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Introduction


The major application of combinatorial chemistry remains the
search for biologically active molecules.[1] Diversity-based
strategies, however, might be effective in the identification of
compounds that have attractive properties. Combinatorial
and related strategies have indeed been utilized recently in
investigations involving materials science,[2] molecular recog-
nition,[3, 4] polymer chemistry,[5] and asymmetric catalysis.[6]


This article is a brief overview of the recently developed
diversity-based approaches in the screening and identification
of effective metal-based catalysts for enantioselective syn-
thesis. In a few instances, it is likely that the more traditional
design and screening approaches, often based on a priori
mechanistic bias, would have been less successful, at least
within the same time span.


The searches for therapeutic agents and asymmetric
catalysts share a number of facets. Traditionally, both fields
have relied on iterative approaches wherein a single com-


pound is designed, synthesized, and tested (Scheme 1). The
cycle is repeated until a compound is obtained with the
desired levels of enantioselectivity or activity. In contrast, as
illustrated in Scheme 1, a high-throughput strategy enables
one to generate and test simultaneously considerably larger
numbers of candidates, potentially reducing the entire search
cycle to one or two iterations.


Design


SynthesisTesting


Design


SynthesisTesting


Classical High Throughput


Scheme 1. The diversity-based approach can provide a wealth of data on
reactivity and selectivity in an efficient manner.


Combinatorial chemistry brings together rational design
and high-throughput evaluation; it is rooted in empirical
observations and logical deduction. Structure ± selectivity
observations remain the basis for propagating molecular
features from one generation of catalysts to the next. Such
strategies therefore permit more initial guesses and a greater
allowance for failure. Combinatorial chemistry is particularly
well-suited to optimizing novel and previously unexamined
reactions for which little mechanistic data is available. Such
strategies can be viewed as the chemist�s attempt to address
the notion that mechanistic subtleties that often differentiate
the selectivity and reactivity of one substrate or catalyst from
another may not be generalized. Such a broad-based ap-
proach relieves the chemist of the risk of following a relatively
narrow path selected on the basis of fickle mechanistic
parameters. It is perhaps fair to state that the development of
almost all successful asymmetric catalysts has benefited, at
some point, from serendipitous observations. Combinatorial
chemistry integrates this aspect of catalyst discovery into the
overall search process, increasing the rate at which advanta-
geous mutations can occur. Nevertheless, a combinatorial
approach can significantly promote the mechanistic studies of
new asymmetric processes, as it can put forth a large
structure ± selectivity database from which mechanistic para-
digms can be generated.
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Discussion


Asymmetric aldehyde alkylation : In 1995, Ellman selected
the dialkylzinc addition to aldehydes (Scheme 2) to gauge the
potential utility of a combinatorial approach.[7] Thirteen
ligands were synthesized on a solid support from a 4-
hydroxyproline precursor and attached to the support (Merri-
field resin) through the 4-hydroxy unit. The ligands were
initially screened while still covalently anchored to the
support. The levels of enantioselectivity for reactions initiated
by the resin-bound ligands proved to be high, but slightly
lower than those obtained with the free ligands in solution
(e.g., 89 % vs 94 % ee).
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Scheme 2. In catalytic alkylation of aldehydes, similar but slightly lower
enantioselectivity is attained when the chiral ligand is anchored to a solid
support.


Screening was carried out with unbound chiral ligands
synthesized on a solid support and subsequently freed from
the resin. Representative data are shown in Scheme 3. It is
important to note that, subsequent to cleavage from the solid
support, little or no purification of the ligands was required to
maintain excellent enantioselectivity. This is a tribute to the
efficient multistep synthesis carried out on the Merrifield
resin and to the benefits of ligand-accelerated catalysis.[8] The
effects of the chiral pyrrolidinone ligand are sufficiently
dominant so as not to allow adventitious side products from
ligand synthesis to catalyze product formation and lower
selectivity.
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Scheme 3. Influence of various chiral ligands on the enantioselective
addition of Et2Zn to an aliphatic aldehyde.


Asymmetric hydrogenation : As with many other metal-
catalyzed asymmetric reactions, it is often difficult to predict
which phosphine ligands or metal centers will lead to the most
efficient and selective hydrogenation. Gilbertson and co-


workers therefore set out to prepare a sixty-three member
library of chiral phosphines, built within a helical peptide
scaffold, that could be screened for catalytic and enantiose-
lective olefin hydrogenation. A variable sequence of four to
five amino acids was inserted into the peptide Ac-Ala-Aib-
Ala-[ ]-Ala-Aib-Ala-NH2 to yield a range of chiral
ligands. Folding of the polypeptide backbone was expected
to bring together two different donor phosphine units to
present effectively a bisphosphine system and an appropriate
chiral environment to the transition metal (Scheme 4).[9] The
terminal Ala-Aib-Ala sequences were designed to promote
helix formation by bringing the two synthetic amino acids with
phosphine side chains into close proximity when they are
positioned at spacings of (i, i� 1) and (i, i� 4).
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Scheme 4. Phosphine units attached to helical peptide scaffolds have been
screened as catalysts for enantioselective hydrogenation.


Sixty-three different peptides were synthesized in parallel
on pins and tested for asymmetric induction while still
attached to the solid phase. As depicted in Scheme 4, RhI


was selected as the metal center (based on ample precedence)
and the enantioselective hydrogenation of an a-amino acid
was examined. Although relatively low levels of enantiose-
lectivity were observed (� 19 % ee), this study demonstrated
that a combinatorial protocol can efficiently provide the
chemist with a wealth of data. It is not clear whether any
reliable mechanistic information can be gleaned from these
initial results because of the low levels of stereodifferentia-
tion.


Asymmetric addition of TMSCN to meso epoxides : We have
utilized diversity-based protocols to introduce variations
within a modular peptide-based ligand to identify chiral
ligands for enantioselective TMSCN addition to meso epox-
ides (Scheme 5). These peptides are expected to be excellent
metal ligands[10] and are composed of three independently
variable subunits: Schiff base (SB), amino acid 1 (AA1), and
amino acid 2 (AA2).[11] Such peptide-based systems are
attractive, since chiral amino acids are available in the
nonracemic form. Moreover, peptidic systems can be pre-
pared efficiently, in parallel, by established solid-phase
protocols.


In principle, 8000 (203) different chiral catalysts could be
made from the 20 natural amino acids and 20 different
aldehydes with the catalyst shown in Scheme 5. However, to
control the numbers of compounds synthesized and screened,
a representational search strategy was employed (Figure 1).
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Figure 1. Representational search strategy adopted for catalyst screening
allows identification of effective ligands without examination of all
possibilities.


Each of the three subunits in the modular ligand was
successively optimized, such that the first amino acid 1
(AA1, shown in gray) was varied and the other two subunits
were kept constant. Tert-leucine was found to be optimal at
position AA1 and this structural element was retained in
successive generations. The second position (AA2) was then
altered, and O-tert-butylthreonine was identified as the best
AA2. Finally, from a pool of salicylic aldehydes, 3-fluorosa-
licylaldehyde was selected as the best Schiff base (SB). In the
end, only a representative sampling of sixty (20� 3) catalysts
was necessary to identify one that affords nearly a 95:5 ratio of
enantiomers (89 % ee). The initial randomly selected catalyst
provided the addition product with only 26 % ee (cyclohexene
oxide as substrate); successive modifi-
cations of the ligand structure en-
hanced selectivity in three steps to
afford eventually a synthetically at-
tractive level of enantioselectivity
(with 3-fluorosalicylaldehyde-tert-leu-
cine-O-tert-butylthreonine-glycine-
OMe as the catalyst).


In the approach described above, we
have made certain assumptions about
the additivity and absence of coopera-
tivity between the three subunits. At
least for this small sample, these as-
sumptions seem to hold true, but with-
out testing every combination we can-
not definitively answer this important
question. Examination of every possi-
bility would tax and detract from the
efficiency of the general screening


method. An advantage of the above
approach is that, in a relatively short
amount of time, we could identify a
selective catalyst for an entirely new
asymmetric process.


We subsequently applied the above
search strategy to various other meso
epoxide substrates.[12] These studies
indicated that for each epoxide sub-
strate a similar but unique chiral cata-


lyst was identified (Table 1). The high levels of selectivity
observed with enzymatic reactions are also often accompa-
nied by the lack of substrate generality. In this instance,
because ligand modification is relatively straightforward,
substrate specificity does not necessarily imply absence of
generality.


Catalytic asymmetric carbene insertion : Burgess and Suli-
kowski adopted an alternative approach by matching an array
of chiral ligands with a range of metal centers.[13] A third
dimension of diversity was introduced by changing the
reaction conditions through variation of the solvent systems.
All told, five chiral ligands coupled with six different metal
salts were examined in four different solvents. Ninety-six of
the possible one hundred and twenty different combinations
were examined in less than a week for their ability to direct
the asymmetric carbene CÿH insertion (Scheme 6). The most
effective catalyst was found to be a CuI ´ (bis)oxazoline ligand
complex which was optimized to give a 3.9:1 diastereomeric
ratio, compared to the previously reported 2.3:1 selectivity.
The unprecedented catalysis of carbene insertion by AgI was
also observed, underlining an additional strength of the high-
throughput approach.


Identification of catalysts by infrared thermography: Modern
combinatorial synthesis techniques give chemists the ability to
produce millions of unique polymer-bead-bound compounds
in a simple and reliable manner. Further, with new encoding
technology, the chemical structure attached to any given
polymer bead may be determined in a relatively straightfor-
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Scheme 5. Peptidic Schiff bases may be screened for identification of an effective chiral ligand for
catalytic enantioselective addition of TMSCN to meso epoxides.


Table 1. Optimized ligands for catalytic enantioselective addition of TMSCN to meso epoxides.
Conditions: 20 mol % Ti(OiPr)4, 20 mol % ligand, 4 8C, toluene, 6 ± 20 h.
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ward operation. However, screening all prospective catalysts
in such a library has presented a significant obstacle as it
requires an assay that can be carried out in parallel rather than
in series. For instance, if the assay of each catalyst in a one-
million-membered library includes a 30 second GC analysis,
approximately one year would be required to perform a serial
analysis of the entire collection. One solution to this problem
was recently reported by Morken and Taylor,[14] who describe
a novel parallel assay of an encoded polymer-bead-bound
catalyst library for a solution phase catalytic transformation.
In situ infrared thermal imaging was used to monitor temper-
ature differences amongst the beads, and therefore the
activity of each catalyst, in the presence of reagents under-
going an exothermic reaction. Screening an encoded library of
3150 unique catalysts, followed by selection of hot beads, led
to identification of compounds 1 and 2 as effective nucleo-
philic acylation catalysts.
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IR imaging is an attractive tool, as it should be applicable to
a wide range of size and type of catalyst libraries. While
screening reactions with small enthalpy changes will be a
challenge, with sufficiently large library size and diversity it is
reasonable to expect high-turnover-number catalysts to be
present and thus detectable. Similar to the results of Taylor
and Morken, screening large catalyst libraries is likely to
reveal new structures with potentially novel modes of activity
and thus open new avenues of catalysis research.


Conclusion


The above studies represent some initial attempts to establish
general protocols for the identification and discovery of new
catalysts.[15] These efforts are based on the realization that,
even within a single class of substrates, the identity of the
optimum catalyst may change. Perhaps this area of research


has its deepest roots in the history of
asymmetric catalysis: it is often the
unanticipated hit that becomes the
key data that fuel a successful inves-
tigation. If so, why not carry out
research in a manner that enhances
the probability of making positive
chance observations?


In recommending this line of re-
search we are not advocating that
rational investigations of mecha-
nisms of important processes be
abandoned. Elements of design and
a priori decisions are still required in
determining which collection of cat-


alysts need be prepared; the framework is simply broader and
thus initial bias that may be based on few initial observations
has less of a chance to direct us in the wrong direction.
Diversity-based strategies will allow us to base our mecha-
nistic hypotheses on a much wider pool of data points.


The above investigations are the first steps on the exciting
road that lies ahead. It is likely that we will soon be able to
screen significantly larger catalyst collections. A recent report
by Jacobsen[16] in connection with an impressive library of
chiral metal complexes represents an important first step in
this direction. The high-throughput approach to enantiose-
lective reaction discovery should present us with a more
complete picture, where the hidden subtleties are highlighted,
where the exciting exceptions, as well as the more useful
generalities, become more apparent.
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Introduction


The hydrogen bond occupies a position of central importance
in chemistry, biology and materials science. Its properties,
which include well-defined directionality and a strength
somewhere between those of normal chemical bonds and
van der Waals interactions, lead to profound consequences for
the structure of water and of proteins and for supramolecular
chemistry in general. Although the hydrogen bond is gen-
erally accepted to be unique, a recent article[1] draws attention
to a remarkable parallelism between the properties of the
series of hydrogen-bonded complexes B ´´ ´ HCl, involving
simple Lewis bases B, and those of the corresponding series
B ´´ ´ ClF in which HCl is replaced by chlorine monofluoride.
The emphasis of the article was mainly (but not exclusively)
on pairs of complexes B ´´ ´ HCl/B ´´´ ClF in which the electron-
donor region of B consisted of a nonbonding electron pair.


In particular, it was demonstrated that B ´´´ HCl/B ´´ ´ ClF
pairs with a given B are isostructural, have similar interaction
strengths (as measured by the intermolecular stretching force
constant ks), and are composed of subunits in which there is
only minor perturbation of the electric charge distribution
when the complex is formed. These similarities were ex-


plained in terms of a model common to both types of complex
but originally proposed for the hydrogen-bonded series.[2]


Thus, an interaction between unperturbed electric charge
distributions was assumed and the observed geometry was
explained by assuming that the Lewis acid (either d�HCldÿ or
d�ClFdÿ) lies along the axis of a nonbonding electron pair
carried by the acceptor atom in B, with the electrophilic end
d� sampling this region of greatest nucleophilicity.


In view of the assumed uniqueness of the hydrogen bond, it
might seem controversial to refer to a ªchlorine bondº in B ´´´
ClF that is analogous to the hydrogen bond in B ´´´ HCl.
However, such an approach can be justified in terms of an
operational definition based on similarities among experi-
mentally determined properties, as alluded to earlier.


In this article, we focus attention on some recent exper-
imental results for another series of B ´´ ´ ClF complexes,
namely one in which B is systematically varied from one
unsaturated hydrocarbon to another, with each B chosen as
the prototype p-electron donor of its class. Table 1 lists the
molecules B and indicates in each case the class of p system
for which B is the prototype. Included among the various
classes are simple p and pseudo-p donors, conjugated but
nonaromatic systems acting as p donors, cumulative p systems
composed of two adjacent p bonds or an adjacent p and
pseudo-p bond, aromatic and heteroaromatic p-electron
donors. Questions to be addressed through the choice of B
include: Is the notion of a ªchlorine bondº, analogous to the
hydrogen bond, appropriate to complexes B ´´´ ClF in which B
is a p-electron donor? Is the pair B ´´ ´ ClF/B ´´´ HCl isostruc-
tural for a given B? Does a common model account for the
properties of the p-donor complexes B ´´ ´ ClF considered?
What is the result of competition for ClF when more than one
p-donor centre is present in B? How do aromatic and
nonaromatic p-electron donors differ? What is the result
when B carries both p-bonding and nonbonding electron
pairs?


A more comprehensive review, to be published elsewhere,[3]


will deal in a similar manner with the more general series of
complexes B ´´ ´ XY and B ´´´ HX, where XY is one of the
halogen or interhalogens F2, ClF, Cl2 and BrCl and X is F, Cl,
CN, C�CH, etc. The Lewis bases B will then include those
chosen as simple examples of n-type and mixed n/p-type as
well as p-type electron-pair donors. This review will not only
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describe the relationship among the properties of the various
series of complexes but will also indicate how to determine
those properties for isolated complexes.


Discussion


Prereactive complexes: Definition and a method for their
observation : The addition of halogen molecules to C�C
double bonds constitutes an important class of chemical
reaction. There is general agreement[4] that, in the dark and in
polar solvents, these reactions proceed via a mechanism of the
type shown in Scheme 1, where the example of BrCl is used.
Complexes such as 1, which involve a weak interaction, were
called the outer type by Mulliken[5] while those involving
extensive electric charge rearrangement, as in 2, were
classified as the strong, inner type. It seems reasonable to
define 1 as a prereactive intermediate because it precedes
reaction and it exists at a potential energy minimum. If it is
accepted that a prereactive complex 1 is formed when a
halogen and an alkene first interact, before charge separation
occurs to give the halogenium ion 2 or the ion pair 3, it is
clearly a matter of general interest in chemistry to character-
ise species of the type 1 in detail experimentally. To do this
requires the answers to the following questions: What is the


Scheme 1. Accepted mechanism of addition of halogen molecules to C�C
double bonds in the dark and in polar solvents shown by the example of
BrCl. Complex 1 is called the outer type; halogenium ion 2 the inner type.


molecular point group? What are the radial and angular
geometries of the complex? What is the strength of the
interaction? What is the extent of electric charge redistrib-
ution on formation of 1? Is it significant, thereby indicating
some incipient inner complex character, or is it minor?


There is a particular problem in attempting to observe
prereactive complexes B ´´ ´ ClF when B is an unsaturated
hydrocarbon. Chlorine monofluoride undergoes violent
chemical reactions with substances such as ethyne and ethene,
even in the gas phase. One way to observe complexes B ´´ ´ ClF
is in cryogenic matrices[6] but the level of detailed geometrical
information obtained is unfortunately not high. A method is
required which allows B ´´´ ClF to be formed and then rapidly
isolated, while remaining in the gas phase and before reaction
can occur. Then the rotational spectrum of the complexes,
which is a rich source of detailed information, can be
observed. The approach outlined below shows how to achieve
this and employs the so-called fast-mixing nozzle.[7]


A diagram of this device is shown in Figure 1. It consists of a
pair of concentric, approximately coterminal tubes that issue
into a vacuum. Ethyne, for example, flows continuously into
the vacuum chamber from the central capillary (glass, 0.3 mm
internal diameter). The solenoid valve produces short pulses
of a ClF/argon mixture (ca. 2 % ClF) which issue into


Figure 1. Schematic diagram of the fast-mixing nozzle used to create
complexes B ´´´ ClF but avoiding chemical reaction of B and ClF.


Table 1. p-Electron donors B used in the study of a series of B ´´´ ClF
complexes, and the class of p system for which each B is the prototype.
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the outer tube. Each pulse meets the ethyne gas only as the
two flows simultaneously expand into the vacuum. Complexes
are formed at the cylindrical interface of the flows and soon
achieve collisionless expansion in their lowest rotational and
vibrational energy states, all of which occurs within 10 ms or so
and in the absence of surfaces. After this stage no chemical
reaction, either unimolecular or bimolecular, can occur until
the gas pulse meets the wall of the vessel. The complexes in
this frozen state can then be probed spectroscopically.


This approach has two advantages. First, prereactive
complexes formed from components of high mutual reactivity
can be isolated. Secondly, we can be confident that the
properties of a species B ´´´ ClF determined in this way are
free of perturbation through lattice or solvent effects. In view
of the weak interactions between B and ClF that are discussed
here (typically, the intermolecular stretching force constant ks


is only 5 ± 10 N mÿ1), this is an important consideration,
especially when making comparisons within series of com-
plexes in the search for systematic behaviour.


All the results summarized in this article have been
obtained by using rotational spectroscopy as the means of
probing the supersonically expanded gas pulse. The technique
involved is called pulsed-nozzle, Fourier-transform micro-
wave spectroscopy and was originally developed by Flygare
and coworkers.[8] The particular version of the spectrometer
employed has been described.[9] This technique leads to
precise values of some important properties of the complex
B ´´´ ClF, including the angular and radial geometry, the
strength of the weak interaction (via ks) and the extent of
electric charge redistribution within ClF on complex forma-
tion, all of which usually refer to the electronic and vibrational
ground state. They are obtained, through simple models, from
the rotational constants, centrifugal distortion constants and
Cl nuclear quadrupole coupling constants, respectively. De-
tails of the routes from spectroscopic constants to molecular
properties are discussed elsewhere;[1,3,10,11] only the results will
be considered here.


p-Electron donor complexes B ´´´
ClF: Are they of the Mulliken outer
or inner type? This question has been
answered by considering the Cl nu-
clear quadrupole coupling constants
and the intermolecular stretching
force constants ks of the complexes
B ´´ ´ ClF under discussion here. When
the complex is formed, the electric
field gradient (efg) at the Cl nucleus
is modified because of the response
of the ClF electrons to the electric
charge distribution of B. Nuclear
quadrupole coupling constants for
Cl are proportional to the efg at the
Cl nucleus, and hence their changes
on complex formation provide evi-
dence about the redistribution of the
ClF charge. If equilibrium values
were available they could be inter-
preted by using a simple model


(Townes ± Dailey model[12]) in terms of the fraction d of an
electron transferred from Cl to F.


In fact, the measured coupling constants refer to the zero-
point state, and it is necessary to correct them for the effects of
the zero-point motion. A method for doing this was first
developed for the more straightforward B ´´´ Cl2 systems,[11,13]


with the conclusion that only about 0.02 e is transferred from
the inner (Cli) to the outer (Clo) chlorine atom when C2H4 ´´´
Cl2


[13] and C2H2 ´´´ Cl2
[14] are formed. Experience with the B ´´´


Cl2 series then suggested an approach suitable for B ´´ ´ ClF,
the details of which are given elsewhere.[1] It was found that,
when B�C2H2, C2H4, cyclopropane or methylenecyclopro-
pane, the charge transfer from Cl to F when forming B ´´´ ClF
was 0.01 e or less, which is smaller than for B ´´´ Cl2 complexes
and is as expected in terms of general polarizability. This
provides clear evidence that the B ´´´ ClF species under
consideration are weak, Mulliken complexes of the outer
type and is a conclusion reinforced by the values of the
intermolecular stretching force constant ks, none of which
exceeds � 10 N mÿ1.


Evidence of weak perturbation of electric charge, and other
evidence based on experimentally observed moments of
inertia, suggests that the geometries of the components B
and ClF can be assumed to a good approximation to be
unchanged by complex formation. On this assumption, the
angular geometry of B ´´ ´ ClF is readily derived from the
observed moments of inertia of various isotopomers. Such an
approach was used for all cases considered below.


Simple p-donor complexes : Figure 2 compares the experi-
mentally determined angular geometries, the distances r( � ´ ´ ´
Cl), where � is the midpoint of the p bond, and the
intermolecular stretching force constant ks for the complexes
B ´´ ´ ClF and B ´´´ HCl, where B is one of the two simplest p-
electron donors ethyne[15,16] or ethene.[17,18] Also included in
Figure 2 is the value of d, the fraction of an electronic charge
presumed transferred from Cl to F when B ´´´ ClF is formed.


Figure 2. The angular geometries of complexes formed by ClF and HCl with simple p-electron donors.
The shading code for the atoms is white for H and grey for carbon, with all other atoms labelled with the
symbols for the element. The principal inertial axes a, b and c are indicated for each of the four complexes
shown. All diagrams in this article are drawn to scale. a) Ethyne ´´´ ClF: geometry is planar C2v; r( � ´ ´ ´ Cl)�
2.873 �; ks� 10.0 Nmÿ1; d� 0.016 e ; b) Ethyne ´´´ HCl: geometry is planar, of symmetry C2v ; r( � ´ ´ ´ Cl)�
3.699 �; ks� 6.4 N mÿ1; c) Ethene ´´´ ClF: C2v symmetry; r( � ´ ´ ´ Cl)� 2.768 �; ks� 11.0 N mÿ1;
d� 0.010 e ; d) Ethene ´´´ HCl: C2v symmetry; r( � ´ ´ ´ Cl)� 3.724 �; ks� 5.9 N mÿ1.
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The equilibrium angular geometries have all been demon-
strated to belong to the point group C2v, are clearly
isomorphous within the pair B ´´ ´ ClF/B ´´´ HCl for a given B,
and can be understood by the following rule, originally
enunciated[2,19] for hydrogen-bonded complexes involving p-
electron donors: In the equilibrium geometry of a p-electron
donor complex B ´´ ´ XY, the XY axis lies along the symmetry
axis of a p-bonding orbital of B, with Xd� closer to the p system
than Ydÿ (XY�HCl or ClF).


Simple pseudo-p donor complexes : The chemical behaviour
of cyclopropane led to a description of the molecule (due to
Coulson and Moffitt[20]) in which its unsaturated character
was reflected in a pseudo-p CÿC bond (or ªbanana bondº)
formed by overlap of sp3 hybrid orbitals on adjacent C atoms.
The symmetry axis of this pseudo-p orbital coincides with a
median of the cyclopropane equilateral triangle. According to
the rule set out above, the angular geometries of cyclo-
propane ´´ ´ ClF/HCl complexes should therefore have the
ClF/HCl internuclear axis coincident with a median of the
cyclopropane triangle, leading to a C2v geometry. Figure 3
shows that this is indeed the case for both the HCl[21] and
ClF[22] complexes and that evidently the rule is also appro-
priate for pseudo-p donors.


Figure 3. Angular geometries of complexes formed by ClF and HCl with
the prototype pseudo-p-electron donor cyclopropane. a) Cyclopropane ´´´
ClF: geometry has C2v symmetry; r( � ´ ´ ´ Cl)� 2.958 �; where � is the
centre of a CÿC bond, ks� 9.8 Nmÿ1; d� 0.010 e ; b) Cyclopropane ´´´ HCl;
C2v symmetry; r( � ´ ´ ´ Cl)� 3.567 �; ks� 8.0 Nmÿ1.


We note from a comparison of Figures 2 and 3 that the
order of ks is B� ethene< ethyne< cyclopropane for the HCl
series but is reversed for the ClF series. This behaviour is
reflected in r( � ´ ´ ´ Cl), which has the order B� ethene>
ethyne> cyclopropane in the HCl series but is again reversed
for the ClF series. Detailed arguments, set out elsewhere,[22]


ascribe these relationships to a secondary hydrogen bond
interaction between the CÿHd� of the hydrocarbon and Cldÿ


of HCl, which is greatest in cyclopropane. The corresponding
secondary interaction with Fdÿ in the B ´´´ ClF complexes is
much less important because the H ´´´ Fdÿ distances are much
larger than the H ´´´ Cldÿ distances.


Complexes in which B carries two p bonds : What happens
when the electron donor B carries more than one p system? If
we consider a donor B with two equivalent p bonds, there are
two possibilities consistent with the rule: Either the HCl/ClF
interaction with a p bond will be localised (if the potential
energy barrier between equivalent sites is high enough) or
there will be tunnelling between equivalent sites.


The prototype conjugated, nonaromatic p donor is 1,3-
butadiene. The geometry of the complex[23] formed by ClF
with this Lewis base is shown (drawn to scale) in Figure 4.


Figure 4. Angular geometry of the complex formed by the prototype
conjugated, nonaromatic p donor 1,3-butadiene with ClF. The geometry
has C1 symmetry, and the ClF subunit is perpendicular to the plane of the
1,3-butadiene nuclei; the angle f� 95.08 ; the system � ´ ´ ´ ClÿF deviates
from collinearity by q� 2.78 ; the distance r( � ´ ´ ´ Cl)� 2.736 �; ks�
6.2 Nmÿ1.


There was no evidence from the ground-state rotational
spectrum of this complex to indicate tunnelling and evidently
the p ´ ´ ´ ClF interaction is localised (on the timescale of the
experiment) at one site. We note that the ClF molecule lies
perpendicular to the plane containing the nuclei of 1,3-
butadiene and that the local geometry defined by the angle
f�C2 ± � ´ ´ ´ Cl, where � marks the midpoint of the C�C
bond, is as predicted by the rule. Although we have observed
the rotational spectrum of the analogous complex in which
HCl is the Lewis acid,[24] it has not yet been fully analysed
because it deviates from the usual semirigid-rotor behaviour,
possibly as a result of a significant tunnelling rate between
the four equivalent sites at which HCl can interact with a p


bond.
The prototype p donor carrying two cumulative double


bonds is allene. The geometries of allene ´´´ HCl[25] and
allene ´´´ ClF[26] determined from analyses of their rotational
spectra are shown drawn to scale in projection in the principal
inertial planes ab in Figure 5. Although all angles of rotation
y about the C�C�C axis are consistent with the observed
moments of inertia, it seems chemically reasonable to choose
y� 0 (i.e. that illustrated), for then d�H or d�Cl interacts with
a p orbital rather than its nodal plane.


The two geometries displayed in Figure 5 are remarkably
similar. Because, at most, the complexes have only a plane of
symmetry (ab), it is possible to locate the HCl or ClF subunit







CONCEPTS A. C. Legon


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0410-1894 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 101894


position precisely by consideration of the complete Cl nuclear
quadrupole coupling tensor, as described in detail else-
where.[27] As a result, the angles f and q as well as the
distance r( � ´ ´ ´ Cl) can be simultaneously determined, where
� is again the mid-point of the C�C bond involved in the
interaction and q is the deviation of the system � ´ ´ ´ H ± Cl or
� ´ ´ ´ Cl ± F from collinearity. The angles f are similar in the
two complexes and close to 908, as expected from the rule. The
value of q is � 78 for allene ´´´ HCl and 4.9 (15)8 for allene ´´´
ClF, both in a direction that suggests a secondary interaction
between Cldÿ or Fdÿ, as appropriate, with the nearest H atom
on C3. Such secondary interactions have been observed for
several B ´´´ HCl/B ´´´ ClF pairs when B is an n-pair donor.[1] In
general, the Cldÿ atom in B ´´´ HCl is closer to the centre of
secondary interaction on B than is Fdÿ in B ´´´ ClF and angular
distortion in B ´´ ´ H ± Cl bonds is less strongly
resisted than in the somewhat stronger B ´´´ ClÿF
bonds. Consequently, angles q are in general
larger for B ´´ ´ HCl than B ´´´ ClF. There is some
evidence of this when B is allene, but the results
for allene ´´´ HCl are preliminary in nature and
refinement may change this.


Formally, at least, methylenecyclopropane can
be viewed as the prototype Lewis base offering
cumulative p- and pseudo-p bonds. The geo-
metries of complexes of this molecule with
HCl[28] and ClF[29] are shown in Figure 6 in
projection in the ab principal inertial plane,
which coincides with the symmetry plane in each
of these Cs complexes. Clearly, the weak inter-
action is with the p rather than a pseudo-p bond
and again the angle f is very similar in both and
close to 908. Evidently, the rule is again obeyed.
We note that the deviation q of the � ´ ´ ´ HÿCl
system from collinearity (17.58) is much larger
than that (4.98) of the � ´ ´ ´ ClÿF system, reinforc-
ing the conclusion, alluded to earlier, that hydro-


gen bonds can show significant
deviations from linearity when
symmetry allows. The origins of
this effect are discussed in detail
in ref. [1].


Complexes in which B is an aro-
matic p donor : The prototype ar-
omatic p donor is benzene. Both
benzene ´´´ HCl[30] and benzene ´´ ´
ClF[31] exhibit symmetric-top-type
rotational spectra in the vibrational
ground state. In the case of ben-
zene ´´ ´ ClF, observation of a satel-
lite associated with a low-lying
vibrationally excited state in the
rotational spectrum and evidence
of a strong Coriolis interaction
between this state and the ground
state led to the conclusion that the
geometry of the observed complex
is as shown in Figure 7. The C6v


structure having q� 0 occurs at a potential energy maximum
and the ClF subunit executes the motion indicated in Figure 7,
that is the d�Cl end samples the p electron density, with the
motion in the coordinate f corresponding to a nearly circular
potential energy minimum around the maximum at q� 0. This
is probably the case in benzene ´´ ´ HCl, but the distinction
between this and a strictly C6v equilibrium geometry (q� 0)
could not be made on the basis of the observed spectrum. The
geometry shown in Figure 7 applies to the zero-point state of
benzene ´´´ HCl.


Several simple examples of molecules B that can in
principle act as p-electron donors are available (namely,
pyrrole, furan, thiophene, etc). Of these, only pyrrole does not
carry a nonbonding electron pair on the heteroatom. So far,
however, no gas-phase complexes of pyrrole with HCl or ClF


Figure 5. Angular geometries of complexes formed by the prototype cumulative p ± p-electron donor
allene with ClF and HCl. Each geometry is planar, of Cs symmetry, and is shown in projection in the
principal inertial plane ab. The angle y defines the rotation of allene about its local C2 axis. The structure
shown defines y� 0. a) Allene ´´´ ClF. The angle f� 92.58 and the � ´ ´ ´ ClÿF system deviates from
collinearity by q� 4.98 ; r( � ´ ´ ´ ClÿF)� 2.774 �; ks� 8.8 N mÿ1. b) Allene ´´´ HCl. The angle f� 94(3)8 and
the � ´ ´ ´ HÿCl system deviates from collinearity by ca. 78 ; r( � ´ ´ ´ Cl)� 3.55(5) �; ks is not known.


Figure 6. Angular geometries of complexes formed by the prototype cumulative p ±
pseudo-p electron donor methylenecyclopropane with ClF and HCl. Each geometry has
Cs symmetry, with the principal inertial plane ab (not shown) coincident with the
molecular symmetry plane. a) Methylenecyclopropane ´´´ ClF. The angle f� 92.58 and
the � ´ ´ ´ ClÿF system deviates by q� 4.98 from collinearity; r( � ´ ´ ´ Cl)� 2.675 �; ks�
10.2 N mÿ1; b) Methylenecyclopropane ´´´ HCl. The angle f� 90.88 and the � ´ ´ ´ HÿCl
system deviates by 17.58 from collinearity; r( � ´ ´ ´ Cl)� 3.724 �; ks� 5.8 Nmÿ1.
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have been reported. Clearly, such investigations would be of
interest in the present context. Presumably, when B� pyrrole
the observed complexes B ´´ ´ HCl/B ´´ ´ ClF will be similar to
the benzene analogues but possibly with the electrophilic end
of HCl/ClF restricted to sample the p-electron density in the
region of the CNC end of the molecule.


Complexes in which B can be both an n-pair and an aromatic
p-pair donor : The conclusions established so far are that
angular geometries of pairs of complexes B ´´´ HCl/B ´´ ´ ClF
are isomorphous for a given B and that the rule for p-electron
donors enunciated earlier has wide applicability. This rule is,
in fact, the second of three that were originally developed for
hydrogen-bonded complexes B ´´ ´ HX.[2,19]


The first rule can be stated as: In the
equilibrium geometry of a complex B ´´´ XY
in which B carries only nonbonding electron
(n) pairs, the axis of the molecule XY lies along
the axis of one of the n pairs. This rule applies
equally well when XY is HCl, ClF, and so on,
as discussed in ref. [1]. The third rule states
simply that: If B carries both n pairs and p


pairs, the n pairs are definitive of the B ´´´ XY
angular geometry. When the p pair is non-
aromatic there have been no exceptions to
rule 3 so far for either B ´´´ ClF or B ´´´ HCl
complexes, as may be seen by examining
refs. [1] and [32]. We therefore restrict inter-
est here to molecules B that carry n pairs and
aromatic p pairs.


The simplest molecule B that carries both
an n pair and aromatic p pairs is furan. The
geometry of furan ´´ ´ HCl[33] is shown in Fig-
ure 8. It has C2v symmetry, and the HCl
molecule lies along the C2 axis of furan,
forming a hydrogen bond to the n pair on


oxygen. Thus, furan ´´ ´ HCl obeys rule 3. The
experimentally determined geometry of
furan ´´´ ClF,[34] which is also represented in
Figure 8, is far from isomorphous with that of
furan ´´´ HCl. In fact, the ClF axis points to near
to the centre of one of the C2ÿC3 bonds of furan,
but there is evidence of tunnelling between two
such equivalent conformations, as manifest in a
small splitting in c-type transitions in the rota-
tional spectrum.[34] This result for furan ´´´ ClF is
consistent with the generally accepted view that
furans are much more like dienes, and less like
six-electron aromatic systems, than are pyrroles
and thiophenes.[35] The fact that the ªsoftº Lewis
acid ClF interacts preferentially with the aro-
matic p system rather than the n pair, and vice
versa for the ªhardº acid HCl, is consistent with
the soft/hard concept for acids and bases. It is
usually assumed that aromatic p systems are soft
Lewis bases while n pairs are hard bases and that
soft bases interact more strongly with soft acids.


The case B� furan is the first example known
where the pair of gas-phase complexes B ´´ ´ HCl/


B ´´ ´ ClF have not been found to be isomorphous. What
happens when furan is replaced by its congener thiophene?
We first examine the behaviour of the electronic distributions
by considering the molecular electric dipole and quadrupole
moments of the series of pyridine, furan and thiophene,[36] all
of which have an n pair carried by the heteroatom and lying
along the C2 axis. The electric dipole moments m have their
negative ends at the heteroatom in each case and the
magnitudes are 2.15, 0.68 and 0.54 D, respectively. The
component of the electric quadrupole moment along the C2


axis (z) is large and negative in pyridine, zero in furan but
positive in thiophene. This set of dipole and quadrupole
moments indicates that the n pair on the heteroatom becomes


Figure 7. Angular geometries of complexes formed by the prototype aromatic p-electron
donor benzene with ClF and HCl. Each geometry has effective C6v symmetry in the zero-
point state (i.e. the vibrational wavefunction has C6v symmetry, even though there is a
maximum at the C6v conformation q� 0 for benzene ´´´ ClF and probably for benzene ´´´ HCl)
and the d�Cl and d�H atoms sample the p system. The point � represents the point of
intersection of the extrapolation of the ClF or HCl internuclear axis with the plane of the
benzene ring. a) Benzene ´´´ ClF: r( � ´ ´ ´ Cl)� 3.313 �; q� 14.48 ; b) Benzene ´´´ HCl:
r( � ´ ´ ´ Cl)� 3.903 �; q� 23.08.


Figure 8. Comparison of the angular geometries of complexes formed by the prototype mixed
n-type and aromatic p-type electron donor furan with ClF and HCl. a) Furan ´´´ ClF: geometry
has C1 symmetry. The principal inertial axes a and b are indicated; the axis c is perpendicular to
the plane of the paper. The extension of the ClF internuclear axis intersects the plane of the
furan ring at the point � between C2 and C3. r( � ´ ´ ´ Cl)� 2.826 �; b) furan ´´´ HCl: geometry has
C2v symmetry and is planar. The orientation of the principal inertial axes a, b and c has been
arranged so that the attitude of the furan ring is similar to that in (a). The distance r( � ´ ´ ´ Cl)�
3.267 �.
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progressively withdrawn into the ring along the series. On the
other hand, the component of the quadrupole moment
perpendicular to the ring plane is large and negative in each
case, as expected from the extension of the p system above
and below the plane of the ring, but is largest for thiophene.
All of this evidence about the electronic distributions is
consistent with the observed structures of furan ´´ ´ HCl[33] and
pyridine ´´´ HCl,[37] which are as predicted by rule 3, but
suggests that the p system may be more nucleophilic than is
the n pair with respect to HCl, as well as to ClF, when the
Lewis base changes to thiophene.


The experimental geometry of thiophene ´´ ´ HCl[38] is shown
in Figure 9 in projection in the ab principal inertial plane. The
complex either has Cs symmetry, with ab coincident with the
molecular symmetry plane, or there is a low potential energy
barrier at the Cs form separating two equivalent conformers of
C1 symmetry so that H of HCl lies slightly out of the plane at
equilibrium. These two possibilities cannot be distinguished
on the basis of ground-state spectroscopic constants alone.
What is unambiguously clear is that the structure of thio-
phene ´´ ´ HCl is not planar of C2v symmetry, with HCl forming
a hydrogen bond to S, as in furan ´´´ HCl. Instead, thiophene ´´´
HCl resembles benzene ´´ ´ HCl more than it does furan ´´ ´
HCl. Preliminary results for thiophene ´´´ ClF also indicate a
geometry in which the ClF samples the p-electron density
rather than the n-pair density.[39]


Figure 9. The geometry of thiophene ´´´ HCl. The principal inertial plane
ab is either a plane of symmetry or nearly so for this molecule, which has
effective Cs symmetry. For clarity, the thiophene subunit has been rotated
slightly about its local C2 axis to allow all the atoms to be shown. Another,
similar geometry is also consistent with the observed spectrum; the
positions of the thiophene subunit and Cl are essentially unchanged, but H
takes on the small negative b coordinate required to change the sign of the
angle between the HCl axis and the a axis while maintaining its magnitude.
The HCl axis then points to the central region of the thiophene ring.


Summary and Outlook


A detailed comparison of the properties for a range of
carefully selected complexes B ´´´ XY formed from prototype
p-electron donors B and the Lewis acids XY, where XY is
either ClF or HCl, has yielded some general conclusions. All
of the complexes discussed in this article are of the Mulliken
outer type, that is, their intermolecular binding is weak and
there is only minor perturbation of electric charge distribu-
tions. Except in the case when B is the heteroaromatic p-
donor furan, the angular geometries of the pair B ´´ ´ HCl/


B ´´ ´ ClF are isomorphous for a given B. This suggests that a
simple rule first proposed[2,19] for predicting the angular
geometries of p-type hydrogen-bonded complexes B ´´ ´ HX
applies equally well to the B ´´´ ClF series. Thus, the d�XYdÿ


molecule (XY is ClF, HCl, .. .) lies along the local symmetry
axis of a p or pseudo-p orbital in the equilibrium conforma-
tion, with d�X closer than Ydÿ to the p centre.


In view of the parallelism of the properties, especially
angular geometries, in the p-type complexes B ´´´ HCl/B ´´ ´
ClF discussed here, as well as those previously noted for n-
type interactions,[1] it is evidently possible to define opera-
tionally a ªchlorine bondº in B ´´´ ClF complexes that is the
analogue of the hydrogen bond in B ´´´ HCl. Of course, it
requires a highly electronegative atom such as F to be
attached to Cl to endow it with a net partial positive charge
d� and hence an electrophilic nature. Hydrogen has many
more ways of achieving such a partial charge because of its
low electronegativity and the hydrogen bond is accordingly
very common. The main differences between the chlorine and
hydrogen bonds arise from the relative sizes of Cl and H.
There is the same magnitude of systematic shortening of r( � ´ ´
´ Cl) in p-type complexes B ´´ ´ ClF relative to the correspond-
ing B ´´´ HCl (see Figures 2 ± 8) as was observed for the n-type
complexes and was discussed in ref. [1]. In any given pair B ´´´
HCl/B ´´´ ClF, d�H is closer to the interaction centre (Z) of B
than is Cld� of ClF and correspondingly Cldÿ of HCl is closer to
any region of secondary interaction in B than is Fdÿ. This
results in secondary interactions of greater significance in B ´´
´ HCl and hence greater deviations q of the nuclei Z ´´´ HÿCl
in the hydrogen bonds from collinearity. Indeed, ClF is a more
accurate probe of p bonding or n electron pair directions than
is HCl for this reason.


When two equivalent p bonds are carried by B, whether
conjugated as in 1,3-butadiene or cumulative as in allene, the
B ´´´ ClF complexes have relatively rigid geometries with ClF
localised at one of the four equivalent sites of minimum
potential energy. On the other hand, preliminary evidence for
the corresponding B ´´´ HCl complexes suggests low potential
energy barriers to tunnelling between equivalent conformers.


Although the similarities in behaviour of B ´´ ´ HCl and B ´´´
ClF extend to B� benzene, in which complexes the electro-
phile d�X samples the p electron density around the C atom
skeleton, differences begin to occur when B is a heteroar-
omatic p donor that also has an n pair on the heteroatom. In
cases where B carries nonaromatic p-donor and n-donor sites,
the n pair is definitive of the angular geometry. This also
appears to be so in the B ´´´ HCl series when B is one of the
heteroaromatic molecules pyridine or furan but not when B is
thiophene. This change within the heteroaromatic series can
be understood in terms of a weakened nucleophilicity of the n
pair in thiophene, as revealed by considering the molecular
electric moments (and hence the electric charge distribu-
tions). Furan ´´´ HCl and furan ´´´ ClF provide the only exam-
ple so far identified of a pair B ´´ ´ HCl/B ´´´ ClF that is not
isostructural. Thus, it appears that the order of the nucleo-
philicities of the n pair on the heteroatom is pyridine>
furan> thiophene and that for the furan there is a fine
balance between the nucleophilicities of the p system and the
n pair.


&b
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Biomimetic Crystallization of Apatite in a Porous Polymer Matrix


Karsten Schwarz and Matthias Epple*


Abstract: Hydroxyapatite and fluoroapatite were crystallized by double diffusion of
two aqueous solutions into a pellet of porous poly(hydroxyacetic acid) (polyglyco-
lide). Distinct morphologies were observed for these calcium phosphate phases. This
suggests specific interactions between the growing aggregates and the polymeric
matrix (nucleation and growth of crystals). Fluoroapatite gave elongated hexagonal
prisms developing multiply branched edges that finally closed into spheres.
Hydroxyapatite (from simulated body fluid, SBF) formed hexagonal terraces and
compact elongated hexagonal prisms. Such composites of a biodegradable polymer
and apatite phases are of interest as potential biomaterials, such as for bone
replacement.


Keywords: apatite ´ biomineraliza-
tion ´ crystal growth ´ materials
science ´ polymers


Introduction


Biomimetic synthesis of inorganic compounds such as calcium
carbonate, silicon dioxide, and apatite has gained increasing
attention over the last few years.[1±9] The major goal is to
understand the specific interactions and processes that enable
nature to form such sophisticated objects as radiolarians,
eggshells, sea-urchin spines or bone. Such knowledge would
be highly advantageous for the controlled preparation of
micrometer-structured materials.


We were inspired by experiments reported recently by
Kniep and Busch,[1] who crystallized fluoroapatite in a
collagen matrix. They employed a double diffusion technique
in which stoichiometric solutions of CaCl2 and Na2HPO4/KF
migrated into a gel to form a precipitate. The formation of
fluoroapatite aggregates with distinct morphology was ob-
served: elongated hexagonal prisms were formed whose ends
started to branch into rods. After a number of generations
resembling fractal growth, dumbbell-shaped aggregates were
formed that finally closed into spheres. On the surface of these
spheres, secondary radial growth as submicrometer-sized
needles occurred. A special electrostatic interaction between
the collagen matrix and the dipolar fluoroapatite crystals was
assumed to be responsible for this unusual morphology.


We recently reported on the preparation of polyglycolide
with high internal porosity and pore sizes in the micrometer


range and below.[10±12] As polyglycolide is of considerable
interest in medical technology, for example as bone substitu-
ent material or resorbable fixture,[13±18] we adopted this
method to prepare a porous polymer matrix filled with
apatite. Such a composite would be especially advantageous
for application as bone substitute, as hydroxyapatite is one of
the major constituents of hard tissue.


Results


Porous polymer matrices : Porous polyglycolide can be
prepared by solid-state reaction from halogenoacetates,
followed by extraction of the salt thus formed with water.
The principal reaction scheme is given in Equation (1) for the
case of sodium chloroacetate. This reaction is possible with


many halogenoacetates of the general formula X-CH2-
COOM. The extracted salt leaves behind a highly porous
matrix of pure polyglycolide. By choice of the appropriate
precursor and reaction conditions it is possible to adjust the
average pore size to 0.3 ± 1.5 mm and the porosity to 42 ±
62 vol %. The pores are all interconnected.[11, 12]


It is possible to prepare larger objects of this highly porous
material.[11] Pellets of 13 mm diameter and approximately
1 mm thickness were prepared with a standard IR press and
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brought into a U-tube between two aqueous solutions (see
Figure 1). Each side contained an aqueous solution with one
or more components of the desired precipitate. As diffusion
from both sides into the pellet occurred, the components met
in the pellet and formed a precipitate. Note that polyglycolide


Figure 1. Schematic diagram of the experimental apparatus. A porous
polymer pellet is fixed between two solutions containing the components of
the precipitate. Precipitation occurs in the pellet.


is hydrophilic (contact angle with pure water 26(7)8[19]), and
that the sample is completely wet. The solubility of poly-
glycolide in almost all solvents is negligible, therefore the
pellet is stable even after weeks in the apparatus. However,
under strongly acidic or particularly alkaline conditions,
hydrolysis of the ester bond occurs. This process was slow in
our experiments (see Table 1).


Crystallization of fluoroapatite : In each pellet, we observed
different precipitation regions. Figure 2 shows the inside of a
polyglycolide pellet that was kept for 14 days at RT between
two solutions (case A, see Experimental Section). No buffer
was employed. Both solutions were slightly acidic (pH 5 ± 6)
throughout the experiment. The pellet was fractured after the
crystallization experiment for morphological examination.
Only minor amounts of fluoroapatite were deposited, as the
mass of the pellet did not noticably change. Figure 2a shows
an area where small fluoroapatite crystals precipitated, widely


Figure 2. Fluoroapatite aggregates crystallized in a porous polyglycolide
matrix over 14 days in an unbuffered environment (RT, pH about 7). The
polyglycolide matrix was not removed. a) It is clearly visible that
crystallization does not occur in all pores but that the aggregates are
distributed over the whole surface at considerable distance from each other
(magnification: � 2500); b) another region of the same sample: needles of
fluoroapatite start to crystallize in the pores (lower left region). From each
nucleus, a bundle of needles grows to form dumbbell-shaped aggregates
(right region). In later stages, the dumbbells assume a closed surface on
which the original needles are still visible (upper left region) (magnifica-
tion: � 4780).


scattered over the surface (note the porous structure of
polyglycolide with pore sizes of approximately 0.5 ± 1 mm).
Nucleation apparently occurred only in some regions, a fact
that led to considerable distances between the particles
(approximately 3 ± 8 mm). We assume that this was a result
of a decrease of the local supersaturation that was itself
caused by the precipitation, so that no other nuclei can form in
the close vicinity of an aggregate. Figure 2b shows another
region of the same sample where the aggregates apparently
had more time to mature. The crystallization began in
polyglycolide pores, as indicated by needles that stick out of
these voids (see lower left region). The nuclei formed bundles
of needles that all started from one point (right region).
Finally, dumbbell shapes developed that still show the original
needles on the surface. It appears as if these dumbbells were


Abstract in German: Hydroxylapatit und Fluorapatit wurden
jeweils mit einer Doppeldiffusionstechnik aus zwei wäûrigen
Lösungen kristallisiert. Als Matrix diente eine Tablette aus
poröser Polyhydroxyessigsäure (Polyglycolid). Die abgeschie-
denen Calciumphosphat-Phasen weisen eine besondere Mor-
phologie auf, die spezifische Wechselwirkungen zwischen den
wachsenden Kristallen und der polymeren Matrix nahelegt
(Keimbildungs- und Kristallwachstumsprozesse). Fluorapatit
kristallisierte in verlängerten hexagonalen Prismen, deren
Enden mit zunehmendem Alter des Kristalls ausfächerten, bis
schliesslich geschlossene Kugeln entstanden. Hydroxylapatit
wurde aus simulated body fluid (SBF) abgeschieden, einer
künstlichen Lösung, deren Ionenkonzentration der des mensch-
lichen Blutplasmas entspricht. Dabei bildeten sich hexagonale
Terrassen und kompakte verlängerte hexagonale Prismen.
Solche Verbundwerkstoffe aus einem bioresorbierbaren Poly-
mer und einer Apatit-Phase sind als potentielle Biomaterialien
von Interesse, beispielsweise als Knochenersatz.
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not closed to spheres but lay on the polyglycolide matrix. This
observation points to a delicate interplay between nucleation
and growth phenomena.


If concentration (case B, see Experimental Section), tem-
perature and crystallization time were increased, fluoroapa-
tite crystallized in larger aggregates. Figure 3 shows the inside
of a polyglycolide pellet that was kept for 26 days at 37 8C in
an acetate-buffered environment (pH 4.8). The polyglycolide
matrix was not removed; however, it is no longer visible in
Figure 3. It is possible that the polyglycolide was incorporated
into the fluoroapatite matrix (like the collagen matrix in the
experiments of Kniep and Busch[1]). When the pellet was
removed from the U-tube, it had softened somewhat.


Figure 3a shows elongated hexagonal prisms that formed
out of one point and grew together to some extent. In other
regions (Figure 3b), the prisms branched into dumbbell-
shaped aggregates that closely resembled those found by
Kniep and Busch.[1] Finally, the dumbbells closed into spheres
of about 60 mm diameter that completely cover the surface of
the fracture (Figure 3c). The whole sample, including the


closed spheres and the dumbbells, is covered by small needles
(see Figure 3d) that have diameters in the sub-mm range. This
growth morphology was also observed by Kniep and Busch
after the spheres had closed and underwent radial growth.
This second growth stage consists of almost parallel needles of
fluoroapatite that grow radially into the solution. Apparently,
the sample was completely covered by this lawn. In some
regions, this coverage was broken (e.g., Figure 3c, lower right
corner), probably due to mechanical disruption as the pellet
was handled.


Crystallization of hydroxyapatite from simulated body fluid :
Simulated body fluid (SBF) is a metastable aqueous solution
consisting of inorganic ions in the same concentrations as in
human blood plasma (see Experimental Section).[20] The
extent of deposition of calcium phosphate phases from this
solution is generally considered as an indication of the
biocompatibility or bioactivity of potential biomaterials, for
example, ceramics, bioglasses, or polymers.[20±28] The appro-
priate salts of SBF were filled into the two sides of the U-tube,


Figure 3. Fluoroapatite crystallized in a porous polyglycolide matrix over 26 days in a buffered environment (37 8C, acetate buffer, pH 4.8). Note that all
pictures were taken from the same sample, but in different regions. The polyglycolide matrix was not removed. a) Elongated hexagonal prisms appear to grow
out of a single nucleation site (magnification: � 5200); b) in other regions, the prisms assume a branched fractal growth, very similar to that reported by
Kniep and Busch[1] (magnification: � 655); c) at later growth stages, the branched prisms have closed into spheres that pack densely in the matrix
(magnification: � 312; d) magnification of c); on the surface of closed spheres, radial crystal growth as fine needles with sub-mm diameter occurs. The picture
was taken at an edge where two spheres met (magnification: � 5000).
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so that the SBF ions should be present inside the pellet (where
both solutions meet). No fluoride is present, therefore we
expect deposition of fluoride-free hydroxyapatite instead of
fluoroapatite. Note that hydroxyapatite from SBF can contain
many substituting ions, as these are present in solution, and as
the apatite lattice is able to accommodate many other anions
and cations.[29] Most authors have identified the precipitate
from SBF as carbonated hydroxyapatite (see, e.g.,
refs. [22, 26]). However, its composition strongly depends
on the local pH.[28]


Figure 4 shows apatite aggregates that were found inside a
pellet that was kept for 26 days at 37 8C (unbuffered environ-
ment). The polyglycolide matrix was removed by calcination
at 500 8C. Again, different regions were found in the pellet.
Flat hexagonal prisms grew in a regular, terrace-shaped
morphology resembling human bone structures (although
much larger).[2] In other regions of the same pellet, apatite
crystallized as elongated hexagonal prisms, again starting
from one nucleation point (see the upper left corner of
Figure 4b). The prisms close into almost spherical aggregates.
On their surface they still show the tops of the elongated
prisms (see right side of Figure 4b). This growth morphology
is different from that found for fluoroapatite (see above),
despite the fact that the elongated prisms finally close up to
form spheres. Here, no fractal growth with decreasing needle
diameter and increasing number of needles is observed, but
simple growth of interlinked hexagonal prisms from a
common nucleation site finally leads to a quasispherical
surface.


Discussion


The results of the precipitation experiments are summarized
in Table 1. A major deposition of apatite is observed only at
37 8C and after approximately 4 weeks. However, small
spherical aggregates can be detected after one week. This
points to a kinetic limitation of the crystallization that
influences diffusion, nucleation, and crystal growth.


Both fluoroapatite and hydroxyapatite exhibit distinct
crystal shapes upon crystallization in porous polyglycolide
matrixes. The aggregates are much larger than the maximum
pore diameter of the polymer, so it is obvious that apatite
nuclei, once formed in a pore, grow by pushing the poly-


Figure 4. Hydroxyapatite crystallized from simulated body fluid over
26 days (37 8C, unbuffered environment, pH about 7). The polyglycolide
matrix was removed by heating to 500 8C; a) interlinked hexagonal prisms
that assume terrace-shaped morphology (magnification: � 5200);
b) spherical aggregates that have grown out of elongated hexagonal prisms
(right); a younger aggregate is visible in the upper left part (magnification:
� 1310).


glycolide matrix away. The system has many potential
nucleation sites, as the pores account for about 43 vol% of
the pellet (however, not all sites are actually occupied by
apatite, as Figure 2a shows). The formed nuclei grow to larger


Table 1. Summary of precipitation experiments of fluoroapatite and hydroxyapatite from simulated body fluid. Negative mass balances are due to partial
hydrolysis of the polyglycolide matrix. Dimensions of spherical aggregates are given as average diameters.


Sample Condi-
tions


T t pH Observed morphology Mass change of
pellet after ex-
periment


fluoroapatite case B RT 7 days ca. 5 few spheres only (ca. 3 ± 8 mm) no change
fluoroapatite case A RT 13 days 4.8 (acetate buffer) spheres only (ca. 10 mm) � 6 wt %
fluoroapatite case A RT 13 days ca. 5 spheres only (ca. 3 ± 8 mm) ÿ 3 wt %
fluoroapatite (Figure 2) case A RT 14 days ca. 6 spheres only (ca. 3 ± 8 mm) no change
fluoroapatite (Figure 3) case B 37 8C 26 days 4.8 (acetate buffer) elongated hexagonal prisms (ca. 4� 10 mm);


dumbbell-shaped aggregates; closed spheres
(ca. 60 mm); radial growth


� 50 wt %


hydroxyapatite (Figure 4) SBF 37 8C 26 days ca. 7 hexagonal terraces; hexagonal prisms
(ca. 5� 40 mm); spherical aggregates (ca. 50 mm)


� 30 wt %
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aggregates that are often linked together, in contrast to those
in the experiments carried out by Kniep and Busch, who used
a system with fewer nucleation sites.[1]


It may be assumed that the endgroups of the polymer are
preferentially found at the surface of the polymer where they
would cause minimal disruption of the highly crystalline
polymer structure. Consequently, the inside of the pores
would be covered by carboxy and hydroxy endgroups (as
identified earlier by in-situ IR spectroscopy: HOOCÿCH2-
[-OOCÿCH2-]n-OH[30]). It makes sense to assume that such
carboxy groups can induce nucleation of apatite, because it is
well known that carbonate can be substituted for hydroxide or
phosphate in the apatite lattice.[29] Li et al. proposed that
carboxy groups of a polyester were responsible for the
nucleation of calcium phosphate from SBF.[27] Crystallization
of apatite from SBF on porous silica gels indicated that
nucleation is induced by silanol (SiÿOH) groups.[22, 23] It is
reasonable to assume that polyglycolide is able to induce
crystallization from supersaturated calcium phosphate solu-
tions by means of carboxy and hydroxy groups on its
(internal) surface.


Deposition of hydroxyapatite from SBF was also observed
on calcium phosphate ceramics that are developed as
bioactive biomaterials.[20, 21, 24, 26, 27] Frequently, spherical ag-
gregates were found that are often interconnected and
generally covered with a hairy layer of apatite. Examples of
substrates are a polyethylene oxide ± polybutylene terephtha-
late copolymer (diameter 20 mm),[27] titania and its alloys
(diameter 10 mm),[25] porous silica (diameter 10 mm),[23] Na ±
Ca ± Al ± phosphate glasses (diameter 3 mm),[26] collagen fibers
(diameter 5 ± 10 mm),[31] and Ca ± Si ± La/Y± O glasses (diam-
eter 0.5 ± 5 mm, depending on the substrate)[24] (the typical
diameter of the aggregates is given in parentheses). Interest-
ingly, hydroxyapatite from pulsed laser deposition on titanium
also gave intergrown globules of about 3 mm diameter that
were themselves composed of smaller units (150 ± 250 nm
diameter).[32] We may therefore conclude that an arrangement
of spherical, hairy crystals is to some extent typical for the
crystallization of hydroxyapatite on surfaces. This stands in
contrast to the solid, compact aggregates that we have found
for hydroxyapatite.


It is very difficult to quantitatively interpret the results that
were obtained by the diffusion experiments. Firstly, it is clear
that different regions exist in each pellet. These regions
presumably contain apatite crystals of different age. A
plausible model can be formulated as follows. The very first
crystals are formed in the center of the pellet where the two
solutions meet at the beginning of the experiment. The
precipitation is induced by surface groups of polyglycolide. In
the immediate vicinity of a growing crystal, the solution is
depleted of solute and further nucleation is inhibited, leading
to separated nuclei (see Figure 2a). As the crystals grow, they
push away the polyglycolide matrix. This creates cracks in the
pellet through which further mixing of the two solutions can
occur. This in turn gives a local supersaturation beyond the
initial precipitation zone in the center, creating further nuclei.
At this stage, the cycle starts again. The pores, although
interconnected, are not directionally oriented, therefore the
precipitation and cracks are expected to occur in many


directions, leading to a fuzzy interface between the two
solutions. The oldest and largest aggregates are expected in
the initial precipitation zone (see Figures 3a ± d).


It is known that the crystallization of apatites[29] is
influenced by a variety of variables: presence of ions[33] such
as fluoride,[34] pore size (nm range) of substrates,[22] and pH.[28]


Of course, the local supersaturation plays a major role as well.
In our system, we are able to control some external
parameters (temperature, pH outside the pellet, concentra-
tions outside the pellet). In contrast, it is not possible to
control the local conditions inside the pellet where precip-
itation must lead to local concentration changes and apatite
crystallization leads to a decrease in local pH. This must cause
locally and temporarily different rates of nucleation and
crystal growth that are very difficult to estimate.


Conclusions


The results shown above demonstrate that calcium phosphate
phases are formed in specific biomimetic morphology by
diffusion of two solutions into a porous polyglycolide matrix.
The situation is complex, but it appears clear that polyglyco-
lide acts as specific environment that directs nucleation and
growth of both hydroxyapatite and fluoroapatite to give such
a special morphology. In contrast to collagen, polyglycolide
does not have a polar structure (see ref. [35] for its crystal
structure); therefore we rule out a dipolar electrostatic
interaction[1] between fluoroapatite and the matrix as the
reason for the special growth morphology. Further experi-
ments with variation of external (temperature, time, pH,
concentration, additives, surfactants) and internal (pore size,
thickness of pellet) parameters are necessary to understand
these processes. If we knew how to control the crystallization,
we would be able to prepare a polyglycolide pellet completely
filled with micrometer-sized apatite crystals, a promising
composite as bone replacement material.[16]


Experimental Section


Polyglycolide was prepared from previously ground sodium chloroacetate
as described in ref. [10]. Briefly, sodium chloroacetate was thermally
converted to polyglycolide and NaCl and compacted to a pellet, and the
sodium chloride was extracted with cold water. Inorganic salts were used in
pro analysi quality. Fluoroapatite was precipitated from two solutions that
were used to fill the two compartments of a U-tube. Two sets of
concentrations were employed; the first one corresponded to the con-
ditions used by Kniep and Busch:[1] 133 mm CaCl2 with 80 mm Na2HPO4


and 27 mm KF (case A). In the second case, we used higher concentrations:
186 mm CaCl2 with 110 mm Na2HPO4 and 38 mm KF (case B).


Simulated body fluid (SBF) with an ion concentration close to human
blood plasma was prepared according to ref. [20] (slightly improved
concentrations). One side of the U-tube contained the following compo-
nents: Na2HPO4 2 mm, KHCO3 5 mm, KCl 2 mm, MgSO4 1 mm, MgCl2


1 mm, NaHCO3 49 mm, NaCl 89.5 mm ; the other KCl 3 mm, MgCl2 1 mm,
CaCl2 5 mm, NaCl 140.5 mm. Thus, SBF would be formed if both
compartments were completely mixed. After such (hypothetical) mixing,
one would obtain the following SBF concentration (values for human blood
plasma in parentheses): Na� 141.5 mm (142 mm), K� 5 mm (5 mm), Mg2�


1.5 mm (1.5 mm), Ca2� 2.5 mm (2.5 mm), Cl- 124.5 mm (103 mm), HCOÿ
3


27 mm (27 m), HPO2ÿ
4 1 mm (1 mm), and SO2ÿ


4 0.5 mm (0.5 mm). Complete







Apatite Crystallization 1898 ± 1903


Chem. Eur. J. 1998, 4, No. 10 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0410-1903 $ 17.50+.25/0 1903


mixing does not occur, but it is reasonable to assume the final concen-
trations at the precipitation zone within the pellet.


After the experiment, the pellets were carefully removed from the U-tube,
rinsed with deionized water and dried at 50 8C. Examinations were made at
fracture planes inside each pellet. A representative section of each pellet
was calcined at 500 8C and the remaining inorganic precipitate was
analyzed by X-ray powder diffraction. In cases where a sufficient amount
of precipitate had been deposited, we also took a powder diffractogram of
the ground apatite together with its polymeric matrix. In the case of the
fluoroapatite deposition, differentiation between hydroxyapatite and
fluoroapatite is almost impossible by conventional XRD, as the cell
dimensions and the scattering power are practically identical. In addition,
partial substitution of hydroxide by fluoride is possible to any extent. As a
consequence, it is not known how much hydroxide is contained in the
precipitated fluoroapatite.


All pellets were weighed before and after the experiment. In most cases,
except for the experiments at 37 8C, the mass difference was small. Note
that the deposition of apatite was partially compensated by slow hydrolysis
of polyglycolide, which in some cases even led to a mass loss.


For X-ray powder diffractometry we used a Philips PW 1050/25 diffrac-
tometer with nickel-filtered CuKa radiation (l� 154.178 pm) equipped with
a proportional detector. Scanning electron microscopy was performed with
a Philips SEM 515 instrument operating at 25 kV with gold-sputtered
samples. Calcium phosphate phases were also identified by energy-
dispersive X-ray spectroscopy (EDX).
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13C NMR and Crystallographic Study of Thymolsulfonephthalein


Rosa Santillan,* Norberto FarfaÂn, Dolores Castillo, Atilano GutieÂrrez, and Herbert Höpfl


Abstract: Up to now the correct structure of the undissociated thymolsulfone-
phthalein has not been determined unequivocally and three possible resonance
structures have been proposed so far: a zwitterionic one, a quinoid one, and a
lactonoid one. The present 13C NMR and X-ray crystallographic study resolves this
problem and it can be explicitly shown that the correct structure is zwitterionic with
some delocalization of positive charge into the phenol rings. The correct assignment
of the completely dissociated blue basic form is also included and permits the
conclusion that a fourfold-charged resonance structure is as probable as a quinoid
one.


Keywords: NMR spectroscopy ´
solid-state structures ´ structure elu-
cidation ´ thymolsulfonephthalein ´
zwitterionic states


Introduction


Thymolsulfonephthalein 1, also known as thymol blue, is a
widely used acid/base indicator that dissociates in two steps
(Scheme 1).[1±3] The pKa values for deprotonation are solvent


Scheme 1. The two dissocaition steps of thymolsulfonephthalein.


dependent: pKa1 (H2O)� 1.7, pKa1 (MeOH)� 4.9, pKa2


(H2O)� 9.2, and pKa2 (MeOH)� 12.7.[3] Although sulfoneph-
thaleins have been widely studied in this century, there is still
some doubt about their molecular structures. The extremely
insoluble undissociated acid form especially is still a subject of
discussion,[1, 2, 4±6] and three possible structures have been
proposed: a zwitterionic one (1 a), a quinoid one (1 b) and a
lactonoid one (1 c). With respect to the monoanion and the


dianion, the quinoid structures 2 and 3 have been pro-
posed.[2, 6]


These proposals require that at least one of the phenyl rings
is located in the plane of the three central coplanar bonds.
This is in contrast to X-ray crystallographic studies of
triarylcarbenium ions[7] in which only structures with twisted
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aromatic rings have been observed. Similar results are
provided by 19F NMR conformational studies of different
meta-substituted (by fluorine) triphenylcarbenium ions.[8] In
both cases propeller conformations have been found to be the
most stable ones as a result of steric repulsion between the
ortho-hydrogen atoms. A series of sulfonephthaleins (xylenol
blue, cresol purple, bromoxylenol blue, bromothymol blue,
bromocresol green, etc.) including thymol blue carries sub-
stituents in the ortho position of the phenyl rings, so that
propeller conformations should be expected, especially in
these cases.


In the present contribution the completely assigned 13C
NMR spectrum of the red acid form of thymolsulfonephtha-
lein 1 is presented for the first time, together with a
crystallographic study. It will be demonstrated that the correct
structure is the zwitterionic form 1 a. The 13C NMR spectrum
of the corresponding basic form is also included, because
former assignments still presented some faults.[2, 5]


Results and Discussion


The 1H and 13C NMR spectra of the undissociated and
completely dissociated forms of thymolsulfonephthalein


could be completely assigned by COSY, z-gradient HMQC,
z-gradient HBMC, and NOESY pulse sequences and their
chemical shifts are given in Table 1.


Discussion of the blue basic form (TSP2ÿ): As can be seen
from Table 1, the 13C NMR spectrum of the blue basic form
(TSP2ÿ) consists of 19 signals in the region d� 126 ± 180. Six of
these signals can be assigned to the asymmetric phenyl ring
carrying the sulfonyl group, one signal corresponds to the
central C7 carbon atom, and the other 12 signals can be
assigned to the aryl rings B and B'. This observation clearly
shows that a hindered rotation of the aryl rings around the
C7ÿC8 and C7ÿC14 bonds occurs as a result of the methyl
groups in ortho position. Four signals in the region of d�
22.8 ± 23.1 for the four iso-propyl methyl groups confirm this
result. The central carbon atoms of the iso-propyl groups as
well as the carbons of the ortho-methyl substituents are not
split in the 13C NMR spectrum, but their different anisotropic
shielding can be seen from the 1H NMR spectrum (Table 1).


The 13C NMR chemical shifts of the carbon atoms C11 and
C17 in the para position (d� 179.6 and 180.4) present
intermediate values between the displacements of the phe-
nolate ion (d� 168.1) and p-benzoquinone (d� 187.0). The
central carbon atom, which was assigned unequivocally by the
z-gradient HBMC pulse sequence (C7 correlates with H13,
H19, and H5), is shifted to high field (d� 170.2) when
compared with para-substituted triarylcarbenium ions (p-
XC6H4)3C� with values of d� 210.4 (X�H), 191.8 (X�
OMe), and 175.5 (X�NMe2).[9] Both observations indicate
that at least a partial overlap exists between the empty p
orbital of the central C7 carbon atom and the pp orbitals of the
adjacent C8 and C14 carbons, thus permitting delocalization
of positive charge into the aryl rings. However, it should be
noted that the central carbon atom C7 has certain carboca-
tionic character.


Thymolsulfonephthalein can exhibit four different propel-
ler conformations. The NOESY correlation spectrum shows
interactions between the H5/Me20, Me20/H19, and Me24/
H13 hydrogen atoms. Molecular modeling indicates that
conformation 3 a represents the Me20ÿH19 interaction, con-


Abstract in Spanish: Estudio de Timolsulfonftaleina por RMN
de 13C y Cristalografía de Rayos-X
La estructura correcta de timolsulfonftaleina (Azul de timol)
no ha sido establecida de manera definitiva y a la fecha se han
propuesto tres estructuras de resonancia posibles: una zwitte-
rioÂnica, una quinoide y una de tipo lactona. El presente estudio
por RMN de 13C y cristalografía de rayos-X resuelve este
problema y demuestra que la estructura correcta es zwitterioÂ-
nica donde existe una deslocalizacioÂn de la carga positiva en
los anillos fenoÂlicos. La caracterizacioÂn por RMN de la forma
azul baÂsica completamente disociada tambieÂn se incluye y
muestra que, en este caso, tanto la estructura quinoide como
una zwitterioÂnica son posibles.


Table 1. 13C[a] and 1H[b] NMR data (d) of the undissociated (H2TSP) and completely dissociated (TSP2ÿ) form of thymolsulfonephthalein in CD3OD
at pH< 2.


C(1) C(2) C(3) C(4) C(5) C(6) C(7) C(8) C(9) C(10) C(11) C(12) C(13)
C(14) C(15) C(16) C(17) C(18) C(19)


H2TSP 147.39 130.15 133.58 131.24 133.73 140.91 190.19 135.67 150.67 122.09 169.53 136.64 142.14
135.98 150.80 170.07 143.20


TSP2ÿ 146.16 129.72 130.09 130.33 133.77 142.77 170.17 130.78 145.93 126.16 179.64 138.17 137.64
131.34 146.09 126.54 180.43 138.72 139.31


H(2) H(3) H(4) H(5) H(10) H(13)
H(16) H(19)


H2TSP 8.14 7.76 7.59 7.08 6.80 6.94
6.85 7.04


TSP2ÿ 8.08 7.52 7.44 7.02 6.33 6.77
6.38 6.88


[a] H2TSP: d(20-CH3 and 24-CH3)� 21.89 and 21.95, d(21-CH and 25-CH)� 27.85, d(ipr-CH3)� 22.15 and 22.29; TSP2ÿ : d(20-CH3 and 24-CH3)� 22.19,
d(21-CH and 25-CH)� 26.93 , d(ipr-CH3)� 22.77, 22.98, 23.05 and 23.11. [b] H2TSP: d(20-CH3 and 24-CH3)� 1.92 and 2.00, d(21-CH and 25-CH)� 3.13 and
3.18, d(ipr-CH3)� 1.07, 1.08, 1.12 and 1.14; TSP2ÿ : d(20-CH3 and 24-CH3)� 1.78 and 1.89, d(21-CH and 25-CH)� 3.15 and 3.19, d(ipr-CH3)� 0.97, 0.98, 1.02
and 1.04.
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formation 3 b the H5ÿMe20 interaction, conformation 3 c
both the H5ÿMe20 and H13ÿMe24 interactions, and con-
formation 3 d none of these. Therefore, it can be assumed that
in solution the preferred conformation of the molecule in this
study is 3 c. Nevertheless, it cannot be excluded that more than
one conformation is present in solution, because dynamic inter-
conversion processes (rotation around C7ÿC8 and C7ÿC14)
must be considered on basis of the NOESY spectrum.


Discussion of the red acid
form (H2TSP): The red acid
form of thymolsulfonephtha-
lein is nearly insoluble and a
good resolution in the 13C
NMR experiment with detec-
tion of all quaternary carbon
atoms could only be achieved
after about half a million
transients. In this spectrum
17 signals can be observed in
the region of d� 122 ± 190.
Six signals correspond to the
2-sulfonylphenyl group, one
can be assigned to the central
carbon atom C7, and the aryl
rings B and B' are described
by the remaining 10 signals,
whereby carbons C10/C16
and C12/C18 exhibit only
one signal (Table 1). Differ-
ent anisotropic shielding of
H10/H16 can be observed
from the 1H NMR spectrum.


Figure 1 shows the long-
range correlation between
C7 and H5 that finally estab-
lishes the correct assignment
of the central carbon atom.


The comparison of the 13C NMR data of the blue basic with
the red acid form shows some characteristic differences for
the central carbon atom and the carbons of the aryl rings B
and B', while the chemical shifts of the carbon atoms in the
sulfonyl-substituted phenyl ring remain constant. In the
protonated form the phenolic groups contribute less to the
delocalization of the positive charge at C7, so that the
chemical shifts of the ortho-carbons C9, C15, C13, and C19,
the ipso-carbons C8 and C14, and the central carbon atom are
significantly shifted to lower field when compared with the
blue basic form. For the central carbon atom the shift
difference is about Dd� 20 ppm, but there should still be a
small pp ± pp interaction at the C7ÿC8 and C7ÿC14 bonds: the
C7 displacement (d� 190.2) is high-field shifted when com-
pared with that of the triphenylcarbenium ion (d� 210.4).[9]


This argument is supported by the chemical shifts of C11 and
C17 (d� 169.5 and 170.1, respectively) with values between
the displacements of phenol (d� 155.4) and p-benzoquinone
(d� 187.0). Based on these data the lactonoid form 1 c can be
excluded as possible structure for the red acid form.


The NOESY experiment of the acid form evidences the
interactions observed already for the blue basic form.
Rotation around the C7ÿC8 and C7ÿC14 bonds was estab-
lished as a result of chemical exchange between H10 and H16,
Me20 and Me24, H13 and H19, and finally between H21 and
H25 (Figure 2). Coalescence between each pair of the above
mentioned signals is achieved at 318 K.


In order to get some more information about the three-
dimensional structure of these molecules, the solid-state 13C
CP-MAS spectrum was recorded and three signals at d�
187.8, 190.2, and 191.8 were detected (Figure 3). This indicates


Figure 1. z-Gradient HMBC spectrum of undissociated thymolsulfonephthalein 1 showing the long range
correlation between C7 and H5.
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that one of the four conformations 3a ± 3d is highly disfavored,
and we propose that it is conformation 3 d, owing to a re-
pulsive interaction between the ortho-methyl groups of the two
aryl rings B and B' that is lacking in conformations 3a ± 3c.


Crystallographic study of the red acid form (H2TSP): The
crystallographic study of the red acid form was carried out
with the aim to evaluate the contributions of the zwitterionic


and quinoid forms to the resonance structure of thymol blue
in its undissociated form. The molecular structure of 1 is
shown in Figure 4. Selected bond lengths, bond angles,
torsion angles, and mean planes are summarized in Ta-
bles 2 ± 3.


Figure 4. Molecular structure of undissociated thymolsulfonephthalein 1.


Since the first crystallographic
study of the triphenylcarbenium
ion in 1965,[10] it is known that the
three aromatic rings of the cation
are mutually twisted (at an angle of
45 ± 618)[7] in order to relieve the
steric interactions between the or-
tho-hydrogen atoms of adjacent
rings. Thus, the triphenylcarbenium
ion exhibits a propeller shape,
whereby the phenyl rings form the
blades. Despite this conformation
delocalization of electrons from the
aromatic ring into the electron defi-
cient central carbon atom still exists,
as can be seen from the C�ÿC and
CÿC bond lengths. An appreciable
p-electron delocalization through-
out the cation has also been report-
ed for the tri(p-aminophenyl)carbe-
nium ion with strong donors in para-
position.[11]


In the case of the present thymol-
sulfonephthalein 1, the molecular
conformation is propeller shaped


Figure 3. 13C CP-MAS spectrum (at 7 kHz, CP contact time: 1.0 ms) of undissociated thymolsulfoneph-
thalein 1.


