hz, 1H), 4.16 (dd, J� 5.9,
5.4 Hz, 1H), 3.65 (s, 3H), 3.56 (m, 1H), 3.16 (m, 2H), 2.55 (td, J� 12.4,
2.2 Hz, 1H), 2.29 (s, 3H), 1.80 (m, 2H), 1.27 (m, 2H), 0.79 (s, 9H), 0.00 ppm
(s, 6H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 165.2, 134.6, 134.3, 129.4,
118.4, 82.7, 69.7, 60.5, 59.3, 55.5, 44.5, 39.7, 36.1, 25.6, 20.7, 17.9 ppm; IR
(CHCl3): �� � 3438, 1743 cm�1; MS (CI): m/z (%): 405 (100) [M�1]� , 404
(17) [M]� ; elemental analysis calcd (%) for C22H36N2O3Si (404.6): C 65.30,
H 8.97, N 6.92; found: C 65.42, H 9.00, N 6.89.


General procedure for the preparation ofO-acetylmandelates 29 ± 32 : (R)-
or (S)-O-Acetylmandelic acid (20 mg, 0.10 mmol) and 4-dimethylamino-
pyridine (DMAP) (cat.) were added to a solution of the corresponding
alcohol (0.09 mmol) in dichloromethane (1.0 mL), followed by a solution of
dicyclohexylcarbodiimide (DCC) (37 mg, 0.18 mmol) in dichloromethane
(500 mL) at 0 �C. The reaction mixture was allowed to warm to room
temperature and stirred for 16 h. The solvent was removed under reduced
pressure and diethyl ether was added. The resulting mixture was then
filtered and the filtrate was concentrated under reduced pressure.
Chromatography of the residue eluting with dichloromethane/ethyl acetate
mixtures gave analytically pure O-acetylmandelates 29 ± 32.


(R)-O-Acetylmandelate (�)-31: Compound (�)-31 (38 mg; 86%) was
obtained from the hydroxypiperidine (�)-26 (31 mg, 0.078 mmol); yellow
oil; [�]D��47.1 (c� 0.6 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C):
�� 7.42 (m, 13H), 5.77 (s, 1H), 4.88 (m, 1H), 4.16 and 4.34 (d, J� 5.8 Hz,
each 1H), 3.79 (s, 3H), 3.59 (s, 3H), 3.22 and 3.45 (m, each 1H), 2.69 (t, J�
12.5 Hz, 1H), 2.34 (s, 3H), 2.16 (s, 3H), 1.42 ppm (m, 4H); 13C NMR
(75 MHz, CDCl3, 25 �C): �� 170.3, 168.4, 165.2, 156.9, 144.2, 135.8, 133.8,


133.3, 129.2, 129.1, 128.7, 127.4, 125.9, 117.9, 114.8, 81.8, 74.7, 72.8, 59.5, 58.9,
56.6, 55.5, 55.3, 32.1, 25.3, 20.8, 20.5 ppm; IR (CHCl3): �� � 1744 cm�1; MS
(CI): m/z (%): 573 (100) [M�1]� , 572 (18) [M]� ; elemental analysis calcd
(%) for C33H36N2O7 (572.7): C 69.21, H 6.34, N 4.89; found: C 69.28, H 6.37,
N 4.86.


(S)-O-Acetylmandelate (�)-32 : Compound (�)-32 (39 mg; 88%) was
obtained from the hydroxypiperidine (�)-26 (31 mg, 0.078 mmol); yellow
oil; [�]D��25.1 (c� 0.8 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C):
�� 7.10 (m, 13H), 5.86 (s, 1H), 4.96 (m, 1H), 4.18 and 4.38 (d, J� 5.8 Hz,
each 1H), 3.79 (s, 3H), 3.64 (s, 3H), 3.16 and 3.49 (m, each 1H), 2.67 (t, J�
12.5 Hz, 1H), 2.33 (s, 3H), 2.16 (s, 3H), 1.57 ppm (m, 4H); 13C NMR
(75 MHz, CDCl3, 25 �C): �� 170.2, 168.3, 165.4, 157.1, 144.3, 135.9, 133.9,
133.3, 129.4, 129.2, 128.8, 127.7, 126.1, 118.1, 114.9, 81.9, 74.6, 72.7, 59.7, 58.9,
56.7, 55.8, 55.5, 32.5, 31.4, 20.9, 20.7 ppm; IR (CHCl3): �� � 1746 cm�1; MS
(CI): m/z (%): 573 (100) [M�1]� , 572 (33) [M]� ; elemental analysis calcd
(%) for C33H36N2O7 (572.7): C 69.21, H 6.34, N 4.89; found: C 69.43, H 6.38,
N 4.87.


Sodium methoxide promoted reaction of piperidinyl-�-lactams: general
procedure for the preparation of indolizidinones 33 ± 35 : Sodium meth-
oxide (0.6 mmol) was added in portions at 0 �C to a solution of the
appropriate piperidinyl-�-lactam (0.15 mmol) in methanol (3 mL). The
reaction mixture was stirred at room temperature until the starting material
had been completely consumed (TLC), and then water (0.5 mL) was added.
The methanol was evaporated under reduced pressure, the aqueous residue
was extracted with ethyl acetate (5� 3 mL), and the combined organic
layers were dried over MgSO4 and then concentrated under reduced
pressure. Chromatography of the residue eluting with ethyl acetate/
hexanes mixtures gave analytically pure compounds 33 ± 35.


Indolizidinone (�)-33 : Compound (�)-33 (18 mg; 100%) was obtained
from the piperidinyl-�-lactam (�)-23 (18 mg, 0.043 mmol); colorless oil;
[�]D��23.6 (c� 1.0 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C): ��
7.01 (m, 2H), 6.58 (m, 2H), 4.20 (ddd, J� 13.7, 5.1, 1.5 Hz, 1H), 4.09 (t, J�
6.8 Hz, 1H), 3.76 (m, 3H), 3.61 (s, 3H), 2.69 (td, J� 13.7, 3.2 Hz, 1H), 2.25
(s, 3H), 1.84 (m, 2H), 1.27 (m, 2H), 0.83 (s, 9H), 0.02 (s, 3H), 0.00 ppm (s,
3H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 169.2, 144.3, 129.9, 127.9,
113.4, 82.6, 69.4, 58.5, 55.6, 55.3, 38.3, 36.2, 34.4, 25.7, 20.3, 17.9 ppm; IR
(CHCl3): �� � 3432, 1710 cm�1; MS (CI): m/z (%): 405 (100) [M�1]� , 404
(25) [M]� ; elemental analysis calcd (%) for C22H36N2O3Si (404.6): C 65.30,
H 8.97, N 6.92; found: C 65.20, H 9.00, N 6.96.


Indolizidinone (�)-34 : Compound (�)-34 (50 mg; 100%) was obtained
from the piperidinyl-�-lactam (�)-24 (50 mg, 0.119 mmol); colorless oil;
[�]D��42.9 (c� 0.6 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C): ��
6.99 (m, 2H), 6.55 (m, 2H), 4.26 (m, 1H), 4.20 (m, 1H), 4.05 (dd, J� 6.9,
6.8 Hz, 1H), 3.97 (m, 1H), 3.82 (d, J� 6.6 Hz, 1H), 3.61 (s, 3H), 3.13 (td,
J� 12.5, 3.9 Hz, 1H), 2.23 (s, 3H), 1.49 (m, 4H), 0.86 (s, 9H), 0.05 (s, 3H),
0.00 ppm (s, 3H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 168.9, 144.6,
129.9, 127.8, 113.4, 83.0, 64.9, 58.3, 55.4, 52.3, 35.5, 33.7, 32.3, 25.8, 20.4,
18.1 ppm; IR (CHCl3): �� � 3426, 1712 cm�1; MS (CI): m/z (%): 405 (100)
[M�1]� , 404 (25) [M]� ; elemental analysis calcd (%) for C22H36N2O3Si
(404.6): C 65.30, H 8.97, N 6.92; found: C 65.42, H 9.01, N 6.88.


Indolizidinone (�)-35 : Compound (�)-35 (45 mg; 100%) was obtained as a
colorless oil from the piperidinyl-�-lactam (�)-28 (45 mg, 0.107 mmol);
[�]D��12.5 (c� 0.9 in CHCl3); 1H NMR (300 MHz, CD3OD, 25 �C): ��
6.95 (m, 2H), 6.66 (m, 2H), 4.06 (ddd, J� 13.4, 5.1, 1.7 Hz, 1H), 3.83 (dd,
J� 6.1, 1.2 Hz, 1H), 3.69 (dd, J� 6.6, 6.1 Hz, 1H), 3.52 (s, 3H), 3.24 (m,
2H), 2.74 (td, J� 13.2, 2.2 Hz, 1H), 2.19 (s, 3H), 1.88 and 2.14 (m, each
1H), 1.30 (m, 4H), 0.86 (s, 9H), 0.06 (s, 3H), 0.04 ppm (s, 3H); 13C NMR
(75 MHz, CD3OD, 25 �C): �� 172.0, 146.7, 130.9, 128.6, 115.6, 85.7, 70.0,
62.8, 60.1, 59.6, 42.8, 38.7, 35.2, 26.4, 20.8, 19.0 ppm; IR (CHCl3): �� � 3335,
1722 cm�1; MS (CI): m/z (%): 405 (100) [M�1]� , 404 (18) [M]� ; elemental
analysis calcd (%) for C22H36N2O3Si (404.6): C 65.30, H 8.97, N 6.92; found:
C 65.19, H 8.93, N 6.89.


General procedure for the reduction of indolizidinones: Synthesis of
indolizidines 36 ± 39 : A solution of the appropriate indolizidinone
(0.10 mmol) in tetrahydrofuran or diethyl ether (1 mL) was added
dropwise to a well-stirred suspension of lithium aluminum hydride
(0.80 mmol) in the same solvent (1 mL) at 0 �C, and the mixture was
stirred at room temperature until the starting material had been consumed
(TLC). Saturated aqueous ammonium chloride (1.0 mL) was added at 0 �C,
and the mixture was allowed to warm to room temperature, before being
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extracted with ethyl acetate. The combined organic extracts were washed
with brine, dried (MgSO4), and concentrated under reduced pressure.
Chromatography of the residue eluting with ethyl acetate/hexanes mixtures
gave analytically pure compounds 36 ± 39.


Fused indolizidine (�)-37: Compound (�)-37 (18 mg; 72%) was obtained
from the indolizidinone (�)-15b (26 mg, 0.073 mmol); colorless oil; [�]D�
�71.0 (c� 0.6 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C): �� 6.93 (d,
J� 2.9 Hz, 1H), 6.67 (dd, J� 8.7, 2.9 Hz, 1H), 6.35 (d, J� 8.7 Hz, 1H), 5.87
(m, 1H), 5.01 (m, 2H), 4.97 (d, J� 5.6 Hz, 1H), 3.69 (m, 7H), 3.32 (m, 7H),
3.12 (dd, J� 9.4, 5.8 Hz, 1H), 1.64 ppm (m, 5H); 13C NMR (75 MHz,
CDCl3, 25 �C): �� 153.7, 140.8, 134.2, 127.9, 122.2, 114.4, 113.4, 112.7, 83.8,
72.8, 60.6, 60.4, 57.7, 55.9, 53.3, 51.5, 32.7, 29.2, 26.7, 22.1 ppm; IR (CHCl3):
�� � 3320 cm�1; MS (CI): m/z (%): 345 (100) [M�1]� , 344 (25) [M]� ;
elemental analysis calcd (%) for C20H28N2O3 (344.5): C 69.74, H 8.19, N
8.13; found: C 69.85, H 8.22, N 8.10.


Indolizidine (�)-38 : Compound (�)-38 (30 mg; 79%) was obtained from
the indolizidinone (�)-34 (40 mg, 0.098 mmol); colorless oil; [�]D��36.0
(c� 0.6 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C): �� 6.99 (m, 2H),
6.58 (m, 2H), 4.11 (m, 1H), 3.89 (m, 1H), 3.65 (m, 2H), 3.39 (m, 1H), 3.31
(s, 3H), 2.82 (m, 2H), 2.47 (td, J� 10.9, 4.5 Hz, 1H), 2.21 (s, 3H), 2.12 (dd,
J� 9.9, 4.9 Hz, 1H), 1.61 (m, 3H), 0.86 (s, 9H), 0.01 ppm (s, 6H); 13C NMR
(75 MHz, CDCl3, 25 �C): �� 144.9, 129.8, 126.4, 113.4, 85.0, 64.9, 60.3, 59.2,
57.1, 47.7, 33.7, 32.9, 29.8, 25.9, 20.4, 18.1 ppm; IR (CHCl3): �� � 3431 cm�1;
MS (CI): m/z (%): 391 (100) [M�1]� , 390 (19) [M]� ; elemental analysis
calcd (%) for C22H38N2O2Si (390.6): C 67.64, H 9.80, N 7.17; found: C 67.75,
H 9.76, N 7.11.
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Highly Diastereoselective Additions to Polyhydroxylated Pyrrolidine Cyclic
Imines: Ready Elaboration of Aza-Sugar Scaffolds To Create Diverse
Carbohydrate-Processing Enzyme Probes


Timothy M. Chapman,[a] Steve Courtney,[b] Phil Hay,[b] and Benjamin G. Davis*[a]


Abstract: Representative diastereo-
meric, erythritol and threitol polyhy-
droxylated pyrrolidine imine scaffolds
have been rapidly elaborated to diverse-
ly functionalized aza-sugars through
highly diastereoselective organometallic
(RM) additions (R�Me, Et, allyl, hex-
enyl, Ph, Bn, pMeO-Bn). The yields for
these additions have all been substan-
tially enhanced from previously opti-
mised levels (�58%) for normal addi-
tions using a reverse addition procedure
(e.g. R�Ph; 44% normal mode� 78%
reverse mode). The high diastereoselec-
tivities (�98% de for all except R�
Me) are consistent with additions that


are controlled by the configuration of
the C-2 centre adjacent to the azome-
thine imine carbon and the conforma-
tion of the pyrrolidine imine. The high
potential of this method was demon-
strated by concise syntheses of 1-epi-
and 2-epi-desacetylanisomycins. In ad-
dition, the late stage addition of hydro-
phobic substituents, which this imine
addition methodology allows, enabled
the preparation of novel aza-sugars with


enhanced inhibitory potential. This was
highlighted by the screening of a repre-
sentative selection of these ™hydrophob-
ically-modified∫ aza-sugars against a
diverse panel of 12 non-mammalian
and human carbohydrate-processing en-
zymes. This identified a novel nanomo-
lar �-galactosidase inhibitor (IC50�
250n�) and a novel highly selective
glucosylceramide synthase inhibitor
(IC50� 52��, no �-glucosidase inhibi-
tion at 1m�). Furthermore, analysis of
the structure ± activity relationships of
racemic series of inhibitors allowed
some validation of Fleet×s mirror-image
enzyme active site postulate.


Keywords: asymmetric synthesis ¥
azasugars ¥ carbohydrates ¥ enzyme
catalysis ¥ heterocycles


Introduction


The syntheses of aza-sugars, sugar mimics in which the ring
oxygen has been substituted by a nitrogen atom, have been
the subject of much continued interest over the last 25 years;[1]


they have proved to be highly potent enzyme inhibitors,
especially of carbohydrate-processing processing enzymes,
and have been used as invaluable probes of the nature and
mechanism of action of many enzymes.[2] For example, the
aza-sugar N-butyldeoxynojirimycin (Zavesca), a potent glu-
cosylceramide synthase inhibitor is now approved for use in
Europe for the treatment of the glycolipid storage disease,
type I Gaucher disease.[3][4] Most syntheses of aza-sugars have
focused on logical designs based on the stereochemistry of the
functional groups around the heterocyclic ring of the putative


carbohydrate mimic, and this approach has yielded potent
inhibitors. For example, deoxynojirimycin (DNJ), the direct
configurational counterpart of 1-deoxy-�-glucopyranose is a
potent �-glucosidase inhibitor.[5] Interestingly, however, this
type of approach does not always result in high inhibition.
Some striking exceptions exist: for example, deoxyrhamnojir-
imycin (LRJ)[6] is a poor inhibitor of �-�-rhamnosidase, and
while deoxymannojirimycin (DMJ) is a potent inhibitor of
class I �-�-mannosidases[7] it is a poor inhibitor of class II �-�-
mannosidases.[7b] In addition, in certain cases, five-membered
ring aza-sugars have been shown to give rise to higher
inhibition than their six-membered ring counterparts[8] and
subtle selectivities may be observed for five- versus six-
membered ring systems. For example, the five-membered ring
isomer of DMJ is a potent class II �-�-mannosidase inhib-
itor.[8] Therefore, it is not generally straightforward to predict
by an entirely logical design based upon configurational
analogy the structure of the best inhibitor for a given
carbohydrate-processing enzyme.
The need for precise probes of carbohydrate-processing


enzymes continues to build enormously. The burgeoning field
of chemical genetics[9] demands broad-ranging probes and
inhibitors of key enzymes to provide information on central
biosynthetic glycosylation processes, often where little or no
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functional or structural information on putative protein
targets exists.
As a solution to the need for more varied potential


carbohydrate-processing probes, we have sought to design a
general method that will allow the generation and screening
of a broad range of potential inhibitors. This method retains
three key structural features that have typically generated
inhibitors: a five-membered ring nitrogen heterocycle core,
polyhydroxylation and a hydrophobic group at or near
putative aglycone binding sites. By varying hydroxyl stereo-
chemistries and functional groups within this central aza-
sugar scaffold design we sought to investigate their potential
for inhibition of a number of carbohydrate-processing en-
zymes. This required a synthetic approach that would lend
itself easily to the synthesis of diverse arrays of aza-sugars and
allow the potential introduction of a wide range of substitu-
ents to an aza-sugar scaffold.
As part of our strategy, we have generated potential


inhibitors in racemic series. This not only provides a greater
potential for hits in enzyme inhibition from either aza-sugar
enantiomer, but also allows the exploration of the concept of
™mirror-image∫ enzyme active sites. There are several exam-
ples of mirror-image enzyme active sites in nature,[10] and
Fleet has postulated that this may be a general structural
theme for many carbohydrate-processing enzymes glycosi-
dases;[11] thus, aza-sugars that are enantiomers of one another
are able to inhibit the enzymes that process the natural sugars
that are also enantiomers of one another. For example, �-
rhamnose is the enantiomer of 6-deoxy-�-mannose; Fleet
successfully predicted that �-swainsonine would be a powerful
inhibitor of �-rhamnosidase by analogy with �-swainsonine a
strong inhibitor of �-mannosidase,[11] despite the fact that no
3D structure of a rhamnosidase exists.
Previously, many syntheses of aza-sugars have relied on the


introduction of substituents to the scaffold at an early stage,
and therefore are limited in the range and number of
substituents that may be readily introduced. Aza-sugars
carrying hydrophobic substituents have shown, in some cases,
increased enzyme inhibition and increased bioavailability.[12]


Guided by these tantalizing indications we chose to inves-
tigate the introduction of such hydrophobic groups at a late
stage to allow greater flexibility in the creation of a diverse
array of potential enzyme probes.


The synthesis of functionalized aza-sugars by addition of
organometallic nucleophiles to cyclic imines : Our strategy
suggested the late convergent addition of substituents to an
aza-sugar scaffold. Introduction of substituents through
addition of a nucleophile to a cyclic imine is a potentially
powerful but largely unexplored methodology that by virtue
of an almost biomimetic convergence allows assembly of
probes in a manner that divides nicely into component blocks
of sugar mimic and aglycone mimic.
Due to the irreversible nature of their addition to imines,


thereby allowing kinetic control of selectivity, we focused on
the addition of organometallic reagents, and in particular
Grignard reagents, as a source of nucleophile. Whilst there are
many examples of additions of organometallic reagents to
acyclic imines reported in the literature,[13] reports of addi-


tions to cyclic sugar imines are scarce, and such reactions of
aza-sugar imines have been essentially limited to the iminor-
ibitol 1 (Figure 1). Early studies with 1 outlined the synthetic
potential of such an approach;[14] Furneaux et al. have since
made very valuable progress in nucleophilic additions to 1 as a
way of synthesising a wider range of potential nucleoside
hydrolase inhibitors.[15] However, in this system yields have
generally been only moderate to fair (35 ± 64% for Grignard
reagents,[14, 15d] 44 ± 63% for organolithium reagents[15] from
precursor amine). It has been previously suggested that such
reactions prove challenging as a result of the low inherent
electrophilicity of the azomethine carbon atom and the
tendency for competing side reactions, such as deprotonation
of tautomerisable imines.[13] Although a number of strategies
for enhancing the reactivity of the C�N bond of imines for the
subsequent addition of organometallics exist, for example
N-alkylation,[16] N-oxidation,[17] N-acylation[18] or N-sulfony-
lation[19] to produce more reactive iminiums, nitrones, acyli-
mines and sulfonimines, respectively, these require removal of
these activating groups, which can be difficult, and the
presence of the N-substituent may adversely affect diaster-
eoselectivities.[20] Moreover, the installation of an activating
N-substituent may not lend itself to iterative rounds of C�N
formation and nucleophile addition.
We therefore chose to realize the potential of this powerful


methodology by optimising the yields of such additions, in
particular the additions of Grignard reagents, to parent imines
bearing no N-substituent. Three model imines were chosen,
based on a five-membered ring scaffold with 2,3-dihydroxy
functionality, the threitol imine 2, and those in the epimeric
series, the erythritol imines 3 and 4 (Figure 1). These
diastereomeric imines importantly allowed the effect of


N
TBSO


O O


1


N


O O


N


TBSO OTBS


N


O O


2 3 4


H
N


HO OAc
OMe


5


Figure 1.


structural factors, such as hydroxyl group stereochemistries
and protecting group nature, on efficiency,[21] diastereoselec-
tivity and resulting biological activity to be probed in a
systematic way. Some initial aspects of this work have
previously appeared in a brief communication.[22] Addition-
ally, these imines allow access to scaffolds similar to those
found in natural products of known activity, such as aniso-
mycin 5, a clinically proven peptidyl-transferase inhibitor,
which exhibits strong and selective activity against pathogenic
protozoa and fungi.[23] This paper demonstrates that this
methodology may be applied to the addition of a variety of
functional groups with excellent diastereoselectivities and in
good to excellent yields beyond those previously observed for
cyclic imines. In this way, structure ± activity relationships for
a wide variety of carbohydrate-processing enzymes can be
readily derived from the resulting deprotected aza-sugar
products, including the identification of novel strong inhib-
itors.
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Results and Discussion


Preparation of the threitol imine : Threitol imine 2 was
obtained from its iminothreitol precursor 9. This was itself
synthesized in two ways to illustrate two methods of
construction (Scheme 1): firstly from the empty, unfunction-
alized scaffold 3-pyrroline (6), and secondly via the manip-
ulation of an existing dihydroxy scaffold from the chiral
starting material, tartaric acid (11).


H
N N


CBZ


O


N


CBZ


HO OH


HO2C


CO2HHO


OH
N


HO OH


Bn


N


TBSO OTBS


Bn


H
N


TBSO OTBS


N


TBSO OTBS


Cl


N


TBSO OTBS


OO O O


i), ii)


vi) vii)


viii), ix) xi)


iii) iv), v) x)


2


6 7 8 9 10


11 12 13


Scheme 1. i) C6H5CH2OCOCl, NaOH, toluene, 93%; ii) mCPBA, CH2Cl2,
46%; iii) 2� H2SO4 (aq.), Et2O, 87%; iv) TBDMSOTf, py, CH2Cl2, 92%;
v) H2, Pd/C, MeOH, 92%; vi) BnNH2, xylene, reflux; vii) TBDMSCl,
imidazole, DMF, 43% over two steps from tartaric acid; viii) BH3 ¥Me2S,
THF thenMeOH, 40 �C, 100%; ix) H2, Pd/C, MeOH, 100%; x) NCS, Et2O,
96%; xi) DBU, Et2O.


Starting at 3-pyrroline 6, the iminothreitol 9 was prepared
through N-protection as its Z-carbamate then epoxidation,
followed by ring opening of the epoxide 7 in aqueous sulfuric
acid to yield the trans hydroxylated pyrrolidine 8. Subsequent
protecting group manipulation, di-O-protection using
TBDMSOTf and N-deprotection through hydrogenolysis,
afforded the iminothreitol 9, obtained in 32% overall yield
from 3-pyrroline (6) over five steps. A second route starting
from cheap, readily available racemic tartaric acid was also
used. Reaction of tartaric acid (11) with benzylamine in
refluxing xylene led to cyclisation to yield the imide 12, which
without purification was reacted with tert-butyldimethylsilyl
chloride according to the procedure of Ryu and Kim[24] to
afford the di-O-silyl ether-protected imide 13 in 43% yield
from tartaric acid (11). Reduction of imide 13was achieved by
reaction with borane/dimethylsulfide complex yielding the
corresponding borazine as the sole product, which was
cleaved to yield N-benzylpyrrolidine by heating overnight in
methanol at 40 �C (100% yield from 13); this borazine-
cleavage method provides a convenient alternative to other
methods.[25] Removal of the N-benzyl group by catalytic
hydrogenation over palladium-on-carbon yielded the imino-
threitol 9 in 43% yield over four steps from tartaric acid,
identical in all respects to that synthesized from 6.
With two ready routes to 9 in hand, we focused on the


elaboration of 9 to its corresponding aldimine 2. Treatment of
iminothreitol 9 with N-chlorosuccinimide (NCS) yielded the
N-chloroamine 10 in excellent yield (96%). For the elimi-
nation of 10, a number of bases were surveyed, which caused
either decomposition, dechlorination (LDA, KHMDS) or no
reaction (Et3N, DABCO). However, treatment with 1,8-


diazabicyclo[5.4.0]undec-7-ene (DBU) ensured smooth elim-
ination to yield the desired threitol imine 2. The presence of
the imine C�N bond was confirmed by characteristic IR [��max
1645 cm�1] , 1H NMR [�H (CDCl3): 7.41 ppm (pt, 1H, J�
2.2 Hz)] and 13C NMR [�C (CDCl3): 169.0 ppm] resonances.
Although the imine 2 was isolated for characterisation, better
yields were obtained in subsequent reactions through in situ
imine formation: the reaction mixture, upon imine formation
as judged by TLC, 1H NMR and IR, was immediately filtered
to remove DBU ¥HCl, then reagents added to the resulting
imine solution.


Preparation of erythritol imines : Starting with �-arabinose
(14), the erythritol imines 3 and 4 were prepared as depicted
in Scheme 2. �-Arabinose was selectively 3,4-O protected as
its acetonide 15 using 2,2-dimethoxypropane according to the
procedure of Kiso and Hasegawa[26] as adapted by Thompson
et al. ,[27] which was, without purification, reacted with sodium
periodate. The resulting cleavage of the 1,2-diol unit followed
by basic hydrolysis and subsequent ring closure afforded 2,3-
O-isopropylidene-�-erythrose (16) in 57% yield (� :� 1:6) in
two steps from 14.[27] Subsequent reduction with sodium
borohydride yielded the erythritol 17 in quantitative yield;
this was followed by treatment with mesyl chloride and
triethylamine in dichloromethane to afford the dimesylate
18.[28] Reaction with benzylamine led to cyclisation giving the
protected erythritol 19. Hydrogenolytic removal of N-benzyl
protection yielded the acetonide protected iminoerythritol 20.
This compound is unusually volatile, and care is required in its
isolation. As for 9, N-chlorination (86%) and subsequent
elimination with DBU sucessfully provided the desired
erythritol cyclic imine 3.


Scheme 2. i) p-TsOH, dimethoxypropane, DMF; ii) NaIO4, H2O then
Na2CO3, 57% for 16, 57% for 23 over two steps from �-arabinose;
iii) NaBH4,MeOH, 100% for 17, 89% for 24 ; iv) MsCl, Et3N, CH2Cl2, 72%
for 18, 85% for 25 ; v) BnNH2, 65 �C, 76% for 19, 87% for 26 ; vi) H2,
Pd(OH)2/C, MeOH, 98% for 20, 97% for 27; vii) NCS, Et2O, 86% for 21,
90% for 28 ; viii) DBU, Et2O.


An essentially parallel route employing 3,4-O-cyclohexyli-
dine protection gave protected iminoerythritol 27 in 36%
yield over six steps from 14. Compound 27 proved to be less
volatile than 20. Elaboration through N-chlorination (90%)
and subsequent elimination with DBU proceeded smoothly
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and yielded the alternatively protected erythritol cyclic
imine 4.
These routes using 14 as starting material were preferred to


alternative routes employing moderate yielding cis-dihydrox-
ylation of the Z-carbamate of 3-pyrroline (6).[29]


Screening of organometallics for addition to cyclic imines :
Having obtained access to the cyclic imines 2 ± 4, we screened
for the addition of Grignard reagents as representative, model
nucleophiles (Table 1). Although imines 2 ± 4 could be
isolated, better yields were obtained if the Grignard reagents


Table 1. Organometallic additions to aza-sugar pyrrolidine imines 2 ± 4.[a]


Imine Base Equiv RM Equiv Order of Product Yield[%][a]/ de[b]


Addition Conditions


1 threitol 2 DBU 3.0 MeMgBr 5.0 normal 29a 58 44
2 2 DBU 3.0 EtMgBr 5.0 normal 29b 45 96
3 2 DBU 3.0 AllylMgBr 5.0 normal 29c 26 85
4 2 DBU 1.0 PhMgBr 1.5 normal 29d 37 � 98
5 2 DBU 3.0 BnMgCl 5.0 normal 29e 48 � 98
6 2 DBU 3.0 pMeOBnMgCl 5.0 normal 29f 43[c] � 98
7 2 DBU 3.0 PhMgBr 5.0 normal 29d 44 � 98
8 2 DBU 4.0 PhMgBr 5.5 normal 29d 44 � 98
9 2 DBU 3.0 PhMgBr 5.0 normal 29d 40[d] � 98
10 2 DBU 3.0 PhMgBr 5.0 normal 29d 38[e] � 98
11 2 DBU 3.0 PhMgBr 5.0 normal 29d 35[f] � 98
12 2 DBU 3.0 PhMgBr 5.0 normal 29d 16[g] ±
13 2 Et3N 12.0 ± ± ± ± ±
14 2 DABCO 9.0 ± ± ± ± ±
15 2 LDA 1.1 ± ± ± ± ±
16 2 DBU 3.0 PhMgBr 5.0 normal 29d 5[h] � 98
17 2 DBU 3.0 EtMgBr 5.0 normal 29b 10[h] � 98
18 2 DBU 3.0 PhLi 5.0 normal 29d 39 � 98
19 2 DBU 3.0 Et2Zn 5.0 normal 29b 26[d] 89
20 2 PhMgBr 2.2 ± ± 0
21 2 PhLi 2.2[g] ± ± 0
22 erythritol 3 DBU 1.1 PhMgBr 3.0 normal 30d 15 � 98
23 3 DBU 1.1 PhMgBr 2.0 normal 30d 12 � 98
24 3 DBU 1.1 PhMgBr 3.0 normal 30d 25[h] � 98
25 3 DBU 1.1 PhMgBr 3.0 normal 30d 0[i] ±
26 3 DBU 1.1 PhMgBr 5.0 reverse 30d 56 � 98
27 3 DBU 1.1 PhMgBr 5.0 reverse 30d 23[j] � 98
28 3 DBU 1.3 PhMgBr 5.0 reverse 30d 62[k, l] � 98
29 3 DBU 1.3 PhMgBr 5.0 reverse 30d 70[k, m] � 98
30 3 DBU 1.3 PhMgBr 5.0 reverse 30d 70[k, n] � 98
31 3 DBU 1.3 PhMgBr 5.0 reverse 30d 68[k, o] � 98
32 3 DBU 1.1 Ph2Mg 5.0 reverse 30d 55[p] � 98
33 3 DBU 1.3 EtMgBr 5.0 reverse 30b 76 � 98
34 3 DBU 1.3 BnMgCl 5.0 reverse 30e 73 � 98
35 3 DBU 1.3 pMeOBnMgCl 5.0 reverse 30f 76[c] � 98
36 2 DBU 3.0 MeMgBr 5.0 reverse 29a 67 66
37 2 DBU 3.0 EtMgBr 5.0 reverse 29b 70 � 98
38 2 DBU 3.0 PhMgBr 5.0 reverse 29d 78 � 98
39 2 DBU 3.0 BnMgCl 5.0 reverse 29e 63 � 98
40 2 DBU 3.0 pMeOBnMgCl 5.0 reverse 29f 62[c] � 98
41 4 DBU 1.3 EtMgBr 5.0 reverse 31b 76 � 98


[a] Yields quoted are determined over two-step elimination ± addition sequence from corresponding chloramines. [b] As determined by 1H NMR;
configuration determined by NOESYor 1DNOENMR spectroscopy. [c] Grignard formation and addition carried out in THF. [d] Pre-treatment of the imine
solution with 0.95 equiv TMSOTf for 30 min prior to addition of the organometallic. [e] Addition of hexanes upon imine formation to encourage
precipitation of DBU ¥HCl prior to filtration. [f] Imine formation and Grignard addition carried out in THF as solvent. [g] Addition of Grignard carried out
at �78 �C, then reaction mixture allowed to warm to RT before quenching. [h] Aqueous work-up performed on imine, organic extract dried over MgSO4,
filtered and dissolved in fresh dry Et2O prior to treatment with Grignard reagent. [i] Addition of Grignard and reaction quenched at�78 �C. [j] No filtration
to remove DBU ¥HCl prior to Grignard addition. [k] Reaction of imine derived from 100 mg of chloramine starting material. [l] Addition of 0.14� imine
solution in of dry Et2O to 0.96� Grignard reagent in dry Et2O. [m] Addition of 0.07� imine solution in of dry Et2O to 1.96� Grignard reagent in dry Et2O.
[n] Addition of 0.047� imine solution in of dry Et2O to 3.0� Grignard reagent in dry Et2O. [o] Addition of 0.093� imine solution in of dry Et2O to 3.0�
Grignard reagent in dry Et2O. [p] Addition of dioxane to Grignard reagent solution prior to addition of imine solution.
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were added to imine generated in situ (see above). Pleasingly,
addition of Grignard solution to a solution of threitol imine 2
(so-called ™normal∫ mode, entries 1 ± 6) successfully yielded
the desired adducts 29a ± f, although the yields in all cases
were low to moderate (26 ± 58%). The observed diastereose-
lectivities ranged from fair to excellent (de 44 ± � 98%); all
nucleophiles showed a strong preference for the formation of
anti diastereomers, the relative configurations of which were
assigned by NOE NMR experiments. A marked dependence
of this selectivity on nucleophile bulk was observed. Thus, for
larger nucleophiles (R�Ph, Bn), including even the smaller
ethyl, de values greater than 98% were observed, whereas for
allylmagnesium bromide (85% de) and methylmagnesium
bromide (44% de) poorer preferences were observed. These
results are consistent with an addition selectivity that is
governed by steric approach control (see below).


Optimisation of organometallic additions : In an attempt to
improve yields of these promisingly diastereoselective reac-
tions, optimisation of the additions of phenylmagnesium
bromide to the imines 2 and 3 were investigated as model
systems. It was found, via analysis of the formation of imine 2
by 1H NMR spectroscopy, that 1.0 equivalent of DBU was not
sufficient to provide complete imine formation. However, an
increase in the amount of DBU to 3.0 equivalents while
allowing more complete imine formation only led to a small
increase in overall yield of resulting adduct (Table 1, entry 7).
A further increase to 4.0 equivalents gave no further benefit
(entry 8). Treatment of the N-chloramine with the bases
triethylamine and diazabicyclooctane (DABCO) instead of
DBU led to no imine formation, even after the adition of 12.0
and 9.0 equivalents respectively (entries 13 and 14). Similarly,
treatment with 1.1 equivalents of lithium disopropylamine
(LDA) led to no imine formation; instead the amine 20 was
formed (entry 15) presumably through halogen-metal ex-
change and quench during work-up. It has been reported that
pre-treatment of acyclic imines with the Lewis acid trime-
thylsilyltrifluoromethane sulfonate (TMSOTf), to activate the
imine to addition by formation of the TMS-iminium salt has,
in some cases, led to inceased yields of addition.[30] However,
pre-treatment of 2 with 0.95 equivalents of TMSOTf led only
to a reduced yield of adduct 29d (40%). The addition of
hexane upon imine formation, to encourage precipitation of
DBU ¥ hydrochloride, yielded 29d in 38% (entry 10). The use
of tetrahydrofuran in imine formation and subsequent
addition similarly failed to enhance efficiency and resulted
in a yield of only 35% of 29d (entry 11). Temperature effects
were also briefly investigated; addition of PhMgBr to a
solution of imine cooled to �78 �C followed by warming to
room temperature yielded the adduct 29d in only 16%
(entry 12). Purification of the imine by an aqueous work-up
procedure to remove excess DBU,[31] followed by addition of
Grignard led only to a much lower yield of adducts 29d, b
(5% for phenylmagnesium bromide, 10% for ethylmagnesi-
um bromide, entries 16 and 17, respectively). It is possible that
this may be attributed to the intermediate formation of a
hydrated, hemiaminal form of imine 2 on exposure to water,
which might be unreactive to subsequent Grignard addition.


Thus, despite these extensive variations in conditions
adduct yields remained in the 40% region. It was considered
that the high basicity of Grignard reagents might lead to
unwanted side reactions such as elimination or tautomerisa-
tion, and therefore other potentially less basic and more
azophilic organometallics, phenyllithium and diethylzinc were
also investigated. Disappointingly, these yielded the respec-
tive adducts in only 39 and 26% yields, respectively (entries
18 and 19).
Corresponding variations in the addition of phenylmagne-


sium bromide to the erythritol imine 3 were similarly
disappointing with the best yield of 30d (25%), obtained by
addition of Grignard reagent at �78 �C and allowing the
mixture to warm to room temperature. It should be noted
however that such moderate yields were consistent with those
previously reported in the literature, which have been in the
range 35 ± 64%.[14, 15d]


Interestingly, the major side product of the addition
reactions were the corresponding amines 9 and 20 ; the
formation of which is difficult to explain by a polar addition
mechanism. Reductive �-hydride transfer reactions[32] by
Grignard reagents are possible only for ethylmagnesium
bromide and yet 9 and 20 were observed for all Grignards.
Radical mechanisms have been reported in the literature for
many Grignard reactions,[33] resulting in addition, reduction
and dimerisation products, and radical mechanisms for the
reduction of C�N bonds by other reagents have also been
reported.[34] Such a radical mechanism might also account for
the formation of amines 9 and 20 from imines 2 and 3,
respectively. Consistent with this possibility, a dimerisation
product 32was isolated as a consistent side product (8 ± 10%),
and suggested at least a partial radical character for additions.
Indeed, the possibility of polar-radical mixed mechanisms in
additions of Grignard reagents to acyclic imines has been
noted previously.[35]


To test this possibility we used the Grignard reagent
hexenylmagnesium bromide as a probe in additions to imine
3, in which cyclisation of the hexenyl side chain during the
addition process would be indicative of a radical process.[36]


Uncyclized hexenyl adduct 30g was the sole product in 46%
yield; this inconclusive result does not preclude a radical
process, which may have a rate greater than �105 s�1 [37] or,
alternatively, addition by any cyclized cyclopentylmethyl
radical may compete unsuccessfully with addition by uncycl-
ized hexenyl.


NH
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O O
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Figure 2.


Investigations into a reverse addition procedure for the
organometallic additions : Although the potential radical
nature of the additions remained unconfirmed, the formation
of dimer 32 nonetheless highlighted the propensity of imine
substrates in such homo-coupling, perhaps through Mg-
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chelated, pinacol reduction.[38] It was considered that addition
of the imine to the Grignard, rather than Grignard to imine,
might counter this problem. Such a reverse addition, by
presenting a high Grignard concentration to a low imine
concentration rather than vice versa, would likely curtail such
dimerization side reactions that are more dramatically
dependent on imine concentration.
Conditions for reverse addition were investigated using the


erythritol imine 3 with PhMgBr as a nucleophile. Imine
formation, with 1.1 equivalents of DBU, followed by the
addition of imine solution to phenylmagnesium bromide led
to a significant improvement in yield, and 30d was obtained in
56% yield (entry 26) compared with 15% using the previous
™normal∫ Grignard-to-imine order of addition. Reverse
addition therefore appeared to be a key factor. Other
potentially important yield determining factors were then
studied: filtration to remove DBU ¥ hydrochloride formed
during imine synthesis was also shown to be an important
factor, since the omission of filtration resulted in only a 23%
yield of adduct 30d (entry 27). As for ™normal∫ mode
additions (see above), the use of more DBU (here 1.3 equiv-
alents) resulted in a concomitant increase in yield of 30d, up
to 62%. Finally, the absolute concentrations of imine and
Grignard solutions were optimised. The use of a relatively
dilute imine solution (�0.05�) added to a concentrated
Grignard solution (�3�) gave the best yield of all achieved at
70% (entries 29 and 30), some six-fold improved over initial
yields (12%, entry 23) in this system.
Addition of dioxane is known to affect the form of


organomagnesium reagents in solution by altering the posi-
tion of the Schlenk equilibrium, which favours the dialkyl-
magnesium species with concomitant precipitation of
MgX2.[39] The resulting R2Mg species is less basic and might
lead to decreased eliminative side reactions. However,
addition of a solution of imine 3 to an unfiltered Ph2Mg
solution yielded 22d in only 55% yield (entry 32); no
improvement over the reaction conducted without added
dioxane.
The application of the reverse addition methodology was


extended to the other Grignard reagents ethylmagnesium
bromide and benzylmagnesium chloride, in good yields of 76
and 73% for 30b and e respectively. In view of the much
improved yields obtained for the reverse addition of the
erythritol imine 3, this strategy was also investigated for the
threitol imine 2 (entries 36 ± 40). Gratifyingly, these yields
were also much improved. For example, using the reverse
rather than the normal mode of addition the yield of 29d from
the reaction of phenylmagnesium bromide with 2 improved
from 44% (entry 7) to 78% (entry 38). To the best of our
knowledge these represent some of the best yields of
additions of organometallic nucleophiles to cyclic imines yet
reported. It should be noted that the diastereoselectivities
were also consistently good to excellent (�98% de for all
except 66% de for 29a), and indeed the de for the least
selective addition, the addition of methylmagnesium bromide
to 2 to give 29a, was improved from 44% (entry 1) for the
normal addition to 66% (entry 36) for the reverse addition
procedure. The compatibility of the method with other
protecting groups was also briefly explored through the


addition reaction of EtMgBr with cyclohexylidene-protected
erythritol imine 4, which yielded adduct 31b in similarly good
yield (76%) and excellent de (�98%).


Diastereoselectivity in additions : Excellent diastereoselectiv-
ities were observed in almost all of the additions; for the
larger nucleophiles (R�Me, allyl) de values in excess of 98%
were observed. The erythritol imines 3,4 generated adduct de
values of greater than 98% for all nucleophiles regardless of
the mode of addition. This is consistent with the expected[40]


conformation of this imine, in which the acetonide group is
likely to enforce a rigid butterfly conformation that favours
nucleophile approach from the convex face (Figure 3). The
similarly excellent de values (�98%), similar yields and rates
for the addition of the ethyl nucleophile EtMgBr to both the
acetonide and cyclohexylidene protected imines 3 and 4,
respectively, are therefore consistent with the model shown in
Figure 3. In the case of TBDMS-protected threitol imine 2,
the bulk of the O-2-silyl group appears to be a key determin-
ing factor by limiting approach of the nucleophile to the trans
�-face of the imine (Figure 3).
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Deprotection of adducts 29b,d and 30b,d : Ethyl and phenyl
adducts 29b,d and 30b,d obtained from additions to both the
threitol 2 and erythritol 3 imines were deprotected to yield
their corresponding free aza-sugars 33b,d and 34b,d, respec-
tively (Scheme 3). Treatment of 29b,d with tert-butylammo-
nium fluoride (TBAF) led to a successful cleavage of the silyl
ether groups, but separation of the products from residual
TBAF proved difficult. However, in all cases hydrolysis with
aqueous trifluoroacetic acid followed by ion-exchange chro-
matography proved successful (Scheme 3).
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Scheme 3. i) 50% TFA (aq.), 76% for 33b ; ii) 25% TFA (aq.), THF then
Dowex H� (NH4OH (aq.)), 63% for 33d, 96% for 34b, 64% for 34d.


Synthesis of anisomycin analogues : The methodology of
addition of organometallics to cyclic imines offers potential
access to interesting aza-sugar derivatives, such as analogues
of the natural product anisomycin (5). Several syntheses of
anisomycin have been reported in the literature,[20a],[41] but the







Aza-Sugar Scaffolds 3397±3414


Chem. Eur. J. 2003, 9, 3397 ± 3414 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3403


potential activity of anisomycin and its analogues towards
glycosidases has been poorly explored.
To this end, we investigated the introduction of the


4-methoxybenzyl side chain of anisomycin through reaction
of the threitol 2 and erythritol 3 imines with 4-methoxyben-
zylmagnesium chloride (Scheme 4). These yielded the
TBDMS-protected threitol adduct, 29 f, in 43% yield for the
normal addition mode (Table 1, entry 6), and 62% for the
reverse addition mode (entry 40); both with excellent dia-
stereoselectivity (�98%). The erythritol adduct analogue 30 f
was obtained in similarly good yield (76%) and excellent
diastereoselectivity (�98% de, entry 35). Interestingly, the
use of THF solutions for the generation and use of
pMeOBnMgCl proved critical, use of Et2O at any stage failed
to yield any adduct. Deprotection of 29 f was conducted using
essentially analogous conditions to those used for 29b and d to
yield the unnatural analogue 1-epidesacetylanisomycin (33 f,
61%; 17% overall yield from tartaric acid). This methodology
compares well in terms of the overall yields[42] reported for
syntheses of desacetylanisomycin and highlights the high
synthetic utility of the imine addition methodology. The
2-epidesacetylanisomycin diastereomer 34 f, similarly an un-
natural analogue, was synthesized in an essentially analogous
way (Scheme 4).
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Scheme 4. i) p-MeOBnMgCl, THF, 43 ± 62% from 10 for 29 f, 76% from
21 for 30 f ; ii) 25% TFA (aq.), 61% for 33 f, 65% for 34 f.


Carbohydrate-proccessing enzyme inhibition screening : The
resulting deprotected compounds were screened for enzyme
inhibition against a range of carbohydrate-processing en-
zymes (Tables 2 ± 4), to allow a comparison of the effects of
C-1 hydrophobic substituent and hydroxyl stereochemistry.


Broad-ranging assessment of the inhibition of all of the
deprotected ™hydrophobically-modified∫ pyrrolidine aza-sug-
ars 33b, d, f and 34b, d, f towards non-mammalian glycosi-
dases revealed three broad trends: i) all the iminothreitol aza-
sugars 33, except for phenyl-substituted 33d which showed no
inhibition towards �-�-mannosidase, showed relatively potent
inhibition of �-�-rhamnosidase and �-�-mannosidase, with Ki
values in the low micromolar range (3.0 ± 16.7��); ii) all the
erythritol sugars 34, except for phenyl-substituted 33d which
showed no inhibition towards �-�-galactosidase, showed
relatively potent inhibition of �-�-fucosidase and �-�-galac-
tosidase, with Ki values in the sub-micromolar to low micro-
molar range (0.25 ± 9.0��); iii) several aza-sugars from both
the threitol (Et- and Ph-substituted, 33b, d, respectively) and
erythritol (Et- and p-MeO-Bn-substituted, 34b, f, respective-
ly) families showed moderate inhibition of �-�-glucosidase.
Additional individual moderate inhibitory activities (Ki 25.9 ±
48.9��) with no broad trend were also observed: �-�-
mannosidase by Et-erythritol 34b ; �-�-mannosidase by Et-
threitol 33b ; �-�-rhamnosidase by Et- and p-MeO-Bn-eryth-
ritol 34b, f. All inhibitors displayed competitive inhibition,
which indicates that their mode of binding and that of their
corresponding substrate are similar.
The effective inhibition of �-�-rhamnosidase by the imino-


threitol aza-sugars 33 can be dissected on the basis of
structural similarities and differences. A stereochemical basis
for the inhibition of �-rhamnosidase can be rationalized by
the configurational similarity between OH-3,4 and C-5 of �-
rhamnose (36) and OH-2,3 and C-4 of these threitol aza-
sugars (Figure 4). The best inhibitor, the 4-methoxybenzyl
derivative 33 f (Ki� 3.0��), is a slightly better inhibitor
(almost two-fold) than its ethyl counterpart 33b (Ki� 5.9��).
The phenyl side chain in 33d results in � four-fold poorer
inhibition (Ki� 13.0��). This may indicate that the CH2
group present in the hydrophobic side chain, which ethyl-
(33b) and 4-methoxybenzyl- (33 f) derivatives both contain, is
of some importance in the interactions with the active site of
rhamnosidase. This raises the possibility, which is also
consistent with the configurational mimicry outlined above,
that the hydrophobic side chains, and in particular a CH2
group within these side chains, may mimic the C-5 methyl


Table 2. Aza-sugar inhibition of non-mammalian glycosidases.[a]


Glycosidase Inhibitor Ki [��]
33d 33b 33 f 34d 34b 34 f


�-�-mannosidase N.I. 15.1 16.7 N.I. 48.9 N.I.
(Canavalia ensiformis)
�-�-mannosidase N.I. 28.9 N.I. N.I. N.I. N.I.
(snail)
�-�-glucosidase 18.5 13.3 N.I. N.I. 49.4 56.4
(almond)
�-�-galactosidase N.I. N.I. N.I. N.I. 1.43 0.25
(green coffee bean)
�-�-rhamnosidase 13.0 5.9 3.0 N.I. 34.0 25.9
(Penicillium decumbens)
�-�-fucosidase N.I. 7.6 33.5 5.0 9.0 2.4
(bovine kidney)


[a] N.I. indicates no inhibition observed at 0.1m�.


Table 3. Aza-sugar inhibition of human glycosidases.


Glycosidase Inhibition [%]
33d 33b 33 f 34d 34b 34 f


�-�-glucosidsase[a] N.I. N.I. 9.3 3.0 11.3 13.0
�-�-glucosidase[a] 51.5 23.2 39.3 38.1 20.0 57.0
�-�-glucosidase[b] 8.7 11.7 N.I. ± ± ±
(non-lysosomal)
�-�-galactosidase[a] N.I. N.I. N.I. N.I. N.I. N.I.
�-�-galactosidase[a] N.I. N.I. N.I. N.I. N.I. N.I.


[a] At 1m�. [b] At 1��.


Table 4. Inhibition of human glucosylceramide synthase (GCS).


Enzyme Inhibition [%]
33d 33b 33 f 34d 34b 34 f


glycosylceramide synthase[a] 26.5 48.1 27.6 0 0 0


[a] At 50��.
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Figure 4.


group of �-rhamnose. In this regard, the phenyl derivative,
which lacks a CH2 in its hydrophobic side chain, is a poorer
mimic of the C-5 methyl of �-rhamnose and this is consistent
with the lower inhibitory potency observed for phenyl threitol
33d, although the phenyl derivative is still a relatively good
rhamnosidase inhibitor. Interestingly, the Ki values of ethyl
threitol 33b and p-methoxybenzyl threitol 33 f are similar.
The extra aromatic functionality (replacement of the CH3
terminus in 33b by a p-methoxyphenyl terminus in 33 f)
indicates that not only is the gain from additional remote
hydrophobic or aromatic interactions in the active site small,
but also that this region of the enzyme active site is able to
accommodate the marked extra steric bulk of the 4-methox-
ybenzyl functionality.
Indeed, previous studies have established very similar


inhibitory potency for the methyl threitol 33a (Ki�
5.5��).[43] It should be noted that the results obtained here
support previous findings that pyrrolidine aza-sugars are good
inhibitors of �-�-rhamnosidase[11, 43] (for example, �-swainso-
nine andDRAM, two of the most powerful known pyrrolidine
inhibitors display Ki� 0.45 and 1.0��, respectively)[11] and
typically much better than piperidine analogues of �-rham-
nose,[6, 44] possibly by virtue of the ability of envelope
conformations of pyrrolidines to mimic boat,[45] envelope,[46]


or half chair[47] transition state conformations in the rhamno-
sidase mechanism.
The ethyl- (33b) and 4-methoxybenzyl- (33 f) threitols also


showed significant �-�-mannosidase inhibition (Ki� 15.1 and
16.7��, respectively). These inhibition levels compare well
with one of the most potent �-�-mannosidase inhibitors, �-
swainsonine (Ki� 9.5�� towards same enzyme[48]). This �-�-
mannosidase inhibition may be readily rationalized since the
6-deoxy derivative of �-mannose 35 is the enantiomer of �-
rhamnose (36). Thus, our strategy of constructing and testing
racemic series of azasugars also provides the correct stereo-
chemistry to mimic �-mannose (35). This similar inhibition of
enzymes that process enantiomeric sugar substrates by a
racemate therefore provides rapid confirmation in general
terms of the applicability of Fleet×s ™mirror-image∫ enzyme
active site postulate,[11] and highlights the potential of our


approach: features that successfully generate inhibitory
potency in one series do so in enantiomeric series also.
The benefit of this strategy is yet more clearly emphasized


by near parallel and complementary results in the erythritol
family of aza-sugars 34. These also inhibited two ™mirror-
image∫ enzymes: �-�-fucosidase and �-�-galactosidase. In-
deed, p-methoxybenzyl erythritol 34 f with a Ki� 250 n�
towards �-�-galactosidase displays the most potent inhibition
of non-mammalian carbohydrate processing enzymes deter-
mined in this study, although this is still an order magnitude
lower than the piperidine DGJ, the �-galacto analogue of
DNJ (Ki� 16 n�[49]). This inhibition of the D,L galactosidase/
fucosidase enzyme pair by erythritol family 34 is, as for the
threitol family 33, partially consistent with configurational
mimicry of the cis-diol OH-3,4 unit of galactosidase/fucosi-
dase by the cis-diol OH-2,3 unit of 34 (Figure 4). Consistent
with these results, methyl erythritol aza-sugar 34a has
previously been shown to be a good inhibitor of �-�-
fucosidase (Ki 2.0��),[22] although this activity is modest
compared with some of the most potent �-�-fucosidase aza-
sugar inhibitors known (for example, the piperidine DFJ, the
�-fuco analogue of DNJ, displays a Ki of 0.029�� towards the
same enzyme[50]). Thus, again the Fleet mirror-image postu-
late correctly predicts the observed additional inhibition of �-
galactosidase by this family of racemates. Interestingly,
however, the relative configuration of C-5 in galactose/fucose
is opposite to that of C-4 in 34. Such inhibition by aza-sugars
with apparently the opposite configuration at the carbon that
mimics C-5 has been observed previously.[6] It should also be
noted that threitols 33b,f also inhibit �-�-fucosidase perhaps
through mimicry of the C-2,C-3 unit of 37.
The inhibition pattern of threitol 33 and erythritol 34 aza-


sugars towards human glycosidases largely followed that
towards non-mammalian in that a moderate and broad
inhibition of �-�-glucosidase, both lysosomal and non-lyso-
somal, was observed. The broad nature of this inhibition for
both diastereomeric inhibitor families suggests an inhibitory
mode that does not depend on functional or configurational
mimicry. The complete lack of �- or �-�-galactosidase
inhibition observed for 33 also mirrors that observed for
non-mammalian glycosidase inhibition.
As Table 4 shows, some interesting inhibitory potency was


observed towards glucosylceramide synthase (GCS). All
three threitols 33b,d,f showed fair levels of inhibition at
50�� (26.5 ± 48.1%). The most potent ethyl threitol 33b in
fact showed an IC50 (52��) that is within an order of
magnitude of that for the Gaucher disease drug candidate
N-butyl deoxynojirimycin (NB-DNJ or Zavesca), which has
an in vitro IC50� 20.4��.[3,51] This inhibitory activity may have
its origin in a number of potential modes of mimicry
(Figure 4): a) the trans OH-2,3 diol unit of 33 may mimic
the trans diol units found at OH-2,3 or OH-3,4 in the �-
glucoside unit that is transferred by GCS; or b) 33b as a whole
mimics the polar head (e.g. the 3-amino-3-deoxy-erythros-
phingenine unit 39) of the ceramide unit that is a glycosyl
acceptor in the reaction catalyzed by GCS.[3, 52] These stereo-
specific, potential modes of action are strongly supported by
the complete lack of inhibition shown by the diastereomeric
erythritols 34b, d, f.
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It should be noted that in the quest[53, 54] for more selective,
improved profile GCS inhibitors that display low �-glucosi-
dase inhibition, 33b with its complete lack of inhibition of
human �-glucosidase at 1m� and IC50� 52�� towards GCS
makes for a good potential lead.


Conclusion


Highly diastereoselective additions of Grignard reagents to
cyclic imines 2 ± 4 has provided a ready route to novel aza-
sugars with hydrophobic substituents. Optimization has
accessed yields obtained for these additions that are some of
the best reported for additions of organometallics to cyclic
imines. This ready methodology lends itself to the easy and
general introduction of substituents to an aza-sugar scaffold,
and in this way a wide variety of substituents could be added
to yield products that are potential enzyme inhibitors. As
such, valuable information can be obtained on the mechanism
of action of enzymes that process sugars as their substrates by
investigating enzyme inhibition as a function of the substitu-
ents on an aza-sugar scaffold to create structure ± activity
relationships.
In this way we have generated aza-sugars as potential


inhibitors based on a designed pyrrolidine scaffold with
systematic variations in hydrophobic substituent and stereo-
chemistry and screened them against a diverse panel of 12
carbohydrate-processing enzymes. This has revealed good
inhibitors of �-�-rhamnosidase and �-�-mannosidase, with Ki
values in the range 3.0 ± 16.7�� for the iminothreitol aza-
sugars 33, and relatively potent �-�-fucosidase and �-�-
galactosidase inhibition, with Ki values in the range 250n� ±
9.0�� for the iminoerythritol aza-sugars 34. It has also
identified 33b as a novel and selective inhibitor of the
Gaucher disease therapeutic target enzyme GCS. The obser-
vation of parallel patterns of inhibition in enzymes that
process enantiomeric sugar substrates also offers some con-
firmation of Fleet×s mirror-image active site postulate[11] and
highlights the value of this strategy, in the absence of other
sources of 3D information for target active sites for generating
nanomolar inhibitors such as 34 f.


Experimental Section


General : 1H and 13C nuclear magnetic resonance (NMR) spectra were
recorded on Varian Gemini 200, Bruker DPX200, Unity 300, VXR 400,
Bruker DPX400 or Varian Inova 500 NMR spectrometers at the
frequencies indicated. Where indicated, NMR peak assignments were
made using COSY, DEPT, HETCOR or NOESY experiments; all others
are subjective. All chemical shifts are quoted on the � scale and were
referenced to residual solvent as an internal standard. The following
abbreviations are used to describe NMR multiplicities: s, singlet; d,
doublet; t, triplet; q, quartet; m, multiplet; br, broad; p, pseudo. IR spectra
were recorded on a Perkin ±Elmer Paragon 1000 Fourier Transform
spectrophotometer. The following abbreviations are used to describe
infrared absorption bands: br, broad; s, strong. Mass spectra were recorded
by the Durham University and Dyson Perrins mass spectrometry services
using electron impact (EI), chemical ionisation (CI), atmospheric pressure
chemical ionisation (APCI), field ionization (FI) or electrospray ionisation
(ES) techniques on Micromass LCT, Micromass GCT, Micromass Auto-
Spec-oaTof, Micromass Platform and VG Platform mass spectrometers;


exact mass measurements were performed by the Dyson Perrins mass
spectrometry service on a Walters 2790-Micromass LCT electrospray
ionization mass spectrometer, and the EPSRCmass spectrometry service at
Swansea, UK. Melting points were recorded using a Cambridge Instru-
ments Gallen III Kofler Block melting apparatus and are uncorrected.
Elemental analyses were performed by the Durham University micro-
analysis service and the Oxford University Inorganic Chemistry Labora-
tory microanalysis service. Thin-layer chromatography (TLC) was carried
out on aluminium sheets coated with silica gel 60F254 (Merck, 1.05554).
Plates were developed using a phosphomolybdic acid or potassium
permanganate dip. Flash column chromatography was performed using
silica gel (Fluorochem, 60A, 40 ± 63 micron). Solvents were dried imme-
diately prior to use according to standard procedures: diethyl ether and
tetrahydrofuran were distilled under N2 over Na, dichloromethane was
distilled under N2 from CaH2. All solvents were removed by evaporation
under reduced pressure. All aqueous solutions were saturated unless
otherwise stated. For convenience, aza-C-glycoside imine adduct products
have been named based upon the threitol or erythritol scaffold from which
they were derived; stereochemistry at the newly derived centre is indicated
using the �/� carbohydrate convention.


1-Carboxybenzyl-3-pyrroline :[55] Benzyl chloroformate (1.33 mL,
9.4 mmol, 1.3 equiv) was added to a cooled (5 �C) stirred mixture of
3-pyrroline (6 ; 97%, 0.50 g, 7.24 mmol, 1.0 equiv) in toluene (13 mL) and
3� NaOH (9 mL). After 1 h TLC (EtOAc/hexane 1:1) showed consump-
tion of SM. The layers were separated and the organic layer was washed
with distilled water (2� 10 mL), dried (MgSO4), filtered and concentrated
under reduced pressure to yield a yellow oil (1.59 g). This crude product
was purified by flash column chromatography on silica gel (EtOAc/hexane
3:7) to yield 1-carboxybenzyl-3-pyrroline as a pale yellow oil (1.37 g, 93%).
1H NMR (400 MHz, CDCl3): �� 4.20 (m, 4H; 2�CH2N), 5.17 (s, 2H;
PhCH2), 5.79 (m, 2H; 2�C�CH), 7.36 (m, 5H; C6H5); 13C NMR
(100 MHz, CDCl3): �� 52.8, 53.3 (CH2N), 66.7 (PhCH2O), 112.4 (�CH),
128.3, 128.2, 127.8 (aromatic CH), 136.8 (quaternary aromatic C), 154.6
(C�O); IR (film): �� � 3064, 3032 cm�1 (aromatic C-H), 2952, 2862
(aliphatic C-H), 1707 (C�O), 1623 (C�C); MS (ES): m/z (%): 240 (100),
226 (35) [M��Na], 91 (48) [C6H5CH2�].
1-Carboxybenzyl-3,4-epoxy-pyrrolidine (7):[56] mCPBA (57 ± 86%, 0.95 g)
in CH2Cl2 (8 mL) was added a solution of to 1-carboxybenzyl-3-pyrroline
(500 mg, 2.46 mmol) in dry CH2Cl2 (10 mL). The mixture was left to stir
under N2. After 19 h, TLC (Et2O/hexane 1:1) showed that SM still
remained. A second portion ofmCPBA (0.95 g) in CH2Cl2 (6 mL) was then
added. After a total of 23 h, TLC (Et2O/hexane 1:1) showed consumption
of SM and formation of a major product (Rf 0.5). The solvent was removed
under reduced pressure, and the resultant white solid dissolved in Et2O
(30 mL) and washed with aqueous NaHCO3 (6� 20 mL) followed by brine
(2� 20 mL). The organic layer was dried (MgSO4) and concentrated under
reduced pressure. The resultant white solid (0.84 g) was purified by flash
column chromatography (EtOAc/hexane 1:1) to give 7 as a colourless oil
(249 mg, 46%). 1H and 13C NMR spectra show inequivalent CH2N
resonances that are consistent with a restricted rotation of the Cbz-N
bond. 1H NMR (400 MHz, CDCl3): �� 3.38 (dd, 2J(H,H)� 12.7, 3J(H,H)�
6.3 Hz, 1H; 1 of CHH�N), 3.39 (dd, 2J(H,H)� 12.8, 3J(H,H)� 6.4 Hz, 1H; 1
of CHH�N), 3.68 (m, 2H; 2�OCH), 3.84 (d, 2J(H,H)� 12.7 Hz, 1H; 1 of
CHH�N), 3.89 (d, 2J(H,H)� 12.8 Hz, 1H; 1 of CHH�N), 5.11 (s, 2H;
PhCH2), 7.34 (m, 5H; C6H5); 13C NMR (100 MHz, CDCl3): �� 47.1, 47.3
(2�OCH), 54.9, 55.5 (2�CH2N), 66.9 (PhCH2O), 127.9, 128.0,128.4 (3�
aromatic CH), 136.5 (quaternary aromatic C), 155.2 (C�O); IR (film): �� �
3062, 3034 cm�1 (aromatic C-H), 2945, 2875 (aliphatic C-H), 1705 (C�O);
MS (EI): m/z (%): 219 (91) [M�], 91 (100) [C6H5CH2�]; HRMS (EI): m/z :
calcd for C12H13NO3: 219.0895; found: 219.0898 [M�].


N-Carboxybenzyl-1,4-dideoxy-1,4-iminothreitol (8):[47] N-Carboxybenzyl-
2,3-epoxy-1,4-dideoxy-1,4-imino-threitol (7; 52 mg, 0.24 mmol) was dis-
solved in 2� aqueous H2SO4 (4 mL) and Et2O (4 mL). This resulting
solution was left to stir under argon at room temperature. After 21 h, TLC
(EtOAc) showed consumption of SM (Rf 0.7) and formation of a major
product (Rf 0.25). Et2O (4 mL) was added and the layers separated. The
organic layer was dried (MgSO4) and concentrated under reduced to give a
yellow oil (17 mg). The aqueous layer was extracted with EtOAc (6 mL),
and the organic extract dried (MgSO4) and concentrated under reduced
pressure to give a colourless oil (33 mg). Both products were shown by
1H NMR to be the diol 8 (50 mg in total, 88%). 1H and 13C NMR spectra







FULL PAPER B. G. Davis et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 3397 ± 34143406


show inequivalent CH2N resonances that are consistent with a restricted
rotation of the Cbz-N bond. 1H NMR (400 MHz, CDCl3): �� 3.36 (dd,
2J(H,H)� 11.6, 3J(H,H)� 6.0 Hz, 2H; 2�CHH�N), 3.62 (br dd, 2J(H,H)�
11.6, 3J(H,H)� 2.8 Hz, 2H; 2�CHH�N), 4.06 (m, 2H; 2�CHOH), 4.24
(br s, 2H; 2�OH), 5.05 (s, 2H; PhCH2), 7.30 (m, 5H; C6H5); 13C NMR
(100 MHz, CDCl3): �� 51.3, 51.7 (2�CH2N), 67.2 (PhCH2O), 74.4, 75.0
(2�CHOH), 127.7, 128.0,128.4 (3� aromatic CH), 136.2 (quaternary
aromatic C), 155.6 (C�O); IR (film): �� � 3402 cm�1 (br, O-H), 3065, 3033
(aromatic C-H), 2945, 2887 (aliphatic C-H), 1677 (s, C�O); MS (EI): m/z
(%): 237 (9) [M�], 91 (100) [C6H5CH2�]; HRMS (EI): m/z : calcd for
C12H15NO4: 237.1001; found: 237.1006 [M�].


N-Carboxybenzyl-2,3-O-tert-butyldimethylsilyl-1,4-dideoxy-1,4-imino-
threitol : tert-Butyldimethylsilyl trifluoromethanesulphonate (4.35 mL,
5.01 g, 19.0 mmol, 3.0 equiv) was added at 0 �C to a solution of 8 (1.50 g,
6.32 mmol) in dry pyridine (3.70 mL, 3.00 g, 37.9 mmol, 6.0 equiv) and dry
CH2Cl2 (90 mL). The reaction mixture was stirred under N2. After 75 min
TLC (EtOAc) showed consumption of SM and TLC (EtOAc/hexane 1:4)
showed formation of a major product (Rf 0.6). The reaction mixture was
washed with distilled water (30 mL) followed by 1� aqueous HCl (30 mL)
and again by distilled water (30 mL). The aqueous extracts were back-
extracted with CH2Cl2 (30 mL) and the combined organic layers dried
(MgSO4) and concentrated under reduced pressure to yield a yellow oil
(3.50 g). The crude product was purified by flash column chromatography
on silica gel (Et2O/hexane 3:17) to yield N-carboxybenzyl-2,3-O-tert-
butyldimethylsilyl-1,4-dideoxy-1,4-imino-threitol as a pale yellow oil
(2.70 g, 92%). 1H and 13C NMR spectra show inequivalent CH2N
resonances that are consistent with a restricted rotation of the Cbz-N
bond. 1H NMR (400 MHz, CDCl3): �� 0.05, 0.06 (2 s, 2� 6H; 2�
Si(CH3)2), 0.86, 0.86 (2 s, 2� 9H; 2� SiC(CH3)3), 3.28 (d, 2J(H,H)�
11.6 Hz, 1H; CHH�N), 3.32 (d, 2J(H,H)� 11.7 Hz, 1H; CHH�N), 3.57
(dd, 2J(H,H)� 11.2, 3J(H,H)� 3.4 Hz, 1H; CH��H���N), 3.62 (dd, 2J(H,H)�
11.2, 3J(H,H)� 3.5 Hz, 1H; CH��H���N), 5.15 (s, 2H; PhCH2), 3.98 (m, 2H;
2�CHOSi), 7.36 (m, 5H; C6H5CH2); 13C NMR (100 MHz, CDCl3): ��
�4.8, �4.9 (2�OSi(CH3)2), 17.8, 17.9 (SiC(CH3)3), 25.6, 25.7 (2�
SiC(CH3)3), 52.0, 52.3 (CH2N), 66.6 (PhCH2O), 75.7, 76.4 (CHOSi), 127.6,
127.7, 128.3 (aromatic CH), 137.2 (quaternary aromatic C), 155.2 (C�O); IR
(film): �� � 2929, 2857 cm�1 (aliphatic C-H), 1712 (s, C�O); MS (ES): m/z
(%): 488 (100) [M��Na], 466 (10) [M��H]; HRMS (ES): m/z : calcd for
C24H44NO4Si2: 466.2809; found: 466.2803 [M�].