Figure 2. NOESY spectrum of undissociated thymolsulfonephthalein 1
that demonstrates the chemical exchange between H10 and H16 as well as
H13 and H19.
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with a mutual twist of 54.78, 75.78, and 76.88 between the aryl
rings. The positive charge is delocalized into the phenol rings,
while the negative charge is located at the sulfonyl group. An
interaction between O1 or O2 and C7 can be excluded by their
bond distances (O1 ´´´ C7 374 pm and
O2 ´´´ C7 293 pm). All hydrogen atoms
of the molecule were determined by
difference Fourier maps and both hydro-
gen atoms of the phenolic CÿOH groups
were located. Thus, the solid-state struc-
ture of undissociated thymol blue 1 has
mainly zwitterionic character. However,


there is also some contribution of the quinoid form 1 b : the
C7ÿC8 and C7ÿC14 bond lengths (142.7(2) and 143.2(2) pm,
respectively) are significantly shorter than the C6ÿC7 bond
length (148.3(3) pm), suggesting that there is delocalization
from the donor atoms to the electron-deficient C� center. The
average C�ÿC bond length for a series of triphenylcarbenium
ions is 143.9 pm.[7] Delocalization through the sulfonylphenyl
group is lacking, if one takes the fact into consideration that
C(sp2)ÿC(sp2) bonds have lengths of 146.6(5) and
147.6(6) pm.[7] The CÿC bond lengths in the para-substituted
aryl rings have average values of 142.6(3), 137.4(3), and
140.3(3) pm and vary significantly when compared with the
normal value of 139.7(5) pm in benzene. The trend in these
lengths also demonstrates the contribution of the quinoid
canonical form in the molecular structure. Similar data have
been obtained for the tri(p-aminophenyl)carbenium ion
(142.2(10), 137.7(11), and 141.8(4) pm). The phenolic car-
bon ± oxygen bond lengths are 134.0(2) and 133.7(2) pm and
are therefore intermediate between the C�O bond length in
p-benzoquinone (122.2 pm)[12] and the CÿO bond length in
phenol (136.2 pm).[13] The molecular conformation found in
this crystallographic study corresponds to conformer 3 c.


Conclusions


From the present NMR and crystallographic studies it can be
concluded that the red acid form of thymolsulfonephthalein
has a zwitterionic structure with some delocalization of
positive charge into the phenol rings. With respect to the
blue basic form, the three resonance structures can be
proposed in consideration of a propeller shaped conformation
(Scheme 2). Unfortunately, we did not obtain monocrystals of
the monoanion and dianion salts, so that we can not be sure
which form dominates in the solid state.


Experimental Section


The commercially available thymol blue (Aldrich) was recrystallized from
acetic acid, and bright green crystals suitable for X-ray crystallography
were obtained.


NMR measurements : 1H and natural abundance 13C NMR spectra were
recorded on a Bruker DMX500 spectrometer at 500.13 and 125.77 MHz,
respectively. A solution of the red acid form of thymolsulfonephthalein was
prepared in CD3OD and titrated with small amounts of HCl in H2O (pH<


2). The solution of the blue basic form was prepared in CD3OD by titration
with NaOH in H2O (pH> 12). The hydrogen and carbon chemical shifts
were measured at 25 8C, with TMS as the standard. Due to the low
solubility of the undissociated species, the 13C NMR spectrum of 1 was
recorded with more than 484 000 transients in order to observe the signals
of all carbon atoms, while in the case of the dianion only about 4000
transients were necessary. COSY, z-gradient HMQC, z-gradient HBMC,


Table 3. Deviations from the aryl ring mean planes for thymolsulfoneph-
thalein 1.


Mean plane and devia-
tions D [pm][a]


Mean plane and devia-
tions D [pm][b]


Mean plane and
deviations D [pm][c]


C(1) 0.0 C(8) ÿ2.8 C(14) 0.8
C(2) ÿ0.5 C(9) 1.0 C(15) ÿ1.6
C(3) 0.4 C(10) 1.4 C(16) 1.0
C(4) 0.1 C(11) ÿ1.9 C(17) 0.5
C(5) ÿ0.6 C(12) ÿ0.1 C(18) ÿ1.2
C(6) 0.5 C(13) 2.5 C(19) 0.5
C(7) 5.3 C(7) ÿ10.4 C(7) ÿ2.9


[a] Equation of the plane:� 2.24839x� 0.42326y� 10.98178z��10.751;
[b] Equation of the plane:ÿ 8.06987x� 7.44985yÿ 1.20399z��0.470;
[c] Equation of the plane:� 1.52319x� 11.39691y� 2.88011z��11.847;
x, y, z are orthogonal coordinates with respect to the axes a, b, c ; D is the
deviation from the mean plane.


Table 2. Selected bond lengths, bond angles, and torsion angles of
thymolsulfonephthalein 1.


Bond lengths [pm]
S(1)ÿO(1) 145.0(2) S(1)ÿO(2) 145.0(2)
S(1)ÿ(3) 144.3(2) S(1)ÿC(1) 179.1(2)
O(4)ÿC(11) 134.0(2) O(5)ÿC(17) 133.7(2)
C(6)ÿC(7) 148.3(3) C(7)ÿC(8) 142.7(2)
C(7)ÿC(14) 143.2(2) C(8)ÿC(9) 143.2(3)
C(9)ÿC(10) 137.7(3) C(10)ÿC(11) 139.2(3)
C(11)ÿC(12) 141.1(3) C(12)ÿC(13) 136.9(3)
C(8)ÿC(13) 142.4(3) C(14)ÿC(15) 143.0(3)
C(15)ÿC(16) 138.1(3) C(16)ÿC(17) 139.6(3)
C(17)ÿC(18) 141.1(3) C(18)ÿC(19) 137.0(3)
C(14)ÿC(19) 141.8(3)


Bond angles [8]
S(1)-C(1)-C(2) 116.6(2) S(1)-C(1)-C(6) 123.5(1)
O(4)-C(11)-C(10) 121.3(2) O(4)-C(11)-C(12) 117.2(2)
O(5)-C(17)-C(16) 121.1(2) O(5)-C(17)-C(18) 117.8(2)
C(1)-C(6)-C(5) 117.9(2) C(1)-C(6)-C(7) 126.6(2)
C(5)-C(6)-C(7) 115.5(2) C(6)-C(7)-C(8) 119.2(2)
C(6)-C(7)-C(14) 117.3(2) C(7)-C(8)-C(9) 124.4(2)
C(7)-C(8)-C(13) 117.6(2) C(7)-C(14)-C(15) 123.8(2)
C(7)-C(14)-C(19) 117.7(2) C(8)-C(7)-C(14) 122.7(2)
C(8)-C(9)-C(10) 117.7(2) C(9)-C(10)-C(11) 122.4(2)
C(10)-C(11)-C(12) 121.4(2) C(11)-C(12)-C(13) 116.2(2)
C(13)-C(8)-C(9) 118.0(2) C(14)-C(15)-C(16) 117.1(2)
C(15)-C(16)-C(17) 122.9(2) C(16)-C(17)-C(18) 121.1(2)
C(17)-C(18)-C(19) 116.1(2) C(18)-C(19)-C(14) 124.4(2)


Torsion angles [o][a]


C(6)-C(7)-C(8)-C(9) ÿ 157.9 C(6)-C(7)-C(14)-C(15) 39.1
C(1)-C(6)-C(7)-C(8) 60.3 C(1)-C(6)-C(7)-C(14) ÿ 129.6
C(8)-C(7)-C(14)-C(15) ÿ 151.2


[a] A positive rotation is counter-clockwise from atom 1, when viewed from
atom 3 to atom 2.


Scheme 2. Resonance structures proposed for the blue basic form.
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and NOESY pulse sequences were used to allow assignment of all the
signals. The 13C CP-MAS spectrum of 1 was recorded on a Bruker ASX300
spectrometer, with a 4 mm CP-MAS probe at 75.47 MHz and spinning at
7 kHz.


X-ray crystallography : Crystal data for C27H34O5S ´ 4/3H2O: M�
470.62 gmolÿ1, crystal dimensions 0.31� 0.36� 0.50 mm3, bright green
cubes, triclinic, space group P1Å (no. 2), a� 1113.31(5), b� 1191.11(9), c�
1243.15(7) pm, a� 62.967(5)8, b� 66.302(4)8, g� 85.918(5)8, V�
1.3320(2)� 109 pm3 by least squares refinement on diffractometer angles
for 24 automatically centered reflections, Z� 2, Dx� 1.22 gcmÿ3, m�
1.5 cmÿ1, no absorption correction was applied (Cmin/max� 0.928/0.955),
corrections were made for Lorentz and polarization effects. Data collec-
tion: Enraf Nonius CAD4 diffractometer, l(MoKa)� 0.71069 �, mono-
chromator: graphite, T� 293 K, w-2q scan, range 28< q< 298 (� h, � k,
ÿ l), 7355 reflections measured, of which 7037 were independent and 4874
observed [F> 3s(F)]. Two standard reflections were monitored periodi-
cally; they showed no significant change during data collection. Structure
analysis and refinement: direct methods (SHELXS-86) for structure
solution. Computations were performed by means of the program
CRYSTALS.[14] Atomic form factors for neutral C, O, S, and H were taken
from reference [15]. Non-hydrogen atoms were refined anisotropically,
hydrogen atoms were determined by difference Fourier maps; their
positions (not for the crystal water) and one overall isotropic parameter
were refined. One of the water molecules has an occupation factor of 1/3
and the other one is disordered with respect to the hydrogen atoms. Full-
matrix least-squares refinements were carried out by minimizing the
function Sw( jFo jÿjFc j )2, where Fo and Fc are the observed and calculated
structure factors. Models reached convergence with R�S( j jFo jÿjFc j j )/
S jFo j and Rw� [Sw( jFo jÿjFc j )2/SwF2


o]1/2 having values of R� 0.044, Rw


� 0.041 from 4874 reflections with I> 3s(I) for 419 variables against jF j ,
w� 1/s2 (F), s� 2.98. Largest peaks in the rest density map: D1max� 0.26,
D1min�ÿ0.37 e �3. Crystallographic data (excluding structure factors) for
the structure reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication
no. CCDC-101011. Copies of the data can be obtained free of charge on


application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033, e-mail : deposit@ccdc.cam.ac.uk).
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[Cp*Fe(h5-P5)] as a Useful Source for the Synthesis of Cobalt Complexes
with ªNakedº Pn Ligands
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Abstract: The cothermolysis of the
sandwich complex [Cp*Fe(h5-P5)] (1)
and [CpRCo(CO)2] (2 a : CpR�
C5H4tBu, 2 b : CpR�C5H3tBu2-1,3) gives
the following series of clusters with
ªnakedº Pn ligands: [{Cp*Fe}{CpRCoP4}-
{FeCp*}] (4), a ªtriple deckerº with a
CoP4 middle deck, [{Cp*Fe}{CpRCo}2-
(P4)(P)] (5), [{CpRCo}4P4] (6 a, b), and
[{CpRCo}3(m3-P)2] (7 a, b). The ther-
mal or photochemical reaction of
[Cp*'Fe(h5-P5)] (1') (Cp*'�C5Me4Et)


with [{CpRCo(m-CO)}2] (3) (CpR�
C5H3tBu2-1,3) affords [{Cp*'Fe}(m4-
h5:h2:h2:h1-P5){Co(CO)CpR}{Co2CpR


2 (m-
CO)}] (8) in which, in addition to the h5-
cyclo-P5 coordination, one terminal and
two h2 side-on binding coordination
modes have been realized. In the case
of the cubanelike compounds 6 a and 6 b


the oxidation of its P atoms with S8 or
Se(grey) gives [{CpRCo}4(P)(PX)3] (9 : X�
S, 10 : X� Se; CpR�C5H4tBu), products
of threefold oxidation, and [{CpRCo}4-
(P)2(PX)2] (12 : X� S, 13 : X� Se; CpR�
C5H3tBu2-1,3) with only two PX ligands.
[{CpRCo}4(m3-PS)4] (11), the fully sulfur-
ized derivative of 6 a, can be synthesized
by oxidation of 9 with S8 in dichloro-
methane. The complexes 4, 5, 6 b, 7 b, 8,
and 10 have been characterized by X-ray
crystal structure determination.


Keywords: clusters ´ cobalt ´ iron ´
P ligands ´ PS/PSe ligands


Introduction


The successful synthesis of [Cp*Fe(h5-P5)] (1), the first
sandwich complex with the isoelectronic all-phosphorus
analogue of C5H5


ÿ as a complex ligand,[1] opened an interest-
ing aspect on the novel chapter of complexes with naked Pn


ligands.[2] Since 1987 it has been shown that compound 1 is a
versatile starting material for rather different products with
substituent-free phosphorus ligands. Besides its stacking
reaction to a cationic 30 valence electron (VE) triple decker,[3]


reactions are known in which the P5 ring remains intact[4] or is
cleaved with formation of a P5 chain,[4] P4/P1, P3/P2, or P2


fragments.[4±6] The unusual h5 :h2 coordination mode of the
cyclo-P5 ligand has also been described.[1c]


Results and Discussion


The cothermolysis of [Cp*Fe(h5-P5)] (1) and the mononuclear
cobalt complexes [CpRCo(CO)2] (2 a,b) at 190 8C in decalin
affords the multinuclear complexes 4 ± 7 listed in Scheme 1,


Scheme 1. Reaction schemes for the formation of compounds 4 ± 8.


besides small amounts of [{Cp*Fe}2(m-h2 :h2-P2)2][7] and
[{CpRCo}2(m-h2:h2-P2)2][8] detected by 31P NMR spectroscopy.
With the dinuclear cobalt compound 3 the photochemical or
thermal reaction with 1'' leads to 8, a tetranuclear cluster with
an intact cyclo-P5 ligand forming the hitherto unknown m4-
h5 :h2 :h2 :h1 coordination mode.


The impact of small changes of the substituent pattern for
the CpR ligand on the Co atom can nicely be inferred from
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Scheme 1. In the case of 2 a (CpR�C5H4tBu), reaction with 1
gives, besides 6 a and 7 a, the triple decker [{Cp*Fe}{CpR-
CoP4}{FeCp*}] (4) with the hitherto unknown five-membered
CoP4 middle deck. The same reaction with 2 b (CpR�
C5H3tBu2-1,3) with an additional tert-butyl group in the Cp
ring, gives the compound [{Cp*Fe}{CpRCo}2(P4)(P)] (5), a
cubanelike cluster with an FeCo2P5 skeleton, as well as 6 b and
7 b. The P5 part of 5 consists of a P1 and a tripodal (trigonal
pyramidal) P4 ligand, which can be derived formally from the
P4 tetrahedron by cleaving three of its six PÿP bonds.


If the mononuclear cobalt complex 2 b is replaced
by the dinuclear species 3, reaction with 1'' (Scheme 1)
affords exclusively [{Cp*'Fe}(m4-h5:h2:h2:h1-P5){Co(CO)CpR}-
{Co2CpR


2 (m-CO)}] (8) with the remarkable m4-h5:h2:h2:h1


coordination mode of the cyclo-P5 ligand (for details, see
discussion of the X-ray crystal structures). Compounds 4 ± 8
are slightly air sensitive. Crystals of dark green 7 a, b, red-
brown 8, brown 9, 10, 11, 12, 13 (Scheme 2), brown-black 4,
and grey-metallic 5 are poorly soluble in hexane, but dissolve
easily in toluene and still better in dichloromethane (6 a, b and
8 are also readily soluble in hexane).


Oxidation of [{CpRCo}4P4] (6 a, b) with S8 and Se(grey): Since
the discovery of the first complex with a m3-PO ligand in
1991,[9a] growing interest for the coordinative stabilisation of
PX ligands (X�O[9] , S[10] , Se[11]) has emerged. Starting with
the tetranuclear complexes 6 a and 6 b, oxidation products
have been realized from the reaction with S8 or Se(grey)


(Scheme 2).
It is worthwhile mentioning that in 6 a (CpR�C5H4tBu)


three of the four P ligands can be oxidized by sulfur (S8) or
grey selenium with formation of the complexes 9 and 10. In
dichloromethane instead of toluene, 9 reacts further with S8 to
the fully oxidized cubanelike compound 11 with four m3-PS
ligands. Only double oxidation is observed on the sulfuriza-
tion and selenization of 6 b (CpR�C5H3tBu2-1,3) giving 12
and 13.


Scheme 2. Reaction scheme for the oxidation of 6a and 6b.


NMR Spectra of the complexes 4 ± 13 : 1H and 31P NMR data
are summarized in Table 1. A characteristic low-field shift of
the 31P NMR signal was found for all compounds in which one
or more P atoms are surrounded by three LnM-complex
fragments. The values of d� 1047 and 1059 in [{CpRCo}3(m3-
P)2] (7 a,b) do not differ significantly from d(m3-P)� 913
in [{L(OC)2Fe}3(m3-P)(m4-P){Mn(CO)2Cp}] (14)[12] [L�
P(OC3H7-i)3]. It is noteworthy that for the phosphorus atoms
of the CoP4 middle deck in the triple decker 4 (Scheme 1) the
signals are deshielded to d� 938 and 564. In cubanelike
[{CpRTa}2{Cp*Fe}(P4)(P)] (15)[5] as in [{Cp*Fe}{CpR-


Co}2(P4)(P)] (5) (CpR�C5H3tBu2-1,3 for both molecules)
the P atom on the top of the P4 pyramid has 31P NMR signals
(5 : d�ÿ208, 15 : d�ÿ313) at rather high field. In the series
6 a/11 (31P d� 484/238) the phosphorus NMR signals show the
same trend, which was also observed on going from the
cubane [(RC)4P4] to the fully sulfurized derivative
[(RC)4(PS)4] (31P d� 257/19; R� tBu).[13]


Crystal and molecular structures of the complexes 4, 5, 6 b, 7 b,
8, and 10 : The crystallographic data for complexes 4, 5, 6 b, 7 b,


Table 1. 1H and 31P NMR data of 4 ± 13 (J in Hz).


1H(C6D6, TMS int., 200 MHz)[a] 31P(C6D6, 85 % H3PO4 ext. , 81 MHz)[a]


dCpR[b] d P


4 5.50 (s, 2H), 4.48 (s, 2 H), 1.69 (s, 9 H), 1.52 (s, 30H) 938 (d, 2P, 1J(P,P)�ÿ120), 567 (d, 2 P, 1J(P,P)�ÿ120)
5 5.11 (s, 2H), 4.87 (s, 2 H), 4.61 (s, 2 H), 1.77 (s, 18H), 1.31 (s, 15 H), 1.23 (s, 18H) 562 (s, 1P), 467 (d, 1P, 1J(P,P)�ÿ76.3), 354 (d, 2P, 1J(P,P)�


ÿ198.4), ÿ208(m, 1P)
6a 5.03 (s, 8H), 4.95 (s, 8 H), 1.27 (s, 36 H) 483.9 (s, 4P)
6b 5.47 (s, 8H), 4.16 (s, 4 H), 1.47 (s, 72 H) 472.5 (s, 4P)
7a 4.44 (s, 6H), 4.36 (s, 6 H), 1.25 (s, 27 H) 1046.9 (s, 2P)
7b 4.05 (s, 9H), 1.47 (s, 54H) 1058.7 (s, 2P)
8 5.13 (s, 3H), 5.04 (s, 2 H), 4.97 (s, 1 H), 4.30 (s, 1H), 4.05 (s, 2 H),


2.38 (q, 2H, 3J(H,H)� 7.4), 1.78 (s, 9 H), 1.68 (s, 9H), 1.51 (s, 9 H), 1.49 (s, 9H),
1.47 (s, 9H), 1.45 (s, 9 H), 1.35 (s, 12 H), 0.99 (t, 3H, 3J(H,H)� 7.4)


355.0 (pt, 1 P, 1J(P,P)�ÿ217.5), 212.6 (dt, 1 P, 1J(P,P)�
ÿ535.1), 98 (dd, 1P, 1J(P,P)�ÿ512.6), 36 (dd, 1P, 1J(P,P)�
ÿ434.1, 2J(P,P)� 31.9), ÿ5 (dd, 1 P, 1J(P,P)�ÿ190.6)


9 5.79 (s, 1H), 5.17 (s, 2 H), 4.71 (s, 2 H), 4.55 (s, 1H), 4.30 (s, 1 H), 3.99 (s, 1H),
1.78 (s, 9H), 1.56 (s, 9 H), 1.29 (s, 18 H)


481.2 (t, 1P, 2J(P,P)� 91.8), 271.5 (t, 1P, 2J(P,P)� 158), 254.1
(dd, 2P, 2J(P,P)� 158)


10 5.75 (s, 1H), 5.19 (s, 2 H), 4.79 (s, 1 H), 4.62 (s, 1H), 4.49 (s, 1 H), 4.23 (s, 1H),
4.05 (s, 1H), 1.84 (s, 9 H), 1.54 (s, 9 H), 1.29 (s, 18H)


486.1(t, 1 P, 2J(P,P)� 88.5), 238.8 (t, 1P, 2J(P,P)� 155,
1J(P,Se)�ÿ732.4/ÿ 640.9), 220.0 (dd, 2 P, 2J(P,P)� 155)


11 4.91 (t, 8H), 4.54 (t, 8 H, 2J(H,H)� 2.1), 1.65(s, 36 H) 238.2 (s, 4P)
12 5.50 (s, 2H), 5.48 (s, 2 H), 4.30 (s, 4 H), 4.25 (s, 4H), 1.59 (s, 36 H), 1.50 (s, 36H) 538.4 (t, 2P, 2J(P,P)� 93.4), 230.0 (t, 2 P, 2J(P,P)� 93.4)
13 5.30 (s, 2H), 5.28 (s, 2 H), 4.25 (s, 4 H), 4.22 (s, 4H), 1.40 (s, 36 H), 1.26 (s, 36H) 537.9 (d, 2 P, 2J(P,P)� 173), 189.4 (d, 2 P, 1J(P,Se)�ÿ673.6)


[a] WP-200 (Bruker), s� broad singlet (multiplet fine structure not resolved), pt� pseudo triplet, [b] CpR�C5H4tBu: 4, 6a, 7 a, 9, 10, 11 and CpR�C5H3tBu2:
5, 6 b, 7 b, 8, 12, 13.
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8, 10 are compiled in Table 2. Table 3 contains selected bond
lengths and angles for 4, 8, and 7 b. Bond distances and angles
for complexes 5, 6 b, and 10 are summarized in Tables 4 and 5.


[{Cp*Fe}{CpRCoP4}{FeCp*}] (4; CpR�C5H4tBu): The X-ray
crystal structure shows the molecule to be a triple decker with
a planar CoP4 five-membered ring as middle deck (sum of
bond angles� 5408 ; smallest angle at Co1� 98.88). The planes
of the two Cp* ligands form an interplanar angle of 17.78
(Figure 1). The angles Cp*�cent�-Fe1-Fe2 and Cp*�cent�-Fe2-Fe1
(172.48 and 171.98, respectively) deviate slightly from line-
arity. Possibly, the sterically demanding CpR ligand on the Co
atom of the CoP4 ring plays an important role. The bonds


lengths of the heteroatom ring show the following trend: With
a mean value of 2.18 � the bond lengths P1ÿP2 and P3ÿP4 are
slightly longer than P2ÿP3 (2.135 �; Table 3). The average of
Co1ÿP1 and Co1ÿP4 is 2.16 � and does not differ significantly
from 2.20 � P3ÿCo1(1') found in the cubanelike complex 5
(see Table 4 and Figure 5). To the best of our knowledge, 4 is
the first triple decker to be realized in which the five-
membered middle deck consists of a transition metal complex
fragment and four pnictogen atoms. According to the
electron-counting rules[14] of Wade ± Mingos this 30 VE com-
pound[15] is a closo cluster with (n�1) skeleton electron pairs
(SEP). This is in accordance with the pentagonal bipyramidal
Fe2CoP4 skeleton of 4.


Table 2. Crystallographic data for complexes 4, 5, 6 b, 7b, 8, and 10.


4 5 6b 7b 8 10


formula C29H43CoFe2P4 C36H57Co2FeP5 C52H84Co4P4 C39H63Co3P2 C52H80Co3FeO2P5 C36H52Co4P4Se3


Mr 686.1 818.4 1068.8 770.6 1124.65 1081.3
crystal size [mm] 0.52� 0.32� 0.18 0.32� 0.12� 0.08 0.44� 0.24� 0.12 0.40� 0.16� 0.05 0.68� 0.52� 0.17 0.40� 0.30� 0.20
crystal system monoclinic orthorhombic triclinic monoclinic monoclinic monoclinic
space group P21/n Pnma P1Å C2/c P21/n P21/n
a[�] 8.4824(6) 12.1278(5) 12.1182(9) 18.5187(12) 19.8339(13) 12.6230(10)
b[�] 21.754(2) 20.6671(13) 12.2632(9) 19.3530(13) 12.6626(6) 13.2880(10)
c[�] 16.7792(12) 15.8291(7) 20.947(2) 11.5692(7) 22.4571(15) 25.229(3)
a[8] 90 90 99.525(8) 90 90 90
b[8] 95.640(7) 90 91.561(8) 95.828(8) 95.526(7) 104.410(10)
g[8] 90 90 115.890(7) 90 90 90
V[�3] 3081.2(4) 3967.5(3) 2744.4(3) 4124.9(5) 5613.9(6) 4098.6(7)
Z 4 4 2 4 4 4
1calcd [gcmÿ3] 1.479 1.370 1.293 1.241 1.331 1.751
m[mmÿ1] 1.686 1.412 1.336 1.293 1.303 4.436
2Vrange[8] 2.76 ± 26.37 3.50 ± 26.05 2.28 ± 25.98 2.75 ± 25.35 3.01 ± 27.02 2.04 ± 25.00
measured refl. 46115 38087 38037 20650 77312 9181
independent refl. 6128 3924 9976 3622 12185 7105
Refined parameters 338 217 565 205 591 437
R1(I> 2sI) 0.0284 0.0708 0.0432 0.1223 0.0407 0.0971
wR2 (all data) 0.0755 0.0757 0.0625 0.0936 0.0741 0.1059
residual electron density [e �ÿ3] 0.220/ÿ 0.209 0.410/ÿ 0.397 0.312/ÿ 0.391 0.628/ÿ 0.369 0.316/ÿ 0.237 0.616/ÿ 0.575


[a] Diffractometer: Stoe, IPDS; Structure solution by direct methods, SHELXL, SIÇR 92; refinement: full-matrix least-squares methods against F 2.


Table 3. Selected bond lengths (�) and angles (8) for complexes 4, 8 and 7 b.


[{Cp*Fe}{CpRCoP4}{FeCp*}] (4), CpR�C5H4tBu
Fe1ÿP1 2.3994(5) Fe2ÿP1 2.3965(5) P1ÿP2 2.1859(7) P1-Co1-P4 98.78(2)
Fe1ÿP2 2.3595(6) Fe2ÿP2 2.3615(5) P2ÿP3 2.1353(8) Co1-P1-P2 115.26(2)
Fe1ÿP3 2.3528(6) Fe2ÿP3 2.3558(5) P3ÿP4 2.1832(8) P1-P2-P3 105.47(3)
Fe1ÿP4 2.3743(6) Fe2ÿP4 2.3738(5) Co1ÿP1 2.1570(5) P2-P3-P4 104.87(3)
Fe1ÿCo1 2.6491(4) Fe2ÿCo1 2.6440(4) Co1ÿP4 2.1615(6) P3-P4-Co1 115.63(3)
Fe1ÿCp*�cent� 1.725 Fe2ÿCp*�cent� 1.73 Co1ÿCpR�cent� 1.71 Cp*�cent�-Fe1-Fe2 172.4


Cp*�cent�-Fe2-Fe1 171.9


[{Cp*''Fe}(m4-h5 :h2 :h2 :h1-P5){Co(CO)CpR}{Co2CpR
2 (m-CO)}] (8), CpR�C5H3tBu2-1,3


Fe1ÿP1 2.3938(5) Co3ÿP3 2.1290(5) P2ÿP1ÿP5 99.19(2) P1-Co1-Co2 56.858(15)
Fe1ÿP2 2.3699(6) Co1ÿCo2 2.4758(4) P1-P2-P3 109.06(3) Co1-P1-Co2 65.599(15)
Fe1ÿP3 2.4338(5) P1ÿP2 2.3541(7) P2-P3-P4 111.68(3) P1-Co2-Co1 57.544(14)
Fe1ÿP4 2.3696(6) P5ÿP1 2.3542(7) P3-P4-P5 107.79(3) P1-Co2-P2 61.879(18)
Fe1ÿP5 2.3606(6) P2ÿP3 2.1378(6) P1-P5-P4 111.37(3) P1-P2-Co2 58.519(17)
Co1ÿP1 2.2940(5) P3ÿP4 2.1306(7) Co1-P1-P5 58.595(18) P2-P1-Co2 59.602(18)
Co1ÿP5 2.2752(5) P4ÿP5 2.1301(7) P1-P5-Co1 59.380(18)
Co2-P1 2.2764(5) Cp*�cent�-Fe 1.75 P1-Co1-P5 62.025(18)
Co2ÿP2 2.3023(5) Co1, 2, 3ÿCpR�cent� 1.76, 1.78, 1.72


[{CpRCo}3(m3-P)2] (7b), CpR�C5H3tBu2-1,3
Co1(1')ÿP1'(1) 2.1718(14) CpR�cent�ÿCo1(1') 1.72 Co1(1')-Co2-Co1'(1) 61.82(2)
Co2ÿP1(1') 2.1626(15) CpR�cent�ÿCo2 1.77 Co2-Co1(1')-Co1'(1) 59.09(2)
Co1ÿCo1' 2.5781(14) Co1(1')ÿP1(1') 2.1576(15) P1-Co1(1')-P1' 94.92(6)
Co1(1')ÿCo2 2.5097(10) P1(1')-Co2-P1'(1) 95.04(8)
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Figure 1. Structure of [{Cp*Fe}{CpRCoP4}{FeCp*}] (4) in the crystal.


[{Cp*'Fe}(m4-h5 :h2 :h2 :h1-P5){Co(CO)CpR}{Co2CpR
2 (m-CO)}]


(8 ; CpR�C5H3tBu2-1,3): The most interesting part of the
structure of 8 is the cyclo-P5 ligand with additional double
side-on binding (h2) to the Co2CpR


2 (m-CO) fragment and
further terminal coordination (h1) of a 16 VE CpR(OC)Co
fragment (Figure 2). As a consequence of the h2 coordination
mode, P2ÿP1 and P1ÿP5 are elongated to 2.35 � (Table 3);
this is close to the value of 2.36 �[1c] found in [{Cp*Fe}(m-
h5 :h2-P5){Ir(CO)Cp*}] (16).


Figure 2. Structure of [{Cp*'Fe}(m4-h5:h2 :h2:h1-P5){Co(CO)CpR}{Co2CpR
2 -


(m-CO)}] (8) in the crystal. CpR�C5H3tBu2-1,3.


In sandwich complexes of the type [CpRFe{(CR)3P2}M2-
(CO)n] (17; CpR�C5H3tBu2-1,3, R�OSiMe3; M�Fe, n�
7[16a] ; M�Co, n� 6[16b]) the five-membered C3P2 ring has
one PÿP bond that coordinates in an additional h2 :h1 mode to
M2(CO)n. The sum of bond angles in the P5 ring of 8 was found
to be 539.18 (smallest angle� 99.28 at P1 with a formal
connectivity of five; Figure 2). It is worthwhile to note the
difference in the PÿP and FeÿP bond lengths (Table 3). In 8
dÅ(PÿP) is 2.13 � for the bonds that have no further h2-


coordination (c.f. 2.12 � in compound 16[1c]). Interestingly,
the longest Fe1ÿP3 bond length of 2.43 � involves the P atom
with an additional terminally coordinated Co(CO)CpR frag-
ment (Figure 2). The smallest distance belongs to the Fe1ÿP5
bond (2.36 �). The CoÿP bond lengths of the side-on binding
Co2CpR


2 (m-CO) moiety are between 2.275 and 2.30 �, where-
as Co3ÿP3 with a classical coordination to a P lone-pair of the
cyclo-P5 ring is distinctly shorter (2.13 �). With 2.48 �, the
Co1ÿCo2 bond length is in the typical range of a single bond.
Compared with 16, in which the dihedral angle of the FeP2Ir
butterfly structural subunit is 158.58[1c] , the Fe1, P1, P5, Co1
and Fe1, P1, P2, Co2 subunits of 8 show folding angles of 1518
and 153.88, respectively. The angle Fe1-P1-Co1(2), for the
midpoint between Co1 and Co2, was found to be 118.38.


The geometry of the eight-atom FeCo2P5 skeleton can
formally be derived from an icosahedron with four missing
vertices (Figure 3a). On the other hand, the electron count


Figure 3. a) FeCo2P5 skeleton formally derived from an icosahedron.
b) FeCo2P5 skeleton described as two penetrating five-membered rings
(FeP2Co2/P5) capped by P1 and Fe1, respectively.


according to the Wade ± Mingos rules[14] gives 11 SEPs, which
is in accordance with a (n�3) arachno-typ structure derived
from a bicapped square antiprism in which two corners have
been eliminated (c.f. B8H14, a BnHn�6 arachno borane[17]).
Another structural description is based on two penetrating
five-membered rings (P5 and Co2P2Fe) capped by Fe1 and P1,
respectively (Figure 3b).


[{CpRCo}3(m3-P)2] (7b ; CpR�C5H3tBu2-1,3): Compound 7 b
(Figure 4) was synthesized for the first time by T. Mohr[18] by
cothermolysing [{Cp*Fe}{CpRTaP5}][4] and [CpRCo(CO)2].
The CoÿCo distances of 7 b lie between 2.51 and 2.58 �
(isosceles triangle). The trigonal bipyramidal Co3P2 skeleton
forms nearly equal P-Co-P bond angles (94.9 to 95.08). The
same holds for the CoÿP distances. Both can be compared
with the (m3-P)Co3CpR


3 fragment of [(m3-P){Co3CpR
3 }(m3-PSe)]


(18), the first complex with a m3-PSe ligand.[11] To the best of
our knowledge, 7 b is the only example of a [{LnM}3(m3-P)2]
cluster (LnM means 14 VE fragment) that has been synthe-
sized and structurally characterized (c.f. compound 14[12] with
MLn as Fe(CO)4 and additional coordination of one P atom to
a Mn(CO)2Cp fragment). The electron count[14] for 7 b
(6 SEPs) is in accordance with a typical closo (n�1) cluster.
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Figure 4. Structure of [{CpRCo}3(m3-P)2] (7b) in the crystal.


[{Cp*Fe}{CpRCo}2(P4)(P)] (5 ; CpR�C5H3tBu2-1,3): Compar-
ing the mean PÿP distance of 2.27 � for the tripodal P4 ligand
in 5 with that of [{Cp*Ni}3(P4)(P)] (19)[19] (2.21 � as in white
phosphorus itself) an elongation can be observed. For the
more symmetric compound 19 the P-P-P bond angles of the
pyramidal P4 ligand lie within the narrow range of 83.0 ±
84.38[19] , whereas a much greater difference (72.9 ± 94.48)
was found for the heterometallic complex 5. Of special
interest are the bond lengths of the diagonally arranged atoms
in the quadrangles of the distorted cubanelike FeCo2P5


skeleton (Figure 5). P3 ´´´ P4� 3.17, P1 ´´ ´ P1'� 3.30,
P1(1') ´´ ´ P3� 2.70, P1(1') ´ ´ ´ P4� 2.56, Fe1 ´´ ´ Co1(1')� 3.64,
and P2 ´´´ Co1(1')� 3.56 � are nonbonding, while Fe1ÿP2
(2.36 �) and Co1ÿCo1' (2.56 �) are in the bonding range (c.f.
complexes 7 b and 8, Table 3; 6 b, Table 4). Complex 5 shows
an interesting parallel to [{CpCo}4P4] (20) synthesized and
characterized by X-ray crystallography for the first time in
1973 by Dahl et al.[20] (see also X-ray crystal structure
discussion of 6 b). As described for 20, the most severe


Figure 5. Skeleton structure of [{Cp*Fe}{CpRCo}2(P4)(P)] (5) in the
crystal. Cp* and CpR ligands (CpR � C5H3tBu2-1,3) have been omitted for
clarity.


deviation from a cubanelike structure in 5 results from the two
butterfly like halves P1, P2, Fe1, P1' (dihedral angle� 120.78)
and P3, Co1, Co1', P4 (1208), which are connected by the
wing-tip atoms P1 and P1' and the hinge atoms Co1 and Co1'
as shown in Figure 5. Small differences are found for P1-Fe1-
P1' (96.08) and P1-P2-P1' (94.48) compared with P3-Co1(1')-
P4 (90.48). The strong distortion from a cubanelike FeCo2P5


skeleton can also be seen from the following bond angles in
complex 5 : Fe1-P4-Co1(1')� 107.58, P2-P3-Co1(1') and P2-
P1(1')-Co1(1')� 104.68, Fe1-P1(1')-Co1(1')� 109.28. The de-
viations from the least-squares mean planes are as follows:
Fe1, P4, P1(1'), Co1(1')� 0.15 �; Co1(1'), P1(1'), P2, P3�
0.12 �; P3, Co1, P4, Co1'� 0.46 �; Fe1, P1, P2, P1'� 0.47 �.


[{CpRCo}4P4] (6b ; CpR�C5H3tBu2-1,3): The comparison of
6 b with the Cp analogue [{CpCo}4P4] (20)[20] shows an
interesting influence of the Cp substituents with respect to
the structure of the Co4P4 skeleton (Figure 6). Whereas the
FeCo2P5 skeleton of complex 5 (Figure 5) shows a remarkable
parallel to the Co4P4 core of compound 20[20] (Figure 6), the


Table 4. Selected bond lengths (�) and angles (8) for complexes 5 and 6b.


[{Cp*Fe}{CpRCo}2(P4)(P)] (5), CpR�C5H3tBu2-1,3
Fe1ÿP1(1') 2.2221(9) P1(1')ÿP2 2.2506(13) Fe1-P1(1')-Co1(1') 109.22(4) P1(1')-P2-P3 72.93(4)
Fe1ÿP2 2.3556(13) P2ÿP3 2.2987(18) P1(1')-Fe1-P4 69.79(3) Co1(1')-P1(1')-P2) 104.59(5)
Fe1ÿP4 2.2483(15) P3ÿCo1(1') 2.1971(10) P1(1')-Co1(1')-P3 75.00(4) Fe1-P1(1')-P2 63.56(4)
Co1(1')ÿP1(1') 2.2445(10) P1(1')- Co1(1')-P4 69.07(4) P1-P2-P1' 94.43(7)
Co1(1')ÿP4 2.2666(9) P1(1') ´´ ´ P4 2.5576(13) Fe1-P4-Co1(1') 107.52(5) P1-Fe1-P1' 96.03(5)
Co1ÿCo1' 2.5580(8) P1(1') ´´ ´ P3 2.70 P3-Co1(1')-P4 90.44(4)
Fe1ÿCp*(cent) 1.75 P3 ´´´ P4 3.17 Co1-P4-Co1' 68.70(3)
Co1ÿCpR�cent� 1.75 P1 ´´´ P1' 3.30 Co1-P3-Co1' 71.20(4)
Fe1 ´´´ Co1(1') 3.64 P2 ´´´ Co1(1') 3.56 Co1(1')-P3-P2 104.55(4)


[{CpRCo}4P4] (6 b), CpR�C5H3tBu2-1,3
Co1ÿCo2 2.5246(4) Co3ÿP1 2.2621(7) P3-Co1-P1 63.42(2) Co3-P1-Co4 68.58(2)
Co3ÿCo4 2.5176(4) Co3ÿP2 2.2054(7) P1-Co1-P4 73.26(2) Co1-P1-Co4 106.91(3)
Co1 ´´´ Co4 3.60 Co3ÿP3 2.2794(6) P3-Co1-P4 88.53(2) Co1-P1-Co3 113.00(3)
Co2 ´´´ Co3 3.60 Co4ÿP1 2.2056(6) P2-Co2-P4 63.47(2) Co3-P2-Co4 68.67(2)
Co1ÿP1 2.2759(7) Co4ÿP2 2.2574(7) P2-Co2-P3 73.37(2) Co2-P2-Co3 106.67(2)
Co1ÿP3 2.2675(7) Co4ÿP4 2.2827(7) P3-Co2-P4 88.58(2) Co2-P2-Co4 113.04(3)
Co1ÿP4 2.2081(5) P1ÿP3 2.3882(8) P1-Co3-P3 63.45(2) Co1-P3-Co2 68.71(2)
Co2ÿP2 2.2769(6) P2ÿP4 2.3908(8) P2-Co3-P3 73.32(2) Co2-P3-Co3 106.60(2)
Co2ÿP3 2.2051(7) P2 ´´´ P3 2.6782(7) P1-Co3-P2 88.27(2) Co1-P3-Co3 112.66(3)
Co2ÿP4 2.2687(7) P1 ´´´ P4 2.6758(8) P2-Co4-P4 63.55(2) Co1-P4-Co2 68.64(2)


CpR�cent�ÿCo1,2,3,4 1.77, 1.77, 1.77, 1.765 P1-Co4-P4 73.17(2) Co1-P4-Co4 106.60(3)
P1-Co4-P2 88.39(2) Co2-P4-Co4 112.39(3)
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Figure 6. Comparison of bond lengths and structural differences for the
skeletons of [{CpRCo}4P4] (6b, CpR � C5H3tBu2-1,3) and [{CpCo}4P4][20] (20,
Cp�C5H5).


CpR analogue 6 b differs distinctly from 20. For example, in 6 b
the PÿP bond lengths of 2.39 � are much shorter than 2.56/
2.57 � in 20 (Table 4, Figure 6). As consequence, the Co4P4


skeleton of 6 b can be described as a tetragonal antiprismatic
structure. Compared with 5 and 20 the deviations from the
least-squares mean planes are much smaller for 6 b : Co1, P1,
Co4, P4� 0.02 �; P3, Co3, P2, Co2� 0.02 � (20 :[20] P2, Co3',
P3', Co2� 0.11 �; Co3, P3, Co1, P1� 0.11 �). An average
PÿP bond length of 2.31 � was found for [{CpFe}4(P2)2] (21), a
cluster with a triangulated dodecahedral Fe4P4 skeleton.[21]


[{CpRCo}4(P)(PSe)3] (10 ; CpR�C5H4tBu): Going from the
unoxidized C5H3tBu2 derivative 6 b to the threefold selenated
complex 10 with C5H4tBu ligands on the Co atoms, the
selected mean bond lengths show the following trends
(Tables 4 and 5, Figures 6 and 7). Selected mean bond lengths
for compounds 6 b [10]: CoÿCo� 2.52 � [2.57 �], CoÿP�
2.25 � [2.23 �], and PÿP� 2.39 �, P ´´ ´ P� 2.68 � [2.52/
2.77 �]. The most significant change occurs with the PÿP
bonds. Whereas 2.39 � in 6 b is in the range of PÿP bonds,
P2 ´´´ P4� 2.48 � and P1 ´´´ P3� 2.57 � in 10 are on the border-
line. For [Cl(Ph3P)2Rh(h2-P4)] a PÿP distance of 2.46 � was
found for the h2-coordinated edge of the intact P4 tetrahe-
dron.[22] In 10 the deviation from the least-squares mean plane
for the atoms P2, Co2, P3, Co3 is 0.02 �, which is identical
with the value found for 6 b. The corresponding value for the
planes P1(Se1), Co1, P4, Co4 is 0.06 � in 10 compared with
0.02 � in 6 b. The PÿSe bond mean value of 2.12 � for


Figure 7. Skeleton structure of [{CpRCo}4(P)(PSe)3] (10); CpR(C5H4tBu)
ligands have been omitted for clarity.


compound 10 is slightly longer than 2.09 � found in [(m3-
P){CpR


3 Co3}(m3-PSe)] (18, CpR�C5H3tBu2-1,3)[11] and 2.10 �
in [{CpFe}4(P2Se2)2], with two planar Se�PÿP�Se ligands.[21]


For [{CpRCo}4(m3-PS)4] (11) (Scheme 2) an X-ray study has
been carried out which unambiguously shows its highly
symmetric structure. Due to low quality of the data set no
structural details will be given. The P ´´´ P distances (ca.
2.70 �) are nonbonding. The avarage of P�S (ca. 1.96 �) bond
lengths is in the normal range.[9]


Experimental Section


All experiments were carried out under an argon atmosphere in dry
solvents. [Cp*Fe(h5-P5)] (1)[1c] , [Cp*'Fe(h5-P5)] (1''),[1c] [CpRCo(CO)2]
(2a,b),[23] and [{CpRCo(m-CO)}2] (3)[24] were synthesized according to the
literature (1'' in analogy to the Cp* derivatives, 2a,b and 3 in analogy to the
Cp derivatives). IR spectra were recorded on a Perkin ± Elmer 881. UV-
irradiation: 150 W high-pressure lamp, TQ 150, Heraeus Quarzlampen
GmbH, Hanau.


Reaction of [Cp*FeP5] (1) with [CpRCo(CO)2] (2 a) to give 4, 6 a, and 7a :
Compound 1 (440 mg, 1.27 mmol) and 2 a (500 mg, 2.12 mmol) were
dissolved in decalin (ca. 50 mL), and the mixture was stirred and heated to
reflux for about 2 h until the nÄ(CO) band in the IR spectra of 2a
disappeared. After evaporation of the solvent under oil-pump vacuum, the
residue was dissolved in dichloromethane (ca. 8 mL; small amounts of
[{Cp*Fe}2(P2)2] could be detected by 31P-NMR spectroscopy), neutral
Al2O3 (ca. 2 g, activity grade II) was added, and the mixture was
concentrated until it was flowed freely. Column chromatography (column


Table 5. Selected bond lengths (�) and angles (8) for complex 10.


[{CpRCo}4(P)(PSe)3] (10), CpR�C5H4tBu
Co1ÿCo2 2.5508(12) Co4ÿP1 2.1671(17) P1-Co1-P3 70.67(7) Co1-P1-Co3 106.34(7)
Co3ÿCo4 2.5836(12) Co4ÿP2 2.2127(19) P1-Co1-P4 76.13(6) Co3-P2-Co4 71.35(6)
Co1 ´´´ Co4 3.50 Co4ÿP4 2.2976(18) P3-Co1-P4 93.94(7) Co2-P2-Co3 101.34(7)
Co2 ´´´ Co3 3.45 P1 ´´´ P3 2.559(2) P2-Co2-P4 66.97(6) Co2-P2-Co4 110.97(8)
Co1ÿP1 2.2120(19) P2 ´´´ P3 2.80 P2-Co2-P3 78.05(6) Co1-P3-Co2 70.54(6)
Co1ÿP3 2.2130(19) P2 ´´´ P4 2.478(2) P3-Co2-P4 93.74(7) Co2-P3-Co3 102.33(7)
Co1ÿP4 2.2368(17) P1 ´´´ P4 2.74 P1-Co3-P3 69.67(6) Co1-P3-Co3 107.64(7)
Co2ÿP3 2.2047(18) P1ÿSe1 2.1233(18) P2-Co3-P3 78.17(6) Co1-P4-Co2 69.25(5)
Co2ÿP2 2.2392(18) P2ÿSe2 2.1218(17) P1-Co3-P2 89.79(7) Co1-P4-Co4 101.21(7)
Co2ÿP4 2.2522(19) P3ÿSe3 2.1257(17) P2-Co4-P4 66.63(7) Co2-P4-Co4 107.46(8)
Co3ÿP2 2.2176(18) CpR�cent�ÿCo1, 2, 3, 4 1.74, 1.75, 1.74, 1.74 P1-Co4-P4 75.75(6) Co-P-Se 117.4 ± 125.7
Co3ÿP1 2.259(2) P1-Co4-P2 92.34(7) P-P-Se 129.8 ± 132.0
Co3ÿP3 2.2210(17) Co3-P1-Co4 71.39(6)


Co1-P1-Co4 106.30(8)
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12� 1.5 cm, neutral Al2O3(II), petroleum ether) with petroleum ether
afforded a red-violet fraction 20 mg (5% yield) of [{CpRCo}3(m3-P)2] (7a).
With petroleum ether/toluene (30:1) 300 mg (67 % yield) of green
[{CpRCo}4P4] (6 a) was eluted. A 10:1 mixture gave 150 mg (10 % yield)
of 4 as a dark brown fraction. 4 : C29H43CoFe2P4 (686.1): calcd C 50.76, H
6.32; found C 49.97, H 6.15. 6a : C36H52Co4P4 (844.4): calcd C 51.21, H 6.21;
found C 51.79, H 6.10. 7 a : C27H39Co3P2 (602.3): calcd C 53.84, H 6.53; found
C 53.05, H 6.61.


Reaction of 1 with 2b to form of 5, 6b, and 7b : Compound 1 (294 mg,
0.85 mmol) and 2 b (740 mg, 2.53 mmol) were dissolved in decalin (ca.
110 mL), and the mixture was stirred and heated to reflux for about
100 min [IR control and column chromatography (basic Al2O3(II), column
15� 2.0 cm) as described above]. Traces of [{Cp*Fe}2(P2)2][7] and
[{CpRCo}2(P2)2][8] were detected by 31P NMR spectroscopy. Petroleum
ether as eluent gave 50 mg (8% yield) of 7b as a red-violet fraction. 290 mg
(43 % yield) of green 6b were eluted with a 50:1 mixture of petroleum
ether/toluene, and 120 mg (12 % yield) of brown 5 were isolated from a 10:1
mixture. 5 : C36H57FeCo2P5 (818.4): calcd C 52.83, H 7.02; found C 52.60, H
7.04. 6b : C52H84Co4P4 (1068.8): calcd C 58.43, H 7.92; found C 58.67, H 7.82.
7b : C39H63Co3P2 (770.6): calcd C 60.78, H 8.24; found C 60.30, H 8.15.


Photochemical reaction of [(C5Me4Et)FeP5] (1'') with [{CpRCo(m-CO)}2]
(3) to give 8 : Compound 1'' (360 mg, 1 mmol) and 3 (529 mg, 1 mmol), each
dissolved in a small volume of toluene, were placed in a UV apparatus
containing toluene (100 mL). The water-cooled mixture was irradiated for
about 390 min until the CO band in the IR spectrum of 3 disappeared.
After evaporation of the solvent, the black oily residue was dissolved in
petroleum ether (ca. 7 mL) and chromatographed (column 10� 2.0 cm,
neutral Al2O3(II), petroleum ether). With petroleum ether traces of
[CpRCo(CO)2] (2b) were detected. Further elution with the same solvent
gave a blue fraction (oily, no 31P NMR signal) and after that a brown-violet
fraction containing 390 mg (53 % yield) of 8. C52H60Co3FeO2P5 (1124.65):
calcd C 55.53, H 7.17; found C 55.08, H 7.14; IR (toluene): nÄ(CO)� 1927(s),
1791(br s, m-CO).


Oxidation of [{CpRCo}4P4] (6 a and 6b) with S8 to the sulfurized products 9
and 12 : Compound 6 a (480 mg, 0.57 mmol) [6 b (110 mg, 0.103 mmol)] and
S8 (146 mg, 0.57 mmol) [53 mg, 0.207 mmol] were dissolved in toluene
(30 mL) [10 mL] and stirred for 48 h at room temperature. After
evaporation of the solvent, the brown residue was dissolved in dichloro-
methane (ca. 5 mL). Silica gel (ca. 1.5 g, II) was added and the mixture was
concentrated until it flowed freely. Chromatography (column 10� 1.0 cm,
silica gel (II), petroleum ether) with a mixture of petroleum ether/toluene
(20:1) gave green-brown fractions of 390 mg (73 % yield)
[{CpRCo}4(PS)3(P)] (9) [75 mg (64 % yield) 12]. 9 : C36H52Co4P4S3 (940.6):
calcd C 45.97, H 5.57; found C 45.84, H 5.57. 12 : C52H84Co4P4S2 (1132.9):
calcd C 55.13, H 7.47; found C 54.86, H 7.43.


Oxidation of 6 a and 6 b with grey selenium to give [{CpRCo}4(PSe)3(P)]
(10) and [{CpRCo}4(PSe)2P2] (13): Compound 6 a (400 mg, 0.474 mmol) [6b
(80 mg, 0.075 mmol)] and grey selenium (300 mg, 3.80 mmol) [50 mg,
0.63 mmol] were stirred for 24 h in dichloromethane (20 mL) (31P NMR
control). Workup as described for 9 and 12. Neutral Al2O3(II) was used
instead of silica gel. With petroleum ether/toluene (1:1) green-brown
fractions of 10 and 13 were eluted. 10 : 240 mg (47 % yield); C36H52Co4P4Se3


(1081.3): calcd C 39.99, H 4.85; found C 39.97, H 4.78. 13 : 25 mg (27 %
yield); C52H84Co4P4Se2 (1226.7) calcd C 50.91, H 6.90; found C 49.98, H 7.04.


Oxidation of 9 to [{CpRCo}4(m3-PS)4] (11): Compound 9 (180 mg,
0.19 mmol) and S8 (13 mg, 0.05 mmol) were heated to reflux in dichloro-
methane (25 mL) for 24 h. Workup as described before for 9 and 12 (silica
gel(II)). A mixture of petroleum ether/toluene (5:1) gave 120 mg (63 %
yield)of 11 as a brown fraction. C36H52Co4P4S4 (972.7): calcd C 44.45, H
5.34; found C 44.26, H 5.18.


Single-crystal X-ray structure determinations : See also Table 2. Crystallo-
graphic data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication nos. CCDC-101528, CCDC-101529,
CCDC-101530, CCDC-101531, CCDC-101532, and CCDC-101533. Copies
of the data can be obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB2 1EZ (fax: (�44) 1223-336-033; e-mail :
deposit@ccdc.cam.ac.uk).
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A Novel Synthetic Approach to Highly Reactive Intermediates Containing a
Metal ± Phosphorus Triple Bond


Manfred Scheer,* Eva Leiner, Peter Kramkowski, Michael Schiffer, and Gerhard Baum


Dedicated to Professor Peter Jutzi on the occasion of his 60th birthday


Abstract: Thermolysis of [Cp*P{W-
(CO)5}2] (1 a) induces a Cp* migration
from a s-bound state at the phosphorus
atom to h5 coordination at the transition
metal. Thereby the unsaturated P atom
undergoes an unusual CÿH activation to
yield the novel complex [(CO)3W(h5-
C5Me4CH2)P(H)!W(CO)5] (2). Addi-
tionally, a highly reactive intermediate
of the type [Cp*(CO)2W�P!W(CO)5],
containing a tungsten ± phosphorus tri-


ple bond, is formed. The dimerisation of
this sterically unprotected inter-
mediate leads to [Cp*2(CO)4W2-
(m, h2-P2{W(CO)5}] (3). Furthermore,
the tetranuclear cluster
[{W(CO)3Cp*W}2(m3-P)2{m3-PW(CO)5}2]


(4) was isolated. The existence of a
phosphido-ligand intermediate finds fur-
ther support by a trapping reaction in
the presence of tBuC�P. Here, the
thermolysis of 1 a leads to the formation
of the novel complex [Cp*(CO)2W{h3-
(PPC(O)CtBu)W(CO)5}] (5), containing
a diphosphacyclobutenone ligand. Com-
prehensive structural and spectroscopic
data are given for the products.


Keywords: CÿH activation ´ cyclo-
pentadienes ´ intermediates ´
P ligands ´ tungsten


Introduction


Complexes with terminal ligands of the heavier Group 15
elements are a new class of compounds. For more than a
decade speculations about the existence of such possible
reaction intermediates containing M�E moieties have been
proposed, both with and without spectroscopic evidence.[1]


Recently, Cummins[2] and Schrock[3] succeeded in the syn-
thesis of the first isolated and structurally characterised
complexes A and B with a terminal phosphido ligand. In both


molecular structures the metal ± phosphorus triple bond is
protected by bulky amide ligands. Our investigations revealed
that as a result of the sterically encumbered triple bond, B
reacts predominantly to give end-on coordination by use of
the lone pair on the phosphido phosphorus.[4] Our interest,
however, is mainly focused on the high side-on reactivity of
phosphido complexes of the type C, first synthesised in our
group.[5] These complexes are stable in solution and as solids.
However, due to their sensitivity it has not been possible to
obtain sufficient amounts of pure compounds so far. Instead


of using stable complexes with a metal ± phos-
phorus triple bond as starting materials, we can
conceive different strategies to generate phosphi-
do complexes as highly reactive intermediates.
From these intermediates, in the presence of
reactive molecules, it should be possible to obtain
a large number of novel heterocyclic compounds.
Recently, we reported a synthetic approach from
the reaction of [ClP{M(CO)5}2] with different
metallates.[6]


Another much more effective synthetic concept
is shown in Scheme 1. The s-bound Cp* (Cp*�


h5-C5Me5) phosphinidene complex 1[7] reacts under Cp*
migration from the phosphorus atom to give h5 coordination
at the transition metal centre. A phosphido-complex inter-
mediate D is created. Since the triple bond in D is not
kinetically stabilised by steric protection, the complex dimer-
ises in the absence of an additional reactive species to yield a
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Scheme 1. Concept for the generation of highly reactive intermediates
containing a metal ± phosphorus triple bond.


P2M2-tetrahedral complex. Migration of a s-bound Cp*
moiety from a main group element to give h5 coordination
at a transition metal centre was first reported by Niecke[8] and
Jutzi.[9] The reactions given in Equations (1) ± (3) illustrate


this, starting either from iminophosphenes, diphosphenes,
arsaphosphenes or cyclo-triphosphines. In all cases an h5


bonding mode of the Cp* ligand at the transition metal
occurs.


Herein we report our results concerning the thermal
reaction of [Cp*P{W(CO)5}2], establishing a simple synthetic
approach to generate highly reactive intermediates with a
metal ± phosphorus triple bond.


Results and Discussion


Synthesis of the starting material : The starting phosphinidene
complexes [Cp*P{M(CO)5}2] (1 a, M�W; 1 b M�Cr) were
synthesised by a method described by Jutzi and Kroos[7] from
the reaction of Cp*PCl2 with [M2(CO)10]2ÿ. We found that
these reactions do not exclusively yield the complexes 1 a and
1 b ; [Cp*PCl2M(CO)5] (M�Cr, W) was formed as the main
product.[10] In contrast to compound 1 b, the tungsten complex
1 a could be isolated in 23 % yield and was thus preferred as
the starting material for further investigations. An X-ray
structure analysis was performed for 1 a (Figure 1) to confirm
the chances of the desired Cp* migration.


Crystal structure of 1 a : In 1 a the phosphorus atom is in a
trigonal planar environment surrounded by two almost
equivalent [W(CO)5] moieties and one s-bound Cp* group
(Figure 1). It is important to notice that the Cp* ring is already
oriented towards one of the [W(CO)5] groups. Therefore we
can interpret this situation as a preformed conformation for a


Figure 1. Molecular structure of [Cp*P{W(CO)5}2] (1a) (showing 50%
probability ellipsoids; hydrogen atoms are omitted for clarity). Selected
bond distances [�] and angles [8]: W(1)ÿP 2.445(2), W(2)ÿP 2.428(2),
PÿC(11) 1.902(7), W(2)-P-W(1) 124.60(7), C(11)-P-W(1) 117.8(2), C(11)-P-
W(2) 117.6(2).


possible Cp* migration. The distances PÿW(1) and PÿW(2)
are 2.445(2) � and 2.428(2) �, respectively, and are compa-
rable to those found in other phosphinidene complexes.[11]


Although there is no significant difference in the PÿW bond
lengths, this deviation could serve as an explanation for the
existence of two different 1JW,P coupling constants in the 31P
NMR spectrum (1JW,P� 187.6 and 165.7 Hz). We found
identical behaviour of the 1JW,P coupling constants for the
chlorophosphinidene complex [ClP{W(CO)5}2] (121.1 and
247.9 Hz).[12] The singlet for the methyl groups in the 1H
NMR spectra at ambient temperature indicates a fast
fluxional process by a series of 1,2-shifts.


Thermolysis of 1 a : Refluxing a solution of 1 a in toluene for
two hours results in the formation of 2 and 3 as the main
products, as well as a small quantity of complex 4 [Eq. (4)].[13]


Complexes 2 ± 4 were isolated after column chromatographic
workup.
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Spectroscopic properties : Compounds 2 ± 4 are crystalline and
are yellow, orange and green, respectively. They are sparingly
soluble in n-hexane and toluene, but readily soluble in CH2Cl2


and THF. The IR spectra of all compounds reveal coupled
vibration modes for terminally bound carbonyls in the region
of the CO-stretching frequencies (Table 1). In the mass
spectra the parent molecular ion peak was observed in all
cases, with exception of 4 in which the highest fragment
detected corresponds to a loss of a Cp* moiety, two W atoms
and 12 CO units.


The 31P{1H} NMR spectrum of 2 (Table 1) reveals a singlet
at d�ÿ325.2 bearing two pairs of tungsten satellites with
coupling constants 1JW,P� 203 Hz and 74 Hz. The first cou-
pling constant is consistent with the bonding of a phosphorus
atom to a [W(CO)5] moiety; the latter indicates s-bonding to
the [Cp*W(CO)2] fragment. Additionally, in the 31P NMR
spectrum of 2 (Figure 2) a 1JP,H of 295 Hz is observed. The
expected doublet is further split into a doublet of doublets
with 2JP,H� 8 and 2.4 Hz; this is due to the coupling with the
diastereotopic methylene protons of the s-bound CH2 group
at the P atom. In the 1H NMR spectrum of 2 the CH2 protons
appear at different chemical shifts as a result of their
diastereotopic character. Each signal is split into a doublet
of doublets of doublets as required for their coupling with
each other, the coupling to the phosphorus and the H atom at
the phosphorus. Furthermore, the spectrum reveals four
different singlets for the four methyl groups on the Cp ring.
Owing to the coupling of the inequivalent CH2 protons, the
doublet of the PH proton undergoes further splitting.


At ambient temperature 3 reveals only one broad signal in
the 31P{1H} NMR spectrum. At low temperatures the signal
splits into two signals indicating a dynamic behaviour


Figure 2. 31P NMR spectrum of 2 at 300 K in [D8]THF (SF�
101.256 MHz).


(Figure 3). At 203 K 3 has an AX spin system at d�ÿ142.6
and d�ÿ249.9 (JPP� 433 Hz) with two different JWP of 196
and 106 Hz. At the coalescence temperature of 283 K a DG 6�


Tc


of about 50 kJ molÿ1 was determined indicating a transfer
process of the W(CO)5 group between two phosphorus
atoms.


For 4 an A2X2 spin system at low field is observed in the
31P{1H} NMR spectrum (d� 450.4 and 846.7). The coupling


Table 1. NMR, IR and mass spectral data of the complexes 1 ± 4 ; J in Hz, nÄ in cmÿ1.


1a 2 3 4


1H[a] 1.75 (s) 2.21[b] (PH: ddd, 1JP,H� 295, 3JH(P),H(B)� 8.2,
3JH(P),H(B)� 8.9)


1.84 (s) 1.82 (s)


2.20 (CH3, s), 2.22 (CH3, s)
2.28 (CH3, s), 2.30 (CH3, s)
3.29 (CHAHB, ddd: 2JH(A),H(B)� 14.2,


2JP,H(A)� 2.4, 3JH(P),H(A)� 8.2)
4.16 (CHAHB, ddd: 2JH(A),H(B)� 14.2,


2JP,H� 8.2, 3JH(P),H(B)� 8.9)
31P[a] 1076.5 (1JW,P� 187.6 and 165.7) ÿ 325.2 (1JW,P� 202.8 and 74.3,


2JP,H� 2.4 and 8.2, 1JP,H� 295)
T� 333 K:ÿ 185[c] 450.4 (d)


1b: 1331.8 T� 203 K: ÿ 142.6 (d) 846.7 (d) (2JP,P� 15, 1JW,P� 173)
ÿ 249.9 (d) (JP,P� 433,
JW,P� 196, JW,P� 106)


nÄ (CO)[d] 2088(s) 2069 (m) 2061(m) [e]


2041(s) 2011 (s) 1996(sh)
1938(br) 1977 (m) 1993(m)
1910(vs) 1953 (s) 1924(vs)


1929 (s) 1896(s)
1908 (vs) 1841 (br m)
1888 (s)


EI-MS:[f] 727 (8) [M�ÿ 3 CO] 758 (92) [M�] 1136 (4) [M�] 1135.8 (58) [M�ÿCp*W2(CO)11]
m/z (%) 677 (35) [M�ÿCp*] 729.8 (49)[M�ÿCO] 814 (52) [M�ÿW(CO)5] 1107.9 (9) [M�ÿCp*W2(CO)12]


648 (32) [M�ÿCp*(CO)] 701,9 (8) [M�ÿ 2CO] 726 (89) [M�ÿW(CO)8] 1079.9 (8) [M�ÿCp*W2(CO)13]
620 (22) [M�ÿCp*(CO)2] 589,9 (100) [M�ÿ 6CO] 28 (70) [CO]
135 (90) [Cp*]


[a] In C6D6; [b] In [D8]THF; [c] In [D8]toluene; [d] In KBr; [e] Sample contained traces of 3 ; the obtained spectrum is similar to that of 3 and therefore no
exact nÄ(CO) can be given; [f] 70 eV, 140 8C.
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constant JP,P is 15 Hz, which is consistent with a coupling over
two bonds.


Crystal structure analysis : Details of the crystallographic data
are given in Table 2. The central framework of 2 is a fourfold-
coordinated P atom in a slightly distorted tetrahedral arrange-
ment. The phosphorus is surrounded by a W(CO)5 moiety, an


H atom and a twofold-bound
[(h5-C5Me4CH2)W(CO)3]
group (Figure 4). The H atom
at the phosphorus could be
freely refined. Compound 2 is
one of the very rare examples
for CÿH activation by a main
group element of one methyl
group of a h5-bound Cp*
ligand at a transition metal.
Such CÿH activations caused
by a phosphorus atom, lead-
ing to a pseudo-five-mem-
bered ring, were first de-
scribed by Weber et al.[14] By
contrast, in 2 a pseudo-four-
membered ring is formed. As
a result of this strained bond-
ing mode the PÿC(9) bond in
2 (1.873(7) �) is slightly elon-
gated in comparison with a
single-bond distance. This sit-
uation is further reflected in
the PÿW(2) bond length,


which at 2.599(2) � is also unusually longer than that of the
corresponding distance to the W(1) atom of the W(CO)5


group (2.543(13) �). The relatively small bond angle W(2)-
P-C(9) of 87.1(2)8 further reflects the strained bonding
situation.


The cell constants of [Cp*2(CO)4W2(m,h2-P2){W(CO)5}] (3)
(Table 2) are identical to those obtained for the complex


Figure 3. 31P{1H} NMR spectra of 3 at different temperatures in [D8]toluene (SF� 101.256 MHz) indicating the
intramolecular transfer process of the [W(CO)5] group.


Table 2. Crystallographic data for compounds 1a ± 4.


1a 2 ´ C7H8 3 4


formula C20H15O10PW2 C18H15O8PW2 ´ C7H8 C29H30O9P2W3 C36H30O16P4W6


Mr 813.99 850.10 1136.02 1945.58
crystal size [mm] 0.42� 0.22� 0.19 0.42� 0.15� 0.08 0.08� 0.08� 0.04 0.08� 0.08� 0.01
T [K] 203(2) 203(2) 200(2) 200(2)
space group P21/n (No. 14) P21/n (No. 14) P21/n (No. 14) P1Å (No. 2)
crystal system monoclinic monoclinic monoclinic triclinic
a [�] 9.015(3) 7.1560(14) 8.990(2) 9.302(2)
b [�] 25.423(11) 20.641(4) 18.501(4) 11.524(2)
c [�] 10.537(4) 18.506(4) 20.297(4) 24.342(5)
a [8] 90 90 90 77.93(3)
b [8] 97.82(3) 97.09(3) 102.48(3) 79.85(3)
g [8] 90 90 90 72.36(3)
V [�3] 2392(2) 2712.6(9) 3296.1(11) 2413.8(8)
Z 4 4 4 2
1calcd [g cmÿ3] 2.260 2.082 2.289 2.677
m [mmÿ1] 9.726 8.578 10.590 14.433
radiation [l, �] MoKa (0.71073)
diffractometer STOE STADI IV STOE IPDS STOE IPDS STOE IPDS
2V range [8]. 3.2� 2V� 62 4.86� 2V� 52 4.86� 2V� 52 4.4� 2V� 52
index range ÿ 11�h� 11 ÿ 8�h� 8 ÿ 11�h� 7 ÿ 10�h� 11


0� k� 31 ÿ 7�k� 23 ÿ 18�k� 22 ÿ 14�k� 14
0� l� 13 ÿ 22� l� 22 ÿ 24� l� 24 ÿ 29� l� 28


data/restrains/parameters 5370/0/314 3691/0/334 5969/0/398 7263/0/309
independent reflections with I> 2s(I) 4674 (Rint� 0.0288) 3042 (Rint� 0.0241) 4908 (Rint� 0.0706) 3617 (Rint� 0.0921)
goodness-of-fit on F 2 1.107 1.063 0.990 1.251
R1 ,[a] wR2


[b][I> 2s(I)] 0.0340, 0.0829 0.0225, 0.0537 0.0417, 0.1087 0.0906, 0.1432
R1 ,[a] wR2


[b] [all data] 0.0448, 0.0937 0.0330, 0.0571 0.0530, 0.1153 0.2091, 0.1775
largest diff. peak and hole [e �ÿ3] 1.559, ÿ1.323 0.548, ÿ0.470 1.629, ÿ2.017 2.129, ÿ2.177


[a] R�S jF0 jÿjFc j /S jF0 j . [b] wR2� [Sw(F2
oÿF2


c)2]/[S(F2
o)2]1/2
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Figure 4. Molecular structure of 2 (showing 50% probability ellipsoids;
hydrogen atoms and the toluene molecule is omitted for clarity). Selected
bond distances [�] and angles [8]: PÿW(2) 2.599(2), PÿW(1) 2.5431(13),
PÿC(9) 1.873(7), C(9)ÿC(10) 1.497(10), W(1)-P-W(2) 131.02(6), C(9)-P-
W(1) 117.6(2), C(9)-P-W(2) 87.1(2), C(10)-C(9)-P 101.0(4), C(9)-C(10)-
W(2) 108.0(4).


prepared by Schwalb, who carried out the reaction of
[{Cp*W(CO)2}2(m,h2-P2)] with an excess of [W(CO)5(thf)].[15]


However, the X-ray data of 3 are of better quality. The 31P
NMR and the other spectroscopic data are in good agreement
with those determined by Schwalb. The molecular structure of
3 (Figure 5) is best described as a slightly distorted W2P2


tetrahedron. The WÿW bond is 3.0920(7) � and is longer than


Figure 5. Molecular structure 3 (showing 50% probability ellipsoids;
hydrogen atoms are omitted for clarity). Selected bond distances [�] and
angles [8]: W(1)ÿW(2) 3.0920(7), W(1)ÿP(1) 2.470(2), W(1)ÿP(2) 2.541(2),
W(2)ÿP(1) 2.499(2), W(2)ÿP(2) 2.476(2), P(1)ÿP(2) 2.092(4), W(3)ÿP(1)
2.559(2), W(2)ÿC(3) 1.936(10), W(1) ´´ ´ C(3) 2.857(9), W(1)-P(1)-W(2)
76.96(7), W(1)-P(2)-W(2) 76.08(6), P(1)-W(1)-W(2) 51.94(5), P(2)-W(1)-
W(2) 51.01(6), P(1)-W(2)-W(1) 51.09(5), P(2)-W(2)-W(1) 52.91(5), P(2)-
P(1)-W(3) 124.75(12).


that found in [{CpW(CO)2}2(m,h2-P2)] (3.00263(11) �)[16] . The
PÿP bond in 3 (2.092(4) �) is short in comparison with the
average single-bond distance in b-P4 at ÿ185 8C (2.190 to
2.212 �).[17] In M2P2 tetrahedral complexes the PÿP bond is
usually significantly shorter.[1] Remarkably, the semibridging
C(3) atom of one of the CO groups reveals a tendency to
coordinate to the W(1) atom. In solution a bridging mode of
this carbonyl group is clearly recorded by the IR stretching


frequency at 1841 cmÿ1 (Table 1). Although in the solid-state
structure the W(CO)5 group coordinates exclusively to one P
atom, 31P NMR studies in solution at ambient temperatures
revealed that a fast exchange process of this moiety between
both P atoms occurs.


[{Cp*W(CO)3}2(m3-P)2{m3-PW(CO)5}2] (4 ; Figure 6) crystal-
lises as very thin, small, green plates. However, the collected
data on an imaging plate detector system (IPDS) are of good
quality. The cluster compound 4 can be described as a


Figure 6. Molecular structure of 4 (showing 50% probability ellipsoids;
hydrogen atoms are omitted for clarity). Selected bond distances [�] and
angles [8]:W(1)ÿW(2) 2.965(2), W(1)ÿW(3) 2.894(2), W(1)ÿW(4) 2.984(2),
W(2)ÿW(3) 2.843(2), W(2)ÿW(4) 3.094(3), W(3)ÿW(4) 2.824(2),
P(1)ÿW(1) 2.507(11), P(1)ÿW(2) 2.406(8), P(1)ÿW(3) 2.513(11),
P(2)ÿW(1) 2.525(12), P(2)ÿW(3) 2.520(12), P(2)ÿW(4) 2.379(9),
P(3)ÿW(2) 2.387(11), P(3)ÿW(3) 2.525(9), P(3)ÿW(4) 2.396(12),
P(4)ÿW(1) 2.522(9), P(4)ÿW(2) 2.394(12), P(4)ÿW(4) 2.383(12),
P(1)ÿW(5) 2.590(9), P(2)ÿW(6) 2.612(10), W(3)-W(1)-W(2) 58.04(6),
W(3)-W(1)-W(4) 57.39(6), W(2)-W(1)-W(4) 62.67(6), W(3)-W(2)-W(1)
59.72(6), W(3)-W(2)-W(4) 56.60(6), W(1)-W(2)-W(4) 58.96(6), W(4)-
W(3)-W(2) 66.19(6), W(4)-W(3)-W(1) 62.91(6), W(2)-W(3)-W(1)
62.24(6), W(3)-W(4)-W(2) 57.21(6), W(1)-W(4)-W(2) 58.36(6), W(2)-
P(1)-W(1) 74.2(3), W(2)-P(1)-W(3) 70.6(3), W(1)-P(1)-W(3) 70.4(3),
W(2)-P(3)-W(3) 70.7(3), W(4)-P(4)-W(2) 80.7(4).


distorted heterocubane, the vertices of which are alternately
occupied by P or W atoms. However, a description as a W4


tetrahedron of W(CO)3 and Cp*W units capped by P atoms
appears to be more realistic. The two (m3-P) ligands connected
to the W2(CO)6 edge coordinate to W(CO)5 moieties. The
tetrahedral W4 cluster description corresponds with the
Wade ± Mingos Rules to give n�1 skeletal electron pairs
(n� 4). The WÿW bond distances are between 2.824(2) � and
3.094(3) � and thus lie in the range of WÿW single bonds.[16, 18]


Due to the bulky Cp* ligands, the longest distance is found
between W(2) and W(4).


Discussion of the reaction pathway: The proposed pathway of
the reaction depicted in Equation (4) is shown in Scheme 2
and is based on the isolated products. Starting from
[Cp*P{W(CO)5}2] (1 a), the first step is a Cp* migration from
the s-bound state at the P atom to a p coordination at the W
atom to give an intermediate [{Cp*W(CO)3}P{W(CO)5}] (E).
Hereafter, the unsaturated P atom causes a CÿH activation to
form the organophosphorus derivative 2. Alternatively, fur-
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ther CO elimination of E occurs to yield the desired
intermediate [Cp*(CO)2W�P!W(CO)5] (D) with a tung-
sten ± phosphorous triple bond. Owing to the kinetic insta-
bility of this compound, the dimerisation of D produces the
W2P2 tetrahedral complex 3. Although one W(CO)5 group is
missing, it is known from the work by Schwalb[15] that
[Cp*2(CO)4W2(m,h2-P2)] reacts with a large excess of
[W(CO)5(thf)] to give 3 only. Evidently, under the specific
steric conditions of the bulky Cp* ligands, only one W(CO)5


moiety is able to coordinate at the W2P2 tetrahedron. It is
shared in solution by both of the P atoms.


Although compound 4 was obtained in low yield, the
formation of this tetrahedral cluster could be caused by a
reaction of the intermediate E with D by the loss of
[Cp*W(CO)3]2 and W(CO)6. To confirm the proposed
reaction pathway, the thermolysis of 1 a was carried out in
the presence of tBuC�P. Now, besides some small amounts of
2 and 3, the major product of this reaction [Eq. (5)] is


the diphosphacyclobutenon complex 5. These results indicate
the existence of either intermediate D or E. Intermediate D
can undergo an cycloaddition with the phosphaalkyne com-
bined with an insertion of one CO molecule resulting in the
unusual diphosphacyclobutenone ligand complex. Alterna-
tively, a nucleophilic attack of E towards the phosphaalkyne
to give 5 can be discussed.


The yellow crystalline compound 5 is readily soluble in
hexane, toluene and CH2Cl2. The 31P NMR spectrum shows
two doublets at d�ÿ163.1 and ÿ64.6, with 1JP,P� 237 Hz.


The latter signal reveals two different JW,P


indicating the additional coordination to a
W(CO)5 group. In the IR spetrum of 5 the CO
group of the diphosphacyclobutenone ligand
is observed at 1641 cmÿ1.


Conclusions


The results show that [Cp*P{W(CO)5}2] (1 a)
is an efficient source for the production of a
triple bond intermediate of the type
[Cp*(CO)2W�P!W(CO)5] (D). This opens
a perspective for the use of this complex as a
synthon in the presence of reactive molecules
such as phosphaalkynes, acetylenes or 2,4-
dimethylbutadiaene to generate novel W/P
containing heterocycles. Furthermore it
might be possible to extend these investiga-
tions to the heavier congeners of phosphorus
to produce other pnicogenido triple-bond
compounds, which is still a challenge in this
field.


Experimental Section


General techniques : All reactions were performed under an atmosphere of
dry nitrogen with Schlenk techniques. Solvents were purified and degassed
by standard procedures. NMR spectra were recorded on a Bruker AC250
(1H: 250.13 MHz; 31P: 101.256 MHz; standard 1H: Me4Si; 31P: 85% H3PO4).
IR spectra were recorded in KBr on a Bruker IFS 28 FT-IR-spectrometer.
Mass spectra were recorded on a Finnigan MAT 711 spectrometer at 70 eV.
Correct elemental analysis was performed by the analytical laboratory of
the institute.