2,3-O-tert-Butyldimethylsilyl-1,4-dideoxy-1,4-iminothreitol (9)[57]


Method i): Pd/C (10% wt Pd, 20 mg) was added to a solution of N-
carboxybenzyl-2,3-O-tert-butyldimethylsilyl-1,4-dideoxy-1,4-imino-threitol
(149 mg, 0.32 mmol) in dry MeOH (5 mL). The reaction mixture was
stirred under an atmosphere of H2. After 3 h, TLC (EtOAc/hexane 1:4)
showed consumption of SM. The mixture was filtered through a glass sinter
and the solvent removed under reduced pressure to yield 9 as a colourless
oil (98 mg, 92%).


Method ii): Pd/C (600 mg) was added to a solution of N-benzyl-2,3-O-di-
tert-butyldimethylsilyl-1,4-dideoxy-1,4-imino-threitol (4.95 g, 11.7 mmol) in
MeOH (70 mL). The reaction mixture was stirred under an atmosphere of
H2. After 17 h the reaction was monitored by TLC (EtOAc/hexane 1:4).
Some product formation was evident but SM (Rf 0.75) still remained. A
further portion of palladium on activated carbon was added (1.00 g) and the
H2 atmosphere replenished. After a total of 20 h stirring TLC (EtOAc/
hexane 1:4) showed consumption of SM. The reaction mixture was filtered
through Celite and the solvent removed by evaporation to yield 9 as a
colourless oil (3.85 g, 99%). Compound 9 was found to be a somewhat
unstable to purification on silica gel as reported in the literature[57b] so was
used without further purification in the following reactions. 1H NMR
(400 MHz, CDCl3): �� 0.03, 0.04 (2s, 2� 6H; OSi(CH3)2), 0.85 (s, 18H;
2� SiC(CH3)3), 2.77 (d, 2J(H,H)� 12.0 Hz, 2H; 2�CHH�N), 3.16 (dd,
2J(H,H)� 11.8, 3J(H,H)� 3.8 Hz, 2H; 2�CHH�N), 3.97 (m, 2H; 2�
CHOSi), 5.33 (br s, 1H; NH); 13C NMR (100 MHz, CDCl3): ���4.8
(OSi(CH3)2), 17.9 (SiC(CH3)3), 25.7 (SiC(CH3)3), 53.1 (CH2N), 78.5
(CHOSi); IR (film): �� � 3304 cm�1 (br, N-H), 2954, 2929, 2887, 2857
(aliphatic C-H); MS (ES): m/z (%): 332 (100) [M��H]; HRMS (CI): m/z :
calcd for C24H44NO4Si2: 332.2441; found: 332.2442 [M��H].
N-Benzyl-2,3-O-di-tert-butyldimethylsilyl-1,4-dideoxy-1,4-iminothreitol-1,4-
dione (13):[58b] A mixture of (�)-tartaric acid (9.0 g, 0.060 mol) and
benzylamine (8.52 mL, 0.078 mmol, 1.3 equiv) in p-xylene (150 mL) was


heated at reflux and passed through a dropping funnel packed with 4 ä
molecular sieves in order to remove water formed for 19 h. The mixture
was allowed to cool and then cooled to ice-bath temperature. The resulting
orange precipitate was recrystallised from EtOAc, then filtered and washed
with EtOAc to yield the crude hydroxyimide 12 as white crystals (10.1 g).


TBDMS-Cl (20.3 g, 0.135 mol, 3.0 equiv) was added as a solution in dry
dimethylformamide (100 mL) under N2 to a solution of 12 (10.0 g,
0.045 mol) and imidazole (15.3 g, 0.225 mol, 5.0 equiv) in dry dimethylform-
amide (100 mL). The reaction mixture was stirred for 21 h; dimethylform-
amide was then removed by evaporation under reduced pressure to yield a
pale yellow oily solid. This residue was dissolved in CHCl3 (200 mL) and
washed with 1� HCl (3� 50 mL) followed by water (3� 50 mL). The
aqueous layers were extracted with CHCl3 (2� 50 mL) and the combined
organic layers dried (Na2SO4), filtered and concentrated under reduced
pressure to yield a yellow oil (20.5 g). The crude product was purified by
flash column chromatography on silica gel (EtOAc/hexane 1:10) to yield
pure 13 as a white solid (11.4 g, 43% from tartaric acid). M.p. 76.5 ± 77.0 �C;
1H NMR (400 MHz, CDCl3): �� 0.16, 0.22 (2s, 2� 6H; 2� Si(CH3)2), 0.94
(s, 18H; 2�SiC(CH3)3), 4.47 (s, 2H; 2�CHOSi), 4.62 (s, 2H; PhCH2),
7.30 ± 7.40 (m, 5H; C6H5); 13C NMR (100 MHz, CDCl3): ���4.5, �5.1
(2�Si(CH3)2), 18.2 (SiC(CH3)3), 25.6 (SiC(CH3)3), 42.3 (CH2Ph), 76.9
(CHOSi), 128.0, 128.7, 129.0 (aromatic CH), 135.3 (quaternary aromatic C),
173.0 (C�O); IR (film): �� � 2956, 2930, 2893, 2857 cm�1 (aliphatic C-H),
1716 (C�O); MS (ES): m/z (%): 472 (100) [M��Na]; HRMS (CI): m/z :
calcd for C23H43N2O4Si2: 467.2761; found: 467.2768 [M��NH4]; elemental
analysis calcd (%) for C23H39NO4Si2: C 61.42, H 8.74, N 3.11; found: C
61.26, H 8.86, N 3.05.


N-Benzyl-2,3-O-di-tert-butyldimethylsilyl-1,4-dideoxy-1,4-iminothreitol :[57a]


Borane dimethylsulfide (9.04 mL, 7.24 g, 95.3 mmol, 7.5 equiv) was added
under N2 to a solution of 13 (5.70 g, 12.7 mmol) in dry THF (90 mL). After
24 h stirring at RT the reaction was monitored by crude NMR. A little SM
appeared to remain, so a further portion of borane dimethylsulfide
(3.01 mL, 2.41 g, 31.8 mmol, 2.5 equiv) was added. After a further 6 h
stirring, crude NMR and TLC (EtOAc/toluene 5:95) showed the con-
version of SM (Rf 0.7) to product (Rf 0.75). The excess borane
dimethylsulphide was carefully quenched with MeOH until no further
effervescence was observed and the solvent removed to yield borazine
product. 1H NMR (300 MHz, CDCl3): �� 0.01, 0.03 (2 s, 2� 3H; 2�
SiCH3), 0.12 (s, 6H; Si(CH3)2), 0.88, 0.93 (2s, 2� 9H; 2�SiC(CH3)3),
3.07 (dd, 2J(H,H)� 12.6, 3J(H,H)� 7.0 Hz, 1H; 1 of CHH�N), 3.09 (dd,
2J(H,H)� 12.3, 3J(H,H)� 5.0 Hz, 1H; 1 of CHH�N), 3.39 (dd, 2J(H,H)�
12.3, 3J(H,H)� 6.7 Hz, 1H; 1 of CHH�N), 3.48 (dd, 2J(H,H)� 12.3,
3J(H,H)� 6.5 Hz, 1H; 1 of CHH�N), 3.91 (ptd, 3J(H,H)� 6.8, 3J(H,H)�
4.2 Hz, 1H; 1 of CHOSi), 4.11 (s, 2H; CH2Ph), 4.32 (ptd, 3J(H,H)� 6.0,
3J(H,H)� 4.5 Hz, 1H; 1 of CHOSi), 7.36 ± 7.56 (m, 5H; C6H5); 13C NMR
(75 MHz, CDCl3): ���4.9, �4.8 (SiCH3), 17.8, 17.9 (SiC(CH3)), 25.6, 25.8
(SiC(CH3)), 64.3, 64.6, 67.3 (CH2Ph, 2�CH2N), 78.0, 78.4 (2�CHOSi),
128.1, 129.0, 132.7 (aromatic C). The solvent was removed under reduced
pressure and the residue was repeatedly dissolved in MeOH followed by
removal of the solvent under reduced pressure (3� 50 mL). The residue
was then dissolved in MeOH (90 mL), heated to 40 �C and left to stir for
20 h. The reaction mixture was concentrated under reduced pressure to
yield a colourless oil (5.35 g, 100%). This product was concordant with
pure N-benzyl-2,3-O-di-tert-butyldimethylsilyl-1,4-dideoxy-1,4-imino-
threitol and no further purification was required. 1H NMR (400 MHz,
CDCl3): �� 0.05, 0.07 (2s, 2� 6H; 2� Si(CH3)2), 0.90 (s, 18H; 2�
SiC(CH3)3), 2.47 (dd, 2J(H,H)� 9.8, 3J(H,H)� 4.6 Hz, 2H; 2�CHH�N),
2.88 (dd, 2J(H,H)� 9.8, 3J(H,H)� 6.0 Hz, 2H; 2�CHH�N), 3.52 (d,
2J(H,H)� 13.2 Hz, 1H; 1 of CHOSi), 3.74 (d, 2J(H,H)� 13.2 Hz, 1H; 1
of CHOSi), 4.13 (m, 2H; PhCH2), 7.33 ± 7.32 (m, 5H; C6H5); 13C NMR
(100 MHz, CDCl3): ���4.6, �4.7 (2�OSi(CH3)2), 18.0 (SiC(CH3)3), 25.8
(SiC(CH3)3), 60.7, 60.7 (CH2N and PhCH2), 79.8 (CHOSi), 126.8, 128.1,
128.6 (3� aromatic CH), 135.3 (quaternary aromatic C); IR (film): �� �
3063, 3028 cm�1 (aromatic C-H), 2954, 2929, 2857 (aliphatic C-H); HRMS
(CI): m/z : calcd for C23H44NO2Si2: 422.2910; found: 422.2911 [M��H].
N-Chloro-2,3-O-di-tert-butyldimethylsilyl-1,4-dideoxy-1,4-iminothreitol
(10):[57a] N-Chlorosuccinimide (266 mg, 1.99 mmol, 1.1 equiv) was added to
a solution of 9 (600 mg, 1.81 mmol) in dry Et2O (30 mL). The reaction
mixture was stirred under N2. After 4.5 h stirring TLC (EtOAc/hexane 1:4)
showed the formation of a major product (Rf 0.8). The reaction mixture was
diluted with Et2O (30 mL) and washed with water (3� 20 mL). The







Aza-Sugar Scaffolds 3397±3414


Chem. Eur. J. 2003, 9, 3397 ± 3414 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3407


aqueous extracts were extracted with Et2O (2� 20 mL) and the combined
organic extracts dried (Na2SO4), filtered and concentrated under reduced
pressure to yield 10 as a pale yellow oil (640 mg, 96%). Compound 10 was
unstable to purification on silica gel so it was used without further
purification in the following reactions. 1H NMR (400 MHz, CDCl3): ��
0.05, 0.06 (2 s, 2� 6H; 2�OSi(CH3)2), 0.87, 0.87 (2 s, 2� 9H; 2�
SiC(CH3)3), 3.06 (dd, 2J(H,H)� 10.2, 3J(H,H)� 5.9 Hz, 2H; 2�CHH�N),
3.48 (dd, 2J(H,H)� 10.2, 3J(H,H)� 4.7 Hz, 2H; 2�CHH�N), 4.11 (m, 2H;
2�CHO[Si]); 13C NMR (100 MHz, CDCl3): ���4.7, �4.9 (2�O-
Si(CH3)2), 17.9 (SiC(CH3)3), 25.7 (SiC(CH3)3), 69.1 (CH2N), 79.0 (CHOSi);
IR (film): �� � 2955, 2930, 2857 cm�1 (aliphatic C-H); HRMS (CI): m/z :
calcd for C16H37NO2Si2Cl: 366.2051; found: 366.2067 [M��H].
2,3-O-tert-Butyldimethylsilyl-1,4-dideoxy-1,4-imino-1,N-dehydrothreitol
(2): DBU (0.027 mL, 27 mg, 0.18 mmol, 1.1 equiv) was added under N2 to a
solution of 10 (58 mg, 0.16 mmol) in dry Et2O (5 mL). After 3 h the
reaction mixture was filtered under Ar to remove DBU ¥HCl, then
concentrated to yield as an orange oil (50 mg, 96%). 1H NMR (400 MHz,
CDCl3): ���0.02,�0.02 (2s, 2� 3H; 2�Si(CH3)), 0.04 (s, 6H; Si(CH3)2),
0.80, 0.82 (2s, 2� 9H; 2� SiC(CH3)3), 3.47 (dddd, 2J(H,H)� 15.8,
3J(H,H)� 4.7, 2.4 Hz, 1.1 Hz, 1H; CHH�N), 3.97 (dddd, 2J(H,H)� 16.0,
3J(H,H)� 6.6, 2.2 Hz, 1.1 Hz, 1H; CHH�N), 4.10 (ddd, 3J(H,H)� 6.5,
4.8 Hz, 3.9 Hz, 1H; NCH2CH), 4.49 (br d, 3J(H,H)� 4.0 Hz, 1H;
N�CHCH), 7.41 (pt, 3J(H,H)� 2.2 Hz, 1H; N�CH); 13C NMR (100 MHz,
CDCl3): ���4.9, �4.8, �4.7, �4.7 (4q, 4� SiCH3), 17.9, 18.0 (2 s, 2�
SiC(CH3)3), 25.7, 25.7 (2q, 2�SiC(CH3)3), 66.9 (t, NCH2), 79.2 (d,
NCH2CH), 85.5 (d, N�CHCH), 168.4 (d, N�CH); IR (film): �� � 2928,
2856 cm�1 (aliphatic C-H), 1646 (C�N); HRMS (CI): m/z : calcd for
C16H36NO2Si2: 330.2285; found: 330.2286 [M��H].
2,3-O-Isopropylidene-�-erythrose (16):[27, 59] 2,2-Dimethoxypropane
(27 mL, 22.9 g, 0.220 mmol, 3.3 equiv) was added to a solution of �-
arabinose (14) (10.0 g, 0.067 mol, 1.0 equiv) and p-toluenesulphonic acid
monohydrate (150 mg, 0.8 mmol, 0.01 equiv) in dimethylformamide
(130 mL). The resulting solution was stirred for 2 h. and then neutralized
by the addition of solid sodium carbonate and concentrated under reduced
pressure. The residue was partitioned between water (120 mL) and 40 ±
60 �C petroleum ether (60 mL). To the aqueous layer was then added
sodium periodate (35.6 g, 0.166 mol, 2.5 equiv) portionwise, and the
mixture stirred for 2 h. Solid sodium carbonate was added and the slurry
was stirred for 1 h. Water was then added (80 mL) and the aqueous layer
was extracted with EtOAc (3� 80 mL), and the combined organic extracts
concentrated under reduced pressure to yield a pale yellow oil (10.9 g). This
residue was then dissolved in CH2Cl2 (80 mL) and washed with water (2�
20 mL). The organic extracts were dried (MgSO4) and concentrated under
reduced pressure to yield a pale yellow oil (7.2 g). The organic extracts from
CH2Cl2 were not found to be purer by 1H NMR than the original EtOAc
extracts, although the mass was significantly reduced. Therefore the
aqueous layers from the CH2Cl2 extraction were back-extracted with
EtOAc and concentrated and all the organic extracts combined to give a
yellow oil (8.2 g). This crude product was purified by flash column
chromatography on silica gel (EtOAc/cyclohexane 7:13) to yield pure 16
(6.05 g, 57% from �-arabinose) as a mixture of anomers (� :� 1:6).
[�]25D� eqlbm��75.0 (c� 0.1 in CHCl3) {lit. :[27] [�]D��66.3 (c� 2.7 in
CHCl3); lit. :[59] [�]D��83.2 (c� 4.36 in EtOAc)}; �-anomer: 1H NMR
(400 MHz, CDCl3): �� 1.36, 1.53 (2 s, 2� 3H; C(CH3)2), 2.09 (br s, 1H;
OH), 3.53 (dd, 2J(H,H)� 11.1, 3J(H,H)� 3.7 Hz, 1H; CHH�), 3.96 (d,
2J(H,H)� 11.6 Hz, 1H; CHH�), 4.47 (dd, 3J(H,H)� 6.2, 3J(H,H)� 3.6 Hz,
1H; CH2CH), 4.74 (dd, 3J(H,H)� 6.2, 3J(H,H)� 3.7 Hz, 1H; CHOHCH),
4.98 (s, 1H; CHOH); 13C NMR (100 MHz, CDCl3, DEPT): �� 24.8, 25.9
(2q, C(CH3)2), 67.5 (t, CH2), 78.2, 79.5 (2d, 2�CHO-), 97.4 (d, CHOH),
113.4 (s, C(CH3)2); �-anomer: 1H NMR (400 MHz, CDCl3): �� 1.30, 1.45
(2s, 3H; C(CH3)2), 3.61 (br s, 1H; OH), 3.99 (d, 2J(H,H)� 10.4 Hz, 1H;
CHH�), 4.05 (dd, 2J(H,H)� 10.4, 3J(H,H)� 3.5 Hz, 1H; CHH�), 4.55 (d,
3J(H,H)� 5.9 Hz, 1H; CHOHCH), 4.82 (dd, 3J(H,H)� 5.9, 3J(H,H)�
3.5 Hz, 1H; CH2CH), 5.39 (s, 1H; CHOH); 13C NMR (CDCl3,
100 MHz): �� 24.6, 26.1 (2q, 2�C(CH3)), 71.8 (t, CH2), 79.9 (d, CH2CH),
85.1 (d, CHOHCH), 101.6 (d, CHOH), 112.2 (s, C(CH3)2); IR (film): �� �
3426 cm�1 (br, O-H stretch), 2987, 2943, 2882 (aliphatic C-H stretch), 1460;
HRMS (CI): m/z : calcd for C7H16NO4: 178.1083; found: 178.1079
[M��NH4].
2,3-O-Isopropylidene-erythritol (17):[28] Sodium borohydride (47 mg,
1.24 mmol, 2.0 equiv) was added under Ar to a solution of 16 (100 mg,


0.62 mmol) in MeOH (4 mL). The reaction mixture was stirred for 1.5 h,
whereupon TLC (EtOAc/cyclohexane 7:3) showed consumption of starting
material (Rf 0.5). Solid ammonium chloride was added to quench excess
borohydride and then the mixture was concentrated to yield a white solid.
This crude product was purified by flash column chromatography on silica
gel (EtOAc/cyclohexane 13:7 increasing to 3:1 then 17:3) to yield pure 17 as
an oily white solid (100 mg, 100%). 1H NMR (400 MHz, CDCl3): �� 1.36,
1.45 (2 s, 2� 3H; C(CH3)2), 3.28 (t, 3J(H,H)� 5.9 Hz, 2H; 2�OH), 3.77
(m, 4H; 2�CH2OH), 4.28 (m, 2H; 2�CH2CH); 13C NMR (100 MHz,
CDCl3, DEPT): �� 25.0, 27.5 (2q, C(CH3)2), 60.6 (t, CH2OH), 76.9 (d,
CH), 108.4 (s, C(CH3)2); IR (film): �� � 3398 cm�1 (br, O-H stretch), 2987,
2938 (aliphatic C-H stretch), 1457; HRMS (CI): m/z : calcd for C7H15O4:
163.0970; found: 163.0970 [M��H].
2,3-O-Isopropylidene-1,4-di-O-methanesulfonylerythritol (18):[28] Metha-
nesulfonyl chloride (0.16 mL, 238 mg, 2.08 mmol, 4.0 equiv) was added
under Ar at 0 �C to a solution of 17 (85 mg, 0.52 mmol, 1.0 equiv) and
triethylamine (0.29 mL, 210 mg, 2.08 mmol, 4.0 equiv) in dry CH2Cl2
(3.5 mL). After 1 h TLC (Et2O) showed consumption of starting material
(Rf 0.2) and formation of a major product (Rf 0.25). The reaction mixture
was poured into ice-water (20 mL) and diluted with CH2Cl2 (30 mL). The
layers were separated and the organic phase washed with 1� HCl (10 mL)
followed by NaHCO3(aq) (10 mL). The organic layer was dried (MgSO4)
and concentrated to yield a pale yellow oil (202 mg). This crude product
was purified by flash column chromatography on silica gel (Et2O) to yield
pure 18 as a white solid (120 mg, 72%). M.p. 91 ± 92 �C {lit. :[28] m.p. 92 ±
93 �C}; 1H NMR (400 MHz, CDCl3): �� 1.38, 1.49 (2 s, 2� 3H; C(CH3)2),
3.09 (s, 6H; 2�OSO2CH3), 4.33 (m, 4H; 2�CH2OMs), 4.48 (m, 2H; 2�
CH2CH); 13C NMR (100 MHz, CDCl3, DEPT): �� 25.4, 27.4 (2q,
C(CH3)2), 37.7 (q, OSO2CH3), 66.5 (t, CH2OMs), 74.1 (d, CH), 110.1 (s,
C(CH3)2); IR (KBr disc): �� � 3023, 2979, 2942 cm�1 (aliphatic C-H stretch),
1352, 1172; MS (APCI): m/z (%): 319 (100) [M��H]; HRMS (CI): m/z :
calcd for C9H19O8S2: 319.0521; found: 319.0519 [M��H]; elemental
analysis calcd (%) for C9H18O8S2: C 33.95, H 5.70; found: C 33.87, H 5.73.


N-Benzyl-2,3-O-isopropylidene-1,4-dideoxy-1,4-iminoerythritol (19):[28]


Benzylamine (3.0 mL) was added under Ar to 18 (200 mg, 0.63 mmol).
The mixture was stirred at 65 �C for 24 h. The reaction was monitored by
mass spectrometry (APCI), which showed consumption of SM and
formation of the desired pyrrolidine (m/z 234 [M��H]). The reaction
mixture was diluted with EtOAc (30 mL) and washed with brine (10 mL)
followed by water (10 mL). The organic layer was dried (Na2SO4), filtered
and concentrated to yield a yellow oil. p-Xylene was then added and the
mixture concentrated (3� 20 mL) to remove excess benzylamine as its
azeotrope with xylene. This crude product was purified by flash column
chromatography on silica gel (EtOAc/cyclohexane 1:4) to yield pure 19 as a
colourless oil (112 mg, 76%). 1H NMR (400 MHz, CDCl3): �� 1.34, 1.59
(2s, 2� 3H; C(CH3)2), 2.15 (ddd, 2J(H,H)� 11.6, 3J(H,H)� 3.0, 3J(H,H)�
1.4 Hz, 2H; 2�CHH�N), 3.05 (d, 2J(H,H)� 11.5 Hz, 2H; 2�CHH�N), 3.63
(s, 2H; CH2Ph), 4.66 (m, 2H; 2�OCH), 7.22 ± 7.36 (m, 5H; C6H5);
13C NMR (100 MHz, CDCl3, DEPT): �� 25.1, 26.5, (2q, C(CH3)2), 59.2,
59.7 (2 t, PhCH2 and CH2N), 79.6 (d, OCH), 111.2 (s,C(CH3)2), 126.9, 128.2,
128.5 (3d, 3� aromatic CH), 138.6 (s, quaternary aromatic C); IR (film):
�� � 3028 cm�1 (aromatic C-H stretch), 2985, 2935, 2788 (aliphatic C-H
stretch), 1454, 1379; HRMS (CI): m/z : calcd for C14H20NO2: 234.1494;
found: 234.1495 [M��H].
2,3-O-Isopropylidene-1,4-dideoxy-1,4-iminoerythritol (20):[28] Pd(OH)2/C
(20% Pd, 80 mg) was added to a solution of 19 (283 mg, 1.21 mmol) in
MeOH (5.0 mL) and the reaction mixture placed under an atmosphere of
H2. After 21 h TLC (EtOAc/cyclohexane 3:2) showed consumption of SM
(Rf 0.6). The reaction mixture was filtered through celite to remove
Pd(OH)2 on C, then the filtrate concentrated under reduced pressure to
yield 20 as a pale yellow oil (170 mg, 98%). (The product was found to be
relatively volatile so when removing the solvent the pressure was not
reduced below 60 mbar at 25 �C.) It was found to be unstable to purification
on silica gel, but was sufficiently pure not to require further purification for
the following reactions. 1H NMR (400 MHz, CDCl3): �� 1.29, 1.43 (2s, 2�
3H; C(CH3)2), 2.47 (br s, 1H; NH), 2.51 (d, 2J(H,H)� 13.6 Hz, 2H; 2�
CHH�N), 3.08 (d, 2J(H,H)� 13.9 Hz, 2H; 2�CHH�N), 4.65 (m, 2H, 2�
OCH); 13C NMR (100 MHz, CDCl3): �� 23.7, 25.9 (2q, C(CH3)2), 54.1
(CH2N), 81.4 (OCH), 110.2 (C(CH3)2); IR (film): �� � 3395 cm�1 (br, N-H
stretch), 2935 (aliphatic C-H stretch), 1374; HRMS (CI): m/z : calcd for
C7H14NO2: 144.1025; found: 144.1026 [M��H].
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N-Chloro-2,3-O-isopropylidene-1,4-dideoxy-1,4-iminoerythritol (21): N-
Chlorosuccinimide, NCS (513 mg, 3.84 mmol, 1.1 equiv) was added under
Ar to a solution of 20 (500 mg, 3.49 mmol) in dry Et2O (50 mL). After 5 h
TLC (EtOAc/cyclohexane 1:4) revealed consumption of SM and formation
of a major product (Rf 0.3). The mixture was diluted with Et2O (30 mL) and
washed with water (3� 20 mL). The organic layer was dried (Na2SO4),
filtered and concentrated under reduced pressure to afford 21 as a pale
yellow oil (532 mg, 86%). 1H NMR (CDCl3, 400 MHz): �� 1.30, 1.50 (2s,
2� 3H; C(CH3)2), 2.84 (m, 2H; 2�CHH�N), 3.62 (d, 2J(H,H)� 11.2 Hz,
2H; 2�CHH�N), 4.71 (m, 2H; 2�OCH); 13C NMR (100 MHz, CDCl3):
�� 24.5, 26.0 (C(CH3)2), 67.2 (CH2N), 78.3 (OCH), 111.6 (C(CH3)2); IR
(KBr disc): �� � 2989, 2840 cm�1 (aliphatic C-H stretch), 1464, 1382; HRMS
(FI): m/z : calcd for C7H12NO2Cl: 177.0557; found: 177.0558 [M


.].


2,3-O-Isopropylidene-1,4-dideoxy-1,4-imino-1-N-dehydroerythritol (3):
DBU (0.050 mL, 51 mg, 0.33 mmol, 1.1 equiv) was added under Ar to a
solution of 21 (54 mg, 0.30 mmol) in dry Et2O (3 mL). After 4 h TLC
(EtOAc/cyclohexane 1:4) indicated conversion of SM (Rf 0.3) to a major
product (Rf 0.1). The reaction mixture was filtered under Ar to remove
DBU ¥HCl, and then concentrated to yield 3 as a yellow oily solid (43 mg,
100%). 1H NMR (400 MHz, CDCl3): �� 1.22, 1.22 (2 s, 2� 3H; C(CH3)2),
3.79 (dddd, 2J(H,H)� 17.3, 3J(H,H)� 4.6 Hz, 2.9 Hz, 0.9 Hz, 1H; CHH�N);
3.94 (ddpt, 2J(H,H)� 17.3, 3J(H,H)� 2.0 Hz, 1.0 Hz, 1H; CHH�N), 4.58
(ddd, 3J(H,H)� 5.5 Hz, 4.6 Hz, 1.0 Hz, 1H; NCH2CH), 4.92 (brd,
3J(H,H)� 5.5 Hz, 1H; N�CHCH), 7.44 (dd, 3J(H,H)� 3.0 Hz, 2.0 Hz,
1H; N�CH); 13C NMR (100 MHz, CDCl3): �� 25.4, 26.7 (2q, 2�C(CH3)),
66.3 (t, CH2N), 76.3 (d, NCH2CH), 86.5 (d, N�CCH), 111.4 (s, C(CH3)2),
165.5 (d, N�CH); IR (film): �� � 2935, 2860 cm�1 (aliphatic C-H), 1649
(C�N); HRMS (CI): m/z : calcd for C7H12NO2: 142.0868; found: 142.0867
[M��H]. Attempts to purify the imine by aqueous washing or by
chromatography on a short column of silica gel (30:70 Et2O/petroleum
ether (40-60) eluting with 1% Et3N) both led to extensive degradation.


3,4-O-Cyclohexylidene-�-arabinose (22): Cyclohexanone dimethyl ketal
(0.61 mL, 575 mg, 3.99 mmol, 3.0 equiv) was added to a solution of �-
arabinose (14) (200 mg, 1.33 mmol, 1.0 equiv) and p-toluenesulphonic acid
monohydrate (2.5 mg, 0.0133 mmol, 0.01 equiv) in dimethylformamide
(DMF) (4 mL). After 4 h stirring, TLC (MeOH/CHCl3 1:9) showed
formation of a major product (Rf 0.3). Ion-exchange resin was added
(Dowex OH� form, 550A, Aldrich) to neutralize the acid. The mixture was
filtered, the residue washed with dry DMF, and the filtrate concentrated
under reduced pressure to yield a syrupy residue. This crude product was
purified by flash column chromatography on silica gel (MeOH/CHCl3 7:93
to yield 22 as a white solid (203 mg, 66%) as a mixture of anomers (� :� 1:1).
1H NMR (400 MHz, [D6]DMSO, COSY): �� 1.34 ± 1.65 (m, 10H; cyclo-
hexylidene), 3.16 (m, 0.5H; H-2 �), 3.33 (m, 0.5H; H-2 �), 3.65 (dd, 0.5H;
2J(H,H)� 13.5, 3J(H,H)� 2.9 Hz, H-4� �), 3.70 (d, 0.5H; 2J(H,H)�
13.5 Hz, H-4� �), 3.86 (dd, 0.5H; 3J(H,H)� 6.9, 3J(H,H)� 6.0 Hz, H-3 �),
3.94 ± 4.01 (m, 1.5H; H-3 �, H-5 �, H-5 �), 4.08 (m, 0.5H; H-4 �), 4.14 (m,
0.5H; H-4 �), 4.19 (dd, 0.5H; 3J(H,H)� 7.4, 3J(H,H)� 6.6 Hz, H-1 �), 4.83
(dd, 0.5H; 3J(H,H)� 4.6, 3J(H,H)� 4.4 Hz, H-1 �), 4.89 (d, 0.5H;
3J(H,H)� 6.8 Hz, 2-OH �), 5.12 (d, 0.5H; 3J(H,H)� 5.0 Hz, 2-OH �),
6.32 (d, 0.5H; 3J(H,H)� 4.7 Hz, 1-OH �), 6.60 (d, 0.5H; 3J(H,H)� 6.4 Hz,
1-OH �); 13C NMR (100 MHz, [D6]DMSO, DEPT, HMQC, HMBC): ��
23.4, 23.5, 23.7, 23.8, 24.6, 24.7, 35.1, 37.6, 37.7 (cyclohexylidene), 58.0 (t, C-5
�), 62.2 (t, C-5 �), 70.4 (d, C-2 �), 72.4 (d, C-4 �), 72.8 (d, C-4 �), 74.1 (d, C-2
�), 75.4 (d, C-3 �), 78.6 (d, C-3 �), 92.2 (d, C-1 �), 96.5 (d, C-1 �), 108.8 (s,
C-6 �), 113.0 (s, C-6 �). IR (KBr disc): �� � 3382, 3272 (br, O-H stretch),
2951, 2856, (aliphatic C-H stretch), 1450 cm�1; HRMS (ES): m/z : calcd for
C11H19O5: 231.1232; found: 231.1238 [M��H].
2,3-O-Cyclohexylidene-�-erythrose (23): Sodium periodate (320 mg,
1.49 mmol, 2.25 equiv) was added to a solution of 22 (151 mg, 0.66 mmol)
in water (6 mL). The reaction mixture was stirred under Ar. After 2.5 h,
solid sodium carbonate was added and the slurry stirred for 1 h. The
mixture was then diluted with water (30 mL) and extracted with EtOAc
(3� 20 mL) followed by CHCl3 (2� 20 mL). The combined organic layers
were dried (MgSO4), filtered and concentrated under reduced pressure to
yield a colourless oil (127 mg). This crude product was purified by flash
column chromatography (EtOAc/cyclohexane 35:65) to yield pure 23 as a
white solid (113 mg, 86%), as a mixture of anomers (� :� 1:5). 1H NMR
(400 MHz, CDCl3, COSY): �� 1.37 ± 1.69 (m, 10H; cyclohexylidene), 2.01
(s, 0.17H; OH �), 3.29 (d, 0.83H; 3J(H,H)� 2.5 Hz, OH �), 3.54 (dd,
0.17H; 2J(H,H)� 11.2, 3J(H,H)� 3.8 Hz, H-4� �), 3.98 (dd, 0.17H;


2J(H,H)� 11.3, 3J(H,H)� 4.7 Hz, H-4 �), 4.02 (d, 0.83H; 2J(H,H)�
10.0 Hz, H-4� �), 4.06 (dd, 0.83H; 2J(H,H)� 10.0, 3J(H,H)� 3.5 Hz, H-4
�), 4.48 (dd, 0.17H; 3J(H,H)� 6.2, 3J(H,H)� 3.6 Hz, H-3 �), 4.56 (d,
0.83H; 3J(H,H)� 6.0 Hz, H-2 �), 4.75 (dd, 0.17H; 3J(H,H)� 5.4,
3J(H,H)� 3.8 Hz, H-2 �), 4.82 (dd, 0.83H; 3J(H,H)� 5.8, 3J(H,H)�
3.5 Hz, H-3 �), 4.99 (dd, 0.17H; 2J(H,H)� 10.5, 3J(H,H)� 3.6 Hz, H-1 �),
5.42 (s, 0.83H; H-1 �); 13C NMR (100 MHz, CDCl3, DEPT, HMQC): ��
23.6, 23.7, 24.0, 24.9, 25.0, 34.2, 34.4, 35.6, 35.9, (cyclohexylidene), 67.7 (t,
C-4 �), 72.0 (t, C-4 �), 77.8 (d, C-2 �), 79.1 (d, C-3 �), 79.4 (d, C-3 �), 84.7 (d,
C-2 �), 97.4 (d, C-1 �), 101.8 (d, C-1 �), 113.0 (s, C-5 �), 114.2 (s, C-5 �); IR
(KBr disc): �� � 3370 (br, O-H stretch), 2934, 2860 (aliphatic C-H stretch),
1451, 1372 cm�1; HRMS (ES): m/z : calcd for C10H15O4: 199.0970; found:
199.0974 [M��H]; elemental anlysis calcd (%) for C10H16O4: C 59.98, H,
8.05; found: C 60.01, H 8.05.


2,3-O-Cyclohexylideneerythritol (24): Sodium borohydride (39 mg,
1.02 mmol, 2.0 equiv) was added under Ar to a solution of 23 (102 mg,
0.51 mmol) in MeOH (4 mL). The reaction mixture was stirred for 30 min,
whereupon TLC (EtOAc/cyclohexane 3:1) showed consumption of starting
material (Rf 0.7) and formation of a major product (Rf 0.5). Solid
ammonium chloride was added to quench excess borohydride, and the
mixture was concentrated to yield a white solid. This crude product was
purified by flash column chromatography on silica gel (EtOAc/cyclohexane
3:2) to yield pure 24 as an oily white solid (91 mg, 89%). 1H NMR
(400 MHz, CDCl3): �� 1.39 ± 1.63 (m, 10H; cyclohexylidene), 3.09 (t, 2H;
3J(H,H)� 6.1 Hz, 2�OH), 3.78 (m, 4H; H-1, H-1�, H-4, H-4�), 4.28 (m, 2H;
H-2, H-3); 13C NMR (100 MHz, CDCl3, DEPT): �� 23.6, 24.0, 25.0, 34.5,
37.4 (5 t, cyclohexylidene), 60.8 (t, C-1, C-4), 76.5 (d, C-2, C-3), 109.0 (s,
C-5); IR (film): �� � 3389 (br, O-H stretch), 2936, 2862 (aliphatic C-H
stretch), 1449, 1368 cm�1; HRMS (ES): m/z : calcd for C10H17O4: 201.1127;
found: 201.1120 [M��H].
1-Benzyl-3,4-O-cyclohexylidene-1,4-dideoxy-1,4-iminoerythritol (26):
Methanesulfonyl chloride (0.11 mL, 170 mg, 1.48 mmol, 4.0 equiv) was
added under Ar at 0 �C to a solution of 24 (75 mg, 0.37 mmol, 1.0 equiv) and
triethylamine (0.21 mL, 150 mg, 1.48 mmol, 4.0 equiv) in dry CH2Cl2
(3.0 mL). After 45 min, TLC (Et2O) showed consumption of starting
material (Rf 0.7) and formation of a major product (Rf 0.4). The reaction
mixture was poured onto ice-water (20 mL) and diluted with CH2Cl2
(30 mL). The layers were separated and the organic layer washed with
1� HCl (aq) (10 mL), NaHCO3 (aq) (10 mL) followed by water (10 mL).
The organic layer was dried (MgSO4), filtered and concentrated to yield a
pale yellow oil (164 mg). This crude product was purified by flash column
chromatography on silica gel (Et2O) to yield pure 25 as a white solid
(113 mg, 85%). HRMS (CI): m/z : calcd for C12H23O8S2: 359.0834; found:
359.0827 [M��H].
Benzylamine (3.0 mL) was added under Ar to 25 (113 mg, 0.32 mmol). The
mixture was stirred at 65 �C for 48 h. The reaction mixture was then allowed
to cool and diluted with EtOAc (30 mL) then washed with brine (10 mL)
followed by water (10 mL). The organic layer was dried (Na2SO4) and
concentrated to yield a yellow oil. Xylene was then added and the mixture
concentrated (3� 20 mL) to remove excess benzylamine as its azeotrope
with xylene. This crude product was purified by flash column chromatog-
raphy on silica gel (EtOAc/cyclohexane 3:17) to yield pure 26 as a
colourless oil (75 mg, 87%). 1H NMR (400 MHz, CDCl3, COSY): �� 1.41,
1.57, 1.67, 1.84 (4m, 2H, 2H, 4H, 2H; cyclohexylidene), 2.16 (m, 2H; 2�
CHH�N), 3.05 (d, 2H; 2J(H,H)� 11.4 Hz, 2�CHH�N), 3.63 (s, 2H,
CH2Ph), 4.65 (m, 2H; 2�OCH), 7.22 ± 7.37 (m, 5H; C6H5); 13C NMR
(100 MHz, CDCl3, DEPT, HMQC): �� 23.8, 24.2, 25.2, 34.5, 36.1 (5 t,
cyclohexylidene). 59.3 (t, PhCH2), 59.8 (t, CH2N), 79.1 (d, OCH), 111.9 (s,
C(CH2)2), 126.9, 128.2, 128.5 (3d, 3� aromatic CH), 138.7 (s, quaternary
aromatic C); HRMS (CI): m/z : calcd for C17H24NO2: 274.1807; found:
274.1808 [M��H].
2,3-O-Cyclohexylidene-1,4-dideoxy-1,4-iminoerythritol (27): Palladium hy-
droxide on carbon (20% Pd(OH)2, 25 mg) was added to a solution of 26
(75 mg, 0.27 mmol) in MeOH (3.0 mL)and the reaction mixture placed
under an atmosphere of H2. After 4 h TLC (EtOAc/cyclohexane 1:4)
showed consumption of SM (Rf 0.4). The reaction mixture was filtered
through Celite to remove Pd(OH)2 on C, then the filtrate concentrated
under reduced pressure to yield 27 as a colourless oil (48 mg, 97%).
1H NMR (400 MHz, CDCl3): �� 1.36 ± 1.67 (m, 10H; cyclohexylidene),
2.52 (m, 2H; 2�CHH�N), 2.64 (br s, 1H; NH), 3.12 (m, 2H; 2�CHH�N),
4.64 (m, 2H; 2�OCH); 13C NMR (100 MHz, CDCl3, DEPT): �� 23.6,
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24.0, 25.2, 33.2, 35.7 (5 t, cyclohexylidene), 54.2 (t, CH2N), 80.9 (d, OCH),
110.9 (s, C(CH2)2); HRMS (CI): m/z : calcd for C10H18NO2: 184.1338;
found: 184.1339 [M��H].
1-Chloro-2,3-O-cyclohexylidene-1,4-dideoxy-1,4-iminoerythritol (28): NCS
(39 mg, 0.29 mmol, 1.1 equiv) was added under Ar to a solution of 27
(48 mg, 0.26 mmol) in dry Et2O (5 mL). After 2 h stirring TLC (EtOAc/
cyclohexane 1:4) showed consumption of SM (Rf 0.0) and formation of a
major product (Rf 0.6). The reaction mixture was diluted with Et2O (30 mL)
and washed with water (3� 10 mL). The organic layer was dried (Na2SO4)
and concentrated to yield an oily solid (51 mg, 90%). This was consistent
with pure N-chloramine and no further purification was required. 1H NMR
(CDCl3, 400 MHz): �� 1.19 ± 1.75 (m, 10H; 5�CH2 cyclohexylidene), 2.84
(m, 2H; 2�CHH�N), 3.63 (d, 2J(H,H)� 11.7 Hz, 2H; 2�CHH�N), 4.71
(m, 2H; 2�OCH); 13C NMR (100 MHz, CDCl3, DEPT): �� 23.7, 24.0,
25.1, 33.9, 35.6 (5 t, 5�CH2 cyclohexylidene), 67.3 (t, CH2N), 77.8 (d,
OCH), 112.4 (C(CH2)2); IR (KBr disc): �� � 2935, 2853 (aliphatic C-H
stretch), 1457, 1373 cm�1; HRMS (FI): m/z : calcd for C10H16NO2Cl:
217.0870; found: 217.0868 [M .].


2,3-O-Cyclohexylidene-1,4-dideoxy-1,4-imino-1,N-dehydroerythritol (4):
DBU (0.045 mL, 45 mg, 0.30 mmol, 1.3 equiv) was added under Ar to a
solution of 28 (50 mg, 0.23 mmol) in dry Et2O (3 mL). After 3 h, the
mixture was filtered under Ar to remove DBU ¥HCl, and then concen-
trated to yield 4 as an oil (42 mg, 100%). 1H NMR (400 MHz, CDCl3): ��
1.46 ± 1.58 (m, 10H; cyclohexylidene), 3.86 (dddd, 2J(H,H)� 17.2,
3J(H,H)� 4.5 Hz, 2.9 Hz, 0.8 Hz, 1H; CHH�N), 4.05 (ddpt, 2J(H,H)�
17.2, 3J(H,H)� 2.0 Hz, 1.0 Hz, 1H; CHH�N), 4.65 (ddd, 1H, 3J(H,H)�
5.6 Hz, 4.5 Hz, 0.9 Hz, 1H; NCH2CH), 5.00 (brd, 3J(H,H)� 5.6 Hz, 1H;
N�CHCH), 7.53 (dd, 3J(H,H)� 2.8 Hz, 2.2 Hz, 1H; N�CH).
1�,�-Methyl-2,3-O-di-tert-butyldimethylsilyl-1,4-dideoxy-1,4-dideoxy-1,4-
iminothreitol (29a)


i) General method for normal mode of addition : DBU (0.16 mL, 164 mg,
1.08 mmol, 4.0 equiv) was added under N2 to a solution of 10 (100 mg,
0.27 mmol) in dry Et2O (6 mL). The reaction mixture was stirred and
DBU ¥HCl observed to precipitate as a white solid. After 2.5 h the reaction
mixture was filtered through a glass sinter and the filtrate was concentrated
under reduced pressure to yield an oil. Formation of imine 2 was confirmed
by 1H NMR. The oil was then redissolved in dry Et2O (6 mL) and methyl
magnesium bromide (3.0� solution in Et2O, 0.50 mL, 1.49 mmol, 5.5 equiv)
was added. The reaction mixture was stirred for 3 h, diluted with Et2O
(20 mL) and washed with NaHCO3 (3� 10 mL). The aqueous layers were
extracted with Et2O (10 mL) and the combined organic layers dried
(Na2SO4), filtered and concentrated under reduced pressure to yield a pale
yellow oil (131 mg). The crude product was purified by flash column
chromatography on silica gel (EtOAc/hexane 3:7 then EtOAc) eluting
initially as a single diastereomer (23 mg) and then as a mixture of
diastereoisomers (32 mg) to give methyl adduct 29a (total mass 55 mg,
58%, dr 5:2 as determined from 1H NMR). The major diastereomer was
shown by NMR experiments to be the anti or � diastereomer �-29a.
1H NMR (500 MHz, CDCl3, COSY, NOESY): ���0.02 (s, 3H; SiCH3),
�0.01 (s, 3H; SiCH3), 0.00 (s, 6H; Si(CH3)2), 0.81, 0.81 (2s, 2� 9H; 2�
SiC(CH3)3), 1.14 (d, 3J(H,H)� 7.0 Hz, 3H; NCH(CH3)), 2.02 (br s, 1H;
NH), 2.72 (d, 2J(H,H)� 12.0 Hz, 1H; CHH�N), 2.82 (dq, 3J(H,H)� 6.5,
3J(H,H)� 3.0 Hz, 1H; NCH(CH3)), 2.94 (dd, 2J(H,H)� 12.0, 3J(H,H)�
4.0 Hz,1H; CHH�N), 3.50 (m, 1H; NCH(Me)CHOSi), 3.85 (m, 1H;
NCH2CHOSi); 13C NMR (125.7 MHz, CDCl3, 1H-13C HETCOR): ��
�4.7, �4.7, �4.6, �4.5 (OSi(CH3)2), 17.9, 17.9 (SiC(CH3)3), 19.2
(NCH(CH3)), 25.8 (SiC(CH3)3), 54.1 (NCH2), 62.7 (NCH(CH3)), 80.3
(NCH2CHOSi), 85.4 (NCH(Me)CHOSi); IR (film): �� � 2956, 2929, 2896,
2858 cm�1 (aliphatic C-H); MS (ES): m/z (%): 346 (100) [M��H]; HRMS
(ES): m/z : calcd for C17H40NO2Si2: 346.2597; found: 346.2602 [M��H].
ii) Reverse mode of addition : DBU (0.074 mL, 75 mg, 0.49 mmol, 3.0 equiv)
was added under Ar to a solution of 10 (60 mg, 0.16 mmol) in dry Et2O
(5 mL). The reaction mixture was stirred and DBU ¥HCl observed to
precipitate as a white solid. After 4 h, the reaction mixture was filtered
under Ar and the filtrate was concentrated under reduced pressure to yield
imine 2 as an oil. This was dissolved in dry Et2O (5 mL) under Ar. To a
separate flask under Ar was added methylmagnesium bromide (3.0�
solution in Et2O, 0.27 mL, 0.82 mmol, 5.0 equiv), then the imine solution
was added dropwise by syringe to the Grignard reagent. The reaction
mixture was stirred for 3 h, then quenched by the addition of NH4Cl (aq.),


diluted with Et2O (30 mL) and washed with NH4Cl (aq) (10 mL), water
(10 mL) followed by NaHCO3 (10 mL). The aqueous layers were basified
with 3� NaOH and back-extracted with Et2O (2� 10 mL) and the
combined organic layers dried (Na2SO4) and concentrated under reduced
pressure to yield a pale yellow oil (61 mg). The crude product was purified
by flash column chromatography on silica gel (EtOAc/hexane 3:7 increas-
ing to 1:1) to yield 29a (38 mg, 67%) as a mixture of diastereomers (5:1
anti :syn as determined by 1H NMR).


1�,�-Ethyl-2,3-O-di-tert-butyldimethylsilyl-1,4-dideoxy-1,4-iminothreitol
(29b)


i) Normal mode of addition : According to method described for 29a above
using ethyl magnesium bromide (3.0� solution in Et2O, 0.50 mL,
1.49 mmol, 5.5 equiv) was added to yield a pale yellow oil (84 mg). The
crude product was purified by flash column chromatography on silica gel
(EtOAc/hexane 1:3) to yield ethyl adducts �,�-29b (44 mg, 45%, dr 98:2 as
determined by 1H NMR). The major diastereomer was purified and shown
by NOESY NMR experiments to be the anti diastereomer �-29b. 1H NMR
(500 MHz, CDCl3, COSY, NOESY): �� 0.05, 0.06, 0.06, 0.07 (4 s, 4� 3H;
4� Si(CH3)), 0.87, 0.87 (2s, 2� 9H; 2�SiC(CH3)3), 0.98 (t, 3J(H,H)�
7.5 Hz, 3H; NCH(CH2CH3)), 1.48 (m; 1H, NCH(CHH�CH3)), 1.64 (m,
1H; NCH(CHH�CH3)), 2.27 (br s, 1H; NH), 2.73 (m, 1H; NCH(Et)), 2.78
(d, 2J(H,H)� 12.5 Hz, 1H; CHH�N), 2.98 (dd, 2J(H,H)� 12.5, 3J(H,H)�
3.5 Hz, 1H; CHH�N), 3.63 (m, 1H; NCH(Et)CHOSi), 3.90 (m, 1H;
NCH2CHOSi); 13C NMR (125.7 MHz, CDCl3, 1H-13C HETCOR):
���4.7, �4.6, �4.6, �4.4 (OSi(CH3)2), 11.7 (NCH(CH2CH3)), 17.9
(SiC(CH3)3), 25.7, 25.8 (SiC(CH3)3), 26.8 (NCH(CH2CH3)), 53.7 (NCH2),
69.3 (NCH(CH2CH3)), 79.8 (NCH2CHOSi), 83.4 (NCH(Et)CHOSi); IR
(film): �� � 2956, 2929, 2857 cm�1 (aliphatic C-H); MS (ES): m/z (%): 360
(100) [M��H]; HRMS (ES): m/z : calcd for C18H42NO2Si2: 360.2754;
found: 360.2752 [M��H].
ii) Reverse mode of addition : According to method described for 29a above
using ethylmagnesium bromide (3.0� solution in Et2O, 0.27 mL,
0.82 mmol, 5.0 equiv) for adduct formation over 1.5 h to give a pale yellow
oil (57 mg). The crude product was purified by flash column chromatog-
raphy on silica gel (Et2O/40 ± 60 petroleum ether 3:7 increasing to 1:1) to
yield 29b (41 mg, 70%) as a single diastereomer.


1�,�-Allyl-2,3-di-O-tert-butyldimethylsilyl-1,4-dideoxy-1,4-iminothreitol
(29c)


i) Normal mode of addition : According to method described for 29a above
using DBU (0.12 mL, 123 mg, 0.81 mmol, 3.0 equiv) for imine formation
over 3.5 h and allylmagnesium bromide (1.0� solution in Et2O, 1.35 mL,
1.35 mmol, 5.0 equiv) over 2 h for adduct formation to yield an orange oil
(90 mg). This crude product was purified by flash column chromatography
on silica gel (EtOAc/hexane 3:17) to yield allyl adducts, major diaster-
eomer �-29c (24 mg), and a minor diastereomer �-29c (2 mg) (total
mass� 26 mg, 26%, dr 12:1). The major diastereomer was shown by
NOESY NMR to be the anti diastereomer �-29c : 1H NMR (500 MHz,
CDCl3, COSY, NOESY): �� 0.06 (s, 6H; Si(CH3)2), 0.07, 0.08 (2s, 2� 3H;
2� Si(CH3)), 0.87, 0.89 (2s, 2� 9H; 2� SiC(CH3)3), 2.27 (m, 1H;
CHH�CH�CH2), 2.37 (m, 1H; CHH�CH�CH2), 2.80 (d, 2J(H,H)�
12.0 Hz, 1H; CHH�N), 2.90 (td, 3J(H,H)� 7.0, 3J(H,H)� 2.5 Hz, 1H;
NCH(allyl)), 3.03 (dd, 2J(H,H)� 12.0, 3J(H,H)� 4.0 Hz, 1H; CHH�N),
3.70 (br s, 1H; NCH2CHOSi), 3.91 (m, 1H; NCH(allyl)CHOSi), 5.07 (brd,
3J(H,H)cis� 10.0 Hz, 1H; CH�CHH�), 5.10 (brd, 3J(H,H)trans� 17.5 Hz,
1H; CH�CHH�), 5.83 (ddpt, 3J(H,H)trans� 17.5, 3J(H,H)cis� 10.0,
3J(H,H)� 7.0 Hz, 1H; CH2CH�CH2); 13C NMR (125.7 MHz, CDCl3,
DEPT, 1H-13C HSQC): ���4.7, �4.7, �4.5, �4.4 (4q, 4� SiCH3), 17.9
(s, SiC(CH3)3), 25.8 (q, SiC(CH3)3), 38.1 (t, CH2CH�CH2), 53.9 (t, NCH2),
66.7 (d, NCH(allyl)), 79.7 (d, NCH2CHOSi), 82.7 (d, NCH(allyl)CHOSi),
116.9 (t, CH2CH�CH2), 135.7 (d, CH2CH�CH2); IR (film): �� � 2955, 2929,
2897, 2857 cm�1 (aliphatic C-H), 1641 (C�C stretch); MS (ES): m/z (%):
372 (100) [M��H]; HRMS (ES): m/z : calcd for C19H42NO2Si2: 372.2754;
found: 372.2747 [M��H].
1�-Phenyl-2,3-di-O-tert-butyldimethylsilyl-1,4-dideoxy-1,4-iminothreitol
(29d)


i) Normal mode of addition : According to method described for 29a above
using DBU (0.040 mL, 41 mg, 0.27 mmol, 1.0 equiv) for imine formation
over 90 min and phenylmagnesium bromide (3.0� solution in Et2O,
0.14 mL, 0.41 mmol, 1.5 equiv) for adduct formation over 90 min to yield
a yellow oil (108 mg). The crude product was purified by flash column
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chromatography on silica gel (EtOAc/hexane 1:3) to yield 29d as a
colourless oil (41 mg, 37%), as a single diastereomer. This was shown by
NOESY NMR experiments to be the anti diastereomer. 1H NMR
(500 MHz, CDCl3, COSY, NOESY): ���0.19, �0.06 (2 s, 2� 3H; 2�
PhCHCHOSi(CH3)), 0.10 (s, 6H; NCH2CHOSi(CH3)2), 0.83 (s, 9H;
PhCHCHOSiC(CH3)3), 0.92 (s, 9H; NCH2CHOSiC(CH3)3), 2.65 (br s,
1H; NH), 3.00 (d, 2J(H,H)� 12.0 Hz, 1H; CHH�N,), 3.17 (dd, 2J(H,H)�
12.0, 3J(H,H)� 4.0 Hz, 1H; CHH�N), 3.85 (d, 3J(H,H)� 3.0 Hz, 1H;
CHPh), 3.98 (br s, 1H; SiOCHCHPh), 4.09 (m, 1H; SiOCHCH2N), 7.25 ±
7.33 (m, 3H; 3 of C6H5), 7.41 (m, 2H; 2 of C6H5); 13C NMR (125.7 MHz,
CDCl3, 1H-13C HETCOR): ���4.8, �4.7, �4.7, �4.6 (OSi(CH3)2), 17.8,
18.0 (SiC(CH3)3), 25.6, 25.7, 25.8, 25.8 (SiC(CH3)3), 54.4 (CH2N), 72.2
(CHPh), 80.1 (SiOCHCH2N), 86.2 (SiOCHCHPh), 127.3, 127.7, 128.4 (3�
aromatic CH), 141.8 (quaternary aromatic C); IR (film): �� � 3027 cm�1


(aromatic C ±H), 2954, 2929, 2857 (aliphatic C ±H); MS (ES):m/z (%): 408
(100) [M��H]; HRMS (CI):m/z : calcd for C22H42NO2Si2: 408.2754; found:
408.2747 [M��H].
ii) Reverse mode of addition : According to method described for 29a using
phenylmagnesium bromide (3.0� solution in Et2O, 0.27 mL, 0.82 mmol,
5.0 equiv) for adduct formation over 1.5 h to yield a pale yellow oil (75 mg).
The crude product was purified by flash column chromatography on silica
gel (Et2O/40-60 petroleum ether 3:17 increasing to 3:7) to yield 29d (52 mg,
78%) as a single diastereomer.


1�-Benzyl-2,3-O-di-tert-butyldimethylsilyl-1,4-dideoxy-1,4-iminothreitol
(29e)


i) Normal mode of addition : According to method described for 29a above
using DBU (0.040 mL, 41 mg, 0.27 mmol, 1.0 equiv) for imine formation
over 4 h and benzylmagnesium chloride (1.0� solution in Et2O, 0.41 mL,
0.41 mmol, 1.5 equiv) for adduct formation over 3 h TLC to yield an orange
oil (108 mg). The crude product was purified by flash column chromatog-
raphy on silica gel (EtOAc/hexane 1:4) whereupon 29e was obtained as an
oil (55 mg, 48%), as a single diastereomer. This was shown by NOESY
NMR experiments to be the anti diastereomer. 1H NMR (500 MHz,
CDCl3, COSY, NOESY): ���0.19, �0.08 (2 s, 2� 3H; 2�BnCHCHO-
Si(CH3)), 0.08, 0.11, (2 s, 2� 3H; 2�NCH2CHOSi(CH3)), 0.80 (s, 9H;
BnCHCHOSiC(CH3)3), 0.93 (s, 9H; NCH2CHOSiC(CH3)3), 2.32 (br s, 1H;
NH), 2.84 (m, 3H; C6H5CH2 and CHH�N), 3.08 (brd, 2J(H,H)� 10.0 Hz,
1H; CHH�N), 3.14 (m, 1H; BnCH), 3.76 (s, 1H; BnCHCHOSi), 3.93 (s,
1H; NCH2CHOSi), 7.31 ± 7.19 (m, 5H; C6H5); 13C NMR (125.7 MHz,
CDCl3, 1H-13C HETCOR): ���5.1,�4.8,�4.7,�4.7 (Si(CH3)2), 17.9, 17.8
(SiC(CH3)3), 25.8, 25.7, 25.7 (SiC(CH3)3), 40.1 (PhCH2), 53.9 (NCH2), 68.7
(BnCH), 79.6 (NCH2CHOSi), 82.0 (BnCHCHOSi), 126.2, 128.5, 129.2
(aromatic CH), 139.4 (quaternary aromatic C); IR (film): �� � 3027 cm�1


(aromatic C-H), 2953, 2928, 2857 (aliphatic C-H); MS (CI): m/z (%): 422
(100) [M��H]; HRMS (CI):m/z : calcd for C23H44NO2Si2: 422.2910; found:
422.2911 [M��H].
ii) Reverse mode of addition : According to method described for 29a using
benzylmagnesium chloride (1.0� solution in Et2O, 0.71 mL, 0.71 mmol,
5.0 equiv) for adduct formation over 1.5 h to give a pale yellow oil (68 mg).
The crude product was purified by flash column chromatography on silica
gel (EtOAc/cyclohexane 1:4 increasing to 1:1) to yield 29e (38 mg, 63%) as
a single diastereomer.


1�-(4-Methoxybenzyl)-2,3-di-O-tert-butyldimethylsilyl-1,4-dideoxy-1,4-
iminothreitol (29 f)


i) Normal mode of addition : According to method described for 29a above
using DBU (0.12 mL, 123 mg, 0.81 mmol, 3.0 equiv) for imine formation
over 3.5 h. Benzylmagnesium chloride was prepared as follows. To
magnesium turnings (0.33g, 13.5 mmol, 50.0 equiv) in dry THF (5 mL)
under Ar with two crystals of I2 was added 4-methoxybenzyl chloride
(0.92 mL, 1.06 g, 6.75 mmol, 25.0 equiv) as solution in THF (10 mL) over
�30 min. The mixture turned a dark grey colour on this addition. After 1 h
a small portion was removed and quenched with D2O, then dissolved in
[D4]methanol for 1H NMR. Grignard reagent formation was confirmed by
the presence of the CH2D resonance (triplet, 1H NMR �� 2.28 ppm).
4-methoxybenzylmagnesium chloride solution in THF (6 mL, 2.7 mmol,
10 equiv) was added to a solution of imine in dry THF (5 mL) under Ar.
The reaction course was followed by mass spectrometry (APCI) and after
2 h excess Grignard reagent was quenched by the dropwise addition of
NH4Cl (aq). The reaction mixture was concentrated to remove THF, the
residue dissolved in CHCl3 (30 mL) and washed with NH4Cl (aq) (10 mL),


water (10 mL) followed by NaHCO3 (aq) (10 mL). The aqueous layers
were extracted with CHCl3 (2� 10 mL) and the combined organic layers
dried (Na2SO4), filtered and concentrated under reduced pressure to yield a
yellow oily solid (277 mg). This crude product was purified by flash column
chromatography on silica gel (EtOAc/cyclohexane 1:19 then EtOAc/
cyclohexane 1:4 the EtOAc) to yield 29 f (53 mg, 43%) as a single
diastereomer. This was shown by NOESY NMR experiments to be the anti
diastereomer. 1H NMR (400 MHz, CDCl3, COSY, NOESY): ���0.16,
�0.07, 0.07, 0.10 (4s, 4� 3H; 4� SiCH3), 0.81, 0.92 (2s, 2� 9H; 2�
SiC(CH3)3), 2.14 (br s, 1H; NH), 2.78 (m, 2H; CH2C6H4), 2.82 (d,
2J(H,H)� 12.0 Hz, 1H; CHH�N), 3.06 (dd, 2J(H,H)� 12.0, 3J(H,H)�
4.0 Hz, 1H; CHH�N), 3.08 (td, 3J(H,H)� 7.8, 3J(H,H)� 2.2 Hz, 1H;
NCHCH2), 3.74 (br s, 1H; NCHCHOSi), 3.79 (s, 3H; OCH3), 3.92 (m,
1H; NCH2CHOSi), 6.84 (m, 2H; 2 of C6H4), 7.14 (m, 2H; 2 of C6H4);
13C NMR (100 MHz, CDCl3, HSQC, DEPT): ���5.0, �4.7, �4.7, �4.6
(4q, 4� SiCH3), 17.8, 17.9 (2 s, 2� SiC(CH3)3), 25.7, 25.9 (2q, 2�
SiC(CH3)3), 39.1 (t, C6H4CH2), 53.9 (t, NCH2), 55.3 (q, OCH3), 68.9 (d,
NCH), 79.6 (d, NCH2CHOSi), 82.1 (d, NCHCHOSi), 113.9, 130.0 (2d, 2�
aromatic CH), 131.5 (s, quaternary aromatic C), 158.0 (s, quaternary
aromatic C); IR (KBr disc): �� � 2951, 2929, 2857 cm�1 (aliphatic C-H),
1613, 1514; MS (APCI): m/z (%): 452 (100) [M��H]; HRMS (CI): m/z :
calcd for C24H46NO3Si2: 452.3016; found: 452.3013 [M��H].
ii) Reverse mode of addition : According to method described for 29a using
a THF solution of imine (6 mL) and 4-methoxybenzylmagnesium chloride
(0.25� solution in Et2O, 3.28 mL, 0.82 mmol, 5.0 equiv) for adduct
formation over 2 h to give a pale yellow oil (97 mg). The crude product
was purified by flash column chromatography on silica gel (EtOAc/
cyclohexane 1:4) to yield 29 f (46 mg, 62%) as a single diastereomer.


Dimer product 32 : 1H NMR (200 MHz, CDCl3): �� 0.04, 0.06, 0.08, 0.12,
0.14 (5s, 24H; 8� Si(CH3)), 0.87, 0.89, 0.94 (m, 36H; 12�SiC(CH3)), 2.59
(dd, 2J(H,H)� 12.0, 3J(H,H)� 9.4 Hz, 2H; 2�CHH�N), 2.71 (d,
3J(H,H)� 3.0 Hz, 2H; 2�NCH), 3.48 (dd, 2J(H,H)� 12.0, 3J(H,H)�
8.3 Hz, 2H; 2�CHH�N), 3.97 (dd, 3J(H,H)� 6.6, 3J(H,H)� 3.0 Hz, 2H;
NCHCHOSi), 4.45 (ptd, 3J(H,H)� 8.8, 3J(H,H)� 6.6 Hz, 2H; NCH2CH);
13C NMR (100 MHz, CDCl3): ���5.0, �4.8 (SiCH3), 17.9, 18.1
(SiC(CH3)), 25.7, 25.8 (SiC(CH3)), 54.6, 56.5 (NCH2, NCH), 78.1, 86.5
(NCH2CH, NCHCH).


1�-Hex-5-enyl-2,3-O-isopropylidene-1,4-dideoxy-1,4-iminoerythritol (30g)


i) Imine formation : DBU (0.11 mL, 111 mg, 0.73 mmol, 1.3 equiv) was
added under Ar to a solution of 21 (100 mg, 0.56 mmol) in dry THF (6 mL).
The reaction mixture was stirred, whereupon the white salt DBU ¥HCl
precipitated. After 3 h the reaction mixture was filtered under Ar to
remove DBU ¥HCl and concentrated under reduced pressure to yield an
orange oil. This was dissolved in dry THF (5 mL) under Ar.


ii) Preparation of Grignard reagent : To magnesium turnings (204 mg,
8.4 mmol, 15.0 equiv) in dry THF (2 mL) under Ar with two crystals of I2
was added 6-bromo-1-hexene (0.75 mL, 913 mg, 5.6 mmol, 10.0 equiv) as a
solution in THF (6 mL) over 20 min. The activity and identity of this
Grignard stock solution was confirmed by reaction of a small portion with
benzaldehyde which yielded only 1-phenyl-hept-6-en-1-ol.


iii) Normal mode addition : To the stirred imine 3 as a solution in dry THF
(5 mL) under Ar was added a portion of the Grignard preparation (4 mL,
2.8 mmol, 5.0 equiv). After 3 h excess Grignard reagent was quenched by
the dropwise addition of NH4Cl (aq). The reaction mixture was concen-
trated and the residue dissolved in Et2O (30 mL) and washed with NH4Cl
(aq., 10 mL), water (10 mL), NaHCO3 (aq., 10 mL). The aqueous layers
were basified with NaOH (aq., 1�) extracted with Et2O (2� 10 mL) and
the combined organic layers dried (Na2SO4), filtered and concentrated
under reduced pressure to yield a yellow oily solid. This crude product was
purified by flash column chromatography on silica gel (Et2O/40-60
petroleum ether 3:7 then Et2O then EtOAc) to give 30g (58 mg, 46%) as
a single diastereomer. This was shown by NOESY NMR experiments to be
the anti � diastereomer. 1H NMR (400 MHz, CDCl3, COSY, NOESY): ��
1.26 (m, 2H; 1 of (CH2)3), 1.31 (s, 3H; 1 of C(CH3)2), 1.40 (m, 4H; 2 of
(CH2)3), 1.46 (s, 3H; 1 of C(CH3)2), 2.05 (m, 2H; CH2CH�CH2), 2.21 (br s,
1H; NH), 2.82 (dd, 2J(H,H)� 13.5, 3J(H,H)� 4.2 Hz, 1H; CHH�N), 2.99
(d, 2J(H,H)� 13.5 Hz, 1H; CHH�N), 3.08 (pt, 3J(H,H)� 7.7 Hz, 1H;
NCH(hexenyl)), 4.37 (d, 3J(H,H)� 5.5 Hz, 1H; NCH(hexenyl)CH), 4.67
(pt, 3J(H,H)� 4.8 Hz, 1H; NCH2CH), 4.93 (ddpt, 3J(H,H)cis� 10.2,
2J(H,H)� 2.0, 3J(H,H)� 1.1 Hz, 1H; 1 of CH�CH2), 4.99 (dpq, 3J(H,H)trans
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17.1 Hz, 2/3J(H,H)� 2.0 Hz, 1H; 1 of CH�CH2), 5.79 (ddpt, 3J(H,H)trans 17.1,
3J(H,H)cis 10.2, 3J(H,H), 6.7 Hz, 1H; CH2CH�CH2); 13C NMR (100 MHz,
CDCl3, HMQC, DEPT): �� 23.9, 26.2 (2q, 2� (C(CH3)2), 26.3, 28.7, 30.4,
33.6 (4 t, 4�CH2 hexenyl), 51.7 (t, NCH2), 64.8 (d, NCH(hexenyl)), 81.8 (d,
CH2CH), 86.0 (d, NCH(hexenyl)CH), 110.7 (s, C(CH3)2), 114.4 (t,
CH�CH2), 138.8 (d, CH�CH2); IR (film): �� � 3315 (N-H), 2979, 2932,
2857 cm�1 (aliphatic C-H), 1641 (C�C); HRMS (ES): m/z : calcd for
C13H24NO2: 226.1807; found: 226.1807 [M��H].
1�-Ethyl-2,3-O-isopropylidene-1,4-dideoxy-1,4-iminoerythritol (30b):
DBU (0.16 mL, 167 mg, 1.10 mmol, 1.3 equiv) was added under Ar to a
solution of 21 (150 mg, 0.84 mmol) in dry Et2O (8 mL). The reaction
mixture was stirred for 3 h, then the mixture was filtered under Ar to
remove DBU hydrochloride. The filtrate was concentrated under reduced
pressure to yield an oil. This was dissolved in dry Et2O (8 mL) under Ar. To
a separate flask under Ar was added ethylmagnesium bromide (3.0�
solution in Et2O, 1.40 mL, 4.20 mmol, 5.0 equiv), and the imine solution
was added to the Grignard reagent dropwise by syringe. After 1.5 h TLC
and mass spectrometry (APCI) showed consumption of imine and
formation of the desired adduct; excess Grignard reagent was quenched
with NH4Cl (aq), then the mixture was diluted with Et2O (30 mL) and
washed with NH4Cl (aq) (10 mL), water (10 mL) and NaHCO3 (aq.,
10 mL). The aqueous layers were basified to pH 11 with 3� NaOH (aq)
then extracted with Et2O (10 mL) and CHCl3 (2� 10 mL) and the
combined organic layers dried (Na2SO4), filtered and concentrated under
reduced pressure to yield 30b as a yellow oil as a single diastereomer
(110 mg, 76%). (Careful control of pressure was required to avoid
removing the product under vacuum, minimum p� 70 mbar.). 1H NMR
(400 MHz, CDCl3, COSY, NOESY): �� 0.97 (t, 3J(H,H)� 7.4 Hz, 3H;
CH2CH3), 1.30 (m, 2H; CH2CH3), 1.31, 1.47 (2 s, 2� 3H; 2�C(CH3)), 2.22
(br s, 1H; NH), 2.83 (dd, 2J(H,H)� 13.8, 3J(H,H)� 4.1 Hz, 1H; NCHH�),
2.99 (d, 2J(H,H)� 13.5 Hz, 1H; NCHH�), 3.01 (d, 3J(H,H)� 7.7 Hz, 1H;
CHEt), 4.39 (d, 3J(H,H)� 5.2 Hz, 1H; CH(Ph)CH), 4.68 (pt, 3J(H,H)�
5.1 Hz, 1H, NCH2CH); 13C NMR (100 MHz, CDCl3, DEPT, HMQC): ��
11.4 (q, CH2CH3), 23.6 (t, CH2CH3), 23.9, 26.3 (2q, 2�C(CH3)), 51.7 (t,
NCH2), 66.6 (d, CHEt), 81.8 (d, NCH2CH), 85.6 (d, CH(Et)CH), 110.7 (s,
C(CH3)2); IR (film): �� � 3337 cm�1 (br, N-H stretch), 2962, 2934, 2874
(aliphatic C-H stretch); HRMS (CI): m/z : calcd for C9H18NO2: 172.1338;
found: 172.1337 [M��H].
1�-Phenyl-2,3-O-isopropylidene-1,4-dideoxy-1,4-iminoerythritol (30d)


i) Normal mode of addition : DBU (0.11 mL, 111 mg, 0.73 mmol, 1.3 equiv)
was added under Ar to a solution of 21 (100 mg, 0.56 mmol) in dry Et2O
(6 mL). The reaction mixture was stirred for 4 h, then the mixture was
filtered under Ar to remove DBU hydrochloride. The filtrate was
concentrated under reduced pressure to yield an oil. This was dissolved
in dry Et2O (6 mL) under Ar, and phenylmagnesium bromide (3.0�
solution in Et2O, 0.56 mL, 1.68 mmol, 3.0 equiv) was added. After 1.5 h
TLC showed consumption of imine; excess Grignard reagent was quenched
with NH4Cl (aq) then the mixture was diluted with Et2O (30 mL) and
washed with NH4Cl (aq) (10 mL), water (10 mL) followed by NaHCO3 (aq)
(10 mL). The aqueous layers basified and back-extracted with Et2O (2�
10 mL) and the combined organic layers dried (Na2SO4) and concentrated
under reduced pressure to yield a yellow oil (198 mg). This crude product
was purified by flash column chromatography on silica gel (Et2O/40-60
petroleum ether 2:3) to yield 30d as a pale yellow oil (19 mg, 15%), as a
single diastereomer.