Reagents : Unless otherwise stated, commercial grade chemicals were used
without further purification. Cp*PCl2 was obtained as published in ref. [19].
[Cp*P{M(CO)5}2] 1a,b (M�W, Cr) was prepared according to a modified
procedure as described in ref. [7]. tBuC�P was synthesised in accordance to
ref. [20].


Thermolysis of [Cp*P{W(CO)5}2], synthesis of 2, 3 and 4 : A solution of 1a
(0.5 g, 0.72 mmol) in toluene (50 mL) was refluxed for 2 hours. Subse-
quently, the solvent is completely removed. The dark brown residue was
transferred onto silicagel and separated by column chromatography (30�
2.5, Merck 60). Elution with hexane/toluene (5:1) gave a yellow fraction
containing 2, which was recrystallised from toluene to give 191 mg (35 %).
This was followed by a red fraction of 3 (hexane/toluene 3:1) to yield
288 mg (40 %) after recrystallisation. A greenish-red fraction was obtained
from toluene and 43 mg (3%) of green platelets of 4 were isolated.


Thermolysis of [Cp*P{W(CO)5}2] in the presence of tBuC�P, synthesis of
5 : A solution of 1a (0.52 g, 0.64 mmol) and tBuC�P (0.064 g, 0.64 mmol) in
toluene (50 mL) was refluxed for 2 hours. The solvent was removed to
dryness. Subsequently, the residue was extracted with n-hexane at ambient
temperature to give a red-brown solution. After filtration and removing the
solvent in vacuo the residue was recrystallised from toluene to give 318 mg
(60 %) of 5 as yellow platelets at ÿ30 8C. 31P{1H} NMR (101.256 MHz,
[D8]THF, H3PO4): d�ÿ163.1 (d), ÿ64.6 (d, 1JP,P� 237 Hz, JW,P� 195,
63 Hz); 1H NMR (250.13 MHz, C6D6, TMS): d� 1.11 (s, 9 H, CH3C), 1.60
(s, 15H, CH3(Cp*)); IR (KBr): nÄ(CO)� 2072 (m), 2015 (m), 1993 (m), 1968
(m), 1922 (br), 1900 (sh), 1641 cmÿ1 (m); MS (70 eV, EI): m/z (%): 858 (31)
[M�], 830 (20) [M�ÿCO], 802 (23) [M�ÿ 2 CO], 717 (87) [M�ÿ 5CO].


Crystal Structure Analysis : Crystal structure analyses of 1a ± 4 were
performed on a STOE IPDS (2 ± 4) and a STOE STADI IV (1 a : w-scan
mode) diffractometer with MoKa radiation (l� 0.71073 �) and with
empirical absorption corrections for 1a (6 Psi-scans). Machine parameters,


Scheme 2. Proposed reaction pathway of the thermal decomposition of 1a.
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crystal data and data collection parameters are summarized in Table 2. The
structures were solved by direct methods with the program SHELXS-86,[21a]


and full-matrix least-squares refinement on F 2 in SHELXL-93[20b] was
performed with anisotropic displacements for non-H atoms. Hydrogen
atoms were located in idealized positions and refined isotropically
according to the riding model. Crystallographic data (excluding structure
factors) for the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Center as supplementary publication
no CCDC-101485. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax:
(�44) 1223-336033; e-mail : deposit@ccdc.cam.ac.uk).
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Hydrogen-Bonding Donor/Acceptor Scales in b-Sulfonamidopeptides


Cesare Gennari,* Markus Gude, Donatella Potenza,* and Umberto Piarulli


Abstract: The conformational prefer-
ences of b-sulfonamidopeptides in
chloroform solution were investigated
by variable-temperature 1H NMR spec-
troscopy and FT-IR spectroscopy. The
following hydrogen-bonding acceptor
scale was derived from the experiments:
RCON� tBuOCON>COOMe�RS-
O2N. An intermolecular study gave


results complementary to those descri-
bed above: the N ± H stretch bands of N-
methylacetamide and N-methyl metha-


nesulfonamide in chloroform were fol-
lowed during titration with excess meth-
anesulfonylpyrrolidine and N,N-dime-
thylacetamide. Shifts to lower
frequencies were observed which are
correlated with the hydrogen-bond
strengths and show that the amide is a
stronger hydrogen-bond acceptor than
the sulfonamide.


Keywords: beta-sulfonamidopepti-
des ´ conformational preferences ´
hydrogen bonds ´ peptides ´ sulfon-
amides


Introduction


The attention of organic and medicinal chemists has recently
been attracted by unnatural biopolymer scaffolds (carba-
mates, peptoids, ureas, sulfonamides, b-peptides, b-peptoids,
etc.)[1] because of the affinities and specificities of these
compounds towards biological receptors and the simplicity
with which large libraries can be synthesized combinatorially.
The ability to efficiently assemble large synthetic oligomers
also provides an opportunity to generate unnatural polymers
with defined secondary and tertiary structures. Such struc-
tures should provide increased insight into the relationships
between monomer structure and polymer conformation,
and may provide new classes of folded polymers with
novel properties.[1m±q, 2] In particular, b-sulfonamidopep-
tides[1h,i, 2b±d, 3] are peptide surrogates with increased polarity
and hydrogen-bond donation capability. Furthermore, the
sulfonamido bond should show enhanced metabolic stability
and structural similarity to the tetrahedral transition state
involved in the amide bond enzymatic hydrolysis, thus making
sulfonamidopeptides interesting candidates in the develop-
ment of both protease inhibitors and new drugs.[3h]


b-Sulfonamidopeptides have a covalent framework that
should be essential for the formation of well-defined folded
structures by intramolecular hydrogen bonding; the repeating
backbone structure contains both hydrogen-bond donors (N ±
H) and hydrogen-bond acceptors (C�O and S�O). b-Sulfo-
namidopeptides are interesting compounds with which to
study the local folding propensities, and the competition
between sulfonamide, ester, carbamate, and carboxyamide as
donor/acceptor groups in the formation of intramolecular
hydrogen bonds.


Results and Discussion


The conformational preferences of b-sulfonamidopeptides in
chloroform solution were investigated by variable-temper-
ature 1H NMR spectroscopy and FT-IR spectroscopy. A
(sulfon)amide N ± H chemical shift is very sensitive to that
proton�s hydrogen-bonded status. Typically, it moves upfield
as the temperature is raised, which is interpreted as heat-
induced disruption of hydrogen bonding. Equilibration be-
tween hydrogen-bonded and non-hydrogen-bonded states is
fast on the NMR time scale, which means that observed
chemical shifts are weighted averages of the chemical shifts of
the contributing states.[2a, 4, 5] In contrast to NMR, hydrogen-
bonding equilibria are slow on the IR time scale, giving rise to
discrete N ± H stretch bands for hydrogen-bonded and non-
hydrogen-bonded states of a given secondary (sulfon)amide
group.[2a, 4, 5]


A sulfonamide N ± H is more acidic (pKa is approximately
11 ± 12) and is therefore a stronger hydrogen-bond donor than
a carbamate or an amide N ± H.[2a] The hydrogen-bonding
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acceptor scale is much more intriguing, and was derived from
the following analysis.


The DdNH/DT values for the sulfonamide protons of 1
(H[1] and H[2], Scheme 1) are similar and also rather small;[6]


for both hydrogens the SO2N groups act as the hydrogen-bond
acceptors. The more conservative conclusion is that both the


N


R
S


N


O O
X


H[1] H[2]


Y
H


1 X = CH3SO2; Y = Bn; R = H
2 X = tBuOCO; Y = Bn; R = H
3 X = CH3CO; Y = CH2COOMe; R = Et
4 X = CH3SO2; Y = CH2COOMe; R = Et


Scheme 1. Structures of the b-sulfonamidopeptides 1 ± 4.


eight-membered-ring hydrogen bond involving H2 and the
six-membered-ring hydrogen bond involving H1 are relatively
unimportant (Table 1). The large temperature dependence of


H2 in compound 2 (DdNH[2]/DT�ÿ9.1 ppb/K)[6] shows that
the carbamate is a better hydrogen-bond acceptor (eight-
membered-ring hydrogen bond involving H2) than the
sulfonamide. In addition, the large temperature dependence
of H2 in compound 3 (DdNH[2]/DT�ÿ11.0 ppb/K)[6] shows


that the amide is a much better hydrogen-bond acceptor
(eight-membered-ring hydrogen bond involving H2) than the
sulfonamide (six-membered-ring hydrogen bond involving
H1) or the methyl ester (nine-membered-ring hydrogen bond
involving H1). The IR spectrum of 3 in chloroform (Figure 1
and Table 2) confirms that even at room temperature the


Figure 1. N ± H stretch bands (cmÿ1) for compound 3. Band 1: 3433
(CONH); band 2: 3370 (SO2NH); band 3: 3213 (SO2NH).


sulfonamide proton (H2) is largely hydrogen-bonded to the
amide carbonyl group.[7] The large temperature dependence
of H1 in compound 4 (DdNH[1]/DT�ÿ10.8 ppb/K)[6] shows
that even the methyl ester (nine-membered-ring hydrogen
bond involving H1) is a better hydrogen-bond acceptor than
the sulfonamide (eight-membered-ring hydrogen bond in-
volving H2) (Figure 2). The IR spectrum of 4 in chloroform at
room temperature (Figure 3 and Table 2) shows a hydrogen-
bonded SO2N ± H, a nonhydrogen-bonded SO2N ± H, and a
weakly hydrogen-bonded ester carbonyl group CO ± OMe.[7]


It is worth noting that the above preferences are not
consistent with entropic effects (a more negative entropy
value is expected for a large-ring formation than for a small-
ring formation).


Interpretation of the data for larger molecules 5 ± 11
(Scheme 2) is more difficult since there seem to be many
hydrogen-bonding possibilities in these cases. However, some
common features are still evident and worthy of comment.
Given the relative unimportance of the six- and eight-
membered-ring hydrogen bonds involving a sulfonamide as


Abstract in Italian: Le preferenze conformazionali dei b-
solfonammidopeptidi in soluzione di cloroformio sono state
studiate mediante spettroscopia 1H-NMR a temperatura varia-
bile e spettroscopia FT-IR. Dagli esperimenti Ø stata ricavata la
seguente scala di efficacia come accettore di legame ad
idrogeno: RCON� tBuOCON>COOMe�RSO2N. Uno stu-
dio intermolecolare ha fornito risultati che sono complemen-
tari a quelli descritti qui sopra: le bande di stiramento degli
N ± H della N-metilacetammide e della N-metil metansolfo-
nammide in cloroformio sono state seguite durante titolazione
con eccesso di metansolfonilpirrolidina e N,N-dimetilacetam-
mide. Furono osservati spostamenti a frequenze pi� basse, che
sono correlati alla forza dei legami ad idrogeno, e che
mostrano che l�ammide Ø un accettore di legame ad idrogeno
piuÁ forte della solfonammide.


Table 1. dNH (ppm) at 300 K and DdNH/DT (ppb Kÿ1) values for 1 mm
CDCl3 solutions of b-sulfonamidopeptides 1 ± 4 in the 240 ± 300 K temper-
ature range.[a, b]


Compound dH1 dH2 Dd(NH[1])/DT Dd(NH[2])/DT


1 5.00 4.66 ÿ 3.8 ÿ 5.3
2 5.07 4.81 ÿ 1.7 ÿ 9.1
3 5.66 5.92 ÿ 1.1 ÿ 11.0
4 5.29 5.32 ÿ 10.8 ÿ 2.3


[a] The resonances of N-H protons are resolved at all temperatures studied.
These resonances were assigned either by their splitting patterns or by
homonuclear decoupling experiments. [b] For all compounds described,
NMR experiments show that the N-H proton chemical shifts are
independent of concentration at 240 ± 300 K, at or below 5� 10ÿ3m, and
therefore all experiments were conducted using 1� 10ÿ3m solutions.


Table 2. Stretch band positions (cmÿ1) for compounds 3 ± 11 in 1 mm CHCl3


solutions at 298 K.


Com-
pound


nÄN-H
(CONH)


nÄN-H
(SO2NH)


nÄ C�O
(CO-NH)


nÄC�O
(O-CO-NH)


nÄC�O
(CO-OMe)


3 3433 3370, 3213 1664 ± 1752
4 ± 3379, 3295 ± ± 1748
5 3446 3363, 3252 ± 1700 ±
6 3428 3370, 3238 ± 1693 ±
7 3437 3370, 3219 ± 1696 1741
8 3436 3381, 3266 1664 ± 1742
9 3431 3376, 3315,


3270, 3250
1671 ± ±


10 ± 3379, 3352,
3307


± ± 1747


11 3428 3381, 3309,
3285


1672 ± ±







FULL PAPER C. Gennari, D. Potenza et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0410-1926 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 101926


S
N


H1
N


H


O


O


S
H2


O O


O O


S
N


H1
N


H


O


O


S
H2


O O


O O


Figure 2. Compound 4 : the methyl ester (nine-membered-ring H-bond
involving H[1]) is a better hydrogen-bond acceptor than the sulfonamide
(eight-membered-ring H-bond involving H[2]).


Figure 3. N ± H stretch bands (cmÿ1) for compound 4. Band 1: 3379
(SO2NH); band 2: 3295 (SO2NH).


acceptor, b-sulfonamidopeptides 5 ± 8 (Scheme 2) show a
strong preference for a twelve-membered-ring hydrogen


N
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N


O O
X


H[1] H[2]


H R1
S


N


O O


H[3]


Y
H


  5 X = tBuOCO; Y = Bn; R = R1 = H
  6 X = tBuOCO; Y = Bn; R = R1 = Bn
  7 X = tBuOCO; Y = CH2COOMe; R = R1 = Bn
  8 X = CH3CO; Y = CH2COOMe; R = Me; R1 = Et
  9 X = CH3CO; Y = CH2CONH[4]Bn; R = Me; R1 = Et
10 X = CH3SO2; Y = CH2COOMe; R = Me; R1 = Et
11 X = CH3SO2; Y = CH2CONH[4]Bn; R = Me; R1 = Et


Scheme 2. The structures of b-sulfonamidopeptides 5 ± 11.


bond (H3 ± O�C, DdNH[3]/DT�ÿ8.6 ± ÿ 19.0 ppb/K) in-
volving the carbamate or the carboxyamide as hydrogen-
bond acceptors (Table 3). Sulfonamide protons H2 show a
reduced temperature dependence in compounds 5 ± 8


(DdNH[2]/DT�ÿ1.6 ± ÿ 7.3 ppb/K) owing to a less impor-
tant competing eight-membered-ring hydrogen bond involv-
ing the carbamate or the carboxyamide as hydrogen-bond
acceptors (and/or nine-membered-ring hydrogen bond in-
volving the methyl ester as acceptor in the case of 7 and 8).


The IR spectra of 5 and 6 in chloroform at room temper-
ature (Table 2) confirm the presence of a sulfonamide proton
largely hydrogen-bonded to the carbamate carbonyl group.[7]


The IR spectra of 7 and 8 (Table 2) show a hydrogen-bonded
SO2N ± H, a non-hydrogen-bonded SO2N ± H, a non-hydro-
gen-bonded CON ± H, a hydrogen-bonded carbamate carbon-
yl group (7), a hydrogen-bonded amide carbonyl group (8),
and a weakly hydrogen-bonded ester carbonyl group (Fig-
ure 4).[7]


Figure 4. N ± H stretch bands (cmÿ1) for compound 7. Band 1: 3437
(CONH); band 2: 3370 (SO2NH); band 3: 3219 (SO2NH).


The strong temperature dependence of protons H2 and H3
of b-sulfonamidopeptide 9 indicates the preference for a
twelve-membered-ring hydrogen bond (H3 ± O�C ± N,
DdNH[3]/DT�ÿ9.7 ppb/K), a eight- and a nine-membered-
ring hydrogen bond (H2 ± O�C ± N, DdNH[2]/DT�
ÿ10.6 ppb/K), all of which involve carboxyamides as hydro-
gen-bond acceptors.[6] The IR spectrum of compound 9 (four
different N ± H groups, two carboxyamides and two sulfona-
mides) shows five different N ± H peaks (Table 2 and Fig-
ure 5). A tentative attribution is as follows: a non-hydrogen-
bonded CON ± H (3431 cmÿ1), a non-hydrogen-bonded
SO2N ± H (3376 cmÿ1), a weakly hydrogen-bonded SO2N ± H
(3315 cmÿ1), two differently hydrogen-bonded SO2N ± H
(3270, 3250 cmÿ1), and a hydrogen-bonded amide carbonyl
group (Figure 5).[7] The 3315 cmÿ1 SO2N ± H is probably


Table 3. dNH (ppm) at 300 K and DdNH/DT (ppb Kÿ1) values for 1 mm CDCl3 solutions of b-sulfonamidopeptides 5 ± 11 in the 240 ± 300 K temperature
range.[a, b]


Compound dH1 dH2 dH3 dH4 Dd(NH[1])/DT Dd(NH[2])/DT Dd(NH[3])/DT Dd(NH[4])/DT


5 5.04 5.44 5.85 ± ÿ 0.7 ÿ 4.5 ÿ 19.0 ±
6 4.62 5.06 5.52 ± 0.0 ÿ 1.6 ÿ 8.6 ±
7 4.60 5.92 6.92 ± 0.0 ÿ 6.0 ÿ 13.6 ±
8 5.57 5.84 6.63 ± ÿ 1.0 ÿ 7.3 ÿ 14.3 ±
9 5.75 6.21 6.52 6.45 ÿ 4.4 ÿ 10.6 ÿ 9.7 ÿ 4.1
10 4.91 5.48 5.52 ± ÿ 2.3 ÿ 9.3 ÿ 8.5 ±
11 5.13 6.16 5.84 6.36 ÿ 6.6 ÿ 9.1 ÿ 7.0 ÿ 8.5


[a] The resonances of N-H protons are resolved at all temperatures studied. These resonances were assigned either by their splitting patterns or by
homonuclear decoupling experiments. [b] For all compounds described, NMR experiments show that the N-H proton chemical shifts are independent of
concentration at 240 ± 300 K, at or below 5� 10ÿ3m, and therefore all experiments were conducted using 1� 10ÿ3m solutions.
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Figure 5. N ± H stretch bands (cmÿ1) for compound 9. Band 1: 3431
(CONH); band 2: 3376 (SO2NH); band 3: 3315 (SO2NH); band 4: 3270
(SO2NH); band 5: 3250 (SO2NH).


hydrogen-bonded to a sulfonamide (see the SO2N ± H values
in Table 4 and the discussion).


Substitution of the terminal acetamide of 8 with a
methanesulfonamide gives compound 10, where both H2
[DdNH[2]/DT�ÿ9.3 ppb/K, sulfonamide (eight-membered
ring) and ester (nine-membered ring) as acceptors] and H3
[DdNH[3]/DT�ÿ8.5 ppb/K, sulfonamide (eight- and twelve-
membered rings) as acceptor] exhibit a rather strong temper-
ature dependence. The IR spectrum of 10 in chloroform at
room temperature (Table 2) shows three different SO2N ± H
peaks [weakly bonded (3307, 3352 cmÿ1) and non-hydrogen
bonded (3379 cmÿ1)], and a weakly hydrogen-bonded ester
carbonyl group.[7] The 3307 and 3352 cmÿ1 SO2N ± H are
probably hydrogen-bonded to a sulfonamide or an ester (see
the SO2N ± H values in Table 4 and the relevant discus-
sion).


Substitution of the terminal acetamido group of 9 with a
methanesulfonamido group yields compound 11, in which H2
experiences a larger temperature dependence (DdNH[2]/
DT�ÿ9.1 ppb/K, nine-membered-ring hydrogen-bond in-
volving the carboxyamide as acceptor) than H3 (DdNH[3]/
DT�ÿ7.0 ppb/K, eight- and twelve-membered-ring hydro-
gen bonds involving the sulfonamide as acceptor).


The DdNH/DT data discussed above may sometimes be
difficult to interpret, and should be used cautiously to infer
hydrogen-bond strength. In fact it is true that the DdNH/DT
values are related to the effect of temperature on the
equilibrium between hydrogen-bonded and non-hydrogen-
bonded states, which is in turn related to the enthalpy
difference between these two states and between alternative
folding patterns (at least in weakly polar solvents like
chloroform). However, a number of other factors can also


influence the DdNH/DT values. For example, in a flexible
molecule small DdNH/DT values can be associated with
amide protons that are either completely free of hydrogen
bonding (as in our case) or completely locked in an intra-
molecular hydrogen bond over the temperature range exam-
ined. These two extreme possibilities were distinguished by
analysis of the IR spectrum, and by observation of the
chemical shift value in comparison with the appropriate
reference molecules.[6] Furthermore, the magnitude of DdNH/
DT depends on the total difference in chemical shift between
fully hydrogen-bonded and completely non-hydrogen-bonded
states. Thus, for example, for the same N ± H donor, the fully
hydrogen-bonded state is not as far downfield when the
acceptor is a sulfonamide (or an ester) as when it is an amide,
which means that alternative folding patterns involving such
systems cannot be directly compared with DdNH/DT values,
particularly when numerical differences are small. For these
reasons we confirmed our conclusions with an intermolecular
study which gave results that are complementary to those
described above with the DdNH/DT data. The N ± H stretch
bands of N-methylacetamide (12) and N-methyl methanesul-
fonamide (13) in chloroform were followed during titration
with excess methanesulfonylpyrrolidine and N,N-dimethyla-
cetamide (Table 4). Shifts to lower frequencies were observed
which are correlated with the hydrogen-bond strengths and
show that the amide is a stronger hydrogen-bond acceptor
than the sulfonamide.


In summary, the following hydrogen-bonding acceptor scale
was derived from the above experiments: RCON�
tBuOCON>COOMe�RSO2N. While the position in the
scale of the first three functional groups is expected (an ester
carbonyl group is known to be a weaker hydrogen-bond
acceptor than an amide carbonyl group),[4a, d] the very poor
acceptor ability of the sulfonamide group is more noticeable,
and confirms the recent theoretical studies by Houk et al.[8a]


Analysis of a number of X-ray structures also reveals that the
N ± H ± O�S�O hydrogen bond is much weaker than the N ±
H ± O�C hydrogen bond.[8b, c] Even structures which are
intramolecularly hydrogen-bonded in the crystal with the
oxygen of RSO2N as acceptor group[2a, d] will use different
acceptors (for example carbonyls, if available) in chloroform
solution.


Experimental Section


General : NMR spectra were recorded on Bruker AC-200, AC-300, AC-
500, Varian XL-200 and XL-400 instruments. IR spectra were recorded
with a Jasco-FT 300E spectrometer. All products were purified by flash
chromatography with a 230 ± 400 mesh silica gel (Merck). TLC analyses
were performed with 0.25 mm 60F254 silica plates (Merck). All solvents
were distilled over drying agents under a nitrogen atmosphere: tetrahy-
drofuran (THF), Et2O, benzene, toluene over sodium; dichloromethane
(DCM), diisopropylethylamine (DIPEA), triethylamine (TEA), N,N-
dimethylformamide (DMF) over CaH2; MeOH over BaO. All reactions
were carried out under nitrogen. Organic extracts were dried over Na2SO4.


Synthetic procedures : The synthesis of compounds 1, 2, 5 (taurine
derivatives) followed the guidelines reported in ref. [1i]; the synthesis of
compounds 6, 7 followed the guidelines reported in ref. [3e]. The synthesis
of compounds 3, 4, 8 ± 11 was performed on solid-phase support by means
of a Fmoc-protection adapted strategy: Fmoc-Gly-OH was attached as a


Table 4. N ± H stretch bands (cmÿ1) for N-methylacetamide (12) and N-
methylmethanesulfonamide (13) in 10mm CHCl3 solutions at 298 K:
titration experiments.


Compound nÄN ± H nÄ N ± H with excess
methanesulfonyl-
pyrrolidine


nÄN ± H with excess N,N-
dimethylacetamide


12 3466 3466, 3410 3466, 3342
13 3397 3397, 3307 3397, 3255
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linker to the polymeric support (Wang ± Merrifield resin, P-CH2OH),[9] by
means of the coupling procedure of PaÂtek et al.[10] The loading was
determined by Fmoc deprotection (see details below) and quantitative
picric acid monitoring,[11] and was found to be about 0.72 mmol gÿ1. The
resin Fmoc-Gly-OCH2-P was subjected to an iterative deprotection-
(coupling-deprotection)n scheme (n� 1 for compounds 3, 4 ; n� 2 for
compounds 8 ± 11), followed by final capping and cleavage, as outlined
below.


1) Fmoc deprotection : The resin (containing Fmoc-protected amino groups,
0.144 mmol) was treated with 20% piperidine in DMF [1� 3 mL (3 min),
1� 3 mL (17 min)], followed by washings with DMF (4� 3 mL) and DCM
(4� 3 mL).


2) Preparation of (S)-Fmoc-NHCH(Me)CH2SO2Cl and (S)-Fmoc-
NHCH(Et)CH2SO2Cl : The substituted taurines[3e, 12] [�NH3CH(Me)-
CH2SOÿ


3 and �NH3CH(Et)CH2SOÿ
3 ] (0.50 mmol) and nBu4NOH ´ 30H2O


(400 mg, 0.50 mmol) were dissolved in water (0.40 mL). The mixture was
stirred for 5 min, cooled to 0 8C, and treated with NaHCO3 (42 mg,
0.5 mmol) and Fmoc-O-succinimide (Fmoc-ONSu) (185 mg, 0.55 mmol).
Stirring was continued overnight (0 8C to room temperature), then the
reaction mixture was diluted with water (20 mL), and the aqueous phase
extracted with DCM (3� 10 mL). The extracts were combined, washed
with brine (2� 5 mL), and dried. The solvent was removed in vacuo, and
the crude product was dissolved in DCM (3.6 mL) and treated with DMF
(3.4 mg, 0.046 mmol). The reaction mixture was cooled to 0 8C and a
solution of triphosgene (83 mg, 0.31 mmol) in DCM (1 mL) was added
dropwise. Stirring was continued for 1 h at 0 8C and 30 min at room
temperature. The mixture was purified by flash chromatography (10:1
EtOAc/DCM) to give the desired sulfonyl chloride as a white powder.


(S)-Fmoc-NHCH(Me)CH2SO2Cl (95 mg, 50 %). 1H NMR (200 MHz,
CDCl3): d� 1.50 (d, J� 6.5 Hz, 3H, CH3CH), 3.75 ± 4.60 (m, 3 H,
CH2SO2�CHN), 4.25 (t, J� 6 Hz, 1 H, ArCHCH2O), 4.48 (m, 2 H,
ArCHCH2O), 7.30 ± 7.49 (m, 4 H, aromatic H), 7.60 (d, J� 7.8 Hz, 2H,
aromatic H), 7.78 (d, J� 8.3 Hz, 2 H, aromatic H); 13C NMR (CDCl3): d�
19.5 (CH3), 44.4 (CH2SO2), 47.1 (CHN), 66.8 (CHCH2O), 69.3 (CHCH2O),
119.9 (C�), 124.8 (C�), 127.0 (C�), 127.7 (C�); C18H18ClNO4S (379.86):
calcd C 56.92, H 4.78, N 3.69; found C 56.81, H 4.90, N 3.60.


(S)-Fmoc-NHCH(Et)CH2SO2Cl (116 mg, 59 %). 1H NMR (200 MHz,
CDCl3): d� 1.0 (t, J� 7 Hz, 3H, CH3CH2), 1.7 (q, J� 7 Hz, 2 H, CH2CH3),
3.9 ± 4.2 (m, 3 H, CHN�CH2SO2), 4.23 (t, J� 6 Hz, 1 H, ArCHCH2O), 4.45
(m, 2 H, ArCHCH2O), 5.06 (m, 1 H, NH), 7.38 ± 7.50 (m, 4 H, aromatic H),
7.62 (d, J� 8 Hz, 2 H, aromatic H), 7.79 (d, J� 7 Hz, 2H, aromatic H);
C19H20ClNO4S (393.89): calcd C 57.94, H 5.12, N 3.56; found C 57.76, H 5.07,
N 3.49.


3) Coupling reactions : A suspension of the resin (containing free amino
groups, 0.144 mmol) in dichloromethane (3 mL) was treated with the
Fmoc-protected sulfonyl chloride (S)-Fmoc-NHCH(R)CH2SO2Cl
(0.288 mmol), 1-methoxy-2-methyl-1-trimethylsilyloxypropene[3e] (100 mg,
0.57 mmol) and 4-dimethylaminopyridine (DMAP) (7 mg, 0.057 mmol).
The mixture was shaken for 18 h (wrist-shaker), the resin filtered and
washed with DMF (4� 3 mL) and DCM (4� 3 mL). The progress of the
coupling reactions (absence of free amino groups) was followed with the
trinitrobenzenesulfonic acid test.[13]


4) Capping with mesyl chloride (for compounds 4, 10, 11): A suspension of
the resin (0.144 mmol) in DCM (3 mL) was treated with MsCl (0.035 mL,
0.43 mmol), 1-methoxy-2-methyl-1-trimethylsilyloxypropene[3e] (0.20 mL,
0.86 mmol) and DMAP (8 mg, 0.058 mmol). The mixture was shaken
(wrist-shaker) for 18 h, and the resin was filtered and washed with DMF
(4� 3 mL) and DCM (4� 3 mL). The progress of the capping reactions
(absence of free amino groups) was followed with the trinitrobenzenesul-
fonic acid test.[13]


5) Capping with acetylimidazole (for compounds 3, 8, 9): A suspension of
the resin (0.144 mmol) in DCM (3 mL) was treated with acetylimidazole
(160 mg, 1.44 mmol). The mixture was shaken (wrist-shaker) for 18 h, and
the resin was filtered and washed with DMF (4� 3 mL) and DCM (4�
3 mL). The progress of the capping reactions (absence of free amino
groups) was followed with the trinitrobenzenesulfonic acid test.[13]


6) Cleavage from the resin to give a methyl ester (for compounds 3, 4, 8, 10):
A suspension of the resin (0.144 mmol) in MeOH/NEt3 (9:1 v/v, 3 mL) was
shaken (wrist-shaker) for 60 h. The resin was filtered and washed with
MeOH/NEt3 (9:1 v/v, 2� 3 mL), and the combined organic phases were


removed in vacuo. The crude product was purified by flash chromatog-
raphy (DCM/MeOH 10:1) to give the desired methyl esters in 85 ± 95%
yields.


7) Cleavage from the resin to give an acid, and subsequent transformation
into a benzylamide (for compounds 9, 11): A suspension of the resin
(0.144 mmol) in TFA/water (95:5, 4 mL) was shaken (wrist-shaker) for
2.5 h. The resin was filtered and washed with TFA (2� 3 mL) and DCM
(2� 3 mL), and the combined organic phases were removed in vacuo. The
crude product (a white solid) was dissolved in DMF (1.9 mL), cooled to
0 8C, and treated with benzylamine (0.016 mL, 0.144 mmol), 2,4,6-trime-
thylpyridine (0.039 mL, 0.288 mmol), and O-(7-azabenzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) (54 mg,
0.144 mL). Stirring was continued for 1 h at 0 8C and for 17 h at room
temperature, then the mixture was diluted with water (10 mL), and the
aqueous phase extracted with DCM (3� 3 mL). The organic phase was
washed with an aqueous solution of citric acid (2� 3 mL, pH� 2.5) and
dried. The solvent was removed in vacuo, and the crude product was
purified by flash chromatography (DCM/MeOH 10:1) to give the desired
benzylamides in 65 ± 75 % yields.


CH3SO2NHCH2CH2SO2NHBn (1): A solution of BocNHCH2CH2-


SO2NHBn (2) (1.335 g, 4.25 mmol; for the preparation of 2, see details
below) in dichloromethane (21.25 mL) was treated with trifluoroacetic acid
(21.25 mL) at 0 8C. The mixture was stirred for 20 min, then evaporated
under vacuum to give the crude trifluoroacetate salt (1.394 g, 100 %). A
solution of mesyl chloride (0.487 g, 4.25 mmol) in dichloromethane
(10 mL) was cooled to 0 8C and treated with a solution of the above
trifluoroacetate salt (1.394 g, 4.25 mmol) and 1,8-diazabicyclo[5.4.0]undec-
7-ene (DBU) (1.518 mL, 10.19 mmol) in dichloromethane (2.5 mL) by
dropwise addition (20 min). The mixture was stirred overnight at room
temperature, then diluted with dichloromethane (20 mL), washed with
aqueous NH4Cl sat. soln. (10 mL) and brine (10 mL), and then dried and
evaporated. The crude product was purified by flash chromatography (n-
hexane/EtOAc 1:2) to give the desired taurine derivative 1 (0.633 g, 51%),
m.p.� 129 ± 130 8C; 1H NMR (200 MHz, [D6]acetone): d� 2.98 (s, 3H,
CH3SO2), 3.30 (t, J� 6.7 Hz, 2H, CH2SO2), 3.53 (br t, J� 6.7 Hz, 2H,
CH2NHSO2), 4.33 (d, 2H, NHCH2Ph), 6.20 (br t, 1 H, NH), 6.70 (br t, 1H,
NH), 7.25 ± 7.45 (m, 5H, aromatic H); C10H16N2O4S2 (292.4): calcd C 41.08,
H 5.52, N 9.58; found C 40.75, H 5.68, N 9.39.


BocNHCH2CH2SO2NHBn (2):[1i] A solution of taurine (4.0 g, 32 mmol) in
aqueous NaOH (2.0m, 16.0 mL, 32 mmol) was treated by dropwise
addition with a solution of (Boc)2O (6.98 g, 32 mmol) in THF (10.0 mL)
at room temperature, while being stirred (CO2 evolved). The mixture was
stirred at room temperature for 15 h and the disappearance of (Boc)2O was
monitored by TLC; the resulting mixture was extracted once with ethyl
ether (20 mL). The aqueous phase was diluted with water (170 mL), treated
with LiOH ´ H2O (1.342 g, 32 mmol) and nBu4NHSO4 (10.86 g, 32 mmol),
and stirred at room temperature for 30 min. The resulting mixture was then
extracted with dichloromethane (3� 120 mL), the organic phase dried and
evaporated at reduced pressure, and the product pumped (0.1 mmHg). N-
Boc-taurine nBu4N� salt (13.57 g, 91%) was used in the next reactions
without further purification. 1H NMR (200 MHz, CDCl3): d� 1.0 [t, J�
7.7 Hz, 12 H, (CH3CH2CH2CH2)4N�], 1.40 [s, 9H, (CH3)3C], 1.4 ± 1.6 [m,
8H, (CH3CH2CH2CH2)4N�], 1.6 ± 1.8 [m, 8H, (CH3CH2CH2CH2)4N�], 2.9
(m, 2H), 3.3 [t, J� 7.7 Hz, 8 H, (CH3CH2CH2CH2)4N�], 3.57 (m, 2H), 6.19
(br, 1H, NH).


A solution of N-Boc-taurine nBu4N� salt (3.728 g, 8.0 mmol) in dichloro-
methane (28 mL) was treated with DMF (0.064 mL, 0.82 mmol) and then
with triphosgene (0.952 g, 3.20 mmol) at room temperature, with stirring.
The reaction mixture was stirred at room temperature for a further 30 min,
then cooled to 0 8C and treated with a solution of DBU (2.5 mL,
16.80 mmol) and benzylamine (1.3 mL, 12.0 mmol) in dichloromethane
(4.0 mL) by dropwise addition (20 min). The mixture was stirred overnight
at room temperature, then diluted with dichloromethane (28 mL), washed
with aqueous NH4Cl sat. soln. (50 mL) and brine (50 mL), and then dried
and evaporated. The crude product was purified by flash chromatography
(n-hexane/EtOAc 1:1) to give the desired N-benzyl sulfonamide (2)
(2.047 g, 81.5 %). 1H NMR (200 MHz, CDCl3): d� 1.40 [s, 9 H, (CH3)3C],
3.1 (t, J� 6.6 Hz, 2H, CH2SO2), 3.5 (q, J� 6.6 Hz, 2 H, CH2NHCO), 4.3 (d,
J� 6.6 Hz, 2 H, NHCH2Ph), 4.81 (br t, 1 H, NH), 5.07 (t, J� 6.6 Hz, 1H,
NH), 7.3 ± 7.4 (m, 5 H, aromatic H); C14H22N2O4S (314.4): calcd C 53.48, H
7.05, N 8.91; found C 53.29, H 7.12, N 8.81.
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(S)-CH3CONHCH(Et)CH2SO2NHCH2COOMe (3): This compound was
synthesized according to the solid-phase protocol described above in the
paragraph synthetic procedures. IR (CHCl3): nÄ � 1664 cmÿ1 (CO-NH), 1752
(CO-OMe), 3213 (SO2-NH), 3370 (SO2-NH), 3433 (CO-NH); 1H NMR
(200 MHz, CDCl3): d� 0.98 (t, J� 7 Hz, 3 H, CH3), 1.56 ± 1.76 (m, 2H,
CH2), 2.0 (s, 3 H, CH3CO), 3.12 (dd, J� 10, 14 Hz, 1H, CHaHbSO2), 3.29
(dd, J� 3.5, 14 Hz, 1H, CHaHbSO2), 3.75 (s, 3 H, CH3O), 3.92 (dd, J� 5,
19 Hz, 1 H, CHaHbCO), 4.08 (dd, J� 7, 19 Hz, 1 H, CHaHbCO), 4.59 (m, 1H,
CHN), 5.66 (d, J� 9 Hz, 1 H, NHCH), 5.92 (dd, J� 5, 7 Hz, 1 H, NHCH2);
13C NMR (CDCl3): d� 10.1 (CH3CH2), 23.2 (CH3CO), 27.5 (CH3CH2), 44.1
(CH2SO2), 47.2 (CHN), 52.4 (CH3O), 56.7 (CH2CO); C9H18N2O5S (266.32):
calcd C 40.59, H 6.81, N 10.52; found C 40.48, H 6.90, N 10.41.


(S)-CH3SO2NHCH(Et)CH2SO2NHCH2COOMe (4): This compound was
synthesized according to the solid-phase protocol described above in the
paragraph synthetic procedures. IR (CHCl3): nÄ � 1748 cmÿ1 (CO-OMe),
3295 (SO2-NH), 3379 (SO2-NH); 1H NMR (200 MHz, CDCl3): d� 1.0 (t,
J� 7 Hz, 3H, CH3), 1.64 ± 1.84 (m, 2 H, CH2), 3.05 (s, 3H, CH3SO2), 3.3 (m,
2H, CH2SO2), 3.8 (s, 3H, CH3O), 3.9 ± 4.1 (m, 3H, CH2CO�CHN), 5.29
(m, 1H, NH), 5.32 (m, 1 H, NH); 13C NMR (CDCl3): d� 9.7 (CH3CH2),
29.5 (CH3CH2), 41.8 (CH3SO2), 44.1 (CH2SO2), 51.6 (CHN), 52.7 (CH3O),
56.7 (CH2CO); C8H18N2O6S2 (302.37): calcd C 31.79, H 6.00, N 9.26; found
C 31.60, H 6.09, N 9.21.


BocNHCH2CH2SO2NHCH2CH2SO2NHBn (5):[1i] A solution of
BocNHCH2CH2SO2NHBn (2) (1.335 g, 4.25 mmol) in dichloromethane
(21.25 mL) was treated with trifluoroacetic acid (21.25 mL) at 0 8C. The
mixture was stirred for 20 min, then evaporated under vacuum to give the
crude trifluoroacetate salt (1.394 g, 100 %). A solution of N-Boc-taurine
nBu4N� salt (1.32 g, 2.83 mmol) (see details above in the preparation of 2)
in dichloromethane (10 mL) was treated with DMF (0.025 mL, 0.32 mmol)
and then with triphosgene (0.336 g, 1.132 mmol) at room temperature, with
stirring. The reaction mixture was stirred at room temperature for 30 min,
then cooled to 0 8C and treated with a solution of the above trifluoroacetate
salt (1.394 g, 4.25 mmol) and DBU (1.518 mL, 10.19 mmol) in dichloro-
methane (2.5 mL) by dropwise addition (20 min). The mixture was stirred
overnight at room temperature, then diluted with dichloromethane
(20 mL), washed with aqueous NH4Cl sat. soln. (10 mL) and brine
(10 mL), and then dried and evaporated. The crude product was purified
by flash chromatography (n-hexane/EtOAc 1:2) to give the desired taurine
dimer 5 (0.751 g, 63%), m.p.� 132 ± 133 8C; IR (CHCl3): nÄ � 1700 cmÿ1 (O-
CO-NH), 3252 (SO2-NH), 3363 (SO2-NH), 3446 (CO-NH); 1H NMR
(200 MHz, CDCl3): d� 1.40 [s, 9H, C(CH3)3], 3.1 (br t, 2 H), 3.2 (t, J�
6.3 Hz, 2 H), 3.4 ± 3.6 (m, 4H), 4.33 (d, J� 5.8 Hz, 2H, NHCH2Ph), 5.04 (br,
1H, NH), 5.44 (br, 1 H, NH), 5.85 (br, 1 H, NH), 7.3 ± 7.4 (m, 5 H, aromatic
H); 13C NMR (CDCl3): d� 28.960 (3 CH3), 36.375, 38.717, 47.799, 52.001,
53.034, 81.257, 128.780 (2 CH�), 128.916 (1CH�), 129.650 (2CH�), 137.347
(C�), 156.876 (C�O); MS (FAB�): m/z� 91, 106, 125, 215, 232, 276, 322,
366, 422 (M�1); C16H27N3O6S2 (421.5): calcd C 45.59, H 6.46, N 9.97; found
C 45.40, H 6.60, N 9.85.


(S,S)-BocNHCH(Bn)CH2SO2NHCH(Bn)CH2SO2NHBn (6):


a) (S)-BocNHCH(Bn)CH2SO2Cl: (S)-2-benzyltaurine[3e, 12] [�NH3CH-
(Bn)CH2SOÿ


3 ] (100 mg, 0.46 mmol) and nBu4NOH ´ 30H2O (409 mg,
0.51 mmol) were dissolved in water (0.64 mL). The mixture was stirred
for 5 min and a solution of Boc2O (101 mg, 0.46 mmol) in THF (0.92 mL)
was added. Stirring was continued overnight, then the reaction mixture was
diluted with water (10 mL) and the aqueous phase extracted with DCM
(3� 5 mL). The extracts were combined, washed with brine (5 mL) and
dried. The solvent was removed in vacuo and the crude product was
dissolved in DCM (3.6 mL) and treated with DMF (3.4 mg, 0.046 mmol).
The reaction mixture was cooled to 0 8C and a solution of triphosgene
(83 mg, 0.31 mmol) in DCM (1 mL) was added dropwise. Stirring was
continued for 1 h at 0 8C and 30 min at room temperature. The mixture was
purified by flash chromatography (10:1 EtOAc/DCM) to give the desired
sulfonyl chloride as a white powder (107 mg, 70 %). 1H NMR (200 MHz,
CDCl3): d� 1.43 [s, 9H, C(CH3)3], 3.09 (m, 2 H, CH2Ph), 3.90 (dd, J� 5,
15 Hz, 1H, CHaHbSO2), 4.00 ± 4.45 (m, 2H, CHaHbSO2�CHN), 4.90 (m,
1H, NH), 7.18 ± 7.42 (m, 5 H, aromatic H); C14H20ClNO4S (333.83): calcd C
50.37, H 6.04, N 4.20; found C 50.28, H 6.16, N 4.17.


b) (S)-BocNHCH(Bn)CH2SO2NHBn: (S)-BocNHCH(Bn)CH2SO2Cl
(50 mg, 0.15 mmol) was dissolved in DCM (2 mL), and a solution of 1-
methoxy-2-methyl-1-trimethylsilyloxypropene[3e] (35 mg, 0.20 mmol) and


benzylamine (11 mg, 0.10 mmol) in DCM (0.5 mL) was added. Stirring was
continued for 2 h and the organic phase was washed with an aqueous
solution of citric acid (1 mL, pH� 4) and dried. The solvent was removed in
vacuo and the crude product was purified by flash chromatography (10:1
EtOAc/DCM) to give the desired product as a white/pale-yellow solid
(39 mg, 96 %). 1H NMR (200 MHz, CDCl3): d� 1.38 [s, 9 H, C(CH3)3], 2.81
(m, 2H, CH2Ph), 2.96 (dd, J� 4, 15 Hz, 1H, CHaHbSO2), 3.10 (dd, J� 8,
15 Hz, 1H, CHaHbSO2), 4.20 (m, 1H, CHN), 4.23 (d, J� 6 Hz, 2H,
NCH2Ph), 4.90 (d, J� 9 Hz, 1H, NHCO), 5.60 (m, 1 H, NHCH2), 7.1 ± 7.4
(m, 4H, aromatic H); 13C NMR (CDCl3): d� 28.2 [C(CH3)3], 40.1 (CH2Ph),
47.2 (CH2SO2), 48.1 (CHN), 56.0 (NCH2), 81.0 [C(CH3)3], 127.0, 128.3,
128.9, 130.0, 136.8, 137.0 (6C� ), 155.9 (NCO); C21H28N2O4S (404.53): calcd
C 62.35, H 6.98, N 6.92; found C 62.15, H 7.07, N 6.88.


c) (S)-BocNHCH(Bn)CH2SO2NHBn (21.4 mg, 0.053 mmol) was dissolved
in a HCl solution (3m) in MeOH (1 mL) and stirred until TLC analysis
indicated the absence of starting material (ca. 20 h). The solvent was
removed in vacuo and the crude product was dissolved in DCM (1.5 mL).
(S)-BocNHCH(Bn)CH2SO2Cl (27 mg, 0.081 mmol), DMAP (1 mg,
0.008 mmol), and 1-methoxy-2-methyl-1-trimethylsilyloxypropene[3e]


(36 mg, 0.21 mmol) were added and stirring was continued for 6 h. The
organic phase was washed with an aqueous solution of citric acid (1 mL,
pH� 4) and dried. The solvent was removed in vacuo and the crude
product was purified by flash chromatography (10:1 EtOAc/DCM) to give
the desired product 6 as a white solid (22 mg, 69%). IR (CHCl3): nÄ �
1693 cmÿ1 (O-CO-NH), 3238 (SO2-NH), 3370 (SO2-NH), 3428 (CO-NH);
1H NMR (200 MHz, CDCl3): d� 1.37 [s, 9H, C(CH3)3], 2.5 ± 3.1 (m, 8H,
CH2SO2�CH2-Ph), 2.8 ± 4.1 (m, 3 H, NHCH�NCH2Ph), 4.36 (br s, 1H,
NHCH), 4.62 (br s, 1H, NHCO), 5.06 (br s, 1 H, SO2NHCH), 5.52 (br s, 1H,
SO2NHBn), 7.19 (m, 15H, aromatic H); 13C NMR (CDCl3): d� 28.3
[C(CH3)3], 40.0� 42.0 (CH2Ph), 47.0� 48.0 (CH2SO2), 51.9 (2CHN), 56.0
(NCH2Ph), 81.1 [C(CH3)3], 126.8, 127.3, 128.0, 128.2, 128.6, 128.9, 129.5,
129.7, 136.3, 136.7, 136.8 (11 C�), 155.7 (NCO); MS (FAB�): m/z� 694
[M��glycerol�H], 623 [M��NaÿH], 501 [M�ÿC5H8O2]; C30H39N3O6S2


(601.79): calcd C 59.88, H 6.53, N 6.98; found C 59.70, H 6.61, N 6.91.


(S,S)-BocNHCH(Bn)CH2SO2NHCH(Bn)CH2SO2NHCH2CO2Me (7)


a) (S)-BocNHCH(Bn)CH2SO2NHCH2CO2Me. A solution of (S)-
BocNHCH(Bn)CH2SO2Cl (200 mg, 0.60 mmol) in DCM (6 mL) was
treated with glycine methyl ester hydrochloride (75 mg, 0.60 mmol) and
DMAP (147 mg, 1.20 mmol). Stirring was continued for 3 h and the solvent
was removed in vacuo. The crude product was purified by flash
chromatography (10:1 EtOAc/DCM) to give the desired product as a
clear syrup (160 mg, 69 %). 1H NMR (200 MHz, CDCl3): d� 1.38 [s, 9H,
C(CH3)3], 2.92 (m, 2 H, CH2Ph), 3.18 (m, 2 H, CH2SO2), 3.73 (s, 3H, OCH3),
3.92 (t, J� 6 Hz, 2 H, CH2CO), 4.59 (m, 1H, CHN), 4.92 (m, 1 H, NH), 5.80
(m, 1 H, NH); 13C NMR (CDCl3): d� 28.2 [C(CH3)3], 40.6 (CH2Ph), 44.2
(CH2SO2), 48.2 (CHN), 52.4 (OCH3), 56.3 (CH2CO), 80.2 [C(CH3)3], 126.9,
128.6, 129.4, 136.4 (4C�), 155.9 (NCO), 170.5 (COOCH3); C17H26N2O6S
(386.47): calcd C 52.83, H 6.78, N 7.25; found C 52.72, H 6.83, N 7.16.


b) (S)-BocNHCH(Bn)CH2SO2NHCH2CO2Me (151 mg, 0.39 mmol) was
dissolved in a HCl solution (3m) in MeOH (2 mL) and stirred until TLC
analysis indicated the absence of starting material (ca. 20 h). The solvent
was removed in vacuo and the crude product was dissolved in DCM
(5.8 mL). (S)-BocNHCH(Bn)CH2SO2Cl (193 mg, 0.58 mmol) and DMAP
(95 mg, 0.78 mmol) were added and stirring was continued for 3 h. The
organic phase was washed with water (2 mL) and dried. The solvent was
removed in vacuo and the crude product was purified by flash chromatog-
raphy (10:1 EtOAc/DCM) to give the desired product 7 as a white solid
(99 mg, 43%). IR (CHCl3): nÄ � 1696 cmÿ1 (O-CO-NH), 1741 (CO-OMe),
3219 (SO2-NH), 3370 (SO2-NH), 3437 (CO-NH); 1H NMR (200 MHz,
CDCl3): d� 1.34 [s, 9H, C(CH3)3], 2.8 ± 3.1 (m, 4H, CH2-Ph), 3.2 (m, 4H,
CH2SO2), 3.70 (s, 3H, CH3O), 3.86 (dd, J� 4, 19 Hz, 1 H, CHaHbCO), 4.07
(dd, J� 9, 19 Hz, 1H, CHaHbCO), 4.18 (m, 1 H, CHNH), 4.44 (m, 1H,
CHNH), 4.60 (d, J� 10 Hz, 1 H, NHCO), 5.92 (d, J� 9 Hz, 1 H,
CHNHSO2), 6.92 (br s, 1H, CH2NHSO2), 7.25 (m, 10 H, aromatic H); 13C
NMR (CDCl3): d� 28.2 [C(CH3)3], 40.3� 42.8 (CH2Ph), 44.2 (CH2SO2),
47.4 (CHN), 52.2 (CH3O), 52.7 (CHN), 55.2 (CH2SO2), 56.1 (CH2CO), 80.3
[C(CH3)3], 126.9, 127.1, 128.6, 128.8, 129.6, 129.7, 136.2 (7 C� ); MS
(FAB�): m/z� 606 [M��Na], 584 [M��H], 484 [M�ÿC5H7O2];
C26H37N3O8S2 (583.73): calcd C 53.50, H 6.39, N 7.20; found C 53.48, H
6.60, N 7.13.
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(S,S)-CH3CONHCH(Me)CH2SO2NHCH(Et)CH2SO2NHCH2COOMe
(8): This compound was synthesized according to the solid-phase protocol
described above in the paragraph synthetic procedures. IR (CHCl3): nÄ �
1664 cmÿ1 (CO-NH), 1742 (CO-OMe), 3266 (SO2-NH), 3381 (SO2-NH),
3436 (CO-NH); 1H NMR (200 MHz, CHCl3): d� 0.95 (t, J� 7 Hz, 3H,
CH3CH2), 1.32 (d, J� 7 Hz, 3H, CH3CH), 1.75 (q, J� 7 Hz, 2H, CH3CH2),
2.0 (s, 3H, CH3CO), 3.1 ± 3.3 (m, 4 H, CH2SO2), 3.75 (CH3O), 3.95 (m, 1H,
CHEt), 3.95 (dd, J� 7, 19 Hz, 1H, CHaHbCO), 4.10 (dd, J� 5, 19 Hz, 1H,
CHaHbCO), 4.55 (q, J� 7 Hz, 1 H, CHMe), 5.57 (d, J� 8 Hz, 1 H,
CONHCHMe), 5.84 (d, J� 8 Hz, 1 H, SO2NHCHEt), 6.63 (t, J� 5, 7 Hz,
1H, SO2NHCH2); 13C NMR (CDCl3): d� 9.2 (CH3CH2), 20.3 (CH3CH),
23.2 (CH3CO), 29.3 (CH3CH2), 41.8 (CHN), 44.1 (CH2SO2), 51.7 (CHN),
52.6 (CH3O), 55.8 (CH2SO2), 58.0 (CH2CO); C12H25N3O7S2 (387.48): calcd
C 37.20, H 6.50, N 10.84; found C 37.13, H 6.55, N 10.77.


(S,S)-CH3CONHCH(Me)CH2SO2NHCH(Et)CH2SO2NHCH2CONHBn
(9): This compound was synthesized according to the solid-phase protocol
described above in the paragraph synthetic procedures. IR (CHCl3): nÄ �
1671 cmÿ1 (CO-NH), 3250 (SO2-NH), 3270 (SO2-NH), 3315 (SO2-NH),
3376 (SO2-NH), 3431 (CO-NH); 1H NMR (200 MHz, CDCl3): d� 0.95 (t,
J� 7 Hz, 3H, CH3CH2), 1.35 (d, J� 7 Hz, 3 H, CH3CH), 1.75 (q, J� 7 Hz,
2H, CH2CH3), 2.0 (s, 3H, CH3CO), 3.1 ± 3.4 (m, 4 H, CH2SO2), 3.8 ± 4.1 (m,
3H, CH2CO�CHEt), 4.45 (d, J� 6 Hz, 2H, CH2Ph), 4.5 (m, 1 H, CHMe),
5.75 (d, J� 8 Hz, 1 H, CONHCHMe), 6.21 (d, J� 8 Hz, 1H, SO2NHCHEt),
6.45 (t, J� 6 Hz, 1H, CONHBn), 6.52 (t, J� 6 Hz, 1H, SO2NHCH2); 13C
NMR (CDCl3): d� 12.5 (CH3CH2), 23.1 (CH3CO), 25.2 (CH3CH), 32.5
(CH3CH2), 42.6� 45.5 (CHN), 46.5� 48.8 (CH2SO2), 60.2 (CH2Ph), 61.5
(CH2CO), 130.7, 130.9, 131.2, 131.7, 131.9, 132.5 (6C�); C18H30N4O6S2


(462.59): calcd C 46.74, H 6.54, N 12.11; found C 46.65, H 6.59, N 12.07.


(S,S)-CH3SO2NHCH(Me)CH2SO2NHCH(Et)CH2SO2NHCH2COOMe
(10): This compound was synthesized according to the solid-phase protocol
described above in the paragraph synthetic procedures. IR (CHCl3): nÄ �
1747 cmÿ1 (CO-OMe), 3307 (SO2-NH), 3352 (SO2-NH), 3379 (SO2-NH);
1H NMR (200 MHz, CDCl3): d� 1.0 (t, J� 7 Hz, 3 H, CH3CH2), 1.45 (d, J�
7 Hz, 3H, CH3CH), 1.75 (m, 2 H, CH2CH3), 3.05 (s, 3 H, CH3SO2), 3.3 ± 3.5
(m, 4 H, CH2SO2), 3.8 (s, 3H, CH3O), 3.9 ± 4.1 (m, 4H, CHMe�CH2CO�
CHEt), 4.91 (d, J� 8 Hz, 1 H, SO2NHCHMe), 5.48 (d, J� 8 Hz, 1H,
SO2NHCHEt), 5.52 (t, J� 6 Hz, 1 H, SO2NHCH2); 13C NMR (CDCl3): d�
9.5 (CH3CH2), 21.8 (CH3CH), 29.6 (CH3CH2), 41.6 (CH3SO2), 44.0� 56.2
(CH2SO2), 46.4� 51.8 (CHN), 52.8 (CH3O), 59.6 (CH2CO); C11H25N3O8S3


(423.53): calcd C 31.20, H 5.95, N 9.92; found C 31.10, H 6.10, N 9.90.


(S,S)-CH3SO2NHCH(Me)CH2SO2NHCH(Et)CH2SO2NHCH2CONHBn
(11): This compound was synthesized according to the solid-phase protocol
described above in the paragraph synthetic procedures. IR (CHCl3): nÄ �
1672 cmÿ1 (CO-NH), 3285 (SO2-NH), 3309 (SO2-NH), 3381 (SO2-NH),
3428 (CO-NH); 1H NMR (200 MHz, CDCl3): d� 1.0 (t, J� 7 Hz, 3H,
CH3CH2), 1.45 (d, J� 7 Hz, 3 H, CH3CH), 1.7 (m, 2H, CH2CH3), 3.0 (s, 3H,
CH3SO2), 3.15 ± 3.45 (m, 4 H, CH2SO2), 3.90 (m, 3H, CH2CO�CHEt), 4.05
(m, 1 H, CHMe), 4.45 (d, J� 6 Hz, 2H, CH2Ph), 5.13 (d, J� 8 Hz, 1H,
SO2NHCHMe), 5.84 (t, J� 6 Hz, 1H, SO2NHCH2CO), 6.16 (d, J� 8 Hz,
1H, SO2NHCHEt), 6.36 (t, J� 6 Hz, 1H, CONHBn); 13C NMR (CDCl3):
d� 9.7 (CH3CH2), 21.8 (CH3CH), 29.0 (CH3CH2), 41.6 (CH3SO2), 43.6�
45.6 (CH2SO2), 46.4� 51.6 (CHN), 55.3 (CH2CO), 59.5 (CH2Ph), 127.6�
128.7 (C�); C17H30N4O7S3 (498.64): calcd C 40.95, H 6.06, N 11.24; found C
40.79, H 6.11, N 11.18.
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[12] K. Higashiura, H. Morino, H. Matsuura, Y. Toyomaki, K. Ienaga, J.
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ring (C5-type) hydrogen
bonding.








Generating Structural Motifs between Three-Dimensional Solids and Discrete
Species Based on the {CuNCS} Unit: (PPh4)[(ReS4)Cu2(NCS)2],
(NEt4)2[(ReS4)Cu3(NCS)4], and (PPh4)2[(ReS4)2Cu2(NCS)2]
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Abstract: The reaction of (PPh4)ReS4


or (NEt4)ReS4 with CuNCS (in different
solvents and with different relative
amounts of reactants) yielded black
crystals of (PPh4)[(ReS4)Cu2(NCS)2]
(1), (NEt4)2[(ReS4)Cu3(NCS)4] (2) and
(PPh4)2[(ReS4)2Cu2 (NCS)2] (3). Com-
pound 1 crystallizes in the monoclinic
space group P21/n [a� 21.488(6) �, b�
11.142(4) �, c� 12.860(5) �, b�
90.66(3)8, V� 3079(2) �3, Z� 4, R�
0.058 and Rw� 0.063 for 5802 reflections
with F> 4s(F)], compound 2 in the
monoclinic space group P21/n [a�
10.551(4) �, b� 14.849(6) �, c�
22.782(11) �, b� 92.35(4)8, V�


3566(3) �3, Z� 4, R� 0.078 and Rw�
0.056 for 3006 reflections with F>
4.5s(F)] and compound 3 in the triclinic
space group P1Å [a� 10.901(3) �, b�
10.981(3) �, c� 12.296(3) �, a�
109.20(2), b� 96.40(2), g� 98.17(2)8,
V� 1356.0(6) �3, Z� 1, R� 0.056 and
Rw� 0.061 for 5016 reflections with F>
4s(F)]. The structure of the anion in 1
consists of pairs of infinite CuNCS
zigzag chains connected by ReSÿ4


groups, thus generating twelve-mem-
bered rings running almost parallel to
the b axis. In 2, one Cu(NCS)2 and two
Cu(NCS) units are linked by ReSÿ4
groups leading to twelve-membered
and novel, unusual sixteen-membered
rings alternately arranged in a linear
strand. In the discrete complex of 3, two
terminal ReSÿ4 groups stabilize one
eight-membered (CuNCS)2 ring. An
interesting aspect of the present chem-
istry is the possibility of excision or
linking of fragments from a solid-state
structure (CuNCS) in which robust en-
tities are interlinked in different ways.


Keywords: copper ´ N ligands ´
inorganic polymers ´ rhenium ´
S ligands


Introduction


Thiometalates of the type MSnÿ
4 (M�Re with n� 1; M�Mo,


W with n� 2; M�V, Nb, Ta with n� 3) have been extensively
used for the synthesis of heterometallic compounds, for
example, by direct reaction with transition metal cations.[1±3]


The first corresponding discrete complex reported was
[Ni(WS4)2]2ÿ.[1b] In most related cases the transition metal
centres (Fe, Ni, Co, Pd, Pt etc.) are bonded to the thiometalate


by two of its sulfur atoms. The reaction with CuII ions is unique
with regard to the reducing property of MS2ÿ


4 ions
(M�Mo, W) versus CuII, which leads to the catena com-
pounds (NH4)Cu(MS4)[4] in which the CuS4 and MS4 tetra-
hedra are linked through S ± S edges to form infinite
chains. Only a few structurally characterized one-dimensional
solids based on the MS2ÿ


4 moiety (and other ligands) are
known so far. In these structures extra ligands bonded to
copper centres are represented exclusively by halide or
pseudohalide ions (Xÿ) that are soft enough to coordinate
to neighbouring Cu centres, resulting in the formation of
CuXCu units. Here we report three copper ± rhenium ± sulfur
compounds based on the ReSÿ4 ligand with different Cu/ReS4


stoichiometries[5] and some unprecedented structural features.
The ReSÿ4 ligand was expected to demonstrate a significantly
different coordination behaviour compared with the MoS2ÿ


4


and WS2ÿ
4 anions, which have a higher charge density. Our


main interest is to show that it is possible to generate
structural motifs between three-dimensional solids and dis-
crete units, with the ReSÿ4 ion as an excision or linking agent
for solid {CuNCS}1-containing interlinked linear robust
CuNCS units.
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Experimental Section


Reactions were routinely carried out under an Argon atmos-
phere. (NEt4)ReS4 and (PPh4)ReS4 were prepared according to
methods given in the literature.[2a, 6] All other chemicals were of
pro-analysis quality and used as received from commercial
sources. Solvents were dried by standard methods.


Preparation of (PPh4)[(ReS4)Cu2(NCS)2] (1) and
(PPh4)2[(ReS4)2Cu2(NCS)2] (3): A mixture of (PPh4)ReS4


[6]


(100 mg, 0.15 mmol), CuNCS (300 mg, 2.47 mmol) and acetone
(50 mL) was stirred in a closed flask for 1 d at ambient
temperature under an Argon atmosphere. After filtration, the
red-violet solution was left in an open 100 mL Erlenmeyer-
flask (narrow neck). When the volume of the solution had
reached about 15 mL, due to the slow evaporation process,
black monoclinic crystals of 1 were filtered off, washed with 2-
propanol and diethylether, and dried in air. (A few yellow-
brown crystals also precipitated and were mechanically sepa-
rated.) Yield: 42 mg (31 % based on Re); C26H20Cu2N2PReS6


(897.1): calcd C 34.81, H 2.25, N 3.12, S 21.45; found C 34.62, H
2.19, N 3.62, S, 20.0; IR data (solid/KBr pellet): nÄ � 2128 (m),
2111 (s), 2083 (sh, nÄ(CN)), 515 cmÿ1 (sh, nÄ(ReSterm)).
Black prismatic crystals of 3 (see also ref. [12]) were obtained
in a similar way, but with a larger (stoichiometric) amount of
(PPh4)ReS4 corresponding to the formula of 3. Yield: 60 mg
(51 % based on Re); C50H40Cu2N2P2Re2S10 (1551.0): calcd C
38.72, H 2.60, N 1.81, S 20.67; found C 38.10, H 2.82, N 1.64, S
19.8; IR data (solid/KBr pellet): nÄ � 2111 (s), 2092 (m, nÄ(CN)),
514 (m), 506 cmÿ1 (m, nÄ(ReSterm)).


Preparation of (NEt4)2[(ReS4)Cu3(NCS)4] (2): A reaction
mixture of (NEt4)ReS4


[2a] (44 mg, 0.10 mmol), CuNCS (50 mg, 0.41 mmol)
and acetone (35 mL) was stirred in a closed flask for 1 d at ambient
temperature under an Argon atmosphere. After filtration, toluene (30 mL)
was added to the red-violet solution and the mixture was allowed to stand
in a 100 mL Erlenmeyer-flask (wide neck) covered with a watch glass for
7 ± 10 d. The precipitated black needlelike crystals of 2 were filtered off,
washed with 2-propanol and diethylether, and dried in air. (Some of the
yellow-brown crystals mentioned above were mechanically separated.)
Yield: 55 mg (55.7 % based on Re); C20H40Cu3N6ReS8 (998.0): calcd C
24.07, H 4.04, N 8.42, S 25.71; found C 24.40, H 3.70, N 8.25, S 25.0; IR data
(solid/KBr pellet): nÄ � 2115 (m), 2090 cmÿ1 (s, nÄ(CN)).


In all three cases the nÄ(CS) bands are not identified because of their
extreme low intensity and the presence of other bands in the corresponding
region.


Structure determination:[7] Crystals suitable for X-ray crystal determina-
tion were selected directly from the precipitates. Data were collected with a
Siemens R3m/V four-circle diffractometer by means of w scans. Intensities
were corrected for Lorentz and polarization effects, and an empirical
absorption correction (y scan) was applied. The three structures were
solved by Direct Methods. The phenyl rings in 1 and 3 were refined as rigid
hexagons with hydrogen atoms (C ± C� 1.395 �, C ± H� 0.96 �). All
computations were performed with the program package SHELXTL-
PLUS (VMS).[8] Cell dimensions, specific parameters pertaining to the data
collection and details of refinement are given in Table 1. Selected
interatomic distances and angles of the three anions are given in Tables 2
and 3, respectively.


Results and Discussion


The reaction of (PPh4)ReS4 or (NEt4)ReS4 with CuNCS in
different solvents and with different relative amounts of
reactants yielded black crystals of (PPh4)[(ReS4)Cu2(NCS)2]
(1), (NEt4)2[(ReS4)Cu3(NCS)4] (2) and (PPh4)2[(ReS4)2Cu2


(NCS)2] (3), respectively, in reasonable yields. In all cases
the crystal structure could be determined. An interesting
aspect of this type of investigation is the question whether the
obtained dimensionality of the compounds built up from MS4


(M�Mo, W, Re) and Cu halide or pseudohalide moieties (see
Table 4) can be planned and, in particular, how the reaction of
the soft ligand ReSÿ4 with chainlike assemblies of copper-
(i)thiocyanate can be influenced. In this context it is interest-
ing to note that the colourless modification of crystalline
CuNCS consists of mutually interlinked linear formations of


Table 2. Selected interatomic distances (�) for [(ReS4)Cu2(NCS)2]ÿ in 1,
[(ReS4)Cu3(NCS)4]2ÿ in 2 and [(ReS4)2Cu2(NCS)2]2ÿ in 3.


Compound 1 Re ± Cu1 2.631(1) Re ± Cu2 2.658(2)
Re ± S1 2.213(2) Re ± S2 2.160(2)
Re ± S3 2.167(2) Re ± S4 2.101(3)
Cu1 ± S1 2.252(3) Cu1 ± S3 2.268(3)
Cu1 ± S5 2.464(3) Cu1 ± N2A 1.915(7)
Cu2 ± S1 2.257(3) Cu2 ± S2 2.267(3)
Cu2 ± S6 2.463(3) Cu2 ± N1A 1.922(7)
S5 ± C25 1.650(9) S6 ± C26 1.635(8)
N1 ± C25 1.140(12) N2 ± C26 1.146(10)


Compound 2 Re ± Cu1 2.616(3) Re ± Cu2 2.637(3)
Re ± Cu3 2.658(3) Re ± S1 2.207(5)
Re ± S2 2.211(5) Re ± S3 2.156(5)
Re ± S4 2.148(6) Cu1 ± S1 2.263(6)
Cu1 ± S4 2.259(6) Cu1 ± N1 1.884(20)
Cu1 ± S7A 2.603(6) Cu2 ± S1 2.285(6)
Cu2 ± S2 2.284(5) Cu2 ± N2 1.922(16)
Cu2 ± S8B 2.571(6) Cu3 ± S2 2.291(5)
Cu3 ± S3 2.271(6) Cu3 ± N3 1.973(18)
Cu3 ± N4 1.984(16) S5 ± C1 1.629(22)
S6 ± C2 1.630(21) S7 ± C3 1.596(23)
S8 ± C4 1.653(19) N1 ± C1 1.139(28)
N2 ± C2 1.136(26) N3 ± C3 1.159(28)
N4 ± C4 1.146(24)


Compound 3 Re ± Cu 2.629(1) Re ± S1 2.093(4)
Re ± S2 2.094(3) Re ± S3 2.173(3)
Re ± S4 2.157(3) Cu ± S3 2.256(4)
Cu ± S4 2.252(3) Cu ± N 1.958(7)
Cu ± S5A 2.521(4) S5 ± C25 1.648(8)
S5 ± CuA 2.521(4) C25 ± N 1.146(10)


Table 1. Crystallographic data for (PPh4)[(ReS4)Cu2(NCS)2] (1), (NEt4)2[(ReS4)-
Cu3(NCS)4] (2) and (PPh4)2[(ReS4)2Cu2(NCS)2](3).


1 2 3


formula C26H20Cu2N2PReS6 C20H40Cu3N6ReS8 C50H40Cu2N2P2Re2S10


Mr 897.1 997.9 1550.9
colour black black black
crystal size [mm] 0.6� 0.4� 0.35 0.3� 0.15� 0.05 0.5� 0.25� 0.15
crystal system monoclinic monoclinic triclinic
space group P21/n P21/n P1Å


a [�] 21.488(6) 10.551(4) 10.901(3)
b [�] 11.142(4) 14.849(6) 10.981(3)
c [�] 12.860(5) 22.782(11) 12.296(3)
a [8] 109.20(2)
b [8] 90.66(3) 92.35(4) 96.40(2)
g [8] 98.17(2)
V [�3] 3079(2) 3566(3) 1356(1)
Z 4 4 1
radiation MoKa [�] 0.71073 0.71073 0.71073
T [K] 294 294 294
dcalcd [g cmÿ3] 1.935 1.859 1.899
abs coeff [cmÿ1] 58.14 56.76 57.5
reflections collected 8117 5613 7095
observed reflections 5802 3006 5016


[F> 4.0s(F)] [F> 4.5s(F)] [F> 4.0s(F)]
R[a]/Rw


[b] 0.058/0.063 0.078/0.056 0.056/0.061


[a] R�S j jF0ÿFc j j /S jF0 j ; [b] Rw� [(Sw( jF0 jÿjFc j )2/Sw jF0 j 2]1/2 ; 1/w�s2(F0)�
0.0001F2


o
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CuNCS and even a {CuNCS}1 chain as a structural motif.
Therefore its reaction with ReSÿ4 can be considered as an
excision-type one.[9] The size of the CuNCS assemblages in the
resulting product should, for instance, be influenced by their
concentration or abundance in solution, whereby the nature
of the resulting product will in any case be strongly influenced
by the relative overall amounts of reactants and the type of
solvent(s). Intact large {CuNCS}1-type chain assemblies only
occur in the final structure if a large excess of CuNCS is used
(as in the synthesis of 1). However, the experimental
information available up to now does not suffice for a
complete understanding of all details.


Structure of compound 1: The packing of 1 (Figure 1a) shows
the stacking of the PPh�4 cations and the alignment of the
anionic chains parallel to the b axis. The anion of 1 contains
infinite CuNCS chains running almost parallel to each other
along the b axis of the unit cell as represented in Figures 1a
and 1b. (Note that a high excess of CuCNS, containing the
{CuNCS}1 chains as structural motif, was used for the
synthesis.) The chains are fixed, cross-linked by ReSÿ4 groups
at two doubly bridging copper atoms belonging to the two
different chains through the sulfur atoms of the ReSÿ4 units.
This cross-linking generates well-defined twelve-membered
rings connected to one another across the ReSÿ4 groups. These
large rings are constituted of, alternatly, copper and sulfur
atoms, and NCS groups. A segment of the polymeric anion in
1 is shown in Figure 1b. Bond lengths and angles are given in
Tables 2 and 3. Two adjacent edges of the ReSÿ4 tetrahedron
(involving three sulfur atoms) are bridged by two copper
atoms giving rise to a short terminal Re�S bond (2.101(3) �,
Figure 1a and 1b). Few examples containing only two Cu
atoms in a kind of cis position have been reported to date, for
example, the compounds [(MOS3)Cu2(PPh3)3] (M�Mo,
W).[19] In these discrete species the cis configuration of the
copper atoms is attributed to the presence of a terminal (hard)
oxygen atom, which shows no tendency to bind to a soft acid
such as CuI. The presence of the terminal Re�S bond in 1 is a
consequence not only of the comparably low electron density
on the sulfur atoms of the ReSÿ4 group, but also of the special
polymeric structure of the compound with a Cu/Re stoichi-
ometry of 2:1. The Re ± Cu distances of 2.631(1) ± 2.658(2) �
are comparable with the values found in other polymeric
species (2.638(4) ± 2.712(4) � in {(ReS4)Cu4I5


2ÿ}1 ,[18]


2.674(1) ± 2.678(2) � in {(ReS4)Cu5I6
2ÿ}1[12] and 2.614(4) ±


2.685(4) � in {(ReS4)Cu3I2ÿ
4 }1[12]).


The specific type of interaction of the Cu atoms with the
thiocyanate ligand implies that the large rings derive from
infinite chains built up from CuNCS units that are cross-
linked by S-Re-S bridges. This description correlates with the
fact that the two Cu atoms connected to the same ReSÿ4
tetrahedron are both N- and S-bonded to thiocyanate
ligands and interestingly that the ReSÿ4 groups stabilize the
´´´ CuNCS ´´´ CuNCS ´´´ chains. Twelve-membered rings have
also been observed in the polymeric tungsten species
{(WS4)Cu4(NCS)5}1 .[11]


Structure of compound 2 : A segment of the structure of the
polymeric anion in 2 with a Cu/Re ratio of 3:1 is represented


Table 3. Selected angles (8) for [(ReS4)Cu2(NCS)2]ÿ in 1, [(ReS4)Cu3-
(NCS)4]2ÿ in 2 and [(ReS4)2Cu2(NCS)2]2ÿ in 3.


Compound 1 Cu1-Re-Cu2 92.1(1) S1-Re-S2 109.2(1)
S1-Re-S3 109.8(1) S2-Re-S3 108.2(1)
S1-Re-S4 109.2(1) S2-Re-S4 110.3(1)
S3-Re-S4 110.2(1) S1-Cu1-S3 104.9(1)
S1-Cu1-S5 105.4(1) S3-Cu1-S5 111.8(1)
S1-Cu1-N2A 121.9(3) S3-Cu1-N2A 115.3(2)
S5-Cu1-N2A 96.8(2) S1-Cu2-S2 104.0(1)
S1-Cu2-S6 105.9(1) S2-Cu2-S6 105.9(1)
S1-Cu2-N1A 120.6(2) S2-Cu2-N1A 115.0(2)
S6-Cu2-N1A 104.2(2) Re-S1-Cu1 72.2(1)
Re-S1-Cu2 73.0(1) Cu1-S1-Cu2 115.3(1)
Re-S2-Cu2 73.7(1) Re-S3-Cu1 72.7(1)
Cu1-S5-C25 103.3(3) Cu2-S6-C26 102.3(3)
C25-N1-Cu2B 173.8(7) C26-N2-Cu1B 173.1(7)
S5-C25-N1 178.0(8) S6-C26-N2 178.4(8)


Compound 2 Cu1-Re-Cu2 86.9(1) Cu1-Re-Cu3 173.9(1)
Cu2-Re-Cu3 97.0(1) S1-Re-S2 109.4(2)
S1-Re-S3 107.9(2) S2-Re-S3 110.3(2)
S1-Re-S4 110.4(2) S2-Re-S4 109.2(2)
S3-Re-S4 109.5(2) S1-Cu1-S4 104.5(2)
S1-Cu1-N1 122.0(6) S4-Cu1-N1 122.4(6)
S1-Cu1-S7A 101.9(2) S4-Cu1-S7A 107.1(2)
N1-Cu1-S7A 95.3(6) S1-Cu2-S2 104.2(2)
S1-Cu2-N2 116.3(5) S2-Cu2-N2 126.2(5)
S1-Cu2-S8B 105.3(2) S2-Cu2-S8B 102.9(2)
N2-Cu2-S8B 99.1(5) S2-Cu3-S3 103.5(2)
S2-Cu3-N3 119.6(5) S3-Cu3-N3 108.4(5)
S2-Cu3-N4 108.1(5) S3-Cu3-N4 107.8(5)
N3-Cu3-N4 108.7(7) Re-S1-Cu1 71.6(2)
Re-S1-Cu2 71.9(2) Cu1-S1-Cu2 105.1(2)
Re-S2-Cu2 71.8(2) Re-S2-Cu3 72.4(2)
Cu2-S2-Cu3 120.1(2) Re-S3-Cu3 73.8(2)
Re-S4-Cu1 72.8(2) C3-S7-Cu1A 100.9(8)
C4-S8-Cu2B 100.0(7) Cu1-N1-C1 163.1(20)
Cu2-N2-C2 163.6(17) Cu3-N3-C3 166.0(16)
Cu3-N4-C4 170.6(16) C5-N5-C6 113.2(16)


Compound 3 S1-Re-S2 107.9(1) S1-Re-S3 110.0(1)
S2-Re-S3 110.0(1) S1-Re-S4 108.5(1)
S2-Re-S4 110.2(1) S3-Re-S4 110.1(1)
S3-Cu-S4 103.9(1) S3-Cu-N 118.4(3)
S4-Cu-N 116.6(3) S3-Cu-S5A 106.9(1)
S4-Cu-S5A 110.0(1) N-Cu-S5A 100.5(3)
Re-S3-Cu 72.8(1) Re-S4-Cu 73.2(1)
C25-S5-CuA 97.2(4) S5-C25-N 177.7(9)
Cu-N-C25 163.5(8)


Table 4. Dimensionality of structurally characterized polymeric com-
pounds containing Cu atoms and MS4 ligands with increasing Cu/(MS4)
ratio.