ii) Reverse mode of addition : According to method described for 30b above
using dry Et2O (6 mL) for imine formation and phenylmagnesium bromide
(3.0� solution in Et2O, 0.93 mL, 2.80 mmol, 5.0 equiv) over 2 h for adduct
formation to yield a yellow oil (146 mg). This crude product was purified by
flash column chromatography on gel (Et2O/40-60 petroleum ether 2:3) to
yield 30d as a pale yellow oil (86 mg, 70%), as a single diastereomer. This
was confirmed by NOESY NMR experiments to be the anti diastereomer.
1H NMR (400 MHz, CDCl3, COSY, NOESY): �� 1.36, 1.55 (2s, 2� 3H;
2�C(CH3)), 2.45 (br s, 1H; NH), 2.95 (dd, 2J(H,H)� 13.4, 3J(H,H)�
4.4 Hz, 1H; NCHH�), 3.13 (d, 2J(H,H)� 13.4 Hz, 1H; NCHH�), 4.38 (br s,
1H; CHPh), 4.71 (m, 1H; NCH2CH), 4.85 (dd, 3J(H,H)� 5.7, 3J(H,H)�
0.8 Hz, 1H; CH(Ph)CH), 7.23 ± 7.44 (m, 5H; C6H5); 13C NMR (100 MHz,
CDCl3, DEPT, HMQC): �� 24.1, 26.4 (2q, 2�C(CH3)), 52.7 (t, NCH2),
67.6 (d, CHPh), 82.2 (d, NCH2CH), 88.1 (d, CH(Ph)CH), 111.1 (s, CMe2),
126.7, 126.9, 128.5 (3d, aromatic CH), 139.5 (s, quaternary aromatic C); IR
(film): �� � 3337 cm�1 (br, N-H stretch), 3061, 3027 (aromatic C-H stretch),


2986, 2935 (aliphatic C-H stretch), 1496, 1449; HRMS (CI): m/z : calcd for
C13H18NO2: 220.1338; found: 220.1333 ([M��H].
1�-Benzyl-2,3-O-isopropylidene-1,4-dideoxy-1,4-iminoerythritol (30e):
According to method described for 30b above using dry Et2O (6 mL) for
imine formation and dry Et2O (6 mL) with benzylmagnesium chloride
(1.0� solution in Et2O, 2.80 mL, 2.80 mmol, 5.0 equiv) over 1.5 h for adduct
formation to yield a yellow oil (168 mg). This crude product was purified by
flash column chromatography on silica gel (Et2O/40-60 petroleum ether 2:3
increasing up to Et2O) to yield 30e as a pale yellow oil (96 mg, 73%), as a
single diastereomer. This was confirmed by NOESY NMR experiments to
be the anti diastereomer. 1H NMR (400 MHz, CDCl3, COSY, NOESY):
�� 1.29, 1.46 (2 s, 2� 3H; 2�C(CH3)), 2.49 (br s, 1H, NH), 2.61 (dd,
2J(H,H)� 14.0, 3J(H,H)� 8.0 Hz, 1H; CHH�Ph), 2.67 (dd, 2J(H,H)� 14.0,
3J(H,H)� 8.0 Hz, 1H; CHH�Ph), 2.99 (dd, 2J(H,H)� 13.3, 3J(H,H)�
4.1 Hz, 1H; NCHH�), 3.07 (d, 2J(H,H)� 13.3 Hz, 1H; NCHH�), 3.47 (t,
3J(H,H)� 7.8 Hz, 1H; CHBn), 4.46 (d, 3J(H,H)� 5.6 Hz, 1H; CH(Bn)CH),
4.74 (m, 1H; NCH2CH), 7.20 ± 7.33 (m, 5H; C6H5); 13C NMR (100 MHz,
CDCl3, DEPT, HMQC): �� 24.0, 26.3 (2q, 2�C(CH3)), 36.9 (t, CH2Ph),
51.8 (t, NCH2), 66.1 (d, CHBn), 81.7 (d, NCH2CH), 84.9 (d, CH(Ph)CH),
110.9 (s, CMe2), 126.3, 128.5, 129.0 (3d, aromatic CH), 138.9 (s, quaternary
aromatic C); IR (film): �� � 3321 cm�1 (br, N-H stretch), 3062, 3027
(aromatic C-H stretch), 2985, 2934, 2865 (aliphatic C-H stretch), 1496,
1454; HRMS (CI): m/z : calcd for C14H20NO2: 234.1494; found: 234.1504
[M��H].
1�-(4-Methoxybenzyl)-2,3-O-isopropylidene-1,4-dideoxy-1,4-iminoerythri-
tol (30 f): According to method described for 30b above using dry Et2O
(6 mL) for imine formation and dry THF (6 mL) with 4-methoxybenzyl-
magnesium chloride (0.25� solution in THF, 11.2 mL, 2.80 mmol, 5.0 equiv,
prepared as described above) over 1.5 h for adduct formation to yield a
yellow oil (421 mg). This crude product was purified by flash column
chromatography on silica gel (Et2O/40-60 petroleum ether 4:1, increasing
to Et2O then MeOH/Et2O 1:9) to yield 30 f as a pale yellow oil (108 mg,
73%), as a single diastereomer. This was confirmed by NOESY NMR
experiments to be the anti diastereomer. 1H NMR (400 MHz, CDCl3,
COSY, NOESY): �� 1.28, 1.45 (2 s, 2� 3H; 2�C(CH3)), 2.45 (br s, 1H;
NH), 2.54 (dd, 1H, 2J(H,H)� 14.1, 3J(H,H)� 8.0 Hz, CHH�Ar), 2.60 (dd,
2J(H,H)� 14.0, 3J(H,H)� 7.8 Hz, 1H; CHH�Ar), 2.96 (dd, 2J(H,H)� 13.4,
3J(H,H)� 4.0 Hz, 1H; NCHH�), 3.05 (d, 2J(H,H)� 13.3 Hz, 1H; NCHH�),
3.41 (t, 3J(H,H)� 8.0 Hz, 1H; CH(CH2Ar), 3.78 (s, 3H; OCH3), 4.43 (d,
3J(H,H)� 5.5 Hz, 1H; CH(CH2Ar)CH), 4.72 (m, 1H; NCH2CH), 6.83 ±
6.87 (m, 2H; 2 of C6H4), 7.09 ± 7.13 (m, 2H, 2 of C6H4); 13C NMR (100 MHz,
CDCl3, DEPT, HMQC): �� 24.0, 26.3 (2q, 2�C(CH3)), 36.0 (t, CH2Ar),
51.8 (t, NCH2), 55.2 (q, OCH3), 66.3 (d, CHCH2Ar), 81.7 (d, NCH2CH),
84.9 (d, CH(Ph)CH)), 110.9 (s, CMe2), 114.0, 129.9 (2d, 2� aromatic CH),
138.9, 158.1 (2s, 2�quaternary aromatic C); IR (film): �� � 3325 cm�1 (br,
N-H stretch), 3028 (aromatic C-H stretch), 2987, 2934, 2836 (aliphatic C-H
stretch), 1612; HRMS (CI): m/z : calcd for C15H22NO3: 264.1600; found:
264.1595 [M��H]�
1�-Ethyl-2,3-O-Cyclohexylidene-1,4-dideoxy-1,4-iminoerythritol (31b):
DBU (0.045 mL, 45 mg, 0.30 mmol, 1.3 equiv) was added under Ar to a
solution of 28 (50 mg, 0.23 mmol) in dry Et2O (3 mL). The reaction mixture
was stirred for 3 h, then the mixture was filtered under Ar to remove DBU
hydrochloride. The filtrate was concentrated under reduced pressure to
yield an oil. 1H NMR showed this to be consistent with imine formation
(1H NMR (200 MHz, CDCl3): �� 7.54 (pt, J(H,H)� 2.4 Hz, 1H; N�CH)).
This was dissolved in dry Et2O (4 mL) under Ar. To a separate flask under
Ar was added ethylmagnesium bromide (3.0� solution in Et2O, 0.38 mL,
1.15 mmol, 5.0 equiv), and the imine solution was added to the Grignard
reagent dropwise by syringe. After 2 h, TLC and APCI mass spectrometry
showed consumption of imine and formation of the desired adduct; excess
Grignard reagent was quenched with NH4Cl (aq), then the mixture was
diluted with Et2O (30 mL) and washed with NH4Cl (aq) (10 mL), water
(10 mL) followed by NaHCO3 (aq) (10 mL). The aqueous layers were
basified to pH 11 with 3� NaOH (aq) then back-extracted with Et2O
(10 mL) followed by CHCl3 (2� 10 mL) and the combined organic layers
dried (Na2SO4) and concentrated under reduced pressure to yield pure 31b
as a yellow oil (37 mg, 76%). No further purification was required, and
1H NMR showed that the product was a single diastereomer. 1H NMR
(400 MHz, CDCl3, COSY, NOESY): �� 0.97 (t, 3J(H,H)� 7.4 Hz, 3H;
CH2CH3), 1.25 ± 1.68 (m, 10H, cyclohexylidene), 1.32 (m, 2H; CH2CH3),
2.85 (dd, 2J(H,H)� 13.7, 3J(H,H)� 4.2 Hz, 1H; NCHH�), 2.94 (br s, 1H;
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NH), 3.03 (d, 2J(H,H)� 13.7 Hz, 1H; NCHH�), 3.05 (app t, 3J(H,H)�
7.8 Hz, 1H; CHEt), 4.39 (d, 3J(H,H)� 5.5 Hz, 1H; NCH(Et)CH), 4.67
(app t, 3J(H,H)� 7.8 Hz, 1H; NCH2CH); 13C NMR (100 MHz, CDCl3,
DEPT, HMQC): �� 11.4 (q, CH2CH3), 23.6, 24.0, 25.2, 29.7, 33.5, 36.1 (6 t,
5�CH2 cyclohexylidene, 1�CH2CH3)), 51.8 (t, NCH2), 66.7 (d, CHEt),
81.2 (d, NCH2CH), 85.1 (d, CH(Et)CH), 111.5 (s, C(CH2)2); IR (film): �� �
3323 cm�1 (br, N-H stretch), 2934, 2854 (aliphatic C-H stretch), 1449, 1369;
HRMS (CI): m/z : calcd for C12H22NO2: 212.1651; found: 212.1655
[M��H].
1�-Ethyl-1,4-dideoxy-1,4-imino-threitol (33b): A solution of TFA (aq.,
50% v/v, 2 mL) and THF (2 mL) was added to 29b (53 mg, 0.15 mmol). The
reaction mixture was stirred under N2. After 65 h TLC (EtOAc/hexane 1:1)
showed consumption of SM (Rf 0.3). The reaction was then concentrated
under reduced pressure, water was added to the residue and removed under
reduced pressure (2� 20 mL), toluene was added and removed under
reduced pressure (2� 20 mL) to yield a yellow oil (38 mg). This crude
product was purified by ion-exchange chromatography (Dowex H� form,
50X2-200, Acros; water then 0.1� aqueous ammonia solution) to yield 33b
(15 mg, 76%). 1H NMR (500 MHz, D2O): �� 0.83 (t, 3J(H,H)� 7.5 Hz 3H;
CH2CH3), 1.37 (m, 1H; CHH�CH3), 1.56 (m, 1H; CHH�CH3), 2.62 (m, 1H;
NCH(Et)), 2.72 (dd, 2J(H,H)� 12.5, 3J(H,H)� 3.5 Hz, 1H; CHH�N), 2.94
(dd, 2J(H,H)� 12.5, 3J(H,H)� 5.5 Hz, 1H; CHH�N), 3.57 (dd, 3J(H,H)�
5.5, 3J(H,H)� 3.5 Hz, 1H; NCH2CHOH), 3.98 (m, 1H; NCH(Et)CHOH);
13C NMR (125.7 MHz, D2O, DEPT): �� 10.7 (q, NCH(CH2CH3), 25.9 (t,
NCH(CH2CH3), 50.5 (t, CH2N), 64.1 (d, NCH(Et)), 77.6 (d, NCH2CHOH),
82.1 (d, CH(Et)CHOH); IR (KBr disc): �� � 3352 cm�1 (br, O-H stretch),
2966, 2932, 2880 (aliphatic C-H stretch); MS (ES): m/z (%): 132 (100)
[M��H]; HRMS (ES): m/z : calcd for C6H14NO2: 132.1025; found:
132.1025 [M��H].
1�-Phenyl-1,4-dideoxy-1,4-iminothreitol (33d): A 25% solution of TFA in
water (4 mL) and THF (4 mL) to 29d (74 mg, 0.18 mmol). The reaction
mixture was stirred under N2. After 48 h TLC (EtOAc/hexane 3:2) showed
the consumption of SM (Rf 0.5). The reaction was concentrated under
reduced pressure. Water was added to the residue and removed under
reduced pressure (2� 20 mL), then toluene was added and removed under
reduced pressure (2� 20 mL) to yield a yellow oil resulted (38 mg). This
crude product was purified by flash column chromatography on silica gel
(MeOH/CHCl3 3:17) to yield pure 33d, as its trifluoroacetate salt, a pale
yellow oil (33 mg, 63%). 1H NMR (500 MHz, D2O): �� 3.18 (dd,
2J(H,H)� 13.0, 3J(H,H)� 3.0 Hz 1H; CHH�N), 3.45 (dd, 2J(H,H)� 12.5,
3J(H,H)� 5.5 Hz, 1H; CHH�N), 4.19 (d, 3J(H,H)� 6.5 Hz, 1H; NCHPh),
4.25 (m, 2H; 2�CHOH), 7.32 ± 7.37 (m, 5H; C6H5); 13C NMR (125.7 MHz,
D2O, DEPT): �� 50.1 (CH2N), 67.5 (NCH(Ph)), 74.9 (NCH2CHOH), 80.6
(CH(Ph)CHOH), 116.5 (q, CF3COO�, 1J(C,F)� 290 Hz), 128.1, 129.4,
129.7, 134.0 (4� aromatic C), 163.2 (q, CF3COO�, 2J(C,F)� 35 Hz); IR
(KBr disc): �� � 3357 cm�1 (br, O-H), 2946 (aliphatic C-H), 1679 (CF3C�O);
MS (ES): m/z (%): 180 (100) [M��H]; HRMS (ES): m/z : calcd for
C10H14NO2: 180.1025; found: 180.1020 [M��H].
1�-(4-Methoxybenzyl)-1,4-dideoxy-1,4-iminothreitol (33 f): A solution of
TFA (aq., 25% v/v, 4 mL) and THF (2 mL) was added to 29 f (77 mg,
0.17 mmol). The reaction mixture was stirred under Ar. After 65 h TLC
(EtOAc) revealed showed consumption of SM (Rf 0.2). The reaction was
concentrated under reduced pressure, water was added to the residue and
removed under reduced pressure (2� 20 mL), then toluene was added and
removed under reduced pressure (2� 20 mL) to yield a yellow oil (60 mg).
This crude product was purified by ion-exchange chromatography (Dowex,
H� form, 50X2-200, Acros; water then 0.1� aqueous ammonia solution) to
yield 33 f (23 mg, 61%) as a yellow oil. 1H NMR (400 MHz, CD3OD,
COSY): �� 2.74 (dd, 2J(H,H)� 13.8, 3J(H,H)� 8.2 Hz, 1H; CHH�C6H4),
2.88 (dd, 2J(H,H)� 12.0, 3J(H,H)� 2.6 Hz, 1H; CHH�N), 2.99 (dd,
2J(H,H)� 13.8, 3J(H,H)� 6.2 Hz, 1H; CHH�C6H4), 3.07 (dd, 2J(H,H)�
12.0, 3J(H,H)� 5.3 Hz, 1H; CHH�N), 3.08 (m, 1H, CH-pMeOBn), 3.75
(dd, 3J(H,H)� 3.2, 5.2, 1H; NCHCHOH), 3.78 (s, 3H; OCH3), 4.04 (pdt,
3J(H,H)� 2.5, 2.5, 5.2, 1H; NCH2CHOH), 6.88 (m, 2H; 2 of C6H4), 7.19 (m,
2H; 2 of C6H4); 13C NMR (100 MHz, CD3OD, DEPT): �� 39.9 (t,
CH2C6H4), 53.3 (t, NCH2), 56.1 (q, OCH3), 68.7 (d, NCH), 79.4 (d, CHOH),
83.1 (d, CHOH), 115.4, 131.5 (2d, 2� aromatic CH), 132.4 (s, quaternary
aromatic C), 160.2 (s, quaternary aromatic C); IR (KBr disc): �� � 3273 cm�1


(br s, O-H stretch), 2928 (aliphatic C-H stretch), 1613, 1515; HRMS (CI):
m/z : calcd for C12H18NO3: 224.1287; found: 224.1285 [M��H].


1�-Ethyl-1,4-dideoxy-1,4-iminoerythritol (34b): THF (1 mL) and a solution
of TFA (aq., 25% v/v, 2 mL) was added to 30b (110 mg, 0.64 mmol). The
mixture was stirred vigorously under Ar. After 60 h stirring, TLC (EtOAc)
showed consumption of SM (Rf 0.2). The mixture was concentrated under
vacuum. Water was added and the solvent removed under high vacuum
(3� 20 mL), then toluene was added and the solvent evaporated (2�
20 mL) to yield an oily solid. This was purified by ion-exchange
chromatography (Dowex, 50X2-200, H� form, Acros, 10% v/v solution of
™880∫ ammonia) the flash column chromatography on silica gel (CHCl3/
MeOH/™880∫ ammonia solution 30:15:4) to yield pure 34b (81 mg, 96%).
1H NMR (400 MHz, D2O, COSY): �� 0.94 (t, 3J(H,H)� 7.5 Hz, 3H;
CH2CH3), 1.61, 1.79 (2m, 2� 1H; CH2CH3), 3.20 (dd, 2J(H,H)� 13.1,
3J(H,H)� 2.2 Hz, 1H; NCHH�), 3.31 (td, 3J(H,H)� 5.4, 3J(H,H)� 8.9 Hz,
1H; NCH(Et)), 3.41 (dd, 2J(H,H)� 13.1, 3J(H,H)� 4.5 Hz, 1H; NCHH�),
3.95 (dd, 3J(H,H)� 8.6, 3J(H,H)� 4.2 Hz, 1H; CH(Et)CH), 4.26 (m, 1H;
NCH2CH); 13C NMR (100 MHz, D2O, APT, HMQC): �� 10.4 (q,
CH(CH2CH3)), 23.4 (t, CH(CH2CH3), 49.2 (t, NCH2), 62.6 (s, CH(Et)),
69.7 (d, NCH2CH), 75.0 (d, CH(Et)CH); IR (film): �� � 3355 cm�1 (br, O-H,
N-H stretches), 2969 (aliphatic C-H stretch); HRMS (CI): m/z : calcd for
C10H14NO2: 132.1025; found: 132.1018 [M��H].
1�-Phenyl-3,4-dihydroxy-1,4-dideoxy-1,4-iminoerythritol (34d): THF
(1 mL) and a solution of TFA (aq., 25% v/v solution, 2 mL) was added
to 30d (75 mg, 0.34 mmol). The mixture was vigorously stirred under Ar.
After 48 h TLC (50:50 EtOAc/cyclohexane) showed consumption of SM
(Rf 0.2). The solution was concentrated under vacuum, water was added
and the solvent removed under vacuum (3� 20 mL) then toluene was
added and the solvent evaporated (2� 20 mL) to yield an oily solid. This
was purified by ion-exchange chromatography (Dowex, 50X2-200, H�


form, Acros; 10% v/v solution of ™880∫ ammonia) then flash column
chromatography on silica gel (CHCl3/MeOH/™880∫ ammonia solution
30:15:4) to yield 34d (39 mg, 64%). 1H NMR (400 MHz, D2O, COSY): ��
3.41 (d, 2J(H,H)� 13.3 Hz, 1H; NCHH�), 3.73 (d, 2J(H,H)� 13.3,
3J(H,H)� 4.3 Hz, 1H; NCHH�), 4.48 (br t, 3J(H,H)� 3.6 Hz, 1H;
NCH2CH), 4.55 (d, 3J(H,H)� 10.1 Hz, 1H; NCH(Ph)), 4.62 (dd,
3J(H,H)� 10.1, 3J(H,H)� 3.9 Hz, 1H; NCH(Ph)CH), 7.46 ± 7.50 (m, 5H,
C6H5); 13C NMR (100 MHz, D2O, APT, HMQC): �� 50.4 (t, NCH2), 63.0
(d, CH(Ph)), 69.6 (d, NCH2CH), 76.3 (d, CH(Ph)CH), 128.7, 130.0, 130.6
(3d, 3� aromatic CH), 132.2 (s, quaternary aromatic C); IR (film): �� �
3336 cm�1 (br, O-H, N-H stretches), 3032 (aromatic C-H stretch), 2933
(aliphatic C-H stretch); HRMS (CI): m/z : calcd for C10H14NO2: 180.1025;
found: 180.1025 [M��H].
1�-(4-Methoxybenzyl)-2,3-dihydroxy-1,4-dideoxy-1,4-iminoerythritol
(34 f): THF (1 mL) and trifluoroacetic acid (TFA) (25% aqueous solution,
2 mL) was added to 30 f (96 mg, 0.36 mmol). The mixture was vigorously
stirred under Ar. After 50 h stirring, TLC (EtOAc) showed consumption of
SM (Rf 0.2). The solution was concentrated under vacuum, water was added
and the solvent removed under vacuum (3� 20 mL), then toluene was
added and the solvent evaporated (2� 20 mL) to yield an oily solid. This
was purified by ion-exchange chromatography (Dowex, 50X2-200, H�


form, Acros; 10% solution of ™880∫ ammonia) then flash column
chromatography on silica gel (CHCl3/MeOH/™880∫ ammonia solution,
30:15:4) to yield 34 f (52 mg, 65%) as a yellow oil. 1H NMR (400 MHz,
D2O, COSY): �� 2.63 (dd, 2J(H,H)� 14.3, 3J(H,H)� 9.3 Hz, 1H;
CHH�C6H4), 2.81 (dd, 2J(H,H)� 12.9, 3J(H,H)� 3.0 Hz, 1H; CHH�N),
2.95 (dd, 2J(H,H)� 14.3, 3J(H,H)� 5.0 Hz, 1H; CHH�C6H4), 3.23 (dd,
2J(H,H)� 12.8, 3J(H,H)� 5.4 Hz, 1H; CHH�N), 3.27 (td, 3J(H,H)� 9.0,
3J(H,H)� 5.0 Hz 1H; NCH(CH2Ar), 3.69 (s, 3H; OCH3), 3.78 (dd,
3J(H,H)� 8.3, 3J(H,H)� 5.0 Hz, 1H; NCHCHOH), 4.13 (td, 3J(H,H)�
5.0, 3J(H,H)� 3.0 Hz, 1H; NCH2CHOH), 6.86 (m, 2H; 2 of C6H4), 7.14
(m, 2H; 2 of C6H4); 13C NMR (100 MHz, D2O, APT, HMQC): �� 36.3 (t,
CH2C6H4), 49.9 (t, NCH2), 55.7 (q, OCH3), 62.5 (d, NCH(CH2Ar)), 70.2 (d,
NCH2CH), 75.4 (d, NCH(CH2Ar)CH), 114.6 (d, aromatic CH), 130.4 (s,
quaternary aromatic C), 130.5 (d, aromatic CH), 158.0 (s, quaternary
aromatic C); IR (film): �� � 3328 cm�1 (br, O-H, N-H stretches), 3030
(aromatic C-H stretch), 2934 (aliphatic C-H stretch), 1612; HRMS (CI):
m/z : calcd for C12H18NO3: 224.1287; found: 224.1284 [M��H].
Non-mammalian glycosidase inhibition assays : p-Nitrophenyl glycosides
were purchased from Sigma-Aldrich Co. Ltd. Enzymes were purchased
from Sigma-Aldrich: �-mannosidase (Canavalia ensiformis, jack beans,
M7257), �-mannosidase (snail acetone powder, M9400), �-glucosidase
(almonds, G0395), �-galactosidase (green coffee beans, G8507), �-rham-
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nosidase (Penicillium decumbens, naringinase, N1385), �-�-fucosidase
(bovine kidney, F5884). Recordings were made using a Molecular Devices
SPECTRAmax Microplate Spectrophotometer.


3.5 m� stock solution of p-nitrophenyl �-�-rhamnopyranoside in 0.1�
pH 7.0 orthophosphate buffer and 5.0 m� stock solutions of all other p-
nitrophenyl glycosides in 0.1� pH 7.0 orthophosphate buffer were prepared
and diluted to 3.0, 2.5, 2.0, 1.5, 1.0, 0.5, 0.25 m� and 4.0, 3.0, 2.0, 1.5, 1.0, 0.5,
0.25 m�, respectively. Enzyme solutions were prepared in 0.1� pH 7.0
orthophosphate buffer to a stock concentration of 2.0 UmL�1 and diluted
to give a final assay concentration of 0.1 UmL�1. Stock inhibitor solutions
were prepared in deionised water to a concentration of 40 m� and diluted
to give a final assay concentration range of 0.1, 0.05, 0.01, 0.005, 0.001 m�.
Substrate solutions (185 �L of each) were pipetted into a multiwell plate
and incubated for ten minutes at 37 �C prior to use. Enzyme solution
(10 �L) was incubated for 5 minutes at 37 �C with appropriate inhibitor
solution (5 �L) prior to use and pipetted into substrate solution. Release of
p-nitrophenol from substrate was recorded at 405 nm for 5 minutes, reading
every 10 s with agitation between each reading. Inhibition data was
compiled and analysed using Excel2000 (Microsoft), and Grafit 4.0
(Erithacus Software Ltd.), using Dixon plot analysis.


Human lysosomal glycosidase inhibition assays : Enzymes were extracted
from an MCF7 cell-line harvest: cells were harvested from �100 mL of
standard culture, washed in phosphate buffered saline solution (PBS) and
sonicated (3� 10 s) in water (1 mL). Extract (5 �L) and inhibitor solution
(0.04, 0.4 or 4 m� diluted using water from 100m� stock in DMSO, 5 �L)
were diluted with the appropriate enzyme assay solution (see below, 10 �L)
and incubated for the appropriate length of time (see below). The course of
the assay was stopped by addition of glycine-carbonate buffer solution
(0.17�, pH 9.8, 150 �L) and absorbance (405 nm) or fluorescence (excita-
tion 460 nm, emission 355 nm) recorded as appropriate. Assay solutions
and incubation times: �-�-glucosidase [1.25m� p-nitrophenyl �-�-gluco-
pyranoside in 0.2� citrate/phosphate buffer, pH 4.4, 37 �C, 16 h]; �-�-
glucosidase [5m� 4-methylumbelliferyl �-�-glucopyranoside in 0.2�
citrate/phosphate buffer, pH 5.8, 37 �C, 3 h]; �-�-galactosidase [20m� p-
nitrophenyl �-�-galactopyranoside, 180m� N-acetyl-�-glucosamine in
0.2m� citrate/phosphate buffer, pH 4.4, 37 �C, 4 h]; �-�-galactosidase
[5m� p-nitrophenyl �-�-galactopyranoside in 0.2� citrate/phosphate
buffer, pH 4.3, 37 �C, 2 h]. IC50 values were determined from �2 serial
dilutions as appropriate of inhibitor concentrations from 40m�. All assays
were recorded in duplicate.


Non-lysosomal �-glucosidase inhibition assay : Conducted as for human
lysosomal �-glucosidase inhibition assays except prior to assay, MCF7
extract (450 �L) was incubated for 30 min with the irreversible lysosomal �-
glucosidase inhibitor conduritol �-epoxide (25m� diluted from a 250m�
stock in DMSO, 4.5 �L).


Glucosylceramide synthase (GCS) assay : GCS [UDP-glucose N-acyl-
sphingosine glucosyltransferase (EC 2.4.1.80)] assay was conducted using
HL-60 cell microsomes as described in ref. [60].
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Polynuclear Palladium Complexes with 3,5-Dimethylpyrazolate Exhibiting
Three Different Coordination Modes


Juan Fornie¬s,*[a] Antonio MartÌn,[a] Violeta Sicilia,[b] and L. Francisco MartÌn[a]


Abstract: The characterisation of dinu-
clear pyrazolato-bridged PdII complexes,
[{Pd(�-dmpz)Cl(Hdmpz)}2] (1) and
[{Pd(�-dmpz)(dmpz)(Hdmpz)}2] (2)
(Hdmpz� dimethylpyrazole), has been
carried out. An X-ray study of com-
pound 2 reveals the existence of intra-
molecular N�H ¥¥¥ N hydrogen bonds
between neighbouring dmpz groups.
Compound 2 has been deprotonated
and both acidic hydrogen atoms substi-
tuted by two metal atoms of CuI, AgI or
AuI to give the tetranuclear compounds
[Pd2M2(�2-dmpz-�N,N�)6] (M�Cu, Ag,
Au). The structure of these compounds


resembles a box with a small cavity
inside. There are also three �-electron-
rich clefts between each of the three
pairs of azolato rings, capable of further
complexation. The reactions of
[Pd2M2(�2-dmpz-�N,N�)6] (M�Cu, Ag,
Au) with AgClO4 render compounds
of the type [{Pd2M2(�2-dmpz-�N,N�)2-
(�3-dmpz-�N,N�,C4)4Ag2(�2-O2ClO2)}2]


(M�Cu, Ag, Au). The X-ray structures
of crystals obtained from a solution of
compounds [{Pd2M2(�2-dmpz-�N,N�)2-
(�3-dmpz-�N,N�,C4)4Ag2(�2-O2ClO2)}2]
(M�Ag, Au) in acetone reveals a
[{Pd2M2(�2-dmpz-�N,N�)2(�3-dmpz-
�N,N�,C4)4Ag(OCMe2)(OClO3)Ag-
(�2-O2ClO2)}2] stoichiometry, indicating
that only two of the three �-electron-
rich clefts have been used to accommo-
date Ag� ions. Each of the silver atoms
are located in between two 3,5-dmpz
rings and are �1-bonded to the C4 atom
of each group.


Keywords: heterometallic com-
plexes ¥ palladium ¥ pi interactions
¥ pyrazolate complexes ¥ structure
elucidation


Introduction


Supramolecular chemistry, that is, the formation of new
chemical structures by the assembly of molecular subunits
bound together by noncovalent interactions, is having a major
impact on current chemical research and will continue to do
so in the future.[1] Early examples of supramolecular assem-
blies have been provided by ™host ± guest∫ chemistry, in which
a ™host∫ molecule includes a smaller ™guest∫ within a cavity in
its structure.[1, 2] The incorporation of transition-metal centres
into such structures can confer new properties on these
potential host molecules. The coordination geometry of the
transition-metal atoms has been employed for the rational


design and construction of highly-ordered supramolecular
structures.[3±13]


The synthesis of shape-persistent macrocycles, which are
potentially useful as molecular boxes, presents a new and
interesting challenge.[2, 8] Pyrazolate ligands have a proven
ability to hold metal atoms in close proximity, while permit-
ting a wide range of intermetallic separations.[14±16] Pyrazoles
are also known to favour the formation of trimeric metalla-
cycles such as [MI(�-pz*)]3 (MI�Cu, Ag, Au; pz*� pyrazo-
late or substituted pyrazolate).[17±21] However, the homoleptic
pyrazolate complexes of divalent metals [{M(�-pz*)}n] (M�
Cu, Zn, Cd, Hg, Pt) are typically open-chain polymers,[22±26]


with the exception of the still intractable [{Pt(�-pz)2}3],[26] and
the recently prepared [{Pd(�-3-Ph-pz)2}3],[27] characterised by
X-ray diffraction. Recently, we have shown the ability of the
�-electron-rich cleft between the two azolato rings to
accommodate a silver cation, allowing the self-assembly of
small molecules to obtain supramolecular structures.[28] In this
paper we present the use of pyrazolate palladium compounds
as precursors for the synthesis of new palladium-containing
rings and the use of these rings as molecular subunits for
supramolecular assemblies.
Although there has been a recent proliferation of new


bonding modes for pyrazolate ligands,[29±31]as far as we know,
only the complex [Pd2(C^P)2(�-dmpz)2] [C^P�CH2-C6H4-
P(o-tolyl)2-�C,P ; dmpz� 3,5-dimethylpyrazolate)] has been
shown to use the �-electron density of the dmpz groups to
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accommodate a transition-metal cation (Ag�) yielding
[Pd2(C^P)2(�3-3,5-dmpz-�N,N�,C4)2Ag(�2-�-ClO4)].[28] In this
paper we report three new compounds [{{Pd2M2(�2-dmpz-
�N,N�)2(�3-dmpz-�N,N�,C4)4Ag2(�2-O2ClO2)}2}n] (M�Cu, Ag,
Au) exhibiting the same kind of coordination of the 3,5-dmpz
groups to Ag�.