Dimensionality Reference


(NMe4)2[(MoS4)Cu2(CN)2] 1D 10
(NEt4)2[(WS4)Cu3(NCS)3] 1D 11
(NEt4)2[(ReS4)Cu3I4] 1D 12
[(MS4)(bpy)2Cu3.75Cl1.75] 1D 13
(PPh4)2[(MoS4)Cu4Br4] ´ Me2CO 1D 14
(PPh4)2[(MS4)Cu4(NCS)4][a] 2D 11, 15
(NMe4)2[(MS4)Cu4(NCS)4][a] 3D 16
(NPr4)2[(MS4)Cu4Cl4][a] 1D 17
(NEt4)3[(WS4)Cu4(NCS)5] 1D 11
(PPh4)2[(ReS4)Cu4I5] 1D 18
(NPr4)2[(ReS4)Cu5I6] 1D 12


[a] M�Mo, W.
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in Figure 2. As in the case of 1, the anions in 2 contain two
individual strand motifs that run parallel to the crystallo-
graphic a axis and are essentially built up by Cu(NCS) and
Cu(NCS)2 units intersected by S atoms as shown in Figure 2.
This is due to the fact that a much smaller amount of CuNCS
was used for the synthesis compared with that of 1, which has


Figure 2. Segment of the anionic chain in 2 showing the alternating 12- and
16-membered rings.


intact CuNCS chains. Interstrand cross-linking is pro-
vided by the ReSÿ4 groups that interconnect the Cu
atoms between two individual strands, whereby all four
sulfur atoms are involved. In contrast to 1 the ReSÿ4
groups do not only act as interstrand cross-links. One of
the four sulfur atoms (S1) bridges two Cu atoms within
one strand (Cu1 and Cu2) thus forming part of an
infinite ´´ ´ NCS-Cu- ´´ ´ S-Cu- ´´´ SCN ´´´ chain. Two sul-
fur atoms of the ReS4 group (S1 and S2) act as m3 bridges
and while the remaining two (S3 and S4) are m2-
bridging. The orientation of the bridging NCS groups
also differs in that they are approximately parallel in 1
and antiparallel in 2. While the anions of 1 and 2 both
contain twelve-membered rings, the latter displays,
alternating with these, additional sixteen-membered
rings as shown in Figure 2. This type of sixteen-
membered ring is unprecedented. With respect to
relevant thiometalate compounds with catena struc-
tures, only twelve-membered rings have been reported
so far.[10]


Structure of compound 3 : The new type of structure of
the discrete anion in 3 with a Cu/Re ratio of 1:1 is shown
in Figure 3. It can be formally described as a dimer
consisting of two {(ReS4)Cu(NCS)} units with N
bonded NCSÿ groups and connected by Cu ± S bonds,
whereby an eight-membered Cu(NCS)Cu(NCS) ring is
formed. Until now, such rings have only been found in
the polymeric species {(WS4)Cu3(NCS)2ÿ


3 }1[11] and
{(MS4)Cu4(NCS)2ÿ


4 }1 (M�Mo, W).[11, 15, 16]


Figure 3. Structure of the discrete anion of 3.


Spectroscopic results : The presence of an ReSÿ4 group can in
principle be proven, by measurement of the electronic
absorption spectra, according to the presence of bands that
are caused by S!Re charge-transfer interactions.[1a] How-
ever, in the case of strong interactions of the ReSÿ4 ligand with
soft cationic centres like Cu� or Ag� the situation is
complicated as the related orbitals are perturbed. A charac-
teristic in these cases is the occurrence of bands at lower
energies [in the present case for instance at 16.8 (1) and 16.5�
103 cmÿ1 (2)], which can be approximately assigned to
Cu(3d)!Re(5d)-type transitions.


In general it is also possible to identify the type of
coordination of a thiometalate ligand from the vibrational
spectra (see related study in ref. [20]), but in cases of small
mechanical coupling as a result of the heavy mass of the
relevant 5d transition metal atom, which can lead to


Figure 1. a) View of the packing of 1 showing the alignment of the PPh�4 , ReSÿ4
and CuNCS moieties. b) Segment of the polymeric anions of 1 showing the two
CuNCS type chains linked by ReSÿ4 units.


a)


b)
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accidental degeneracy of the nÄ(M�S) type vibrations, their
usefulness is limited (see also ref. [21]). Still, in the case of
compounds 1 and 3, one or two higher energy bands above
500 cmÿ1 are a clear proof for the presence of one or two
terminal Re�S bonds, respectively.


It is also in principle possible (though not easy) to
distinguish between bridging (in 1, 2 and 3) and terminal
NCS ligands (in 2) and correspondingly between N- or S-
coordination. However, the identification of the bands is
usually difficult owing to the presence of other bands in the
region of the characteristic nÄ(C�S)- and d(NCS)-type vibra-
tions and especially due to the weak intensities of the
corresponding bands. The nÄ(CN) frequencies of the stretching
modes (the best analytical tool!) are generally lower for N-
bonded complexes than for S-bonded complexes and higher in
the case of a bridging ligand than in cases of terminal NCS
groups. In this context it is important to realize that the band
of maximum intensity of 2 with terminal CuNCS groups
occurs at lower wavenumbers than the corresponding bands
of the other two compounds. A detailed discussion of the
criteria that have been developed to distinguish between the
different bonding types of the NCS ligand in metal complexes
by vibrational spectroscopy is given by Nakamoto.[22]


Conclusion


The ReSÿ4 ligand is a powerful synthon for the synthesis of
heterometallic coordination compounds, including related
low-dimensional solids, and seems to be easier to handle than
the higher charged MS2ÿ


4 (M�Mo, W) ions as the dimension-
ality of the products can be more easily planned from the
relative amount of reactants (some related information is
summarized in Table 4). It is even possible to prepare related
compounds through the stepwise capping of the edges of an
ReSÿ4 tetrahedron with soft cations.[12] In order to understand
the different ligand properties of the three above-mentioned
thiometalates, it is worthwhile to compare anionic species
with the same composition, such as that of 1 and
[(MS4)Cu2(NCS)2]2ÿ.[15] Whereas 1 forms a one-dimensional
anionic species with terminal Re�S bonds, the latter complex
represents a discrete unit whereby all four S atoms of the
MS2ÿ


4 -type anion are coordinated to the Cu atoms. The reason
for the difference is the smaller charge density on the S atoms
of the ReSÿ4 ion (favouring a terminal Re�S bond); this is a
result of its smaller overall charge as well as to the comparably
larger Re ± S bond order.[11]


A fascinating aspect of the present type of chemistry is the
possibility to study the relations between typical solid-state
structures (as in the case of CuNCS), derived solid-state
structures (as in 1 and 2) and even molecular structures (as in
3). It can be assumed that a careful study of the principles
discussed here will enable us in the future in similar chemical
situations to prepare compounds deliberately with interesting
structural motifs. The thiocyanates are especially suitable for
this purpose as the bridging of metal atoms in very different
ways is possible, with the consequence that either low-
dimensional solids even with the structural motif of the


crystalline AgNCS[23] or discrete ring-type species with very
different size and shape can been prepared.
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The Structure and Ferrimagnetic Behavior of meso-Tetraphenyl-
porphinatomanganese(iii) Tetrachloro-1,4-Benzoquinonide,
[MnIIITPP]�[QCl4]


.ÿ ´ PhMe: Evidence of a Quinoidal Structure for [QCl4]
.ÿ


Erik J. Brandon, Robin D. Rogers, Brian M. Burkhart, and Joel S. Miller*


Abstract: The redox polymerization of
meso-tetraphenylporphinatomanganese-
(ii), MnIITPP, and tetrachloro-1,4-benzo-
quinone, QCl4, leads to the formation of
the magnet meso-tetraphenylporphin-
atomanganese(iii) tetrachloro-1,4-ben-
zosemiquinone, [MnIIITPP]�[QCl4]


.ÿ ´
PhMe, which has been characterized by
single-crystal X-ray diffraction, magnet-
ic, and thermal measurements. The
structure was solved and refined in the
monoclinic unit cell, and was found to
contain a disordered TPP ligand and
toluene solvate, which have conforma-
tional parameters restrained to those of
other molecules in this series. The dis-
order, however, does not distract
from the overall packing motif.
[MnIIITPP]�[QCl4]


.ÿ has a coordina-
tion-polymer structure with uniform,


one-dimensional linear chains compris-
ing alternating [MnIIITPP]� cations and
[QCl4]


.ÿ . [QCl4]
.ÿ is m-O-s-bound to Mn


with a Mn ± O bond distance of
2.193(4) � and its structure is reported
for the first time. The planar [QCl4]


.ÿ


has a quinoid structure. The reduction of
QCl4 to [QCl4]


.ÿ was confirmed by the
IR absorption at nÄCO� 1518 cmÿ1. The
Mn-O-C angle is essentially linear while
the intrachain Mn ´´´ Mn separation is
9.781(2) �. The magnetic susceptibility
between 60 and 160 K can be fit to the
Curie ± Weiss expression with an effec-
tive q of �32 K. The intrachain anti-


ferromagnetic coupling, J/kB, is ÿ89 K
(ÿ62 cmÿ1, 134 cal molÿ1, 7.5 meV)
based on a fitting of the data to the
Seiden expression for noninteracting
chains comprising alternating quantum
(S� 1/2) and classical (S> 1/2) spins and
the Hamiltonian h �ÿ2 JSa ´ Sb. At 2
and 5 K the saturation magnetization is
� 15 800 emuOe molÿ1, which is consis-
tent with antiferromagnetic coupling.
The a.c. susceptibility indicates two
transitions to magnetically ordered
states at 13 and at 7 K. The former is
frequency-independent and is assigned
to a ferrimagnet, while the latter is
frequency-dependent and is assigned to
a spin glass. At 2 K metamagnetic be-
havior is observed with a critical field of
� 1.4 kOe. Hysteresis is not observed at
5 K.


Keywords: manganese ´ magnetic
properties ´ polymers ´
porphyrinoids ´ quinones


Introduction


The design and synthesis of magnetically ordered molecular
solids continues to focus on new means of attaining a high
degree of connectivity between spin-containing moieties.[1, 2]


Two classes of molecule-based magnets exist, namely those


with active and passive organic ligands. Passive organic
ligands position the metal spin sites to modulate the spin
coupling, while active organic ligands contribute spins to the
magnetic moment in addition to positioning the metal spin
sites. Active ligands are rare and have been limited to strong
cyanocarbon acceptors, for example, tetracyanoethylene
(TCNE) and hexacyanobutadiene, as well as nitronyl nitro-
xides. Spin-bearing ligands that bond to atoms with a high spin
density are expected to exhibit strong spin coupling.[3] In our
efforts to obtain new magnetically ordered complexes, we are
seeking new active ligands and have examined easily reduced
benzoquinones with electron-withdrawing substituents which
can act as bridging radical anions. The intrachain coupling
should be related to the spin density of the unpaired electron
on the atom bound directly to the metal ion.[3] In the case of
the p-chloranil radical anion, a significant amount of this spin
density resides on the oxygen atoms (0.228, based on solid-
state ESR measurements of the tetrabutylammonium salt in
frozen acetone, and 0.224 from HMO calculations), with
lesser amounts residing on the carbon and chlorine atoms.[4]
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This is in contrast to the similarly bound [TCNE] .ÿ , with a
spin density on the nitrogen atoms of 0.13 (from neutron
diffraction).[5]


One class of molecule-based magnets are those based upon
the redox polymerization of a manganoporphyrin and a strong
electron acceptor, for example TCNE in [MnTPP][TCNE]
[MnTPP�meso-tetraphenylporphinatomanganese(iii)]:[6] the
[TCNE] .ÿ bridges a pair of hexacoordinate MnIII sites in a
trans-m manner. Given this bonding motif we anticipated that
the tetrahalogenated benzoquinone acceptors (anils) might
form a similar series of magnets and expand the number of
active ligands available for the preparation of molecule-based
magnets.


Anils have been used to produce charge-transfer salts
with, for example, N,N,N',N'-tetramethyl-p-diaminobenzene
(TMPD),[7a] tetraselenonaphthacene,[7b] and tetrathiafulva-
lene (TTF),[8] for the preparation of organic conductors. In
the last case, alternating chains of ´ ´ ´ DADADA ´´´ (D�
TTF; A� anil) are present in the solid state. In the TTF ±
chloranil system, neutral-to-ionic phase transitions have been
observed at high pressures.[8b] In this case, conductivity arises
from partial charge transfer between the donor and the
acceptor, resulting in itinerant conducting electrons. A few
1,4-anil O-bound metal complexes have been reported, but
none have been structurally characterized.[9]


Although 2,3-dichloro-5,6-dicyanobenzoquinone, DDQ, is
a stronger acceptor (Eo{[DDQ]8/ÿ}� 0.59 V; Eo{[DDQ]2ÿ/ÿ}�
ÿ0.25 V vs. SCE),[10] the less sterically encumbered chloranil
undergoes a one-electron reduction to form the semiquinone
radical anion at Eo� 0.05 V and the dianion at Eo�ÿ0.79 V
in MeCN,[10] which is sufficient to oxidize MnIITPP. Herein, we
report the results of this study including structural and
magnetic data.


Results and Discussion


Structure : [MnTPP]�[QCl4]
.ÿ ´ PhMe is composed of alter-


nating chains of cations and anions in infinite chains extending
along the monoclinic b axis. The [MnTPP]� cations lie on
crystallographic inversion centers with MnIII at the center and
average Mn ± Npor distances of 2.010 �. The deviations of
these coordination distances from average are not significant
because of the large esds of the atoms in TPP, and they are
also consistent with typical [MnTPP]� distances.[3, 6, 16] The
high esds of the TPP atoms arise from an unusual disorder in
the TPP ligand: the TPP disorder is a 9.18 rocking across a line
joining C6 and C6symm with many atoms, especially those near
the C6 ± C6symm axis nearly superimposed. There is a crystallo-
graphic mirror plane midway between these two orientations.
The TPP disorder seems to arise from an inefficient filling of
the space in the packing of the TPP ligand and the toluene
solvate molecules. At the periphery of the TPP the atomic
separations are substantial with these phenyl rings exhibiting
the greatest C ± C separation, Figure 1. Nonetheless, the
unrestrained bond distances and angles of the TPP ligand
exhibit a stereochemistry similar to other [MnIIITPP]� cati-
ons,[3, 6, 16] but have larger bond esds (� 0.01 �).


Figure 1. Labeling diagram and ORTEP drawing (50 % probability level)
for [MnIIITPP]�[QCl4]


.ÿ ´ PhMe; only one of the two orientations is
depicted for clarity. The disordered PhMe is omitted (top), ball-and-stick
drawing showing the 9.18 rotational disorder about C ± C6symm across the
crystallographic mirror plane (bottom).


Chloranil is completely ordered and is bonded to the MnIII


atoms. It sits on a crystallographic inversion center, thus
limiting the unique conformational parameters. The C ± O,
CO ± CCl, CCl ± CCl, and C ± Cl bond distances are 1.253(7),
1.443(5), 1.352(8), and 1.719(4) �, respectively, which differ
from those in QCl4


[12c] by 0.058, ÿ0.044, 0.010, and 0.005 �,
respectively. These increases and decreases are consistent
with those expected from the atomic orbital coefficients of the
LUMO and indicate a decline in the quinoid character upon
reduction to [QCl4]


.ÿ . These distances indicate that [QCl4]
.ÿ


has a quinoid structure, as observed for both the neutral anil
(e. g., QCl4,[12b] [TTF][QCl4],[12a] [Me2NC6H4NMe2][QCl4][7a])
and related reduced anils (e. g., [DDQ] .ÿ [13] and [cy-
anil] .ÿ [10, 14]). The quinoid character of the anion coupled
with the adjacent chlorine atoms causes the bond angles to
differ from an ideal angle of 1208. The ring ipso angles around
Cl and O are 1228 and 1158, respectively. The internal angle
between chlorines is also 1228, causing the angle between
chlorine and oxygens to decrease to 1168, thereby maintaining
planarity. Thus, the shortening of the C ± C bond to form the
quinoid structures creates steric crowding, which is relieved
by the chlorine atoms moving away from each other.
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Infrared spectra [and magnetic data (vide infra)] were used
to confirm the oxidation state of chloranil. The IR data
indicate that QCl4 has undergone a one-electron reduction, as
a significant lowering of the nCO stretch is observed at
1518 s cmÿ1. This is comparable to the value of nCO�
1524 s cmÿ1 reported for K[QCl4][15] and is substantially lower
than the nCO� 1686 s cmÿ1 reported for QCl4. The IR spec-
trum is the same whether the material is synthesized from
either benzene or toluene.


There are four disordered components of PhMe at this
inversion center, each with an occupancy of 0.25. The electron
density in the void space is diffuse; however, the orientations
of the toluenes are discernible, so that the toluenes could
be restrained to a standard geometry. The disorder is
complicated by the presence of two pairs of disordered
toluenes with each pair arising from the asymmetric toluene
resting on the inversion center and the doubled set
arising from an irregular void space created by the disordered
TPP ligands. The motion of the TPP ligand is correlated
with the toluene disorder. The presence of toluene in the
crystal lattice was confirmed by TGA, which revealed a mass
loss of � 11 % below 225 8C, corresponding to complete
desolvation.


The solid-state motif comprises one-dimensional
´´ ´ D�A .ÿD�A .ÿ ´ ´ ´ chains (D�MnTPP; A�QCl4), in which
the [QCl4]


.ÿ is m-O-s-bound to Mn with an O ± Mn distance of
2.193(4) �, the Mn-O-C angle is 180.08, and the dihedral
angle between the mean planes of D� and A .ÿ is 85.458
(Figure 2). The Mn-O-C angle is larger than the
Mn-N-C angles for [MnTPP][TCNE] [148.1(4)8],[6] and
[MnTP'P][TCNE] [129(1)8] (H2TP'P� 3,5-di-tert-butyl-4-hy-
droxyphenyl)porphyrin).[16a] Likewise, the dihedral angle
between the mean planes of the porphyrin and [TCNE] .ÿ is
substantially greater than the values reported for
[MnTPP][TCNE] (69.58)[6] and [MnTP'P][TCNE] (30.48),[16a]


respectively.
The intrachain Mn ´´´ Mn separation is 9.781(2) �, which is


0.33 � shorter than that reported for [MnTPP][TCNE] and
1.20 � longer than that observed for [MnTP'P][TCNE].[16a]


The interchain in-registry Mn ´´´ Mn separation for
[MnTPP][QCl4] is 13.133 � while the out-of-registry
Mn ´´´ Mn separations are 10.523 and 15.243 �. The interchain
separations are 9.317 (out-of-registry), 13.133 (in-registry),
and 14.440 � (out-of-registry).


[MnTPP][QCl4] has no close contacts between overlapping
moieties in the structure, which is comparable to
[MnTPP][TCNE][6] and [MnTP'P][TCNE].[16a] The atoms in
[QCl4]


.ÿ are in direct van der Waals contact (3.5 �) with the
atoms of the sandwiching phenyl groups from neighboring
TPP planes. The disordered phenyl rings fill void spaces and
do not appreciably contact any other part of the structure. The
closest noncoordinating contact is between the chlorine and
C7 of the TPP ring above it. This distance is either 3.24 or
3.42 �, depending on the rocking state of the TPP ligand, with
a mean distance of 3.34 �. This distance is rather short for a
van der Waals contact between carbon and chlorine, which
would be expected to have a van der Waals contact of>4.0 �.
This close contact may be the reason for the disorder of the
TPP ligand, although the electron-rich chlorine could be


Figure 2. Views of intra- and interchain interaction among the unique
chains: I, II, III, and IV for [MnIIITPP]�[QCl4]


.ÿ ´ PhMe.


donating some electrons to the electron-deficient TPP ligand
in this arrangement.
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Magnetic behavior : The reciprocal of the corrected molar
magnetic susceptibility (cÿ1) and moment of [MnTPP][QCl4],
measured at 1000 Oe and 2 ± 300 K, are presented in Figure 3.
Above 160 K, the susceptibility can be fit to the Curie ± Weiss
expression, c/ 1/(Tÿ q), with q� 16, while between 60 and


Figure 3. Reciprocal molar magnetic susceptibility, cÿ1, and moment, m, as
a function of temperature for polycrystalline [MnIIITPP]�[QCl4]


.ÿ ´ PhMe.


160 K, the susceptibility can be fit with an effective q,q' of
32 K. The latter is in contrast with q' values of 61 and 90 K
reported for uniformly chained [MnTPP][TCNE][6] and
[MnTP'P][TCNE],[16a] respectively. The observed room-tem-
perature effective moment, meff [� (8 cT)1/2] , is 4.63 mB, typical
for this class of materials,[6, 16a] which increases with decreasing
temperature below 250 K until 25 K where it reaches a
maximum due to saturation. A minimum characteristic of
antiferromagnetic coupling[17] in the cT(T) plot, Figure 4, is


Figure 4. The temperature-dependence of cT and the fit to the Seiden
function (solid line).


observed at 260� 20 K. The cT(T) data can be fit by the
Seiden expression[18] for noninteracting chains comprising
alternating quantum (S� 1/2) and classical (S> 1/2) spins
using the Hamiltonian h �ÿ2 JSi ´ Sj with J/kB�ÿ89 K
(ÿ62 cmÿ1, 134 cal molÿ1; 7.5 meV) (kB�Boltzmann�s con-
stant) consistent with ferrimagnetic behavior assuming
gMnIII� 1.985 and g[QCl4]


.ÿ � 2.00. This J reflects the strong
intrachain antiferromagnetic coupling. A fit to the Seiden
function predicts a broad minimum at 265 K in the cT(T)
data, which is in agreement with the observed value.


Antiferromagnetic behavior is also evident from the
saturation magnetization. The isothermal magnetization at
5 K increases rapidly with the application of a small field,
quickly rising to near saturation, Ms (Figure 5). At 5 T, the
magnetization is � 15 800 emuOe molÿ1 or 94 % of the


Figure 5. Magnetization as a function of applied magnetic field at 2 and
5 K for polycrystalline [MnIIITPP]�[QCl4]


.ÿ ´ PhMe.


16 755 emuG molÿ1 expected for the STot� 2ÿ 1/2� 3/2 sys-
tem. This is substantially lower than that expected from
ferromagnetic coupling, that is, 27 925 emuG molÿ1 for the
STot� 2� 1/2� 5/2 system. At 2 K, metamagnetic behavior is
observed (field-induced changeover from an antiferromag-
netic ground state to a ferromagnetic ground state) with a
critical field of � 1.4 kOe (Figure 5). Similar field-dependent
behavior was observed for [MnTPP][TCNE], which exhibits a
critical field of � 30 kG at 2.25 K, which corresponds to a
spin-flop transition.[19]


In addition to d.c. measurements, the susceptibility was
determined in an applied a.c. field of 1000 Oe (<0.05 d.c.
field) at several frequencies and the resulting data are
consistent with long-range ferromagnetic order. A peak in
the real part of the a.c. susceptibility, c', is a better indication
of Tc (Figure 6). The in-phase component exhibits a sharp
frequency-independent increase at � 13 K (accompanied by a
peak in c''), and a frequency-dependent c' peak centered


Figure 6. Dispersive, c', and absorptive, c'', components of the a.c.
susceptibility for [MnIIITPP]�[QCl4]


.ÿ at 10 (* and *, respectively), 100
(& and &, respectively), and 997 (~ and ~, respectively) Hz (Hd.c.< 0.05 Oe,
amplitude� 1000 Oe). The 13 K absorption is frequency-independent,
while the lower temperature peak is frequency-dependent. Sample was
cooled to zero-field, and data recorded upon warming.
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around 7 K (again accompanied by a secondary peak in c'').
The position of these peaks/shoulders, as well as the peak-to-
shoulder ratios, are reproducible between samples, which
suggests that this behavior is intrinsic to the sample and is not
a mixture of two separate phases displaying different mag-
netic phenomena. The 13 K peak is assigned to a transition to
a ferrimagnetic state, while the 7 K peak is assigned to a
transition to a spin glass state. These critical temperatures
were obtained from the a.c. data measured at 10 Hz.
Hysteresis was not observed at 5 K.


Experimental Section


Synthesis : All manipulations were carried out under a nitrogen atmosphere
with standard Schlenck techniques or in a Vacuum Atmospheres DriLab
under nitrogen. Solvents used were predried and distilled from appropriate
drying agents. MnIITPP(py) (py� pyridine) was prepared by a literature
method.[6, 11] Chloranil and QCl4 (Aldrich) were recrystallized from
toluene.


[MnTPP]�[QCl4]
.ÿ ´ PhMe : Solutions of MnIITPP(py) (150.7 mg,


0.2018 mmol) in toluene (30 mL) and chloranil (74.7 mg, 0.3038 mmol) in
toluene (20 mL) were filtered and then mixed. This mixture was left to
stand overnight. The resulting black precipitate was collected, washed three
times with fresh, dry toluene (10 mL portions) and dried under vacuum for
several hours. Yield: 100.9 mg (50 %); anal. calcd for the monosolvate:
C57H36Cl4MnN4O2: C 68.08; H 3.60; N 5.57; found: C 67.99; H 3.82; N 5.41;
IR (Nujol): nÄCO� 1518 (s) cmÿ1. Single crystals were isolated by means of a
similar procedure in which the porphyrin (50.03 mg, 0.0674 mmol) was
dissolved in dichloromethane (20 mL) and layered with a solution of
chloranil (0.0168 mg, 0.0683 mmol) in toluene (30 mL) by pipette transfer
and allowed to stand in a vibration-damped DriLab for several days. A
similar procedure was attempted with other halogenated quinones, such as
fluoranil, bromanil, iodanil and DDQ, resulting only in the formation of
polycrystalline samples.


X-ray structure determination : Isolation of crystals suitable for X-ray
diffraction was difficult, and the only crystals obtained were long, thin,
shiny, dark red, opaque plates. The crystal was mounted on a fiber,
transferred to the goniometer, and flash-frozen toÿ100 8C with a stream of
cold nitrogen gas. Data was collected at ÿ100 8C with a Bruker AXS
SMART/CCD area detector (MoKa radiation). Cell constants and an
orientation matrix for the data collection were obtained by least-squares
refinement of 4763 reflections; a summary of the data collection
parameters is given in Table 1. The data was empirically corrected for
absorption by means of the program SADABS. Systematic absences and


subsequent least-squares refinement were used to determine possible space
groups. The initial space group determination revealed either the centric
C2/m or the acentric C2 or Cm. The crystal structure was solved by direct
and difference Fourier methods using SHELXS-97 followed by full-matrix
least-squares refinement on F 2. Most of the structure was determined in the
centric space group C2/m with the molecule residing on a 2/m site.
However, the geometry of the TPP ligand exhibited severe distortion of the
phenyl substituents, and a severe bend from the porphyrin plane. Large
positive electron density peaks above and below the atoms of the TPP
plane suggested that TPP was disordered across the crystallographic mirror
plane. We examined larger unit cells exhibiting strong pseudosymmetry as a
cause for the disorder; however, the area detection images did not indicate
any doubling of cell axes. A satisfactory and chemically reasonable
structure was obtained by allowing two distinct occupancies of the TPP
moiety related by a 9.18 rotation about an axis joining C6 and C6symm. This
structure yielded chemically identical phenyl rings across the TPP ring from
each other, as in other structures containing TPP, and a relatively planar
TPP system. Crystallographic restraints held the toluene atoms in standard
geometry. In the final refinement, all nonhydrogen atoms were refined with
restrained anisotropic thermal parameters yielding a total of 307 param-
eters with 377 restraints and R(Fo) of 5.96 % for the 1426 data with F>
4s(F) and 7.80 % for the 1783 total data.


Physical methods : The magnetic susceptibility was determined at 2 ± 300 K
on a Quantum Design MPMS-5XL5 T SQUID magnetometer
(sensitivity� 10ÿ8 emu or 10ÿ12 emu Oeÿ1 at 1 T) in an ultra-low field (�
0.005 Oe), and a.c. options by means of a reciprocating sample measure-
ment system, and continuous low-temperature control with enhanced
thermometry features. The a.c. magnetic susceptibility (c' and c'') was
studied in the range of 1 mHz to 1 kHz. Samples were loaded in an airtight
Delrin� holder and packed with oven-dried quartz wool (to prevent
movement of the sample in the holder). For isofield measurements, the
samples were cooled to zero-field (by following the oscillation of the d.c.
field), and data was collected upon warming. For d.c. isothermal and a.c.
measurements, remanent fluxes were minimized by oscillation of the d.c.
field, followed by quenching of the magnet. Remaining fluxes were
detected by means of a flux gate gaussmeter and further minimized by the
application of an opposing field, to bring the d.c. field to <0.5 Oe. The
diamagnetic correction of ÿ608.5� 10ÿ6 emu molÿ1 was used for
[MnTPP]�[QCl4]


.ÿ ´ PhMe.


The thermal properties were studied on a TA Instruments Model 2050
thermal gravimetric analyzer (TGA) (ambient to 1000 8C) located in a
Vacuum Atmospheres DriLab under nitrogen to protect air- and moisture-
sensitive samples. Samples were placed in an aluminum pan and heated at
20 8C minÿ1 under a continuous flow of nitrogen (10 mL minÿ1). The
infrared spectra (n� 625 ± 4000 cmÿ1) were obtained on a Perkin ± Elm-
er 783 spectrophotometer and on a Mattson Galaxy Series FTIR 3000
spectrophotometer. Elemental analyses were performed by Atlantic
Microlabs, Norcross, GA (USA).


X-ray crystal structure analysis : Crystallographic data (excluding structure
factors) for the structure reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publication
no. CCDC-101 035. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


Acknowledgments: The authors appreciate the constructive comments and
insight provided by Prof. E. Coronado (Universidad de Valencia), Prof.
A. J. Epstein, Dr. C. M. Wynn, and M. Girtu (The Ohio State University),
and gratefully acknowledge support from the U.S. Department of Energy
Division of Materials Science (Grant No. DE-FG03-93ER45504) and the
National Science Foundation (Grant No. CHE9320478).


Received: January 28, 1998 [F980]


[1] Proceedings of the conference on Ferromagnetic and High-Spin
Molecular Based Materials (Eds.: J. S. Miller, D. A. Dougherty), Mol.
Cryst. Liq. Cryst. 1989, 176 ; Proceedings of the conference on
Molecular Magnetic Materials (Eds.: O. Kahn, D. Gatteschi, J. S.
Miller, F. Palacio), NATO ARW Molecular Magnetic Materials, 1991,
E198 ; Proceedings of the conference on the Chemistry and Physics of


Table 1. Crystallographic details for [MnIIITPP]�[QCl4]
. ÿ ´ PhMe.


chemical formula C57H36Cl4MnN4O2


Mr , daltons 1005.70
space group C2/m
a 18.655(2) �
b 9.781(2) �
c 13.133(2) �
b 102.028(2)8
V 2343.9(5) �3


Z 2
T ÿ 100 8C
l 0.710730 �
1calcd 1.424 gcmÿ3


mcalcd 0.56 mmÿ1


R(Fo)[a] 0.0596
R(Fo)[b] 0.0780
Rw(F2


o)[c] 0.1541


[a] S j jFo jÿjFc j /S jFo j j for F> 4 s(F). [b] S j jFo jÿjFc j /S jFo j j for
F> 0s(F). [c] {S[w(F2


oÿF2
c)2]/S[w(F2


o)2]}1/2 and w� 1/s2(F2
o)� (0.08 P)2�


8.9P and P� [max(F2
o, 0)� 2F2


c]/3.







Porphyrinoid Magnet 1938 ± 1943


Chem. Eur. J. 1998, 4, No. 10 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0410-1943 $ 17.50+.25/0 1943


Molecular-Based Magnetic Materials (Eds.: H. Iwamura, J. S. Miller),
Mol. Cryst. Liq. Cryst. 1993, 232/233 ; Proceedings of the conference
on Molecule-Based Magnets (Eds.: J. S. Miller, A. J. Epstein), Mol.
Cryst. Liq. Cryst. 1995, 271 ± 274 ; Proceedings of the conference on
Molecular-Based Magnets (Eds.: K. Itoh, J. S. Miller, T. Takui), Mol.
Cryst. Liq. Cryst. 1997, 305/306 (Eds.: M. M. Turnbull, T. Sugimoto,
L. K. Thompson), ACS Symp. Ser. 1996, 644.


[2] Reviews: a) A. L. Buchachenko, Russ. Chem. Rev. 1990, 59, 307, Usp.
Khim. 1990, 59, 529; O. Kahn, Molecular Magnetism, VCH, 1993 ; b) A.
Caneschi, D. Gatteschi, R. Sessoli, P. Rey, Acc. Chem. Res. 1989, 22,
392; D. Gatteschi, Adv. Mater. 1994, 6, 635; c) J. S. Miller, A. J.
Epstein, W. M. Reiff, Acc. Chem. Res. 1988, 21, 114; J. S. Miller, A. J.
Epstein, W. M. Reiff, Science 1988, 240, 40; J. S. Miller, A. J. Epstein,
W. M. Reiff, Chem. Rev. 1988, 88, 201; J. S. Miller, A. J. Epstein, New
Aspects of Organic Chemistry (Eds.: Z. Yoshida, T. Shiba, Y. Ohsiro),
VCH, New York, NY 1989, 237; J. S. Miller, A. J. Epstein, Angew.
Chem. 1994, 106, 399; Angew. Chem. Int. Ed. Engl. 1994, 33, 385; J. S.
Miller, A. J. Epstein, Adv. Chem. Ser. 1995, 245, 161; J. S. Miller, A. J.
Epstein, Chem. Eng. News 1995, 73 (#40), 30.


[3] K-i. Sugiura, A. Arif, J. Schweizer, L. Öhrstrom, A. J. Epstein, J. S.
Miller, Chem. Eur. J. 1997, 3, 138.


[4] M. Broze, Z. Luz, B. L. Silver, J. Chem. Phys. 1967, 46, 4891; E.
Melamud, B. L. Silver, J. Phys. Chem. 1974, 78, 2140; A. Bieber, J. J.
Andre, Chem. Phys. 1974, 5, 166; B. S. Prabhananda, C. C. Felix, J. S.
Hyde, A. Walvekar, J. Chem. Phys. 1985, 83, 6121.


[5] A. Zheludev, A. Grand, E. Ressouche, J. Schweizer, B. Morin, A. J.
Epstein, D. A. Dixon, J. S. Miller, J. Am. Chem. Soc. 1994, 116, 7243.


[6] J. S. Miller, J. C. Calabrese, R. S. McLean, A. J. Epstein, Adv. Mater.
1992, 4, 498.


[7] a) J. L. de Boer, A. Vos, Acta Crystallogr. 1968, B24, 720; b) A.
Onodera, I. Shirotani, H. Inokuchi, N. Kawai, Chem. Phys. Lett. 1974,
25, 296.


[8] a) J. B. Torrance, A. Girlando, J. J. Mayerlee, J. I. Crowley, V. W. Lee,
S. J. LaPlaca, Phys. Rev. Lett. 1981, 47, 1747; b) B. Toudic, M. H.
Lemee-Cailleau, J. Gallier, H. Cailleau, F. Moussa, Phase Trans. 1991,
32, 241.


[9] S. L. Kessel, D. N. Hendrickson, Inorg. Chem. 1978, 17, 2630; S. L.
Kessel, D. N. Hendrickson, Inorg. Chem. 1980, 19, 1883; E. Uhlig, Z.
Chem. 1989, 9, 305; E. Balough-Hergovich, G. Spier, Inorg. Chim.
Acta 1988, 147, 51; A. Vleck, A. A. Vleck, Inorg. Chim. Acta 1983, 69,
191; S. Kobayashi, S. Iwata, M. Abe, S-i. Shoda, J. Am. Chem. Soc.
1990, 112, 1625.


[10] C. Vazquez, J. C. Calabrese, J. S. Miller, D. A. Dixon, J. Org. Chem.
1993, 58, 65.


[11] L. R. Milgrom, Tetrahedron 1983, 39, 3895.
[12] a) J. J. Mayerle, J. B. Torrance, J. I. Crowly, Acta Crystallogr. 1979,


B35, 2988; b) S. S. C. Chu, G. A. Jeffrey, T. Sakurai, Acta Crystallogr.
1962, 15, 661.


[13] J. S. Miller, D. A. Dixon, Science 1987, 235, 871.
[14] The structure of Li�[QCl4]


.ÿ has also been reported; however, bond
distances are unreliable owing to poor resolution: M. Konno, H.
Kobashai, F. Marumoo, Y. Saito, Bull. Chem. Soc. Jpn. 1973, 46, 1987.


[15] Y. Iida, Bull. Chem. Soc. Jpn. 1970, 43, 345.
[16] See, for example: a) A. Böhm, C. Vazquez, R. S. McLean, J. C.


Calabrese, S. E. Kalm, J. L. Manson, A. J. Epstein, J. S. Miller, Inorg.
Chem. 1996, 35, 3083; b) J. T. Landrum, K. Hatano, W. R. Scheidt,
C. A. Reed, J. Am. Chem. Soc. 1980, 102, 6729; C. L. Hill, M. M.
Williamson, Inorg. Chem. 1985, 24, 2834, 3024; E. B. Fleischer, Acc.
Chem Res. 1970, 3, 105; W. R. Scheidt, C. A. Reed, Chem. Rev. 1981,
81, 543; P. Turner, M. J. Gunter, T. W. Hambley, A. H. White, B. W.
Skelton, Inorg. Chem. 1992, 31, 2297.


[17] E. Coronado, M. Drillon, R. Georges, in Research Frontiers in
Magnetochemistry (Ed.: C. J. O�Connor), World Scientific, 1993, 26;
D. Beltran, E. Coronado, M. Drillon, R. Georges, Stud. Inorg. Chem.
1983, 3, 589; E. Coronado, M. Drillon, D. Beltran, R. Georges, Chem.
Phys. 1983, 79, 449; M. Verdaguer, M. Julve, A. Michalowicz, O. Kahn,
Inorg. Chem. 1983, 22, 2624; M. Drillon, J. C. Gianduzzo, R. Georges,
Phys. Lett. A, 1983, 96A, 413.


[18] J. Seiden, J. Phys. Lett. 1983, 44, L947.
[19] P. Zhou, B. G. Morin, A. J. Epstein, R. S. McLean, J. S. Miller, J. Appl.


Phys. 1993, 73, 6569.








Convenient Catalytic Synthesis and Assignment of the Absolute
Configuration of Enantiomerically Pure Dihydronaphthalenes and Their
Corresponding Epoxides


Torsten Linker,* Frank Rebien, GaÂbor ToÂ th,* AndraÂs Simon,
Jürgen Kraus, and Gerhard Bringmann*


Abstract: In this paper we report on the
synthesis and kinetic resolution of 1,2-
dihydronaphthalenes by Jacobsen epox-
idation, which proceeds smoothly with
good selectivity (krel� 6.3 ± 9.1). The
yields were conveniently adjusted by
variation of the number of equivalents
of MCPBA (m-chloroperoxybenzoic
acid) as the terminal oxidant, to afford
enantiomerically pure starting materials
or epoxides after one recrystallization.
Complete separation of the starting
material and the epoxides was effected
by HPLC with a chiral stationary phase.


Interestingly, the Jacobsen epoxidations
afford two diastereomers, whereas the
reaction with MCPBA alone proceeds
with high diastereoselectivity. This can
be attributed to unfavorable steric inter-
actions and a matched ± mismatched
pair in the transition states. The relative
configuration of both diastereomers was


elucidated by detailed NMR spectro-
scopy. Furthermore, the absolute con-
figuration of all the products was estab-
lished unequivocally by comparison of
experimental and calculated circular
dichroism (CD) spectra. Since the epox-
ides can be transformed into the etopo-
side skeleton in only three steps, the
kinetic resolution described herein of-
fers simple access to optically active
derivatives of these important antican-
cer drugs.


Keywords: asymmetric catalysis ´
circular dichroism ´ epoxidations ´
kinetic resolution ´ quantum-
chemical calculations


Introduction


Lignans represent an important class of natural products,
which possess interesting biological properties and have
become challenging targets for organic synthesis.[1] Owing to
their cytostatic properties, podophyllotoxin (1) and etoposide
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Podophyllotoxin (1) Etoposide (2)


(2) are currently the most intensively studied of the various
derivatives.[2] Furthermore, etoposide exhibits very high
antitumor activity and is used for the treatment of many
human malignancies.[3] In the course of our continuing interest
in selective oxidation reactions,[4] we have developed a short
and convenient synthetic route to the etoposide skeleton.[5]


Thus, starting from 2-naphthoic acid (3), the analogue rac-4
was synthesized in only 11 steps and 35 % overall yield. The
key step was MCPBA (m-chloroperoxybenzoic acid) epox-
idation of the dihydronaphthalene derivative rac-5, which
afforded exclusively one diastereomer rac-6 a (Scheme 1).[5a]


However, until now, the epoxide (6 a) was only obtained in
racemic form, which represents a drawback for applications
requiring the total synthesis of etoposide (2).


Our new approach to this problem is based on catalytic
kinetic resolution of the dihydronaphthalenes rac-5. For this
purpose, the Jacobsen ± Katsuki epoxidation should be a
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Scheme 1. Synthesis of the racemic etoposide analogue rac-4 and the
epoxide rac-6a.


valuable tool, since it is established as an important method
for the formation of asymmetric carbonÿoxygen bonds.[6]


Thus, by employing the commercially available catalyst
(S,S)-7 and a terminal oxidant, it should be possible to
synthesize the desired dihydronaphthalene 5 in enantiomeri-
cally pure form (Scheme 2). However, although numerous
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Scheme 2. Strategy for the synthesis of enantiomerically pure products by
kinetic resolution with Jacobsen epoxidation.


synthetic applications of the Jacobsen ± Katsuki epoxidation
have been reported in the literature, only three examples of
kinetic resolution by this method have been published
hitherto and these afforded only moderate levels of enantio-
meric excess (ee).[7] Herein we describe the successful syn-
thesis of both the dihydronaphthalene 5 and the epoxide 6 a in
enantiomerically pure form by this strategy. Furthermore, the
absolute configuration of all the products was established
unequivocally by comparison of experimental and quantum-
chemically calculated CD spectra.


Results and Discussion


The oxazoline 8 was easily synthesized on a multigram scale
from 2-naphthoic acid (3) in a one-pot procedure.[8] According
to the elegant methodology developed by Meyers,[9] nucleo-
philic addition of phenyllithium to 8 occurs with very high
regioselectivity at the 1-position. However, owing to the
isomerization of the double bond under the basic reaction
conditions, isopropanol as the proton source affords only the
1,4-dihydronaphthalene derivative 9 in 73 % yield


(Scheme 3). To overcome this problem, trifluoroacetic acid
(TFA) was employed. Indeed, the desired 1,2-dihydronaph-
thalene derivative rac-10 was isolated diastereoselectively in
83 % yield, after cleavage of the oxazoline with HCl. The
exclusive formation of the trans product can be rationalized in
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Scheme 3. Synthesis of the dihydronaphthalenes 9 and rac-5.


terms of protonation of the nitrogen of the azaenolate
intermediate by the hard electrophile and subsequent tauto-
merization to the thermodynamically more stable product.
Finally, reaction of the acid rac-10 with diazomethane affords
the corresponding methyl ester rac-5 quantitatively
(Scheme 3).


To establish the optimal analytical method for rac-6 a, the
1,2-dihydronaphthalene rac-5 was epoxidized in the presence
of MCPBA without the addition of Jacobsen catalyst to obtain
the racemic product. The epoxide rac-6 a was isolated as a
single diastereomer in 94 % yield (Table 1, entry 1).[5a] For the
determination of the enantiomeric excesses, HPLC was the
method of choice, since the alkene 5 and the epoxide 6 a were
conveniently separated on a chiral stationary phase (Chiralcel
OD-H, Figure 1a).


The first asymmetric epoxidations were conducted at 0 8C in
the presence of the Jacobsen catalyst (S,S)-7 and with sodium
hypochlorite as the terminal oxidant. A conversion of 24 %
was achieved with 0.4 equiv of NaOCl, which afforded the
epoxide (�)-6 a in 88 % ee and the dihydronaphthalene (ÿ)-5
in 20 % ee (entry 2). As expected, the corresponding enantio-
meric isomers were obtained with the(salen)manganese(iii)
complex (R,R)-7 (entry 3). The resulting selectivity factors of
4.4 ± 5.4[10] are considerably higher than those reported in the
literature for sodium hypochlorite (krel� 1 ± 2).[7a]


To improve the selectivities further, Jacobsen epoxidations
with m-chloroperoxybenzoic acid (MCPBA) as the terminal
oxidant were investigated next; this procedure allows experi-
ments to be conducted at lower temperatures.[11] A control
experiment at ÿ78 8C demonstrated that without catalyst
(entry 4) no epoxidation occurs under the reaction conditions,
whereas the reaction proceeds quantitatively at 0 8C with
MCPBA (entry 1). Only when 0.04 equiv of (S,S)-7 and 1.5 ±
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Figure 1. Separation of the dihydronaphthalenes 5 and epoxides 6a by HPLC on a chiral stationary phase (Chiralcel OD-H); a) racemic mixtures;
b) enantiomerically pure compounds.
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2.2 equiv of N-methylmorpholine-N-oxide (NMO) were add-
ed was the epoxide (�)-6 a isolated in high enantiomeric
excess (87 ± 93 % ee) at ÿ78 8C (entries 5 ± 7). The conversion
was conveniently controlled by variation of the number of
equivalents of oxidant. Thus, 2.0 equiv MCPBA yielded at
81 % conversion the dihydronaphthalene (ÿ)-5 in enantio-
merically pure form (entry 8, Figure 1b). Again, the corre-
sponding (salen)manganese(iii) complex (R,R)-7 afforded the
enantiomeric isomers (entry 9). Furthermore, both epoxides
(�)-6 a and (ÿ)-6 a are available in enantiomerically pure
form from one simple recrystallization (Figure 1b). This is an
important finding for the controlled synthesis of optically
active etoposide analogues. Finally, the higher selectivities
achieved with MCPBA (krel� 6.3 ± 9.1) compared with NaOCl
can be attributed to the lower reaction temperature and are
unprecedented for kinetic resolutions with catalyst 7.[7a]


Interestingly, all the Jacobsen epoxidations examined
afford diastereomeric mixtures, whereas reactions without
catalyst are highly diastereoselective (entry 1). The relative
configuration of both epoxides 6 a and 6 b was unequivocally
elucidated by detailed one- and two-dimensional 1H and 13C
NMR spectroscopy.[12] The important determination of the
absolute configuration of all reaction products was achieved
by comparison of experimental CD spectra with those
obtained from quantum-chemical calculationsÐan efficient
method further developed and improved by our group.[13±15]


Starting with the arbitrarily chosen 1R,2S,3S,4R enantiomer
of the main product 6 a, conformational analysis using semi-
empirical methods (AM1[16] and PM3,[17, 18] see section on com-
putational methods) revealed the presence of eight conformers,
which differ by three conformational parameters: rotation of
the ester O-methyl group about the adjacent CÿO bond,


rotation of the carbonyl oxygen about the neighboring CÿC
bond, and the conformation of the flexible cyclohexene ring.


For these eight minima, the CD spectra were calculated
separately (Figure 2a, left) and summed according to the
principles of Boltzmann statistics. The calculated overall
spectrum for (1R,2S,3S,4R)-6 a (Figure 2b, left), is almost the
reverse of the experimental one, while the spectrum calcu-
lated for (1S,2R,3R,4S)-6 a (Figure 2b, right) matches the
experimental spectrum well, except for a minor shift of the
theoretical CD spectrum by about 12 nm to lower wave-
lengths. Since the same shift is also observed for the UV
spectrum calculated by the same program (not shown), the
UV shift can be used to rescale the wavelengths for the
calculated CD spectrum. Figure 2c (right) shows the excellent
agreement of the experimental CD spectrum with the
rescaled,[13] theoretical one for the 1S,2R,3R,4S enantiomer.
Therefore the 1S,2R,3R,4S configuration can be assigned
unambiguously to the main epoxide (�)-6 a. As in previous
cases,[15] the calculations are quite independent of the
experimental CD spectra and are therefore true theoretical
predictions.


Similarly, the absolute configuration of the minor product,
epoxide (ÿ)-6 b, was investigated and found to be
1R,2S,3R,4S, with the same absolute configuration in the
epoxide part (C-3 and C-4) as the main product (�)-6 a, but
the opposite configuration at the C-1 and C-2 stereocenters. In
this case, because of the unusual conformational behavior of
the molecule with respect to the rotational position of the
phenyl substituent, the semiempirical conformational analysis
required additional assistance from thorough NMR inves-
tigations before the calculations of the CD spectra. Details
will be published in a separate method-oriented paper.[12]


Table 1. Epoxidation of the 1,2-dihydronaphthalenes rac-5.


CO2Me


Ph


CO2Me


Ph


O


CO2Me


Ph


CO2Me


Ph


O


rac-5


catalyst, oxidant


additive


(-)-6b


+


(+)-6a(-)-5


+


Entry Catalyst
[equiv]


Oxidant[a]


[equiv]
Additive[b]


[equiv]
T [8C] t [h] Conv. [%][c] dr[c] 6a :6 b product distribution [% ee][d]


(ÿ)-5 :(�)-6a :(ÿ)-6 b
krel


[10]


1 ± MCPBA [1.2] ± 0 7.0 > 98 > 98:2 < 2 :> 96 :< 2 ±
2 (S,S)-7 [0.04] NaOCl [0.4] 4-PPNO [0.1] 0 2.0 24 87:13 76 : 21 : 3 5.4


[20] [88] [e]


3 (R,R)-7[f] [0.04] NaOCl [0.4] 4-PPNO [0.1] 0 1.5 34 71:29 66 : 24 : 10 4.4
[28] [80] [e]


4 ± MCPBA [0.9] NMO [2.2] ÿ 78 3.0 < 5 ± ± ±
5 (S,S)-7 [0.04] MCPBA [0.6] NMO [1.5] ÿ 78 1.5 26 77:13 74 : 20 : 6 8.6


[26] [93] [e]


6 (S,S)-7 [0.04] MCPBA [0.8] NMO [2.0] ÿ 78 1.5 40 60:40 60 : 24 : 16 9.1
[47] [91] [e]


7 (S,S)-7 [0.04] MCPBA [0.9] NMO [2.2] ÿ 78 1.5 50 72:28 50 : 36 : 14 6.3
[57] [87] [e]


8 (S,S)-7 [0.04] MCPBA [2.0] NMO [5.0] ÿ 78 2.0 81 54:46 19 : 44 : 37 > 6.4
[>99] [75] [e]


9 (R,R)-7[f] [0.04] MCPBA [0.9] NMO [2.2] ÿ 78 1.0 52 69:31 48 : 36 : 16 6.3
[60] [80] [e]


[a] m-Chloroperoxybenzoic acid (MCPBA) in dichloromethane; NaOCl in phosphate buffer/chlorobenzene. [b] 4-Phenylpyridine-N-oxide (4-PPNO) or N-
methylmorpholine-N-oxide (NMO). [c] Determined by 1H NMR analysis of the crude product (200 MHz). [d] Determined by HPLC on chiral stationary
phase (Chiralcel-OD-H). [e] No separation by HPLC on a chiral phase was possible. [f] The corresponding enantiomers (�)-5, (ÿ)-6a, and (�)-6 b were
formed.
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Figure 2. Route to the determination of the absolute configuration of the
main product, epoxide (�)-6 a.


The absolute configuration of the remaining dihydronaph-
thalene (ÿ)-5 was elucidated in the same way as for the main
product 6 a. Again, eight minimum structures were found
from conformational analysis. In accordance with the absolute
configuration of the two products, the configuration of the
remaining dihydronaphthalene should be 1R,2R. Conclusive
evidence for this hypothesis was provided by comparison of
the CD spectrum calculated for the 1R,2R and for the 1S,2S
configurations with the experimental one. As shown in


Figure 3. Elucidation of the absolute configuration of dihydronaphthalene
(ÿ)-5, by a route analogous to that in Figure 2.


Figure 3, the dihydronaphthalene (ÿ)-5 is unambiguously
1R,2R-configured, emphasizing again the reliability of quan-
tum-chemical calculations of CD spectra as a tool for the
elucidation of the absolute configuration of novel, natural or
synthetic, chiral products.


Interestingly, all epoxidations exhibit a high degree of facial
selectivity. Thus with the catalyst (S,S)-7, the predominant
products (�)-6 a and (ÿ)-6 b both have the same 3R,4S
configuration in the epoxide ring. This result can be ration-
alized since the catalyst (S,S)-7 prefers to attack chromenes
and 1,2-dihydronaphthalenes at the designated face, inde-
pendently of the substitution pattern; this is in accor-
dance with literature examples for reactions of achiral
substrates.[6] Furthermore, the face selectivities of these
Jacobsen epoxidations more than compensate for the large
steric demand of the phenyl group, which is responsible for
the exclusive formation of one epoxide with MCPBA alone.[5a]


Therefore, at higher conversions the catalyst (S,S)-7 attacks
the remaining dihydronaphthalene (ÿ)-5 cis to the phenyl
group, resulting in the mismatched pair and the formation of
epoxide (ÿ)-6 b as the by-product (Figure 4). Additionally,
unfavorable polar interactions of the Jacobsen catalyst with
the ester group have to be taken into account, which is


MeO2C


MeO2C


(R,R)-7


(S,S)-7


(-)-5 (+)-5


mismatched


mismatched matched


matched


Figure 4. Mechanistic rationale for the face selectivities and the formation
of two diastereomers from the dihydronaphthalene derivative rac-5.
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important for the mechanistic understanding of the Jacob-
sen ± Katsuki epoxidation.[19]


In conclusion, kinetic resolution of the 1,2-dihydronaph-
thalenes rac-5 by Jacobsen epoxidation proceeds smoothly
and with good selectivity (krel� 6.3 ± 9.1), a fact not hitherto
realized. The proper choice of catalyst (S,S)-7 or (R,R)-7
allows the controlled synthesis of both epoxides (�)-6 a and
(ÿ)-6 a from the same starting material. For product analysis,
complete separation of the enantiomers of the dihydronaph-
thalenes as well as the epoxides was achieved with HPLC on a
chiral stationary phase. Furthermore, the absolute configu-
ration of all the products was established unequivocally by
comparison of experimental CD spectra with those obtained
by quantum-chemical calculation. Finally, only one recrystal-
lization was required to afford enantiomerically pure prod-
ucts, which can serve as valuable precursors for the synthesis
of etoposide analogues.


Experimental Section


General methods : Solvents and commercially available chemicals were
purified by standard procedures or used as purchased. TLC was performed
on Polygram Sil G UV (40� 80 mm), Macherey Nagel. Silica gel (63 ±
200 mm, Woelm, Erlangen) was used for column chromatography. Melting
points were measured on a Büchi SMP 20 apparatus and are uncorrected.
IR spectra were recorded on a Perkin ± Elmer 1600 FT-IR spectrometer.
CD spectra were measured on a Dichrograph CD 6 spectrometer (Jobin
Yvon) at room temperature in n-hexane. NMR spectra were recorded on
either a Bruker AC 200 or a Bruker DRX-500 spectrometer at room
temperature in CDCl3. Chemical shifts are given on the d scale; 1H NMR
spectra were referenced to internal TMS, and 13C NMR spectra to the
solvent CDCl3 (dCDCl3� 77.0 ppm). Combustion analyses were carried
out at the Microanalytical Division of the Institute of Organic Chemistry,
University of Giessen (Germany).


HPLC analysis : The enantiomeric excesses of the dihydronaphthalene 5
and epoxide 6a were determined by HPLC on a chiral stationary phase
(Chiralcel OD-H; 0.5 mL minÿ1 hexane:isopropanol� 90:10, see Figure 1).
A separation of the epoxide rac-6b by HPLC on a chiral phase was not
possible.
Retention times: (�)-5 : 12 min, (ÿ)-5 : 13 min, (�)-6a : 22 min, (ÿ)-6a :
36 min.


Computational methods :
Conformational analyses : Conformational analyses were performed on
Silicon Graphics IRIS 4D, INDIGO (R4000) workstations. For AM1[16] and
PM3[17] calculations, the program package VAMP 6.1[20] was used, starting
from geometries preoptimized by the TRIPOS[21] force field.
CD calculations : The wavefunctions for the calculation of the rotational
strengths for the electronic transitions from the ground state to excited
states were obtained from CNDO/S-CI calculations[22] with a CI expansion
including 576 singly occupied configurations and the ground state
determinant. These calculations were carried out on LinuX workstations
with the BDZDO/MCDSPD[23] program package. To obtain the theoret-
ical, total CD spectrum, all single CD spectra were combined according to
Boltzmann statistics using appropriate heats of formation. For better
visualization, the rotational strengths were transformed into De values and
superimposed with a Gaussian band shape function.


2-(4,4-Dimethyl-2-oxazolinyl)-naphthalene (8): To a solution of 2-naph-
thoic acid (3, 25.0 g, 0.145 mol) in dichloromethane (200 mL) was added
dropwise a solution of thionyl chloride (25.9 g, 0.218 mol) in dichloro-
methane (160 mL) at 0 8C. After heating under reflux for 12 h, triethyl-
amine (24.8 g, 0.245 mol) and a solution of 2-amino-2-methylpropanol
(14.6 g, 0.164 mol) in dichloromethane (160 mL) were added dropwise at
room temperature, and the whole stirred for 15 h. The precipitated
hydrochloride was removed by filtration and the filtrate was concentrated
under vacuum. The crude amidoalcohol was dissolved in a mixture of


toluene (125 mL) and dichloromethane (180 mL) and a solution of
thionylchloride (17.25 g, 0.145 mol) in dichloromethane (150 mL) was
added dropwise at 0 8C. After heating under reflux for 1 h and stirring at
room temperature for 12 h, the mixture was poured into cold 15 % aqueous
sodium hydroxide, extracted with dichloromethane (4 � 100 mL), dried
with anhydrous MgSO4, and concentrated under vacuum. The crude
product was filtered through silica gel (hexane:ethyl acetate� 8:2) to
afford the oxazoline 8 as pale-yellow crystals (26.1 g, 78 %; m.p. 47 ± 49 8C,
ref. [8] 46 ± 48 8C); 1H NMR (200 MHz, CDCl3): d� 1.43 (s, 6 H, Me), 4.17
(s, 2H, CH2), 7.47 ± 7.92 (m, 5H, arom H), 8.03 (dd, J� 8.5, 1.7 Hz, 1H,
arom H), 8.45 (s, 1H, arom H); 13C NMR (CDCl3, 50 MHz): d� 28.3 (q,
Me), 67.5 (s, C(Me)2), 79.0 (t, CH2O), 124.7, 126.3, 127.3, 127.6, 127.9, 128.5,
128.7 (7d, C arom), 124.8, 128.5, 132.5 (3s, C arom), 162.0 (s, C�N); IR
(KBr): nÄ � 2970 cmÿ1 (CH), 1714, 1638 (C�N).


2-(4,4-Dimethyl-2-oxazolinyl)-1-phenyl-1,4-dihydronaphthalene (9): Oxa-
zoline 8 (450 mg, 2.0 mmol) was dissolved in anhydrous THF (5 mL) under
an argon atmosphere at ÿ78 8C. To this was added dropwise a solution of
PhLi in THF (0.65m, 6.2 mL, 4.0 mmol). The reaction mixture was stirred
for 3 h at this temperature and then quenched with isopropanol (0.5 mL).
After 6 h at room temperature, the mixture was poured into a saturated
ammonium chloride solution (10 mL), extracted with dichloromethane
(3� 10 mL), dried over anhydrous MgSO4, and concentrated under
vacuum. Column chromatography (hexane:ethyl acetate� 85:15) afforded
the 1,4-dihydronaphthalene 9 as a colorless oil (440 mg 73 %, Rf� 0.30); 1H
NMR (200 MHz, CDCl3): d� 1.20 (s, 3H, Me), 1.31 (s, 3H, Me), 3.63 (ddd,
J� 22.2, 5.4, 2.5 Hz, 1H, 4-H), 3.70 (ddd, J� 22.2, 3.2, 2.8 Hz, 1H, 4'-H),
3.90 (d, J� 10.4 Hz, 1H, 5'-H), 3.91 (d, J� 10.4 Hz, 1H, 5''-H), 5.29 (dd, J�
3.2, 2.5 Hz, 1H, 1-H), 6.97 (dd, J� 5.4, 2.8 Hz, 1H, 3-H), 7.11 ± 7.29 (m, 9H,
arom H); 13C NMR (CDCl3, 50 MHz): d� 28.0 (s, CMe2), 28.2 (q, Me), 30.4
(t, C-4), 45.9 (d, C-1), 78.4 (t, CH2O), 115.6 (d, C-3), 126.0, 126.1, 126.2,
127.8, 128.0, 128.2, 128.3 (7d, C-5 ± C-8, C-Ph), 132.0, 135.9, 138.0, 144.5 (4s,
C-2, C-9, C-10, C-Ph), 161.6 (s, C�N); IR (neat): nÄ � 2967 cmÿ1 (CH), 1661,
1611 (C�N); C21H21NO (303.4): calcd C 83.13, H 6.98, N 4.62; found C
83.04, H 7.13, N 4.65.


trans-1-Phenyl-1,2-dihydronaphthalene-2-carboxylic acid (rac-10): Oxazo-
line 8 (22.53 g, 100 mmol) was dissolved in anhydrous THF (180 mL) under
an argon atmosphere at ÿ40 8C. To this was added dropwise a solution of
PhLi in hexane:diethyl ether� 7:3 (2.06m, 60 mL, 124 mmol). The reaction
mixture was stirred for 3 h at this temperature. Then a mixture of TFA
(30 mL, 389 mmol) and THF (20 mL) was added. After 10 min the reaction
mixture was poured into a saturated ammonium chloride solution (200 mL)
and extracted with diethyl ether (3 � 80 mL). The combined organic
phases were dried over anhydrous Na2SO4 and crystallized at 0 8C, directly
yielding the desired ammonium salt (29.6 g, 68 %; m.p. 155 ± 156 8C). Upon
concentration of the mother liquor, a further crop of the product was
obtained (7.4 g, 17%). A solution of the ammonium salt (13.06 g, 30 mmol)
in 3n HCl (200 mL) was heated under reflux for 7.5 h under an argon
atmosphere, cooled, and extracted with ethyl acetate (4� 50 mL ). The
combined organic phases were dried over anhydrous Na2SO4 and then
concentrated under vacuum. Filtration through a short column of silica gel
(hexane:ethyl acetate� 6:4) yielded the acid rac-10 in the form of white
crystals (7.35 g, 98%; m.p. 121 ± 122 8C); 1H NMR (200 MHz, CDCl3): d�
3.69 (ddd, J� 7.6, 4.5, 2.0 Hz, 1 H, 2-H), 4.62 (d, J� 7.6 Hz, 1 H, 1-H), 5.94
(dd, J� 9.6, 4.5 Hz, 1 H, 3-H), 6.69 (dd, J� 9.6, 2.0 Hz, 1H, 4-H), 6.89 (d,
J� 7.2 Hz, 1 H, 8-H), 7.10 ± 7.31 (m, 8H, arom H), 11.0 (br s, 1H, CO2H); 13C
NMR (CDCl3, 50 MHz): d� 45.2 (d, C-1), 48.3 (d, C-2), 122.9, 126.6, 126.8,
127.1, 127.6, 128.1, 128.3, 128.5, 129.5 (9d, C-3 ± C-8, C-Ph), 132.3, 135.9,
142.8 (3s, C-9, C-10, C-Ph), 179.6 (s, CO2H); IR (KBr): nÄ � 3100 ± 2300 cmÿ1


(COOH), 2880 (CH), 1707 (CO); C17H14O2 (250.3): calcd C 81.58, H 5.64;
found C 81.27, H 5.61.


Methyl trans ± 1-phenyl-1,2-dihydronaphthalene-2-carboxylate (rac-5): A
solution of diazomethane in diethyl ether was added to a solution of the
acid rac-10 (2.5 g, 10 mmol) in dichloromethane (50 mL) at 0 8C until the
yellow color persisted. After 12 h at 20 8C, the solution was concentrated
and filtered through a short column of silica gel (hexane:ethyl acetate�
8:2) to yield the ester rac-5 (2.62 g, 99%); 1H NMR (500 MHz, CDCl3): d�
3.59 (s, 3 H, OMe), 3.66 (ddd, J� 8.5, 4.3, 2.1 Hz, 1 H, 2-H), 4.60 (d, J�
8.5 Hz, 1 H, 1-H), 5.90 (dd, J� 9.6, 4.3 Hz, 1H, 3-H), 6.62 (dd, J� 9.6,
2.1 Hz, 1 H, 4-H), 6.84 (d, J� 7.2 Hz, 1H, 8-H), 7.05 ± 7.31 (m, 8H, arom H);
13C NMR (CDCl3, 125 MHz): d� 45.8 (d, C-1), 48.6 (d, C-2), 52.0 (q, OMe),
123.7, 126.5, 126.8, 127.0, 128.0, 128.3, 128.5, 128.6, 129.1 (9d, C-3 ± C-8, C-
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Ph), 132.5, 136.2, 142.8 (3s, C-9, C-10, C-Ph), 173.5 (s, CO2Me); IR (neat):
nÄ � 3027 cmÿ1 (CH), 2950 (CH), 1739 (CO); C18H16O2 (264.3): calcd C
81.79, H 6.10; found C 81.47, H 5.97.


Epoxidation of the ester rac-5 with m-chloroperoxybenzoic acid : To a
solution of ester rac-5 (1.32 g, 5.0 mmol) in anhydrous dichloromethane
(80 mL) was added 70% MCPBA (1.6 g, 6.1 mmol) at 0 8C. After 1.5 h the
mixture was diluted with diethyl ether (200 mL) and extracted with
saturated aqueous sodium sulfite (2� 100 mL), saturated aqueous sodium
hydrogencarbonate (2� 100 mL), and brine (100 mL). The aqueous phases
were extracted with diethyl ether (100 mL) and the combined organic
extracts were dried over anhydrous Na2SO4 and concentrated under
vacuum. Crystallization from diethyl ether yielded the epoxide rac-6a as
white needles (1.32 g, 94 %; m.p. 97 ± 98 8C).


Typical procedure for asymmetric epoxidations in the presence of sodium
hypochlorite : To a solution of 1,2-dihydronaphthalene rac-5 (520 mg,
1.97 mmol), catalyst (S,S)-7 (50 mg, 0.088 mmol, 0.04 equiv), and 4-PPNO
(34 mg, 0.2 mmol, 0.1 equiv) in chlorobenzene (10 mL) was added 0.4 equiv
of a sodium hypochlorite/sodium hydrogenphosphate solution (pH 11) at
0 8C. After 2 h the mixture was diluted with diethyl ether (50 mL) and
immediately extracted with saturated aqueous sodium sulfite (2� 20 mL)
and brine (2� 20 mL). The organic phase was dried over anhydrous
Na2SO4 and filtered through a small pad of silica gel. Concentration under
vacuum afforded 800 mg of the crude product, which was analyzed by
NMR spectroscopy (conversion and product distribution). The product
mixture was purified as described below for oxidations in the presence of
m-chloroperoxybenzoic acid.


Typical procedure for asymmetric epoxidations in the presence of m-
chloroperoxybenzoic acid : To a solution of 1,2-dihydronaphthalene rac-2a
(860 mg, 3.25 mmol), catalyst (S,S)-1a (83 mg, 0.13 mmol, 0.04 equiv), and
NMO (845 mg, 7.21 mmol, 2.2 equiv) in dichloromethane (35 mL) was
added 70% MCPBA (720 mg, 2.9 mmol, 0.9 equiv) at ÿ78 8C. After 1.5 h
the mixture was diluted with diethyl ether (100 mL) and immediately
extracted with saturated aqueous sodium sulfite (2� 40 mL), saturated
aqueous sodium hydrogencarbonate (2� 40 mL), and brine (40 mL). The
aqueous phases were extracted with diethyl ether (50 mL) and the
combined organic extracts were dried over anhydrous Na2SO4. After
filtration through a small pad of silica gel, concentration under vacuum
afforded 1.06 g of the crude product, which was analyzed by NMR
spectroscopy (conversion and product distribution). Column chromatog-
raphy (hexane:ethyl acetate� 8:2) afforded the dihydronaphthalene (ÿ)-5
as a colorless oil (395 mg 46%; 57% ee), the epoxide (�)-6 a as colorless
needles (310 mg, 34%; 87% ee ; m.p. 92 ± 93 8C, and the epoxide (ÿ)-6b as
colorless needles (120 mg, 13%; m.p. 122 ± 123 8C).


Recrystallization of the epoxide (�)-6 a (87 % ee) from hexane/diethyl
ether afforded the enantiomerically pure epoxide (�)-6 a as colorless
needles (220 mg; m.p. 97 ± 98 8C; [a]20


D ��69.8 (c� 0.80, CHCl3). The
corresponding enantiomerically pure epoxide (ÿ)-6a was isolated as
colorless needles (m.p. 97 ± 98 8C; [a]20


D �ÿ70.2 (c� 1.04, CHCl3) (Table 1,
entry 10) and the enantiomerically pure dihydronaphthalene (ÿ)-5 (Ta-
ble 1, entry 8) as a colorless oil; [a]20


D �ÿ177.6 (c� 1.09, CHCl3).


Methyl (1S,2R,3R,4S)-1-phenyl-3,4-epoxy-1,2,3,4-tetrahydronaphthalene-
2-carboxylate (6 a): 1H NMR (500 MHz, CDCl3): d� 3.19 (d J� 12.0 Hz,
1H, 2-H), 3.59 (s, 3H, OMe), 3.93 (d, J� 4.2 Hz, 1 H, 3-H), 4.03 (d, J�
4.2 Hz, 1H, 4-H), 4.33 (d, J� 12.0 Hz, 1H, 1-H), 6.56 (dd, J� 7.4, 1.0 Hz,
1H, 8-H), 7.12 ± 7.49 (m, 8H, arom H); 13C NMR (125 MHz, CDCl3): d�
43.0 (d, C-1), 48.0 (d, C-2), 52.1 (q, OMe), 52.9 (d, C-4), 55.5 (d, C-3), 126.4,
127.2, 128.3, 128.6, 128.7, 129.5, 129.7 (7d, C-5, C-6, C-7, C-8, C-Ph), 131.1,
139.0, 140.1 (3s, C-9, C-10, C-Ph), 172.7 (s, CO2Me); IR (KBr): nÄ �
2944 cmÿ1 (CH), 2958 (CH), 1733 (CO); C18H16O3 (280.3): calcd C 77.13,
H 5.75; found C 76.86, H 5.63.


Methyl (1R,2S,3R,4S)-1-phenyl-3,4-epoxy-1,2,3,4-tetrahydronaphthalene-
2-carboxylate (6 b): 1H NMR (500 MHz, CDCl3): d� 3.70 (s, 3 H, OMe),
3.74 (dd, J� 2.5, 1.3 Hz, 1H, 2-H), 3.96 (d, J� 4.1 Hz, 1 H, 4-H), 3.96 (dd,
J� 4.1, 2.5 Hz, 1H, 3-H), 4.73 (d, J� 4.1 Hz, 1 H, 1-H), 7.11 ± 7.49 (m, 9H,
arom H); 13C NMR (125 MHz, CDCl3): d� 46.3, 45.7 (2d, C-1, C-2), 51.9 (d,
C-4), 52.3 (q, OMe), 56.0 (d, C-3), 126.2, 127.1, 128.0, 128.6, 129.2, 129.9,
130.8 (7d, C-5, C-6, C-7, C-8, C-Ph), 132.4, 135.2, 145.4 (3s, C-9, C-10, C-Ph),
172.2 (s, CO2Me); IR (neat): nÄ � 3024 cmÿ1 (CH), 2952 (CH), 1736 (CO);
C18H16O3 (280.3): calcd C 77.13, H 5.75; found C 76.75, H 5.93.
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Micellization and Adsorption of Fluorinated Amphiphiles:
Questioning the 1CF2� 1.5CH2 Rule


VeÂronique M. Sadtler, Françoise Giulieri, Marie Pierre Krafft,* and Jean G. Riess


Abstract: The surface activity of a ser-
ies of partially fluorinated amphiphiles
with a dimorpholinophosphate polar
head, a perfluoroalkyl terminal and a
hydrocarbon spacer, CnF2n�1(CH2)mOP-
(O)[N(CH2CH2)2O]2 (FnCmDMP, m�
1 ± 11, n� 4 ± 10), was investigated, and
the contributions of the CF2 and CH2


groups to the energies of adsorption and
micellization of the amphiphiles were
determined. In the literature, such data
are only available for amphiphiles with
either totally fluorinated or totally hy-
drogenated hydrophobes. We deter-
mined the impact of the fluorocarbon
segment on the contribution of the
hydrocarbon spacer to the adsorption
and micellization processes. DGmic and
DGads were evaluated as ÿ4.2� 0.5 and


ÿ4.1� 0.6 kJ molÿ1 per CF2 group, con-
sistent with results reported on totally
fluorinated surfactants (ÿ3.3 to
ÿ5.2 kJ molÿ1). In contrast, the values
for DGmic and DGads per CH2 group
(ÿ1.0� 0.4 and ÿ1.0� 0.6 kJ molÿ1, re-
spectively) were substantially lower than
those measured for hydrocarbon ana-
logues of the FnCmDMPs (ÿ2.4� 0.4
and ÿ2.5� 0.5 kJ molÿ1), which fall in
the range observed for standard hy-
drocarbon amphiphiles (ÿ2.4 to
ÿ3.05 kJ molÿ1). These results show that
a hydrocarbon chain grafted to a fluori-


nated chain does not fully participate in
the micellization and adsorption proc-
esses, and behaves as if it were shorter
by a factor of about three. Thus it is
primarily the length of the fluorinated
chain that controls micellization and
adsorption of such surfactants; the
spacer plays only a minor role, and great
caution must be exercised when apply-
ing the 1 CF2� 1.5 CH2 rule. It is pro-
posed that the hydrocarbon spacer
adopts a folded conformation in order
to better occupy the void volume which
results from the difference in cross-
sections between fluorocarbon and hy-
drocarbon chains (ca. 30 vs. 20 �2,
respectively).


Keywords: adsorption ´ amphi-
philes ´ fluorocarbons ´ fluoro-
surfactants ´ micelles ´ surfactants


Introduction


Fluorinated chains are significantly more hydrophobic than
their hydrogenated counterparts, and they are lipophobic as
well. Fluorinated surfactants are highly surface-active and can
lower the surface tension of water to levels that cannot be
reached with standard hydrocarbon surfactants.[1±6] They also
have much lower critical micellar concentrations (cmc),
typically by around two orders of magnitude, and an excep-


tional tendency to collect at interfaces. The cmc values for
fluorosurfactants are roughly equivalent to those of hydro-
carbon surfactants with a 50 % longer chain.[1, 2] Extensive
data have been reported on salts of carboxylic acids[7, 8] and
nonionic surfactants based on ethoxylated alcohols with
various ethylene oxide group numbers.[9, 11] A gradual change
in the hydrophilic character of the latter surfactants allowed
the determination of some intrinsic properties of the fluori-
nated chain. In some cases the energetic contributions to
adsorption and micellization per CF2 group, for fluorinated
surfactants, and that per CH2 group for their hydrogenated
analogues, were calculated.[8, 9]


In the above carboxylic acids and ethoxylated alcohols, the
perfluoroalkyl chain was always directly grafted onto the
polar head. We wondered if, in the case of half-fluorinated,
half-hydrogenated hydrophobic chains, each of the segments
would participate in the micellization and adsorption proc-
esses as if it were independent, or if more subtle effects would
arise as a result of the forced confinement of the two
antinomic fluorocarbon and hydrocarbon segments within the
same chain. For this purpose we undertook a study of the
surface activity of a series of nonionic semifluorinated
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amphiphiles with a dimorpholinophosphate polar head:
CnF2n�1(CH2)mOP(O)[N(CH2CH2)2O]2, m� 1 ± 11, n� 4 ± 10
(FnCmDMP).


Although these amphiphiles are single-tailed and nonchiral,
they were found to exhibit a strong proclivity to self-assemble
into vesicles as well as microtubules.[12] They also permitted
the preparation of stable water-in-fluorocarbon reverse
emulsions with potential as controlled-release drug-delivery
systems.[13] In this paper, we report on the surface tensions of
FnCmDMPs, their cmc, polar head surface area, maximal
surface pressure, and energy of micellization and adsorption,
and we compare these data to those found for their hydro-
carbon analogues, CmH2m�1OP(O)[N(CH2CH2)2O]2, m� 10
and 15 (CmDMP).


The contributions of the CF2 and CH2 groups to the
energies of micellization and adsorption of these surfactants
are collected and discussed.


Results


FnCmDMP surface activity data : Figure 1 shows gs/logC
curves for the FnCmDMPs and CmDMPs listed in Table 1; gs


is the surface tension of the surfactant and C its concentration.
The clearly marked break points correspond to the cmcs. The
high purity of the amphiphiles is evidenced by the plateau
observed for concentrations above the cmcs.


The simplified Gibbs adsorption equation allows calcula-
tion of the surface excess concentration G�ÿ1/(2.3RT)dgs/
d log C ; dg/d logC is determined from the slope of the linear
portion of the g/log C curve below the cmc.[14] The minimal
area per molecule, s, is equal to 1023/NG.


The free energy of micellization is given by DGmic�
2.3RT log xcmc, where xcmc is the mole fraction of the surfactant
in the liquid phase at the cmc. Since the cmc is always small
compared with the molar concentration of water (w), xcmc can
be taken as cmc/w.[15] Therefore, DGmic� 2.3RT (log cmcÿ
log55.5) [Eq. (1)]. The surface pressure Pcmc is the difference
between the surface tension of pure water go and that of the
solution at the cmc, gcmc. The standard chemical potential of
adsorption, DGads, is equal to 2.3RT (log cmcÿ log55.5)ÿ
Pcmcs.[16]


Figure 1. Variation of the surface tension gs at 25 8C (60 8C in the case of
F10C2DMP) of aqueous solutions of FnCmDMPs as a function of
concentration C.


Table 1 displays the values of critical micelle concentration
(cmc), surface excess concentration (G), polar head surface
(s), surface tension at the cmc (gcmc), surface pressure (Pcmc),
energy of micellization (DGmic), and energy of adsorption
(DGads) of the FnCmDMPs and CmDMPs. The gcmc values for
the FnCmDMPs are in the 22.1 ± 24.4 mN mÿ1 range, that is,
much lower than those of the CmDMPs (30.0 and
32.5 mN mÿ1), showing higher effectiveness, in line with
previous data on fluorinated surfactants.[3±5, 17, 18] The length
of the hydrophobic chain has little influence on the gcmc values,
in line with what is known for nonionic surfactants in general.


The maximum surface pressure, Pcmc, is related to lateral
interactions between hydrophobic chains, in other words to
the cohesion of the surfactant film.[19] The Pcmc values were in
the 47.6 ± 49.9 mNmÿ1 range for the FnCmDMPs, while they
did not exceed 42 mNmÿ1 for the CmDMPs. This demon-
strates a closer packing of the fluorinated amphiphiles and
supports our view that lateral interactions are stronger among
fluorinated chains than among hydrogenated ones, in spite of
lower van der Waals interactions.[18]


For FnCmDMPs, the values of the head surface area, s,
appear to be primarily determined by the length of the
fluorinated chain (independently from the length of the


Table 1. Critical micellar concentration, surface excess concentration, polar head area, surface tension at the cmc, surface pressure, energy of micellization,
and energy of adsorption of the perfluoroalkylated dimorpholinophosphates, FnCmDMPs, and of their hydrogenated analogues, CmDMPs, at 25 8C.


Compounds cmc (� 10ÿ6) G (� 10ÿ3) s gcmc Pcmc ÿDGmic ÿDGabs


mol Lÿ1 mol 1000 mÿ2) �2 molecÿ1 mN mÿ1 mN mÿ1 kJ molÿ1 kJ molÿ1


F4C2DMP 2950 2.52 65.9 24.4 47.6 24.4 43.2
F6C2DMP 97.3 2.75 60.3 22.1 49.9 32.8 50.9
F6C11DMP 25.4 2.76 60.1 23.5 48.5 36.0 53.6
F7C1DMP 26.3 2.77 59.9 22.5 49.5 36.1 53.9
F8C2DMP 2.5 4.20 39.5 22.5 49.5 41.9 53.6
F8C5DMP 0.9 3.96 42.0 22.5 49.5 44.4 56.9
F8C11DMP[a] 0.8 nd � 40 nd nd nd nd
F9C1DMP 0.7 4.22 39.3 23 49.0 45.0 56.6
F10C2DMP[b] 1.0 4.42 41.9 23.5 48.5 49.3 61.5
C10DMP 250 4.10 40.5 30.0 42.0 30.5 40.7
C15DMP 1.63 3.97 41.8 32,5 39.5 42.9 52.9


[a] Calculated. [b] At 60 8C.
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hydrocarbon spacer) and present an as yet unexplained break
when the number of fluorinated carbon atoms reaches 8 (s�
60 ± 66 �2 for n� 7, and s� 39 ± 42 �2 for n� 8).


Micellization : In line with previous works,[8±10, 18] the data
presented in Table 1 show that the fluorinated FnCmDMPs
have a higher tendency to form micelles than do their direct
hydrogenated analogues Cm'DMPs (m'�m� n, same num-
ber of carbon atoms). This is exemplified by comparing the
DGmic values of F8C2DMP and C10DMP (ÿ41.9 and
ÿ30.5 kJ molÿ1, respectively). The DGmic of C15DMP
(ÿ42.9 kJ molÿ1) is comparable to that of F8C2DMP;
F8C2DMP was indeed considered as a perfluorinated surfac-
tant (the two methylene groups of its spacer being too short to
play any significant role), for which the 1 CF2� 1.5 CH2


[1]


equivalency rule is applicable. Figure 2 shows the variation


Figure 2. Variation of DGmic as a function of the number of CF2 groups.


of DGmic as a function of the number of CF2 groups present in
the hydrophobic tails. One can see that for short hydrocarbon
spacers (m� 1, 2), DGmic decreases linearly (r� 0.997) with
the number of fluorinated carbons. However, it can also be
noted that the FnCmDMPs with longer hydrocarbon spacers,
such as F6C11DMP and F8C5DMP, can be positioned on this
line with a still acceptable r of 0.960. This appears to indicate
that the length of the hydrocarbon spacer has little influence
on DGmic.


In order to quantify this phenomenon, DGmic can be split
into contributions from the various groups that compose the
surfactant, as in Equation (2), for a fluorinated surfactant, and
Equation (3), for a hydrocarbon surfactant, where W repre-
sents the hydrophilic group.[14]


DGmic�DGmicCF3� (nÿ 1)DGmicCF2�m DGmicCH2�DGmicW (2)


DGmic�DGmicCH3� (nÿ 1) DGmicCH2�DGmicW (3)


For the FnCmDMPs, we calculated that DGmicCF2�
ÿ4.2 kJ molÿ1, and DGmicCH2�ÿ1.0 kJ molÿ1. The values
are essentially identical whether s is taken as 40 or as 60 �2.
On the other hand, DGmicCF3�DGmicW depends of course on
the value of s (ÿ11.6 or ÿ9.9 kJ molÿ1 for s� 40 or 60 �2,
respectively). For the CmDMPs, DGmicCH2 was found to be
ÿ2.4 kJ molÿ1. Knowing from published data that


DGmicCH3�ÿ8.8 kJ molÿ1,[20] the free energy for a 40 �2


polar head was calculated to be approximately �0.9 kJ molÿ1.
This enabled us to calculate the energy due to the terminal
fluorinated group, DGmicCF3, to be aboutÿ12.5 kJ molÿ1 for a
40 �2 polar head, assuming that the energetic impact of the
head does not change whether the chain is fluorinated or not.
It is indeed likely that DGmicCF3 does not vary with the size of
the polar head.


Adsorption : The capacity of FnCmDMPs to adsorb at the
surface was found to be much higher than that of CmDMPs.
One can compare, for example, the DGads of F4C2DMP and
F6C2DMP (ÿ43.2 kJ molÿ1 and ÿ50.9 kJ molÿ1, respectively)
with that of C10DMP (ÿ40.7 kJ molÿ1) (Table 1). Figure 3
illustrates the variation of DGads as a function of the number of


Figure 3. Variation of DGads as a function of the number of CF2 groups.


CF2 groups. It can be seen in particular that FnCmDMPs with
short hydrocarbon spacers (m� 1, 2) fit correctly on a straight
line. Again the DGads values for F6C11DMP and F8C5DMP
are quite close to this line.


As for micellization, the adsorption energy of the amphi-
phile can be considered as the sum of contributions of the
groups which constitute the molecule: DGads�DGadsCF3�
(nÿ 1) DGadsCF2�m DGadsCH2�DGadsW. Calculations per-
formed considering s� 40 or 60 �2 lead to values of
DGadsCF2�ÿ4.1 kJ molÿ1 and DGadsCH2�ÿ1.0 kJ molÿ1 in
both cases. The energy due to the hydrophilic group was lower
(by ÿ6.9 kJ molÿ1) for F4C2DMP, F6C2DMP, and F7C1DMP
than for F8C2DMP, F8C5DMP, and F9C1DMP. The larger the
head surface area, the higher the adsorption.


Discussion


The above series of partially fluorinated, partially hydro-
genated amphiphiles allowed us to establish that the CH2


groups of a hydrocarbon spacer located between the dimor-
pholinophosphate polar head group and the terminal, highly
hydrophobic fluorinated chain do not, by far, have the same
impact on micellization and adsorption than when the hydro-
phobic chain is totally hydrogenated. Table 2 contains the
values of adsorption and micellization free energies found for
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the dimorpholinophosphate derivatives, along with those
published in the literature for either totally fluorinated or
totally hydrogenated surfactants.


The contribution of the CH2 groups to the micellar free
energy was found to be only ÿ1.0� 0.4 kJ molÿ1 when they
are present as a spacer in a fluorinated surfactant, while it is
known to be in the ÿ2.9 to ÿ3.05 kJ molÿ1 range when it is
part of the hydrophobic chain of a nonfluorinated surfac-
tant.[9, 20] In the case of the hydrogenated dimorpholinophos-
phates, DGmicCH2 was measured to be ÿ2.4 kJ molÿ1. These
values suggest that 4 CH2 groups within the spacer are
equivalent to only 1 CF2, which is dramatically different from
the standard accepted 1.5 CH2 for 1 CF2 ratio, which was
determined when comparing perfluoroalkylated surfactants
to hydrogenated ones. The energetic contribution to micelli-
zation of a CH2 group inside a partially fluorinated amphi-
phile can thus be aproximately three times lower than when it
is part of a totally hydrogenated hydrophobic chain.


Where adsorption of the surfactant is concerned, the value
found for DGadsCH2 is ÿ1.0� 0.6 kJ molÿ1 for CH2 groups
taken within the FnCmDMP series, compared to DGadsCH2�
ÿ2.5 kJ molÿ1 for CH2s belonging to totally hydrogenated
analogues. These values show the same trends as those
determined for the micellization process: DGadsCF2 is in
agreement with the literature values (fromÿ3.3 kJ molÿ1 [10] to
ÿ5.1 kJ molÿ1 [8]), and DGadsCH2 is always much lower than
the value measured or reported for the hydrogenated
surfactant (ÿ2.4, ÿ2.6, and ÿ2.9 kJ molÿ1[8±10]). Here again,
these values suggest that the impact of four CH2 groups
located in the spacer are equivalent to only one CF2.


Conclusion


The main results from this study can be summarized as
follows: 1) the DGmicCF2 and DGadsCF2 values found for the
FnCmDMPs are comparable to those reported for totally
fluorinated surfactants;[8±11] 2) on the other hand, the
DGmicCH2 and DGadsCH2 values are substantially lower than
those reported for hydrocarbon amphiphiles; 3) the DGmicCH2


and DGadsCH2 values calculated for the CmDMPs are in good
agreement with standard values reported for hydrocarbon
amphiphiles. Taken together, these results show that, when
located between a fluorinated chain and the polar head, a
hydrocarbon chain does not fully participate in the micelliza-
tion and adsorption processes of the surfactant, and behaves
as if it were shorter by a factor of 3. This means that the length
of the fluorinated chain actually controls the micellization and
adsorption of the surfactant, the spacer making only a minor


contribution to these processes. It is likely that
the hydrocarbon spacer adopts a folded confor-
mation in order to better occupy the void volume
that results from the difference in cross-section
between fluorocarbon and hydrocarbon chain
(ca. 30 vs. 20 �2, respectively). Our results
indicate that due caution must be exercised when
applying the 1 CF2� 1.5 CH2 rule.


Experimental Section


Materials : The (F-alkyl)alkyldimorpholinophosphates investigated here
and their hydrogenated analogues were synthesized and purified as
reported previously.[21, 22]


Methods : The surface tensions (gs) of aqueous solutions of the FnCmDMPs
were measured with an automatic Lauda tensiometer (Lecomte du Noüy
method; platinum ring). Deionized water (gs� 72 mN mÿ1) came from an
Elgastat purification system. The solutions were equilibrated for 24 h in an
incubator at 25 8C. They were then placed in a double-walled thermostated
vessel (� 0.1 8C). The Harkins ± Jordan correction was applied.[23] Exper-
imental errors were in the 0.2 mN mÿ1 range. All measurements were made
at 25 8C, except those for F10C2DMP, for which a temperature of 60 8C was
required in order to be above the Krafft point. The errors in the
determination of the energies of micellization and adsorption were
determined from the estimated errors in the cmc measurements.


Equilibration of aqueous solutions of FnCmDMPs : Surface tension values
were measured after equilibration of the surface, that is, when the gs values
remained constant with time. This requires careful monitoring, since it
takes significantly longer for fluorinated surfactants to equilibrate than for
their hydrogenated analogues. The variation of gs vs. time for aqueous
solutions of F8C5DMP shows, for example, that two to four hours are
needed, depending on concentration, to reach equilibrium. In addition,
before each measurement the surface of the solution was carefully pulled
out with the ring, then allowed to relax without breaking the film. This
operation was repeated three to five times to allow faster diffusion of the
surfactant on the meniscus. The need for such precautions was reported for
other hydrophobic surfactants and attributed to the slower formation of the
monolayer.[19] In the case of F8C11DMP, it was not possible to obtain
reproducible values of gs at concentrations below 5� 10ÿ6 mol Lÿ1. As a
consequence, the cmc of this surfactant could not be determined
experimentally and was calculated (see below).


Determination of cmcs by means of an empirical equation : We have found
that the DGmic of the amphiphiles investigated decreases as the number of
fluorinated carbons increases. Such an effect has been reported for other
homologous series of perfluoroalkylated or hydrogenated surfactants by
monitoring the variation of DGmic with the number of CF2 or CH2 groups.[10]


The relation between the cmc and the number of carbon atoms of the
hydrophobic chain can be deduced by combining Equations (1) and (2)[14]


to give Equation (4), where A� log 55.5� (DGmicW�DGmicCF3)/2.3RT,
B�ÿDGmicCF2/2.3RT, and C�ÿDGmicCH2/2.3RT.


log cmc�Aÿ (nÿ 1)BÿmC (4)


At 25 8C, the calculation gives: log cmc�ÿ0.20ÿ 0.73(nÿ 1)ÿ 0.16m, if
(n�m)� 8, and log cmc� 0.09ÿ 0.73(nÿ 1)ÿ 0.16m, if (n�m)� 7. This
equation allowed the calculation of the cmc of F8C11DMP (8.5�
10ÿ7 mol Lÿ1) which cannot be determined experimentally.
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Cyanocarbene, Isocyanocarbene, and Azacyclopropenylidene:
A Matrix-Spectroscopic Study**


Günther Maier,* Hans Peter Reisenauer, and Katja Rademacher


Abstract: Matrix-isolated cyanoketene
(5) was obtained by flash vacuum py-
rolysis of the precursor 3 and by the
photoinduced addition of carbon mon-
oxide to cyanocarbene (6), which was
generated by irradiation of diazoaceto-
nitrile (7). The reaction 6!5 could be
reversed by exciting 5 with UV light
(l< 200 nm). Matrix-isolated 6 was
isomerized to isocyanocarbene (8) and


azacyclopropenylidene (9) by irradia-
tion with light of selected wavelengths.
The photochemical interconversions of
the three C2HN isomers were complete-
ly reversible. The UV/Vis and IR spectra
of 8 and 9 are reported for the first time.


The identification of both carbenes is
based on the good agreement between
the experimental and theoretical IR
spectra, which were obtained by density
functional calculations (B3LYP/6-311�
�G**). From the IR spectra it can be
concluded that 8 has a singlet ground
state and a strongly bent structure.Keywords: carbenes ´ matrix isola-


tion ´ photochemistry ´ pyrolysis


Introduction


During our investigations of heterocumulenes,[1] we sought a
precursor molecule of matrix-isolated iminopropadienone
(4). In 1992 Wentrup et al.[2] showed by means of neutraliza-
tion ± reionization mass spectroscopy that 4 has a finite
lifetime in the gas phase. However, attemps to identify 4 by
matrix isolation techniques failed.[3] Since the thermolysis or
photolysis of the p-quinone derivative 1 leads to C3OS (2 ;
Scheme 1),[4] it seemed conceivable that the structurally
related 4,8-dihydrobenzobistriazole-4,8-dione (3) would show
the same fragmentation to yield iminopropadienone (4).


We failed to isolate the target molecule 4, but obtained
cyanoketene (5) instead. The photochemistry of 5 opened a
route to the C2HN isomers. The history of these highly
reactive carbenes began in 1964 with the first spectroscopic
detection of cyanocarbene (6) by Bernheim et al. by means of
matrix-isolation ESR spectroscopy.[5a] From the early
ESR,[5a±c, 6] matrix IR,[7] and microwave[8] studies, a triplet
ground state and a linear or nearly linear structure were
derived, in contrast to the results of many theoretical
calculations that predicted a bent structure.[9a±c] Since then
additional results from microwave[10a±c] and gas-phase IR[11]


studies, and ab initio calculations[12] have led to the quasili-
nearity of cyanocarbene being generally accepted. The other
conceivable C2HN isomers have attracted less attention. Aoki
et al.[13] and Schwarz et al.[14] calculated geometries and


Scheme 1. Precursor molecules for 2 and 4.


energies of various cyanocarbene isomers in their lowest
singlet and triplet states by high level ab initio and density
functional methods. To our knowledge, the only experimental
investigation is the neutralization ± reionization mass spectro-
metric study by Schwarz et al.[14] On the basis of the
fragmentation pattern of C2HN ions, they claimed to have
proved the existence of isocyanocarbene (8) and iminoviny-
lidene carbene.


Results and Discussion


Matrix photolysis and flash vacuum thermolysis of precursor
3 : 4,8-Dihydrobenzobistriazole-4,8-dione (3)[15] was obtained
as one of the products of the diazotization of hexaaminoben-
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Institut für Organische Chemie der Universität Giessen
Heinrich-Buff-Ring 58, D-35392 Giessen (Germany)
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[**] Heterocumulenes, Part 11. For Part 10, see ref. [1].
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zene. Matrix-isolated samples were prepared by sublimation
of the compound at 280 8C and deposition on a CsI window at
12 K together with a large excess of argon. On irradiation with
a low-pressure mercury lamp (254 nm), 3 proved to be rather
photostable. Only a small decrease of its IR bands was
observed. Some new, very broad, small bands that appeared
between 2300 and 2000 cmÿ1 were not sufficient for any
reliable assignment.


The flash vacuum pyrolysis of 3 was more successful. The
compound was pyrolyzed at 460 ± 740 8C in a quartz tube (8�
50 mm, p< 10ÿ4 mbar), which was directly connected to the
vacuum shroud of a cryostat, and the products were trapped at
12 K on a spectroscopic window together with a large excess
of argon. The resulting matrix was probed by FTIR spectros-
copy. At the optimized thermolysis temperature of 680 8C,
cyanoketene (5) was formed in a very clean reaction
(Scheme 2). The identification of 5 is mainly based on the


Scheme 2. Thermolysis of 3.


very strong band for the asymmetric CCO stretching vibration
at 2162.8 cmÿ1 and a much weaker band for the CN stretching
at 2240.2 cmÿ1. These two characteristic bands were also report-
ed by Wentrup et al., who obtained 5 independently from two
other precursors.[3] By comparison of our IR data with those
calculated by the density functional method B3LYP/6-311�
�G**,[16] we were able to assign four additional IR bands to 5
(Figure 1, Table 1; see below). These are the overtone of the
ketene band at 4306.3 cmÿ1, the CH stretching vibration at
3076.7 cmÿ1, the HCC in-plane bending vibration at
1364.4 cmÿ1, and the out-of-plane bending vibration of the
hydrogen atom at 552.8 cmÿ1. However, no indications were


Figure 1. IR spectrum of cyanoketene (5) in an argon matrix. The
spectrum was recorded after photolysis of matrix-isolated diazoacetonitrile
(7) in the presence of CO (0.4 %) for 2 h at l� 254 nm.


found for formation of iminopropadienone (4). According to
B3LYP/6-311��G** calculations, 4 should exhibit a strong
IR band at around 2250 cmÿ1 (calculated position: 2376 cmÿ1,
calculated intensity: 3209 km molÿ1). According to this calcu-
lation, 4 is only 8 kcal molÿ1 higher in engergy than 5, but a
reaction pathway leading to the thermodynamically most
stable C3HNO isomer, namely, cyanoketene (5), is preferred
in the thermal fragmentation of 3.


Matrix photolysis of cyanoketene : Since there are numerous
examples for photochemically induced rearrangements of
matrix-isolated molecules to isomers that are higher in energy,
the question arose whether 4 might be obtained from 5 by
photochemical excitation. This was not the case. Matrix-
isolated 5 was stable towards irradiation with the 254 nm line
of a low-pressure mercury lamp. When the 185 nm line of the
mercury lamp or the 193 nm radiation of an Ar/F excimer
laser was used for photolysis, the IR bands of 5 disappeared
and those of carbon monoxide and cyanocarbene (6) grew.
The carbene 6 was identified by its IR bands at 3229, 1735,
1179 and 458 cmÿ1.[7] Besides these bands, an additional,
rather prominent band appeared at 2090 cmÿ1. Since no other
band showed an identical change in intensity, this absorption
must be the most intense band of an as-yet unkown photo-


Table 1. Cyanoketene (5). Experimentally observed IR-bands (cmÿ1; Ar matrix, 12 K; relative intensity in parentheses) and calculated harmonic vibrational
transitions (BLYP/6-311��G**).


5 5 5 [13C]5 [13C]5 [D]5 [D]5 approx. sym
exptl[a] exptl[b] calcd exptl[c] calcd exptl[d] calcd description


4306.3 ± ± ± ± ± ± overtone a' 2 n1


3076.7(2) 3074.2 3178(3) 3073.6 3178 2273.7 2354 CH str. a' n1


2240.2(3) 2240.3 2334(3) 2237.5 2331 2235.3 2323 CN str. a' n2


2162.8(100) 2164.0 2244(100)[e] 2108.5 2185 2155.8 2240 CCO str. a' n3


1364.4(1) 1364.0 1403(1) 1362.5 1403 1325.5 1364 CH bend a' n4


± ± 1140(<1) ± 1138 ± 965 CH bend a' n5


± ± 978(<1) ± 975 ± 863 CCC str. a' n6


± ± 661(<1) ± 649 ± 659 CCC bend a' n7


552.8(9) 553.1 603(6) 552.3 600 539.3 575 CH bend a'' n10


± ± 524(<1) ± 512 ± 511 CCO bend a'' n11


± ± 424(<1) ± 420 ± 411 NCC bend a' n8


± ± 404(<1) ± 404 ± 339 NCC bend a'' n12


± ± 147(<1) ± 147 ± 146 CCC bend a' n9


[a] Pyrolysis of 3. [b] Photoaddition of CO to 6. [c] Photoaddition of 13CO to 6. [d] Photoaddition of CO to [D]6. [e] Absolute intensity 883 km molÿ1.
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product of 5. If, after some time of exposure to radiation of
wavelength 193 nm, the excitation wavelength was changed to
254 nm, the bands of 6 vanished completely and those of
cyanoketene 5 reappeared. This indicates that the back
reaction, that is, the addition of CO to 6, is initiated by light
of this wavelength. During irradiation at 254 nm, the unkown
band at 2090 cmÿ1 also gained in intensity, and an additional
absorption, which was later on identified as the strongest band
of isocyanocarbene (8 ; see below), appeared at 1860 cmÿ1


Matrix photolysis of diazoacetonitrile : These observations led
us to an independent approach to the generation of matrix-
isolated 5. We irradiated diazoacetonitrile (7),[17] isolated
together with various amounts of carbon monoxide, in an
argon matrix at 254 and 405 nm, and obtained 6 along with
ketene 5 in yields that depended on the concentration of CO
(Figure 1). By using 13CO or deuterodiazoacetonitrile we
were able to introduce a 13C label in the carbonyl position of 5
or a deuterium atom. The recorded shifts of the IR bands were
in good agreement with the calculated values (Table 1). With
regard to the nature of the species with a band at 2090 cmÿ1


that was observed upon irradiation of 5 (formed from 6 and
CO), the isotopic shifts did not provide a final answer. No
band shift was observed with deuterodiazoacetonitrile. This
observation rules out isocyanoketene as the unknown species,
our most favored guess, because the expected isotopic shift
should be small (a few wavenumbers, as is the case for 5) but
observable. The failure to identify the new compound was one
of the reasons for carrying out an independent study of the
photochemistry of pure matrix-isolated 6.


Cyanocarbene (6): Cycanocarbene (6) and deuterocyanocar-
bene ([D]6), isolated in solid argon and nitrogen at 12 K, were
obtained from 7 and [D]7 according to the procedure of
Dendramis and Leroi.[7] The precursor 7 was evaporated at
ÿ40 8C and deposited with a large excess of the matrix gas on
a CsI or BaF2 window at 12 K. Spectra were recorded in the
range of 190 ± 1100 nm and 4000 ± 220 cmÿ1. By irradiation
with the light from a high-pressure mercury lamp in combi-
nation with a monochromator (405 nm) or a cutoff filter (l>


310 nm), nitrogen was split off to give triplet 6 (Scheme 3).


Scheme 3. Formation of 6 and its irradiation products.


The UV/Vis spectrum of 6 (Figure 2a) was practically
identical with that of Dendramis and Leroi.[7] It shows a
complicated pattern of bands between 340 and 240 nm, in
which at least two different band systems appear to overlap


Figure 2. UV/Vis spectra of a) cyanocarbene (6), b) isocyanocarbene (8),
and c) azacyclopropenylidene (9) in an argon matrix. The spectra were
recorded after a) 1 h irradiation of matrix-isolated diazoacetonitrile (7) at
l> 310 nm, b) after an additional 0.5 h of irradiation at l� 254 nm, and
c) after an additional 4 h of irradiation at l> 700 nm.


(340 ± 300 nm, vibrational progression: ca. 550 cmÿ1, and 295 ±
240 nm, vibrational progression: ca. 1100 cmÿ1).


To understand the matrix IR spectrum of cyanocarbene
(Figure 3), which is consistent with triplet 6 (Table 2) but not
with singlet 6 (Table 3), the microwave and gas phase IR
data must be taken into account.[10c, 11] These experiments


Figure 3. Comparison of the experimental (Ar, N2, 12 K) and calculated
(B3LYP/6-311��G**, harmonic approximation) IR spectra of cyanocar-
bene (6). Top: Calculated spectrum of singlet 6. Middle: Calculated
spectrum of triplet 6. Bottom: Difference spectrum of the photoreaction
9!6 (l> 345 nm, 1 h).
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provide strong evidence that 6 must be regarded as quasi-
linear. This phenomenon is also found for structurally related
molecules such as fulminic acid (HCNO). The term quasi-
linear[18] means that the pattern of the energy levels of such a
molecule resembles neither those of a linear nor those of a
bent limiting case. The harmonic approximation that is used in
the standard ab initio calculations of vibrational spectra and in
the normal coordinate analysis perfomed by Dendramis and
Leroi[7] is not appropriate for the bending motions, but may
still be valid for the stretching vibrations. These consider-
ations provide an explanation for the fact that good agree-
ment between the calculated and experimental IR bands
(Figure 3, Table 2) is found for the three stretching vibrations,
but not for the bending vibrations. We believe that the bands
observed in the low-wavenumber region are propably not
fundamental vibrations, but arise from transitions to vibra-
tional energy levels (580 cmÿ1: 3n5 , l� 1; 459 cmÿ1: 2n5 , l� 0;
see Table 4) that originate from the quasilinearity of 6. They


correlate fairly well with the energy levels deduced from the
rotational spectra measured by McCarthy et al.[10c]


Our arguments for this assumption are as follows: First, we
did not find the very weak band at 369.5 cmÿ1 reported by
Dendramis and Leroi (denoted an uncertain band), which
they assigned to the CCN bending vibration. Instead we
registered a weak band at 580.0 cmÿ1, which must be assigned
to 6 because it showed the same variations in intensity during
the photolyses as the other bands of 6. Its counterpart in the
spectrum of [D]6 is at 404.9 cmÿ1 (Table 5), in accordance with
earlier experiments.[7] This large band shift definitely rules out
an assignment to the CCN deformation vibration, for which
the expected H/D shift should be not more than a few
wavenumbers. The frequency ratio nÄD/nÄH (404.9/580.0� 0.698)
is very low and approximately equal to that of the second
band in the low-wavenumber region, at 459.0 (6) and
317.7 cmÿ1 ([D]6), (317.7/459.0� 0.692; Tables 2, 4, and 5).
Therefore, a large contribution from the motion of a hydrogen
atom must be involved in both transitions, as would be the
case for the HCC bending vibration (denoted as n5 for the
linear and quasilinear cases) and its overtones. Second,
another interesting observation on changing the matrix
material from argon to nitrogen must also be considered.
While the bands of the three stretching vibrations n1 ± n3 are
shifted by only about 10 cmÿ1, which is a quite usual value for
a change of the matrix material from argon to nitrogen, both
bands in the low-wavenumber region (6 : 580, 459 cmÿ1; [D]6 :
405, 318 cmÿ1) could no longer be detected in a nitrogen
matrix (Figure 3). This behavior is untypical for an ordinary
fundamental vibration of a normal molecule. Small molecules
such as HCl, H2O, and CH4 may freely rotate in solid argon


Table 3. Cyanocarbene (6), lowest singlet state. Calculated harmonic
vibrational transitions (cmÿ1; B3LYP/6-311��G**, relative intensity in
parentheses).


calcd approx. description sym


3074(15) CH str. a' n1


2097(33) CN str. a' n2


1087(74) CC str. a' n3


930(100)[a] HCC bend a' n4


433(49) CCN bend a' n5


317(15) CCN bend a'' n6


[a] Absolute intensity 50 km molÿ1


Table 4. Energies (in cmÿ1; uncertainties in parentheses) of the low-lying vibrationally excited states of 6 and [D]6.


vibr. gas phase MW[a] gas phase IR[b] Ar matrix[c] tentative[c]


state[a] H D D/H H H D D/H assignment


n5 ,l� 1 145(� 15) 90(� 15) 0.62(� 0.17) 187(� 20) ± ±
2n5 ,l� 2 340(� 15) 215(� 15) 0.63(� 0.07) ± ±
n4 365(� 15) 367(� 15) 1.00(� 0.08) 383(� 20) ± ±
l� 0 435(� 20) 311(� 15) 0.71(� 0.07) 459.0 317.7 0.692 2n5 ,l� 0
l� 0 525(� 20) ± ±
l� 0 540(� 20) ± ±
3n5 ,l� 3 625(� 20) 400(� 20) 0.64(� 0.05) ± ±


580.0 404.9 0.698 3n5 ,l� 1


[a] Ref. [10c]. [b] Ref. [11]. [c] This work.


Table 5. Deuterocyanocarbene ([D]6), triplet ground state. Experimen-
tally observed IR bands (cmÿ1; Ar and N2 matrix, 12 K; peak areas relative
to the strongest band in parentheses) and calculated vibrational transitions
(B3LYP/6-311��G**,harmonic apporximation).


exptl (Ar) exptl N2 calcd approx. description sym


2424.0(66) 2432.3 2534(74) DC str. a' n1


1729.0(100) 1739.5 1750(100)[a] CCN asym str. a' n2


1149.2(14) 1148.5 1208(23) CCN sym str. a' n3


1127.7(9) ± ± ± ±
± ± 446(20) CCN ip bend a' n4


± ± 436(11) CCN oop bend a'' n6


± ± 215(88) DCC bend a' n5


404.9(13) ± ±
317.7(38) ± ±


[a] Absolute intensity 27 km molÿ1


Table 2. Cyanocarbene (6), triplet ground state. Experimentally observed
IR bands (cmÿ1; Ar and N2 matrix, 12 K; peak areas relative to the
strongest band in parentheses) and calculated harmonic vibrational
transitions (B3LYP/6-311��G**).


exptl (Ar) exptl (N2) calcd approx. description sym


3229.4(100) 3213.3 3399(100)[a] HC str. a' n1


1763.0(11) ± ± ±
1734.9(59) 1750.3 1760(53) CCN asym str. a' n2


1178.6(16) 1189.2 1251(10) CCN sym str. a' n3


± ± 448(6) CCN ip bend a' n4


± ± 446(1) CCN oop bend a'' n6


± ± 283(96) HCC bend a' n5


580.0(6) ±
459.0(33) ±


[a] Absolute intensity 53 km molÿ1







C2HN Isomers 1957 ± 1963


Chem. Eur. J. 1998, 4, No. 10 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0410-1961 $ 17.50+.25/0 1961


but not in nitrogen; therefore, rotational fine structure of the
IR bands is observable in an argon, but not in a nitrogen
matrix.


Isocyanocarbene (8): When irradiation of the matrix with the
254 nm emission of a low-pressure mercury lamp was
continued, which possibly promotes 6 from the triplet ground
state to an electronically excited triplet state that corresponds
to the UVabsorption at this wavelength (Figure 2a), the bands
of 6 gradually decreased and were finally replaced by new
bands in the UV, near-IR, and mid-IR regions. Comparison of
these IR bands with those calculated for singlet and triplet
isocyanocarbene (8) (Figure 4, Table 6) left little doubt that a


Figure 4. Comparison of the experimental (Ar, 12 K) and calculated
(B3LYP/6-311��G**, harmonic approximation) IR spectra of isocyano-
carbene (8). Top: calculated spectrum of triplet 8. Middle: calculated
spectrum of singlet 8. Bottom: difference spectrum of the photoreaction
6!8 (l� 254 nm, 0.5 h).


simple nitrile/isonitrile rearrangement took place. This is
confirmed by the IR spectrum of the deuterated isotopomer
[D]8 (Table 7). Furthermore, the fact that good agreement
between theory and experiment is found for the singlet but
not for the triplet state (Table 8) shows that 8 has a singlet
ground state. This result is important because the singlet/


triplet gap of 8 calculated by ab initio and density functional
methods is very small. According to a SDCI�Q/D95**
calculation the singlet state is more stable by 0.4 kcal molÿ1,[13]


while other methods slightly favor the triplet state (e.g.,
B3LYP/6-311�G**[14] by 3.0 kcal molÿ1).


The IR spectrum of 8 (Figure 4) is dominated by the very
strong CN stretching band of the isocyano group at 1860 cmÿ1.
This rather low wavenumber (cf. methyl isocyanide:
2160 cmÿ1) indicates weakening of the C�N bond by con-
jugation with the empty p orbital of the carbene C atom. The
CH stretching vibration occurs at 2834 cmÿ1, which is also
unusually low. For example, the corresponding band of triplet
6 lies about 400 cmÿ1, and that of methane about 200 cmÿ1


higher. The second intense IR band (1173 cmÿ1) can be
described as the CN single-bond vibration. The HCN-bending
vibration leads to a very weak band at 1080 cmÿ1, which is
shifted to 904 cmÿ1 upon deuteration. The remaining two
fundamental vibrations, both CNC bending motions, are
calculated to absorb below 400 cmÿ1 as very weak bands. For
both reasons we have not yet been able to observe them. Two
main conclusions may be drawn from the experimental IR


Table 7. Deuteroisocyanocarbene [D]8 singlet ground state. Experimen-
tally observed IR bands (cmÿ1; Ar and N2 matrix, 12 K; peak areas relative
to the strongest band in parentheses) and calculated harmonic vibrational
transitions (B3LYP/6-311��G**).


exptl (Ar) exptl (N2) calcd approx.
description


sym


3681.4(4) 3711.0 ± ± a' 2n2


2933.6(2) 2957.7 ± ± a' n2� n3


2157.5(2) ± ± ± a' 2n3


2110.9(12) 2124.8 2172 (31) CÿD str. a' n1


1980.3(3) 1955.1 ± ± a' n3� n4


1856.4(100) 1871.2 1928 (100)[a] C�N str. a' n2


1827.0(1.5) 1841.6 1896 13C�N str.
1082.9(6) 1091.6 1126(1) C-N str. a' n3


904.5(20) 911.2 916(31) DCN bend a' n4


± ± 375(9) CNC bend a' n5


± ± 268(6) CNC bend a'' n6


[a] Absolute intensity 93 km molÿ1


Table 8. Isocyanocarbene (8), lowest triplet state. Calculated harmonic
vibrational transitions (cmÿ1; B3LYP/6-311��G**, relative intensities in
parentheses).


calcd approx. description sym


3236(23) CH str. a' n1


1775(4) NC str. a' n2


1240(9) CN str. a' n3


873(100)[a] HCN bend a' n4


403(<1) CNC bend a'' n6


353(4) CNC bend a' n5


[a] Absolute intensity 66 km molÿ1


Table 6. Isocyanocarbene(8), singlet ground state. Experimentally ob-
served IR-bands (cmÿ1; Ar and N2 matrix, 12 K; peak areas relative to the
strongest band in parentheses) and calculated harmonic vibrational
transitions (B3LYP/6-311��G**).


exptl (Ar) exptl (N2) calcd approx.
description


sym


3687.7(2) 3717.0 ± ± a' 2n2


3018.8(1) 3043.8 ± ± a' n2� n3


2933.4(2) 2958.7 ± ± a' n2� n4


2834.5(20) 2852.8 2956(34) CÿH str. a' n1


2240.6(4) 2261.7 ± ± a' n3� n4


1859.5(100) 1874.2 1935(100)[a] C�N str. a' n2


1829.4(1) 1844.0 1904 13C�N str.
1173.5(39) 1182.9 1201(46) CÿN str. a' n3


1080.5(1) 1090.9 1118(8) HCN bend a' n4


± ± 394(7) CNC bend a' n5


± ± 274(1) CNC bend a'' n6


[a] Absolute intensity 112 km molÿ1
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data in comparison with the calculations: First, isocyanocar-
bene (8) has a singlet ground state. Second, 8 is a well-behaved
strongly bent molecule. Both findings are in contrast to
those found for 6, which has a triplet ground state and is
quasilinear.


A similar contrast for compounds 6 and 8 is also found in
their electronic spectra. Compound 6 exhibts only absorptions
in the UV range between 340 and 240 nm (Figure 2a), while 8
shows a very weak absorption in the near infrared (1100 ±
600 nm, lmax� 855 nm) with a distinct vibrational fine struc-
ture (vibrational progression ca. 520 cmÿ1, not visible in a
nitrogen matrix), together with a second, much stronger band
system between 311 and 270 nm, which shows two vibrational
series (ca. 1950 and ca. 400 cmÿ1), and a third absorption band
between 240 and 200 nm (lmax� 218 nm; Figure 2b).


Azacyclopropenylidene (9): A third C2HN isomer, namely,
azacyclopropenylidene (9), was obtained upon irradiation of 8
with light correponding either to the UV band around 300 nm
(313 nm, high-pressure mercury lamp/monochromator) or to
the near IR absorption band (l> 700 nm, high-pressure
mercury lamp/cutoff filter). The latter wavelength range gave
the cleanest result, in that the band of 8 completely vanished
and no back reaction to 6 took place. When 313 nm light was
used, a mixture of all three isomers 6, 8, and 9 was obtained.


The identity of 9 follows from its IR spectrum. All six
fundamental bands of the parent and the deuterated iso-
topomers are observed and compare very well to the
theoretical data obtained from a B3LYP/6-311��G** cal-
culation on the singlet species (Figure 5, Tables 9 and 10). The


Figure 5. Comparison of the experimental (Ar, N2, 12 K) and calculated
(B3LYP/6-311��G**, harmonic approximation) IR spectrum of azacy-
clopropenylidene (9). Top: Calculated spectrum of singlet 9. Bottom:
Difference spectrum of the photoreaction 8!9 (l> 700 nm, 4 h).


detection of the UV/Vis bands of 9 was more difficult, because
they are much weaker than those of 6 and 8 and partially
overlap with them. With the help of difference spectra at
various stages of photolyses with high and low concentrations


of 9, it can be shown that 9 has a broad structureless
absorption between 300 and 240 nm (lmax� 264 nm; Fig-
ure 2c). Another, even weaker band should be present
between ca. 350 and 450 nm. We were not able to detect this
band directly, but its existence follows indirectly from the
observation that irradiation of 9 with light of this wavelength
range leads to a quick and clean rearrangement to 6, thus
closing the circle of the photochemical interconversions of the
three C2HN isomers.


Flash vacuum thermolysis of diazoacetonitrile (7): Diazoace-
tonitrile (7) was evaporated from a trap at ÿ40 8C and passed
through a quartz tube (i.d. 10 mm, length of heated zone
50 mm) at 700 8C. The reaction products were matrix isolated
with a large excess of argon at 12 K immediately after leaving
the hot zone. During the pyrolysis the quartz tube became
blackened with graphite. The IR spectrum of the pyrolysate
showed only small bands of 7 and very strong absorptions of
hydrogen cyanide, but no signals of 6. Probably 6 is formed in
the first step by elimination of N2 from 7 and subsequently
decomposes on the hot surface of the quartz tube to give HCN
and graphite (Scheme 4).


Scheme 4. Thermolysis of 7.


Table 9. Azacyclopropenylidene (9). Experimentally observed IR bands
(cmÿ1; Ar and N2 matrix, 12 K; peak areas relative to the strongest band in
parentheses) and calculated harmonic vibrational transitions (B3LYP/6-
311��G**).


exptl (Ar) exptl (N2) calcd approx. description sym


3140.2(22)[a] 3154.4 3238(17) CÿH str. a' n1


3118.2(9)[a] 3126.1 ± ± a' 2n2


1655.7(5) 1683.1 ± ± a' 2n5


1571.0(11) 1573.3 1640(13) C�N str. a' n2


1290.5(61) 1289.6 1321(100)[b] CÿC str.�HCC bend a' n3


1009.2(42) 1018.2 1034(57) CÿN str.�HCC bend a' n4


895.7(8) 903.2 918(68) HÿCC oop bend a'' n6


828.6(100) 843.1 835(80) HCN bend�CÿN str. a' n5


[a] Perturbation by Fermi-resonance. [b] Absolute intensity 33 km molÿ1


Table 10. Deuteroazacyclopropenylidene ([D]9). Experimentally ob-
served IR bands (cmÿ1; Ar and N2 matrix, 12 K; peak areas relative to
the strongest band in parentheses) and calculated harmonic vibrational
transitions (B3LYP/6-311��G**).


exptl (Ar) exptl (N2) calcd approx. description sym


2365.8(15) 2376.3 2426(14) CÿD str. a' n1


1532.1(13) 1533.3 1591(10) C�N str. a' n2


1331.9(4) ± ± ± a' 2n5


1290.3(6) ± ± ± ± ±
1268.5(100) 1268.9 1297(100)[a] CÿC str.�DCC bend a' n3


957.9(65) 964.5 981(46) CÿN str.�CÿC str. a' n4


829.3(8)[b] 843.1[b] 728(<1) DCC oop bend a'' n6


668.2(73) 677.5 670(39) DCN ip bend a' n5


[a] Absolute intensity 32 km molÿ1. [b] Assignement uncertain.
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Conclusions


Cyanocarbene (6) and isocyanocarbene (8) are peculiar
isomers in that they differ in their multiplicity and therefore
in their chemical behavior. Compound 6 has a triplet ground
state and is a quasilinear molecule. It reacts with carbon
monoxide under irradiation to form cyanoketene (5). In
contrast, 8 is a singlet molecule with a rigid structure and is
inert towards carbon monoxide. These differences are re-
flected in the diverging geometries and spectroscopic (IR,
UV) properties of 6 and 8. It is even possible to use the IR
spectra to determine the multiplicity of these species. The
third C2HN isomer, azacyclopropylidene (9), is not the
transition state in the nitrile/isonitrile rearrangement 6!8,
but a real energy minimum.


Experimental Section


Matrix isolation spectroscopy : Cryostat: displex closed cycle refrigerator
system CSW 202, Air Products, with CsI (IR spectra) or BaF2 windows
(UV/Vis and IR spectra). Spectrometers: diode array spectrometer:
Hewlett-Packard HP8453 (190 ± 1100 nm, 1 diode nmÿ1); FTIR spectrom-
eters: Bruker IFS85 (4000 ± 220 cmÿ1) and IFS55 (7500 ± 400 cmÿ1). Light
sources: superhigh-pressure mercury lamps (Osram HBO 200) with
monochromator (Bausch & Lomb) or cutoff filters; low-pressure mercury
lamps (Gräntzel), excimer laser (Lambda Physik) LPX 105 with ArF
(193 nm).


4,8-Dihydrobenzo[1,2-d:4,5-d'']bis[1,2,3]triazol-4,8-dione (3): Hexaamino-
benzene,[19] freshly synthesized from triaminotrinitrobenzene (4.0 g,
15.5 mmol),[20] was dissolved in degassed water (15 mL) and degassed
acetic acid (6 mL). NaNO3 (3.44 g, 49.8 mmol) in degassed water (5.5 mL)
was added to the dark blue solution at 0 8C in one portion. The reaction
mixture was warmed to 50 8C over 30 min, then cooled to room temper-
ature. The brown precipitate was separated and extracted with 2n
ammonia. The resulting solution was acidified with concentrated HCl to
give a pale brown precipitate. The first fraction (0.5 g) was contaminated
with about 15% benzotristriazole; the second fraction (0.59 g) was pure 3
and was used for the matrix-isolation experiments without further
purification.


Diazoacetonitrile (7) and deuterodiazoacetonitrile ([D]7): Aminoacetoni-
trile hydrochloride (2.3 g, 25 mmol) was dissolved in water, and the
solution was cooled to 0 8C and introduced into a separating funnel
together with CH2Cl2 (3 mL). An equimolar amount of NaNO2, (1.7 g,
25 mmol) in water was added in small portions with shaking. The bright
yellow organic layer was separated, and the aqueous phase extracted a
second time. The combined organic layers were dried over Na2SO4. The
solvent was removed completely in vacuo at ÿ40 8C to give bright yellow 7,
which was crystalline at ÿ40 8C and an oil at room temperature. The
compound was used for matrix-isolation experiments without further
purification. Solutions of diazoacetonitrile in CH2Cl2 are stable for more
than a week; the pure compound is stable for several days at ÿ30 8C. For
deuteration, a solution of 7 in CH2Cl2 was stirred with D2O (made slightly
alkaline by K2CO3) for about a minute and worked up as described above.
Caution : Solvent-free diazoacetonitrile may explode even at low temper-
atures.
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Bromocyanocarbene and Bromoisocyanocarbene: A Combined
Matrix-Spectroscopic and Density Functional Theory Study


Günther Maier,* Axel Bothur, Jürgen Eckwert, and Hans Peter Reisenauer


Abstract: The C2BrN potential-energy
surface was explored by means of den-
sity functional calculations (B3LYP/6-
311��G*). Six open-chain and three
cyclic structures were found as minima.
Photolysis of matrix-isolated (Ar, 12 K)
cyanogen azide N3CN (1) in the pres-
ence of BrCN (4) led, in addition to the
expected nitrenes NCN (2) and CNN
(3), to the bromine-containing singlet


isocyanocarbene BrCNC (11 s). The for-
merly unknown 11 s was identified and
characterized by comparison of the ex-
perimental and calculated IR absorp-
tions. Our findings were substantiated


by isotopic substitution experiments.
Only a tentative assignment could be
made for the questionable singlet bro-
mocyanocarbene BrCCN (6 s). In sim-
ilar matrix-isolation experiments with
cocondensed 1 and ClCN (5), the chlor-
ine analogue singlet chloroisocyanocar-
bene ClCNC (7 s) was also identified by
IR spectroscopy.


Keywords: carbenes ´ density func-
tional calculations ´ matrix isolation
´ photochemistry


Introduction


In the mid-1960s Milligan et al. studied the photochemistry of
matrix-isolated cyanogen azide N3CN (1), a suitable precursor
for the free nitrenes NCN (2) and CNN (3) (Scheme 1).[1, 2]


Due to its explosive nature 1 was only synthesized in situ, by
passing a gaseous mixture of BrCN (4) or ClCN (5) over
NaN3. Photolysis of 1 led to the expected products 2 (l>


280 nm) and 3 (l< 280 nm). An additional group of IR bands


Scheme 1. Reaction scheme for the photolysis of 1.


was observed by Jacox et al.,[1] who used cocondensed
cyanogen halides (nÄ � 984, 1035, 1923, and 2102 cmÿ1 for 4,
and 996, 1025, 1945, 2113, and 2118 cmÿ1 for 5). Whereas in
the original work neither composition nor structures were


proposed for these halogen-containing compounds, Jacox
later attributed[3] these IR bands to BrCCN (6) and ClCCN
(7), respectively, but the electronic nature of these molecules
(i.e., singlet or triplet) remained unknown. As far as we know
no further report on this subject has appeared in the literature.


Earlier we showed that matrix-isolated triplet cyanocar-
bene HCCN (8 t), which is formed by irradiation of diazo-
acetonitrile, isomerizes photochemically to isocyanocarbene
HCNC (9 s) and azacyclopropenylidene (10 s), both of which
are singlet species (Scheme 2).[4] In our studies on the


Scheme 2. Photochemical isomerization of 8.


spectroscopic properties of 3 and possible isomers, we
observed the IR absorptions of BrCCN and ClCCN on
irradiation of 1 in the presence of 4 or 5.[5] Since these species
are simply substituted analogues of 8, we decided to explore
the systems C2BrN and C2ClN with state-of-the-art theoretical
methods to explain the experimental observations made by
Jacox,[3] Milligan et al.,[1, 2] and us.


Results and Discussion


Potential-energy surface (PES) of the system C2BrN : The
structures, energies, and IR spectra of the C2BrN isomers were
calculated with the density functional method B3LYP/6-
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311��G*, since DFT methods are highly reliable even for
molecules containing electron-rich bromine atoms.[6] Nine of
the ten possible isomers were minima on the potential-energy
surface (no imaginary frequencies), namely, three open-chain
structures 6, 11, and 12 and two cyclic structures 13 and 14,
each in singlet (s) and triplet (t) state (Figure 1). Only triplet
azacyclopropyne (14 t) was confirmed as a transition state.
Since the results for the potential-energy surfaces of C2BrN
and C2ClN are very similar, only the former will be discussed
in detail.


Figure 1. Calculated (B3LYP/6-311��G*) structures of C2BrN isomers
with bond lengths [�]. Relative energies [kcal molÿ1] (including zero-point
correction) are given in parentheses.


Relative energies of minima on the C2BrN potential energy
surface are given in Figure 1. Compared to the theoretical
studies (B3LYP/6-311�G**) on C2HN isomers,[7] substitution
by bromine atoms leads to a stabilization of the singlet
relative to the triplet species, and the strongest effect occurs in
the case of an open-chain skeleton. As expected, the global
mininum is triplet bromocyanocarbene BrCCN (6 t) followed
by its singlet counterpart 6 s, which lies only 3.5 kcal molÿ1


higher in energy. The corresponding singlet/triplet gap of
16 kcal molÿ1 in the parent compound HCCN (8) is much
higher.[7] A more dramatic effect upon halogen substitution is
observed for isocyanocarbene. Whereas singlet HCNC (9 s)
lies 3 kcal molÿ1 above 9 t (B3LYP/6-311�G**;[7] in contrast
to the experimental data[4]), the order is reversed in the case
of BrCNC (11 s), which is about 9 kcal molÿ1 energetically
more favorable than 11 t. With the exception of singlet
bromoazacyclopropenylidene (13 s), the remaining isomers
are clearly higher in energy. Therefore, isolation of these
compounds is less conceivable.


The structural features (Figure 1) of the Cs-symmetric
open-chain C2BrN isomers can be summarized as follows:
6 s has a bent carbene-like structure with a CÿC bond that is
much longer than the CÿN Bond. In contrast, 6 t has an allenic
structure with a shortened CÿC bond and a longer CÿN bond.
Analogous observations can be made for the isomers 11 and
12. The triplet species are expected to behave like quasilinear
molecules, as is known for HCCN.[8] Singlet bromoazacyclo-
propenylidene (13 s) is a planar (Cs symmetry) molecule with
very similar single-bond lengths in the ring. The situation
changes for the triplet molecule 13 t, which loses its Cs


symmetry by displacement of the bromine atom out of the
plane of the ring. A very interesting molecule is the highly
strained bromoazacyclopropyne (14 s), which represents a
minimum on the hypersurface. The CÿC bond, formally
written as a triple bond, is extremly long (1.591 �) and should
have diradical character, similar to the recently described
silacyclopropyne.[9]


Matrix-isolation experiments with cocondensed N3CN (1) and
BrCN (4): The experimental results of Milligan et al.[1, 2] were
confirmed, but some new aspects were uncovered. Irradiation
(l� 300 nm) of an argon matrix containing 1 cocondensed
with 4 led to the formation of 2 and 3. The IR absorptions of 2
and 3 were split due to a matrix effect. Upon subsequent
photolysis at 254 nm, the bands of 2 and 3 decreased in
intensity, while the group of IR absorptions, first observed by
Milligan et al.[1, 2] and attributed to BrCCN (6), emerged at
2101.1, 1922.3, 1034.3, and 984.5 cmÿ1. Another IR band at
672.4 cmÿ1 could be related to this group. The intensity of
these IR absorptions was high provided those of unchanged 4
were also strong. This implies that the compound under
discussion is produced by the reaction of a photolysis product
of 2 and/or 3, most probably a carbon atom,[1, 10] with 4 and
maintains the empirical formula C2BrN, in agreement with the
suggestion of Jacox.[3]


On photolysis in argon with an ArF excimer laser (l�
193 nm), three reactions were observed (Scheme 3): 1) 3
was transformed back into 2 ; 2) the isocyanide BrNC was


Scheme 3. Reaction scheme for the photolysis of 1 cocondensed with 4.


identified as a photoproduct of 4 ;[11] 3) the IR bands of 11 sÐ
the identification is discussed belowÐat 1922.3, 1034.3, and
672.4 cmÿ1 decreased in intensity, whereas the remaining
bands, probably of 6 s, at 2101.1 and 984.5 cmÿ1 became more
intense (Figure 2). The origin of the IR band which appeared
at about 1831 cmÿ1 remains unknown.
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Figure 2. Comparison of the matrix IR spectrum (Ar, 12 K; bottom) of
singlet BrCNC (11s) with the calculated (B3LYP/6-311��G*) IR bands
of 11s (middle) and 11t (top). The experimental spectrum is a difference
spectrum of the photolysis of cocondensed N3CN (1) and BrCN (4), in
which negative absorptions are bands that grew, and positive absorptions
are bands that decreased on photolysis at l� 193 nm. Bands of BrN12C
(2067 cmÿ1) and BrN13C (2028 cmÿ1) are indicated by an asterisk.


Bromoisocyanocarbene BrCNC (11 s): The best agreement
between the calculated (B3LYP/6-311��G*) IR spectra of
the C2BrN isomers 6 ± 14 and the observed IR absorptions
whose intensity decreases upon photolysis at 193 nm is found
for singlet bromoisocyanocarbene BrCNC (11 s). This is true
of the band positions and of the relative intensities (Table 1).
The calculated IR absorptions of 11 t, 6 s, 6 t, and of the
remaining isomers do not match the observations sufficiently
(Figure 2; calculated IR absorptions of the C2BrN isomers are
listed in Table 2). Of the six theoretically expected absorp-
tions of 11 s, three are found in the experimental spectrum,
whereas two of the remaining bands, a C-N-C-bending and a
torsional vibration, are expected to lie below the experimental


range of 300 cmÿ1 and have very low intensity. The most
prominent band is the stretching vibration of the isocyano
group at 1922 cmÿ1, whose value is similar to the correspond-
ing vibration of singlet HCNC (9 s ; 1860 cmÿ1 in an argon
matrix[4]) and is rather low for an isonitrile. The CÿN single-
bond vibration is at 1034 cmÿ1 and has one-third of the
intensity of the isocyano-stretching band. In addition a
bending vibration of the CNC skeleton can be detected at
672 cmÿ1. The CÿBr stretching vibration is expected to have
nearly the same position as an absorption of CNN
(391.5 cmÿ1) and therefore could not be unambiguously
identified.


To substantiate our assignment, we calculated IR spectra of
the isotopomers Br13C14N12C, Br12C14N13C, Br13C14N13C, and
Br12C15N12C and compared them with experimental observa-
tions, including the values for the isotopically substituted
precursor 15N3CN (from ref. [2]) and N3


13CN (this work). The
nNC and nCN bands of all four isotopomers were detected
experimentally, and their isotopic shifts correlated well with
the calculated values (Table 3). Deviations of calculated from
observed shifts in the case of the C�N stretching vibration
seemed to be caused by an anharmonic resonance of this
vibration with the first overtone of nCN. The wavenumber
difference 2nÄCNÿ nÄNC (Table 3) is changed dramatically by
isotopic substitution. Small values of this difference, which are
found for the isotopomers Br13C14N12C and Br13C14N13C, lead
to a relatively large deviation of the experimental value from
the calculated value.


Bromocyanocarbene BrCCN (6 s): To our surprise, the most
satisfactory agreement between the experimental IR absorp-
tions at 2101 and 985 cmÿ1 and theoretical IR wavenumbers is
not found for triplet bromocyanocarbene BrCCN (6 t), the
global minimum on the theoretical energy hypersurface, but
rather for singlet BrCCN (6 s) (Table 2). This is in contrast to
the unsubstituted cyanocarbene 8, which exists in cryogenic
matrices only in the triplet state,[4] and reflects the stabilizing


Table 1. Theoretical (B3LYP/6-311��G*) and experimental (Ar and N2,
12 K) IR absorptions (cmÿ1) of singlet BrCNC (11s). Relative intensities
are given in parentheses.


sym calcd exptl (Ar, 12 K) exptl (N2, 12 K)


nNC a' 1987.3(1.00)[a] 1922.3(1.00) 1925.7
nCN a' 1088.7(0.29) 1034.3(0.31) 1038.5
dCNC a' 661.0(0.37) 672.4(0.16) ±
nCBr a' 410.0(0.07) ± ±
dCNC a'' 252.9(0.02) ± ±
t a' 191.1(<0.01) ± ±


[a] Absolute intensity: 354.8 km molÿ1.


Table 2. Theoretical (B3LYP/6-311��G*) IR absorptions (cmÿ1) of the C2BrN isomers 6s, 6 t, 11 t, 12s, 12 t, 13s, 13t, and 14 s. Absolute intensities
(km molÿ1) are given in parentheses.


6s 6 t 11 t 12s 12 t 13s 13 t 14s


2177.7(18.4) 1931.3(15.6) 1809.0(44.7) 1952.4(519.1) 1849.4(51.4) 1683.9(80.2) 1659.7(29.2) 1547.8(71.3)
1034.4(69.2) 1302.3(59.8) 1269.8(28.7) 1208.5(5.0) 1190.3(20.3) 1326.3(34.2) 925.6(239.8) 1351.1(53.3)
671.3(53.5) 582.9(26.2) 633.0(64.3) 585.8(85.0) 484.6(73.2) 947.6(120.7) 553.7(39.3) 657.1(187.8)
484.9(19.2) 459.3(3.4) 398.5(1.7) 343.4(77.7) 380.3(17.9) 451.8(5.7) 461.8(42.7) 349.6(8.4)
327.2(22.0) 431.8(7.3) 378.4(1.3) 270.7(26.8) 375.6(17.0) 391.4(12.5) 365.2(1.0) 320.9(1.3)
178.7(3.4) 152.4(5.8) 173.6(3.9) 176.4(0.7) 142.3(17.1) 309.8(2.6) 297.0(0.6) 289.8(55.8)
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effect of the bromine substituent on the singlet state. No
further experimental IR bands could be assigned without
doubt. For example, a high-intensity bending vibration of 6 s is
calculated to lie at 671.3 cmÿ1, but apart from the dCNC band of
11 s (672.4 cmÿ1) only an absorption of CO2 (667.8 cmÿ1) is
found in this range of the experimental spectrum (Figure 1),
which possibly overlaps with the sought-after vibration. Thus,
the identification of 11 s remains tentative.


Chloroisocyanocarbene ClCNC (15 s) and chlorocyanocar-
bene ClCCN (7 s): When 1 was cocondensed with 5, the
experimental observations upon photolysis were similar to
those with 4 as the partner molecule. A group of bands,
originally assigned by Jacox et al. to ClCCN (7),[1±3] proved to
result from a mixture of at least two compounds. By
comparison with the calculated spectra (B3LYP/6-311��
G*) and the corresponding bromine compound 6 s, one of
those species was identified as singlet chloroisocyanocarbene
ClCNC (15 s) (Scheme 4, Table 4). The spectroscopic proper-
ties of 7 s resemble those of 6 s. Especially the shifts observed
on going from the heavier bromine substituent to the lighter


Scheme 4. Reaction scheme for the photolysis of 1 cocondensed with 5.


chlorine atom agree excellently with the calculated shifts and
therefore substantiate our findings. The IR absorptions of the
second species at 2114 and 995 cmÿ1 agree better with the
calculated IR absorptions of singlet chlorocyanocarbene (7 s)
than with those of the other C2ClN isomers (Table 5), but as in
the case of 6 s this assignment must be regarded as tentative,
since no further bands were found.


Conclusions


The bromine-containing species that appears upon photolysis
of N3CN (1) in presence of cocondensed BrCN (4) can be
identified as the formerly unknown singlet bromoisocyano-
carbene BrCNC (11 s), a strongly bent molecule. The struc-
tural assignment is based on the agreement of the exper-
imental IR absorptions with spectra calculated by the density
functional method B3LYP/6-311��G* and substantiated by
changes in the spectra upon isotopic substitution. Similar
observations were made when 4 was replaced by ClCN (5),
and the chlorine analogue ClCNC (15 s) was observed. The
identification of the cyanocarbenes singlet BrCCN (6 s) and
singlet ClCCN (7 s) remains tentative, since for both species
only two experimental bands were found.


Experimental Section


General : The equipment for matrix-isolation studies, photolyses, and
pyrolyses is described in detail elsewhere.[4, 12] Commercially available
argon, nitrogen (Messer Griesheim, 99.996 %), 15N2, and BrCN were used
without further purification.


Br13CN ([13C]4) was synthesized according to a procedure given in Brauer�s
handbook:[13] In a flask, Br2 (2.95 g) was layered below water (30 mL) at
2 8C. Over 30 min an aqueous solution of K13CN (1.00 g) and Na12CN
(0.161 g) in H2O (18 mL) was added dropwise under stirring. In the next 2 h
the mixture was warmed to 40 8C. The volatile product was removed by an
argon stream, passed through CaCl2, and trapped at ÿ25 8C. The crude
product was purified by passing it several times through a cold trap filled
with sodium wire and stored under argon.


ClCN (5) was prepared by a method described by Brauer.[13] Into a cooled
suspension (ÿ10 8C) of NaCN (2.85 g) in CCl4 (170 mL) and acetic acid
(2 mL), gaseous Cl2 was bubbled slowly enough to maintain total
absorption. After 2 h the mixture was warmed to room temperature.
Volatile ClCN was removed in a nitrogen stream, passed through a tube
containing CaCl2 and trapped at ÿ40 8C.


Sodium azide NaN3 was activated by the procedure of Nelles.[14]


Calculations: The calculations were performed with the Gaussian package
of programs.[15]


Table 3. Calculated (B3LYP/6-311��G*), corrected [nÄcor�
nÄobsd(Br12C14N12C)� nÄcalcd(isotopomer)/nÄcalcd(Br12C14N12C)], and observed
IR absorptions (cmÿ1) of BrCNC (11 s) isotopomers.


Isotopomer approx. description calcd cor exptl (Ar, 12 K)


Br12C14N12C nNC 1987.3 ± 1922.3
nCN 1088.7 ± 1034.3
2nCNÿ nNC 190.1 ± 146.3


Br13C14N12C nNC 1968.6 1921.6 1918.4
nCN 1059.7 1006.7 1006.9
2nCNÿ nNC 150.8 ± 95.4


Br12C14N13C nNC 1952.4 1888.5 1889.4
nCN 1079.7 1029.9 1030[a]


2nCNÿ nNC 207.0 ± 170.6


Br13C14N13C nNC 1951.6 1887.8 1885.6
nCN 1050.6 998.1 999.3
2nCNÿ nNC 149.6 ± 113.0


Br12C15N12C nNC 1951.7 1891.2 1890[a]


nCN 1084.4 1034.4 1035[a]


2nCNÿ nNC 217.1 ± 180.0


[a] N2, 12 K. Value taken from ref. [2].


Table 5. Calculated (B3LYP/6-311��G*) IR absorptions (cmÿ1) of the
C2ClN isomers: singlet ClCCN (7 s), triplet ClCCN (7 t), and triplet ClCNC
(15t). Absolute intensities (km molÿ1) are given in parentheses.


7s 7 t 15 t


2194.4(24.7) 1938.9(17.3) 1824. (40.4)
1039.3(111.2) 1341.7(88.8) 1290.5(43.2)


744.8(66.1) 667.3(34.3) 729.5(89.2)
546.4(7.3) 501.5(2.3) 458.6(0.4)
319.2(23.5) 427.5(6.9) 372.7(1.1)
202.6(5.7) 175.2(6.9) 189.0(4.4)


Table 4. Theoretical (B3LYP/6-311��G*) and experimental (Ar, 12 K)
IR absorptions (cmÿ1) of singlet ClCNC (15s). Relative intensities are
given in parentheses.


sym calcd exptl (Ar, 12 K)


nNC a' 2008.4 (1.00)[a] 1943.6 (1.00)
nCN a' 1074.2 (0.35) 1023.7 (0.46)
dCNC a' 746.6 (0.50) 769.5 (0.10)
nCCl a' 490.8 (0.03) ±
dCNC a'' 245.3 (0.02) ±
t a' 209.8 (<0.01) ±


[a] Absolute intensity: 351.5 km molÿ1.
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The Superbase Approach to Flurbiprofen:
An Exercise in Optionally Site-Selective Metalation


Manfred Schlosser* and HerveÂ Geneste


Abstract: A superior route to the analgesic flurbiprofen has been devised. Key steps
are the selective deprotonation of 3-fluorotoluene with tert-butyllithium in the
presence of potassium tert-butoxide (LIT-KOR) at the 4-position and the selective
deprotonation of the 4-methyl-2-fluorobiphenyl with lithium diisopropylamide in the
presence of potassium tert-butoxide (LIDA-KOR) at the benzylic position. Depend-
ing on the reagent and the substituent pattern, the 3- and 5-positions of 2-
fluorobiphenyls can also be specifically attacked.


Keywords: antiinflammatories ´
metalations ´ site selectivity ´
substituent effects ´ superbases ´
Suzuki coupling


Introduction


Flurbiprofen is commercially available as an antiinflamma-
tory and analgesic drug under the brand names Froben and
Cebutid. Its chemical structure, which is 2-(2-fluorobipheny-
lyl)propionic acid, makes it an attractive target for the
illustration of some principles of regiocontrolled aromatic
substitution through organometallic intermediates generated
with optional site selectivity.[1±3] Numerous ways of synthesiz-
ing flurbiprofen have been disclosed in patent literature.[4±10]


Most of them construct the biphenyl unit by means of a
Bamberger ± Kühling ± Gomberg reaction;[11] in a few other
cases an Ullmann reaction[12] is employed. All elements of the
synthetic blueprint described below are unprecedented in the
flurbiprofen area. As the starting material we selected 3-
fluorotoluene, a simple and inexpensive building block. Its
elaboration into the final product involves two hydrogen/
metal exchange (metalation) reactions, specifically involving
the aromatic 4-position and, in a later step, the benzylic a-
position; between these two lies a Suzuki coupling[13±15] to
build the biphenyl core (Scheme 1).


Scheme 1.


Results and Discussion


The metalation of 3-fluorotoluene with the superbasic (LIC-
KOR) mixture of butyllithium and potassium tert-butoxide
was reported[16] to occur exclusively at the 4-position, the
sterically least congested site adjacent to the fluorine. As a
reinvestigation has revealed, concomitant attack at the 2-
position nevertheless takes place, if only to a small extent
(<10 %). The selectivity improved significantly when a
combination of tert-butyllithium and potassium tert-butoxide
was used as the mixed-metal reagent. After an exposure time
of 3 h at ÿ75 8C in tetrahydrofuran, carboxylation gave pure
2-fluoro-4-methylbenzoic acid (1) in 84 % yield (Scheme 2).
No further regioisomeric contamination was detected by gas
chromatography or NMR spectroscopy.


Scheme 2.


Trapping of the arylpotassium(lithium) intermediate with
fluorodimethoxyboron afforded the dimethyl boronate, which
was immediately hydrolyzed to give the boronic acid 2 in 78 %
yield (Scheme 3). When sodium carbonate and a catalytic


Scheme 3.
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amount (0.6 %) of tetrakis(triphenylphosphine)palladium
were added to a solution of compound 2 and bromobenzene
in ethylene glycol dimethyl ether and the mixture was
refluxed for 6 h, 2-fluoro-4-methylbiphenyl (3) was formed
in 84 % yield. The four-step sequence consisting of metalation,
borylation, hydrolysis, and arylation may be contracted to a
one-pot procedure to produce biphenyl 3 with an overall yield
of 79 % (Scheme 3).


As expected,[16] the deprotonation of the benzylic methyl
group could be smoothly achieved with lithium diisopropyl-
amide in the presence of two equivalents of potassium tert-
butoxide (LIDA-KOR 1:2). After 4 h at ÿ50 8C in tetrahy-
drofuran, the orange-red intermediate was intercepted with
fluorodimethoxyborane (and subsequently oxidized with an
alkaline solution of hydrogen peroxide), or with dry ice. The
products, (2-fluorobiphenylyl)methanol (4) and (2-fluorobi-
phenylyl)acetic acid (5) were obtained in 72 and 84 % yield,
respectively (Scheme 4).


Scheme 4.


The introduction of the a-methyl group into the side chain
was accomplished as described in our synthesis of ibupro-
fen.[17] Consecutive treatment of the acid 5 with two equiv-
alents of LIDA-KOR (1:1 mixture) and methyl iodide gave
flurbiprofen (6) in 92 % yield (Scheme 5).


Congeners of acids 5 and 6 can be readily prepared by site-
selective manipulation of the aromatic ring which bears the
fluorine. Metalation of 2-fluoro-4-methylbiphenyl (3) with
LIC-KOR for 2 h at ÿ75 8C in tetrahydrofuran followed by


Scheme 5.


trapping with various electrophiles opened a pathway to the
silane 7 (69%), the carboxylic acid 8 (86 %), and the boronate
9 a. The latter was not isolated but converted into the phenol
10 (82 %) by oxidation with hydrogen peroxide and into the
m-terphenyl 11 (65%) by palladium-catalyzed coupling of the
boronic acid 9 b with bromobenzene (Scheme 6).


Scheme 6.


The terphenyl 11 was deprotonated at the benzylic position
by means of two equivalents of LIDA-KOR in tetrahydrofu-
ran at ÿ50 8C before it was submitted to the borylation/
oxidation procedure. The resulting benzyl alcohol 12 (74 %)
reacted with three equivalents of tert-butyllithium in diethyl
ether at 25 8C under ortho-lithiation. Quenching with N,N-
dimethylformamide or N,N-diethylcarbamoyl chloride pro-
duced the lactol 13 (67 %) and the amide 14 (68 %)
(Scheme 7).


The silane 7 also reacted with LIDA-KOR (in tetrahydro-
furan for 6 h at ÿ75 8C) to generate the benzylmetal species.
The benzyl alcohol 15 (74%), obtained after borylation and
oxidation, underwent a Brook metallotropy[18] when exposed
to the action of N,N,N',N'-tetramethylethylenediamine-
(TMEDA)-activated butyllithium in hexanes at 25 8C. The
resulting ortho-lithiated intermediate afforded lactol 16
(67 %) upon interception by N,N-dimethylformamide
(Scheme 8). Carboxylation of the benzylmetal species gave
the carboxylic acid 17 (86 %), which was converted into the
methyl-branched homologue 18 (83 %) by consecutive treat-
ment with LIDA-KOR and methyl iodide. Iodolysis of this
trimethylsilyl-substituted analogue of flurbiprofen afforded


Abstract in German: Flurbiprofen ist ein entzündungshem-
mendes Schmerzmittel, das häufig zur Linderung rheumati-
scher Erkrankungen eingesetzt wird. Ein verbesserter Zugang
zu diesem Propionsäure-Derivat wurde jetzt erschlossen. Die
Schlüsselschritte sind die selektive Deprotonierung von 3-
Fluortoluol in der 4-Position mit tert-Butyllithium in Gegen-
wart von Kalium-tert-butylalkoholat (LIT-KOR-Mischung)
und die selektive Deprotonierung des erhaltenen 4-Methyl-2-
fluorbiphenyls in der Benzylposition mit Lithiumdiisopropyl-
amid in Gegenwart von Kalium-tert-butylalkoholat (LIDA-
KOR-Mischung). Je nach vorliegendem Substitutionsmuster
und dazu passend gewähltem Reagens, lassen sich auch die 3-
und die 5-Positionen von 2-Fluorbiphenylenen selektiv an-
greifen. Die Fülle der durchgeführten Reaktionen soll veran-
schaulichen, welche praktischen Vorteile wahlweise positions-
selektive Metallierungen bieten.
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Scheme 7.


compound 19 (96 %), which bears the lightest and the heaviest
halogen in the same aromatic ring (Scheme 8).


Scheme 8.


Flurbiprofen belongs to the most efficacious nonsteroidal
antiinflammatories, requiring only relatively moderate daily
doses.[19] However, like all benzoic, acetic, and propanoic acid
derivatives, it does not sufficiently discriminate as an inhibitor
between the cyclooxygenase (COX) subtypes 1 and 2 and is
hence expected to be replaced in the near future by ªbetter
aspirinsº.[20, 21] The purpose of the present study was not to
develop new drugs but to demonstrate characteristic reac-
tivity patterns.


Experimental Section


General : For standard working practice and abbreviations, see recent
publications from this laboratory (for example ref. [22]). 1H NMR spectra
were recorded in perdeuteromethanol at 400 MHz unless stated otherwise.


3-Fluorotoluene as the substrate: substitution at the 4-position :


2-Fluoro-4-methylbenzoic acid (1): A solution of 3-fluorotoluene (2.8 mL,
2.8 g, 25 mmol), tert-butyllithium (25 mmol) and potassium tert-butoxide
(2.8 g, 25 mmol) in tetrahydrofuran (50 mL) and pentanes (15 mL) was
kept for 3 h at ÿ75 8C. The mixture was poured onto an excess of freshly


crushed dry ice, and water (0.10 L) was added. The aqueous layer was
washed with diethyl ether (2� 20 mL), acidified with 20% hydrochloric
acid to pH 2, and extracted with diethyl ether (3� 15 mL). The combined
organic layers were washed with brine (2� 15 mL), dried, and evaporated.
The residue was crystallized from cyclohexane. Yield: 3.2 g (84 %); m.p.
182 ± 183 8C.[16]


(2-Fluoro-4-methylphenyl)boronic acid (2): An analogously prepared
organometallic solution was treated at ÿ75 8C with fluorodimethoxybor-
ane diethyl etherate[23] (4.7 mL, 4.2 g, 25 mmol). The mixture was acidified
with 1m hydrochloric acid (approx. 35 mL) to pH 2, and extracted with
dichloromethane (3� 50 mL). The combined organic layers were dried and
evaporated. Recrystallization of the residue from hexanes afforded a
colorless solid. Yield: 3.0 g (78 %); m.p. 188 ± 192 8C (decomp); 1H NMR
(CDCl3; 250 MHz): d� 7.72 (t, J� 7.4 Hz, 1H), 7.04 (d, J� 7.6 Hz, 1 H), 6.89
(d, J� 11.7, 1H), 5.22 (d, J� 6.3, 2 H), 2.39 (s, 3 H); MS: m/z� 154 (30 %,
[M�]), 135 (18 %), 109 (100 %); anal. calcd for C7H8BFO2 (153.95): C 54.61,
H 5.27; found C 54.76, H 5.42 %.


2-Fluoro-4-methylbiphenyl (3): A solution of (2-fluoro-4-methylphenyl)-
boronic acid (2 ; 4.3 g, 28 mmol; prepared as described in the preceding
paragraph) in ethanol (40 mL) and a 2m aqueous solution (18 mL) of
sodium carbonate (55 mmol) were consecutively added to a solution of
bromobenzene (2.6 mL, 3.9 g, 25 mmol) and tetrakis(triphenylphosphine)-
palladium[24] in (mono)ethylene glycol dimethyl ether (0.25 L). The mixture
was refluxed for 6 h, absorbed on silica gel (25 mL), and evaporated to
dryness. Elution with pentanes from a column filled with more silica gel
(0.10 L) gave a colorless liquid. Yield: 4.3 g (91 %); m.p. 1 ± 3 8C; b.p. 90 ±
92 8C/1 mmHg (ref. [25]: b.p. 120 8C/6 mmHg); n20


D � 1.5801; 1H NMR:
d� 7.49 (dm, J� 7.3 Hz, 2 H), 7.39 (tm, J� 7.3 Hz, 2H), 7.3 (m, 2H), 7.03
(d, J� 7.8 Hz, 1H), 6.98 (d, J� 12.1 Hz, 1H), 2.36 (s, 3 H); MS: m/z� 186
(100 %, [M�]), 165 (16 %).


When the reaction sequence starting with 3-fluorotoluene was repeated
without isolating the boronic acid intermediate, the coupling product 3 was
obtained in 79 % overall yield.


2-Fluoro-4-methylbiphenyl as the substrate: substitution at the benzylic
position :


(2-Fluoro-4-biphenylyl)methanol (4): At ÿ75 8C, butyllithium (50 mmol)
in hexanes (35 mL) was added to a solution of diisopropylamine (7.1 mL,
5.1 g, 50 mmol), potassium tert-butoxide (5.6 g, 50 mmol) and 2-fluoro-4-
methylbiphenyl (3 ; 4.6 g, 25 mmol) in tetrahydrofuran (50 mL). After 4 h at
ÿ50 8C, fluorodimethoxyborane diethyl etherate[23] (6.5 mL, 5.8 g,
35 mmol) and, at 25 8C, 35 % aqueous hydrogen peroxide (17 mL, 19 g,
0.17 mol) were added. The mixture was stirred at 25 8C for 1 h and then
poured into water (50 mL) and extracted with diethyl ether (3� 50 mL).
The organic material was absorbed on silica gel and chromatographed
(diethyl ether/pentanes 1:1 (v/v)) to give a slightly ochre-colored solid.
Yield: 3.6 g (72 %); m.p. 60 ± 62 8C (from pentanes); 1H NMR (CDCl3):
d� 7.51 (dm, J� 7.9 Hz, 2 H), 7.4 (m, 3 H), 7.34 (tt, J� 7.3, 1.4 Hz, 1 H), 7.21
(d, J� 7.9 Hz, 1 H), 7.18 (d, J� 11.6 Hz, 1 H), 4.64 (br s, 2H); MS: m/z� 221
(10 %; [M��19]), 203 (100 %, [M��1]); anal. calcd for C13H11FO (202.23):
C 77.21, H 5.48; found C 76.84, H 5.43 %.


(2-Fluoro-4-biphenylyl)acetic acid (5): 2-Fluoro-4-methylbiphenyl (4.6 g,
25 mmol) was treated with lithium diisopropylamide and potassium tert-
butoxide as described in the preceding paragraph. The reaction mixture
was poured onto an excess of freshly crushed dry ice. The product was
dissolved in water (50 mL), washed with diethyl ether (3� 25 mL),
acidified with concentrated hydrochloric acid to pH 2, and then extracted
with dichloromethane (3� 50 mL). After evaporation of the solvent, the
residue was crystallized from hexanes to afford a colorless solid. Yield:
4.9 g (84 %); m.p. 140 ± 142 8C (ref. [26]: m.p. 143 ± 144.5 8C); 1H NMR:
d� 7.52 (dm, J� 7.8 Hz, 2 H), 7.4 (m, 3 H), 7.34 (tt, J� 7.3, 1.4 Hz, 1 H), 7.17
(dd, J� 8.9, 1.6 Hz, 1H), 7.13 (dd, J� 12.8, 1.6 Hz, 1 H), 3.66 (s, 2 H); MS:
m/z� 230 (84 %, [M�]), 185 (100 %).