Results and Discussion


Synthesis and characterisation of [trans-PdCl2(Hdmpz)2] (A)
and [{Pd(�-dmpz)Cl(Hdmpz)}2]: The X-ray structure of
compound [trans-PdCl2(Hdmpz)2] (A) has been described in
a previous report.[32] However, as far as we know, no report of
its synthesis or spectroscopic data has been published. In this
paper we have prepared [PdCl2(Hdmpz)2] (A) by two differ-
ent methods and used it as starting material for the synthesis
of new PdII compounds containing Hdmpz or dmpz� in
different coordination modes.
The first method is similar to the one described for the


synthesis of [PdCl2(Hpz)2] (Hpz� pyrazole)[33] and consists of
the reaction of [PdCl2(NCPh)2] and 3,5-dimethylpyrazole
(Hdmpz) in 1:2 molar ratio in dichloromethane for one hour
(Scheme 1a).
The second method consists of the reaction of PdCl2 and


Hdmpz in 1:2 molar ratio (Scheme 1b). PdCl2 is suspended in
water, mixed with a dichloromethane solution of 3,5-di-
methylpyrazole (Hdmpz) and reacted for three days.
[PdCl2(Hdmpz)2] (A) is obtained from the organic layer in a
90% yield.


Abstract in Spanish: Se ha llevado a cabo la caracterizacio¬n de
dos nuevos complejos dinucleares de PdII con grupos pirazo-
lato puente: [{Pd(�-dmpz)Cl(Hdmpz)}2] (1) and [{Pd(�-
dmpz)(dmpz) (Hdmpz)}2] (2). El estudio por difraccio¬n de
rayos X del compuesto 2 revela la existencia de enlaces de
hidro¬geno N�H ¥¥¥ N intramoleculares entre grupos dmpz
vecinos. El compuesto 2 ha sido desprotonado y ambos
a¬tomos de hidro¬geno a¬cidos substituidos por dos a¬tomos
meta¬licos de CuI, AgI u AuI para dar los compuestos
tetranucleares [Pd2M2(�2-dmpz-�N,N�)6] (M�Cu, Ag, Au).
Estos compuestos presentan una estructura de caja con una
pequenƒa cavidad en el interior. Hay adema¬s tres huecos ricos en
densidad electro¬nica � entre cada uno de los tres pares de
anillos pirazolato, disponibles para una posterior coordina-
cio¬n. Las reacciones de [Pd2M2(�2-dmpz-�N,N�)6] (M�Cu,
Ag, Au) con AgClO4 dan lugar a los compuestos [{Pd2M2-
(�2-dmpz-�N,N�)2(�3-dmpz-�N,N�,C4)4Ag2(�2-O2ClO2)}2]
(M�Cu, Ag, Au). La estructura determinada por difraccio¬n
de rayos X de cristales obtenidos a partir de disoluciones de los
compuestos [{Pd2M2(�2-dmpz-�N,N�)2(�3-dmpz-�N,N�,C4)4-
Ag2(�2-O2ClO2)}2] (M�Ag, Au) en acetona revela
una estequiometrÌa [{Pd2M2(�2-dmpz-�N,N�)2(�3-dmpz-
�N,N�,C4)4Ag(OCMe2)(OClO3)Ag(�2-O2ClO2)}2], indicando
que so¬lo dos de los tres huecos ricos en densidad electro¬nica
� han sido utilizados para acomodar cationes Ag�. Cada uno
de estos dos a¬tomos de plata esta¬n localizados entre dos anillos
3,5-dmpz y coordinados de forma �1 al a¬tomo de carbono C4


de cada grupo.


Scheme 1. Synthetic routes to [{{Pd2M2(�2-dmpz-�N,N�)2(�3-dmpz-�N,N�,C4)4Ag2(�2-O2ClO2)}2}n].
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The IR spectrum of A shows a broad absorption at
3200 cm�1 corresponding to �st(N�H).[34±37] The high value of
the �st(N�H) frequencies indicate that the N�H ¥¥¥ X hydro-
gen bonds observed in the X-ray structure of compound A
must be quite weak. The 1H NMR spectrum of A shows only
one set of signals corresponding to both chemically equivalent
Hdmpz groups (see Experimental Section).
Treatment of A with the equimolar amount of potassium


hydroxide produces the elimination of HCl, as KCl and H2O,
and the formation of the dinuclear compound [Pd2Cl2(�-


dmpz)2(Hdmpz)2] (1)
(Scheme 1c). The IR spectrum
of 1 shows the characteristic
signal for �st(N�H) at
3271 cm�1. Its 1H NMR spec-
trum (for the atom numbering
see Scheme 2) shows two sets of
signals; one relates to the bridg-
ing dmpz (�� 2.19 (CH3), 2.42
(CH3), 5.25 ppm (H4)) and the
other to the terminal Hdmpz
groups (�� 1.98 (CH3), 2.56


(CH3), 5.83 (H4), 11.18 ppm (N�H)). The assignment of the
methyl signals has been carried out with the aid of a COSY
experiment.[38, 39]


For this stoichiometry, three structures could be proposed
(I, II, III, Scheme 3), but the spectroscopic data represent that
expected for two of them (I and III). Taking into account the
trans geometry of the starting material, structure III seems to
be most probable.


Synthesis and characterisation of [{Pd(�-dmpz)-
(dmpz)(Hdmpz)}2]: In compound 1, substitution of the Cl
ligands by dmpz groups takes place by treating 1 with Kdmpz
in a 1:2 molar ratio; the chloride anions being eliminated
as KCl (Scheme 1d). The resulting neutral compound


[Pd2(�-dmpz)2(dmpz)2(Hdmpz)2] (2) was characterised by
IR and 1H NMR spectroscopy as well as X-ray diffraction.
Its molecular structure is shown in Figure 1. Selected bond
lengths and angles are given in Table 1.


As can be seen, 2 is a dinuclear PdII complex that contains
exclusively Hdmpz or dmpz as ligands. Two dmpz groups
bridge the metal centres. The intermetallic distance is
3.4020 ä, which is longer than the analogous distances
observed in other PdII complexes with the same kind of
bridging system.[28, 40] . Each palladium atom is in an almost


Scheme 2. The atom number-
ing scheme used in the NMR
analyses.


Scheme 3. Possible molecular structures for compound 1.


Figure 1. Molecular structure and numbering scheme for 2.


Table 1. Selected bond lengths [ä] and angles [�] for complex 2.


Pd(1)�N(1) 2.007 (9) Pd(1)�N(3) 2.017 (9)
Pd(1)�N(5) 2.063 (9) Pd(1)�N(7) 2.005 (9)
Pd(2)�N(2) 2.016 (9) Pd(2)�N(4) 2.010 (9)
Pd(2)�N(9) 2.005 (9) Pd(2)�N(11) 2.057 (9)


N(1)-Pd(1)-N(3) 87.1(3) N(1)-Pd(1)-N(5) 91.6(3)
N(3)-Pd(1)-N(7) 92.9(4) N(5)-Pd(1)-N(7) 88.6(4)
N(2)-Pd(2)-N(4) 86.1(4) N(2)-Pd(2)-N(9) 92.6(4)
N(4)-Pd(2)-N(11) 93.1(4) N(9)-Pd(2)-N(11) 88.4(4)


plane 1: N5, N6, C16 ±C20 plane 2: N7, N8, C11 ±C15
plane 3: N9, N10, C21 ±C25 plane 4: N11, N12, C26 ±C30
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square-planar coordination environment. The terminal li-
gands are an anionic dmpz and a neutral Hdmpz. The Pd�N
bond lengths are in the range found in other Pd and Pt
complexes with this kind of ligands.[28, 32, 40±45] The Pd2N4 six-
membered ring reveals a boatlike conformation, the dihedral
angle formed by the best least squares coordination planes of
the metals being 89.2�. The angle between the planes
containing the Pd-N-N-Pd fragments is 73.7�.[46] All of the
dmpz and Hdmpz ligands are planar, within experimental
error.
The dihedral angle between the terminal dmpz and Hdmpz


groups bonded to the same metal centre are 68.4� (planes 1, 2)
and 74.8� (planes 3, 4). The terminal groups are connected
through intramolecular hydrogen bonds, the N�H ¥¥¥N dis-
tances being 2.753 (N6 ¥¥¥ H ¥¥ ¥ N8) and 2.759 ä (N12 ¥¥¥ H ¥¥¥
N10). The hydrogen atoms of the Hdmpz groups, fixed by the
program, lie 2.015 (H ¥¥¥ N10) and 2.016 ä (H ¥¥¥ N8) from the
nitrogen atom of the neighbouring dmpz group. All N�H ¥¥¥ N
and H ¥¥¥ N separations are in the range of distances observed
for N�H ¥¥¥N bond systems.[47±50] . The angles N�H ¥¥¥ N–
144.3� (N12-H-N10) and 143.1� (N6-H-N8)–are similar
to those observed in complex [{Zn2(�-dmpz)2(dmpz)2-
(Hdmpz)2}] (N�H ¥¥¥ N: 141�), in which the bridging hydrogen
bonds are also intramolecular.[18] These angles are smaller
than those observed for intermolecular N�H ¥¥¥ N hydrogen
bonds, which usually range between 160 and 180�.[47]


The IR spectrum of [Pd2(�-dmpz)2(dmpz)2(Hdmpz)2] (2) in
KBr shows a band at 2800 cm�1 corresponding to the
�st(N�H). The decrease in the frequency of the signal with
respect to the starting material (1: 3271 cm�1 in Nujol)
indicates the significant strength of the hydrogen bonds.[34±37]


The 1H NMR spectrum of 2 at room temperature in CDCl3
(see Experimental Section) shows six signals (6:6:6:1:2:1). A
COSY experiment allows them to be gathered in two sets of
signals, one for the bridging dmpz (�� 2.19 (CH3), 5.47 ppm
(H4)) and another one for the terminal dmpz and Hdmpz
groups (�� 1.93 (CH3), 2.31 (CH3), 5.73 (H4), 11.00 ppm
(N�H)). These spectroscopic data are consistent with C2v


symmetry. This symmetry is
only possible if the dmpz and
Hdmpz terminal groups, bond-
ed to the same palladium cen-
tre, become chemically equiva-
lent through a chelated proton
structure (Scheme 4)[51] or if
there is an intramolecular ex-
change of hydrogen between
them.


Synthesis and characterisation of [Pd2M2(�-dmpz)6] (M�Cu,
Ag, Au): [Pd2(�-dmpz)2(dmpz)2(Hdmpz)2] (2), which contains
two acidic hydrogen atoms, can be deprotonated with a weak
Lewis base and the resulting anionic compound is able to
react with electrophilic species. Thus, the reactions of 2 with
CuI, AgI and AuI salts in a 1:2 molar ratio in CH2Cl2 and in the
presence of an excess NEt3 result in the formation of the
tetranuclear compounds [Pd2M2(�2-dmpz-�N,N�)6] (M�Cu
(3), Ag (4), Au (5)). In all cases, the protons are eliminated
with formation of the corresponding triethylamonium salts


([NHEt3]BF4, [NHEt3]ClO4, [NHEt3]acac) (Scheme 1e ± g).
These ammonium salts are soluble in the alcohols added to
precipitate the complexes (see Experimental Section).
The instability of the CuI and AuI precursors to air or


moisture requires them to be manipulated in an inert
atmosphere. However the resulting compounds (3 ± 5) are
stable and can be handled in air.
Complexes 3 ± 5 have been characterised by elemental


analyses and IR and 1H NMR spectroscopy; these structural
data seem to indicate that the three complexes display a
similar structure (see Experimental Section). The IR data do
not provide structural information and are not given in the
experimental section. The assignment of the 1H NMR signals
to one kind of dmpz group or another was carried out with the
aid of COSY experiments and literature data.[38, 39] The X-ray
structure of 4 (M�Ag) has been studied. A selection of bond
lengths and angles are indicated in Table 2 and the molecular


structure of this compound is shown in Figure 2. Complex 4 is
a cyclic tetranuclear compound that contains two palladium
and two silver atoms with six dmpz groups acting as a bridge
between each two metal atoms. The Pd2N4 fragment has a
boatlike conformation. The dihedral angle formed by the best


Figure 2. Molecular structure and numbering scheme for 4.


Scheme 4. Cheated proton
structure.


Table 2. Selected bond lengths [ä] and angles [�] for complex 4.


Pd(1)�N(1) 2.056 (6) Pd(1)�N(3) 2.035 (6)
Pd(1)�N(9) 2.048 (6) Pd(1)�N(11) 2.030 (5)
Pd(2)�N(5) 2.041 (6) Pd(2)�N(7) 2.026 (6)
Pd(2)�N(10) 2.010 (6) Pd(2)�N(12) 2.038 (6)
Ag(1)�N(2) 2.056 (6) Ag(1)�N(6) 2.047 (6)
Ag(2)�N(4) 2.081 (6) Ag(2)�N(8) 2.071 (6)
Pd1 ¥¥¥ Pd2 3.513 Pd1 ¥¥¥ Ag1 3.303
Pd1 ¥¥¥ Ag2 3.185 Ag1 ¥¥¥Ag2 3.195
Pd2 ¥¥¥ Ag2 3.382 Pd2 ¥¥¥ Ag1 3.164


N(1)-Pd(1)-N(3) 85.9(3) N(1)-Pd(1)-N(11) 92.9(9)
N(3)-Pd(1)-N(9) 92.8(2) N(9)-Pd(1)-N(11) 88.1(2)
N(5)-Pd(2)-N(7) 87.7(2) N(5)-Pd(2)-N(12) 93.4(2)
N(7)-Pd(2)-N(10) 92.3(2) N(10)-Pd(2)-N(12) 86.4(2)
N(2)-Ag(1)-N(6) 167.4(3) N(4)-Ag(2)-N(8) 169.6(2)
plane 1: N9, N10, C21 ±C25 plane 2: N11, N12, C26 ±C30
plane 3: N1, N2, C1 ±C5 plane 4: N3, N4, C6 ±C10
plane 5: N5, N6, C11 ±C15 plane 6: N7, N8, C16 ±C20
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least-squares coordination planes of the palladium atoms is
91.0� and the dihedral angle between the Pd-N-N-Pd planes is
70.8�.[46]


Each silver atom is bonded to two dmpz groups forming an
almost linear environment (N2-Ag1-N6� 167.4�, N4-Ag2-
N8� 169.6�), whereby each dmpz group acts as a bridge
between one silver and one palladium atom. The N2-Ag1-N6
and N4-Ag2-N8 vectors are basically parallel to each other
(torsion angle� 8.6�). The Ag atoms are located 3.1950 ä
from each other, this distance being too great for a bond,[52]


but short enough for a contact between the atoms to be
considered. This distance is even shorter than the Ag ¥¥ ¥ Ag
contact length observed in [{Ag(pz)}n] (Ag ¥¥ ¥ Ag� 3.273 ä)
and [{Ag(pz)}3] (Ag ¥¥ ¥Ag� 3.43 ä) between silver atoms of
different chains or trimers.[53]


The Pd�N[32, 40±45] and Ag�N[43, 53] bond lengths are in the
range found in other related complexes.
The dmpz groups are planar within experimental error. The


dihedral angle between each pair of dmpz groups bonded to a
palladium atom in a cis disposition is 79.3� (planes 1 and 2),
63.4� (planes 3 and 4) and 76.4� (planes 5 and 6), similar to the
ones observed in the starting compound. (84.7, 68.4 and
74.8�).[46] (See Table 2)
Despite the presence of bridging dmpz groups between the


metal atoms, all intermetallic separations (3.164 ± 3.513 ä)
indicate that there are no metal ±metal bonds. In this
complex, the palladium atoms are separated 3.513 ä from
each other, which is an even greater separation than in the
starting compound (2 : 3.402 ä).


Reactivity of [Pd2M2(�-dmpz)6] (M�Cu(3), Ag(4), Au(5))
towards AgClO4 : As we have recently shown, the �-electron-
rich cleft between the two azolato rings in [Pd2(C^P)2(�-
dmpz)2] [C^P�CH2-C6H4-P(o-tolyl)2-�C,P ; dmpz� 3,5-di-
methylpyrazolate)] is able to accommodate a silver cation.
Compounds [Pd2M2(�-dmpz)6] (M�Cu (3), Ag (4), Au (5))
contain three pairs of dmpz groups, signifying three �-
electron-rich clefts that offer potentially interesting sites to
complex Ag� ions. Therefore, we have studied their reactions
with AgClO4. Compounds 3 ± 5 react with AgClO4 in a 1:2
molar ratio in dried CH2Cl2/OEt2, in an argon atmosphere
and in the dark to give new compounds with the formula
[Pd2M2(�-dmpz)6Ag2(ClO4)2] (M�Cu (6), Ag (7), Au (8)).
Even when using a large excess of AgClO4, the final products
are always 6, 7 and 8 (Scheme 1h). The synthesis of 8 requires
the addition of AgClO4 in a 1:5 molar ratio to avoid the
presence of starting material in the final solid.
Compounds 6 ± 8 are only soluble in coordinating solvents


such as acetone or tetrahydrofuran. For this reason single
crystals were obtained from solutions of compounds 7 and 8 in
acetone. The crystals have the stoichiometry [{Pd2M2(�2-
dmpz-�N,N�)2(�3-dmpz-�N,N�,C4)4Ag(OCMe2)(O-
ClO3)Ag(�2-O2ClO2)}2] (M�Ag (7�), Au (8�); 7�� 7 ¥ OCMe2,
8�� 8 ¥ OCMe2)). Their molecular structures, which are quite
similar, are shown in Figures 3 and 4. Tables 3 and 4 show
selected bond lengths and angles.
As can be seen, both complexes are formed by two


™Pd2M2(�2-dmpz-�N,N�)2(�3-dmpz-�N,N�,C4)4Ag2(OCMe2)-
(OClO3)(�2-O2ClO2)∫ fragments (M�Ag (7�), Au (8�)) in


Figure 3. Molecular structure and numbering scheme for 7�.


Figure 4. Molecular structure and numbering scheme for 8�.


which the O2ClO2 anions are bridging. Both fragments are
related by a centre of symmetry and each one contains two Ag
atoms located in the clefts between each pair of azolato rings
that are bridging silver (or gold) and palladium centres of the
box.
The structural parameters for the ™Pd2M2(�-dmpz-�N,N�)6∫


units (M�Ag (7�), Au (8�)) are very similar to the ones
observed in complex [Pd2Ag2(�2-dmpz-�N,N�)6] (4). Each
palladium centre displays an almost square-planar coordina-
tion environment formed by four N atoms of four dmpz
groups with angles between cis ligands close to 90� (84.90 ±
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95.16�). The Pd2N4 six-membered metallocycle exhibits a
boatlike conformation, the dihedral angle between the planes
containing Pd-N-N-Pd being 72.3� for 7� and 74.0� for 8�.[46]


Each silver (in 7�) or gold (in 8�) centre is bonded to two N
atoms of two dmpz groups in an almost linear coordination
environment (7�: N6-Ag1-N10 172.38�, N8-Ag2-N12 170.55� ;
8�: N6-Au1-N10 174.3�, N8-Au2-N12 172.7�), each pyrazolate
ligand acting as a bridge betweenM (M�Ag (7�), Au (8�)) and
one palladium atom. The N-M-N vectors are not parallel to
each other (torsion angle� 38.7� (7�), 34.8� (8�)). The M�M
separations are too great (Ag1 ¥¥ ¥ Ag2 3.029 ä (7�), Au1 ¥¥ ¥
Au2 3.119 ä (8�)) for a bond length,[52] but short enough for


a contact between the atoms to be considered.[54±57] . The
Ag ¥¥¥ Ag separation (3.029 ä) is the shortest Ag ¥¥¥ Ag contact
length observed in this kind of compound: [{Ag(pz)}n] (Ag ¥¥¥
Ag� 3.273 ä) and [{Ag(pz)}3] (Ag ¥¥¥ Ag� 3.43 ä) between
silver atoms of different chains or trimers.[53]


All Pd�N,[32, 40±45] Ag�N[43, 53] and Au�N[21, 58, 59] lengths are
in the range of those found in other complexes with the same
kind of ligands.
Each ™Pd2M2(�2-dmpz-�N,N�)6∫ unit has two silver ions


located in two of the �-electron-rich clefts between pairs of
dmpz rings [the clefts formed by the dmpz ligands that are
bridging palladium andM (M�Ag (7), Au (8)) centres]. Each
silver cation (Ag3, Ag4 (7�) or Ag1, Ag2 (8�)) is approximately
equidistant from the two dmpz rings; the distances from the
C4 atom of each 3,5-dmpz ring are close to 2.4 ä (7�:
Ag3�C12: 2.452(6), Ag3�C17: 2.447(6), Ag4�C22: 2.414(6),
Ag4�C27: 2.411(6) ä; 8�: Ag1�C12: 2.453(9), Ag1�C17:
2.457(9), Ag2�C22: 2.391(9), Ag2�C27: 2.422(9) ä). The
vectors between these silver centres and the C4 atoms of each
dmpz are nearly perpendicular to the corresponding dmpz
ring (angles between the perpendicular to these planes and
the Ag�C4 line in 7� are: 3.7 (Ag3�C12), 1.0 (Ag3�C17), 3.4
(Ag4�C22) and 2.0� (Ag4�C27); and in 8� are: 3.0 (Ag1�C12),
2.1 (Ag1�C17), 3.5 (Ag2�C22) and 2.8� (Ag2�C27). The
Ag�C4 distances are similar to the shortest values observed in
complexes showing Ag-�1-arene interactions (2.40 ±
2.58 ä)[60±63] and clearly shorter than the Ag�C lengths
observed in Ag-�2-arene complexes (2.50 ± 2.65 ä).[48±50, 64]


The Ag��1-dmpz interactions seem to be strong enough
and responsible for the changes of the dihedral angles
between each pair of dmpz groups bridging Pd and Ag or
Pd and Au in the ™Pd2M2(�2-dmpz-�N,N�)6∫ (M�Ag (7�), Au
(8�)) units. These angles decrease from 63.4 and 76.4� in
compound, 4, to 45.8 and 45.2� in its derivative 7�. In 8� the
corresponding dihedral angles are similar to those in 7� (48.8
and 45.3�)[46]


The silver atoms involved in the Ag��1-dmpz interactions
complete their coordination spheres with two oxygen atoms
and display a distorted tetrahedral coordination environment.
One Ag centre is bonded to an oxygen atom of a terminal
�OClO3 group and to that of an acetone molecule. The other
one is bonded to two oxygen atoms, one from each of the two
bridging O2ClO2 groups. All the Ag�Obond lengths are in the
range of distances found in other complexes with the same
kind of ligands.[65±70] .
Finally, it must be mentioned that the bond lengths and


angles within the rings of the dmpz groups that are �1-
coordinated to the silver centres are similar to those observed
in the other dmpz ones, indicating that in spite of the �1


interaction to Ag�, the pyrazolato rings maintain their
aromaticity.
As has been previously mentioned, compounds 6 ± 8 are


only soluble in coordinating solvents such as acetone or
tetrahydrofuran, which would seem to indicate that the
compounds prepared consist of infinite chains with bridging
perchlorate groups (�2-O2ClO2 ) and that, in solution, the
solvent produces partial breaking of the chains by coordina-
tion to the Ag centres �1-coordinated to the pyrazolate ligands
(see structures of 7� and 8�). It seems reasonable to suppose


Table 3. Selected bond lengths [ä] and angles [�] for complex 7�.


Pd(1)�N(1) 2.006 (4) Pd(1)�N(3) 2.009 (4)
Pd(1)�N(5) 2.049 (4) Pd(1)�N(7) 2.036 (4)
Pd(2)�N(2) 2.009 (4) Pd(2)�N(4) 2.007 (4)
Pd(2)�N(9) 2.036 (4) Pd(2)�N(11) 2.067 (4)
Ag(1)�N(6) 2.059 (5) Ag(1)�N(10) 2.060 (5)
Ag(2)�N(8) 2.064 (4) Ag(2)�N(12) 2.063 (4)
Ag(3)�O(1) 2.455 (5) Ag(3)�O(9) 2.369 (6)
Ag(4)�O(5) 2.451 (7) Ag(4)�O(6�) 2.479 (8)
Ag(3)�C(12) 2.452 (6) Ag(3)�C(17) 2.447 (6)
Ag(4)�C(22) 2.414 (6) Ag(4)�C(27) 2.411 (6)
Pd1 ¥¥¥ Pd2 3.484 Pd1 ¥¥¥ Ag1 3.298
Pd1 ¥¥¥ Ag2 3.251 Pd2 ¥¥¥ Ag1 3.249
Ag1 ¥¥¥Ag2 3.029 Pd2 ¥¥¥ Ag2 3.291


N(1)-Pd(1)-N(3) 86.73(17) N(1)-Pd(1)-N(5) 94.93(17)
N(3)-Pd(1)-N(7) 93.02(18) N(7)-Pd(1)-N(5) 85.05(18)
N(4)-Pd(2)-N(2) 86.57(18) N(4)-Pd(2)-N(11) 95.16(18)
N(2)-Pd(2)-N(9) 93.11(18) N(9)-Pd(2)-N(11) 84.94(18)
N(10)-Ag(1)-N(6) 172.38(17) N(12)-Ag(2)-N(8) 170.55(17)
O(9)-Ag(3)-O(1) 117.2(2) O(9)-Ag(3)-C(12) 99.6(2)
O(1)-Ag(3)-C(12) 101.39(18) O(9)-Ag(3)-C(17) 112.9(3)
O(1)-Ag(3)-C(17) 95.63 (18) C(12)-Ag(3)-C(17) 130.69(19)
O(5)-Ag(4)-O(6�) 88.8(3) O(5)-Ag(4)-C(27) 94.0(2)
O(5)-Ag(4)-C(22) 129.7(2) O(6�)-Ag(4)-C(27) 106.1(2)
O(6�)-Ag(4)-C(22) 93.8(4) C(22)-Ag(4)-C(27) 131.2(2)


Table 4. Selected bond lengths [ä] and angles [�] for complex 8�.


Pd(1)�N(1) 2.014 (7) Pd(1)�N(3) 2.015 (7)
Pd(1)�N(5) 2.052 (7) Pd(1)�N(7) 2.029 (7)
Pd(2)�N(2) 2.005 (7) Pd(2)�N(4) 1.994 (7)
Pd(2)�N(9) 2.042 (7) Pd(2)�N(11) 2.069 (7)
Au(1)�N(6) 2.003 (7) Au(1)�N(10) 1.993 (7)
Au(2)�N(8) 2.007 (6) Au(2)�N(12) 2.003 (7)
Ag(1)�O(1) 2.452 (7) Ag(1)�O(9) 2.369 (8)
Ag(1)�C(12) 2.453 (9) Ag(1)�C(17) 2.457 (9)
Ag(2)�O(5) 2.397 (8) Ag(2)�O(6�) 2.482 (7)
Ag(2)�C(22) 2.391 (9) Ag(2)�C(27) 2.422 (9)
Pd(1)�Au(1) 3.309(1) Pd(1)�Au(2) 3.297(1)
Pd(2)�Au(1) 3.296(1) Pd(2)�Au(2) 3.313(1)
Au(1)�Au(2) 3.119(1)


N(1)-Pd(1)-N(3) 86.7(3) N(1)-Pd(1)-N(5) 94.5(3)
N(3)-Pd(1)-N(7) 93.1(3) N(7)-Pd(1)-N(5) 85.4(3)
N(4)-Pd(2)-N(2) 86.6(3) N(4)-Pd(2)-N(11) 94.9(3)
N(2)-Pd(2)-N(9) 93.3(3) N(9)-Pd(2)-N(11) 84.9(3)
N(10)-Au(1)-N(6) 174.3(3) N(12)-Au(2)-N(8) 172.7(3)
O(9)-Ag(1)-O(1) 115.4(3) O(9)-Ag(1)-C(12) 95.3(4)
O(1)-Ag(1)-C(12) 103.6(3) O(9)-Ag(1)-C(17) 117.2(4)
O(1)-Ag(1)-C(17) 94.3(3) C(12)-Ag(1)-C(17) 131.4(3)
O(5)-Ag(2)-O(6�) 89.6(3) O(5)-Ag(2)-C(27) 95.3(3)
O(5)-Ag(2)-C(22) 128.4(3) O(6�)-Ag(2)-C(27) 106.5(3)
O(6�)-Ag(2)-C(22) 96.7(3) C(22)-Ag(2)-C(27) 130.6(3)
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that the NMR data of compounds 6 ± 8 in HDA correspond at
least to species containing the [{Pd2M2(�2-dmpz-�N,N�)2(�3-
dmpz-�N,N�,C4)4Ag(OCMe2)(OClO3)Ag(�2-O2ClO2)}2] (M�
Cu (6�), Ag (7�), Au (8�)) fragment or an even smaller one (i.e.
with a higher number of acetone molecules coordinated to
Ag). All the 1H NMR spectra of compounds 6 ± 8 at room
temperature in HDA show five signals (see Experimental
Section) with a related integral of 6:6:6:1:2. COSY experi-
ments allow these to be gathered into two sets of signals, one
for the ™Pd2(�-dmpz)2∫ groups (�� 2.70 (s; Me), 5.55 ppm
(H4)) and the other for the ™Pd2M2(�-dmpz)4∫ groups (��
2.29 (s; Me), 2.33 (s; Me), 5.90 ppm (H4)). Some changes in
the chemical shifts of all signals are observed when compared
to those of the starting material. The low-field shift of the
signal corresponding to the H4 of the dmpz groups �1


coordinated to Ag� (0.2 ± 0.24 ppm) with respect to those in
the starting material is especially significant.
Considering that the 13C NMR data corresponding to the C


atoms involved in the Ag��1 interactions would be especially
informative (the C4 atoms of the dmpz groups of ™Pd2M2(�-
dmpz)4∫), we performed the 13C NMR spectra of 6 ± 8 in
acetone [2H]; unfortunately the low solubility of these
compounds precluded obtaining good spectra.


Experimental Section


General procedures and materials : Elemental analyses were performed on
a Perkin ±Elmer 240-B microanalyser. IR spectra were recorded on a
Perkin ±Elmer 599 spectrophotometer (Nujol mulls between polyethylene
plates in the range 200 ± 4000 cm�1). NMR spectra were recorded on a
Varian Unity-300 spectrometer by using the standard references; 3,5-
dimethylpyrazole (Hdmpz) was purchased from Aldrich. [PdCl2(PhCN)2]
was prepared as described elsewhere.[71, 72]


[PdCl2(Hdmpz)2] (A)
Method A : 3,5-Dimethylpyrazole (0.1510 g, 1.571 mmol) was added to a red
solution of [PdCl2(PhCN)2] (0.300 g, 0.78 mmol) in CH2Cl2 (25 mL). The
solution turned yellow . After one hour of stirring at room temperature, the
solution was evaporated to dryness and Et2O was added to the residue. The
resulting yellow solid was filtered and air dried. Yield: 0.2610 g, 90%.


Method B : A solution of 3,5-dimethylpyrazole (1.9226 g, 20 mmol) in
CH2Cl2 (200 mL) was added to a solution of PdCl2 (1.7731 g, 10 mmol) in
water (30 mL). The mixture was stirred for three days; then the organic
phase was separated, evaporated to dryness and Et2O (15 mL) was added
to the residue. The resulting yellow solid was filtered and air dried. Yield:
3.1372 g, 94.2%; IR (Nujol): �� � 3200 cm�1 (NH); 1H NMR (300.13 MHz,
CDCl3, 20 �C, TMS): �� 1.89 (s, 6H; Me), 2.67 (s, 6H; Me), 5.70 (s, 2H;
H4), 11.85 ppm (s, 2H; NH); elemental analysis calcd (%) for
PdC10Cl2H16N4: C 32.50, H 4.36, N, 15.15; found: C, 32.90, H, 4.44, N, 15.69.


[Pd2Cl2(�-dmpz)2(Hdmpz)2] (1): Compound A (0.2429 g, 0.6576 mmol)
was suspended in acetone (35 mL) and added to a solution of KOH
(0.0370 g, 0.6594 mmol) in methanol (6 mL). The mixture was stirred at
room temperature for 30 min. Evaporation of the solvent to one half of the
volume afforded 1. Yield: 0.1710 g, 78%; IR (Nujol): �� � 3271 cm�1 (NH);
1H NMR (300.13 MHz, CDCl3, 20 �C, TMS): �� 1.98 (s, 6H;Me (Hdmpz)),
2.19 (s, 6H; Me (�-dmpz)), 2.42 (s, 6H; Me (�-dmpz)) 2.56 (s, 6H; Me
(Hdmpz)), 5.25 (s, 2H; H4 (�-dmpz)), 5.83 (s, 2H; H4 (Hdmpz)), 11.18 (s,
2H; NH (Hdmpz)); elemental analysis calcd (%) for Pd2C20Cl2H30N8: C
36.06, H 4.54, N 16.81; found: C 35.61, H 4.49, N 16.48.


[Pd2(�-dmpz)2(dmpz)2(Hdmpz)2] (2): A solution of KOH (0.2106 g,
3.7525 mmol) and 3,5-Hdmpz (0.3607 g, 3.7525 mmol) in methanol
(45 mL) was added dropwise to a suspension of 1 (1.25 g, 1.8762 mmol)
in CH2Cl2 (140 mL). The mixture was refluxed for 30 min and then stirred
at room temperature for 60 min. Evaporation to dryness and addition of
diethyl ether to the residue rendered a yellow solid, 2, recrystallised from


CHCl3/Et2O. Yield: 0.4640 g, 31%; IR (KBr): �� � 2800 cm�1 (NH);
1H NMR (300.13 MHz, CDCl3, 20 �C, TMS): �� 1.93 (s, 12H; Me), 2.19
(s, 12H; Me (�-dmpz)), 2.31 (s, 12H; Me), 5.47 (s, 2H; H4 (�-dmpz)), 5.73
(s, 4H; H4), 11.0 ppm (s, 2H; NH); elemental analysis calcd (%) for
Pd2C30H44N12: C 45.37, H 5.64, N, 21.37; found: C 45.12, H, 6.08, N, 20.71.
Single crystals of 2 for X-ray study were obtained by slow diffusion of Et2O
into a solution of 2 in CH2Cl2 at room temperature.


[Pd2Cu2(�-dmpz-�N,N�)6] (3): Compound 2 (0.2373 g, 0.3020 mmol) and
NEt3 (1.5 mL) was added to a colourless solution of [Cu(CH3CN)4]BF4
(0.1905 g, 0.6056 mmol) in CH2Cl2 (15 mL). The mixture was stirred at
room temperature for four hours and the resulting yellow solution
evaporated to dryness. The addition of iPrOH (7 mL) to the residue
rendered a green solid. Yield: 0.2273 g, 83%; 1H NMR (300.13 MHz,
CDCl3, 20 �C, TMS): �� 2.28 (s, 12H; Me, PdCu (�-dmpz)), 2.30 (s, 12H;
Me, PdCu(�-dmpz)), 2.60 (s, 12H; Me, Pd2(�-dmpz)), 5.47 (s, 2H; H4,
Pd2(�-dmpz)), 5.66 ppm (s, 4H; H4, PdCu (�-dmpz)); elemental analysis
calcd (%) for Pd2C30Cu2H48N12: C 39.57, H 4.65, N 18.45; found: C 39.33, H
4.73, N 17.90.