2-(2-Fluoro-4-biphenylyl)propanoic acid (6): At ÿ75 8C, diisopropylamine
(7.1 mL, 5.1 g, 50 mmol), potassium tert-butoxide (5.6 g, 59 mmol), and (2-
fluoro-4-biphenylyl)acetic acid (5 ; 5.9 g, 25 mmol) were consecutively
added to a solution of butyllithium (50 mL) in tetrahydrofuran (50 mL) and
hexanes (35 mL). After stirring for 2 h at ÿ25 8C, the reaction mixture was
treated with methyl iodide (1.9 mL, 4.3 g, 30 mmol). The product was
isolated as described in the preceding paragraph for acid 5 and crystallized
from hexanes. Yield: 5.6 g (92 %); m.p. 110 ± 111 8C (ref. [26]: 110 ± 111 8C);
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1H NMR: d� 7.51 (dm, J� 7.8 Hz, 2H), 7.4 (m, 3H), 7.35 (tt, J� 7.3, 1.4 Hz,
1H), 7.20 (dd, J� 7.9, 1.8 Hz, 1 H), 7.15 (dd, J� 11.9, 1.8 Hz, 1H), 3.77 (q,
J� 7.1 Hz, 1 H), 1.49 (d, J� 7.1 Hz, 3 H); MS: m/z� 244 (100 %, [M�]), 199
(61 %), 185 (25 %).


(2-Fluoro-4-methyl)biphenyl as the substrate: substitution at the 3-
position :


2-Fluoro-4-methyl-3-(trimethylsilyl)biphenyl (7): At ÿ75 8C, potassium
tert-butoxide was added to a solution of 2-fluoro-4-methylbiphenyl (3 ;
5.2 mL, 4.7 g, 25 mmol) and butyllithium (25 mmol) in tetrahydrofuran
(50 mL) and hexanes (15 mL). The mixture was stirred until it became
homogeneous, then kept for 2 h at ÿ75 8C, and was then treated with
chlorotrimethylsilane (3.5 mL, 3.0 g, 28 mmol). When the temperature
reached 25 8C, the mixture was poured into water (50 mL) and extracted
with diethyl ether (3� 50 mL). The combined organic layers were washed
with water (2� 25 mL) and brine (25 mL). Upon distillation, a viscous oil
was collected which slowly crystallized. Yield: 4.5 (69 %); m.p. 41 ± 43 8C
(from methanol); b.p. 135 ± 137 8C/2 mmHg; 1H NMR: d� 7.45 (dm, J�
7.7 Hz, 2H), 7.39 (tm, J� 7.3 Hz, 2H), 7.32 (dt, J� 7.4, 1.4 Hz, 1H), 7.29 (t,
J� 8.0 Hz, 1H), 7.02 (d, J� 7.7 Hz, 1 H), 2.46 (s, 3 H), 0.39 (d, J� 2.3 Hz,
9H); MS: m/z� 258 (100 %, [M�]), 223 (48 %), 179 (47 %); anal. calcd for
C16H19FSi (258.41): C 74.37, H 7.41; found C 74.26, H 7.47%.


(2-Fluoro-4-methyl-3-biphenylyl)carboxylic acid (8): An analogously pre-
pared reaction mixture was poured onto an excess of freshly crushed dry ice
rather than treated with chlorotrimethylsilane. The product was isolated by
extraction (see preparation of acid 5, above), then converted into the
methyl ester and purified by chromatography (silica gel, diethyl ether/
pentanes 1:9 (v/v)). Yield: 4.8 g (78 %); b.p. 81 ± 82 8C/1 mmHg; n20


D �
1.5712; 1H NMR: d� 7.49 (br d, J� 7.8 Hz, 2 H), 7.43 (m, symm., 3H),
7.36 (br t, J� 7.2 Hz, 1H), 7.14 (br d, J� 7.9 Hz, 1 H), 3.93 (br s, 3 H), 2.37
(br s, 3 H); MS: m/z� 244 (100 %, [M�]), 213 (34 %), 184 (12 %).


2-Fluoro-4-methyl-3-biphenylol (10): An analogous reaction mixture (see
preparation of product 7) was treated consecutively at ÿ75 8C with
fluorodimethoxyboron diethyl etherate[23] (4.7 mL, 4.2 g, 25 mmol) and, at
25 8C (stirred for 1 h), with 35% aqueous hydrogen peroxide (7.7 mL, 8.5 g,
75 mmol). The mixture was absorbed on silica gel and chromatographed
(diethyl ether/pentanes 1:9 (v/v)) to give a colorless solid which was
crystallized from pentanes. Yield: 4.1 g (82 %); m.p. 58 ± 60 8C (decomp);
1H NMR: d� 7.49 (dm, J� 7.9 Hz, 2 H), 7.39 (tm, J� 7.4 Hz, 2 H), 7.31 (tt,
J� 7.4, 1.3 Hz, 1 H), 6.92 (d, J� 7.9 Hz, 1 H), 6.77 (t, J� 7.6 Hz, 1H), 2.25
(3H, s); MS: m/z� 202 (100 %, [M�]), 169 (58 %); anal. calcd for C13H11FO
(202.23): C 77.21, H 5.48; found C 77.40, H 5.47 %.


2''-Fluoro-4''-methyl-m-terphenyl (11): The reaction was initiated as descri-
bed in the preceding paragraph. After the addition of fluorodimethoxy-
boron diethyl etherate,[23] the mixture was evaporated to dryness. The
residue was taken up in ethanol (40 mL) and added, together with a
solution of bromobenzene (2.6 mL, 3.9 g, 25 mmol) and tetrakis(triphenyl-
phosphine)palladium[24] (0.88 g, 0.75 mmol) in (mono)ethylene glycol
dimethyl ether (0.25 L), to 2m aqueous sodium carbonate (28 mL,
55 mmol). The mixture was refluxed for 6 h and then absorbed on silica
gel and chromatographed (hexanes) to afford a viscous, colorless oil. M.p.
ÿ10 to ÿ8 8C/0.6 mmHg; n20


D � 1.6124; 1H NMR: d� 7.50 (2H, dm, J�
7.4 Hz, ), 7.45 (tt, J� 7.2, 1.4 Hz, 2H), 7.4 (m, 3H), 7.33 (t, J� 7.9 Hz, 1H),
7.31 (tt, J� 7.3, 1.3 Hz, 1 H), 7.27 (dm, J� 7.4 Hz, 2 H), 7.16 (d, J� 7.7 Hz,
1H), 2.15 (s, 3 H); MS: m/z� 263 (18 %, [M��1]), 262 (59 %, [M�]), 239
(11 %), 183 (34 %), 165 (19 %), 77 (100 %); anal. calcd for C19H15F (262.33):
C 86.99, H 5.76; found C 87.10, H 5.82.


2''-Fluoro-4''-methyl-m-terphenyl as the substrate: substitution at the
benzylic position :


(2''-Fluoro-4''-terphenylyl)methanol (12): 2'-Fluoro-4'-methyl-m-terphenyl
(11; 6.5 g, 25 mmol) was treated consecutively with lithium diisopropyl-
amide in the presence of potassium tert-butoxide, fluorodimethoxyboron,[23]


and 35 % aqueous hydrogen peroxide, as described for the preparation of
product 4 (see above). The hydroxylated derivative 12 was isolated by
chromatography on silica (diethyl ether/pentanes 1:1 (v/v)). Yield: 4.9 g
(74 %); m.p. 81 ± 83 8C (from pentanes); 1H NMR: d� 7.55 (dm, J� 7.6 Hz,
2H,), 7.4 (m, 7H), 7.35 (tt, J� 7.2, 1.3 Hz, 1 H), 7.31 (dm, J� 7.6 Hz, 2H),
4.39 (s, 2 H); MS: m/z� 278 (100 %, [M�]), 260 (36 %), 244 (16 %); anal.
calcd for C19H15FO (278.32): C 81.99, H 5.43; found C 82.18, H 5.36 %.


2''-Fluoro-4''-methyl-m-triphenylyl)methanol as the substrate: substitution
at the 5-position :


5-Fluoro-1,3-dihydro-4,6-diphenylisobenzofuran-1-ol (13): At ÿ25 8C, sol-
utions of (2'-fluoro-4'-terphenylyl)methanol (12 ; 7.0 g, 25 mmol) in diethyl
ether (0.15 L) and tert-butyllithium (75 mmol) in hexanes (50 mL) were
mixed. After 6 h at 25 8C, N,N-dimethylformamide (5.8 mL, 5.5 g, 75 mmol)
at ÿ25 8C and, at �25 8C, a saturated aqueous solution (0.15 L) of
ammonium chloride were added. The aqueous phase was extracted with
diethyl ether (3� 0.10 L). The combined organic layers were evaporated
and the residue absorbed on silica gel and chromatographed (diethyl ether/
pentanes 1:1 (v/v)) to give a colorless amorphous solid. Yield: 5.1 g (67 %);
m.p. (decomp) 51 ± 56 8C; 1H NMR: d� 7.6 (m, 2H), 7.4 (m, 9H), 6.57 (br s,
1H), 5.25 (dd, J� 13.6, 1.0 Hz, 1 H), 4.88 (d, J� 13.6 Hz, 1H), 3.33 (br s,
1H); MS: m/z� 324 (13 %, [M��18]), 306 (55 %), 289 (100 %), 259 (65 %),
241 (25 %); anal. calcd for C20H15FO2 (306.33): C 78.42, H 4.94; found C
78.11, H 5.27 %.


N,N-Diethyl-5''-(2''-fluoro-4''-hydroxymethyl-m-terphenyl)carboxamide
(14): In a reaction performed as described in the preceding paragraph, N,N-
dimethylformamide was replaced by N,N-diethylcarbamoyl chloride
(9.5 mL, 10.2 g, 75 mmol). The product was isolated by chromatography
(diethyl ether/pentanes 3:7 (v/v)). Yield: 6.4 g (68 %); m.p. 4 ± 6 8C; b.p.
111 ± 113 8C/0.5 mmHg; n20


D � 1.5676; 1H NMR: d� 7.54 (dm, J� 7.4 Hz,
2H), 7.4 (m, 9 H), 4.93 (s, 2H), 3.26 (q, J� 7.1 Hz, 4H), 1.09 (t, J� 7.1 Hz,
6H); MS: m/z� 377 (18 %, [M�]), 261 (100 %), 74 (54 %); anal. calcd for
C24H24FNO2 (279.34): C 76.37, H 6.13; found C 76.10, H 6.40 %.


2-Fluoro-4-methyl-3-(trimethylsilyl)biphenyl as the substrate :


2-Fluoro-3-trimethylsilyl-4-biphenylyl)methanol (15): 2-Fluoro-4-methyl-
3-(trimethylsilyl)biphenyl (7.2 mL, 6.5 g, 25 mmol) was consecutively
treated with lithium diisopropylamide in the presence of potassium tert-
butoxide, fluorodimethoxyborane,[23] and 35% aqueous hydrogen peroxide
as described above (see the preparation of alcohol 4). Chromatography
(silica gel, diethyl ether/pentanes 1:1 (v/v)) gave a slowly crystallizing,
analytically pure oil. Yield: 4.0 g (58 %); m.p. 56 ± 58 8C, 1H NMR: d� 7.47
(dm, J� 7.6, Hz, 2 H), 7.4 (m, 3 H), 7.3 (m, 2 H), 4.69 (s, 2H), 0.42 (d, J� 2.1,
Hz, 9 H); MS: m/z� 274 (92 %, [M�]), 259 (93 %), 185 (100 %); anal. calcd
for C16H19FOSi (274.41): C 70.03, H 6.98; found C 70.14, H 7.12%.


6-Fluoro-1,3-dihydro-5-phenylisobenzofuran-1-ol (16): Butyllithium
(50 mmol) in hexanes (35 mL) was added to a solution containing the
benzylic alcohol 15 (6.9 g, 25 mmol) and N,N,N',N'-tetramethylethylenedi-
amine 87.5 mL, 5.8 g, 50 mmol). After 2 h at 25 8C, the mixture was treated
at ÿ75 8C with N,N-dimethylformamide (1.9 mL, 1.8 g, 25 mmol) and, at
�25 8C, with a saturated aqueous solution (25 mL) of ammonium chloride.
The aqueous phase was extracted with diethyl ether (3� 25 mL). The
combined organic layers were concentrated and absorbed on silica gel
(15 mL). Elution from a column filled with more silica gel (85 mL) with
diethyl ether/pentanes (1:1 (v/v)) afforded a colorless and crystalline
product. Yield: 3.5 g (60 %); m.p. 139 ± 141 8C (decomp); 1H NMR: d� 7.53
(dm, J� 7.7 Hz, 2 H), 7.4 (m, 3H), 7.37 (tt, J� 7.3, 1.4 Hz, 1H), 7.17 (d, J�
7.7 Hz, 1H), 6.75 (br s, 1H), 5.11 (br s, 2 H); MS: m/z� 230 (100 %, [M�]),
213 (48 %), 201 (32 %); anal. calcd for C14H11FO2 (230.24): C 73.04, H 4.82;
found C 72.98, H 5.05.


(2-Fluoro-3-trimethylsilyl-4-biphenylyl)acetic acid (17): 2-Fluoro-4-meth-
yl-3-(trimethylsilyl)biphenyl (7.2 mL, 6.5 g, 25 mmol) was consecutively
treated with lithium diisopropylamide in the presence of potassium tert-
butoxide and dry ice, as described above (see preparation of the acid 5).
The crude acid was extracted with dichloromethane (see above) and
converted with diazomethane into the methyl ether, which was purified by
chromatography (silica gel, diethyl ether/pentanes 1:9 (v/v)). Yield: 6.2 g
(79 %); m.p. 54 ± 56 8C (from methanol); 1H NMR: d� 7.48 (dm, J� 7.8 Hz,
2H), 7.39 (t, J� 7.6 Hz, 2H), 7.30 (sym m, 2 H), 7.07 (d, J� 7.8 Hz, 1 H), 3.67
(s, 2 H), 0.40 (d, J� 2.2 Hz, 9 H); methyl ester (after treatment with etheral
diazomethane): anal. calcd for C18H21FO2Si (316.45): C 68.32, H 6.69; found
C 68.26, H 6.70 %.


2-(2-Fluoro-3-trimethylsilyl-4-biphenylyl)propanoic acid (18): The acetic
acid derivative 17 (7.6 g, 25 mmol) was converted into the propanoic acid
homologue 18 and isolated as described above (see the preparation of acid
6). Yield: 6.6 g (83 %); m.p. 171 ± 175 8C (cryst. from hexanes); 1H NMR:
d� 7.46 (symm. m, 2H), 7.42 (t, J� 7.4 Hz, 2 H), 7.3 (m, 3 H), 3.97 (q, J�
7.1 Hz, 1H), 1.41 (d, J� 7.1 Hz, 3H), 0.44 (d, J� 2.4 Hz, 9H); MS: m/z�
316 (13 %, [M�]), 301 (100 %), 272 (19 %); anal. calcd for C18H21FO2Si
(316.45): C 68.32, H 6.69; found C 68.73, H 6.73 %.
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2-(2-Fluoro-3-iodo-4-biphenylyl)propanoic acid (19): Acid 18 (7.9 g,
25 mmol) was added to a solution of iodine (mono)chloride (4.1 g,
25 mmol) in tetrachloromethane (20 mL) and the suspension was refluxed
for 1 h. Product 19 was isolated by filtration and crystallization from
hexanes. M.p. 160 ± 162 8C; 1H NMR ([D6]DMSO): d� 7.5 (m, 5H), 7.42
(br t, J� 7.2 Hz, 1H), 7.22 (d, J� 8.0 Hz, 1H), 4.06 (q, J� 7.1 Hz, 1 H), 1.41
(d, J� 7.1 Hz, 3H); MS: m/z� 388 (78 %, [M��18]), 370 (46 %, [M�]), 326
(100 %), 262 (58 %), 244 (79 %); anal. calcd for C15H12FIO2 (370.16):
C 48.67, H 3.27; found C 48.60, H 3.15 %.
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Jet-Cooled Rotational Spectra and Ab Initio Investigations of the
Tetrahydropyran ± Water System


Ute Spoerel, Wolfgang Stahl, Walther Caminati,* and Paolo G. Favero


Abstract: The tetrahydropyran ± water
system was investigated by molecular-
beam Fourier-transform microwave and
free-jet millimeter-wave spectroscopies
and by ab initio calculations. The spectra
of the 13C isotopomers in natural abun-
dance of tetrahydropyran and of the 1:1
complex between tetrahydropyran and
three isotopomers of water (H2O, D2O,
and H2


18O) have been assigned. A
partial rs structure of the tetrahydropy-


ran monomer has been derived. In the
complex, the water molecule lies in the
plane of symmetry of tetrahydropyran;
the water hydrogen involved in the
hydrogen bond is axial with respect to


the ring, while the free hydrogen is
entgegen to the ring. The three atoms
involved in the hydrogen bond adopt a
slightly bent arrangement with an
Oring ´ ´ ´ H distance of about 1.91 � and
a(Oring ´ ´ ´ HÿO)� 1768. Additionally,
ab initio calculations for the complex
were performed and found to be in
agreement with the experimental re-
sults.


Keywords: ab initio calculations ´
free jet spectroscopy ´ hydrogen
bonds ´ molecular complexes ´
rotational spectroscopy


Introduction


Most chemical, biochemical, and atmospheric processes take
place in aqueous surroundings. The first step in understanding
the energetics and dynamics involved in such processes is the
investigation of the interaction of a water molecule with a
substrate molecule. Rotationally resolved spectroscopy of jet-
cooled samples has provided the most detailed and precise
experimental data; most of the important results have been
summarized by Zwier.[1]


Complexes of water with itself,[2, 3] nitrogen,[4] carbon
dioxide,[5, 6] carbon monoxide,[7] ozone,[8] benzene,[9]


amines,[10±13] nitrogen-containing aromatics,[14, 15] and phe-
nols[16] have been investigated. Only one adduct with an
ether, 1,4-dioxane ± water, has been studied so far.[17] In order
to understand the influence of the dipole moment of the
partner molecule of water in the adduct, we decided to study
the complex of water (W) with tetrahydropyran (THP). THP
is a polar molecule which differs with respect to the nonpolar
1,4-dioxane by a CH2 group replacing an oxygen atom. As in
the case of 1,4-dioxane ± water, assuming that the hydrogen
bond is formed along one of the oxygen lone electron pairs


(LEP), four conformational possibilities exist for the overall
configuration of the complex THP ± W: ax-E, ax-Z, eq-E, and
eq-Z (see Figure 1). The first two letters indicate the axial or


Figure 1. Plausible conformers of THP ± W. Ax-E is the species observed.
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equatorial position of the hydrogen (H') involved in the
hydrogen bond, while the third one refers to the entgegen (E)
or zusammen (Z) position of the water hydrogen (H) not
involved in the hydrogen bond. Two different techniques,
molecular-beam Fourier-transform microwave spectroscopy
(MB-FTMW) and free-jet millimeter-wave absorption spec-
troscopy, have been applied to this problem. Their comple-
mentarity in studying this kind of problem is discussed below.


In the case of the MB-FTMW measurements not only was
the THP ± W complex analyzed, but the 13C isotopomers of
the THP monomer were also assigned. This enabled us to
calculate an improved structure of THP and compare it with
ab initio results.


Results and Discussion


The tetrahydropyran monomer:


Rotational spectra : The main isotopomer of THP has already
been investigated by Lowe and Kewley[23] and by Lopez et
al.,[24] who also measured vibrationally excited states. In order
to derive a partial rS structure, we decided to analyze the
spectra of the monosubstituted 13C isotopomers in natural
abundance. Assuming the structure of THP to be analogous to
that of cyclohexane[25] we predicted a- and c-type spectra of
the 13C isotopomers. The dipole moment of THP has already
been determined by Rao and Kewley.[26]


We were able to measure lines for all monosubstituted 13C
isotopomers. Most lines exhibit small additional 13C spin-
rotation splittings that were too small to be analyzed. Because
the isotopomers were measured in natural abundance, the
lines were too weak to observe transitions with high J values.
Centrifugal distortion constants could therefore not be
determined. Instead, we used the fourth-order centrifugal
distortion constants (Watson�s A reduction) of the main
isotopomer after reanalyzing the transitions measured by
Lowe and Kewley[23] with the program ZFAP 4.[27] The
measured transitions are given in Table 1. The derived


rotational constants of the isotopomers and the rotational
and centrifugal distortion constants of the main isotopomer
are compiled in Table 2. The correlation matrices for the
rotational constants resulting from the fits for the 13C
isotopomers are given in Table 3.


Abstract in Italian: Il sistema tetraidropirano ± acqua eÁ stato
studiato in fasci supersonici con spettroscopia a microonde a
trasformate di Fourier e con spettroscopia millimetrica di
assorbimento, e con calcoli ab initio. Sono stati assegnati gli
spettri degli isotopomeri 13C in abbondanza naturale del
tetraidropirano e del complesso 1:1 fra tetraidropirano e tre
isotopomeri dell� acqua (H2O, D2O, e H2


18O). EÁ stata derivata
una parziale struttura rs del monomero del tetraidropirano. Per
quanto riguarda il complesso, la molecola d�acqua eÁ nel piano
di simmetria del tetraidropirano; l�idrogeno dell� acqua
coinvolto nel legame a ponte idrogeno eÁ assiale, mentre
l�idrogeno libero eÁ entgegen rispetto all� anello. I tre atomi
coinvolti nel legame a ponte idrogeno assumono una confor-
mazione lievemente piegata, con la distanza Oanello ´ ´ ´ H di circa
1.91 � e l�angolo Oanello ´ ´ ´ HÿO di circa 1768. Sono inoltre stati
fatti dei calcoli ab initio per il complesso, che sono risultati in
accordo con i dati sperimentali.


Table 1. Observed transitions of 13C isotopomers of THP. Numbering of atoms
according to Figure 2, observed transitions in MHz, observed-minus-calculated
values D in kHz.


J'(K '
a,K '


c) ±
J''(K ''


a,K ''
c)


13C(1) 13C(2) 13C(3)
obs. D obs. D obs. D


1 1 0 ± 0 0 0 9086.0557 ÿ 0.1 9078.1333 0.9 9078.7905 ÿ 0.3
1 0 1 ± 0 0 0 7041.0345 0.0 7036.7258 ÿ 0.1 6979.4859 0.0
2 2 1 ± 1 1 1 18328.6550 ÿ 0.2 18308.4545 0.2 18421.9808 ÿ 0.4
2 2 1 ± 1 0 1 18015.5240 0.8 18004.0747 0.4
2 2 1 ± 1 1 0 16419.2298 ÿ 0.2
2 2 0 ± 1 1 0 18181.4213 0.1 18165.0888 0.1 18184.1192 0.0
2 1 1 ± 1 1 0 15970.5112 0.0 15962.6594 0.1 15793.8349 0.1
2 1 1 ± 1 0 1 17893.1376 0.0
2 1 2 ± 1 1 1 12193.6025 0.0 12184.2153 ÿ 0.2 12124.0789 0.2
2 0 2 ± 1 0 1 12340.8286 ÿ 0.3 12327.5740 ÿ 0.2 12361.9295 0.1
2 1 2 ± 1 0 1 12350.1647 ÿ 0.2 12336.4038 ÿ 0.2
2 0 2 ± 1 1 1 12184.2154 5.0 12175.3837 0.0
2 2 1 ± 1 1 0 16440.1952 ÿ 0.1
3 1 2 ± 2 1 1 21546.2724 0.2 21522.7406 0.1 21600.5531 0.5
3 2 1 ± 2 2 0 24466.8889 0.0
3 2 2 ± 2 2 1 21123.0553 0.3 21110.1233 0.5 20983.4094 0.1
3 0 3 ± 2 0 2 17427.7600 ÿ 0.4 17410.9313 ÿ 0.6 17409.9156 ÿ 1.5
3 1 3 ± 2 1 2 17418.7694 ÿ 0.1 17402.4226 ÿ 0.4 17385.0156 1.2
3 1 2 ± 3 1 3 9788.0062 ÿ 0.6
4 0 4 ± 3 0 3 22542.1657 0.0
4 1 4 ± 3 1 3 22540.5753 ÿ 0.1
4 1 3 ± 4 1 4 13748.6029 0.2
4 2 2 ± 4 2 3 9726.3335 ÿ 0.4 9724.9955 0.0 9538.4063 0.4
4 2 2 ± 4 1 3 9727.2365 0.1
5 3 2 ± 5 3 3 9598.1899 ÿ 0.4 9603.4616 ÿ 0.5 9207.1422 ÿ 0.4
5 2 3 ± 5 2 4 13663.6397 0.1


Table 2. Rotational and fourth-order centrifugal distortion constants (Watson�s
A reduction) of THP and 13C isotopomers, planar moment Mbb of THP.
Standard deviation s, numbering of atoms according to Figure 2.


THP[a] 13C(1) 13C(2) 13C(3)


A [MHz] 4673.499(46) 4621.31005(50) 4615.16775(69) 4671.6054(10)
B [MHz] 4495.065(47) 4464.74950(37) 4462.97917(46) 4407.18644(47)
C [MHz] 2601.291(47) 2576.28900(23) 2573.74946(30) 2572.30284(35)
DJ [kHz] 0.63(21)
DJK [kHz] ÿ 0.596(62) centrifugal distortion constants of
DK [kHz] 0.960(42) main isotopomer used
dJ [kHz] 0.211(11)
dK [kHz] 0.366(23)
Mbb [u�2] 94.9938


number of
lines


68 18 19 18


s [kHz] 127 3 4 6


[a] These constants were derived by reanalyzing the measured lines of Lowe
and Kewley[23] with the program ZFAP4[27] .


Table 3. Correlation matrices for rotational constants of 13C isotopomers
of THP. Numbering of atoms according to Figure 2.


13C(1) 13C(2) 13C(3)


A 1.00 1.00 1.00
B ÿ 0.48 1.00 ÿ 0.47 1.00 ÿ 0.21 1.00
C ÿ 0.04 0.43 1.00 0.61 0.41 1.00 ÿ 0.13 0.27 1.00
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Molecular structure : After analysis of the spectra of the
monosubstituted 13C isotopomers, a partial rS structure was
calculated. The rS coordinates were determined according to
Kraitchman�s equation (Table 4).[28]


The numbering of atoms is shown in Figure 2. The b value
of C(3) was set to zero because of symmetry restrictions.
Otherwise a small imaginary value results, which is physically


Figure 2. Structure of THP.


not acceptable and is due to the proximity of C(3) to the b
axis. The bond lengths and bond angles that could not be
determined were adopted from cyclohexane[25] or from stand-
ard bond parameters.[29] The bond lengths and bond angles are
given in Table 5. The experimentally undetermined values are
given in parentheses.


We also performed structure optimizations with ab initio
calculations at the HF/6-31G** and MP2/6-31G** levels using
the program packages Gaussian92[30] and Gaussian94,[31]


respectively. The results are in good agreement with exper-
imental findings. Only for bond lengths and angles that could
not be determined by experiment did the deviations from the
calculated values exceed 1 %. The largest deviations were
found for the CÿO bonds adopted from standard values. The
MP2/6-31G**-optimized bond lengths and angles are also
given in Table 5.


The tetrahydropyran ± water complex


Rotational spectrum : Trial rotational constants were calcu-
lated for the four conformers by using the geometries of
isolated THP and water and assuming an Oring ± H distance of
1.90 �[17] within a linear OÿH ´´´ O arrangement.


With the millimeter-wave apparatus we could observe and
measure the rotational transitions for the normal species, as
well as for the isotopomers with D2O and H2


18O. As was the
case for 1,4-dioxane ± water,[17] none of the observed tran-
sitions were split or shifted by large-amplitude motion effects
of the water moiety. In order to check if these internal
motions, often associated with a double-minimum potential,
were causing some hyperfine structure in the rotational


transitions, we investigated the spectrum of the normal
species with a FTMW spectrometer in detail. Since we
observed no splittings, we can deduce that water is quite rigid
in this complex. The measured frequencies are reported in
Table 6 for the normal species and in Table 7 for the isotopic
species. They have been fitted with Watson�s Hamiltonian[32]


(Ir representation, S reduction). The full set of quartic and
four sextic centrifugal distortion parameters were determined
for the normal species. Some of these parameters were kept
constant at the values of the normal species for the D2O and
H2


18O species. The results of the fits are shown in Table 8. The
combined measurements of the millimeter-wave and Fourier-
transform spectrometers allow a very precise determination
of the spectroscopic parameters.


The centrifugal distortion parameters may be regarded as
effective fit parameters. For example, in a more detailed
analysis the large values of the DJ, DJ,K, and DK parameters
could be interpreted in terms of the low-energy motions of the
water molecule with respect to the ring.


Conformation and structure : The planar moments of inertia,
Mgg, defined in Equation (1), are easily obtained from the
rotational constants through Equation (2).


Maa�Smia2
i , etc. (1)


Maa�h/(16p2)(ÿ1/A� 1/B� 1/C), etc. (2)


Table 4. The rS coordinates for monosubstituted 13C isotopomers deter-
mined according to Kraitchman�s equation.


C(1) C(2) C(3)


j a j 0.7232 0.7286 1.4868
j b j 1.1734 1.2507 0.0000
j c j 0.2262 0.2227 0.2232


Table 5. Experimental and MP2/6-31G** optimized structure of THP.
Bond lengths[a] in �, bond angles[a] in degrees, rotational constants in MHz,
experimental-minus-optimized values in %, numbering of atoms according
to Figure 2.


Experimental MP2/6-31G** Deviation
[%]


OC(1) (1.413) 1.426 1.0
C(1)C(2) 1.516 1.522 0.4
C(2)C(3) 1.530 1.528 0.2
C(1)H(1)ax (1.101) 1.100 0.1
C(1)H(1)eq (1.093) 1.089 0.4
C(2)H(2)ax (1.101) 1.092 0.9
C(2)H(2)eq (1.093) 1.093 0.0
C(3)H(3)ax (1.101) 1.095 0.6
C(3)H(3)eq (1.093) 1.091 0.2
(C(5)OC(1)) (114.8) 110.78 3.5
(OC(1)C(2)) (114.66) 111.38 2.8
(C(1)C(2)C(3)) 110.17 109.94 0.3
(C(2)C(3)C(4)) 109.73 109.88 0.2
(C(2)C(1)H(1)ax) (108.83) 109.84 1.0
(C(2)C(1)H(1)eq) (110.55) 111.64 1.0
(C(1)C(2)H(2)ax) (108.83) 108.46 0.4
(C(1)C(2)H(2)eq) (110.55) 109.80 0.7
(C(1)H(1)axH(1)eq) (106.65) 108.22 1.5
(C(2)H(2)axH(2)eq) (106.65) 107.63 1.0
(C(3)H(3)axH(3)eq) (106.65) 106.94 0.3
(OC(5)C(1))(C(5)C(1)C(2)) (132.31) 124.67 5.8
(C(4)C(3)C(2))(C(5)C(4)C(2)) 132.31 131.84 0.5
rotational constants in MHz from bond


parameters
MP2/6-31G** from


spectrum[23]


A 4672.499 4696.141 4673.498(4)
B 4497.147 4521.442 4495.069(8)
C 2577.355 2617.180 2601.272(5)


[a] Bond parameters that could not be determined from experimental data
are approximated by standard values and are therefore given in paren-
theses.
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These moments are very useful in visualizing the mass
extension along a given axis, and are reported in Table 8 for
the three isotopic species. Because the three Mbb values have
approximately the same values, very similar to that of isolated
THP, we can argue that all atoms of water lie in the ac
symmetry plane of THP, and therefore that the ac plane is also
a symmetry element of the complex. In Table 9 we compare
the experimental rotational constants, their shifts in going
from the normal to the D2O and H2


18O species, and the rs


substitution coordinates[28] of the water oxygen to the model-
calculated values for the four conformers of Figure 1. The
values of the rotational constants and the rs coordinates rule
out the equatorial configurations of water, while the DA, DB,
and DC values show that the ax-E conformer is the only one
which is consistent with all the experimental evidence. The
small non-zero j b j value for the water oxygen is consistent
with the contributions due to the large-amplitude motions of
the water moiety in a van der Waals complex (see for example
ref. [33]).


A plausible r0 structure of the atoms involved in the
hydrogen bond has been calculated from the rotational


constants. The r0 geometries of the two subunits were taken
as in the isolated water and THP. The hydrogen-bond
parameters (� and degrees) obtained are given at the top of
Table 10, which also lists the experimental and calculated
values of the rotational constants and of the rs coordinates for
comparison.


Internal motions : The three translational and three rotational
degrees of freedom of the isolated water molecule are
replaced by six low-energy vibrational modes upon formation
of the complex. One of these motions can be considered the
stretching between the two centers of mass of the constituent
molecules, while the remaining ones can be thought of as two
bends and three internal rotations of the water moiety. In the
cases of phenol ± water[16] and pyrazine ± water[14] at least one
of these internal rotations connects equivalent minima and
generates Coriolis doubling of rotational lines. As in the case
of 1,4-dioxane ± water, only one set of rotational lines has
been observed for THP ± W. As to the stretching and bending
motions of water with respect to the THP ring, their effects


Table 6. Frequencies of measured transitions of normal THP ± W (MHz). Observed-minus-calculated values in parentheses in units of the last digit.


Individual transitions Doubly overlapped transitions[a]


J'(K '
a,K '


c) ± J''(K ''
a,K ''


c) n [MHz] J'(K '
a,K '


c) ± J''(K ''
a,K ''


c) n [MHz] J'(K '
a) ± J''(K ''


a) n [MHz]


1(0,1) ± 0(0,0) 3531.015(1) 6(1,6) ± 5(1,5) 20844.058(0) 11(10) ± 10(9) 60283.38(2)
1(1,0) ± 0(0,0) 4709.822(0) 6(1,5) ± 5(1,4) 21419.276(ÿ1) 11(11) ± 10(10) 62541.32(1)
2(0,2) ± 1(0,1) 7055.559(1) 6(4,3) ± 6(3,3) 7863.048(0) 12(9) ± 11(8) 61550.67(2)
2(1,2) ± 1(1,1) 6963.768(5) 6(3,3) ± 5(2,3) 26720.875(3) 12(10) ± 11(9) 63808.41(ÿ2)
2(1,1) ± 1(1,0) 7160.097(3) 6(2,5) ± 5(1,5) 25301.738(ÿ3) 12(11) ± 11(10) 66066.20(ÿ1)
2(1,1) ± 1(0,1) 8338.904(1) 6(3,4) ± 5(2,4) 26913.801(1) 13(8) ± 12(7) 62814.76(7)
2(2,0) ± 1(1,0) 10408.415(3) 7(3,4) ± 6(2,4) 30149.571(ÿ1) 12(12) ± 11(11) 68324.25(ÿ5)
2(2,1) ± 1(1,1) 10500.177(ÿ2) 7(1,6) ± 6(0,6) 27423.106(0) 13(9) ± 12(8) 65074.06(ÿ2)
3(3,0) ± 2(2,0) 16238.960(ÿ7) 7(2,5) ± 6(1,5) 27785.936(1) 13(10) ± 12(9) 67332.15(3)
3(0,3) ± 2(0,2) 10567.334(0) 8(0,8) ± 7(0,7) 27842.786(4) 13(11) ± 12(10) 69589.87(3)
3(1,2) ± 2(1,1) 10735.828(ÿ1) 8(1,7) ± 7(1,6) 28473.825(ÿ1) 13(12) ± 12(11) 71847.81(10)
3(1,3) ± 2(1,2) 10441.548(1) 8(1,8) ± 7(1,7) 27748.849(4) 13(13) ± 12(12) 74105.92(ÿ4)
3(3,1) ± 2(2,1) 16245.098(3) 8(2,7) ± 7(2,6) 28163.726(4) 14(8) ± 13(7) 66334.83(3)
3(1,2) ± 2(0,2) 12019.175(1) 8(2,6) ± 7(1,6) 31389.582(ÿ1) 14(9) ± 13(8) 68595.56(ÿ8)
3(2,1) ± 2(1,1) 13866.312(ÿ2) 9(0,9) ± 8(0,8) 31262.431(3) 14(10) ± 13(9) 70854.21(ÿ2)
3(2,2) ± 2(1,2) 14129.016(ÿ12) 9(1,9) ± 8(1,8) 31192.786(ÿ1) 14(11) ± 13(10) 73112.00(ÿ5)
4(0,4) ± 3(0,3) 14060.888(ÿ2) 9(1,8) ± 8(1,7) 31969.699(ÿ2) 14(12) ± 13(11) 75369.82(4)
4(1,4) ± 3(1,3) 13914.764(ÿ2) 9(2,8) ± 8(2,7) 31656.215(ÿ1) 15(8) ± 14(7) 69852.11(ÿ4)
4(1,3) ± 3(1,2) 14306.012(ÿ2) 9(2,7) ± 8(2,6) 32156.470(1) 15(10) ± 14(9) 74374.46(ÿ6)
4(2,2) ± 3(2,1) 14180.475(ÿ3) 9(2,7) ± 8(1,7) 35072.226(0) 15(11) ± 14(10) 76632.64(1)
4(2,3) ± 3(2,2) 14118.122(ÿ1) 10(0,10) ± 9(0,9) 34681.155(ÿ2) 17(8) ± 16(8) 60054.43(0)
4(0,4) ± 3(1,2) 12609.046(ÿ4) 10(1,9) ± 9(1,8) 35441.111(ÿ4) 17(9) ± 16(9) 60033.85(1)
4(2,2) ± 3(1,2) 17310.966(3) 10(1,10) ± 9(1,9) 34631.932(ÿ1) 17(10) ± 16(10) 60018.28(ÿ3)
4(3,1) ± 3(3,0) 14136.541(6) 10(2,9) ± 9(2,8) 35139.796(2) 17(11) ± 16(11) 60005.96(ÿ1)
4(3,2) ± 3(3,1) 14134.981(8) 10(5,5) ± 10(4,7) 10087.968(ÿ4) 17(12) ± 16(12) 59995.72(2)
4(2,3) ± 3(1,3) 17805.603(0) 11(0,11) ± 10(0,10) 38100.537(ÿ2) 18(8) ± 17(8) 63589.64(1)
4(3,2) ± 3(2,2) 19787.460(2) 13(7,6) ± 12(6,6) 60551.47(3) 18(9) ± 17(9) 63565.38(4)
4(4,1) ± 3(3,1) 22032.101(0) 13(7,7) ± 12(6,7) 60551.90(33) 18(10) ± 17(10) 63547.17(ÿ1)
4(4,0) ± 3(3,0) 22031.857(8) 14(6,9) ± 13(5,9) 61791.30(ÿ1) 18(11) ± 17(11) 63532.85(0)
5(0,5) ± 4(0,4) 17532.990(0) 14(6,8) ± 13(5,8) 61780.93(11) 18(12) ± 17(12) 63521.00(ÿ2)
5(1,5) ± 4(1,4) 17382.454(ÿ1) 17(6,12) ± 16(6,11) 60126.17(ÿ3) 18(13) ± 17(13) 63510.91(2)
5(1,4) ± 4(1,3) 17868.163(ÿ1) 18(6,12) ± 17(6,11) 63683.54(6) 19(9) ± 18(9) 67096.89(ÿ4)
5(2,3) ± 4(2,2) 17759.458(ÿ2) 18(7,12) ± 17(7,11) 63624.09(5) 19(10) ± 18(10) 67075.79(ÿ1)
5(1,4) ± 4(0,4) 19565.127(0) 18(7,11) ± 17(7,10) 63624.52(ÿ4) 19(11) ± 18(11) 67059.28(3)
5(2,3) ± 4(1,3) 20764.411(1) 19(6,14) ± 18(6,13) 67222.42(5)
5(0,5) ± 4(1,3) 15836.021(ÿ6) 19(6,13) ± 18(6,12) 67239.95(ÿ5)
5(1,4) ± 4(2,2) 14863.212(ÿ2) 19(7,13) ± 18(7,12) 67165.75(1)
5(3,2) ± 5(2,4) 5709.961(ÿ3) 19(7,12) ± 18(7,11) 67166.79(ÿ4)
6(0,6) ± 5(0,5) 20984.109(1)


[a] Only Ka is indicated in the notation because these transitions are doubly overlapped due to the near-prolate degeneracy of the involved levels.
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are reflected in the anomalously high values of the DJ, DJK,
and DK centrifugal distortion parameters, as observed in
several of the complexes of aromatic molecules with rare
gases. Rather surprisingly, as shown in Table 11, the quartic
centrifugal distortion parameters of THP ± W are much
smaller than those of 1,4-dioxane ± water, indicating that the
water is more tightly bound in THP ± W.


The pseudodiatomic force constant for the van der Waals
stretch can be obtained rather straightforwardly from the
rotational spectrum when such a stretching takes place along a
symmetry axis of the complex.[34] The value of this force
constant has been determined also for complexes without this
symmetry element, but with the stretching accidentally almost
along the a axis.[35] It is not possible to apply this approx-
imation to THP ± H2O because the angle between the a axis
and the HÿO bond is about 408.


Ab initio calculations : We performed ab initio calculations in
order to obtain more information on the stabilization energies


of the various possible structures of THP ± W and to confirm
some assumptions made for the structure determination. The
6-31G** basis set was selected based on the good results
Schütz et al. obtained for phenol ± water[37] and, for reasons
pointed out previously, for aniline ± water.[38] We started with
structure optimization at HF/6-31G** level using the Gaus-
sian packages.[30, 31] When optimizing structures of complexes
one must be aware that the basis set superposition error
(BSSE) will not be corrected by the implemented optimiza-
tion procedure. As a result the stabilizing energy will be
overestimated; this will cause, for example, the calculated
hydrogen bond length to be too short. Recently Simon et al.[39]


proposed a method for structure optimization correcting the
BSSE by the counterpoise procedure (CP).[40] Another


Table 7. Frequencies of measured transitions of isotopic species of THP ±
W (MHz). Observed-minus-calculated values in parentheses in units of the
last digit.


J'(K '
a) ± J''(K ''


a)[a] H2
18O D2O


11(10) ± 10(9) 59695.25(ÿ2) 59914.90(3)
11(11) ± 10(10) 62086.10(ÿ4) 62336.89(ÿ4)
12(9) ± 11(8) 60661.86(ÿ5) 60843.22(5)
12(10) ± 11(9) 63052.27(0) 63265.13(2)
12(11) ± 11(10) 65442.90(5) 65686.97(ÿ2)
12(12) ± 11(11) 67833.92(ÿ1) 68109.07(3)
13(8) ± 12(7) 61626.46(ÿ3) 61768.95(ÿ6)
13(9) ± 12(8) 64017.60(ÿ1) 64192.10(0)
13(10) ± 12(9) 66408.00(1) 66614.19(1)
13(11) ± 12(10) 68798.43(6) 69035.98(0)
13(12) ± 12(11) 71189.17(7) 71457.77(ÿ4)
13(13) ± 12(12) 73580.33(ÿ8) 73879.85(1)
14(7) ± 13(6) 62687.10(ÿ7)
14(8) ± 13(7) 65115.42(1)
14(9) ± 13(8) 67539.53(2)
14(10) ± 13(9) 69762.31(3)
15(7) ± 14(6) 66027.89(9)
15(8) ± 14(7) 68459.57(ÿ3)
18(7) ± 17(7) 60563.94(9)
18(8) ± 17(8) 60539.87(11) 60413.25(1)
18(9) ± 17(9) 60522.34(ÿ5) 60395.06(ÿ4)
18(10) ± 17(10) 60508.97(ÿ2) 60381.38(0)
18(11) ± 17(11) 60370.46(4)
18(12) ± 17(12) 60361.22(ÿ4)
18(13) ± 17(13) 60353.36(3)
19(8) ± 18(8) 63902.38(3) 63770.33(ÿ2)
19(9) ± 18(9) 63882.16(ÿ1) 63749.20(1)
19(10) ± 18(10) 63866.65(ÿ7)
19(11) ± 18(11) 63854.24(6) 63720.68(ÿ1)
19(12) ± 18(12) 63843.47(ÿ4)
20(10) ± 19(10) 67084.83(6)
20(11) ± 19(11) 67070.33(ÿ2)
20(12) ± 19(12) 67058.48(ÿ2)
18(6,13) ± 17(6,12) 60599.20(ÿ2) 60476.48(ÿ2)
18(6,12) ± 17(6,11) 60602.05(ÿ3) 60480.04(6)
19(6,14) ± 18(6,13) 63971.52(ÿ6) 63844.02(ÿ3)
19(6,13) ± 18(6,12) 63976.82(3) 63850.38(0)


[a] Only Ka is indicated in the notation because all but the last four
transitions are doubly overlapped due to the near-prolate degeneracy of the
involved levels. For the last four transitions the full notation, J'(K '


a,K '
c) ±


J''(K ''
a,K ''


c) is used.


Table 8. Rotational and centrifugal distortion constants (S reduction and Ir


representation) and planar moments of inertia of THP ± water.


H2O H2
18O D2O


A [MHz] 2895.2487(3)[a] 2877.534(4) 2889.64(2)
B [MHz] 1814.5903(2) 1723.39(2) 1721.35(5)
C [MHz] 1716.4666(2) 1640.24(2) 1634.31(7)
DJ [kHz] 3.387(1) 3.31(2) 2.86(4)
DJK [kHz] 4.22(1) 4.39(3) 3.9(1)
DK [kHz] ÿ 2.87(2) ÿ 3.20(2) ÿ 2.29(9)
d1 [kHz] 0.3771(5) [0.3771][b] 0.43(6)
d2 [kHz] 0.0276(3) [0.0276] [0.0276]
HJ [Hz] ÿ 0.043(4) [ÿ0.043] ÿ 0.16(4)
HJK [Hz] ÿ 0.34(3) [ÿ0.34] [ÿ0.37]
HKJ [Hz] 1.8(1) [1.8] 1.6(4)
HK [Hz] ÿ 1.18(9) [ÿ1.18] ÿ 1.6(3)
Nc 111 26 33
s [MHz][d] 0.05 0.09 0.04
Maa [m�2] 199.1945 212.8660 213.9663
Mbb [m�2][e] 95.2405 95.2476 95.2647
Mcc [m�2] 79.3141 80.3816 79.6290


[a] Error in parentheses expressed in units of the last digit. [b] Values in
bracket fixed to those of the normal species. [c] Number of transitions in
the fit. [d] Standard deviation of the fit. [e] To be compared to the value of
94.9938 u�2 for isolated THP.


Table 9. Comparison of the experimental rotational constants, of their
shifts upon isotopic substitution, and of the substitution coordinates of the
water oxygen to the trial calculated values of the four conformers. The ax-E
conformer best matches the observed data. The geometries of water and
THP have been fixed, and an OÿHÿO linear arrangement with an OÿH
distance of 1.90 � was assumed.


Exptl Calcd
ax-E ax-Z eq-E eq-Z


Rotational constants of the normal species [MHz]
A 2895.2 2933.2 2889.6 4511.9 4469.7
B 1814.6 1861.4 1891.5 1431.8 1442.2
C 1716.5 1752.1 1795.2 1174.8 1184.7
Shifts of rotational constants upon substitution of H2O with D2O [MHz]


DA ÿ 17.7 ÿ 19.7 ÿ 15.5 ÿ 5.5 ÿ 2.6
DB ÿ 91.2 ÿ 93.6 ÿ 97.0 ÿ 83.9 ÿ 85.2
DC ÿ 76.2 ÿ 76.7 ÿ 82.2 ÿ 56.7 ÿ 57.9
Shifts of rotational constants upon substitution of H2O with H2


18O [MHz]
DA ÿ 5.6 ÿ 1.7 ÿ 39.3 ÿ 11.7 ÿ 49.7
DB ÿ 93.2 ÿ 96.8 ÿ 73.1 ÿ 78.5 ÿ 70.6
DC ÿ 82.2 ÿ 85.5 ÿ 51.6 ÿ 52.7 ÿ 44.8


rs coordinates of water oxygen [�]
j a j 2.62 2.58 2.61 3.33 3.34
j b j 0.07 0.0 0.0 0.0 0.0
j c j 0.78 0.81 0.74 0.27 0.19
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difficulty is caused by the flatness of the energy potential of
the complex. Thus the quality of the resulting optimized
structure will be strongly related to the quality of the structure
at the starting point. The flat energy potential might also give
rise to more than one minimum for the structure of the
complex. So, not surprisingly, three structures of type eq-E
could be found.


The structure optimizations were performed at the HF/6-
31G** level. The optimization took place under CS symmetry
constraint for the complex; the hydrogen bond was not
constrained to linearity. At the HF level four structures were
found. Three correspond to the eq-E structure and one to ax-
E. The three eq-E structures resemble each other closely;
minor differences occur in the hydrogen bond. The structures
are given in Table 12. We calculated the stabilization energies,
Estab, of these structures using the CP method to correct for
the BSSE with all energies being calculated in the basis set
used for the complex [Eq. (3)]. The BSSE-corrected stabili-
zation energies are ÿ4.437 (ÿ4.430) kcal molÿ1 for structure
eq-E and ÿ4.229 kcal molÿ1 for structure ax-E.


Estab�EcomplexÿEthpÿEwater (3)


When deriving the experimental structure of a complex it is
usually assumed that the structures of the monomers do not
change upon complexation. In order to prove this assumption
for THP ± W we compared the optimized structures of THP ±


W and the HF/6-31G**-optimized structures of the monomers
THP and water. As an example, the deviation of the HF-
optimized structures of the monomers to the optimized
structure of ax-E is also given in Table 12. One can see that
the optimized structures of the monomers do not differ much
from the partial structure they have in the optimized structure
of the complex. The deviations are in the range of 0.5 % or
less. The biggest differences occur with those atoms that are
involved in the hydrogen bond. For example the OÿH bond
length of water with H forming the hydrogen bond increases
by 0.5 %, as does the bond length between C(1) and O in THP.
These very small effects result directly because of the newly
formed hydrogen bond.


A linear hydrogen bond was not imposed during optimiza-
tion. The deviations from linearity of the hydrogen bond are
given in Table 12. For structure eq-E it is less than 0.78, and for
structure ax-E it is 4.68. The hydrogen bond is not a stiff bond;
therefore, these deviations are not significant enough to indi-
cate nonlinear hydrogen bonding. Furthermore, calculations
at the MP2 level suggest that the ax-E structure is the global
but not the only minimum. We will refer to this again later.


After optimizing the complex structures at the HF level we
also performed calculations at the MP2 level. Because of the
amount of computer time needed for the optimization
procedure we did not perform complete structure optimiza-
tions but optimized the hydrogen bond length and angle by


Table 10. r0 hydrogen bond parameters obtained by fixing the geometries
of water and THP to the values of the isolated molecules. The experimental
rs coordinates of the water oxygen and rotational constants are compared to
the values calculated with this geometry.


r0 hydrogen bond parameters [� and degrees, see Figure 1][a]


r� 1.91(2) t� 122(2) q� 184(4) R[b]� 3.324(4)


rs coordinates of the water oxygen [�]
j a j j b j j c j


exptl calcd[c] exptl calcd[c] exptl calcd[c]


2.669(5)[d] 2.652 0.00 0.0 0.76(2) 0.783


rotational constants [MHz]
H2O H2


18O D2O
exptl calcd[c] exptl calcd[c] exptl calcd[c]


A 2895.2 2890.3 2877.5 2872.6 2889.6 2889.2
B 1814.6 1813.7 1723.4 1720.9 1721.4 1720.3
C 1716.5 1717.3 1640.2 1639.6 1634.3 1633.7


[a] Obtained from rOÿO� 2.866 (4), a� 123.3(1), and a(H'-O-O)�
2.5(25), the parameters which were actually fitted. [b] Distance between
the centers of mass of the monomers. [c] Calculated with the r0 structure
(see top of the Table and text). [d] Error (in parentheses) is expressed in
units of the last digit.


Table 11. Comparison of quartic centrifugal distortion constants [kHz] of
THP ± W and 1,4-dioxane ± water.


THP ± W 1,4-dioxane ± water


DJ 3.385(3) 4.07(2)
DJK 4.21(2) 16.2(2)
DK ÿ 2.85(3) ÿ 13.7(3)
d1 0.376(2) 0.45(2)
d2 0.026(2) 0.105(4)


Table 12. HF/6-31G** optimized structures of THP ± W. Bond lengths in
�, bond angles in degrees, numbering of atoms of THP according to
Figure 2, deviation Dstr of structure ax-E to HF/6-31G** optimized
structures of monomers in %.


eq-E, 1 eq-E, 2 eq-E, 3 ax-E Dstr


OC(1) 1.408 1.408 1.408 1.409 0.5
C(1)C(2) 1.523 1.523 1.523 1.524 0.0
C(2)C(3) 1.531 1.531 1.531 1.531 0.0
C(1)H(1)ax 1.090 1.090 1.090 1.091 0.2
C(1)H(1)eq 1.082 1.082 1.082 1.083 0.0
C(2)H(2)ax 1.086 1.087 1.087 1.086 0.1
C(2)H(2)eq 1.087 1.087 1.087 1.087 0.0
C(3)H(3)ax 1.089 1.089 1.089 1.090 0.0
C(3)H(3)eq 1.086 1.086 1.086 1.086 0.1
OO 2.959 2.961 2.961 2.938
OHa


[a] 0.947 0.948 0.948 0.948 0.5
OHb


[b] 0.943 0.943 0.942 0.943 0.0
OC(1)C(2) 111.01 111.00 110.98 111.27 0.1
C(1)C(2)C(3) 110.28 110.31 110.33 110.27 0.1
C(2)C(3)C(4) 110.08 110.06 110.03 109.99 0.0
C(5)OC(1) 113.72 113.76 113.71 113.60 0.0
C(2)C(1)H(1)ax 110.41 110.35 110.37 110.46 0.4
C(1)C(2)H(2)ax 108.81 108.76 108.77 108.72 0.1
C(2)C(1)H(1)eq 111.52 111.51 111.50 111.37 0.1
C(1)C(2)H(2)eq 109.55 109.61 109.61 109.48 0.3
C(1)H(1)axH(1)eq 107.90 107.92 107.92 107.93 0.2
C(2)H(2)axH(2)eq 107.49 107.40 107.40 107.59 0.2
C(3)H(3)axH(3)eq 106.73 106.78 106.78 106.82 0.1
(OC(1)C(5))(C(5)C(1)C(2)) 125.46 125.49 125.41 126.02 0.2
(C(2)C(3)C(4))(C(5)C(1)C(2)) 132.58 132.65 132.67 132.49 0.3
(C(1)OC(5))(OO) 142.08 144.74 141.88 158.96
HaOHb 105.70 105.68 105.76 106.40 0.4
D (linear hydrogen bond) 0.25 0.63 0.06 4.60
Estab [kcal molÿ1] ÿ 4.430 ÿ 4.437 ÿ 4.437 ÿ 4.229


[a] Ha is the water proton involved in the hydrogen bond. [b] Hb is the �free�
water proton.
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calculating single-point energies with the MP2/6-31G**-
optimized monomers. The fit parameters rG and a are
depicted in Figure 3. The bond lengths and angles were fitted


Figure 3. Fit parameters for THP ± W.


by parabolic fits of the BSSE-corrected stabilization energies.
For all calculations we assumed a linear hydrogen bond
according to the results at the HF level, with the hydrogen
bond located in the symmetry plane of THP according to the
experimental results. With the optimized hydrogen bond
length and angle, the ability of the free water proton to move
out of the symmetry plane was tested. These structures are
described by the angle b, which is also depicted in Figure 3.
The calculations confirmed the assumed CS symmetry. The
results after optimizing the structures eq-E and ax-E are given
in Table 13; the MP2/6-31G**-optimized structure of THP is
given in Table 5. Structure ax-E is more stable than structure
eq-E by 0.24 kcal molÿ1. Also with these calculations it was not
possible to optimize structures analogous to structure eq-Z or


ax-Z. When varying the angle a the structures eq-Z and ax-Z
resulted in the corresponding structures eq-E and ax-E. This
seems sensible, inasmuch as in the structures eq-Z and ax-Z
the LEPs of the two oxygens are directed towards each other,
whereas in the structures eq-E and ax-E they are directed
away from each other. In structure ax-E additional weak
interactions between the lone-pair electrons of the water
oxygen, which are directed almost towards the axial hydro-
gens of C(3) and C(5), can result. These hydrogens are only
3.42 � away. In structure eq-E the lone-pair electrons are
directed almost towards the axial hydrogens of C(2) and C(4),
but these hydrogens are 4.03 � away. Structure ax-E is thus
the most stable one, in contradiction to the results at the HF
level. Because of the difficulties in optimizing structures of
complexes and because of the flatness of the potential energy
surface, however, we assume that the ax-E structure opti-
mized at the HF level is the result of a local but not a global
minimum.


Conclusions


This is, to our knowledge, one of the first reports of the
rotational spectrum of an adduct formed by one molecule of
water and one molecule of an ether. In agreement with the
facts that OÿH ´´´ O is a very strong intermolecular hydrogen
bond, and that THP does not have a high molecular symmetry,
only one set of rotational transitions of the THP ± water
complex was observed and assigned in the jet-cooled mixture.
Based on investigations of several isotopic species, the
observed spectrum was assigned to the ax-E conformer (see
Figure 1). The fact that this conformer appears to be the most
stable one is in agreement with ab initio calculations at the
MP2/6-31G** level. The remaining three plausible conform-
ers (Figure 1), if formed at room temperature or in an
intermediate step, relax during the adiabatic expansion to the
most stable one. This suggests relatively low barriers to the
conformational interconversion.[36]


Experimental section


Free-jet absorption millimeter-wave spectroscopy : The Stark- and pulse-
modulated free-jet absorption millimeter-wave spectrometer used in this
study has been described elsewhere.[18, 19] The adducts were formed by
allowing argon to flow, at room temperature and a pressure of ca. 0.7 bar,
over a solution of THP and water in a 2:1 molar ratio. The mixture was then
expanded to approx. 5� 10ÿ3 mbar through a pulsed nozzle (repetition rate
5 Hz) with a diameter of 0.35 mm, reaching an estimated rotational
temperature of ca. 10 K.


MB-FTMW spectroscopy : The rotational spectra, in the range 3 ±
26.5 GHz, were recorded with MB-FTMW spectrometers.[20±22] Helium
containing 1% THP was used as a carrier gas at a backing pressure of 1 bar.
For the measurements of the water complex a small container filled with
water was additionally mounted upstream from the nozzle.
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Table 13. MP2/6-31G** optimized parameters of the hydrogen bond of
THP ± W. Definition of parameters rG,[a] a,[b] b according to Figure 3, rOÿO in
�, a, b in degrees, stabilisation energy Estab in kcal molÿ1.


eq-E ax-E


rOÿO 3.008(23) 3.006(20)
a 138.11(97) 132.61(17)
b 0.0(210) 0.0(130)[c]


Estab ÿ 4.920 ÿ 5.164


[a] Instead of the fit parameter rG the more informative distance between
the two oxygens of the hydrogen bond is given. [b] a refers to the angle
between the THP ring and a linear O ´´´ HÿO hydrogen bond. Such a linear
hydrogen bond is not a requirement for the angle t in Figure 1. [c] Only the
five parameters lowest in energy were used for the fit.
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Probing Metal Complexation, Structure, Ligand Lability and Dissociative
Ligand-Exchange Mechanism in the Slipped Triple-Decker Complexes
[{(h5-CpR)Co}2-m-{h4:h4-arene}] (R�Me5, 1,2,4-tri-tert-butyl;
arene� toluene, benzene)
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Abstract: Synthesis, structure, and re-
activity of the slipped triple-decker
complex [{(h5-CpR)Co}2-m-{h4:h4-arene}]
(3 ; R� 1,2,4-tri-tert-butyl) is described.
A unique feature of the compound is its
h4 :h4 antifacial-coordinated arene li-
gand, which displays complete planarity,
as determined by X-ray crystallography,
and represents the first example of its
kind. In 3 two opposite carbon atoms of
the arene moiety are bonded to both
cobalt centers. To probe possible reasons
for arene lability in this complex we
compared arene exchange with benzene
and azulene in 3 and in the related
complex [{(h5-CpR)Co}2-m-{h4:h4-arene}]
(1; R�Me5). Compounds 1 and 3 react
with azulene at room temperature dis-
playing an unusual ligand exchange


reactivity. The molecular structures of
the reaction products of 3 with dif-
ferent azulenes, [{(h5-CpR)Co}2-m-{h4 :h4-
azulene*}] (R� 1,2,4-tri-tert-butyl; azu-
lene*� azulene 8 ; 1,3,5-trimethylazu-
lene 9 ; 1,4 dimethyl-7-iso-propylazulene
10), were determined by X-ray crystal-
lography. These showed a trans arrange-
ment of the CpR fragments on opposite
sides of the five- and seven-membered
rings of the bridging azulene ligand, with
distinct coordination in the ligand pe-
riphery of the five- and seven-mem-
bered rings of the p system. Theoretical


calculations on the model compound
[{(h5-Cp)Co}2-m-{h4 :h4-arene}] 4 were
performed with the semiempirical
ZINDO approximation. From a cross-
over exchange experiment between 1, 3,
benzene, and azulene it was deduced
that arene exchange in these triple-
deckers proceeds by a dissociative path-
way involving mononuclear {(h5-
CpR)Co} intermediates (R�Me5, 1,2,4-
tri-tert-butyl). The formation of the
mixed triple-decker 13 as main product
in this experiment is highly indicative for
this type of ligand substitution. Such a
mechanism is described herein, for the
first time, for ligand exchange in triple-
decker complexes.


Keywords: arene complexes ´ arene
exchange ´ azulene ´ cobalt ´
sandwich complexes


Introduction


The sequential formation, functionalization, and cleavage of
arene transition metal p bonds is of paramount importance in
stoichiometric as well as catalytic organometallic synthesis.[1]


Arene exchange and change in hapticity processes in mono-


nuclear, monocyclic arene complexes have been studied
either thermally, photochemically, or by redox activation.[2]


However, this is not so with dinuclear complexes containing
bridging monocyclic arenes (e.g. substituted benzenes), sim-
ply due to a lack of compounds exhibiting this unique
reactivity pattern. Triple-decker sandwich compounds in
which six-membered arene rings are simultaneously and
equivalently bonded to two metal atoms lying opposite to
each other above and below the ring are especially rare.[3]


Synthetic utility of this interesting type of complex in
stoichiometric or even catalytic reactions should be warranted
when the exchange process is possible at ambient temper-
ature, thus allowing mild reaction conditions for an exchange.
Recently we reported the first synthetic approach towards
triple-decker compounds exhibiting this characteristic reac-
tivity (Figure 1).[4] In type 1 complexes an alkyl-substituted
arene (e.g., toluene, o-, m-, or p-xylene, or iso-propylbenzene)
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coordinates as the middle deck to
two {Me5CpCo} fragments in a
hitherto unprecedented antifacial
h4 :h4 coordination mode in which
the bridging arene has a puckered
chairlike conformation (Figure 1).


The arene middle deck in 1 (R�
Me5) displays an unusual reaction
chemistry in that the arene can be
exchanged at room temperature for
a variety of ligands (e.g., various
other arenes, cycloheptatriene, cy-
clooctatetraene) under retention of
the h4:h4 puckered coordination


mode and the antifacial binuclear structure of the newly
incoming arene, as well as the cyclic C7 and C8 p systems.[4, 5]


Inspired by the results of these studies the question about
the mechanism of the ligand exchange in 1 arose, and an
answer to it is of fundamental interest for a general under-
standing of exchange reactions of triple-decker complexes in
organometallic chemistry.


Results and Discussion


Assuming that steric effects at the terminal Cp ligands should
alter the geometry and/or coordination mode of the arene
middle deck of 1, we suspected that by separating the
influence of these effects the origin of the high reactivity of
1 may be traceable. Therefore we introduced highly steric
demanding 1,2,4-tri-tert-butyl-Cp ligands in the periphery of
the triple-decker type complex 1 in order to probe differences
in the structures of the bridging arene ligand in solution (by
1H NMR) and in the solid state (by X-ray crystallography), in
their arene exchange characteristics (versus azulene and


benzene), and in their electronic structure (semiempirical
ZINDO/S level).


Synthesis : Introducing bulky 1,2,4-tri-tert-butyl-Cp ligands
instead of Me5Cp groups in 1 should result in a distinct
variation of steric effects in the triple-decker structure.
Dehalogenation of the bridged dichloro or dibromo complex
2[6] in a 100-fold excess of toluene with potassium metal results
in the formation of deep red crystals of 3 in 50 % yield
(Scheme 1).


Co


X


X


Co


Co


Co


toluene, 20º C
+ Kmetal


X = Cl, Br 2 3


+ KX


Scheme 1. Formation of the triple-decker 3.


Compound 3 is highly soluble in pentane, toluene, and ether
and is air stable for short periods of time in the solid state; if
stored under an inert atmosphere, it is stable for several
months. In the EI mass spectrum, the [M�] ion of 3 is observed
confirming its dinuclear composition. The 1H NMR spectrum
of 3 in solution is in agreement with this result, showing an
overall proton ratio of the 1,2,4-tri-tert-butyl-Cp:toluene of
2:1. The aromatic protons of the toluene ligand appear as
three well-separated multiplets (t, d, t) between d� 4.1 and
3.8 according to the influence of the two coordinated {(h5-
CpR)Co} metal fragments on the arene, thus indicating a
coordination that would be expected for a complex with a
symmetrically m-h6:h6 coordinated toluene ligand. Variation of
the temperature between ÿ80 8C and �80 8C does not effect
the appearance of the spectrum, in agreement with a highly
fluctional coordination mode of the two {(h5-CpR)Co} frag-
ments to the bridging toluene ligand in solution. With respect
to these observations, 3 shows the same characteristics as the
Me5Cp derivative 1.


The molecular structure of 3 in the solid state was
determined by single-crystal X-ray analysis (Figure 2). The
toluene ligand bridges the two 1,2,4-tri-tert-butyl-Cp complex
fragments in an h4 :h4 antifacial arrangement, which results in
a slipped triple-decker structure. The atoms C13 and C16 of
the toluene ligand are bonded to both Co atoms, and their
bond lengths are therefore significantly elongated compared
with the other CoÿCring distances. With regard to this, the
structure corresponds to that of triple-decker 1 (arene� iso-
propylbenzene).[4] High thermal-anisotropic factors for the
arene C atoms in 3, also observed for 1, point towards a
dynamic and nonstatic behavior of the bridging arene ligand
even in the solid state. For polycrystalline 1 we have already
verified this by solid-state CP-MAS NMR spectroscopy.[4]


Abstract in German: Synthese, Struktur und Reaktivität des
Tripeldeckers [{(h5-CpR)Co}2-m-{h4 :h4-Aren}] (R� 1,2,4-tri-
tert-Butyl ; Aren�Toluol) mit verbrückendem p-Arenliganden
werden beschrieben. Die Reaktivität von 3 und [{(h5-CpR)Co}2-
m-{h4:h4-Aren}] (R�Me5, Aren�Toluol, Benzol) 1 wird im
Hinblick auf den Aren-Ligandenaustausch untersucht, dabei
wird eine hohe Reaktivität gegenüber verschiedenen Azulenen
festgestellt. In den zweikernigen Azulenkomplexen besteht eine
antarafaciale Koordination der [(h5-CpR)Co] Metalligandein-
heiten an den verbrückenden Azulenliganden. Die Koordina-
tion der Metalligandfragmente an den nicht benzenoiden
Azulenliganden spiegelt die dipolare Grenzstruktur wider,
mit einer Ladungslokalisation in der terminalen Ligandperi-
pherie. Durch Kreuzungsexperimente zum Arenaustausch von
1 und 3 wird ein dissoziativer Ligandenaustauschmechanismus
für diese Tripeldecker nachgewiesen. Dabei werden in Lösung
aus 1 und 3 hochreaktive 20 e Sandwichkomplexe [(h5-
CpR)Co(h6-Aren)] (R�Me5, 1,2,4-tri-tert-Butyl; Aren�
Benzol, Toluol) gebildet und 14 e [(h5-CpR)] Ligandfragmente
(R�Me5, 1,2,4-tri-tert-butyl) auf diese in situ übertragen.


Co


Co


1


Figure 1. Structure of the
slipped triple-decker 1 in
the solid state.[4]
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The relative orientation of the two {(h5-Cp)Co} fragments
with respect to each other reveals an important difference
when comparing the solid-state structures of 1 and 3. In 1 the


two Co centers share two
neighboring carbon
atoms of the arene ring
(Figure 3a), while in 3
two opposite carbon
atoms of the arene moiety
are bonded to both of the
Co centers (Figure 3b). In
the following the former
bonding mode will be
termed unsymmetrical
h4 :h4 and the latter sym-
metrical h4:h4.


Calculations : Molecular
modeling studies on the
semiempirical ZINDO


level[7] of the model complex [{(h5-Cp)Co}2-m-{h4:h4-C6H6}]
(4) were performed to see if the distortion of arene ring in 1,
compared with no distortion in compound 3, could be traced
to a possible electronic origin. Both geometries were first
optimized by ZINDO/1 calculations, which in the unsym-
metrical h4 :h4 case produced a slightly distorted arene ring,
whereas in the symmetrical h4:h4 interaction the arene ring
remained planar. Molecular-orbital calculations by the ZIN-
DO/S methodology were then performed on the ZINDO/1
optimized geometries in order to gain insight into the unusual
h4 :h4 arene type coordination to two {CpCo} fragments. As a
consequence of the different modes of Co ± arene bonding in 1
and 3, the highest occupied molecular orbitals obtained from


a semiempirical ZINDO/S calculation (Fig-
ure 4) differ somewhat in their composition
and character. Both HOMOs are CpÿCo anti-
bonding. The Co ± arene interaction is more
complicated: as anticipated, the interaction
along the long CoÿC distances is antibonding,
and a weak bonding mode is present along two
of the shorter CoÿC contacts. In the symmet-
rical h4:h4 type (Figure 4b) this bonding to the
inner two out of the four closer CoÿC arene ±
carbon contacts might help to explain the
observed variation in the CoÿC arene bonds
in 3, namely, that the two inner CoÿC distances
are significantly shorter (by 0.2 to 0.3 �) than
the outer two CoÿC bond distances. In the
unsymmetrical h4:h4 mode (Figure 4a) one of
the cobalt atoms dominates the arene interac-
tions in the HOMO, while the other one is
involved in the energetically well-separated
HOMO-1 orbital (not shown here). In contrast
to the symmetric-h4:h4 type, the two orbitals
have a bonding interaction along the two outer
CoÿC bonds. This may be traced to an elec-
tronic origin of the arene-ring distortion.


a) b)


Figure 4. Highest occupied molecular orbitals of the metal complex [{(h5-
Cp)Co}2-m-{h4 :h4-benzene}] (4) according to ZINDO/S calculations; a) un-
symmetrical h4 :h4, and b) symmetrical h4:h4 Co ± arene interaction.


Exchange reaction of 1 and 3 with azulene : Recently we have
reported on the high ligand lability of 1 towards a variety of
different ligands, all of which are capable of displacing the
bridging arene under very mild conditions.[4, 5] One result of
these studies was that we could not observe any acceleration
or slowing down of the exchange rate when ligand substitution
on the incoming ligand molecule is varied.


In order to probe if the different structures for 1 and 3 have
consequences for the structure ± reactivity relationship, and to
see whether the bulky tri-tert-butyl-Cp substitution in 3 has
any significant effect on the arene-exchange reaction rate, we
choose to carry out an arene- versus azulene-exchange


Figure 2. Molecular structure of 3 in the crystal. Selected bond lengths [�]: Co1ÿC13
2.294(9), Co1ÿC15 2.10(1), Co1ÿ C14 2.05(1), Co1ÿC16 2.394(8), Co2ÿC12 2.107(8),
Co2ÿC16 2.33(1), Co2ÿC13 2.386(8), Co2ÿC11 2.092(8).


(Cp)
Co


Co
(Cp)


(Cp)
Co


Co
(Cp)


a) b)


Figure 3. Schematic illustration of the
different Co ± arene bonding modes
found in the triple-decker complexes
1 and 3 ; a) the unsymmetrical h4 :h4


interaction observed in 1 and b) the
symmetrical h4 :h4 Co ± arene contacts
encountered in 3.
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reaction of 1 and 3 at ambient temperature in ether
(Scheme 2). Both triple-deckers react readily with one
equivalent of azulene or the substituted azulenes 5 and 6 at
25 8C, under exchange of the arene middle deck against these
nonbenzenoid ligands, to form the m-azulene-bridged com-
plexes [{(h5-CpR)Co}2-m-{h4 :h4-azuleneR'}] (R�Me5, R'�H 7,


Figure 5. Molecular structure of 8 in the crystal.
Selected bond lengths [�]: Co1ÿC1 2.360(6),
Co1ÿC2 2.156(6), Co1ÿC8 2.092(6), Co1ÿC9
1.984(7), Co2ÿC3 2.095(6), Co2ÿ C4 1.968(6),
Co2ÿC5 1.965(6), Co2ÿC6 2.167(7), C1ÿC2
1.478(8), C2ÿC10 1.437(8), C9ÿC10 1.42(1), C2ÿC3
1.474(8), C3ÿC4 1.411(9), C4ÿC5 1.427(9), C5ÿC6
1.37(1), C6ÿC7 1.473(9), C1ÿC7 1.355(9).


R� 1,2,4-tri-tert-butyl, R'�H 8, R� 1,2,4-
tri-tert-butyl, R'� 1,3,5, trimethyl 9, R�
1,2,4-tri-tert-butyl, R'� 1,4-dimethyl, 7-iso-
propyl 10).


According to NMR and mass spectro-
scopic (MS) results, 7 ± 10 all have dinuclear
structures displaying a h4:h4 coordination of
the two Co atoms to the bridging azulene
moiety. Proof of the antifacial coordination


of the two {(h5-CpR)Co} fragments comes
from X-ray crystal structures of 8, 9, and
10 (Figures 5, 6, and 7).


Each of the seven-membered rings of
the azulene p system in 8 ± 10 coordi-
nates a {(1,2,4,tri-tert-butyl-h5-Cp)Co}
fragment in a h4-bonding mode. The
planes defined by the four cobalt-coor-
dinated ring carbons of the seven-mem-
bered ring moieties of the azulene li-
gands are tilted by 37.48 (8), 33.58 (9), and
17.38 (10) against the planes through the
uncoordinated carbon atoms of the sev-
en-membered rings. Interestingly the
five-membered rings of the azulenes are
planar indicating a h5 coordination of Co


in contrast to the h4 coordination mode observed in solution
for 8, 9, and 10 by 1H NMR, which might be an obvious
contradiction at first sight. However, close inspection of the
individual CoÿCring bond lengths of the five-membered ring
moieties reveal significantly elongated bond distances
(Co1ÿC1, 2.306(6) � 8 ; Co1ÿC5, 2.411(3) �, 9; Co2ÿC22,
2.432(4) �, 10) when compared with the remaining four
cobalt-to-carbon atom distances in these ring fragments of the
azulene ligand; this indicates a distinct coordination shift
h5!h4 clearly observable in the solid state. This effect is of
course more profound in solution, resulting in a h4 :h4-
coordination of both {(h5-1,2,4-tri-tert-butyl-Cp)Co} frag-
ments to the bridging azulene ligands. An explanation for
this behavior can be found in the dipolar nature of azulene
(Figure 8), which manifests itself in a remarkable dipole
moment of 0.8 D.[8]


Since the common-bridging bond of the five- and seven-
membered ring of azulene has distinct single-bond character


R


R


R


R


Co
or


+


Co


or


ether, 20º C


1 or 3


Co
or


Co


6


5


7–10


[{(η5-CpR)Co}2-µ-{η4:η4-azuleneR'}]


Scheme 2. Reaction of 1 and 3 with azulene. 1: R�Me5; 3 : R� 1,2,4-tri-tert-butyl; 7: R�Me5,
R'�H; 8 : R� 1,2,4-tri-tert-butyl, R'�H; 9 : R� 1,2,4-tri-tert-butyl, R'� 1,3,5-trimethyl; 10 : R�
1,2,4-tri-tert-butyl, R'� 7-iso-propyl-2,4-dimethyl.


Figure 6. Molecular structure of 9 in the crystal. Selected bond lengths [�]: Co1ÿC1 2.411(3),
Co1ÿC2 2.075(3), Co1ÿC3 1.996(3), Co1ÿC3 1.996(3), Co1ÿC4 2.025(3), Co1ÿC5 2.170(3),
Co2ÿC11 2.136(3), Co2ÿC12, 2.073(3), Co2ÿC13 2.099(3), Co2ÿC14 2.060(3), Co2ÿC15 2.141(3),
C1ÿC5 1.474(4), C1ÿC2 1.453(4), C2ÿC3 1.428(5), C3ÿC4 1.420(5), C4ÿC5 1.447(5), C1ÿC10
1.445(4), C9ÿC10 1.417(5), C8ÿC9 1.434(5), C7ÿC8 1.472(5), C6ÿC7 1.343(5), C5ÿC6 1.432(5).
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(1.498 �[9]), p conjugation
within the p perimeter
should be mainly in the pe-
riphery of the two ring sys-
tems, resulting in a shift of
coordinated metal ± ligand
fragments to the outer car-
bon atoms of the five- and
seven-membered rings. This
is indeed observed in all
three crystal structures (see


Figure 9), indicating that this unusual coordination behavior is
typical for this ligand type and reflects its dipolar nature.


For 1 and 3 all exchange reactions are completed within
30 minutes as can be seen by an intense color change from
red-brown to purple. There is no indication of a significant
slowing down in ligand exchange, neither by introducing the
bulky 1,2,4-tri-tert-butyl-Cp ligand nor by introducing addi-
tional alkyl substituents on the bridging azulene perimeter.
However, this fact is understandable when recalling that 1 and
3 show highly fluctional behavior in solution (by NMR, T�
20 8C to ÿ 80 8C) indicating that energy barriers associated


with the rotation of the bridging arene
rings in these slipped triple-deckers are
very small, thus equilibrating the differ-
ent molecular structures for 1 and 3 in
solution and, as a consequence, leading
to no significant difference in ligand-
exchange reactivity. However, this still
leaves us with the question of the origin
of the high ligand lability of 1 and 3.


Competitive inter-arene-exchange ex-
periments between 1 and 3 :


An answer to the question of the origin
of the unusual high arene-exchange ac-
tivity for 1 and 3 must lie in the type of
ligand-exchange mechanism operating
for 1 and 3. We set out to answer this
question by conducting an arene-cross-
over-exchange experiment (Scheme 3).


Two triple-deckers A and B, with
different substitution patterns at their
terminal ligands exchange a) their termi-
nal metal ± ligand fragments and b) their


M


M


M


M M


M
+


,


,
=


=


different substituted Cp ligands


different substituted arene ligands


+ 22+


A B C


Scheme 3. Schematic outline of an dissociative ligand exchange in homo
ligand triple-decker complexes A and B leading to a mixed hetero-ligand
triple-decker complex C.


arene middle decks against a second arene ligand. In summary
these two processes may result in formation of the mixed
triple-decker C as main product if a dissociation prior to
ligand exchange is operating. The arene exchange can be
performed either on the mononuclear intermediates formed


after the dissociation, or it may occur prior to
dissociation of the metal ± ligand fragments on the
individual triple-decker complexes A and B. How-
ever, even in the latter case, formation of product C
by a dissociative mechanism must be the crucial step
and must be solely responsible for formation of the
mixed complex C. No reasonable associative mech-
anism that does not involve a dissociation step of
MÿL fragments is able to explain formation of
product C if it is formed.


Mixing equimolar amounts of 1 and 3 in an excess
of benzene (0.02 molar) and standing for 12 hours,
followed by workup and crystallization from pen-


Figure 7. Molecular structure of 10 in the crystal. Selected bond lengths [�]: Co2ÿC22 2.211(4),
Co2ÿC23 2.0104(4), Co2ÿC24 1.990(5), Co2ÿC25 2.070(5), Co2ÿC26 2.432(4), Co1ÿC18 2.186(4),
Co1ÿC19 1.971(4), Co1ÿC20 1.980(4), Co1ÿC21 2.189(5), C21ÿC22 1.439(6), C20ÿC21 1.447(7),
C22ÿC26 1.484(6), C19ÿC20 1.398(6), C18ÿC19 1.430(6), C18ÿC27 1.460(6).


Figure 9. Schematic presentation of the metal coordination in the cobalt ± azulene
complexes 8 ± 10 showing ring-slippage coordination of the {(1,2,4-tri-tert-butyl-Cp)Co}
fragments towards the azulene-ligand periphery. All bond lengths are in �. Plain
numbers given are average values of the four remaining cobalt to carbon ring atom
distances of the five-membered rings of the azulene ligands.


1.391
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1.392


1.398
1.394


1.498


+-


Figure 8. Dipolar resonance
structure of azulene and bond
lengths as determined by X-ray
crystallography.[9]
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tane results in formation of the
new triple-deckers 11 and 13 in a
1:6 ratio in 60 % yield as brown
crystals (Scheme 4). No attempts
were made to separate this mixture
of crystals any further.


According to 1H NMR analysis
of this solid crystalline reaction
material no formation of the bis-
homo complex [{(h5-Me5Cp)Co}2-
m-{h4 :h4-benzene}] (12) was ob-
served. The MS analysis of the
isolated material confirmed the
NMR results, showing distinct molecular ions of 11 and 13
together with corresponding characteristic fragment ions that
can be assigned to these complexes. To ensure that no partial
enrichment of 11 or 13 had occurred over any other
component remaining in the solution during work up and
crystallization, the mother liquor from which 11 and 13 were
obtained was checked by NMR spectroscopy. This showed
exactly the same ratio of 11 to 13 as in the already crystallized
material, and there was no sign to indicate any formation of
12. Therefore a significant formation of 12 can be excluded,
since it must be below reasonable NMR detection limits
(<100 mg).


The result of the benzene-exchange experiment is mean-
ingful with respect to a more general understanding of ligand
exchange in slipped triple-deckers 1 and 3. The predominant
formation of the mixed complex 13 (which corresponds to
product C in Scheme 3) as the main product of the benzene
exchange is most striking and strongly supports a dissociative
mechanism of ligand exchange between 1, 3, and benzene as
the substitution pathway. Highly reactive [(h5-CpR)Co] (R�
Me5, 1,2,4,tri-tert-butyl)
fragments must be trans-
ferred during the disso-
ciation process. As a con-
sequence, it is reasonable
to assume that such a
dissociative exchange ac-
counts for the high li-
gand lability of 1 and 3
already reported earli-
er.[4, 5]


Which argumentsÐin
addition to the above
mentionedÐalso favor a
dissociative exchange
mechanism? There are
two characteristic crite-
ria that undoubtedly in-
dicate a dissociative
mechanism in ligand-
substitution reactions. A
dissociative mechanism
should involve a reaction
intermediate with lower
coordination number,
and the substitution rate


of the exchange should be dependent on the off-coming ligand
according to the general theory of Langford and Gray.[10, 11]


The theory states that for a general ligand-substitution
reaction [Equation (1)] where X is the leaving group, Y is
the entering ligand, and L is the nonparticipating ligand(s),
there are three general pathways: i) the dissociative (D)


MLnX�Y ÿ! MLnY�X (1)


process, with an intermediate of lower coordination number,
ii) the associative (A) process, with an intermediate of higher
coordination number, and iii) the interchange (I) process, in
which no intermediate of lower or higher coordination
number is involved.


The latter possibility is further subdivided into two types:
associative interchange (Is) or dissociative interchange (Id). A
schematic presentation of these mechanisms is given in
Scheme 5.[12]


11


Co Co


Co


Co


Co


Co


Co


+


31
13


Co


benzene


20º C
+ 2+


Scheme 4. Crossover arene-exchange experiment between 1, 3 and excess benzene (0.02 molar
concentration).


Scheme 5. Schematic representation of possible ligand-substitution mechanisms (adopted from ref. [12]).
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In our earlier studies[4, 5] we have found that regardless of
the type of newly incoming ligand, we observed no marked
differences in the exchange reactivity when changing the
incoming ligand, particularly on changing its electronic or
steric properties. All reactions went to completion within a
reasonably short time with high yields, independent of the
ligands used. Steric reasons also argue strongly against an
associative arene-exchange mechanism for 1 and 3. When
mixing equimolar amounts of 1 and 3 in a noncoordinating
solvent like cyclohexane[D8] we observed no intermolecular
arene-ligand exchange between these triple deckers. These
results indicate that prior to exchange, a dissociation of the
triple-deckers 1 and 3 in a coordinating solvent (e.g. ether,
arene, etc.) with liberation of [(h5-CpR)Co] fragments seems
necessary to initiate the ligand exchange.


To test this hypothesis we followed arene exchange of
toluene versus [D6]benzene by 1H NMR spectroscopy for 1
and 3, with formation of the [D6]benzene bridged triple-
deckers 14 and 15 as final products (Scheme 6), and detected
the formation of mononuclear paramagnetic heteroleptic
mixed [(h5-CpR)(h6-arene)Co] (arene� [D6]benzene, tol-
uene) sandwich complexes 16 and 17.


R


R


R


R


Co
27º C+


Co


CoCo


D6 +


R = Me5 1, R = 1,2,4-tri-tert-butyl 3 R = Me5 14, R = 1,2,4-tri-tert-butyl 15


D6


Scheme 6. Arene exchange between 1 and benzene[D6] leading to 14.


Paramagnetic NMR shifts, are highly diagnostic for this
class of Co sandwich compounds, rendering their identifica-
tion unambiguous (Figure 10).[5] Nevertheless, to the best of
our knowledge only two ex-
amples of this type of sand-
wich complexes are known so
far.[5, 13]


For 3 similar results are
observed for the toluene ver-
sus [D6]benzene exchange;
however, formation of the
corresponding 1,2,4-tri-tert-
butyl-substituted mixed het-
eroleptic sandwich complexes
18 and 19 is significantly
slowed down compared with
formation of 16 and 17. For-
mation of the mixed sandwich
complexes 16 and 18 can only
be explained if dissociation of
the triple-deckers 1 and 3
occurred prior to ligand ex-
change. This dissociation step
must necessarily involve lib-
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Figure 10. Mixed heteroleptic sandwich complexes 16 ± 19 and paramag-
netic 1H NMR chemical shifts (relative to Tris) of their CpR ligands.


eration of electronically unsaturated 14 e [(h5-CpR)Co] frag-
ments from the triple-deckers 1 and 3 (Scheme 7). These
highly reactive metal ± ligand fragments are unstable and are
intercepted by reaction with excess [D6]benzene and form
triple-deckers [D6]1 and [D6]3, and the mononuclear mixed
sandwich complexes [D6]16 and [D6]18.


In situ synthesis of the heteroleptic sandwich complexes 16
and 18, formed by degradation of the starting triple-deckers 1
and 3, can also be observed by following the characteristic
decrease of the 1H NMR signals of the CpR ligands of triple-
deckers 1 and 3 against time during the course of the exchange
reaction (Figure 11). The decrease in intensity of the 1H signal
is accompanied by the parallel build up of intensity of the 1H
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Scheme 7. Dissociative degradation pathway of triple-deckers 1 and 3 with formation of mixed [(Cp)Co(arene)]
sandwich complexes and liberation of 14 e {(Cp)Co} fragments.
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Figure 11. Decrease of 1H NMR signal intensity of Me5Cp and 1,2,4-tri-
tert-butyl-Cp ligands of 1 and 3 versus reaction time. Proton intensity axis in
arbitrary units.


signal of the CpR ligands of the newly formed heteroleptic
sandwich complexes 16 and 18, which are formed by
dissociative degradation of the triple-deckers 1 and 3. For
the 1,2,4,tri-tert-butyl-Cp-substituted triple-decker 3, the de-
crease in the intensity of the 1H NMR signal with time is again
significantly much less pronounced than for the Me5Cp case 1,
as Figure 11 proves; this points towards a reduced arene-
exchange reactivity of 3 compared with 1.


In summary, the NMR results probe a) a dissociation of 14 e
[(h5-CpR)Co] fragments from triple-deckers 1 and 3 and b) a
distinct dependence of the arene exchange on the nature of
the off-coming [(h5-CpR)Co]-ligand fragments, which is in-
dicative of a dissociative mechanism. We are currently
investigating the role of sandwich complexes 16 ± 19 in the
formation of the corresponding triple-deckers in detail and
will report on our findings in a forthcoming paper.[14]


Competitive inter-arene/azulene-exchange experiments be-
tween 1 and 3 : Mixing equimolar amounts of 1, 3, and azulene
in ether and stirring for 12 hours, followed by workup and
crystallization from ether/acetonitrile, results in the formation
of a crystalline compound mixture containing the homo and
the mixed [{(h5-CpR,R*)Co}2-m-{h4:h4-azulene}] (R�Me5,
R*� 1,2,4-tri-tert-butyl) complexes 7, 8, and 20 a,b
(Scheme 8), as determined by 1H and mass spectroscopy.
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Scheme 8. Crossover arene-exchange experiment (equimolar concentra-
tions) between 1, 3 and azulene leading to 7, 8 and 20a,b.


For the mixed [{(h5-CpR,R*)Co}2-m-{h4 :h4-azulene}] (R�
Me5, R*� 1,2,4-tri-tert-butyl) complexes 20 a,b, coordination
of both {(CpR,R*)Co} fragments either to the five- or seven-
membered ring of the azulene p system is observed by 1H
NMR spectroscopy, giving rise to the formation of the two
regio isomers 20 a and 20 b. On the basis of the 1H NMR
results we determined a 1:2 ratio of both regio isomers
20 a :20 b and an overall ratio 7:8 :20 a,b as 2:13:1 in the
crystallized reaction product. As in the benzene exchange
experiment, formation of the mixed azulene complexes 20 a,b
is best explained by operation of a dissociative mechanism
that is initiated by a ligand dissociation of the triple-deckers 1
and 3. A sterically highly encumbered situation will be created
if an alternative associative mechanism is assumed for the
exchange reaction of 1 and 3 with azulene leading to 20 a,b.
However, in view of products formed (20 a,b), such a
mechanism seems highly unlikely, if not impossible.


Conclusions


A new member of the rare class of triple deckers containing
bridging arene ligands (3) was synthesized and structurally
characterized in solution and in the solid state. Arene/azulene
exchange reactions of triple-decker complexes 1 and 3 allow
access to binuclear Co ± azulene complexes 7 ± 10, which show
a unique and different coordination mode in the solid state
compared with the structure found in solution.


A remarkable result of our investigations towards probing a
mechanism for ligand exchange in triple-deckers 1 and 3 lies
in the fact that we were able to show that ligand exchange in
the slipped triple-decker type complexes 1 and 3 proceeds by
a dissociative pathway in which highly reactive 14 e [(h5-
CpR)Co] fragments and mixed heteroleptic [(h5-CpR)Co(h6-
arene)] sandwich-type complexes are formed. Examples for
dissociative ligand-exchange processes are documented for
mononuclear half-sandwich complexes.[2, 14] To the best of our
knowledge, for related binuclear triple-decker sandwich
complexes, such an exchange mechanism is described here
for the first time.


Experimental Section


General considerations : All reactions were carried out under an atmos-
phere of dry nitrogen gas with standard Schlenk techniques. Microanalysis
were performed by the microanalytical laboratory of the Chemistry
Department of the University/GH Essen. Compounds 1 and 2 were
prepared as reported,[4, 6] except that synthesis of 1 was carried out at
ÿ20 8C. All solvents were dried appropriately and were stored under
nitrogen. Azulenes were commercial grade quality and were used without
further purification. The NMR spectra were recorded on Bruker AC200,
AC 300, and WH 400 spectrometers and referenced against the remaining
protons of the deuterated solvent. NMR samples were prepared by vacuum
transfer of solvents onto the appropriate amount of solid sample, followed
by flame sealing of the NMR tube. MS spectra were recorded on a
MAT 8200 instrument with standard conditions (EI, 70 eV) and the
fractional sublimation technique for compound inlet.


[{(1,2,4-tri-tert-butyl-h5-Cp)Co}2-m-{h4 :h4-toluene}] (3): [{(h5-1,2,4-tri-tert-
butyl-Cp)CoX}2] (X�Cl or Br)[6] (10 g, 15.3 mmol) was dissolved in
toluene (150 mL), and potassium metal (16 mmol) was added in small
pieces. The solution was then stirred for two weeks until all potassium
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metal had dissolved. Removal of all volatiles under vacuum left an oily
residue that was extracted with ether, filtered, concentrated, and cooled to
ÿ30 8C. After 24 h deep red crystals had separated in 40 % yield. From the
mother liquor a second crop of crystals could be obtained by prolonged
cooling to ÿ30 8C. MS (EI, 70 eV, Tvap 130 8C): m/z (%): 676 (80) [M�],
384(72) [M�ÿ (1,2,4-tri-tert-butyl-Cp)], 91(25), 57(100); 1H NMR
([D8]THF, 400 MHz, 27 8C): d� 4.22 (s, 4H), 4.10 (t, JH,H� 5.6 Hz, 2H),
3.92 (d, JH,H� 5.0 Hz, 2H), 3.80 (t, JH,H� 5.5 Hz, 1H), 1.84 (s, CH3), 1.40 (s,
36H), 1.21 (s, 18H); 13C{1H} NMR ([D8]THF, 100.1 MHz, 27 8C): d� 103.0,
101.6, 72.50, 67.8, 59.80, 55.0, 54.0, 34.80, 33.0, 32.2, 31.2, 24.30; C41H29Co2


(676.84): calcd C 72.76, H 9.83; found C 72.70, H 10.01.


[{(h5-CpR)Co}2-m-{h4 :h4-azuleneR''}] (7; R�Me5, R''�H), (8; R� 1,2,4-tri-
tert-butyl, R''�H), (9; R� 1,2,4-tri-tert-butyl, R''� 1,3,5, trimethyl), and
(10; R� 1,2,4-tri-tert-butyl, R''� 1,4-dimethyl, 7-iso-propyl): Compound 1
(3) (1 mmol) was dissolved in ether and the appropriate azulene (1.1 mmol)
was added. After 30 minutes of stirring the color had changed from red-
brown to purple. Stirring was continued for 12 hours, whereupon no
additional changes occurred. Removal of all volatiles in vacuum, dissolu-
tion of the solid residue in ether/acetonitrile (5:2), and cooling to 0 8C for
12 hours resulted in the formation of black crystals of compounds 7 ± 10 in
70 ± 80% yield.


Compound 7: MS (EI, 70 eV, Tvap 160 8C): m/z (%): 516 (100) [M�], 329 (14)
[(Me5Cp)2Co)], 322(9) [(Me5Cp)(azulene)Co], 128(3) [azulene]; 1H NMR
([D6]benzene, 300 MHz, 27 8C): d� 4.09 (dd, JH,H� 7.8 Hz, JH,H� 6.2 Hz,
2H), 3.84 (d, JH,H� 2.3 Hz, 2 H), 3.62 (t, JH,H� 2.4 Hz, 1H), 3.68 (t, JH,H�
6.2 Hz, 1H), 3.52 (d, JH,H� 7.7 Hz, 2 H), 1.78 (s, 15 H), 1.61 (s, 15H); 13C{1H}
NMR ([D6]benzene, 75.1 MHz, 27 8C): d� 87.8, 87.9, 77.9, 76.0, 68.4 (v br,
nÄ1/2� 25 Hz), 71.6, 69.6, 10.3, 10.0; C30H38Co2 (516.46): calcd C 69.76, H 7.42;
found C 70.1, H 7.44.


Compound 8 : MS (EI, 70 eV, Tvap� 100 8C): m/z (%): 712(100) [M�],
420(95) [M�ÿ {(1,2,4-tri-tert-butyl-Cp)Co}], 57(60); 1H NMR ([D8]toluene,
200 MHz, 70 8C): d� 4.69 (dd, JH,H� 5.1, 7.3 Hz, 2 H), 4.51 (t, JH,H� 5.4 Hz,
1H), 4.50 (d, JH,H� 2.5 Hz, 2H), 4.50 (s, 2H), 4.34 (s, 2H), 3.94 (t, JH,H�
2.6 Hz, 1 H), 3.88 (d, JH,H 3.9 Hz, 2 H), 1.29 (s, 18 H), 1.28 (s, 18 H), 1.19
(s, 9H), 1.14 (s, 9 H); 13C{1H} NMR ([D8]toluene, 100.1 MHz, 27 8C): d�
106.46, 105.73, 103.78, 103.42, 78.2, 78.1, 76.2, 73.8, 69.31, 68.56, 34.6, 34.5,
33.6, 33.5, 32.2, 32.0, 31.89, 31.87.


Compound 9 : MS (EI, 70 eV, Tvap� 120 8C): m/z (%): 754(100) [M�], 697
(22) [M�ÿ tert-butyl] , 461(17) [M�ÿ {(1,2,4-tri-tert-butyl-Cp)Co}]; 1H
NMR ([D6]benzene 27 8C , 300 MHz, 70 8C): d� 1.25 (s, 9 H), 1,26 (s,
9H), 1.36 (s, 18 H), 1.42 (s, 18H), 1.97 (s, 6H), 2.11 (s, 3H), 4.05 (s, 2H), 4.20
(t, 3JH,H� 2.64, 1 H), 4.37 (s, 2H), 4.39 (s, 2H), 4.67 (t, 3JH,H� 2.64, 2H);
13C{1H} NMR ([D6]benzene, 75.1 MHz, 27 8C) d� 24.93, 25.10, 31.03, 31.14,
31.29, 32.23, 32.74, 33.10, 33.27, 33.55, 33.87, 65.47, 66.62, 73.35, 75.37, 77. 96,
86. 14, 102. 81, 103. 58, 105. 82, 106. 21, 106, 11; C47H72Co2 (754.91): calcd C
75.16, H 9.78; found C 75.14, H 9.92.


Compound 10 : MS (EI, 70 eV, Tvap� 150 8C): m/z (%): 782 (100) [M�],
725(15), 489(17) [M�ÿ {(1,2,4-tri-tert-butyl-Cp)Co}]; 1H NMR ([D6]ben-
zene, 300 MHz, 27 8C): d� 1.21 (s, 9 H), 1.25 (s, 9 H), 1.27 (s, 9H), 1.32 (d,
3JH,H� 7.1 Hz, 3 H), 1.33 (s, 9H), 1.36 (s, 9 H), 1.37 (d, 3JH,H� 7.1, 3 H), 1.49
(s, 9H), 2.06 (s, 3H), 2.61 (s, 3 H), 2.63 (m, 3J� 7.1 Hz, 1H), 3.16 (d, 3JH,H�
7.3 Hz, 1 H), 4.07 (d, 3JH,H� 2.38 Hz, 1 H), 4.12 (d, 3JH,H� 2.38 Hz, 1 H), 4.30
(d, 3JH,H� 7.3 Hz, 1H), 4.47 (d, 3JH,H� 2.40 Hz, 1H), 4.69 (d, 3JH,H� 7.3 Hz,
1H), 4.89 (d, 3JH,H� 2.74 Hz, 1 H), 4.91 (s, 1H), 5.17 (d, 3JH,H� 2.38 Hz,
1H); 13C{1H} NMR ([D6]benzene, 75.1 MHz, 27 8C): d� 15.56, 22.58, 23.51,
24.68, 30.88, 31.56, 31.71, 32.21, 32.57, 32. 84, 32.86, 33.18, 33.78, 33.87, 34.18,
34.26, 38.10, 63.99, 74.17, 74.96, 75.05, 76.74, 76.83, 77.80, 86.13, 88.47,
100.92, 100.99, 101.93, 103.27, 103.84, 108.97; C49H76Co2 (782.96): calcd C
74.78, H 9.61; found C 75.33, H 9.54.


Crossover exchange experiment between 1 and 3, and benzene : Com-
pounds 3 and 1 (0.4 mmol) were dissolved in benzene (20 mL) resulting in a
0.02 molar solution. After standing for 12 hours at room temperature all
volatiles were pumped off and the semicrystalline residue was dissolved in
pentane, filtered, concentrated, and cooled to ÿ78 8C giving a mixture of
brown microcrystals (60 mg) of 11 and 13 in a 1:6 ratio according to 1H
NMR analysis. Ms of this mixture: EI (70 eV, Tvap� 110 8C): m/z (%): 662
(100) [M�, 13�], 564 (18) [M�, 11�], 370 (70) [13�ÿ 1,2,4-tri-tert-butyl-Cp)],
272 (18) [11�ÿ 1,2,4-tri-tert-butyl-Cp], 137 (6) [C6H6Co�], 78 (27) [C6H6


�];
1H NMR analysis of the mixture: 11: 1.28 (s, 9 H), 1.50 (s, 18H), 1.74 (s,


15H), 3.49 (s, 6H), 4.40 (s, 2 H); 13 : 1.28 (s, 18H), 1.47 (s, 36 H), 4.05 (s, 6H),
4.49 (s, 4H); ratio 11:13� 6:1.


Crossover exchange experiment between 1 and 3, and azulene : Compounds
1 and 3 (0.6 mmol) and azulene (1.2 mmol) were dissolved in ether (20 mL).
After stirring for 12 hours at room temperature all volatiles were pumped
off and the solid purple-black residue was dissolved in ether/acetonitrile
(1:1), filtered, concentrated, and cooled toÿ30 8C for 24 hours giving black
microcrystalline material (430 mg) representing a mixture of 7, 8 and 20a,b
in a 2:13:1 ratio according to 1H NMR analysis. Aside from the signals for 7
and 8, resonances for the Me5Cp and tert-butyl-Cp groups of 20 a,b were
observed at d� 1.56 (Me5Cp), 1.55 (Me5Cp), 1.47 (tert-butyl), and 1.42 (tert-
butyl). Other resonances of 20 a,b are obscured by signals of the major
component 8. MS of the mixture of 7, 8, and 20 a,b (fractional sublimation
technique): EI (70 eV, Tvap� 110 8C): m/z (%): 20a,b : 614(100) [M�], 420
(6), 322 (22), 128(4). Aside from 20a,b the homo CpR complexes 7 and 8
were observed at Tvap 150 8C and 160 8C, respectively, and gave identical
spectra as observed for the pure samples.


X-ray structural analysis : Compound 3 : C41H66Co2, Mr� 676.8, crystal size
0.35� 0.35� 0.35 mm, monoclinic, P21/c (No. 14), a� 16.310(4) �, b�
11.909(2) �, c� 19.820(4) �, b� 98.97(1)8, V� 3802.4(1) �3, 1calcd�
1.18 g cmÿ3, m� 8.95 cmÿ1, F(000)� 1464 e, Z� 4, l� 0.71069 �, w-2q scan,
9421 measured reflections (�h,� k,� l), [(sinq)/l]max 0.65 �ÿ1, 8653
independent with 4446 observed reflections [I> 2s(I)], 388 refined
parameters; the structure was determined by heavy atom methods, H
positions were calculated and refined in fixed positions, R� 0.073, Rw�
0.072 [w� 1/s2(Fo)], Rav� 0.01, max. residual electron density 0.58 e�ÿ3.


Compound 8 : C44H66Co2, Mr� 712.9, crystal size 0.14� 0.53� 0.53 mm,
triclinic P1Å (No. 2), a� 9.470(1) �, b� 13.300(1) �, c� 16.357(2) �, a�
96.13(1)8, b� 91.78(1)8 ,g� 103.01(1)8, V� 1992.4(2) �3, 1calcd�
1.19 g cmÿ3, m� 8.57 cmÿ1, F(000)� 768 e, Z� 2, l� 0.71069 �, w-2q scan,
9391 measured reflections (�h,�k,� l), [(sinq)/l]max 0.65 �ÿ1, 9072 in
dependent with 5966 observed reflections [I> 2s(I)], 415 refined param-
eters; the structure was determined by heavy atom methods, H positions
were calculated and refined in fixed positions, R� 0.062, Rw� 0.056 [w� 1/
s2(Fo)], Rav� 0.01, max. residual electron density 0.65 e�ÿ3.


Compound 9 : C47H72Co2, Mr� 754.91, crystal size: 0.21� 0.42� 0.70 mm,
monoclinic, P21/a (No. 14), a� 13.262(2) �, b� 19.688(3) �, c�
16.831(3) �, b� 107.536(11)8, V� 4190.4(10) �3, T� 293 K, 1calcd�
1.197 g cmÿ3, m� 0.821 mmÿ1, F(000)� 1632 e, Z� 4, l� 0.71069 �, 9067
measured reflections [�h,� k,� l], [sinq/l]max� 0.65 �ÿ1, 8503 independ-
ent and 4612 observed reflections[I> 2s(I)], 442 refined parameters, H
atoms were calculated and not refined in the final refinement by least
squares, R� 0.0539, Rw� 0.1285 [w� 1/s2(Fo


2)� (0.063P)2� 0.000P) with
P� (F2


o� 2 F2
c)/3], residual electron density 0.561 e �ÿ3.


Compound 10 : C49H76Co2, Mr� 782.96, crystal size: 0.21� 0.32� 0.42 mm,
triclinic, P1Å (No. 2), a� 11.399(3) �, b� 12.373(3) �, c� 16.199(2) �, a�
95.034(15), b� 91.17(2)8, g� 106.86(2), V� 2175.6(8) �3, T� 100 K,
1calcd� 1.195 g cmÿ3, m� 0.793 mmÿ1, F(000)� 848 e, Z� 2, l� 0.71069 �,
10255 measured reflections [�h,� k,� l], [sinq/l]max� 0.65 �ÿ1, 9902
independent and 7501 observed reflections[I> 2s(I)], 764 refined param-
eters, H atoms were found and refined in the final refinement by least
squares, R� 0.0478, Rw� 0.1636 [w� 1/s2(F2


o)� (0.1.000P)2� 0.000P) with
P� (F2


o� 2 F2
c)/3], residual electron density 0.799 e �ÿ3.


Structures 8 ± 10 are measured on a Enraf-Nonius-CAD4-diffractometer.
Computing programs used in the structure calculations: EXPRESS/CAD4
(Enraf-Nonius), DATAP (Coppens, 1965), SHELXS-86 (Sheldrick, 1986),
SHELXL-93 (Sheldrick, 1993), GFMLX (highly modified version of
ORFLS; Busing, Martin & Levy, 1962), ORTEP (Johnson, 1976).
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-100568 and
CCDC-101464. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


ZINDO/S and MM� force field computational procedure : These calcu-
lations were performed with the HyperChem computational package
[Version 5.0, Hypercube, Waterloo, Ontario (Canada)]. Geometry opti-
mizations (based on 1 and 3) were carried out on the model complex [{(h5-
Cp)Co}2-m-{h4 :h4-C6H6}] 4 with the ZINDO/1 method. For the ZINDO/1
geometry optimization the two long CoÿC contacts each were fixed at
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2.62 �. Single-point LCAO-MO-SCF calculations with the ZINDO/S
approximation with spectroscopic parametrization[15] were performed on
the model complex 4 in its respective ZINDO/1 optimized geometry.
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Photoinduced Electron Transfer in a Tris(2,2'-bipyridine)-C60-ruthenium(ii)
Dyad: Evidence of Charge Recombination to a Fullerene Excited State**


Michele Maggini,* Dirk M. Guldi,* Simonetta Mondini, Gianfranco Scorrano, Francesco
Paolucci,* Paola Ceroni, and Sergio Roffia


Abstract: A 1,3-dipolar cycloaddition
reaction of azomethine ylides to C60


has been used to prepare a fulleropyrro-
lidine covalently linked to a substituted
tris(2,2'bipyridine)ruthenium(ii) chro-
mophore. Electrochemical studies re-
vealed a single one-electron reversible
oxidation of the ruthenium center and
ten one-electron reversible reductions,
five of them occurring at the C60 core
and five at the bipyridine (bpy) ligands.
Steady-state fluorescence and time-re-


solved flash-photolytic investigations of
dyad 6 are reported in solvents of differ-
ent polarity. The emission in toluene/
CH2Cl2, CH2Cl2, and CH3CN was sub-
stantially quenched, relative to model
complex 8, suggesting intramolecular
quenching of the ruthenium MLCT


excited state. Picosecond-resolved pho-
tolysis of 6 showed light-induced forma-
tion of the photoexcited ruthenium
center, which undergoes rapid intramo-
lecular electron transfer. Nanosecond-
resolved photolysis revealed a charge-
separated state (t1/2� 210 ns in CH2Cl2


and t1/2� 100 ns in CH3CN) that decays
to the ground state by regeneration of
the ruthenium MLCT excited state in
CH2Cl2 or through the formation of the
C60 triplet excited state in CH3CN.


Keywords: cyclic voltammetry ´ dy-
ad ´ electron transfer ´ fullerenes ´
ruthenium


Introduction


Photoinduced electron transfer in covalently linked donor-
bridge-acceptor molecular systems has been extensively
studied to exploit the potential ability of nonbiological
systems to transform and store optical energy.[1] Factors such
as structure and distance between donor ± acceptor (D ± A),
nature and polarity of the solvent, temperature, free energy
changes, and charge recombination have been systematically
modified in order to control charge-separation dynamics and
efficiencies.[2] The ultimate motivation of these studies is to
make use of the long-lived charge-separated (CS) state in
artificial photosynthesis or specific interactions with external
physical or chemical phenomena.


[60]Fullerene, the most popular representative of the
fullerene family, has emerged as an important molecular unit
in light-triggered electron-transfer (ET) reactions owing to its
remarkable electron-acceptor properties upon photoexcita-
tion.[3] In addition, the electronic-absorption properties of
C.ÿ


60 , which are substantially different from those of neutral
C60, allow an accurate analysis of ET dynamics in C60-based
D ± A assemblies.[4] The rapid progress of fullerene chem-
istry[5, 6] has promoted the covalent linking of a wide variety of
electron-rich groups to C60, and numerous dyads have been
produced and studied in light-triggered ET reactions.[6, 4a]


In this context, we have recently examined the photo-
physical properties of a D-bridge-A system based on a
functionalized fulleropyrrolidine[7] covalently attached to a
substituted tris(2,2'bipyridine)ruthenium(ii)[8] chromophore
([Ru(bpy)3]2�) through a flexible triethylene glycol chain.[9]


As a thin solid film, this dyad undergoes photoinduced
electron transfer to give the Ru3�ÿC.ÿ


60 CS state with a lifetime
on the order of milliseconds at 80 K.[10] Photolysis in polar
solvents confirmed a long-lived radical-pair generation, which
is hampered in nonpolar media by very fast back electron
transfer. We report in this paper on the synthesis, electro-
chemistry, and photophysical behavior of a Ru2�ÿC60 dyad in
which the flexible spacer has been replaced by a rigid
androstane skeleton; this should prevent conformational
changes in the ground and excited states. In contrast to the
flexible dyad, direct evidence of a relatively long-lived CS
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state is given also in nonpolar solvents by the characteristic
fullerene radical-anion band at lmax� 1040 nm. More inter-
estingly, in CH3CN back electron transfer yields the C60 triplet
excited state rather than a recombination to the molecular
ground state, which is observed in CH2Cl2.


Results and Discussion


Synthesis : Our synthetic approach towards a fullerene-based
photoactive dyad relies upon the 1,3-dipolar cycloaddition of
azomethine ylides to C60.[7] The initial step in the synthesis of
derivative 6 is the coupling of 2,2'-bipyridine-5-carboxylic acid
(2 ; from bpy 1; Scheme 1) to commercially available andros-
tanone alcohol 3 (4,5-dihydrotestosterone) under standard
conditions (DCC/DMAP).


The resulting ester-ketone 4 was condensed with sarcosine
in the presence of C60 to afford fulleropyrrolidine 5 in 19 %
isolated yield (65 % based on unreacted C60). Addition of the
enantiopure derivative 4 to C60, by azomethine ylide cyclo-
addition, generates a new stereocenter in position 2 of the
pyrrolidine ring. As a consequence, 5 is expected to be a
diastereomeric mixture. A careful analysis of the proton


spectrum revealed that derivative 5 is in fact a mixture of two
diastereoisomers in about 3:1 ratio, calculated by integrating
the respective resonances of the methyl groups in the spacer.


Dyad 6 was synthesized by coordinating ligand 5 to
ruthenium, through refluxing Ru(bpy)2Cl2 ´ 2 H2O and 5 in
1,2-dichloroethane in the presence of excess NH4PF6. The use
of an ammonium salt promotes chloride displacement by
ligand 5 in the Ru(bpy)2Cl2 complex, making the formation of
dyad 6 faster. The reaction was monitored by TLC (toluene/
AcOEt), following the disappearance of 5. After filtration, the
solution was concentrated under reduced pressure, and the
brownish solid was washed with toluene, MeOH, and water to
remove unreacted 5, Ru(bpy)2Cl2, and excess NH4PF6,
respectively. The solid residue was then dissolved in THF,
filtered, and after evaporation of the solvent, dried in vacuo to
afford compound 6 in 41 % yield. Compound 6 is reasonably
soluble in methylene chloride, 1,2-DCE, and CH3CN, but is
insoluble in toluene. It was characterized by 1H and 13C NMR
techniques (see supporting information), optical spectrosco-
py, electrochemical techniques (vide infra), and elemental
analysis. The APCI mass spectrum shows a cluster of signals
with a maximum at 815 m/z corresponding to the expected
mass for the ionic species [(M2�)/2].


The use of a diastereoisomeric mixture of ligand
5 to bind RuII could in principle constitute a
complication to the correct photophysical charac-
terization of the final C60-based ruthenium dyad,
since diastereoisomers have different spatial ori-
entations that may influence properties such as rate
of energy or electron transfer. Molecular-mechanics
calculations have been performed to derive the
minimum-energy structure of the diastereoisomers
of ligand 5, and to determine the edge-to-edge
distance between the bpy and C60 moieties. A set of
different conformations for each diastereoisomer
was obtained from MM2 calculations; each con-
former differs from the next by a 60 degree
individual rotation of the three single bonds of the
ester function that links androstane to bpy. The
most stable conformer in each set was re-optimized
at the PM3 semiempirical level. It has been found
that the edge-to-edge distance between bpy and
C60, in the minimized conformations, does not differ
substantially in the two diastereoisomers (11 vs.
12 �). As a consequence, we would expect that the
corresponding isomeric mixture of dyad 6 to exhibit
a similar photophysical behavior compared with
that of each diastereoisomer.[11] To confirm this
hypothesis, small amounts of the two pure diaster-
eoisomers of ligand 5 were obtained by subjecting
the isomeric mixture to HPLC. Coordination to
ruthenium gave the corresponding dyads, which
were separately tested in photophysical experi-
ments. It was found that these dyads behave
essentially like the mixture. For the sake of
simplicity, and to avoid redundancy, all the experi-
ments described throughout this paper were per-
formed on the mixture of diastereoisomers of
dyad 6.
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Scheme 1. Synthesis of dyad 6. Reagents and conditions: a) Ref. [29]. b) DCC/DMAP,
CH2Cl2, 20 h, 65%. c) N-Methylglycine, C60, toluene, reflux, 2.5 h, 65 %. d) Ru-
(bpy)2Cl2 ´ 2H2O, NH4PF6, DCE, reflux, 9h, 41 %.
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Derivatives 7[7a] and 8 (Scheme 2) were synthesized and
used as model compounds, together with androstanone-bpy 4
and the C60-based ligand 5, in the electrochemical and
photophysical characterization of dyad 6.
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Scheme 2. Schematic daigram of the structures of 7 and 8.


Electrochemistry : Figure 1 shows the cyclic voltammetric
(CV) curves (a and b), the differential pulse voltammetric
(DPV) curve (c) for 3.0� 10ÿ4m CH3CN (a) and THF (b,
c) solutions of dyad 6 at T� 25 8C, and the simulated CV curve
of 6 (d).


In the region of positive potentials, a single reversible dif-
fusion-controlled one-electron oxidation process is observed
with E1/2��1.34 V. This process can be confidently attributed
to the metal-centered RuII!RuIII oxidation on the basis of the
number of electrons exchanged and of similarity of its E1/2 with
that for the oxidation of [Ru(bpy)3]2� in CH3CN (�1.29 V).[8b]


The 50 mV positive shift of the E1/2 value in the case of the
dyad 6 can be explained in terms of the presence of the elec-
tron-withdrawing carboxy group on one of the bpy ligands.[12]


The pattern of the curves in the cathodic region is more
complex due to the presence of several reduction processes.
However, reliable information on the number and nature of
these processes can be derived from a careful analysis of the
curves. In particular, the morphology of CV and DPV curves,
the independence on the sweep rate of the current function,
and the simulation of CV curves indicate that the observed
processes can be described as ten successive one-electron,
diffusion-controlled, reversible reduction steps. The simulated


CV curve, carried out according to
procedures previously described[13]


under the conditions of Figure 1b,
is reported in Figure 1d; the agree-
ment between the experimental
and simulated curves is satisfacto-
ry. The values of E1/2 for the
various steps are reported in Ta-
ble 1; these were obtained from
CV curves as a mean of the
cathodic and anodic peak poten-
tials for single peaks, and by means
of the simulation for the doublets.


In order to identify the redox
sites, and to obtain information on
their mutual interactions, the elec-
trochemical behavior of 6 has been
compared with that of derivatives
4, 5, 7, and 8 (Schemes 1 and 2).
These derivatives represent good
models of increasing complexity
for the various parts of the dyad.
All compounds show reversible
diffusion-controlled processes
(see supporting information). The
E1/2 values for the various reduc-
tion steps, deduced as previously
described, are collected in Table 1
and are displayed, together with
those relative to 6, in the genetic
diagram shown in Figure 2.


The reduction of fulleropyrroli-
dine 7 gives rise to five one-elec-
tron processes.[14] In compound 5,
which contains the substituted bpy ligand in addition to the
fullerene moiety, the third and fourth processes become two-


Figure 2. Comparison of E1/2 values (genetic diagram) for compounds 4 ± 8.


Figure 1. a) CV curve of 6
(0.3 mM) in CH3CN solu-
tion (0.05m TBAH); b) CV
curve of 6 (0.3 mM) in THF
solution (0.05m TBAH);
c) DPV curve of 6 (0.3
mM) in THF solution
(0.05m TBAH). Working
electrode�Pt, T� 25 8C,
sweep rate 0.2 V/s. d) Simu-
lated CV curve of 6 under
the conditions of b).


Table 1. E1/2 values (V vs SCE) of the redox couples of dyad 6 and derivatives 4, 5, 7, and 8, detected by CV (sweep rate� 0.2 V sÿ1) in 0.3 mm THF solutions
(0.05m TBAH), at 258C.[a]


RuIII/II 1 2 3 4 5 6 7 8 9 10


6 � 1.34[b] ÿ 0.47
(ÿ0.41)[b,c]


ÿ 0.92 ÿ 1.04 ÿ 1.35 ÿ 1.69 ÿ 1.71 ÿ 1.95 ÿ 2.15 ÿ 2.56 ÿ 2.97


5 ÿ 0.47 ÿ 1.04 ÿ .168 ÿ 1.71 ÿ 2.18 ÿ 2.23 ÿ 2.96
7 ÿ 0.47 ÿ 1.06 ÿ 1.68 ÿ 2.15 ÿ 2.96
8 � 1.34[b] ÿ 0.90 ÿ 1.31 ÿ 1.69 ÿ 1.97 ÿ 2.57
4 ÿ 1.71 ÿ 2.19


[a] Working electrode: Pt, EFc�=0
1=2 � 0.58 V (25 8C). [b] CH3CN (0.05m TBAH) solutions. [c] Not fully reproducible due to adsorption.
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electron charge transfers. The total number of exchanged
electrons is now seven. The comparison with the behavior of
model 4 shows that the two-electron peaks recorded for 5
derive from the superimposition of the reductions of the
fullerene and substituted bpy moieties. The coincidence of the
E1/2 values for the reductions in derivative 5 with the
corresponding values in models 4 and 7 indicates that the
androstane spacer allows practically no mutual interactions
between bpy and C60. This means that complex 8 should
represent a suitable model for understanding the behavior of
the ruthenium moiety in dyad 6. Derivative 8 exhibits five
one-electron reduction processes, one less than the number
expected on the basis of the CV behavior of the free ligands
(two per bpy unit). Probably, the last process is located
outside the accessible potential range. The identification of
the redox sites has been performed in analogy to similar
heteroleptic ruthenium complexes such as [Ru(2,3-
dpp)(bpy)2]2� and [Ru(2,5-dpp)(bpy)2]2� (2,3- and 2,5-dpp�
2,3- and 2,5-bis(2-pyridil)pyrazine).[15] In these complexes two
bpy units are present together with a dpp ligand that, in
analogy to 5, is easier to reduce than the other two ligands.
The study of the ligand-based redox series for two families of
complexes [Ru(L)n(bpy)3ÿn]2� (L� 2,3- or 2,5-dpp; n� 0, 1, 2,
3) has shown that the first electron enters into the 2,3-dpp or
2,5-dpp ligand, while the second and third electrons go into
each of one of the unsubstituted bpy groups. The next three
successive electrons enter in the same sequence coupling to
the first ones in the respective redox orbitals. The same
succession is proposed for the five electrons introduced into
compound 8 as illustrated in Figure 2.


On the basis of the assignment for model compounds 7 and
8, a satisfactory identification of the redox sites in dyad 6 has
been obtained. In particular, from the diagram in Figure 2, the
redox pattern of dyad 6 corresponds to the virtual super-
imposition of those observed for the reduction of the fullerene
moiety and of the ligands coordinated to the metal. This
confirms that no substantial interaction between the two
different electroactive groups occurs through the spacer.
Furthermore, comparison between the behavior of dyad 6
with that of compounds 7 and 8 shows that the missing
electron, which would make the ligand-based redox series for
dyad 6 complete, corresponds to one unsubstituted bpy.


Photophysical measurements


Ground-state absorption spectra : The absorption spectrum of
ligand 5 in methylcyclohexane is very similar to those
reported earlier for 6,6-closed, monofunctionalized C60 de-
rivatives.[16] Bands at around 625, 636, 655, 669, 679, 689, and
701 nm can be distinguished. The latter refers to the S0!*S1


transition.[17, 18] The ground-state spectrum of the model
ruthenium complex 8 is characterized by intense bands in
the UV and visible regions. While the absorption observed
around 300 nm corresponds to the bpy p ± p* transition, the
band at 450 nm is attributed to a metal-to-ligand charge-
transfer band (MLCT).[8] The spectrum of dyad 6 (see
supporting information) is virtually the sum of the individual
spectra of 5 and 8, as previously observed for different C60-
based ruthenium dyads.[9, 19] In line with the results of the


electrochemical investigation, no bands attributable to any
electronic interaction between the two ground-state chromo-
phores were observed.


Steady-state luminescence : The emission spectrum of 5 (1.0�
10ÿ4m) in methylcyclohexane at 77 K exhibits maxima at 703,
716, 725(sh), 739, 754, 783, and 796(sh) nm, and is a mirror
image of the corresponding UV/visible absorption features.
The fluorescence-quantum yield of photoexcited 5 (Frel�
6.0� 10ÿ4) indicates insignificant modification of the fullerene
emission by the covalently linked androstane and bpy groups
relative to pyrrolidine 7. The emission bands of dyad 6,
recorded in a 1:1 toluene/CH2Cl2 mixture at 77 K (lexc�
460 nm, lem(max)� 630 nm) are reasonably in line with those
found for 8 and other polypyridineruthenium(ii) complexes.[8]


The emission spectrum, beginning at the long-wavelength tail
of the excitation band, is a good mirror image of the excitation
spectrum. This suggests that the luminescence undoubtedly
originates from the MLCT excited state of the ruthenium
moiety, and that other strongly fluorescent units are absent.
Solvent polarity affected the luminescence intensity of dyad 6
(Table 2). Increasing the dielectric constant of the solvent led,


in fact, to a drastic decrease of the luminescence quantum
yield, relative to model 8 in CH3CN (Figure 3). This solvent
dependence is in sharp contrast to the luminescence behavior
noticed for the previously mentioned flexible dyad,[10] in which
the bipyridylruthenium(ii) moiety is attached to the pyrroli-
dine ring through a triethylene glycol chain. This dyad shows an


Figure 3. Emission spectrum (excitation at 460 nm) of dyad 6 in CH3CN
(dashed line), in CH2Cl2 (dotted line), in 1:1 toluene/CH2Cl2 (solid line),
and 8 in CH3CN (*) at 77 K. All samples were studied under identical
conditions, therefore the relative intensities represent relative emission
quantum yields.


Table 2. Photophysical properties of 8 and 6 in solvents of different
polarity.


Solvent Luminescence intensity ket [sÿ1][a]


at 630 nm (77 K)


model 8 CH3CN 1
dyad 6 CH2Cl2/toluene 0.24 0.69� 109


dyad 6 CH2Cl2 0.11 2.1� 109


dyad 6 CH3CN/toluene 0.029 3.5� 109


dyad 6 CH3CN 0.021 5.1� 109


[a] Evaluated from the lifetimes measured in transient absorption experi-
ments at 25 8C.
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efficient and solvent-independent deactivation of the MLCT
state, suggesting the formation of an intramolecular exciplex.


The emission spectra of 6 and 8 were recorded for solutions
with equal absorbance at the 460 nm excitation wavelength.[20]


Accordingly, it is conceivable to attribute the decrease in
luminescence intensity to intramolecular quenching of the
ruthenium MLCT excited state by the fullerene moiety. Since
the thermodynamic driving force ÿDGo


CS for ET reactions is
expected to become more exothermic with increasing solvent
polarity, the current observation suggests a ET mechanism in
photoexcited dyad 6 (vide infra).


It should be noted that the emission studies revealed no
spectral evidence for any fullerene related fluorescence (700 ±
800 nm) or phosphorescence (824 nm), regardless of the
excitation wavelength. This can be rationalized in terms of
the relative low quantum yields reported for these emissive
processes (FFLU ca. 6.0� 10ÿ4 and FPHO� 1.0� 10ÿ4),[17]


relative to the strong luminescence of the MLCT state.


Pico- and nanosecond-resolved flash photolysis for the model
compounds 5 and 7: Differential absorption spectra of ligand
5 (2.0� 10ÿ5m) in CH2Cl2, recorded after 532 nm excitation,
indicate the immediate formation of the excited singlet state,
with lmax around 885 nm. The remarkable blue shift, relative
to pristine C60 (920 nm), can be rationalized in terms of
perturbation of the fullerene p system upon functionalization.
The rate of intersystem crossing of the excited singlet state of
5 into the lower lying excited triplet state (5.8� 108 sÿ1) was
followed by the decay of the absorption of the excited singlet
at 885 nm and the simultaneous absorption growth of the
excited triplet at 690 nm (Figure 4a).


Nanosecond-flash photolysis was carried out to comple-
ment the differential absorption changes involving the
formation of the fullerene excited triplet state. Laser excita-
tion of 5 (2.0� 10ÿ5m) in CH2Cl2 resulted in differential
absorption changes that display strong absorption maxima at
360 and 690 nm with a shoulder around 800 nm (Figure 5).


Similar results were obtained for derivative 7 both in the
pico- and nanosecond timescale, thus showing that the bpy
moiety does not affect the photophysical behavior of fullerene
derivatives. Since the differential absorption changes between
300 and 850 nm are in excellent agreement with other
monofunctionalized fullerene derivatives,[4, 17] the underlying
process can be unambiguously ascribed to the formation of
the excited triplet state of 5.


Pico- and nanosecond-resolved flash photolysis for dyad 6 and
model compound 8 : The solvent dependence of the lumines-
cence of 6 was investigated by time-resolved photolysis,
carried out in solvents of different polarity. Figure 4b shows
differential absorption changes of 6 at various time delays (see
Figure caption) following picosecond excitation in 1:1 tol-
uene/CH2Cl2. Emission of the MLCT excited state causes the
immediate ground-state bleaching in the displayed wave-
length region (Figure 4b,c). However, the lifetime thereof is
distinctly shortened relative to that recorded for model
compound 8 and for other polypyridineruthenium(ii) com-
plexes.[8] While the excited state of 8 is essentially stable on
the picosecond time scale and recovers to the ground state


Figure 4. Time-resolved difference absorption spectra of a) 5 (2.0� 10ÿ5m)
in 1:1 toluene/ CH2Cl2 solution, and b) 6 (2.0� 10ÿ5m) in CH2Cl2 solution 0,
50, 100, 150, 200, 300, 400, 500, 750, 1000, 1250, 1500, 2000, 2500, 3000, 3500,
4000, ps after excitation with a 18 ps laser pulse at 532 nm. c) Time
absorption profiles recorded at 600 nm for 8 (*) in CH3CN and 6 (*) in
toluene/CH2Cl2 at room temperature.


Figure 5. Differential absorption spectrum obtained upon flash photolysis
of 5 (2.0� 10ÿ5m) in CH2Cl2 with a 8 ns laser pulse at 337 nm.


with t1/2� 150 ns, the *Ru2� related emission in dyad 6
transforms into a broad-absorbing species with t1/2� 1.0 ns
(Figure 4b). The broad absorption features, recorded 4 ns
after the pulse, are clearly different from the fullerene excited
triplet state, which has a sharp *T1!*Tn maximum around
690 nm. Accordingly, those features are tentatively interpret-
ed in terms of the CS state Ru3�ÿC.ÿ


60 .
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In analogy to the luminescence quenching, the solvent
polarity has a significant impact on the kinetics of the
absorption growth. In particular, going from toluene/CH2Cl2


to CH3CN enhanced the quenching rate in dyad 6 from 6.9�
108 sÿ1 (toluene/CH2Cl2) to 2.1� 109 sÿ1 (CH2Cl2) and 5.1�
109 sÿ1 (CH3CN). This trend correlates well with previous
observations on electron-transfer reactions in D ± A dyads[21]


and corroborates our hypothesis of an intramolecular elec-
tron-transfer process from the ruthenium MLCT excited state
to the fullerene moiety.


Corresponding photolytic studies in the nanosecond time
regime have been performed to characterize the previously
mentioned broad-absorbing species. Photolysis of dyad 6 in
CH2Cl2 showed two relaxation processes (Figure 6a). The


Figure 6. Time profiles of absorption following 337 nm flash photolysis of
6 (2.0� 10ÿ5m) of a) Ru3�ÿC.ÿ


60 recorded at 390 nm in CH2Cl2,
b) (Ru2�ÿ3C60) recorded at 690 nm in CH2Cl2, c) Ru3�ÿC.ÿ


60 recorded at
390 nm in CH3CN, and d) (Ru2�ÿ3C60) recorded at 690 nm in CH3CN. Inset
in a) shows extended time scale at 390 nm.


faster process was an absorbance decay of the initially formed
species that occurred with t1/2� 210 ns. The slower process
was a monoexponential recovery of the ground-state absorp-
tion with a half life of 10 ms (see inset to Figure 6a). The
differential changes, recorded immediately after the excita-
tion (ca. 50 ns) closely resemble those resulting from the
absorption growth process observed during picosecond pho-
tolysis (4 ns, Figure 4b). In particular, this short-lived tran-
sient species displays a series of maxima at 390, 500, 570, and
640 nm (Figure 7a).


More importantly, a well-resolved near-IR absorption band
with lmax at 1040 nm, resembling the radiolytically reduced
fullerene moiety (vide infra), reveals unambiguous evidence
for the fullerene radical anion (Figure 7c). This substantiates
the hypothesis that a CS state (Ru3�ÿC.ÿ


60 , t1/2� 210 ns in
CH2Cl2) in dyad 6, evolves from intramolecular oxidative
quenching of the MLCT excited state.


Absorption features of the long-lived component (Fig-
ure 7b), recorded after the completion of the initial relaxation
process (ca. 2 ms after the excitation) are remarkably different
from those of the short-lived transient. Strong transition


Figure 7. Differential absorption spectra obtained upon flash photolysis of
6 (2.0� 10ÿ5m) in toluene/CH2Cl2 (1:1 v/v) with a 8 ns laser pulse at 337 nm.
a) UV/Vis part recorded 50 ns after excitation; b) UV/Vis part recorded
2 ms after excitation; c) near-IR part recorded 0.5 ms after excitation.


bands at 360 and 690 nm with a well-pronounced shoulder
around 800 nm correspond to the excited triplet states of the
fullerene core as found for model compounds 7 and ligand 5
(Figure 5).


It should be noted, however, that both chromophores in
dyad 6 have strong and overlapping absorption features in the
UV/visible region. Consequently, direct excitation of the
ruthenium antenna competes with light absorption by the
fullerene core. This prompted us to investigate derivatives 5
and 7 in various solvents using different excitation wave-
lengths (308, 337, 355, and 532 nm). Indeed, after correction
for the respective ground-state absorptions, 5 and 7 afforded
similar triplet yields to 6. In addition, Figure 6b demonstrates
that the rapid growth of the *T1!*Tn absorption in CH2Cl2 is
kinetically independent on the decay of the CS ion pair
absorption at 390 nm (Figure 6a, ca. 1 ms). This leads to the
conclusion that the photoexcited fullerene in dyad 6 is formed
exclusively by intersystem crossing from the singlet state,
which in turn is formed by direct excitation of the C60


chromophore.
In contrast to the results in CH2Cl2, the kinetics of growth


of the *T1!*Tn absorption in CH3CN reveals a two-step
formation process (Figure 6d). The rise of the fast component
is virtually completed with the instrument response and
presumably involves direct excitation of the fullerene core.
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The secondary contribution of the absorption growth is,
nevertheless, kinetically linked to the decay of the CS ion pair
absorption at 390 nm (Ru3�ÿC.ÿ


60 , Figure 6c). They follow
similar kinetics with t1/2 about 100 ns. This would signify that
the CS state in CH3CN decays through the energetically lower
lying triplet excited state to regenerate the ground state,
rather than a direct recombination to the latter. The
Ru2�ÿ3C60 state, derived from the two pathways, is produced
with an overall quantum yield of essentially unity.[22]


The dielectric continuum model[23] yields a DGo


CS value of
ÿ0.24 eV for CH3CN, that is, the regeneration of the excited
ruthenium state from the CS state is endergonic. Accordingly,
occurrence of charge recombination to 3MLCTexcited state is
improbable, and back electron transfer proceeds via the
fullerene excited triplet state (E0±0� 1.50 eV). On the other
hand, in CH2Cl2 the energy difference between the two states
is very small (ÿ0.02 eV). This suggests that back electron
transfer to the ruthenium 3MLCT excited state is favored
relative to the CH3CN case. In CH3CN the above mentioned
two-step decay process could be interpreted, within the
Marcus theory, in terms of the high exergonicity of the direct
formation of the ground state. The different routes for back
electron transfer in 6 are summarized in the energy diagrams
reported in Scheme 3.


CH2Cl2


CH3CN


(1.76 eV)


(1.95 eV)(1.97 eV)


(1.97 eV)


(1.73 eV)
(1.76 eV)


(1.50 eV)


(1.50 eV)


(3CT)(Ru2+)-(C60)


(3CT)(Ru2+)-(C60)


(Ru3+)-(C60
•-


 )


(Ru2+)-(1C60 )


(Ru2+)-(3C60 )


(Ru3+)-(C60
•-


 ) (Ru2+)-(1C60 )


(Ru2+)-(3C60 )


(Ru2+)-(C60)


(Ru2+)-(C60)


Scheme 3. Energy scheme for the excited states of 6 in CH2Cl2 and CH3CN
(see text and ref. [23]).


Pulse radiolysis : In order to further confirm the generation of
the reduced fullerene moiety upon photolysis of dyad 6, pulse
irradiation was carried out. Radical anions of fullerenes can
be studied by radiation-induced reduction of fullerenes in N2-
saturated 2-propanol.[24] The reducing species generated
under those conditions are the solvated electron and the
radical formed by hydrogen abstraction from 2-propanol,


namely (CH3)
.
2C(OH). Reduction of 6 took place with rate


constants of 4.6� 1010mÿ1 sÿ1 and 8.2� 108mÿ1 sÿ1 for the
solvated electron and (CH3)


.
2C(OH) radicals, respectively.


The resulting absorption maximum at 1045 nm (indicative of
C.ÿ


60 ) is in good agreement with the one observed in the
photoinduced intramolecular electron transfer from the
MLCT excited states of the ruthenium moiety to the fullerene
ground state (Figure 7c). This similarity corroborates the
successful generation of the CS state (Ru3�ÿC.ÿ


60 ) in photo-
excited dyad 6.


However, the CS state of dyad 6 surprisingly lacks direct
spectral evidence for the reduced fullerene moiety (e.g.,
ground-state bleaching at 330 nm and a broad transition band
at 420 nm) or the oxidized ruthenium chromophore (e.g.,
ground-state bleaching around 450 nm). Thus, comparison
between the data obtained upon photolysis of dyad 6 and
pulse radiolysis of the individual model compounds 5 and 8
was helpful in the identification of the transient products.


Under reductive conditions, pulse irradiation of ligand 5
(2� 10ÿ5m) in a toluene/2-propanol/acetone mixture (1:1:1
v/v) resulted in the formation of distinct and characteristic
absorptions throughout the UV/visible and near-IR regions.
The UV/visible part is shown in Figure 8a with a maximum


Figure 8. a) Radiolytic reduction of 5 : transient absorption spectrum (&)
of the C60 radical anion obtained upon pulse radiolysis in N2-saturated
toluene/2-propanol/acetone mixture (1:1:1 v/v). b) Radiolytic oxidation of
8 : transient absorption spectrum (*) of RuIII obtained upon pulse radiolysis
in N2O-saturated aqueous solution containing 0.1m HCl.


around 420 nm (De� 14 000mÿ1 cmÿ1 at 420 nm).[25] These
features are ascribed to the C60 radical anion formed in the
reaction shown in Equation (1).


(C60)ÿR� (CH3)
.
2C(OH) ÿ! (C.ÿ


60 )ÿR� (CH3)2CO�H� (1)


On the other hand, radiolytic oxidation of water-soluble
substrates such as 8 can be conveniently studied in N2O
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saturated solution containing 0.1m HCl; this leads to the
formation of the well characterized Cl.ÿ2 (lmax at 340 nm).
Addition of variable amounts of 8 resulted in an accelerated
decay of the Cl.ÿ2 absorption, indicating oxidation of the
ruthenium(ii) complex [Eq. (2)] with a rate constant of 1.1�
109mÿ1 sÿ1. The resulting absorption changes (20 ms after the


Cl.ÿ
2 � [Ru(bpy)2(bpyÿCO2R)]2� ÿ! 2 Clÿ� [Ru(bpy)2(bpyÿCO2R)]3� (2)


pulse) showed bleaching of the starting material around
450 nm (De� 13 000mÿ1 cmÿ1 at 450 nm) and formation of
weak absorption around 550 nm (Figure 8b).


Determination of the differential absorption changes,
which evolve from reduction and oxidation of the two
individual chromophores, permits the interpretation of the
spectral features (UV/visible range) found for the CS state of
dyad 6 (Figure 7a). The spectral features of Ru3�ÿC.ÿ


60 are
essentially a superimposition of the absorption observed for
the reduced fullerene moiety (C.ÿ


60 , Figure 8a) and the
oxidized ruthenium complex (Ru3�, Figure 8b). The strong
transition band of the reduced fullerene moiety (around
420 nm) masks the ruthenium related bleaching (around
440 nm), and bleaching of ground-state fullerene (around
335 nm) is compensated by the sharp absorption of the
ruthenium(iii) complex in this range.


Conclusion


In this paper we have described the synthesis, electrochem-
istry, and photophysical behavior of a [Ru(bpy)3


2�]ÿC60 dyad
in which the spacer between the metal complex and the C60 is
a rigid androstane moiety. UV/visible absorption spectros-
copy and electrochemical investigations suggest the absence
of any ground-state interaction between the [Ru(bpy)3


2�] and
fullerene chromophores. This is in line with previous studies
performed on a similar dyad in which the C60 and ruthenium
chromophores are linked through a flexible triethylene glycol
spacer. Steady-state fluorescence of dyad 6 showed a rapid,
solvent-dependent, intramolecular quenching of the rutheni-
um MLCT excited state. Time-resolved flash photolysis (pico-
and nanosecond) in CH2Cl2 and CH3CN revealed character-
istic differential absorption changes throughout the UV/
visible and near-IR range that have been ascribed to the
formation of the CS state Ru3�ÿC.ÿ


60 , with t1/2� 210 ns in
CH2Cl2 and t1/2� 100 ns in CH3CN. It is worth noting that in
polar solvents the use of a rigid spacer instead of a flexible
chain allows efficient charge separation. The flexible dyad
may adopt a folded conformation in solution with the
ruthenium and C60 chromophores in close proximity, thus
promoting fast charge recombination. The most interesting
result concerning the photophysical properties of dyad 6 is
that back electron-transfer reaction products depend on the
solvent used. While the Ru3�ÿC.ÿ


60 pair decays in CH3CN
through the formation of the lower lying triplet excited state
of C60, regeneration of the MLCT excited state has been
suggested to be the predominant deactivation route in
CH2Cl2.


In order to increase the efficiency of the formation of the
CS state and lifetime thereof we are currently working on the
design and preparation of novel systems containing multi-
nuclear metal centers and C60-based triads.


Experimental Section


Instrumentation : Details regarding instrumentation used in this paper have
been described elsewhere.[4c, 13, 26] MM2 and PM3 calculations were
performed using the SPARTAN 4 program running on a IBM/6000
workstation.


Materials : C60 was purchased from Bucky USA (99.5 %). All other reagents
were used as purchased from Fluka and Aldrich. 5-Methyl-2,2'-bipyri-
dine,[27] 2,2'-bipyridine-5-carboxylic acid,[28] cis-bis(2,2'-bipyridine-N,N')-
dichlororuthenium(ii) dihydrate,[29] and N-methylfulleropyrrolidine[7a] were
prepared as described in the literature. All solvents were distilled prior to
use. Methylcyclohexane, toluene, dichoromethane, acetonitrile, acetone,
and 2-propanol employed for UV/visible, fluorescence, phosphorescence,
pico- and nanosecond flash photolysis, and pulse radiolysis measurements
were commercial spectrophotometric grade solvents that were carefully
deoxygenated prior to use.


Abbreviations used : bpy� 2,2'-bipyridine; DCE� 1,2-dichloroethane;
THF� tetrahydrofuran; DCC� dicyclohexylcarbodiimide; DMAP� 4-di-
methylaminopyridine; TBAH� tetrabutylammonium hexafluorophos-
phate.
1H and 13C NMR data of derivatives 4 ± 6 and 8, 1H and 13C NMR spectra of
dyad 6, UV/visible spectra of derivatives 5, 6, and 8, and CV curves of
substrates 4, 5, 7, and 8 are available as supporting information.


17b-(ol-2,2''-bipyridylcarboxylate)-5a-androstan-3-one (4): DMAP (34 mg,
0.28 mmol) and DCC (120 mg, 0.58 mmol) were added to a suspension of 2
(0.11 g, 0.55 mmol) in CH2Cl2 (3 mL), and the mixture was stirred at room
temperature for 20 minutes. A solution of 3 (145 mg, 0.5 mmol) in CH2Cl2


(2 mL ) was added, and the mixture stirred for a further 20 h at room
temperature. The solvent was removed under reduced pressure, and the
solid residue was purified by flash column chromatography (SiO2, eluant
toluene/AcOEt 9:1, then 8:2) affording 4 (153 mg, 65 %). M.p. 226 ± 230 8C;
IR (KBr): nÄ � 2933, 1715, 1594, 1282, 762 cmÿ1; C30H36N2O3 (472.3): calcd C
76.24, H 7.68, N 5.93; found C 76.42, H 8.01, N 5.55.


N-Methyl-3,4-fulleropyrrolidine-2-spiro-17''b-(ol-2,2''-bipyridylcarboxyl-
ate)-5''a-androstanyl (5): A solution of C60 (112 mg, 0.16 mmol), 4 (70 mg,
0.15 mmol), and N-methylglycine (47 mg, 0.52 mmol) in toluene (100 mL)
was heated to reflux for 2.5 h. The solvent was evaporated under reduced
pressure, and the crude product purified by flash column chromatography
(SiO2). Elution with toluene/AcOEt 95:5 and then 9:1 gave 5 (34 mg, 19%)
along with unreacted C60 (73 mg, 65%). IR (KBr): nÄ � 2923, 1721, 1590,
1458, 1279, 1116, 760, 528 cmÿ1; UV/Vis (CH2Cl2): l (e)� 253 (111 000), 315
(48 400), 431 nm (3720); MS (MALDI): m/z : 1218 [M�H]� ; C92H39N3O2


(1217.3): calcd C 90.70, H 3.23, N 3.45; found C 88.09, H 3.36, N 3.19.


[Ru(bpy)2(5)](PF6)2 (6): A solution of 5 (31 mg, 0.025 mmol), Ru(b-
py)2Cl2 ´ 2H2O[29] (14 mg, 0.027 mmol), and NH4PF6 (37 mg, 0.23 mmol) in
DCE (8 mL) was heated to reflux for 9 h under a nitrogen atmosphere and
in the dark. The reaction was monitored by TLC (toluene/AcOEt 6:4)
through observation of the disappearence of 5. After filtration, the solution
was concentrated at reduced pressure, and the residue washed with toluene,
MeOH, and water. The product was then dissolved in THF, filtered, and,
after evaporation of the solvent, dried in vacuo affording 6 (20 mg, 41%) as
a brownish solid. IR (KBr): nÄ � 2925, 1726, 1464, 1447, 1298, 1143, 842, 762,
558, 528 cmÿ1; UV/Vis (CH2Cl2): l (e)� 255 (103 900), 287 (103 300), 432
(11 900), 447 nm (11 100); MS (APCI): m/z : 815 [(Mÿ 2 PF6)/2];
C112H54N7O2F12P2Ru (1920.6): calcd C 70.0, H 2.83, N 5.10; found: C
64.74, H 2.86, N 4.87. Although the value for carbon is low, it is not unusual
for fullerene derivatives.[30]


[Ru(bpy)2(4)](PF6)2 (8): A solution of 4 (25 mg, 0.053 mmol), Ru-
(bpy)2Cl2 ´ 2H2O (32 mg, 0.062 mmol), and NH4PF6 (90 mg, 0.55 mmol) in
DCE (10 mL) was heated to reflux for 7 h under a nitrogen atmosphere.
The solvent was removed under reduced pressure, and the solid residue
purified by flash column chromatography (neutral Alumina, eluant
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CH3CN/toluene 3:1) affording 8 (16 mg, 25 %) as an orange compound. IR
(KBr): nÄ � 2931, 1710, 1466, 1447, 1299, 841, 559 cmÿ1; UV/Vis (CH2Cl2): l


(e)� 251 (17 700), 288 (55 000), 449 nm (7400); MS (MALDI): m/z : 1032
[MÿPF6�H]� , 887 [Mÿ 2 PF6�H]� ; MS (APCI): m/z :
[C50H52N6O3Ru]2�� 443 [M/2]; C50H52N6O3P2F12Ru (1175.9): calcd C
51.07, H 4.46, N 7.15; found C 50.22, H 4.30, N 6.81.
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pH-Controlled Photochromism of Hydroxyflavylium Ions
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Abstract: The structural transforma-
tions and photochromic properties of
the 7-hydroxyflavylium ion have been
investigated by means of the pH jump
technique and continuous and pulsed
light excitation. The primary photoprod-
uct of UV irradiation of the colorless
trans-chalcone form, which is the pre-
dominant species at pH 4, is its colorless
cis isomer, which rapidly disappears on a
time scale of seconds through two com-
petitive processes: i) back-reaction to
yield the trans-chalcone form, and ii)


formation of the colored flavylium ion
and its conjugated quinoidal base. Over
minutes or hours (depending on pH),
the system reverts quantitatively to its
original state. The rate constants and
equilibrium constants of the various
processes have been obtained and com-
pared with those previously reported for


the 4'-hydroxyflavylium and 4',7-dihy-
droxyflavylium ions. This comparison
demonstrates the substituent effect on
the rate and equilibrium constants; the
effect on the rate constant of the
cis!trans thermal isomerization reac-
tion is particularly strong. For the 7-
hydroxyflavylium and 4',7-dihydroxyfla-
vylium ions the pH of the solution plays
the role of a tap for the color intensity
generated by light excitation. This also
means that this system can be viewed as
a light-switchable pH indicator.


Keywords: flash photolysis ´ flavy-
lium salts ´ kinetics ´ photochrom-
ism ´ UV/Vis spectroscopy


Introduction


The synthetic flavylium salts have a basic chemical structure
identical to the anthocyanins, one of the most important
families of colorants of flowers and fruits.[1±6] Previous
systematic investigations[5±6] have shown that in acidic and
neutral aqueous solution flavylium ions undergo complex
structural transformations that, in the case of the 7-hydroxy-
flavylium ion, the object of the present work, can be
represented as in Scheme 1. Such transformations, which are
accompanied by changes in the UV/Vis absorption and
emission spectra of the solution, can be induced by pH
changes and/or by light excitation and can be studied by using
the pH jump and continuous and flash photolysis techni-
ques.[7±11] Of particular interest is the reversible photoinduced
isomerization of the thermally stable (within a certain pH
range) trans-chalcone form, which in the case of the 4'-
methoxyflavylium ion can initiate a write-lock-read-unlock-


Scheme 1. Kinetic scheme describing the structural transformations taking
place in the 7-hydroxyflavylium system. Inset: molar fraction distributions
of the various species present at the thermodynamic equilibrium (solid
lines) and immediately after pH jumps starting from pH 1.0 (dashed lines).


erase photochromic cycle for information processing.[10] More
recently it has been shown that in the case of 4'-hydroxy-
flavylium ion the light- and/or pH-induced transformations
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can also be taken as a basis for simple logic operations and
form a remarkably intricate network of chemical processes.[11]


In this paper we report the results of an investigation
carried out on the 7-hydroxyflavylium ion. The rate constants
and equilibrium constants of the various processes have been
obtained and compared with those previously reported for the
4'-hydroxyflavylium and 4',7-dihydroxyflavylium ions. Some
peculiar properties related to the interconnections between
the pH of the solution and light excitation are also described.


Experimental Section


7-Hydroxyflavylium chloride was prepared according to a published
procedure.[12] All other chemicals used were of analytical grade. The
experiments were carried out in water at 25 8C. The pH of the solutions was
adjusted by addition of HClO4 (pH< 2) or buffer,[13] and measured by a
Metrohm 713 pH meter. For 1H NMR spectroscopy experiments 7-
hydroxyflavylium chloride was dissolved in DCl (ca. 0.5m). When required
the pH was changed by addition of small aliquots of NaOD (1m or 0.1m).
pH measurements were made in the NMR tube with an Ingold glass
electrode, and the reported pH values, denoted with an asterisk, are direct
readings without correction for the isotope effect.[14]


NMR spectroscopy[7, 8a] and flash photolysis[9a, 9b] experiments were per-
formed as previously described. UV/Vis absorption and emission spectra
were recorded on a Perkin ± Elmer Lambda 6 spectrophotometer and a
Perkin ± Elmer LS 50 spectrofluorimeter, respectively. Photoexcitation in
continuous irradiation experiments was performed using a medium-
pressure mercury lamp and interference filters (Oriel) to isolate the
excitation bands. The incident light intensity was measured by ferrioxalate
actinometry.[15] The estimated error in quantum yield values is � 10%.


Results and Discussion


Equilibria in the dark : As shown in Scheme 1, in acidic and
neutral aqueous solutions of synthetic flavylium ions it is
possible to distinguish five forms: the flavylium cation (AH�);
the quinoidal base (A), obtained by simple deprotonation of
the flavylium cation [Eq. (1)]; the hemiacetal form (B),
obtained by hydration of the flavylium cation [Eq. (2)]; the
cis-chalcone form (Cc), formed from the hemiacetal through a
tautomeric process [Eq. (3)]; and the trans-chalcone form
(Ct), resulting from isomerization of cis-chalcone [Eq. (4)].


AH� )*
Ka


A�H� (1)


AH� )*
Kh


B�H� (2)


B )*
Kt


Cc (3)


Cc )*
Ki


Ct (4)


As shown previously[2, 8a] the molar fraction of the acidic
form AH� can be obtained from Equation (5), with K '


a given
by Equation (6).


�AH��
C0


�a� �H��
�H�� � K '


a


(5)


K '
a�Ka�Kh�KhKt�KhKtKi (6)


Equation (5) accounts for the complex equilibria described
by Equations (1) to (4) in terms of a single acid ± base


equilibrium [Eq. (7)][8a] between the acidic species AH� and a
conjugate base CB having a concentration equal to the sum of
the concentrations of the species A, B, Cc, and Ct, and molar
fraction given by Equation (8).


AH� )*
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The individual expressions of the molar fractions of each
component of CB can be easily calculated as shown in
ref. [8a]. If the pH is sufficiently high to consider the system to
be entirely in the CB form (b� 1), the relationships shown in
Equation (9) apply.
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The UV/Vis absorption spectra of dark-equilibrated aque-
ous solutions of the 7-hydroxyflavylium ion as a function of
pH are shown in Figure 1. The spectral variations observed


Figure 1. UV/Vis absorption spectra of dark-equilibrated aqueous solu-
tions of the 7-hydroxyflavylium ion as a function of pH, from pH� 0 to
pH� 5. Inset: molar fraction of AH� as a function of pH.


are similar to those previously found for the 4',7-dihydroxy-
flavylium and 4'-hydroxyflavylium ions. At pH� 1.0 the
predominant form is the flavylium cation AH�. The intensity
of the AH� band (lmax� 435 nm) decreases with increasing
pH, and two bands with maxima near 360 nm and 460 nm
appear, assigned to trans-chalcone and quinoidal base,
respectively.


The above results were confirmed by 1H NMR experiments,
where no hemiacetal (B) or cis-chalcone (Cc) could be
detected. The 1H NMR spectrum of an acidic solution of 7-
hydroxyflavylium chloride (pH*� 0.12) is shown in Figure 2a;
the assignments are presented in Table 1. The spectrum is
consistent with the existence of a sole species which, at this pH
value, must be the flavylium cation, AH�. The assignments
given in Table 1 were made on the basis of the following
considerations:
1) The H atom at C-4' is the only one expected to appear as a


triplet with a relative integration of one proton; thus, the
resonance at d� 7.61 must be assigned to it.
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Figure 2. 400-MHz 1H NMR spectra of 7-hydroxyflavylium chloride in
D2O at 27 8C: a) pH*� 0.12; b) same solution, after pH* jump to 7.3 and
filtration; c) same solution as b) after ca. 24 h; d) pH*� 12.0. In spectrum
b) the symbol § denotes an impurity.


2) The resonance at 7.27 ppm appears as a doublet of
doublets with very different scalar coupling constants
(J� 8.8 and 2.0 Hz) and with integration of one H atom,
which is consistent with the pattern expected for H-6.


3) Full assignment follows from COSY and NOESY spectra,
the latter being necessary to distinguish between the
resonances of H-3 and H-4.


When the yellow-orange solution (pH*� 0.12) is subjected
to a pH jump to pH*� 7.3, a copious precipitate and a color
change to red-orange are observed. After filtration, the 1H
NMR spectrum of the solution is consistent with the presence
of a single species (Figure 2b). This spectrum evolves slowly
(ca. 24 h at pH*� 7.3) into another one (Figure 2c), again
characteristic of a single species, through a series of inter-
mediate spectra showing peaks of both species. The final
solution has an orange color. These results are consistent with
the formation of the neutral quinoidal base A (which in part
precipitates) as a consequence of the pH jump, followed by its
rearrangement to trans-chalcone Ct.


The assignment of the 1H NMR spectra to the trans or cis
isomer is usually made on the basis of the value of the


coupling constant between H atoms 3 and 4.[7] In this case the
attribution is not straightforward, owing to the overlap of
these peaks with the signals of other H-atoms. The assignment
of the spectrum in Figure 2c to trans-chalcone can, however,
be made indirectly. Dissolving 7-hydroxyflavylium chloride in
NaOD (0.01m) gives a solution with the spectrum shown in
Figure 2d. This spectrum can be attributed to the dibasic form
of trans-chalcone (C2ÿ


t ) ; the complete assignment of this
spectrum, given in Table 1, is based on the coupling constant
from COSY and NOESY spectra, beginning with reasoning
similar to that outlined above for the flavylium cation.
Acidification of this solution to pH*< 6 is expected to give
Ct and leads, in fact, to a spectrum identical to the one shown
in Figure 2c. Assignments for A and Ct in Table 1 were made
by comparison with the firm assignments made for the two
other species.


The global acidity constant K '
a of 7-hydroxyflavylium was


calculated from UV/Vis absorption spectra by measuring the
molar fraction distribution of the AH� species as a function of
pH, as previously described.[8a] The results are shown in the
inset of Figure 1, from which the value pK '


a� 2.7 was
obtained.