[Pd2Ag2(�-dmpz-�N,N�)6] (4): AgClO4 (0.5289 g, 2.5510 mmol) and NEt3
(1.5 mL) were added to a solution of 2 (0.4008 g, 0.5102 mmol) in CH2Cl2/
Et2O (45/10 mL). The mixture was stirred at room temperature for
16 hours in the dark and the resulting yellow solution was evaporated to
dryness. Addition of methanol (25 mL) to the residue rendered a yellow
solid which was filtered off and washed with Et2O (5 mL). Yield: 0.4366 g,
86%; 1H NMR (300.13 MHz, CDCl3, 20 �C, TMS): �� 2.22 (s, 12H; Me,
PdAg (�-dmpz)), 2.27 (s, 12H; Me, PdAg(�-dmpz)), 2.57 (s, 12H; Me,
Pd2(�-dmpz)), 5.45 (s, 2H; H4, Pd2(�-dmpz)), 5.68 ppm (s, 4H; H4, PdAg
(�-dmpz)); elemental analysis calcd (%) for Ag2Pd2C30H48N12: C 36.06, H
4.04, N 16.81; found: C 36.02, H 3.65, N 16.72. Single crystals of 4 for X-ray
diffraction studies were obtained by slow diffusion of Et2O into a solution
of 4 in CH2Cl2 at room temperature.


[Pd2Au2(�-dmpz-�N,N�)6] (5): Compound 2 (0.1962 g, 0.2498 mmol) and
NEt3 (1.5 mL) were added to a purple solution of PPN[Au(acac)2] (PPN�
Ph2P�N��PPh3) (0.4665 g, 0.4995 mmol) in CH2Cl2 (40 mL) under an
argon atmosphere. The mixture was stirred for four hours and the resulting
solution evaporated to dryness. Addition of dry methanol (30 mL) to the
residue rendered a white solid, which was filtered off and washed with Et2O
(5 mL) Yield: 0.2055 g, 70%; 1H NMR (300.13 MHz, CDCl3, 20 �C, TMS):
�� 2.26 (s, 12H; Me, PdAu (�-dmpz)), 2.32 (s, 12H; Me, PdAu(�-dmpz)),
2.61 (s, 12H; Me, Pd2(�-dmpz)), 5.48 (s, 2H; H4, Pd2(�-dmpz)), 5.74 ppm (s,
4H; H4, PdAu (�-dmpz)); elemental analysis calcd (%) for
Au2Pd2C30H48N12: C 30.80, H 3.60, N 14.27; found: C 31.20, H 3.57, N 14.02.


[Pd2Cu2(�2-dmpz-�N,N�)2(�3-dmpz-�N,N�,C4)4Ag2(�2-ClO4)2] (6): AgClO4
(0.1140 g, 0.550 mmol) was added to a solution of 3 (0.2505 g, 0.2750 mmol)
in CH2Cl2/Et2O (30/10 mL). The mixture was stirred at room temperature
for 15 min under nitrogen and a yellow solid precipitated. The solid was
filtered off and washed with Et2O. Yield: 0.2566 g, 70%; 1H NMR
(300.13 MHz, [D6]acetone, 20 �C, TMS): �� 2.31 (s, 12H; Me, PdCu (�-
dmpz)), 2.33 (s, 12H; Me, PdCu(�-dmpz)), 2.72 (s, 12H; Me, Pd2(�-dmpz)),
5.54 (s, 2H; H4, Pd2(�-dmpz)), 5.86 ppm (s, 4H; H4, PdCu (�-dmpz));
elemental analysis calcd (%) for Ag2C30Cl2Cu2Pd2O8H48N12: C 27.09, H
3.19, N 12.37; found: C 26.60, H 3.26, N 12.11.


[Pd2Ag2(�2-dmpz-�N,N�)2(�3-dmpz-�N,N�,C4)4Ag2(�2-ClO4)2] (7): AgClO4
(0.1245 g, 0.6005 mmol) was added to a solution of 4 (0.3000 g,
0.3002 mmol) in CH2Cl2/Et2O (30/10 mL). The mixture was stirred for
two hours under nitrogen. The resulting solution was evaporated to dryness
and Et2O (20 mL) was added to the residue. The resulting yellow solid was
filtered off and recrystallised from acetone/hexane. Yield: 0.2146 g, 51%;
1H NMR (300.13 MHz, [D6]acetone, 20 �C, TMS): �� 2.27 (s, 12H; Me,
PdAg (�-dmpz)), 2.34 (s, 12H; Me, PdAg(�-dmpz)), 2.71 (s, 12H; Me,
Pd2(�-dmpz)), 5.56 (s, 2H, H4, Pd2(�-dmpz)), 5.87 ppm (s, 4H, H4, PdAg (�-
dmpz)); elemental analysis calcd (%) for Ag4C30Cl2Pd2O8H48N12: C 25.48,
H, 2.99, N 12.10; found: C 25.46, H 2.76, N,12.55. Small crystals of 7 for
X-ray studies were grown by the slow diffusion of Et2O into a solution of
the complex in acetone under nitrogen at room temperature in the dark.


[Pd2Au2(�2-dmpz-�N,N�)2(�3-dmpz-�N,N�,C4)4Ag2(�2-ClO4)2] (8): AgClO4
(0.1590 g, 0.7500 mmol) was added to a solution of 5 (0.1800 g,
0.1529 mmol) in CH2Cl2/Et2O (25/15 mL). The mixture was stirred for
two hours under nitrogen. The solvent was then evaporated to dryness and
Et2O (15 mL) was added to the residue. The resulting yellow solid was
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filtered off and vacuum dried. Yield: 0.1375 g, 56%; 1H NMR
(300.13 MHz, [D6]acetone, 20 �C, TMS): �� 2.28 (s, 12H; Me, PdAu (�-
dmpz)), 2.33 (s, 12H; Me, PdAu(�-dmpz)), 2.74 (s, 12H; Me, Pd2(�-dmpz)),
5.56 (s, 2H; H4, Pd2(�-dmpz)), 5.98 ppm (s, 4H; H4, PdAu (�-dmpz));
elemental analysis calcd (%) for Ag2Au2C30Cl2Pd2O8H48N12: C 22.03, H
2.66, N 10.45; found: C 21.75, H 2.50, N 9.77. Single crystals of 8 for X-ray
diffraction studies were obtained by slow diffusion of Et2O into a solution
of the complex in acetone at room temperature.


X-ray structure determinations : Crystal data and other details of the
structure analyses are presented in Table 5. Suitable crystals of 2, 4 ,7� and 8�
were obtained as indicated in each synthetic procedure. Crystals were
mounted at the end of a quartz fibre. The radiation used in all cases was
graphite monochromatic MoK� (�� 0.71073 ä).
Data for 2 : All diffraction measurements were made on an Enraf-Nonius
CAD4 diffractometer. Unit cell dimensions were determined from 25
centred reflections in the range 22.3� 2	� 30.5�. An absorption correction
was applied based on 548 azimuthal scan data. Maximum and minimum
transmission coefficients were 0.947 and 0.665.


Data for 4 : All diffraction measurements were made on a Siemens P4 four
circle diffractometer. Unit cell dimensions were determined from 29
centred reflections in the range 19.47 �2	� 28.88�. An absorption
correction was applied based on 390 azimuthal scan data. Maximum and
minimum transmission coefficients were 0.594 and 0.527.


Data for 7�: All diffraction measurements were made on an Enraf-Nonius
CAD4 diffractometer. Unit cell dimensions were determined from 25
centred reflections in the range 23.5� 2	� 32.3�. An absorption correction
was applied based on 566 azimuthal scan data. Maximum and minimum
transmission coefficients were 0.923 and 0.812.


Data for 8�: All diffraction measurements were made on an Enraf-Nonius
CAD4 diffractometer. Unit cell dimensions were determined from 25
centred reflections in the range 24.6� 2	� 31.6�. An absorption correction
was applied based on 496 azimuthal scan data. Maximum and minimum
transmission coefficients were 0.969 and 0.682.


The structures were solved by Patterson and Fourier methods. All
refinements were carried out by using the SHELXL-97 program.[73] All
non-hydrogen atoms were assigned anisotropic displacement parameters
and refined without positional constraints except as noted below. All
hydrogen atoms were constrained to idealised geometries and assigned
isotropic displacement parameters that were 1.2 times the Uiso values of
their attached parent atoms (1.5 times for the methyl hydrogen atoms). In
the structure of 7�, the oxygen atoms (O(5) to O(8)) of one of the


perchlorate groups were disordered over two positions refined with partial
occupancy 0.7/0.3, and for the minor congener, a common set of thermal
anisotropic parameters were used. Weak restraints (SADI and SAME
instructions) were applied in the geometry of the perchlorate groups and n-
hexane solvent molecule. For the latter, a common set of thermal
anisotropic parameters were used. In the structure of 8�, the methyl carbon
atom of the acetone group was disordered over two positions refined with
partial occupancy 0.5, and the geometry constrained (DFIX) to accepted
values and refined with a common set of thermal anisotropic parameters.
Weak restraints (SADI and SAME instructions) were applied in the
geometry of the n-hexane solvent molecule. For the latter, a common set of
thermal anisotropic parameters were used. Full-matrix least-squares
refinement of this model against F 2 converged to the final residual indices
given in Table 5. Lorentz and polarisation corrections were applied for all
the structures.


CCDC-198898, CCDC-198899, CCDC-198900 and CCDC-198901 contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ; fax: (�44)1223 ± 336033; or e-mail : deposit@ccdc.
cam.ac.uk).
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O2 Evolution in the Fenton Reaction


Francesco Buda,*[a, c] Bernd Ensing,[a] Michiel C. M. Gribnau,[b] and Evert Jan Baerends*[a]


Abstract: We investigated the mechanism involved in the oxygen production in the
Fenton chemistry by means of density functional theory calculations. This study
extends previous work in which we proposed that the FeIVO2� complex is the key
active intermediate in the Fenton reaction. Here we provide a consistent picture of
the entire reaction cycle by analyzing how the active species, FeIVO2�, can react with
hydrogen peroxide to produce O2 and regenerate the Fe2� catalyst. These results are
also relevant in view of the analogies with important enzyme-catalyzed oxidation
reactions.


Keywords: density functional
calculations ¥ Fenton reaction ¥
ferryl-oxo complex ¥ oxidation


Introduction


The Fenton reagent,[1] a mixture of ferrous ions and hydrogen
peroxide in water, has great relevance for the chemical
industry in view of its powerful oxidizing properties. Indeed,
Fenton reagents are used in the hydroxylation of aromatic
substrates (e.g., production of phenol with benzene as a
substrate),[2] or for the treatment of contaminated waters
containing nonbiodegradable organic compounds.[3] More-
over, the oxidative reactions of the Fenton chemistry show
analogies with fundamental processes in biology which are
involved in the etiology of diseases.[4] Therefore, an under-
standing of the microscopic mechanisms of the Fenton
chemistry is of fundamental importance and may have an
impact on very different fields and applications.
Though the history of the Fenton chemistry extends over


more than a century, basic questions about its mechanism and
the nature of the active intermediate still remain controver-
sial.[5, 6, 7] There are basically two alternative models which
have been proposed in the literature: in the first mechanism,
introduced by Haber and Weiss[8] and subsequently modified
by Barb et al.,[9] the oxidative intermediate is identified with
the free hydroxyl radical formed by the metal-catalyzed
decomposition of the hydrogen peroxide; the second mech-
anism involves the formation of a highly reactive, high-valent


iron complex, such as the ferryl-oxo complex first proposed by
Bray and Gorin.[10]


Recently, we used density functional theory (DFT) calcu-
lations and ab initio molecular dynamics simulations to
investigate the initiation step in the Fenton reaction, both in
the vacuum[11] and in the presence of the water solvent.[12±14]


The main conclusion of this work is that a ferryl-oxo complex
can easily be produced in water starting from a primary
intermediate with the hydrogen peroxide coordinated to the
ferrous ion. The alternative model, in which a free OH .


radical, obtained from the hydrogen peroxide dissociation,
diffuses into the solvent seems energetically unlikely. Thus,
our results strongly support a mechanism in which the FeIV-
oxo complex acts as the key intermediate.
Experimentally, in an excess of H2O2 with respect to Fe2�


ions, catalytic decomposition of hydrogen peroxide to pro-
duce water and O2 accompanies the oxidation of Fe2� ions
[Eq. (1)]:[15]


2H2O2� 2H2O�O2 (1)


Evidently, in order for FeO2� to be a viable active
intermediate, it should also be able to lead to O2 production
in the presence of excess H2O2. It is the purpose of this paper
to investigate possible reaction mechanisms for the O2
production with the FeO2� intermediate.
Within the widely accepted hydroxyl radical mechanism,


the O2 production has been explained in the absence of other
reagents, for example, an organic substrate, according to the
following reaction sequence:


Hydroxyl radical HO. mechanism :


Initiation reaction [Eq. (2)]:


Fe2��H2O2�Fe3��OH��HO. (2)
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O2 production [Eqs. (3) ± (5)]:


HO.�H2O2�H2O�HOO. (3)


HOO.�H2O2�O2�H2O�HO. (4)


HOO.�Fe3��Fe2��H��O2 (5)


Degradation reaction [Eq. (6)]:


HO.�Fe2��Fe3��OH� (6)


The initiation step [Eq. (2)] produces the active intermedi-
ate HO. and the Fe3� ion; Reactions (3) ± (5) describe the
consumption of H2O2 and concomitant evolution of O2; the
third step is a degradation step [Eq. (6)] in which the catalyst
is consumed by producing Fe3��OH�. Reactions (3) and 4
together describe the so-called Haber ±Weiss cycle, a chain
reaction which consumes the H2O2 reagent under O2 evolu-
tion. There is considerable evidence against this ™Haber ±
Weiss cycle∫ (see the recent review by Koppenol[16]), and it
is now considered much more likely that Reaction (5), which
regenerates the Fe2� catalyst, is responsible for the O2
production, although the concentration ratio [Fe3�]� [H2O2]
is not in favor of Reaction (5).
The question we want to address here is how the O2


production can be explained within a mechanism in which
not the HO. but the FeIVO2� complex is the active species.
According to the model initially proposed by Bray and
Gorin,[10] the following reaction sequence may describe the
catalytic cycle:


FeIV-oxo complex mechanism :


Initiation reaction [Eq. (7)]:


Fe2��H2O2�FeO2��H2O (7)


O2 production [Eq. (8)]:


FeO2��H2O2�Fe2��O2�H2O (8)


Degradation reaction [Eq. (9)]:


FeO2��Fe2��H2O� 2Fe3�� 2HO� (9)


The initiation step [Eq. (7)] produces the FeO2� active
intermediate; the second step [Eq. (8)] describes the H2O2
consumption and concomitant evolution of O2 as well as the
regeneration of the Fe2� catalyst; the third step [Eq. (9)]
represents a possible catalyst termination reaction.
A full understanding of the Fenton reaction mechanism


must explain not only the initiation step and the nature of the
active species, but also the O2 evolution and the catalyst
regeneration. In our previous theoretical work,[11±14] we
focused on the formation of the active intermediate (initiation
step [Eq. (7)] in the reaction sequence above). In the present
paper, we extend our DFT investigation to the O2 production
plus regeneration of the catalyst (Fe2�) in the Fenton reaction,
assuming that the FeIV-oxo complex is the active species


formed. Specifically, we focus on Reaction (10) (second step
[Eq. (8)] of the reaction sequence above):


[(H2O)5FeIVO]2�H2O2� [(H2O)6FeII]2� � O2 (10)


We assume implicitly an excess of hydrogen peroxide with
respect to Fe2� ions, since oxygen production is actually
observed experimentally under such conditions. Therefore,
the aim of this work is two-fold: we want to explore the
microscopic mechanism behind the oxygen production, and at
the same time present evidence for the ferryl-oxo model by
providing a consistent picture for the experimentally observed
oxygen production in the Fenton reaction. We consider three
different routes as a possible first step towards the reaction
product (see Scheme 1): i) direct O ±O bond formation,
ii) hydrogen abstraction, and iii) ligand exchange of hydrogen
peroxide with a water in the first coordination shell.


Scheme 1. Mechanisms for O2 evolution.


Herein, we describe and compare the results obtained for
the alternative scenarios considered, and also discuss the
implications of these results for the efficiency of the Fenton
reaction within the context of the controversy concerning the
radical and non-radical mechanisms proposed in the liter-
ature.


Methods and Calculations


The density functional theory[17] calculations were performed with the ADF
(Amsterdam Density Functional) code.[18] We used the Generalized
Gradient Approximation (GGA) in the form proposed by Becke and
Perdew[19, 20] (BP) which has been shown to be accurate in reproducing the
electronic structure and geometry of the hexaaqua-Fe2� complex.[11] In the
ADF code, the electronic orbitals are written in terms of Slater-type
orbitals (STO). We use a triple-zeta basis set with one polarization function
(this choice corresponds to the basis set IV in the ADF package). The
orbital 1s of oxygen and the orbitals up to the 3p of Fe are included as core
functions in the calculations.


Frequency calculations have been calculated for all structures appearing in
the Figures. They confirm the results of the geometry optimizations and the
transition state searches. In particular, the transition states are all
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characterized by a single imaginary frequency, and the corre-
sponding mode corresponds to the expected crossing of the
barrier maximum. The geometry optimizations have led to
proper minima; however, the following comment is in order: in
a number of cases there is one extremely low frequency mode
(sometimes even below the numerical precision of the calcula-
tion, and then either negative or positive). This corresponds in
each case to a practically free rotation around a very weak bond
between a first coordination sphere ligand and a second
coordination sphere ligand. In two cases, the weak bond is a
hydrogen bond, namely that depicted in Figure 1a and Figure 3d.
In the case of Figure 4a, this concerns a bond between the O of
the FeO group and the O of the incoming hydrogen peroxide.


Results


Molecular orbital analysis of the FeIV-oxo complex :
We start this section with a molecular orbital (MO)
analysis of the ferryl-oxo complex since this picture
will be useful in the interpretation of the reactivity
with hydrogen peroxide described in the following.
Moreover, we introduce here some of the orbital
notation which will be used throughout the paper.
We found that the [(H2O)5FeIVO]2� complex has a


high-spin ground state (S� 2) with an average
Fe ±Owater distance of 2.11 ä, and a short Fe ±O
distance of 1.63 ä.[11] The Fe ±O bonding in this
complex can be described in analogy to the bonding
situation in triplet dioxygen, as already pointed out in
the literature for iron-oxo species in the gas phase.[21]


Indeed the ground state of FeO2� (assuming
the FeO bond along the z axis) has a
1�2 2�2 1�2x 1�2y �1xy �1x 2�y 2 2�1x 2�1y configuration, with
four singly occupied orbitals (see Table 1). where
O(1s) and Fe 1s ± 3p are considered as core orbitals
and are not included in the orbital count. The triplet
state of O2 shows the same binding block, that is,
above the O(2s) orbitals three doubly occupied (�2,
1�2x, 1�2y� bonding orbitals, and two singly occupied
antibonding orbitals (2�1x, 2�1y�. In the case of FeO2�,
the O2p ±O2p � and � (anti)bonding is replaced by the
Fe3d ±O2p � and � bonding and antibonding. The two
electrons that FeO2� has in excess of O2 enter the up-
spin nonbonding 3d� orbitals. Note that the � spin
orbitals are stabilized by a few eV with respect to the
corresponding � spin orbitals, as a consequence of the
exchange potential.
The MO structure of the [(H2O)5FeIVO]2� complex


in Table 2 can be understood from the perturbation of
the basic FeO2� pattern of Table 1 by the aqua ligands
as follows. We recognize as the 10 lowest levels in
Table 2 (the 12a� ± 16a� block) the set of H2O �


lonepair (2a1)-derived spin orbitals. Next, one en-
counters the up-spin � orbitals of FeO2� (17,18a�) and
the ��


xy. The degeneracy of this orbital with ��
x 2�y 2 is,


however, totally lost, the ��
x 2�y 2 is strongly destabi-


lized by pushing up by water lonepair orbitals, the
antibonding combination ending up as 26a�, 2.7 eV
above the ��


xy (19a�). The 2�� of FeO2�, with more dz 2


character, see Table 1, is destabilized somewhat more


Table 1. One-electron energies and percent composition (in brackets) of the lowest
unoccupied and highest occupied molecular orbitals of FeIVO2� in the S� 2 ground
state.


Orbital � [eV] Spin � Spin �


unoccupied orbitals
2�x, 2�y (antib.) � 22.1 px, py (56)� dxz, dyz (42)
3�� (antib.) � 22.2 dz 2 (61)�pz (25)
3��(antib.) � 23.3 pz (48)� dz 2 (37)
��
xy, �


�
x 2�y 2 (non-bond.) � 23.5 dxy, dx 2�y 2


occupied orbitals
2��


x, ��
y (antib.) � 24.5 px, py (67)� dxz, dyz (32)


1��
x, 1��


y (bond.) � 25.3 dxz, dyz (58)�px, py (41)
2��(bond.) � 27.0 pz (63)�dz 2 (28)
��
xy, �


�
x 2�y 2 (non-bond.) � 27.3 dxy, dx 2�y 2


1��
x, 1��


y (bond.) � 27.8 dxz, dyz (67)�px, py (32)
2�� (bond.) � 28.3 dz 2 (53)�pz (39)
1�� � 40.0 2s (95)
1�� � 40.9 2s (97)


Table 2. One-electron energies and percentage composition (in brackets) of the
lowest unoccupied and highest occupied molecular orbitals of [(H2O)5FeIVO]2� in the
S� 2 ground state in terms of the FeO2� and (H2O)5 fragments. The 2a1 and 1b2 orbitals
correspond to the HOMO� 1 � lonepair and HOMO � lonepair of the waters,
respectively.


Orbital � [eV] Spin � Spin �


unoccupied orbitals
29a� � 12.61 3� (83)� 2a1 (9)
28a� � 13.61 �x 2�y 2 (81)� 1b2 (10)
27a� � 13.64 2�y (96)
26a� � 13.72 2�x (94)
29a� � 14.07 3� (81)� 2a1 (10)� 1b2 (5)
25a� � 14.74 �xy (90)� 1b2 (8)


occupied orbitals
FeO2� levels


28a� � 16.02 2�y (95)� 1b2 (2)
27a� � 16.06 2�x (93)� 1b2 (5)
26a� � 16.32 �x 2�y 2 (51)� 1b2 (34)� 2a1(11)
24a� � 16.78 1�y (53)� 1b2 (40)
23a� � 17.09 1�x (53)� 1b2 (41)


H2O� 1b2 levels
25a� � 17.33 1b2 (72)��xy (25)
24a� � 17.39 1b2 (86)� 1�y (4)
23a� � 17.49 1b2 (90)�1�x (4)�2�x (4)
22a� � 17.51 1b2 (92)�1�y (7)
21a� � 17.78 1b2(64)�1�x (28)
20a� � 17.81 1b2(72)�1�x (14)
19a� � 17.87 1b2(79)��xy(5)
22a� � 17.85 1b2 (90)�1�y (4)
21a� � 18.13 1b2(45)�2a1 (37)��x 2�y 2 (13)
18a� � 18.27 1b2 (56)�1�y (37)


FeO2� levels
17a� � 18.38 2� (78)� 2a1 (13)
20a� � 18.91 2� (61)� 2a1 (32)
19a� � 19.02 �xy (71)�1b2 (24)
18a� � 19.58 1�x (90)�1b2 (3)
17a� � 19.65 1�y (77)�1b2 (11)�2a1 (6)


H2O� 2a1 levels
16a� � 20.17 2a1(88)
15a� � 20.33 2a1(70)�2� (9)��x2�y2 (7)
16a� � 20.40 2a1(76)�1�y (13)
14a� � 20.54 2a1 (88)
15a� � 20.70 2a1 (86)�1�x (2)
13a� � 20.82 2a1 (76)�2� (9)��x 2�y 2 (6)
14a� � 20.97 2a1 (44)�2� (26)��x 2�y 2(13)�1b2 (8)
13a� � 21.33 2a1 (63)��x 2�y 2 (14)�2� (12)
12a� � 21.56 2a1 (83)�3� (4)
12a� � 21.86 2a1 (76)��x 2�y 2 (8)�3� (7)
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by the axial water 2a1 than the down-spin 2�� with consid-
erably less dz 2 character. The gap between the 2��, 2�� pair
(20a�, 17a�) is reduced to 0.53 eV in the aqua complex. The
10 H2O 1b2 lonepair spin orbitals are inserted in between the
2�� and 1��


x, 1��
y of FeO2�. They push ��


xy down, so it ends up
just below 2��while in FeO2� it was 1 eVabove 2��. The lowest
unoccupied �-spin orbital is the FeO2� 3�� antibonding orbital
(dz 2� 2pz), pushed up by H2O lonepairs (29a�). This orbital is
particularly relevant for the reactivity with hydrogen peroxide
as we will discuss in the following.


Thermodynamic stability of the reaction : Before discussing
the possible microscopic reaction mechanisms, we first
establish whether the Reaction (10) is endothermic or exo-
thermic. A geometry optimization of the reactants complex
on the left-hand side of Reaction (10) (complex 1 throughout
the paper) shows that the hydrogen peroxide forms a strong
hydrogen bond with one of the water ligands (Figure 1a). The
complexation energy, that is the energy gain involved in the
formation of this hydrogen-bonding interaction, is
24.7 kcalmol�1, thus much higher than the typical hydrogen
bond strength of 4 kcalmol�1. Also the O ¥ ¥ ¥O distance of
2.53 ä is much shorter than the 2.88 ä found for the typical
hydrogen bond in a water dimer by means of the same
functional. This result is analogous to that previously found
for the interaction between a pentaaqua-Fe2� complex with a
water in the second coordination shell.[11] An analysis of the
different energy contributions has shown that this bond has a
much higher electrostatic contribution in comparison to the H
bond found, for example, in a water dimer. We notice also
that, in the complex 1 (Figure 1a), an electronic charge of
0.16 e (according to a Mulliken population analysis) is trans-
ferred from the HOOH molecule to the Fe-oxo complex. The
dihedral angle of the HOOH is 102� (compared to 	110� for
HOOH in the vacuum). We have chosen the energy of the
optimized reactants complex 1 to be equal to zero for the
following comparisons.


Figure 1. Optimized geometries of a) the reactants complex, the ferryl-oxo
complex plus hydrogen peroxide in the second coordination shell, and b) of
the final products, the hexaaqua-ferrous complex plus O2.


In Figure 1b, we show the optimized geometry of the
product on the right-hand side of Equation (10) (complex 2
throughout the paper). The dioxygen molecule is in its triplet
ground state (S� 1) and forms a hydrogen bond with one
water ligand of the ferrous complex. In this case, the O ¥ ¥ ¥O
hydrogen bond length is 2.86 ä and the complexation energy
is only 	4 kcalmol�1, thus corresponding to a typical hydro-


gen bond. The hexaaqua-Fe2� complex is in the high-spin (S�
2) ground state (for a detailed description of the electronic
structure of this complex see ref.[11]). The total energy of the
product in Figure 1b is 22.4 kcalmol�1 lower than the
reactants complex, therefore the overall reaction is highly
exothermic according to our DFT-BP calculations.
Note that the total spin changes in Reaction (10): in fact the


Fe complex is in the S� 2 state on both sides; however, the
ground state of O2 is a triplet at variance fromH2O2 which has
S� 0. The spin state is important for the determination of the
correct energetics of the reaction because, for example, the
triplet state of O2 is experimentally 	22.5 kcalmol�1 lower
than the singlet. The DFT calculation yields an excitation
energy of 26 kcalmol�1, which is a typical accuracy for an
excitation energy with a GGA functional. There is no danger
that singlet oxygen inadvertently plays a role in the calcu-
lations caused by an erroneous low energy of this state.


Direct O ±O bond formation mechanism : We now investigate
the various reaction mechanisms of Scheme 1, starting with i),
direct O ±O bond formation. Starting from the local minimum
of Figure 1a, we follow the reaction path defined by the
distance between the oxygen on the iron complex O� and the
oxygen O� of H2O2 not involved in the hydrogen bond. The
energy profile along this reaction coordinate is shown in
Figure 2. The energy at each reaction coordinate value is


Figure 2. O±O bond formation mechanism: energy as a function of the
distance between the oxygen O� of the ferryl-oxo complex and the O� of
H2O2 not involved in the hydrogen bonding. We also show the config-
urations of the reactants complex (taken as zero of energy), transition state,
and product with their relative energies.


obtained by fixing the O� ±O� distance and optimizing all the
other coordinates. A transition state (TS) is found for an
O±O distance of 1.56 ä with an activation energy of
28.5 kcalmol�1. Note, however, that this activation energy
would be only	4 kcalmol�1 with respect to the free reactants
(see complexation energy in the previous section). The TS
complex (Figure 3a) can be described as a pentaaqua-FeIII-







FULL PAPER F. Buda, E. J. Baerends et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 3436 ± 34443440


hydroperoxo complex plus a hydroxyl radical. Therefore, we
have a concomitant cleavage of the hydrogen peroxide
O� ±O� bond and the formation of a new O� ±O� bond which
gives rise to an OOH ligand. The activation energy is,
however, quite high since we lose energy in going from the
strong Fe ±O bond to the weaker Fe ±OOH bond. This can
also be seen from the increased Fe ±O bond length (from 1.63
to 1.83 ä at the TS) which is, in turn, related to the population
of the antibonding 3� orbital of FeO2�.
Figure 3 shows a few snapshots describing the geometry


optimization starting from a configuration very close to the TS
(Figure 3a) up to the final product [(H2O)5FeIVO2]2� � H2O
with dioxygen coordinated to iron and a water molecule in a
second coordination shell position (Figure 3d). We observe
that the OH radical abstracts a hydrogen from one water
ligand to form a new water molecule and an OH ligand
coordinated to iron (Figure 3b). This process is very similar to
that observed in the first step of the FeIV-oxo complex
formation starting from H2O2 coordinated to FeII and leading
to a tetraaqua-FeIV-dihydroxo compound.[11] However, the
[(H2O)4FeIV(OH)(OOH)]2� complex is not stable in the
presence of the noncoordinated water because a proton is
spontaneously transferred from the OOH ligand to the OH
ligand through this water molecule (Figure 3c, d). This
formation of coordinated O2 from coordinated OOH by
transfer of the H via an intermediate H2O to a coordinated
OH, transforming it into coordinated H2O, is completely
analogous to the formation of the ferryl-oxo from the
dihydroxo complex by transfer of H from one OH ligand,
via an intermediate water molecule, to the other OH.[11] After
full geometry relaxation the total binding energy of the
product (Figure 3d) (complex 3 throughout the paper) is
22.9 kcalmol�1 lower than the initial complex 1.


Figure 3. O±O bond formation mechanism: A few configurations and
energies are shown relative to the optimized reactants complex along the
geometry optimization starting from the transition state up to the
formation of the final complex with O2 coordinated to the pentaaqua-
iron complex.


The reaction described in Figure 2 and 3 proceeds with
constant total spin S� 2. We notice that the energy of
[(H2O)5FeIVO2]2� ¥ H2O (Figure 3d), �22.9 kcalmol�1, is very
close to that obtained for [(H2O)6FeII]2� ¥ O2 (Figure 1b),
�22.4 kcalmol�1. Therefore, the exchange of the dioxygen
ligand with a water molecule in the second coordination shell
is energetically possible. This step leads to the final product
with the regeneration of the catalyst and O2 production.
However, it should be pointed out that complex 2 has a total
spin S� 3, the O2 being in the triplet state. Therefore, we have
to assume that some spin-flip process (induced by, e.g., spin ±
orbit interaction) changes the total spin in the complex 3 from
S� 2 to S� 3, followed by the departure of the O2 molecule.


The calculated energy of complex 3 in the S� 3 total spin state
is �22.1 kcalmol�1, thus the spin-flip does not imply a
significant energetic penalty. The additional �-spin density is
localized on the O2 ligand, which goes from a singlet to a
triplet configuration (see also Table 3). Table 3 shows the
optimized geometry of complex 3 with the dioxygen ligand in


the S� 2 and S� 3 spin state. The main effect of the spin
polarization on the O2 ligand is to significantly elongate the
bond with the iron center.[22] Indeed a MO analysis shows that
in going from S� 2 to S� 3, an electron moves from a �-spin
MO characterized by a � bonding between one of the 1�g O2
orbitals and the Fe �yz orbital, to an �-spinMO (unoccupied in
the S� 2 state) with a � antibonding character between the
other 1�gO2 orbital and the Fe �xy orbital. We have estimated
the bonding energy of the O2 ligand with the pentaaqua-Fe
complex to be 	6 kcalmol�1 in the triplet configuration, and
	32 kcalmol�1 in the singlet configuration. For comparison,
the bonding energy of a sixth water ligand to [Fe(H2O)5]2� is
24.5 kcalmol�1.[11] Thus, the dioxygen ligand in the triplet state
can leave the complex 3 and exchange with a water molecule
more easily.


Hydrogen abstraction mechanism : We now consider a differ-
ent reaction path in which the hydrogen peroxide approaches
the Fe-oxo complex along the FeO direction. We find a local
minimum, shown in Figure 4a (complex 4), which is only
5.3 kcalmol�1 higher in energy compared to the local mini-
mum described above (Figure 1a). The complexation energy
is thus 19.3 kcalmol�1 in this case. However, the interaction
between the hydrogen peroxide and the FeIV-oxo complex has
a very different nature in this configuration: first of all we
mention that, in spite of the large O� ±O� distance of 2.63 ä, a
considerable electronic charge (about 0.5 e) is transferred
from the hydrogen peroxide to the oxo-complex. As a
consequence of this charge transfer, the geometry of the
hydrogen peroxide becomes almost trans-planar with a
dihedral angle of 194�. This configuration is 3 kcalmol�1


higher than the optimized geometry of H2O2 in vacuum,
which has a torsional angle of 110�. Thus, the torsion costs
relatively little energy, but the �* HOMO of H2O2 rises in
energy by about 1 eV. A trans-planar geometry is the ground
state of the isolatedH2O2� ion. An inspection of the molecular
orbitals of complex 4 shows that the electronic charge transfer
occurs from the antibonding �* HOMO of H2O2 to the


Table 3. Geometry of the complex [Fe(H2O)5O2]2� ¥ H2O optimized with
the BP functional and with total spin S� 2 and 3, respectively. The energy is
relative to the reactants complex [Fe(H2O)5O]2� ¥ H2O2.


[Fe(H2O)5O2]2� ¥ H2O S� 2 S� 3
E [kcalmol�1] � 22.9 � 22.1
Fe ±O dist [ä] (eq. W) 2.13 2.13
Fe ±O dist [ä] (ax. W) 2.18 2.20
Fe ±O dist [ä] (O2) 1.94 2.23
O±O dist [ä] (O2) 1.26 1.25
Fe-O-O angle [�] 130 156


charge [e], spin
�h


2


� �
on O2 � 0.06, 0.03 0.04, 1.91
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antibonding �-spin LUMO (29a� in Table 2, mostly (81%) 3�
of FeO2�) of the FeIV-oxo complex (the 3� of FeO2� has much
O2pz character). The charge transfer is only between �-spin
orbitals, the FeO2� 3�� (29a� in the complex, see Table 2) being
at too high energy. So that the total spin density on the ferryl-
oxo complex increases and also the H2O2 becomes spin
polarized, but with a net spin density of opposite sign.
Figure 4b, c gives the �-spin HOMO and LUMO, respective-
ly, of the complex shown in Figure 4a. This illustrates the
3dz 2� 2pz antibonding character of FeO2� LUMO 3�. The
HOMO clearly shows that, when the H2O2 approaches the
FeIV-oxo complex along the Fe ±O direction, a bonding
overlap arises between the HOMO of H2O2 and the lowest
unoccupied �-spin state (3�) on the ferryl complex. The
LUMO is just the antibonding combination of these two
orbitals.
A few structural changes are noticeable which occur as a


consequence of this charge transfer: the Fe ±O distance is
slightly elongated (1.68 vs 1.63 ä) as a consequence of the
population of the 3� antibonding orbital and the O� ±O� bond
of the peroxide is shortened (1.42 vs 1.48 ä) because of a
smaller antibonding charge. In this local minimum, the H� of
H2O2 is at 2.63 äfrom the O� of the iron complex, that is at the
same distance as the O�.


Figure 4. a) Local minimum with the H2O2 approaching the ferryl complex
along the Fe ±O direction. b) and c) The �-spin HOMO and LUMO of this
complex, respectively. The partial population of the 3� orbital of the ferryl-
oxo complex is evident.


We follow now the reaction path obtained by decreasing the
O� ±H� distance. The energy profile for the hydrogen
abstraction reaction [Eq. (11)] is shown in Figure 5 together
with a few configurations along the path:


[(H2O)5FeIVO]2��HOOH� [(H2O)5FeIIIOH]2�� OOH . (11)


(S� 2)�(S� 0) � (S� 5/2) � (S�� 1³2)


The energy of the transition state configuration, which
occurs for a O� ±H� distance of 1.52 ä(Figure 5, second


configuration), is 6.9 kcalmol�1 with respect to the same zero
of energy as in Figure 1a, and only 1.6 kcalmol�1 higher than
the local minimum described above (Figure 5, first configu-
ration). Along this path, the remaining charge (and spin)
density on the �-spin �* orbital orthogonal to the plane of
OOH . is progressively transferred to the 3� orbital. In
Equation (11) we have also explicitly indicated the total spin
of the particles involved to illustrate that the number of
unpaired spins can change during the reaction although the
total spin is conserved. Indeed, the ground state of isolated
complex [(H2O)5FeIIIOH]2� has a total spin S� 2.5 with five
unpaired electrons.


Figure 5. First step of the hydrogen abstraction mechanism: energy profile
along the O� ±H� distance for the H-abstraction reaction.


In order to obtain the final product of the reaction with the
production of dioxygen, a second abstraction step is needed
[Eq. (12)].


[(H2O)5FeIIIOH]2��OOH . � [(H2O)6FeII]2��O2 (12)


(S� 2.5) � (S� 1³2) � (S� 2) � (S� 1)


Therefore, the OOH . radical has to rotate so that the H
comes close to the oxygen of the OH ligand. We find that this
™reorientation process∫ costs 	9.5 kcalmol�1, and that the H
is easily abstracted by the OH ligand from OOH . to form a
water ligand plus O2 in the triplet state (Figure 6). Reac-
tion (12) is also exothermic by 	18 kcalmol�1.
It would be interesting to perform first-principles molecular


dynamics simulation to see how the reorientation process of
the OOH . radical can occur at room temperature in the
presence of the water solvent. We expect that the estimated
energy of 9.5 kcalmol�1 in the vacuum may change signifi-
cantly as a result of the interaction of the radical with the
water molecules in the solvent. Moreover, another scenario
may be conceived in which the OOH . radical propagates into
the solvent initiating a chain reaction, as described in the
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Figure 6. Second step in the hydrogen-abstraction mechanism: a hydrogen
is abstracted from the OOH . radical to form the hexaaqua-FeII complex
and O2.


Haber and Weiss radical mechanism. This will be the subject
of further investigations.
Based on the present results in the vacuum, we can


conclude that Mechanism ii) of Scheme 1 is feasible, and it
appears to be more likely than Mechanism i) because it
involves much lower energy barriers.


Reaction paths starting from hydrogen peroxide coordinated
to the ferryl-oxo complex : We now consider the third scenario
(iii) in Scheme 1) in which the hydrogen peroxide first
exchanges with a water in the first coordination shell of iron
and then the dioxygen is produced [Eq. (13)].


[(H2O)4(H2O2)FeIVO]2�� [(H2O)5FeIVO2]2� (13)


The binding energy of a water molecule in [(H2O)5FeIVO]2�


and of the hydrogen peroxide ligand in [(H2O)4(H2O2)-
FeIVO]2� is approximately the same according to our calcu-
lations. Therefore, this ligand exchange has no energetic
penalty.


O±O bond formation : The energy of the complex
[(H2O)4(H2O2)FeIVO]2� with total spin S� 2 is taken as a
reference energy in the following. The optimized geometry of
this complex shows a Fe ±O� bond length with H2O2 of 2.37 ä,
thus quite elongated if compared with the same bond length in
the pentaaqua-FeII-H2O2 complex (2.21 ä). Moreover, the
hydrogen peroxide is oriented so as to form a strong hydrogen
bond between the O� and the H of a water ligand (O� ±H�


bond length� 1.70 ä) similarly to the ground state geometry
of pentaaqua-FeII-H2O2.[11]


We now consider a reaction path in which the O� of H2O2
forms the bond with the O� ligand (Figure 7). If we rotate the
hydrogen peroxide along the Fe ±O� axis, we find a local
minimum at an energy of �2.3 kcalmol�1 (see first config-
uration in Figure 7), which corresponds to the energy needed
to break the O� ±H� hydrogen bond present in the global
minimum. The relevant distances in this configuration are
Fe ±O� 2.16, O� ±O� 1.466, and O� ±O� 2.95 ä.
By elongating the O� ±O� bond of the hydrogen peroxide, a


transition state is found at a distance of 1.91 ä (Figure 7) with
an activation energy of 29.8 kcalmol�1. Along this reaction
path the O� ±O� bond cleavage is followed by the formation
of an OOH ligand and the reaction is exothermic by
9.6 kcalmol�1 as illustrated in Figure 7 [Eq. (14)].


[(H2O)4FeIV(H2O2)O]2�� [(H2O)4FeIV(OOH)(OH)]2� (14)


Figure 7. Energy profile for the O±O bond-formation mechanism starting
from a coordinated H2O2 as a function of the distance between the oxygen
atoms of the peroxide. The configurations and relative energies of the
initial complex, the TS, and the product are shown. The O±O bond
cleavage is followed by the formation of a OOH ligand. The zero of energy
corresponds to the optimized geometry (not shown) in which the hydrogen
peroxide is oriented so as to form a strong hydrogen bond between the O�


and the H of a water ligand (Hb in the figure).


The energy barrier in this process is very close to that found
for the O±O bond formation mechanism already described
above for the direct mechanism starting from a hydrogen
peroxide which was not in the first but in the second
coordination shell of iron. In the section describing the direct
O ±O bond formation mechanism, we also observed that the
complex [(H2O)4FeIV(OOH)(OH)]2� in the presence of a
noncoordinated water molecule spontaneously decays to the
more stable complex [(H2O)5FeIVO2]2� (Figure 3). This second
reaction step provides a further energy gain of 13.7 kcalmol�1.
Overall, the Reaction (13) is exothermic by 23.3 kcalmol�1. In
conclusion, the O±O bond formation mechanism is not
significantly modified by having the H2O2 in the first
coordination shell of Fe instead of in the second coordination
shell because this mechanism is still not likely owing to the
high energy barrier of 29.8 kcalmol�1.


Hydrogen abstraction : We have also considered the mecha-
nism in which the H abstraction occurs from the coordinated
H2O2. Figure 8 shows a few selected configurations along this
path together with the energy as a function of the O� ±H�


distance.
The increase in energy in the first part is related to the


breaking of the internal hydrogen bond between the peroxide
and one water ligand (as described in the previous subsec-
tion). A plateau is observed for a distance of 	2 ä when the
bonding of the peroxide ligand with the iron becomes stronger
and the peroxide becomes almost planar. When we further
reduce the O� ±H� distance, the Fe ±O� bond weakens
considerably and finally when the H is abstracted and the
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Figure 8. Energy profile for the H-abstraction mechanism starting from a
coordinated H2O2. We also show a few configurations along this path which
illustrate the reaction.


OH ligand is formed, the OOH radical moves out of the first
coordination shell. The energy barrier in this reaction path is
	12 kcalmol�1 and the energy of the final configuration is
actually higher than the initial complex by 	4 kcalmol�1.
However, it should be noted that, in the presence of the water
solvent, coordination of a water molecule to the empty site
would considerably lower the energy. In conclusion, the H
abstraction mechanism starting from a coordinated peroxide
has an energy barrier somewhat higher than that in the case of
the H2O2 in the second coordination shell. Therefore, the
coordination of the peroxide as a first step does not make this
route for the O2 evolution more feasible.


Conclusions


We have analyzed the possible alternative mechanisms for the
oxygen evolution in the Fenton reaction by means of a DFT
approach. This study assumes a high concentration of hydro-
gen peroxide and the formation of a ferryl-oxo complex as the
key active intermediate. Indeed, we have recently shown by
DFT-based Car± Parrinello Molecular Dynamics that a ferryl-
oxo complex can easily be produced by the Fenton reagents in
water.[12, 13]


Our results show that the oxygen production, which is
observed experimentally in the Fenton reaction, can easily be
understood in the presence of the ferryl-oxo complex and
therefore does not constitute evidence for OH . radicals as
intermediates. This provides further support to the model
which identifies the ferryl-oxo species as the active oxidizing
intermediate in Fenton chemistry.
The hydrogen-abstraction mechanism should be the dom-


inant mechanism for the production of dioxygen molecules in
the Fenton cycle. The reaction would thus proceed in two
successive H-abstraction steps (Figures 5 and 6) which are
both exothermic and involve quite low activation energies.


The overall reaction is exothermic by 22.4 kcalmol�1 accord-
ing to our DFT-BP calculations.
The alternative O ±O bond-formation mechanism produces


the final product in a single step when starting from a second
coordination shell H2O2, or in two steps from a directly
coordinated H2O2 (Figure 7); however, in both cases, it
involves a much higher transition-state energy.
We should also point out that in the first step of the


H-abstraction mechanism, an OOH . radical is produced
which, in the presence of the water solvent, might propagate
through a radical chain reaction. Therefore the present results
point to the possibility that a mixture of radical and non-
radical reactions occur in the Fenton chemistry. Our calcu-
lations suggest that the active Fe-Oxo intermediate is formed
according to a nonradical reaction as in the Bray ±Gorin
proposal, whereas the O2 production, under regeneration of
the Fe2� catalyst, proceeds with a radical as intermediate. This
opens the possibility that characteristics of radical reactions
may also be observed.
Finally, within the ferryl-oxo model in high hydrogen


peroxide concentrations, the O2 production acts as compet-
itive reaction to the oxidation of substrate, as it would do in
the Haber ±Weiss radical mechanism. In fact, part of the
hydrogen peroxide will be consumed in O2 production and
will fail to enter an oxidation process, that is, to participate in
an initiation step which produces the active ferryl-oxo species.
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Allenes as Carbon Nucleophiles in Intramolecular Attack on (�-1,3-Diene)-
palladium Complexes: Evidence for trans Carbopalladation of the 1,3-Diene


Ismet Dorange, Joakim Lˆfstedt, Katja N‰rhi, Johan Franze¬n, and Jan-E. B‰ckvall*[a]


Abstract: Reaction of allene-substituted cyclohexa- and cyclohepta-1,3-dienes with
[PdCl2(PhCN)2] gave �3-(1,2,3)-cyclohexenyl- and �3-(1,2,3)-cycloheptenylpalladium
complexes, respectively, in which C�C bond formation between the allene and the
1,3-diene has occurred. Analysis of the (�-allyl)palladium complexes by NMR
spectroscopy, using reporter ligands, shows that the C�C bond formation has
occurred by a trans carbopalladation involving nucleophilic attack by the middle
carbon atom of the allene on a (�-diene)palladium(��) complex. The stereochemistry
of the (�-allyl)palladium complexes was confirmed by benzoquinone-induced
stereoselective transformations to allylic acetates.


Keywords: C-C coupling ¥ carbo-
palladation ¥ palladium ¥ reaction
mechanisms


Introduction


Palladium(��)-catalyzed oxidations of unsaturated hydrocar-
bons are of importance in organic chemistry.[1±3] These
reactions involve nucleophilic addition to carbon ± carbon
double bonds coordinated to
palladium(��) centers, and re-
cently they have been extended
to enantioselective versions.[4, 5]


An important point regarding
the nucleophilic addition is the
stereochemistry of the proc-
ess.[6, 7] The nucleophile can co-
ordinate to the metal center and
then migrate to the coordinated
double bond (insertion of ole-
finic bond into the palladium-nucleophile bond) or the
nucleophile may attack the coordinated olefin on the face
opposite to that of the metal (trans attack).[6, 8]


We recently reported on an intramolecular palladium(��)-
catalyzed reaction of allenic conjugated dienes involving
carbon ± carbon bond formation between the allene and diene
moieties.[9] Several mechanisms were proposed as likely
pathways and one of the mechanisms considered involves
trans nucleophilic attack by the allene on a (�-diene)palla-
dium(��) complex. Such trans attack by �-nucleophiles on
coordinated carbon ± carbon double bonds is rare and the only


established example is allylsilane attack on a (�-diene)palla-
dium complex.[10, 11] We now report on a trans nucleophilic
addition of an allene to a (�-1,3-diene)palladium complex,
which leads to a trans carbopalladation of the double bond of
the conjugated diene (Scheme 1).[12]


Results and Discussion


Recent studies in our laboratories, carried out with the
explicit purpose of gaining further insight into the mechanism
of the palladium(0)-catalyzed carbocyclization of allenic
allylic ester derivatives, indicated that the allene moiety can
act as a �-nucleophile on a (�-allyl)palladium complex under
certain conditions.[13] In the palladium(��)-catalyzed reaction
of 1a using benzoquinone as the oxidant, allylic acetate 4a
was obtained as the product (Scheme 2). There are three
possible mechanisms for the formation of 4a ; 1) attack by the
allene on the (�-diene)palladium intermediate followed by
benzoquinone-induced acetate migration;[14] 2) nucleophilic
attack by the allene on the PdII center, followed by insertion of
the olefin into the Cvinyl ± Pd bond; and 3) acetoxypalladation
of the 1,3-diene and subsequent insertion of the allene into the
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Scheme 1. Carbopalladation of 1,3-diene.







FULL PAPER J.-E. B‰ckvall et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 3445 ± 34493446


Callyl ± Pd bond (Scheme 2).[15] In all three pathways the Pd0


center generated is reoxidized to PdII by benzoquinone.


Synthesis of complexes 3 : To obtain evidence for a possible
pathway through attack by the allenic subunit on the (�-
diene)palladium(��) complex from the opposite face of the
metal, we focused on the isolation of possible (�-allyl)palla-
dium complexes from the reaction of 1 with PdII (Schemes 1
and 2). In previous studies carried out in our laboratories,
bicyclic (�-allyl)palladium complexes were isolated from
intramolecular attack by heteroatom and carbon nucleophiles
on the 1,3-diene in the presence of stoichoimetric amounts of
palladium(��).[10, 16, 17]


The same reaction conditions were tested with the allenic
1,3-dienes, and the best conditions were found to involve the
use of [PdCl2(PhCN)2] at low temperature [Eq. (1)]. Reaction
of allenic diene 1a with [PdCl2(PhCN)2] in anhydrous THF at
�20 �C afforded (�-allyl)complex 3a in quantitative yield.
The same reaction conditions were successfully applied to the
seven-membered analogue 1b, which afforded �-allyl com-
plex 3b.


Without knowing the stereochemistry of �-allyl complexes
3a and 3b, two pathways are possible for their formation.
They may be formed by nucleophilic attack by the central
carbon atom of the pendant allene on the PdII-activated 1,3-
diene or they may be formed by chloropalladation of the
allene followed by insertion of the 1,3-diene into the Cvinyl ± Pd
bond (Scheme 3). In the former pathway (path A in
Scheme 3) the allenic carbocation formed would be trapped
by a chloride ion. Stereochemical assignments of the �-allyl


complexes 3a and 3b would
differentiate between these
pathways since the former path-
way proceeds by trans carbo-
palladation of the 1,3-diene,
while the latter pathway in-
volves cis carbopalladation of
the 1,3-diene.


Stereochemical assignment of
complexes 3 : The stereochem-
istry of 3b was assigned by the
use of the reporter ligand tech-
nique.[10, 13, 18, 19] Complex 3b
was transformed into its analo-
gous bipyridine complex 5, us-
ing a modified literature proce-
dure (Scheme 4).[20] Irradiation


of the bridgehead proton Ha� in 5 resulted in a 10% NOE
enhancement for the other bridgehead proton Ha and a 5%
NOE enhancement for the signal of the 2-protons of the
bipyridine moiety (Hb). The former NOE proves the cis
stereochemistry of the ring junction, and the latter NOE


Scheme 3. Two possible pathways for the formation of �-allyl complex.


shows that the metal is located on the same face of the ring as
the bridgehead protons and hence trans to the carbon atom
that has added to the diene. This establishes that nucleophilic
attack by the central carbon atom of the allene group on the
coordinated diene has occurred on the face opposite to that of
the palladium atom (trans carbopalladation). Therefore, the
insertion pathway, in which the metal and the nucleophilic
carbon atom would have been located on the same side of the
bicycle, can be ruled out.


For a comparison with our previous results,[9] complexes 3a
and 3b were transformed to their isoprenyl analogues 6a and
6b, respectively, by treatment with silica gel (Scheme 4).
Treatment of complexes 3a and 3b with silica in CH2Cl2 at
room temperature overnight afforded complexes 6a and 6b,
respectively. Complexes 6a and 6b were subsequently al-
lowed to react with 2,2�-bipyridine in the presence of AgOTf
to give complexes 7a and 7b. NOE difference experiments
analogous to those carried out on complex 5 confirmed that
the palladium center is trans to the carbon atoms in the fused
five-membered ring.


The stereochemical assignment of complexes 6a and 6b
was confirmed by their transformation to allylic acetate


Scheme 2. Allene attack versus insertion mechanism for the formation of 4a. BQ� 1,4-benzoquinone, E�
CO2CH3.
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products 4a/8a and 4b/8b,[21] respectively. Treatment of
complex 6a with AgOAc to give the (�-allyl)PdOAc complex
followed by addition of p-benzoquinone (BQ) afforded (via
acetate migration) the known compound 4a in 72% yield
(Scheme 5).[14, 22] Reaction of 6a in the presence of LiCl,


Scheme 5. Stereoselective transformations of complexes 6a and 6b.


LiOAc, and BQ, conditions known to give external acetate
attack,[14] produced allylic acetate 8a in 45% yield as a 2:1
mixture of 8a :4a.[23] The stereochemistry of these two
products (4a and 8a) requires that the palladium center and
the five-membered ring are trans to one another in 6a. The
analogous cis and trans acetoxylation reactions were also
carried out on the seven-membered ring complex 6b to give
4b (68% yield) and 8b[21] (32% yield, as a 3:1 mixture of
8b :4b), respectively, which confirms the stereochemical
assignment made by NOE difference experiments.


Mechanistic considerations : A general picture regarding the
�-nucleophilicity of allenes is emerging. In the present study,
we have shown that a pendant allene can attack a (�-1,3-


diene)palladium complex to
give trans carbopalladation of
the diene, and in previous
work[13] we demonstrated that
an allene can attack a (�-allyl)-
palladium complex trans to the
metal center in an intramolec-
ular reaction. Thus, the allene
can function as a nucleophile in
attack on unsaturated hydro-
carbon ligands coordinated to
palladium center in analogy
with other �-nucleophiles such
as enol ethers[24] and allylsi-
lanes.[10, 25] An interesting ques-
tion is whether the allene re-
quires activation by a nucleo-
philic center to act as a �-
nucleophile. In our previous
study,[13] in which Pd0 catalyzed
the reaction, we considered a
pathway that involved forma-
tion of a carbonium ion, which
is trapped by Pd0. Alternatively,


a nucleophilic Pd0 center could activate the allene and trigger
the attack. In the present study an analogous nucleophilic
activation, in this case by chloride ion, may trigger the
nucleophilic attack by the allene (see Scheme 3, path A).
Support for activation of the allene by a chloride ion is
provided with the fact that no trans carbopalladation occurred
when [PdCl2(PhCN)2] was replaced by Pd(OAc)2.


Conclusion


This study constitutes the first established example of
nucleophilic attack of an allene on a (�-1,3-diene)palladium
complex. The reaction is stereospecific, affording (�-allyl)-
palladium complexes of bicyclo[5.3.0] or bicyclo[4.3.0] sys-
tems having a cis-ring junction. These �-allyl complexes can
subsequently undergo a second nucleophilic attack. The
stereochemical outcome of the second nucleophilic attack
can be controlled by using different reaction conditions,
making this methodology a valuable tool in organic chemistry.
Studies to further explore the synthetic utility of this novel
reaction are in progress.


Experimental Section


All reactions were carried out under inert atmosphere of dry argon unless
otherwise noted. All glassware used was oven-dried (120 �C) or flame-
dried. Organic solvents/reagents were purified prior to use as follows: THF
and diethyl ether were freshly distilled fromNa/benzophenone, CH2Cl2 was
distilled from CaH2. Column chromatography was performed on flash-
grade silica gel. Eluting solvents are reported as v/v%mixture. Preparative
thin-layer chromatography was performed on Merck silica gel 60 F254


0.25 mm plates. 1H NMR (400 or 300 MHz) and 13C NMR (100 or
75 MHz) spectra were recorded by using [D1]chloroform or [D3]acetoni-
trile as internal standard. Starting material 1a/1b were synthesized as
described in ref. [9].


Scheme 4. Assignments of the stereochemistry by using reporter ligand technique.
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General procedure for the preparation of (�-Allyl)palladium complexes, as
exemplified with the preparation of complex 3b : A flame-dried round
bottom flask was charged with [PdCl2(PhCN)2] (90.8 mg, 1 equiv) under
argon. The flask was then cooled down to �18 �C and a solution of 1b
(102 mg, 0.35 mmol) in anhydrous THF (4 mL) was added by syringe. The
brown solution was then stirred at �18 �C overnight under an inert
atmosphere of argon. The solvent was evaporated in vacuo to give a brown
oil, which was then dissolved in CH2Cl2. The solution was washed with H2O
and the aqueous phases were combined and back extracted with CH2Cl2.
The organic phase was dried over Na2SO4, filtered, and concentrated to
yield 3b (150 mg, quantitative yield) as a yellowish oil. 1H NMR:
(300 MHz, CDCl3): �� 5.75 (d, J� 3 Hz, 1H; H8), 5.51 (m, 1H), 5.12 (m,
1H), 4.92 (m, 1H), 3.98 (m, 1H), 3.72 (s, 3H; CH3), 3.71 (m, 4H; CH3 and
H10), 2.04 (4H; H4, H4�, H5, H5�), 1.85 (s, 3H; CH3), 1.82 ppm (s, 3H;
CH3).


(�-Allyl)palladium complex 3a : The same procedure as above was
followed: reaction of [PdCl2(PhCN)2] with 1a (146 mg) afforded complex
3a (210 mg; 95% yield), which was used without purification for the
preparation of complex 6a.


(�-Allyl)palladium complex 6a : Complex 3a (200 mg) was dissolved in
CH2Cl2 (100 mL) and silica gel (7 g) was added. The yellow slurry was
stirred at room temperature overnight. Ethyl acetate (150 mL) was then
added and the mixture was stirred for 1 h, then filtered and concentrated in
vacuo to give 6a (138.6 mg; 75% yield). Complex 6a was further purified
by preparative TLC (multiple development technique) to give a pure
sample. 1H NMR (400 MHz, CDCl3): �� 5.64 (s, 1H; H7), 5.33 (s, 1H;
isoprenyl H11), 5.24 (ap. t, J� 6.4 Hz, 1H; H2), 5.19 (s, 1H; isoprenyl
H11�), 5.05 (m, 1H; H3), 4.93 (d, J� 6.4 Hz, 1H; H1), 3.72 (s, 3H; CH3),
3.68 (s, 3H; CH3), 3.46 (d, J� 7.8 Hz, 1H; H9), 3.20 (t, J� 7.8 Hz, 1H; H5),
2.40 (dd, J� 19.8, 7.2 Hz, 1H; H4), 2.27 (dd, J� 19.8, 7.4 Hz, 1H; H4�),
1.94 ppm (s, 3H; CH3 vinylic).


(�-Allyl)palladium complex 6b : The above protocol was followed with
complex 3b (150 mg), which afforded 6b (106.5 mg; 77% yield). 1H NMR
(300 MHz, CDCl3): �� 5.70 (s, 1H; H8), 5.37 (s, 1H; isoprenyl H12), 5.21
(s, 1H; isoprenyl H12�), 5.05 ± 4.76 (3H; H1, H2 and H3), 3.80 (m, 1H;
overlap with CH3, H10) 3.73 (s, 3H; CH3), 3.69 (s, 3H; CH3), 3.31 (m, 1H;
H6), 2.30 (m, 1H; H4), 2.19 ± 1.99 (3H; H4�, H5, H5�), 1.94 (s, 3H; CH3


vinylic).


General procedure for the preparation of bipyridine(�-Allyl)palladium
complex, as shown for complex 7a : An oven-dried NMR tube was charged
with 2,2�-bipyridine (5.31 mg, 1 equiv). A solution of 6a (14.1 mg,
0.017 mmol) in CD3CN (0.5 mL) was added, and the tube was shaken
until 2,2�-bipyridine was completely dissolved. AgOTf (8.73 mg, 1 equiv)
was then added and immediate precipitation of a white solid was observed.
The suspension was then filtered through a short pad of Celite and the
filtrate concentrated. Complex 7a could be further purified as follows:
flash-grade silica gel was added to a solution of 7a in CH3CN and the
solvent evaporated. The powder obtained was then added to a short
column, eluted with Et2O, and then with CH3CN, which afforded after
evaporation 7a. 1H NMR (300 MHz, CD3CN): �� 8.89 (d, J� 4.8 Hz, 1H;
bipyridine), 8.70 (d, J� 4.8 Hz, 1H; bipyridine), 8.41 (d, J� 8.1 Hz, 1H;
bipyridine), 8.32 (d, J� 8.1 Hz, 1H; bipyridine), 8.25 (ap dt, J� 7.8, 1.5 Hz,
1H; bipyridine), 8.10 (app t, J� 7.5 Hz, 1H; bipyridine), 7.74 (app t, J�
5.4 Hz, 1H; bipyridine), 7.62 (app t, J� 3.9 Hz, 1H; bipyridine), 5.81 (t, J�
6.6 Hz, 1H; H2), 5.80 (s, 1H; H7), 5.38 (s, 1H; isoprenyl H11), 5.35 (s, 1H;
isoprenyl H11�), 5.23 (app t, J� 6.3 Hz, 1H; H3), 5.10 (dd, J� 6.9, 0.9 Hz,
1H; H1), 3.76 (s, 3H; CH3), 3.70 (s, 3H; CH3), 3.53 (d, J� 7.8 Hz, 1H; H9),
3.19 (app t, J� 7.8 Hz, 1H; H5), 2.62 (ddd, J� 19.0, 6.0, 1.8 Hz, 1H; H4),
2.24 (dd, J� 19.0, 7.8 Hz, 1H; H4�), 2.18 ppm (s, 3H; CH3). NOE
experiment (300 MHz, CD3CN): irradiation of H10 resulted in a 1.3%
NOE enhancement for the ortho-bipyridyl proton (�� 8.89 and 8.70 ppm),
5% NOE for H11/H11�, 7% NOE for H1, and 5% NOE for H6 (other
bridgehead proton).


(�-Allyl)palladium complex 5 : Complex 5 was obtained by using the above
procedure. 1H NMR (400 MHz, CD3CN): �� 8.85 (br s, 1H; bipyridine),
8.66 (br s, 1H; bipyridine), 8.45 ± 8.26 (4H; bipyridine), 7.78 ± 7.62 (2H),
5.84 (d, J� 3.2 Hz, 1H; H8), 5.70 (dd, J� 8.8, 4.0 Hz, 1H; H1), 5.44 (app t,
J� 8.4 Hz, 1H; H2), 5.37 (app t, J� 7.2 Hz, 1H; H3), 4.09 (dd, J� 8.0,
4.3 Hz, 1H; H10), 3.66 (s, 3H; CH3), 3.55 (s, 3H; CH3), 3.23 (dd, J� 11.2,
4.3 Hz, 1H; H6), 2.46 (m, 1H; H4), 2.04 (m, 1H; H4�), 1.97 (s, 3H; CH3),


1.96 (s, 3H; CH3), 1.43 ± 1.16 (2H, H5; H5�). NOE experiment (400 MHz,
CD3CN): irradiation of H10 resulted in a 5% NOE enhancement for the
ortho-bipyridyl proton (�� 8.85 ppm), 7%NOE for H1, and 10%NOE for
H6 (other bridgehead proton).


(�-Allyl)palladium complex 7b : Complex 7b was obtained by using the
general procedure. 1H NMR: (400 MHz, CD3CN): �� 8.86 (d, J� 4.4 Hz,
1H; bipyridine), 8.72 (d, J� 4.4 Hz, 1H; bipyridine), 8.43 (d, J� 8.2 Hz,
1H; bipyridine), 8.38 (d, J� 8.0 Hz, 1H; bipyridine), 8.29 (m, 1H;
bipyridine), 8.09 (app t, J� 7.6 Hz, 1H; bipyridine), 7.76 (m, 1H; bipyr-
idine), 7.63 (m, 1H; bipyridine), 5.82 (d, J� 2.4 Hz, 1H; H8), 5.45 (m, 1H;
H1), 5.34 ± 5.22 (4H; H2, H3, H12, H12�), 3.95 (ap dt, J� 6.4, 2 Hz, 1H;
H10), 3.70 (s, 3H), 3.62 (s, 3H), 3.21 (m, 1H; H6), 2.20 ± 2.07 (m, 2H; H4,
H4�), 2.05 (s, 3H; CH3 vinylic), 1.73 ± 1.64 ppm (m, 2H; H5, H5�). NOE
experiment (400 MHz, CD3CN): irradiation of H10 resulted in a 2.5%
NOE enhancement for the ortho-bipyridyl proton (�� 8.86 ppm), 2.9%
NOE enhancement for the ortho-bipyridyl proton and �� 8.72 ppm), 9%
NOE for the protons at �� 5.34 ± 5.22 ppm, and 9% NOE for H6 (other
bridgehead proton).


Allylic acetate 4a: To a stirred solution of (�-allyl)palladium complex 6a
(140 mg, 0.16 mmol) in acetic acid (0.65 mL) was added a suspension of
AgOAc (58.8 mg, 1.1 equiv) in acetic acid (1 mL) at room temperature. The
mixture was stirred for 20 min and a solution of 1,4-benzoquinone (70.3 mg,
2 equiv) in acetic acid (1 mL) was added. The reaction mixture turned
black, and was allowed to stir at room temperature for 8 h. Brine (4 mL)
was added and the was mixture filtered to remove all precipitates. The
aqueous phase was extracted with Et2O. The combined organic phases were
washed with H2O, a saturated aqueous solution of NaHCO3, and 1�
NaOH, and then dried (Na2SO4). Concentration in vacuo yielded 4a as a
brown oil. Flash chromatography (hexane/AcOEt, 6:4) afforded 4a
(80.6 mg; 72%). Spectral data were identical to those reported in ref. [9].


Allylic acetate 4b: The same procedure as for 4awas followed: complex 6b
(140 mg) afforded 4b (77.1 mg; 68%). 1H NMR (300 MHz, CDCl3): ��
5.80 (s, 1H; H8), 5.60 (dd, J� 11.7, 3.5 Hz, 1H; H1), 5.51 (m, 1H; H2), 5.28
(m, 1H; H3), 5.13 (s, 1H; H12), 5.03 (s, 1H; H12�), 3.99 (m, 1H; H10), 3.77
(s, 3H; CH3), 3.66 (s, 3H; CH3), 3.24 (ddd, J� 12.6, 9.3, 6.4 Hz, 1H; H6),
2.22 ± 2.08 (2H; H4, H5), 2.05 (s, 3H; CH3), 1.95 (s, 3H; CH3), 1.75 ± 1.63
(m, 1H; H4�), 1.15 ± 1.07 ppm (m, 1H; H5�); 13C NMR (75 MHz, CDCl3):
�� 171.3, 170.7, 170.6, 151.3, 137.9, 133.7, 125.8, 124.5, 117.0, 72.6, 69.1, 52.9,
52.5, 48.5, 44.8, 28.2, 22.0, 21.5, 20.7 ppm.


Allylic acetate 8a: To a stirred solution of (�-allyl)palladium complex 6a
(40 mg, 0.048 mmol) in acetic acid (2 mL) was added a solution of LiOAc ¥
2H2O (97.8 mg, 10 equiv), LiCl (5.3 mg, 1.3 equiv), 1,4-benzoquinone
(20.6 mg, 2 equiv) in acetic acid (4.2 mL). The mixture was stirred at room
temperature for 4 h. The reaction mixture was diluted with a saturated
aqueous solution of NaCl and extracted with a solution of pentane/diethyl
ether (9:1). The combined organic phases were washed with H2O and a
saturated aqueous solution of Na2CO3 and dried (Na2SO4). Evaporation of
the solvent afforded a 2:1 mixture of 8a :4a (14.4 mg; 45% overall yield).
The yield was determined from the 1H NMR spectrum by using 1,2-
dimethoxybenzene as internal standard. The 1H NMR data were obtained
by comparison of the crude 1H NMR spectrum with the spectrum of
compound 4a. 1H NMR (300 MHz, CDCl3): �� 6.11 (ddd, J� 10.3, 4.2,
2.1 Hz, 1H), 5.72 (2H), 5.07 (m, 1H; overlap with H11 and H11�), 5.08 (s,
1H; H11), 5.02 (s, 1H; H11�), 3.77 ± 3.70 (7H, overlapping peaks in which s
at 3.76 and 3.70), 3.55 (ddd, J� 12.2, 6.3, 3.9 Hz, 1H), 1.93 (s, 3H), 1.69 (m,
1H), 1.38 ppm (m, 1H).


Allylic acetate 8b: The same protocol as above was followed: complex 6b
(22 mg) afforded a 3:1 mixture of 8b and 4b (5.7 mg; 32% yield). 1H NMR
(400 MHz, CDCl3): �� 5.77 (s, 1H; H8), 5.67 (m, 1H; H3), 5.45 (2H; H2,
H1), 5.12 (s, 1H; H12), 5.00 (s, 1H; H12�), 3.76 (4H, H10; CH3), 3.69 (s, 3H;
CH3), 3.07 (ddd, J� 14.4, 9.2, 4.8 Hz, 1H; H6), 2.06 (4H; H4, CH3), 2.02 (m,
1H; H4�), 1.88 (m, 1H; H5), 1.68 (m, 1H; H4�), 1.47 ppm (m, 1H; H5�).
NOE experiment (400 MHz, CDCl3): irradiation of H3 (geminal to the
acetoxy moiety) resulted in a 4% NOE enhancement for the allylic
bridgehead proton.
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