Kinetic information from pH jump experiments : Kinetic
information about the reactions reported in Scheme 1 can be
obtained by displacing the system from equilibrium by means
of a pH jump. pH jumps can be performed in both directions,
starting from equilibrated solutions at pH1 to high pH values,
or vice versa. Figure 3 refers to a pH jump experiment from


Figure 3. UV/Vis spectral variations in the dark for the 7-hydroxyflavy-
lium ion (2.5� 10ÿ5m) upon a pH jump from pH� 1.0 to pH� 6.0. The inset
shows the change in absorbance at l� 474 nm (maximum of the quinoidal
base A) as a function of time.


pH 1.0 to pH 6.0. The results obtained show the existence of
two reactions occurring on different time scales, as was
previously observed for 4',7-dihydroxyflavylium.[9a, 9b] As
shown by the absorption spectrum obtained immediately
after the pH jump, the first reaction is the deprotonation of
the flavylium cation (AH�) to give the quinoidal base (A).
This reaction is too fast to be followed by a stopped-flow
apparatus. The ratio between the concentrations of AH� and
A after the pH jump is dependent only on the acidity constant
Ka . The second process, which is slow enough to be monitored


Table 1. Chemical shifts (d) and scalar couplings (J [Hz]) of some forms of
7-hydroxyflavylium chloride obtained by 1H NMR in D2O at 27 8C.


AH� [a] A[b,c] Ct
[b] C2ÿ


t
[d]


d J d d J d J


2'-H� 6'-H 8.1[e] ± 8.02 7.9[e] ± 7.83 7.4
3'-H� 5'-H 7.48 7.8 7.5[e] 7.5[e] ± 7.48 7.5
4'-H 7.61 7.2 7.5[e] 7.62 7.3 7.54 ±
3-H 8.1[e] ± 7.74[f] 7.5[e] ± 7.13 14.9
4-H 8.98 8.4 8.31[f] 7.9[e] ± 8.20 14.9
5-H 7.97 8.8 7.5[e] 7.5[e] ± 7.44 8.9
6-H 7.27 8.8 6.84 6.47 8.5 5.95 8.9


2.0 ± ±
8-H 7.31 ± 6.66 6.39 2.0 5.75 1.8


[a] pH*� 0.12. [b] pH*� 7.3. [c] Coupling constants are not given due to
low resolution. [d] pH*� 12.0. [e] Overlapped peaks. [f] Tentative assign-
ment.
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by spectrophotometric analysis, is the partial conversion of A
into the trans-chalcone (Ct). At pH 6.0 the only species
absorbing at 460 nm is A ; consequently, the ratio between the
final absorbance and the initial absorbance after this second
process is equal to the molar fraction of this species at
equilibrium with Ct. From the data of Figure 3, the molar
fraction of A when b� 1 is calculated to be 0.14, which allows
us to obtain Ka� 2.8� 10ÿ4 and KhKtKi� 1.7� 10ÿ3 from
Equation (9).


Kinetic analysis of the slow process shows first-order
behavior with a rate constant which depends on pH but not
on the direction of the pH jump (Figure 4). Similar behavior


Figure 4. pH dependence of the first-order rate constant of the slowest
process observed upon a pH jump carried out on aqueous solutions of 7-
hydroxyflavylium ion. The solid line is a fit to the experimental data based
on Equation (11).


was recently described for the parent compound 4',7-dihy-
droxyflavylium.[9b] As in that case, the reactions occurring in
the system can be represented by Equations (1) and (10),
where X is the intermediate state consisting of B and Cc in
rapid equilibrium. Because X does not accumulate, its
formation must be slower than its disappearance. This is
possible if formation of Ct from AH� and A is controlled by
the hydration reaction that leads to B and the back-formation
of AH� and A from Ct by trans ± cis isomerization (Scheme 1).
In other words, kh�kÿh[H�] and kÿi� ki . A kinetic treat-
ment, based on the steady-state approximation for the
intermediate species X and considering that the equilibrium
in Equation (1) is by far the fastest process of the system,
leads to Equation (11).[9b]


AH� )*
Ka


A�H� (1)


AH� ) *
kh


kh �H��
X )*


ki


kÿi


Ct (10)


kobs�
�H��


�H�� � Ka


´
kikh


ki � kÿh�H���
kÿikÿh�H��


ki � kÿh�H�� (11)


Representation of Equation (11) as a function of pH yields
a bell-shaped curve (Figure 4) from which the rate constants
can in principle be evaluated by a fitting procedure. However,
since kh� kÿh[H�] and kÿi�ki , only the rate constants kÿi


and kh of the rate-determining steps affect the shape of the
curve and can therefore be obtained. Their values are shown
in Table 2, where the corresponding values previously ob-
tained[6, 9, 11] for the 4',7-dihydroxyflavylium and 4'-hydroxy-
flavylium ions are also shown for comparison purposes.


Photochemical experiments :


Continuous irradiation : The spectral changes observed upon
steady-state irradiation of solutions of trans-chalcone with
365 nm light at pH 2.75 are shown in Figure 5. The most


Figure 5. Steady-state irradiation of the compound 7-hydroxyflavylium at
l� 365 nm and pH 2.75; the curves refer to irradiation times from 0 to
30 minutes, when a photostationary state is reached.


relevant aspect of these results, when compared with those
obtained from 4',7-dihydroxyflavylium[9a, 9b] and 4'-hydroxy-
flavylium,[6, 11] is the low yield of the net conversion. This
behavior is at least in part due to the fact that in the case of 7-
hydroxyflavylium the thermal back-reaction that restores
trans-chalcone is faster than in the other cases (for more
details, see below). The initial quantum yield of formation of
flavylium cation/quinoidal base, A/AH�, calculated on the
basis of the total light absorbed by the system, changes on
changing the pH of the solution, as shown in Figure 6. The
maximum value for the observed quantum yield is obtained at
pH� 3. It should be noted that the decrease observed for low
pH values is an artefact due to the decrease in the molar
fraction of trans-chalcone as the pH becomes lower than 3.
The important point is that the observed quantum yield
decreases sharply at high pH values where the molar fraction
of trans-chalcone reaches its maximum value. As we will see
below, this result is due to the fact that at high pH values the
transformation of Ct to AH� is prevented, favoring the
reversion of Cc into Ct.


It is worth noting that no significant spectral variation was
observed upon 1-hour irradiation of solutions of 7-hydroxy-


Table 2. Thermodynamic and kinetic constants.[a]


Compound 7-OH[b] 4'-7-diOH[c] 4'-OH[d]


K '
a 10ÿ2.7 10ÿ3.05 10ÿ1.9[e]


Ka 10ÿ3.55 10ÿ4 10ÿ5.5


Kh 8� 10ÿ6 1.4� 10ÿ6 3.6� 10ÿ6


Ki 5� 102 1.4� 103 3.5� 103


kh 0.48 sÿ1mÿ1 1.8� 10ÿ2 sÿ1mÿ1 8.9� 10ÿ2 sÿ1mÿ1


kÿh
[f] 3� 104 sÿ1mÿ1 1.3� 104 sÿ1mÿ1 2.5� 104 sÿ1mÿ1


ki 0.57 sÿ1[f] 0.26 sÿ1[f] 3.7� 10ÿ5 sÿ1


kÿi 8.3� 10ÿ4 sÿ1 1.8� 10ÿ4 sÿ1 � 10ÿ8 sÿ1


[a] Measured by means of pH jump techniques at 25 8C unless otherwise
noted. [b] This work. [c] Ref. [9b]. [d] Refs. [6] and [11]. [e] Value reported
at 60 8C. [f] Flash photolysis.
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Figure 6. Quantum yield of formation of quinoidal base A and flavylium
cation AH� calculated on the basis of the total light absorbed by the system
after 0.5 min of irradiation, as a function of the pH of the solution.


flavylium at pH1.0, showing that the flavylium cation is
photochemically stable.


Fluorescence emission : Fluorescence was observed upon
excitation of the three forms of 7-hydroxyflavylium ion
AH�, A, and Ct (Figure 7). The fluorescence spectrum


Figure 7. Fluorescence spectra of the 7-hydroxyflavylium ion: dark equi-
librated solution at pH� 5.0, lexc� 370 nm (dashed line); immediately after
a pH jump from pH� 1.0 to 6.0, lexc� 470 nm (dotted line); dark-
equilibrated solution at pH� 1.0, lexc� 470 nm (solid line).


recorded at pH� 1, where AH� is the sole species present in
solution, shows a band that is identical to that observed by
selective excitation (lexc� 470 nm) of A at pH� 6, except for
the shoulder around 500 nm. The excitation spectrum of the
solution at pH� 1.0 and lem� 600 nm matches the absorption
spectrum of AH�, and the excitation spectrum of the emission
of A (pH� 6.0 and lem� 600 nm) is coincident with the
absorption spectrum of A. The results show that at pH� 1.0,
in spite of the fact that we are exciting AH�, most of the
emission is due to the excited state of A. This behavior,
already described for other flavylium salts containing hydrox-
yl groups in the 7-position (namely 3,4'-dimethoxy-7-hydrox-
yflavylium,[8a] 4',7-dihydroxyflavylium, and 4-methyl-7-hy-
droxyflavylium[16]), is due to the adiabatic deprotonation of
the excited state of AH�.


The emission from Ct, also shown in Figure 7, shows a large
Stokes shift with respect to the absorption band indicating


that the geometry of the excited state is different from that of
the ground state. This behavior was found in other compounds
exhibiting a cis ± trans isomerization[17] and is in agreement
with the photochemical behavior of this species (see below).


Flash photolysis : As mentioned above, pH jump experiments
can give the rate constants corresponding only to the rate-
determining step in each direction, that is, the trans!cis
isomerization and the hydration reaction AH�!B. Fortu-
nately, the pH jump technique can be complemented by flash
photolysis, where the equilibrium is displaced by means of a
pulse of light.[9]


Dark-equilibrated solutions of 7-hydroxyflavylium chloride
were irradiated with a flash lamp (pulse width of a few
milliseconds), and the changes in absorbance were monitored
as a function of time. In Figure 8 the traces obtained at 460 nm


Figure 8. Changes in absorbance at l� 460 and 360 nm observed after
flash excitation of 7-hydroxyflavylium solutions at three representative pH
values.


(absorption maximum of A) and 360 nm (absorption max-
imum of Ct) are shown for three representative pH values, 3.0,
4.0, and 5.7. As in the case of 4',7-dihydroxyflavylium,[9a, 9b] the
absorbance decay traces clearly show the presence of three
consecutive kinetic processes. The first one occurs within the
flash and is too fast to be monitored with our apparatus. It can
be assigned to the reaction of Ct to give Cc in equilibrium with
hemiacetal B. The second process ends within a few seconds,
whereas the third process (not shown in Figure 8), falls into
the time domain of minutes and completely restores the initial
absorbance (before irradiation). Differential time-resolved
spectra were obtained from traces such as those reported in
Figure 8 by plotting the difference between the initial
absorbance and the absorbance at various time delays
(Figure 9). Inspection of Figure 9 shows that on a time scale
of seconds the disappearance of Ct (bleaching at 360 ± 380 nm)
leads to formation (through the Cc isomer) of A and AH�


(increase of absorbance in the visible region). The traces
recorded at 460 nm (Figure 8) show that the formation of A
and AH� occurs by a first-order process that becomes faster
and more efficient with decreasing pH. The same rate
constant is obtained from the parallel recovery of absorbance
at 360 nm. These results show that the cis-chalcone formed by
light excitation is an unstable species which disappears by a
pH-controlled forward reaction to give quinoidal base and
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Figure 9. Differential time-resolved UV/Vis spectra for 7-hydroxyflavyl-
ium solutions after a flash excitation at pH 4.25: 0.5 (*), 1 (&), 3 (*) seconds
after the flash.


flavylium cation, and by the back-reaction yielding trans-
chalcone. Therefore, the flash photolysis experiments yield
information on the fast processes (dehydration and cis!trans
isomerization) not accessible to the pH jump technique.
Following a procedure described previously,[9b] the rate
constants kÿh[H�] and ki have been evaluated from the
absorbance changes (Table 2).


Substituent effects : With the data shown in Table 2, the
energy-level diagram shown in Figure 10 can be drawn for the
7-hydroxyflavylium ion. The energy-level diagrams for the
previously investigated 4'-hydroxyflavylium[11] and 4',7-dihy-
droxyflavylium[9a, 9b] ions are also shown in Figure 10 for
comparison purposes.


The effect of substituents on the photochromic behavior of
the three flavylium ions can now be discussed. As is evident
from Figure 10, in all cases AH� is the thermodynamically
stable form in acidic medium, but on increasing pH it becomes
less stable than Ct and, at high pH, also than Cc. The most
noticeable difference among the three compounds concerns
the value of the rate constant of the cis!trans isomerization
reaction (ki) which for the 4'-OH derivative is several orders
of magnitude lower than for the other two compounds
(Table 2). Because of such a low rate constant, for the 4'-
OH derivative the cis isomer formed upon light excitation in
acidic solutions is quantitatively converted by the much faster
reaction (rate constant kÿh[H�]) of its tautomeric form B to
give the species AH� (in fast equilibrium with A), which can
be indefinitely stored. The reversion of AH� and A to Ct (via
B and Cc), however, can be encouraged by raising the
temperature and/or pH of the solution, as well as by means
of the photochemical isomerization of Cc. As discussed
elsewhere, such behavior is suitable for optical memory
devices with nondestructive readout capacity through a write-
lock-read-unlock-erase cycle.[10] Such a possibility, however, is
precluded for the 7-OH and 4',7-OH derivatives because ki is
much larger; therefore, i) the rate of the cis!trans isomer-
ization reaction competes with the forward reaction leading
from Cc to AH�, and ii) AH� and A revert rapidly to Cc and
Ct, except at very low pH values.


Differences are also noticeable in the rate constants of the
various processes for the 7-OH and 4',7-OH derivatives
(Table 2). All the rate constants are higher for the 7-OH


Figure 10. Energy-level diagrams for the species involved in the trans-
formation of 7-hydroxyflavylium ion and of the previously investigated 4'-
hydroxyflavylium[11] and 4',7-dihydroxyflavylium[9a, 9b] ions.


derivative, but it should be noted that whereas kÿh is less than
3 times larger, kh is more than 20 times larger. It follows that
at any given pH value the AH� species is less stable (relative
to B) in the 7-OH derivative. Therefore in the 7-OH
derivative the time for which the colored species can be
transiently observed in flash experiments is shorter, and the
amount of colored species present at the photostationary state
in continuous irradiation experiments is smaller.


Conclusions


We have investigated the processes which occur in aqueous
solutions of the 7-hydroxyflavylium ion during pH jump and
continuous and flash photolysis experiments. The rate con-
stants and equilibrium constants of the various structural
transformations have been obtained and compared with those
previously reported for the 4'-hydroxyflavylium and 4',7-
dihydroxyflavylium ions. The various forms of these com-
pounds are related by interconverting processes in a manner
reminiscent of a system of connecting vessels. Using such a
hydraulic analogy, the behavior of an aqueous solution of







Efficient Homogeneous Hydrosilylation of Olefins by Use of Complexes of Pt0


with Selected Electron-Deficient Olefins as Ligands
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Abstract: A family of complexes of
general formula [Pt(h2-OlE){(h4-
CH2�CHSiMe2)2O}], where OlE is a
di-, tri- or tetrasubstituted electron-de-
ficient olefin such as fumaronitrile,
diethylfumarate, tetracyanoethylene,
ethylenetetracarboxylate, a naphtho-
quinone or dihydronaphthoquinone,
were synthesised from the Kar-
stedt catalyst solution containing
[Pt2(CH2�CHSiMe2)2O)3] (1). The struc-
tures of these complexes were examined
by 1H, 13C and 195Pt NMR spectroscopy.
The X-ray crystallographic structure of
[Pt(h2-MeNQ){(h4-CH2�CHSiMe2)2O}]


(MeNQ�methylnaphthoquinone) was
determined; the MeNQ ligand is bound
to Pt by a h2-olefin interaction. Certain
of these complexes, particularly the
naphthoquinone and dihydronaphtho-
quinone derivatives, were found to cata-
lyse very efficiently the hydrosilylation
of a variety of olefins. Tests in the
presence of Hg, dibenzo[a,e]cycloocta-


tetraene or molecular oxygen indicated
that the catalytic process was homoge-
neous in nature. The addition of excess
OlE to the catalyst solutions greatly
extended the lifetime and productivity
of these catalysts, which were more
efficient both in rate and overall product
yield than the original Karstedt catalyst
solution. Spectroscopic studies lead us to
propose that the stabilising ligand OlE


remains bound to Pt throughout the
catalytic cycle; this results in increased
stability and high catalytic activity.


Keywords: alkene complexes ´ het-
erogeneous catalysis ´ homogeneous
catalysis ´ hydrosilylations ´ naph-
thoquinones ´ platinum


Introduction


Hydrosilylation of olefins is one of the most important
reactions in silicon chemistry (Scheme 1).[1] Among the
numerous catalysts for this reaction, the most efficient are


Scheme 1. The catalytic hydrosilylation of olefins.


those which involve platinum complexes, particularly the
original[2] Speier catalyst, H2PtCl6, and the second-genera-


tion[3] Karstedt catalyst, which are presently those largely used
in commercial processes. However, the detailed mechanism of
the catalytic process using these Pt-based systems remains
uncertain since both homogeneous and heterogeneous cata-
lytic behaviour have been invoked. Indeed, the Pt precursors
are intrinsically unstable under hydrosilylation conditions and
metal-containing particles are readily formed in solution.
Such observations, inter alia, have led Lewis and co-workers
to suggest that colloids may be responsible for the catalytic
activity.[4]


We report here the synthesis of a family of molecular
platinum(0) compounds for the hydrosilylation of olefins and
studies of their catalytic activity. These catalysts are more
active and more stable than the classical Karstedt catalyst
systems under identical conditions and evidence is presented
indicating that their catalytic action is homogeneous in
nature.


Initial observations : The Karstedt catalyst solution is formed
by the reaction of the diene (CH2�CHSiMe2)2O (hereafter
dvtms) with H2PtCl6. The active catalyst precursor is probably
the Pt0 complex, [Pt2(CH2�CHSiMe2)2O)3] (1), which is
preponderant in such solutions and has been characterised
by an X-ray structural determination (Figure 1).[5] We note
that the Karstedt catalyst solution normally used also contains
an excess of dvtms.
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Figure 1. Chem3D representation of [Pt2(dvtms)3].


We initially studied the Karstedt catalyst (6� 10ÿ6 mol)
using the substrates allyl alcohol (3� 10ÿ3 mol) and Et3SiH
(3� 10ÿ3 mol) in hexane (30 mL) at 72 8C. It was observed
that if the silane was added dropwise to a prepared catalyst/
olefin solution, the rate of addition strongly influenced the
overall yield of hydrosilylation product. Hence if the rate of
dropwise addition of Et3SiH was increased from 1.5�
10ÿ4 mol minÿ1 (i.e., added over 20 min) to 3�
10ÿ4 mol minÿ1 (added over 10 min), the final yield of product
decreased from ca. 37 % to 20 %, no further reaction taking
place after one hour. However if the initial olefin concen-
tration was doubled (6� 10ÿ3 mol), the corresponding yields
were 74 % and 62 % respectively. Similar effects were
observed using styrene as substrate. Further, it was noticed
that the more rapidly the silane was added, the earlier a black
precipitate appeared in the solution. These observations
indicated that the catalyst appeared to be less stable as the
concentration of the silane increased but this effect could be
compensated in part by the presence of higher concentrations
of olefin substrate.


Experiments were then carried out in which the silane was
added initially to the catalyst solution and the olefin added
after a certain delay, t. Under the same standard conditions
described above, a) when t� 5 min, the initial rate was ca.
12 equiv minÿ1 with a total yield of 48 %, b) with t� 10 min the
rate was 5 equiv minÿ1 and the yield 40 %, and c) with t�
30 min. the values were ca. 3.5 equiv minÿ1 and
16 %. Again we observed that the greater the value
of t, the earlier the deposition of black material
took place. If colloid particles of an optimum size
were necessary for high activity,[4] then it might be
anticipated that a correlation of the highest activity
would occur with some optimum value of the
contact time t, where t> 0. In fact we see that the
initial rate of hydrosilylation always decreased with
an increase in t and the colloids formed appeared
to be much less active (if active at all) than the
initial homogeneous solutions. We attempted to
stabilise the colloids formed using three micelle-
forming amphiphiles (sodium dodecylsulfonate
(SDS), N-cetyl-N,N,N-trimethylammonium bro-
mide and polyethyleneglycol hexadecyl ether),
but the catalytic activity was either unaffected
(SDS) or diminished.


We therefore redirected our attention towards
the stabilisation of the molecular Pt species in
solution. It is well known that phosphine
complexes,[6] such as [Pt(SiR3)(m-H)(R3P)]2,


[Pt(PR3){(h4-CH2�CHSiMe2)2O}], are less active than the
Karstedt catalyst but are stable under hydrosilylation con-
ditions at ambient temperatures. We found that when the
complexes [Pt(PR3){(h4-CH2�CHSiMe2)2O}] (with R� alkyl,
aryl, or substituted aryl) were used as catalysts for the reaction
of HSiEt3 with Et3Si(CH�CH2), after an induction period of
ca. 1 h, the reactivity of the catalysts at 30 8C decreased in the
order: R� p-fluorophenyl> phenyl>m-tolyl> cyclohexyl>
tert-butyl. Although this trend may be a result of several
factors, the catalysts with the more electron-attracting phos-
phines were the most efficient. We surmised that with even
stronger p-acid ligands, catalysts possessing greater activity
might be obtained, and therefore we synthesised Pt0 com-
plexes of electron-deficient olefins with this in mind.


Results and Discussion


Synthesis of [Pt(h2-OlE){(h4-CH2�CHSiMe2)2O}] complexes
(OlE� electron-deficient olefin): It had been previously
reported[5] that [Pt2{((CH2�CH)SiMe2)2O}3] (1) reacts with
maleic anhydride to form [Pt(h4-dvtms)(h2-maleic anhy-
dride)]. Spectroscopic data indicated that the complex
possessed a monomeric structure similar to that found for
[Pt(h4-1,5 hexadiene)(h2-maleic anhydride)], where an X-ray
determination showed all three olefin groups coordinated to
Pt in a nearly coplanar fashion.[7] The complexes [Pt(h2-
C2H4)2(h2-C2F4)][8] and the recently described dimethylfuma-
rate and dimethylmaleate[9] complexes have analogous struc-
tures. Interestingly, the fumarate and maleate complexes of
Pt0 were synthesised in studies with the objective of inhibiting
the Pt-catalysed hydrosilylation process. We shall discuss this
point later.


Using an adaptation of the reported procedure,[5] we
synthesised complexes of the type [Pt(h2-OlE){(h4-
CH2�CHSiMe2)2O}] (Figure 2) by replacement of the bridg-
ing siloxane of [Pt2(CH2�CHSiMe2)2O)3] by OlE. The elec-


Figure 2. Substitution of [Pt2(dvtms)3] by electrophilic olefins. The naphthoquinone
ligands used and the numbers of the corresponding complexes 7 ± 11 are also shown.
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tron-withdrawing substituents, E, on the olefins were aryl, CN,
COR or COOR. Several naphthoquinone and dihydronaph-
thoquinone complexes were also prepared, which we label
collectively as NQ' complexes.


In general, slightly less than one equivalent of OlE was
added to a toluene or hexane solution containing 1 at 20 8C to
yield the desired products as colourless (or yellow for the NQ'
complexes) microcrystalline solids. We were unable to isolate
complexes of the monosubstituted olefins styrene, vinyl
acetate, ethylacrylate or allyl alcohol although the styrene
derivative has previously been detected in solution by 195Pt
NMR.[10]


The complexes [Pt(h2-OlE){(h4-CH2�CHSiMe2)2O}] 2 ± 11
were obtained with trans-disubstituted olefins such as fumar-
onitrile (2), diethylfumarate (3) or trans-(PhCO)CH�CH-
(COPh) (4); tetrasubstituted olefins (EtOOC)2C�C(COOEt)2


(5) or (NC)2C�C(CN)2 (6); and the NQ' type ligands,
naphthoquinone (NQ) (7); 1,2,3,4-tetramethyl-4a,8a-dihy-
dro-endo-1,4-methylmethanonaphthalene-5,8-dione (TND)
(8), 9,10-dihydro-9,10-ortho-benzenoanthracene-1,4-dione
(BAD) (9), dichloronaphthoquinone (DCNQ) (10) or meth-
ylnaphthoquinone (MeNQ) (11). In addition the complex
[Pt(h2-norbornene)2(h2-(MeNQ)] (12) was prepared for com-
parative purposes. Details can be found in the Experimental
Section.


Structures of the [Pt(h2-OlE){(h4-CH2�CHSiMe2)2O}] com-
plexes 2 ± 11: Crystals of the methylnaphthoquinone complex
11 were obtained by slow evaporation of a saturated hexane
solution and were analysed by X-ray diffraction methods. The
structure is monoclinic with a P21/n space group.[11] The
detailed structure is shown in Figure 3 and the crystallo-
graphic data presented in Table 1.


Figure 3. ORTEP plot of one molecule of 11 showing the labelling scheme
used. Ellipsoids are scaled to enclose 50 % of the electronic density.
Hydrogen atoms are omitted.


The MeNQ ligand is bound solely by its olefinic double
bond, leading to a closely trigonal coordination arrangement
about the Pt atom as found for the other known structures of
this type.[7] The electron-deficient olefin group is rotated


somewhat out of the trigonal plane by an angle V, where V in
this case is 17.8� 1.1 8. In contrast, in the benzoquinone
complex [Pt(1,5-cyclooctadiene)(h4-ditertiobutylbenzoqui-
none),[8] both olefinic bonds of the quinone were found to
be coordinated to Pt0. The other notable feature of 11 is the
chair conformation adopted by the (CH2�CHSiMe2)2O li-
gand, which leads to the axial ± equatorial disposition of the
CH3 groups on the Si atoms. Similar observations have
been made for the phosphine derivative, [Pt{(h-
CH2�CHSiMe2)2O}(PR3)].[6] The significant bond distances
and angles are presented in Table 2.


The 1H NMR data were consistent with the stoichiometry
proposed for the complexes. The CH3 groups on the Si atoms
of the (CH2�CHSiMe2)2O ligand (d� 1 to ÿ2) provided
further information concerning the structures in solution. If
the solid-state structure found for 11 were maintained and
nonfluxional in solution, four different CH3 resonances should
be observed for all compounds if V> 0. This was observed for
complexes 2, 4, 5 and 6. Since the diastereotopic CH3 groups
on each Si atom are not equilibrated, ready dissociation of the
olefin groups of the dvtms ligand by a sequential arm-off
mechanism can be excluded. This is the only mechanism that


Table 1. X-ray crystallographic data for 11.


formula C19H26O3Si2Pt ´ H2O
molecular weight 571.69
crystal system monoclinic
space group P21/n
a (�) 9.725(3)
b (�) 10.426(3)
c (�) 21.348(6)
b (8) 102.76(2)
V (�3) 2111(2)
Z 4
colour yellow
crystal dim (mm) 0.30 ´ 0.24 ´ 0.20
1calcd (gcmÿ3) 1.80
F000 1120
m (mmÿ1) 6.846
trans. min and max 0.6990/1.0000
T (K) 294
l (�) 0.71073
radiation MoKa graphite-monochromated
diffractometer Enraf ± Nonius CAD4
scan mode q/2q


hkl limits 0,12/ÿ 13,13/ÿ 26,27
q limits (8) 2.5/26.98
no. of data meas. 9738
no. of data with I> 3s(I) 3480
weighting scheme 4F2


o/(s2(F2
o)� 0.0025 F4


o)
no. of variables 235
R 0.033
Rw 0.042
GOF 1.053
largest peak in final difference (e �ÿ3) 1.312


Table 2. Selected bond lengths [�]and angles [8] for 11.


PtÿC(8) 2.162 PtÿC(12) 2.179 C(12)ÿC(13) 1.35
PtÿC(9) 2.174 PtÿC(13) 2.204 C(8)-Pt-C(9) 37.6
PtÿC(18) 2.231 C(8)ÿC(9) 1.40 C(12)-Pt-C(13) 35.9
PtÿC(19) 2.205 C(18)ÿC(19) 1.37 C(18)-Pt-C(19) 36.0
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would allow the Pt0, which is bound to the re face of one diene
olefinic bond and to the si face of the other, to gain access to
the opposite faces of the diolefin. However, any rapid
cyclohexane-type conformational changes of the dvtms ligand
will not be observed since these would leave the CH3 groups
distinct. In the tetrasubstituted olefin complexes 5 and 6, the
presence of four CH3 resonances indicated that the olefin
must be bound rigidly at a definite angle V. Although a similar
structure (with V> 0) might be anticipated for 2 and 4 in
solution, the 1H NMR data cannot exclude an in-plane
coordination and/or a rotational motion of the olefin since no
differences in the SiÿCH3 spectrum would be observable.
However in 4 the vinylic protons of the trans-dibenzoyl-
ethylene ligand exhibited a single resonance showing a
2J(Pt,H) coupling of 60 Hz. Dissociation of the electron-
deficient olefin cannot therefore be occurring readily, but
facile rotation about the olefin axis is probably taking place.


The 1H NMR spectrum of the NQ' complexes 7 ± 10 showed
only two SiÿCH3 resonances; this can either be consistent with
the solid-state structure (with V> 0) found for 11 in which
rapid olefin rotation was occurring, or a trigonal structure
with V� 0. As expected for 11, the four SiÿCH3 resonances
were distinct and coupling of 195Pt with both the vinyl proton
(2J(Pt,H)� 48 Hz) and the methyl (3J(Pt,H)� 30 Hz) on the
MeNQ was observed. Again, no rapid dissociation of the
MeNQ ligand can be taking place. Finally, other 195Pt and 29Si
NMR data are given below the following section on catalysis.


Catalytic studies : The relative efficiencies of these Pt0


complexes as hydrosilylation catalysts were compared by
means of a standard reaction of Me3SiCH�CH2 with Et3SiH.
This reaction can also serve as a model for the cross-linking
reaction used in an industrial siloxane polymer synthesis. The
catalytic reactions were carried out with 30 mL of deoxy-
genated hexane solutions of Me3SiCH�CH2 (0.30 mol Lÿ1,
1000 equiv) and Et3SiH (0.15 mol Lÿ1, 500 equiv) to which 6�
10ÿ6 mol of the given platinum complex was immediately
added and stirred at 30 8C for 2 h. It is noteworthy that, unlike
in conventional Karstedt procedures, dropwise addition of the
silane was not necessary when using these catalysts. No
induction period was observed and clean formation of
Me3SiCH2CH2SiEt3 occurred with no by-products being
detected by GC or NMR. The catalytic activities of the
complexes 2, 5, 6 are compared in Figure 4 and the more
active NQ' complexes 7, 8, 10 and 11 in Figure 5. All reactions
went to completion, the methylnaphthoquinone complex
proving to be the most active.


The efficiency of these catalysts was compared with that of
the Karstedt system by using equivalent Pt concentrations and
measuring the time (t1/2) needed to yield 50 % of product
(Table 3). It can be seen that that the NQ' catalysts were all
more active than the Karstedt catalyst solution and, more-
over, no colour changes in the solution occurred during the
catalytic process. The Karstedt catalyst solutions, on the other
hand, quickly turned dark brown and deposited a black
precipitate. We therefore carried out a comparison of the
relative activities of the Karstedt catalyst and 11 over two
successive runs (Figure 6).


Figure 4. Activities of catalysts 2 (~), 5(*), and 6(*) in the hydrosilylation
of triethylvinylsilane by triethylsilane at 30 8C with 6� 10ÿ6 mol of Pt
catalyst.


Figure 5. Activities of catalysts 7 (~), 8 (~), 10 (*) and 11 (*) in the
hydrosilylation of triethylvinylsilane by triethylsilane at 30 8C with 6�
10ÿ6 mol of Pt catalyst.


After the initial typical run described above, further
quantities (1000 equiv) of each of the substrates were added
to the catalyst solutions. It is seen that within experimental
error both catalysts were slightly less active on the second run
but 11 remained approximately four times more active in
terms of initial rates. This procedure was then repeated by
addition of further aliquots of substrates to both catalyst
systems. It was found that under these conditions the Karstedt
system became inactive after approximately 2900 turnovers,
whereas 11 finally produced about 4200 equivalents of


Table 3. Reactivities of the triolefinic complexes as catalysts in the
hydrosilylation of trimethylvinylsilane by triethylsilane with 6� 10ÿ6 mol
of platinum catalyst ; t1/2 is the time taken for 50 % reaction.


Complex Ligand t1/2 [min]


11 Methylnaphthoquinone (MeNQ) 22
10 Dichloronaphthoquinone (DCNQ) 30
7 Naphthoquinone (NQ) 45
8 TND 60
5 TETCE 60
6 Tetracyanoethylene (TCNE) 480
2 Fumaronitrile (FN) 585
1 Karstedt catalyst 65
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Figure 6. Activities of the first and second runs of the Karstedt catalyst
(~,~) and 11 (*,*) in the hydrosilylation of triethylvinylsilane by
triethylsilane at 30 8C with 6� 10ÿ6 mol of Pt catalyst.


product. However over several runs the decrease in activity of
11 was gradually accompanied by a darkening of the solution
with the formation of a black precipitate. We reasoned that
the degradation of 11 may be occurring as a result of the loss
of the stabilising MeNQ ligand
and therefore studied the effect
of the presence of excess MeNQ
on the catalytic behaviour of 11.
Following the procedure of using
successive substrate additions de-
scribed above, the initial rates
observed using 50-fold excess of
MeNQ per Pt catalyst 11 were
around 800 ± 1000 turnovers hÿ1,
which were a little lower than
those using 11 alone. However
this activity was maintained over
a much longer period, thus en-
abling a total turnover of ca.
26000 equiv per platinum atom.
Furthermore, the colour of the
catalytic solutions remained a
clear yellow throughout. Increas-
ing the additional MeNQ to 100 equiv had no further effect.
The Karstedt catalyst solution contains an excess of dvtms
which may reduce its efficiency somewhat but will also no
doubt serve to stabilise the catalyst. Whatever the overall
effect of the presence of excess dvtms on the Karstedt system
may be, the productivity of 11 in the presence of excess MeNQ
is more than ten times that obtained using the Karstedt
catalyst under these conditions.


Tests on the catalytic reaction with mercury, dibenzo[a,e]cy-
clooctatetraene (DBCOT) and molecular oxygen :


a) Effect of mercury : The inhibitory effect of mercury on a
catalytic reaction has been proposed as a test for the
heterogeneous nature of the catalyst.[12] Mercury supposedly
quenches the catalytic reactivity by forming an amalgam with
the small platinum particles. Inhibition by Hg has been
observed in a photoinduced hydrosilylation reaction using


CpPtMe3 as catalyst,[13] whereas when a surface-immobilised,
monomeric, coordinatively unsaturated platinum species was
involved, no inhibitory effect was seen.[14]


We found that when 11 was used as catalyst both the rate
and final yield were unchanged in the presence of mercury
(see Figure 7, left) which would indicate that catalysis using 11
was homogeneous throughout.


The Karstedt catalyst, under the same conditions, respond-
ed differently. In the presence of Hg, the catalyst was very
active for a short period but the solutions became progres-
sively more sombre and catalysis suddenly stopped at less
than 40 % silane conversion (Figure 7, right). The Karstedt
catalytic action appeared to involve two phases: an initial,
active, possibly homogeneous phase that then yielded a
heterogeneous system whose activity was inhibited by Hg.


b) Effect of DBCOT: It has been proposed that a phenom-
enological distinction between homogeneous and heteroge-
neous Pt catalysts can be also made by studying the effects on
the catalytic process of strongly coordinating polyolefins such
as DBCOT.[15] Such chelating diolefins coordinate strongly to


molecular platinum(0) species, rendering them inactive in
hydrosilylation or hydrogenation, whereas heterogeneous
systems should be largely unaffected by their presence.
Indeed using the Karstedt catalyst little lowering in rate was
observed for up to 5 equiv of DBCOT, the reaction going
readily to completion (Figure 8, right), indicating that the
Karstedt catalyst is largely heterogeneous in action.


However, the addition of DBCOT (1 equiv/Pt) to catalytic
solutions of 11 (Figure 8, left) caused a decrease in the initial
rate by ca. 30 % (cf. Figure 7) although the reaction still went
to completion. However, in the presence of 5 equiv of
DBCOT per equiv Pt, a further decrease in rate was observed
and the catalytic reaction stopped at 60 % conversion.


c) Effect of molecular oxygen : It has long been known that
molecular oxygen can have an important effect on hydro-
silylation catalysis. It was observed that small quantities of
oxygen induced high activity not only for Pt but also Rh


Figure 7. Effect of mercury on the Karstedt catalyst (right) and the catalyst 11 (left). Conditions: hydro-
silylation of trimethylvinyl silane by triethylsilane: T� 30 8C; [SiÿH]0� 0, 5 mol Lÿ1; [C�C]0: 0, 15 mol Lÿ1 in
hexane (20 mL); 6� 10ÿ6 mol Pt catalyst. With 0.1 mL Hg (~), without Hg (*).
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catalysts,[16] and Lewis[4] has suggested that O2 is required both
to generate and stabilise the active platinum colloids to
prevent their further agglomeration into inactive species. In
contrast, oxygen was found to inhibit a molecular hydro-
silylation catalyst system dramatically.[14] In Figure 9 we
compare the rates of hydrosilylation with 11 and with the
Karstedt catalyst under three conditions, namely under argon,
argon with ca. 1 % O2, and pure O2 (1 atm).


Using 11 the presence of even a small quantity of O2


significantly reduced the rate and under pure O2 the reaction
stopped at 40 % completion. Little change occurred in the
Karstedt system on addition of 1 % O2, but a significant
lowering in rate was observed using large quantities of O2.
These observations differ somewhat from those previously
reported, but since the conditions used also differ direct
comparisons may not be valid.


Overall the evidence indicates that catalysed hydrosilyla-
tion using the molecular Pt0 complex 11 is homogeneous in
nature. There is certainly no evidence to the contrary.
However the results concerning the Karstedt catalyst are less
clear-cut and, in part, contradictory; it is possible that both


heterogeneous and homoge-
neous processes are involved,
as previously suggested by
Lewis.[4]


Spectroscopic studies of the
catalytic reaction : Colloidal
particles of platinum absorb
in the visible ± ultraviolet in
solution; Lewis has used this
property to identify their pres-
ence and their size in the
reaction solutions of the Kar-
stedt catalyst.[4] We carried out
a study at 40 8C using a hexane
solution of Me3SiCH�CH2


(0.15 molLÿ1) and Et3SiH
(0.07 molLÿ1) to which a fixed
quantity of catalyst was added


with [cat]/[olefin]� 1/1000. The reaction followed by UV/Vis
spectroscopy and glc. With 11, the reaction was complete (by
glc) after 20 min and no appreciable absorption was detected
at 500 ± 600 nm. Interestingly, however, the MeNQ ligand
absorptions in 11 at 380 ± 400 nm were modified progressively
with the appearance of an isosbestic point at 350 nm,
indicating the formation of a new species in solution. We
confirmed previous observations that on using the Karstedt
solutions there was an increase of an intense absorption in the
UV/Vis which increased with time (over 20 min), and analysis
of the solutions at the end of the reaction by photon
correlation spectroscopy (PCS) showed the presence of
particles of mean diameter of ca. 400� 120 nm. However,
when the catalytic reaction using 11 was carried out with
lower [olefin]/[SiH] ratios (1 or less), a progressive darkening
of the solution occurred and PCS studies at the end of the
reaction showed in this case that particles (ca. 360� 100 nm)
had been formed. It appears that using 11 the catalyst remains
stable and homogeneous as long as there is sufficient
stabilising ligand present to offset the detrimental effects of
large silane concentrations.


NMR studies on the catalytic
reaction : 195Pt and 29Si spectros-
copies : Pregosin[17] studied the
hydrosilylation of [Pt(h2-
PhCH�CH2)3] by Ph3SiH using
195Pt and 29Si NMR. The
195Pt spectrum of [Pt(h2-
PhCH�CH2)3] exhibited two res-
onances at d�ÿ5904 and d�
ÿ5886, corresponding to two iso-
meric forms which, on addition of
excess Ph3SiH, gave rise to further
peaks at d�ÿ5010 and d�
ÿ5017, each of which was coupled
to one 29Si nucleus. It was pro-
posed that the complexes [Pt(h2-
PhCH�CH2)(Ph3Si)H]n or [Pt(h2-
PhCH�CH2)(h2-Ph3Si-H)]n (n� 1


Figure 8. Effect of DBCOTon the Karstedt catalyst (right) and the catalyst 11 (left). Conditions: hydrosilylation of
trimethylvinylsilane by triethylsilane: T� 30 8C; [SiÿH]0� 0, 5 mol Lÿ1; [C�C]0: 0, 15 mol Lÿ1 in hexane (20 mL);
6� 10ÿ6 mol Pt catalyst ; (*) 1 equiv DBCOT, (~) 2 equiv DBCOT, (&) 5 equiv DBCOT.


Figure 9. Oxygen effect on the Karstedt catalyst (right) and the catalyst 11 (left). Hydrosilylation of
trimethylvinylsilane by triethylsilane: T� 30 8C; [SiÿH]0� 0, 5 mol Lÿ1; [C�C]0: 0, 15 mol Lÿ1 in hexane
(20 mL); 6� 10ÿ6 mol of Pt catalyst. On right: (*) under Ar, (~) ca. 1% O2 in Ar, (&) O2 atm; on left: (*) under
Ar, (&) ca. 1% O2 in Ar, (~) O2 atm.
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or 2) were formed in these reactions. In addition the complex
[Pt(h4-1,5-cyclooctadiene)2] displays a 195Pt resonance at d�
ÿ4636.[18]


We found that in CD2Cl2/CH2Cl2 at 203 8K 11 showed a
sharp resonance in the 195Pt{1H} spectrum at d�ÿ4216
(Dn1/2� 70 Hz) as expected for a Pt0 complex. In the 29Si
NMR of 11 in CD2Cl2 two 29Si resonances of equal intensity
were observed at d� 3.22 and 3.59, both coupled to a single
195Pt with 2J(Pt,Si)� 36 Hz. These observations are consistent
with the solid-state structure being preserved for 11 in
solution. No noticeable change occurred in the 195Pt signal
on the addition of small quantities of Me3SiCH�CH2


(10 equiv) but when a large excess (150 equiv) was added, a
signal at d�ÿ4406 appeared. Similarly, excess PhCH�CH2 or
CH2�CHÿCH2OAc caused peaks to grow in at d�ÿ4471 and
ÿ4523, respectively. The 1H-coupled 195Pt spectrum of the
styrene-rich solution exhibited a complex, apparent six-line
structure (relative intensities ca. 1:2:3:3:2:1) with peak
separations of ca. 40 Hz which clearly resulted from coupling
of 195Pt to several vinyl protons, but the lack of resolution did
not allow the observation of any 3J(Pt ± CH3) coupling. The
corresponding 1H spectrum showed several methyl reson-
ances assignable to dvtms, including signals which coincided
with uncomplexed dvtms. No evidence for displacement of the
methylnaphthoquinone ligand was observed. Since the 195Pt
chemical shift was found to vary with the nature of the olefin
substrate added, a minimum of one site on Pt0 must be
occupied by this olefin. Compound A (Scheme 2, with NQ as
ligand drawn for simplicity) would appear to be a reasonable
proposition for the species formed.


Scheme 2. Postulated intermediates in Pt0-catalysed hydrosilylation with
naphthoquinones as ligands.


When Et3SiH (5 equiv) was added to the olefin-rich
solutions (150 equiv olefin) of 11, a low-intensity peak grew
in at d�ÿ4233, which was invariant in position with the
olefin used and which only disappeared when all the silane
was consumed. We tentatively propose this peak results from
the formation of [Pt(h2-MeNQ)(HSiEt3)]n (n� 1 or 2, see C,
Scheme 2), similar to the species originally proposed by
Pregosin.


Temperature stability of the Pt catalysts : Under the standard
conditions at 20 8C using 11 the catalytic reactions went
smoothly to completion in ca. 24 h with an initial rate, vi�
10.8 mmol Lÿ1 hÿ1. At 50 8C, vi increased to 30.2 mmol Lÿ1 hÿ1


but after 2 h the rate had greatly decreased with decompo-
sition of the catalyst and only 68 % total conversion was
finally obtained. At 73 8C, vi was 48 mmol Lÿ1 hÿ1 but very
rapid decomposition immediately took place which led to a
low overall conversion (18 %). Similar observations were
made for the complexes 6 and 10.


Synthesis and catalytic activity of [Pt(h2-norbornene)2(h2-
MeNQ)] (12): It may be asked at this stage whether the dvtms
in the precursor complex 11 is retained as a ligand in the active
form of the catalyst or is displaced from the metal before entry
into the catalytic cycle. We therefore synthesised the analo-
gous complex [Pt(h2-nbe)2(h2-MeNQ)] (12, nbe� norbor-
nene), and tested its catalytic activity. The yellow-ochre
complex was prepared by the treatment of [Pt(h2-nbe)3] with
MeNQ (Figure 10) and characterised by microanalysis and
NMR spectra.


Figure 10. The synthesis of [Pt(h2-norbornene)2(h2-(2-methylnaphthoqui-
none)].


The catalytic activities of 12, 11 and the Karstedt catalyst in
the reaction of trimethylvinylsilane and heptamethyltrisilox-
ane are compared in Figure 11. At 50 % conversion the values


Figure 11. Hydrosilylation of trimethylvinylsilane by heptamethyltrisilox-
ane with the Karstedt catalyst (*), 11 (^), and 12 (&); conditions as
described in the Experimental Section.


of t1/2 were ca. <1, 4 and 14 min, respectively, for the three
catalysts; notably, the rate of reaction with 12 was consid-
erably greater than that with 11. The selectivity of silane
addition was the same for both 12 and 11 (90 % a), slightly
greater than that found for 1.
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The higher activity of 12 vis-aÁ -vis 11 is probably a result of
the greater lability of the norbornene ligand compared with
dvtms which would generate the catalytically active species
more readily under hydrosilylation conditions. Indeed we
have found in a separate experiment that the norbornene
ligands in 12 can be readily displaced by dvtms to form 11.
However, most of our studies used 11 rather than 12 because
of the ease of its synthesis and high stability.


Discussion


In this paper we describe a family of Pt0 catalysts, [Pt(h2-
olefin)2(h2-OlE)], where OlE is an electron-deficient olefin,
which are efficient catalysts for the hydrosilylation of olefins.
These compounds are readily synthesised and are easy-to-
handle solids. Spectroscopic studies and an X-ray structural
characterisation show that OlE is bound by a h2-olefin
interaction to Pt0. The h2-binding of the naphthoquinone Pt0


complexes differs from the previously known quinone ana-
logues where the h4-coordination mode was observed. It was
therefore expected that the analogous dihydronaphthoqui-
none compounds would also be stable; this was confirmed by
their synthesis and use as catalysts.


The catalytic activities of this family of compounds, [Pt(h2-
OlE){(h4-CH2�CHSiMe2)2O}], varied greatly with the nature
of OlE. Hence the fumaronitrile 2 and tetracyanoethylene 6
complexes were inefficient catalysts, being approximately ten
times less active than the Karstedt catalyst itself under the
same conditions, and thus can serve as inhibitors for the
Karstedt system. However, surprisingly, all the naphthoqui-
none and dihydronaphthoquinone complexes, 7 ± 11, as well as
the tetraester compound 5 were found to be more active than
the Karstedt catalyst under the standard conditions used. The
moderately p-acidic nature of the olefin function appears to
induce stabilisation of the Pt species in the catalytic cycle
without loss of catalytic activity. However, if this interaction
becomes too strong, as in the complexes of the strongly p-
acidic fumaronitrile or tetracyanoethylene ligands, the activity
markedly diminishes. This is probably also the case for the
dimethylfumarate and dimethylmaleate analogues which
have been recently proposed as inhibitors for the Karstedt
catalyst.[9] Although we find that complexes of moderately p-
acidic olefins appear to provide the optimal catalyst systems
there appears to be no simple quantitative correlation
between the electron deficiency of the olefin and catalytic
activity.


The effects of Hg, DBCOT and O2 on the catalytic activity
of 11 were consistent with homogeneous rather than hetero-
geneous behaviour. The corresponding tests on the Karstedt
catalyst were somewhat more ambiguous, indicating the
possible coexistence of both heterogeneous and homogene-
ous activity.


Although it is too early to propose a detailed mechanism
for these catalysts, it is most reasonable to propose that the
catalytic fragment [Pt (h2-OlE)] remains throughout the
catalytic cycle. 1H and 195Pt NMR studies on model reactions
of the hydrosilylation process using 11 showed that the MeNQ
remained coordinated to Pt whereas dvtms was readily


displaced. Similarly we have found[19] that treatment of 11
with phosphine ligands causes the displacement of the dvtms
ligand, MeNQ remaining bound. The dvtms ligands in the
precursor catalysts 2 ± 11 therefore serve as a convenient
fashion to generate [Pt(h2-OlE)] in solution. Addition of an
excess of the OlE ligand can increases the stability and overall
productivity of these catalysts with little sacrifice in rate.


The classical mechanism for hydrosilylation was proposed
over thirty years ago,[20] and studies on the phosphine-
modified catalysts[6] and NMR studies[18] have permitted this
mechanism to be elaborated, in particular, by including
dimeric intermediates. In Scheme 2 three possible intermedi-
ates of these catalysts are proposed based on our spectro-
scopic observations and by analogy with previous proposals.
The Pt0 complex [(h2-NQ)Pt(h2-RCH�CH2)2] (A) is formed
by displacement of the labile dvtms ligands by the presence of
excess olefin, RCH�CH2, under catalytic conditions. The
dissociation of one RCH�CH2 ligand would give a 14 eÿ Pt0


species, which on reaction with the silane would yield either
the oxidative addition product, B, or possibly B'', [(h2-
NQ)Pt(h2-RCH�CH2)(h2-HSiR3)], containing a s-bonded
silane ligand. Further loss of olefin from B (or B'') followed
by dimerisation would lead to C. Preliminary kinetic data[19]


indicate that both monomeric and dimeric species are
probably involved in the catalytic cycle and B and/or C may
then lead to products. Catalyst decomposition appears to
result from the further reaction of B or C with excess silane.
Since this would involve an oxidative process at Pt the greater
stability of these complex catalysts (compared with the
Karstedt system) may be the result of the enhanced elec-
tron-deficient character of the Pt centre resulting from the
presence of the p-acidic olefin ligand.


In conclusion, although several compounds of this type
were known prior to our work, their application as catalysts
for hydrosilylation of olefins under mild thermal conditions
had not been reported. In fact certain electron-deficient
olefins had been used, paradoxically, as inhibitors for hydro-
silylation catalysts. The Karstedt active species had also been
generated photochemically from certain quinone complexes
by photochemical labilisation of the quinone ligand. The
search for appropriate ligands is an important aspect of
molecular catalysis, but it is rather surprising to find an
electron-deficient olefin as the ligand of choice. Given the
existence of chiral naphthoquinones and the high activity of
this family of molecular Pt catalysts under mild conditions,
their application to enantioselective hydrosilylation can be
envisaged. Further, as a source of relatively stable, unsatu-
rated Pt0 species these compounds may find use in synthesis
and other catalytic reactions.


Experimental Section


General considerations : The preparation and handling of compounds were
carried out under an argon atmosphere, using standard vacuum line and
Schlenk techniques or a glovebox. All solvents were dried with the
appropriate drying agents and distilled under a nitrogen atmosphere.
Deuterated solvents were degassed by three freeze ± pump ± thaw cycles
and dried over molecular sieves prior to use. NMR spectra were recorded
on Bruker AM 300 (1H, 31P), and AM 400 (195Pt, 29Si) instruments.
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Chemical shifts are reported in d units (ppm) using the standard external
references (TMS, H3PO4, Na2PtCl4). Infrared spectra were performed on a
Perkin Elmer FTIR 1600 spectrometer. GC analyses of the products of the
catalytic reactions were performed using a Hewlett ± Packard series II 5890
gas chromatograph with a semicapillary column (HP-1, methylsilicon gum,
10 m� 0.53 mm� 2.65 mm). All GC-MS measurements were performed at
the Mass Spectroscopy Service of the Chemistry Research Centre.
Elemental analyses (C, H, O, Pt) were carried out at the Microanalytical
Service of the Research Centre at Strasbourg or the CNRS Microanalytical
Service at Vernaison (France). Photon correlation spectroscopic measure-
ments were made with a Coulter N4 instrument. X-ray experimental data
were collected on an Enraf ± Nonius CAD4F diffractometer using graph-
ite-monochromated MoKa radiation (l� 0.71073 �) at 298 K.


Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-101813.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (Fax: (� 44) 1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).


Synthesis of the platinum complexes: The Karstedt catalyst was obtained
by stirring a solution of H2PtCl6 ´ 6 H2O (500 mg, 1.22� 10ÿ3 mol) in H2O
(0.2 mL) at 50 8C with tetramethyldivinylsiloxane (5 g, 0.026 mol, 6.18 mL)
for 4 h. After cooling to room temperature, the solution was neutralised by
500 mg of NaHCO3 and filtered, yielding the so-called solution A. The
platinum concentration in this solution was measured by atomic absorp-
tion. It was supposed that the platinum in such solutions was solely in the
form of Karstedt catalyst and the quantities of Karstedt catalyst used in the
syntheses of the compounds described below have been calculated on this
basis.


[Pt(h2-(NC)HC�CH(CN)){(h4-CH2�CHSiMe2)2O}] (2): Karstedt catalyst
(500 mg, 5.26� 10ÿ4 mol) in solution A was stirred with fumaronitrile
(82 mg, 1.05� 10ÿ3 mol) in toluene (10 mL). The colourless solution was
heated at 60 8C for 5 min, and after cooling to ambient temperature, the
solvent was removed in vacuo. The resulting white powder was washed with
hexamethyldisiloxane (2� 20 mL), then tetramethyldivinylsiloxane (2�
4 mL). After decantation and filtration, the product was dried under
vacuum. Yield: 180 mg (39 %). 1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d� 3.5 ± 5 (m, 8 H, CH2�CH and CH�CH), ÿ0.20, ÿ0.26(s, 3 H, SiCH3),
0.42, 0.35 (s, 3H, SiCH3); IR (nujol): nÄ (cmÿ1)� 2221 (CN), 1573, 1013
(CH2�CHÿSi), 1254, 833, 799 (Me2SiÿO); m.p. 130 8C (decomp).


[Pt(h2-(EtOOC)CH�CH(COOEt)){h4-CH2�CHSiMe2)2O}] (3): Diethyl-
fumarate (158 mg, 9.20� 10ÿ4 mol) was added to the Karstedt catalyst
(437 mg, 4.61� 10ÿ4 mol) in solution A. The solution was then warmed to
70 8C for 30 min. After cooling to ÿ78 8C, colourless crystals were
collected, washed twice with cold pentane (5 mL) at ÿ78 8C and dried
under vacuum. Yield: 134 mg (26 %); 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d� 3.5 ± 4.1 (m, 8 H, CH2�CH), ÿ0.28 (s, 6H, SiCH3), 0.37 (s, 6H,
SiCH3), 1.25 (t, 6 H, CH3), 4.15 (q, 4 H, CH2); IR (nujol): nÄ (cmÿ1)� 1727
(C�O), 1259, 839, 794 (Me2SiÿO), 3040, 1000 (CH2�CHÿSi); m.p.: 127 8C
(decomp); anal. calcd for C 34.71, H 5.46; found: C 35.20, H 5.60.


[Pt{h2-(PhCO)CH�CH(COPh)}{h4-(CH2�CHSiMe2)2O}] (4): Karstedt
catalyst (215 mg, 2.3� 10ÿ4 mol) in solution A was concentrated under
vacuum over 60 min in a Schlenk tube. trans-Dibenzoylethylene (108 mg,
4.5� 10ÿ4 mol) was added to the resultant oil. The mixture was then
warmed to 75 8C for 15 min and, after cooling toÿ78 8C, the resultant paste
was washed with hexamethyldisiloxane (2� 10 mL) and cold pentane (2�
15 mL)(ÿ78 8C), yielding a white powder which was then dried under
vacuum. Yield: 162 mg (57 %); 1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d� 5.74 (s, 2 H, 2J(Pt,H): 60 Hz, CH�CH), 3.4 ± 4.2 (m, 6H, CH2�CH), 0.28
(s, 3 H, SiCH3), 0.23 (s, 3 H, SiCH3), ÿ0.24 (s, 3 H, SiCH3), ÿ0.62 (s, 3H,
SiCH3), 7.5 and 8.2 (m, 10H, Ar); IR (nujol) nÄ (cmÿ1)� 1873 (CO), 1744
(CO), 1255, 836, 790 (Me2SiÿO), 3050, 1656, 1589, 1005 (CH2�CHÿSi);
m.p.: 156 8C (decomp); anal. calcd for C 47.08, H 5.08; found: C 46.81, H
4.95.


[Pt{h2-(EtOOC)2C�C(COOEt)2}{(h4-CH2�CHSiMe2)2O}] (5): The synthe-
sis was carried out as for 4. Yield: 102 mg (69 %); 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d� 3.7 ± 5.2 (m, 6 H, CH2�CH), ÿ0.19 (s, 3 H, SiCH3),
0.05 (s, 3H, SiCH3), 0.15 (s, 3H, SiCH3), 0.38 (s, 3 H, SiCH3), 4.16 (q, 8H,
CH2), 1.30 (t, 12H, CH3); IR (nujol): nÄ (cmÿ1)� 1741 (CO), 1714 (CO),


1227, 837, 799 (Me2SiÿO), 1019 (CH2�CHÿSi); m.p.: 138 8C (decomp); anal.
calcd for Pt 22.56; found: Pt 22.05.


[Pt{h2-(NC)2C�C(CN)2}{(h4-CH2�CHSiMe2)2O}] (6): The synthesis was
carried out as for 2. The white solid obtained was dissolved in hexane,
passed through a silica column and recovered as a white powder on removal
of the hexane. Yield: 153 mg (51 %); 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d�ÿ0.36 (s, 3 H, SiCH3), ÿ0.24 (s, 3 H, SiCH3), 0.0 (s, 3 H, SiCH3),
0.09 (s, 3 H, SiCH3), 3.5 ± 4.5 (m, 6H, CH2�CH); IR (nujol): nÄ (cmÿ1)� 2234
(CN), 1573, 1028 (CH2�CHÿSi), 1261, 839, 799 (Me2SiÿO); 195Pt{1H} NMR
(85 MHz, CDCl3): d�ÿ3870; anal. calcd for C 32.12, H 3.60; found: C
32.25, H 3.57.


[Pt(h2-napthoquinone){(h4-CH2�CHSiMe2)2O}] (7): Karstedt catalyst in
solution A (437 mg, 4.61� 10ÿ4 mol) was concentrated under vacuum for
60 min in a Schlenk tube, and toluene (10 mL) was added to the resulting
oil. Naphthoquinone (146 mg, 10ÿ3 mol) was then added to the mixture and
the green solution heated at 65 8C for 10 min. After cooling to room
temperature, the mixture was stirred for 12 h. The solvent was removed
under vacuum and the resultant powder was washed with tetramethyldi-
vinylsiloxane (1� 2 mL) and hexamethyldisiloxane (2� 10 mL). The pale
green solid was dried under vacuum. Yield: 230 mg (47 %); 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d� 4.95 (s, 2H, 2J(Pt,H): 52 Hz), 3.3 ± 4.2
(m, 6H, CH2�CH), ÿ0.92 (s, 6H, SiCH3), 0.15 (s, 6H, SiCH3), 7.9 and 7.5
(m, 4 H, Ar); 13C NMR (200 MHz, C6D6): d�ÿ3.15, 0.88 ((CH3)2Si), 60.1
(CH�CHÿCO), 74.3 (CHSi), 76 (CH2CHSi), 126, 132.9 (CH arom), 133.7
(C quinone), 186.53 (CO); IR (nujol) nÄ (cmÿ1)� 1873 (CO) 1744 (CO),
1656, 1589 (CH2�CHÿSi) 1255, 836, 790 (Me2SiÿO); m.p.: 138 8C (de-
comp); anal. calcd for C 40.06, H 4.48; found: C 40.10, H 4.57.


[Pt(h2-TND){(h4-CH2�CHSiMe2)2O}] (8): (TND: 1,2,3,4-tetramethyl-
4a,8a-dihydro-endo-1,4-methylmethanonaphthalene-5,8-dione: C16H19O2)
Karstedt catalyst in solution A (420 mg, 4.5� 10ÿ4 mol) was concentrated
under vacuum for 60 min to obtain an oil. TND (225 mg, 9.1� 10ÿ4 mole)
was then added and the solution heated at 70 8C for 30 min. After cooling to
ambient temperature the resultant solid was washed twice with hexame-
thyldisiloxane (2� 5 mL) and pentane (2� 20 mL), then dried under
vacuum, yielding a white powder. Yield: 345 mg (60 %); 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d� 3.5 ± 4.0 (m, 6H, CH2�CH), ÿ0.35 (s,
6H, SiCH3), 0.35 (s, 6H, SiCH3), 4.15 (s, 2 H, 2J(Pt,H): 56 Hz, CH�CH),
2.09 (s, 2 H, 2 CH), 1.54 (s, 6H, CH3), 1.32 (s, 6H, CH3), 0.5 (d, 2H, CH2); IR
(nujol) nÄ (cmÿ1)� 1672 (CO), 1258, 839, 794 (Me2SiÿO), 1654, 1007
(CH2�CHÿSi); m.p.: 152 8C (decomp); anal. calcd for C 45.98, H 6.17;
found: C 46.41, H 5.64.


[Pt(h2-BAD){(h4-CH2�CHSiMe2)2O}] (9): (BAD: 9,10-dihydro-9,10-or-
tho-benzenoanthracene-1,4-dione) The synthesis was carried out as for 8
but with a longer heating period (60 min at 70 8C) to obtain a white powder.
Yield: 420 mg (68 %); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 3.2 ±
4.2 (m, 8H, CH2�CH),ÿ0.38 (s, 6 H, SiCH3), 0.35 (s, 6H, SiCH3), 7.1 and 7.4
(m, 8 H, Ar), 5 (s, 2 H, 2J(Pt,H): 56 Hz, CH�CH), 2.45 (s, 2 H, 2 CH); IR
(nujol): nÄ (cmÿ1)� 1652 (CO), 1260, 835, 797 (Me2SiÿO); m.p.: 202 8C
(decomp).


[Pt(h2-2,3-dichloronaphthoquinone){(h4-CH2�CHSiMe2)2O}] (10): The
synthesis was carried out as for 8 to obtain a pale yellow powder. Yield:
381 mg (70 %); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 3.6 ± 4.2 (m,
6H, CH2�CH), ÿ0.58 (s, 6H, SiCH3), 0.28 (s, 6H, SiCH3), 7.52 and 8.52 (m,
4H, Ar); 13C NMR (200 MHz, C6D6): d�ÿ2.75 and 0.84 ((CH3)2Si), 85
(ClC�CCl), 82 (CH ligand), 133, 127 (CH arom), 206.9 (CO quinone);
195Pt{1H} NMR (85 MHz, CDCl3): d�ÿ3100; IR (nujol): nÄ (cmÿ1)� 1677
(CO), 1591 (CH2�CHÿSi), 1259, 845, 800 (Me2SiÿO); m.p.: 152 8C
(decomp); anal. calcd for C 35.53, H 3.64; found: C 36.18, H 3.65.


[Pt(h2-methylnaphthoquinone){(h4-CH2�CHSiMe2)2O}] (11): The synthe-
sis was carried out as for 8 but with a shorter heating period (15 min at
70 8C) to obtain a pale yellow powder. Yield: 220 mg (78 %).Crystals
suitable for X-ray analysis were obtained by recrystallisation from hexane.
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 5.04 (s, 1H, 2J(Pt,H): 48 Hz,
CH�C), 2.0 (s, 3H, 3J(Pt,H): 30 Hz, CH3), 3.3 ± 4.2 (m, 6 H, CH2�CH), 0.27
(s, 6H, SiCH3), ÿ0.77, ÿ0.88 (s, 3 H, SiCH3), 7.9 (td, 2H, Ar), 7.5 (dd, 2H,
Ar); 13C NMR (200 MHz, C6D6): d� 132.8, 132.3, 126.2, 125.6 (C arom),
185.4 (CO), 18.2 (CH3 quinone), 0.92 ± 3.12 (CH3ÿSi), 66 (C�C), 74, 76
(CH2 siloxane), 96 (CH siloxane); 195Pt{1H} NMR: (85 MHz, CDCl3): d�
ÿ4226; IR (nujol): nÄ (cmÿ1): 1655 (CO), 1594 (CH2�CHÿSi), 836, 791
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(Me2SiÿO), 720 (C arom); m.p.: 144 8C (decomp); anal. calcd for C 41.95, H
4.76, Pt 33.83; found: C 41.81, H 4.77, Pt 33.70.


[Pt(h2-norbornene)2(h2-methylnaphthoquinone)] (12): [Pt(norbornene)3]
(200 mg, 4.2� 10ÿ5 mol) and methylnaphthoquinone (72 mg, 4.2�
10ÿ5 mol) were stirred in toluene (20 mL) under an inert atmosphere and
heated at 40 8C for 3 h. The solvent was then removed under vacuum and
the resultant yellow-brown powder washed with pentane (2� 10 mL) and
dried under vacuum. Yield: 65 %; 1HNMR (300 MHz, CDCl3, 25 8C, TMS):
d� 3.6 (s, 4H, CH�CH, 2J(Pt,H): 66 Hz), 2.9 (s, 4 H, CH), 1.7 (dd, 8H,
CH2), 1.2 (dd, 4H, CH2), 7.9 (td, 2H, CH), 7.5 (dd, 2H, CH), 4.57 (s, 1H,
CH�C (naphthoquinone) 2J(Pt,H): 50 Hz) 1.87 (s, 3 H, CH3 (naphthoqui-
none) 3J(Pt,H): 34 Hz); anal. calcd for C 54.05, H 5.08; found: C 54.22, H
5.17.


Catalytic studies : Hydrosilylation reactions were carried out in Schlenk
tubes equipped with septum caps under an argon atmosphere at 30 8C. In a
typical experiment, the platinum catalyst (6� 10ÿ6 mol) was transferred to
a Schlenk tube and degassed hexane (30 mL) was added under argon. The
solution was stirred for 5 min and the olefin (6� 10ÿ3 mol) and silane (3�
10ÿ3 mol) were then injected in quick succession from syringes through the
septum. Samples were taken by syringe periodically for GC analysis. Based
on one set of measurements the data were reproducible to ca.� 5 %.


Mercury inhibition studies : Two solutions containing 6� 10ÿ3 mol of
trimethylvinylsilane, 6� 10ÿ6 mol of catalyst and 30 mL of distilled n-
hexane were degassed and then stirred for 60 min, one solution with 1.4 g of
filtered Hg and the other without Hg. Et3SiH (3� 10ÿ3 mol) was then added
to both solutions and the hydrosilylation process was monitored by GC
analysis.


DBCOT inhibition studies : Three degassed solutions containing 6�
10ÿ3 mol of trimethylvinylsilane, 6� 10ÿ6 mol of catalyst and 30 mL of
distilled n-hexane were prepared and 1, 2 and 5 equiv of DBCOT per
platinum atom, respectively, were added to these solutions. After 60 min,
Et3SiH (3� 10ÿ3 mol) was added. The hydrosilylation process was then
monitored by GC analysis.


Oxygen effects : Three degassed solutions containing 6� 10ÿ3 mol of
trimethylvinylsilane, 6� 10ÿ6 mol of catalyst and 30 mL of distilled n-
hexane were prepared. The catalyst (6� 10ÿ6 mol) was then added to the
solutions under argon. The first Schlenk tube was left under argon. In the
second tube, a small amount of pure oxygen (ca.2 mL) was injected. The
third tube was filled entirely with oxygen. The hydrosilylation processes
were then monitored by GC analysis.
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flavylium ions upon a pH jump from 1.0 to 4.2 can be
schematically represented as in Figure 11. In the case of 4'-
hydroxyflavylium, Cc converts very slowly to Ct, and thus B


Figure 11. Hydraulic analogy for a pH jump from pH� 1.0 to pH� 4.0:
I. The system is equilibrated at pH� 1.0. II. The system has been taken to
pH� 4.0. The pH jump has an effect comparable to raising the piston; the
figure represents the situation immediately after the proton transfer.
III. When the cis!trans isomerization is very slow it is possible to obtain
an intermediate (pseudo-equilibrium) state involving the species AH�, A,
B and Cc. IV. Thermodynamic equilibrium at pH 4.0.


and Cc accumulate; for 4',7-dihydroxyflavylium and 7-hydrox-
yflavylium, however, Cc converts very rapidly to Ct so that Cc


and B disappear as soon as they are formed.
The hydraulic analogy can also be used to illustrate the


photochemical behavior of these compounds, light playing the
role of a pump. The scheme shown in Figure 12 refers to 4'-
hydroxyflavylium.


Figure 12. Hydraulic analogy for the photochemical reaction of Ct. Light
behaves like a pump that increases (in a transient mode as represented or in
steady state) the quantity of liquid in the reservoir Cc.


In a previous paper we showed that the 4'-methoxyflavy-
lium ion can undergo a write-lock-read-unlock-erase photo-
chromic cycle useful for information processing.[10] The differ-
ent values of the rate constants, particularly in the case of the
cis!trans thermal isomerization reaction, preclude this
possibility for the 7-hydroxyflavylium and 4',7-dihydroxyfla-
vylium ions. In the language of photochromism, one can say
that the information (color change) written by light excitation
on the 7-hydroxyflavylium and 4',7-dihydroxyflavylium de-
rivatives erases spontaneously on a short time scale (seconds).


It can also be noted that, because of the competition
between the pH-dependent rate of the reaction leading from
the colorless Cc to the colored species AH� and A and the pH-
independent cis!trans back-isomerization, the amount of
colored species formed upon light excitation depends on the
pH of the solution. In other words, the pH of the solution
plays the role of a tap for the color intensity generated by light
excitation. This also means that this system can be viewed as a
light-switchable pH indicator. In the case of 4',7-dihydroxy-
flavylium the tap ± color effect is larger than for 7-hydroxy-
flavylium.
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Efficient Homogeneous Hydrosilylation of Olefins by Use of Complexes of Pt0


with Selected Electron-Deficient Olefins as Ligands


Pascal Steffanut, John A. Osborn,* Andre DeCian, and Jean Fisher*


Abstract: A family of complexes of
general formula [Pt(h2-OlE){(h4-
CH2�CHSiMe2)2O}], where OlE is a
di-, tri- or tetrasubstituted electron-de-
ficient olefin such as fumaronitrile,
diethylfumarate, tetracyanoethylene,
ethylenetetracarboxylate, a naphtho-
quinone or dihydronaphthoquinone,
were synthesised from the Kar-
stedt catalyst solution containing
[Pt2(CH2�CHSiMe2)2O)3] (1). The struc-
tures of these complexes were examined
by 1H, 13C and 195Pt NMR spectroscopy.
The X-ray crystallographic structure of
[Pt(h2-MeNQ){(h4-CH2�CHSiMe2)2O}]


(MeNQ�methylnaphthoquinone) was
determined; the MeNQ ligand is bound
to Pt by a h2-olefin interaction. Certain
of these complexes, particularly the
naphthoquinone and dihydronaphtho-
quinone derivatives, were found to cata-
lyse very efficiently the hydrosilylation
of a variety of olefins. Tests in the
presence of Hg, dibenzo[a,e]cycloocta-


tetraene or molecular oxygen indicated
that the catalytic process was homoge-
neous in nature. The addition of excess
OlE to the catalyst solutions greatly
extended the lifetime and productivity
of these catalysts, which were more
efficient both in rate and overall product
yield than the original Karstedt catalyst
solution. Spectroscopic studies lead us to
propose that the stabilising ligand OlE


remains bound to Pt throughout the
catalytic cycle; this results in increased
stability and high catalytic activity.


Keywords: alkene complexes ´ het-
erogeneous catalysis ´ homogeneous
catalysis ´ hydrosilylations ´ naph-
thoquinones ´ platinum


Introduction


Hydrosilylation of olefins is one of the most important
reactions in silicon chemistry (Scheme 1).[1] Among the
numerous catalysts for this reaction, the most efficient are


Scheme 1. The catalytic hydrosilylation of olefins.


those which involve platinum complexes, particularly the
original[2] Speier catalyst, H2PtCl6, and the second-genera-


tion[3] Karstedt catalyst, which are presently those largely used
in commercial processes. However, the detailed mechanism of
the catalytic process using these Pt-based systems remains
uncertain since both homogeneous and heterogeneous cata-
lytic behaviour have been invoked. Indeed, the Pt precursors
are intrinsically unstable under hydrosilylation conditions and
metal-containing particles are readily formed in solution.
Such observations, inter alia, have led Lewis and co-workers
to suggest that colloids may be responsible for the catalytic
activity.[4]


We report here the synthesis of a family of molecular
platinum(0) compounds for the hydrosilylation of olefins and
studies of their catalytic activity. These catalysts are more
active and more stable than the classical Karstedt catalyst
systems under identical conditions and evidence is presented
indicating that their catalytic action is homogeneous in
nature.


Initial observations : The Karstedt catalyst solution is formed
by the reaction of the diene (CH2�CHSiMe2)2O (hereafter
dvtms) with H2PtCl6. The active catalyst precursor is probably
the Pt0 complex, [Pt2(CH2�CHSiMe2)2O)3] (1), which is
preponderant in such solutions and has been characterised
by an X-ray structural determination (Figure 1).[5] We note
that the Karstedt catalyst solution normally used also contains
an excess of dvtms.
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Figure 1. Chem3D representation of [Pt2(dvtms)3].


We initially studied the Karstedt catalyst (6� 10ÿ6 mol)
using the substrates allyl alcohol (3� 10ÿ3 mol) and Et3SiH
(3� 10ÿ3 mol) in hexane (30 mL) at 72 8C. It was observed
that if the silane was added dropwise to a prepared catalyst/
olefin solution, the rate of addition strongly influenced the
overall yield of hydrosilylation product. Hence if the rate of
dropwise addition of Et3SiH was increased from 1.5�
10ÿ4 mol minÿ1 (i.e., added over 20 min) to 3�
10ÿ4 mol minÿ1 (added over 10 min), the final yield of product
decreased from ca. 37 % to 20 %, no further reaction taking
place after one hour. However if the initial olefin concen-
tration was doubled (6� 10ÿ3 mol), the corresponding yields
were 74 % and 62 % respectively. Similar effects were
observed using styrene as substrate. Further, it was noticed
that the more rapidly the silane was added, the earlier a black
precipitate appeared in the solution. These observations
indicated that the catalyst appeared to be less stable as the
concentration of the silane increased but this effect could be
compensated in part by the presence of higher concentrations
of olefin substrate.


Experiments were then carried out in which the silane was
added initially to the catalyst solution and the olefin added
after a certain delay, t. Under the same standard conditions
described above, a) when t� 5 min, the initial rate was ca.
12 equiv minÿ1 with a total yield of 48 %, b) with t� 10 min the
rate was 5 equiv minÿ1 and the yield 40 %, and c) with t�
30 min. the values were ca. 3.5 equiv minÿ1 and
16 %. Again we observed that the greater the value
of t, the earlier the deposition of black material
took place. If colloid particles of an optimum size
were necessary for high activity,[4] then it might be
anticipated that a correlation of the highest activity
would occur with some optimum value of the
contact time t, where t> 0. In fact we see that the
initial rate of hydrosilylation always decreased with
an increase in t and the colloids formed appeared
to be much less active (if active at all) than the
initial homogeneous solutions. We attempted to
stabilise the colloids formed using three micelle-
forming amphiphiles (sodium dodecylsulfonate
(SDS), N-cetyl-N,N,N-trimethylammonium bro-
mide and polyethyleneglycol hexadecyl ether),
but the catalytic activity was either unaffected
(SDS) or diminished.


We therefore redirected our attention towards
the stabilisation of the molecular Pt species in
solution. It is well known that phosphine
complexes,[6] such as [Pt(SiR3)(m-H)(R3P)]2,


[Pt(PR3){(h4-CH2�CHSiMe2)2O}], are less active than the
Karstedt catalyst but are stable under hydrosilylation con-
ditions at ambient temperatures. We found that when the
complexes [Pt(PR3){(h4-CH2�CHSiMe2)2O}] (with R� alkyl,
aryl, or substituted aryl) were used as catalysts for the reaction
of HSiEt3 with Et3Si(CH�CH2), after an induction period of
ca. 1 h, the reactivity of the catalysts at 30 8C decreased in the
order: R� p-fluorophenyl> phenyl>m-tolyl> cyclohexyl>
tert-butyl. Although this trend may be a result of several
factors, the catalysts with the more electron-attracting phos-
phines were the most efficient. We surmised that with even
stronger p-acid ligands, catalysts possessing greater activity
might be obtained, and therefore we synthesised Pt0 com-
plexes of electron-deficient olefins with this in mind.


Results and Discussion


Synthesis of [Pt(h2-OlE){(h4-CH2�CHSiMe2)2O}] complexes
(OlE� electron-deficient olefin): It had been previously
reported[5] that [Pt2{((CH2�CH)SiMe2)2O}3] (1) reacts with
maleic anhydride to form [Pt(h4-dvtms)(h2-maleic anhy-
dride)]. Spectroscopic data indicated that the complex
possessed a monomeric structure similar to that found for
[Pt(h4-1,5 hexadiene)(h2-maleic anhydride)], where an X-ray
determination showed all three olefin groups coordinated to
Pt in a nearly coplanar fashion.[7] The complexes [Pt(h2-
C2H4)2(h2-C2F4)][8] and the recently described dimethylfuma-
rate and dimethylmaleate[9] complexes have analogous struc-
tures. Interestingly, the fumarate and maleate complexes of
Pt0 were synthesised in studies with the objective of inhibiting
the Pt-catalysed hydrosilylation process. We shall discuss this
point later.


Using an adaptation of the reported procedure,[5] we
synthesised complexes of the type [Pt(h2-OlE){(h4-
CH2�CHSiMe2)2O}] (Figure 2) by replacement of the bridg-
ing siloxane of [Pt2(CH2�CHSiMe2)2O)3] by OlE. The elec-


Figure 2. Substitution of [Pt2(dvtms)3] by electrophilic olefins. The naphthoquinone
ligands used and the numbers of the corresponding complexes 7 ± 11 are also shown.
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tron-withdrawing substituents, E, on the olefins were aryl, CN,
COR or COOR. Several naphthoquinone and dihydronaph-
thoquinone complexes were also prepared, which we label
collectively as NQ' complexes.


In general, slightly less than one equivalent of OlE was
added to a toluene or hexane solution containing 1 at 20 8C to
yield the desired products as colourless (or yellow for the NQ'
complexes) microcrystalline solids. We were unable to isolate
complexes of the monosubstituted olefins styrene, vinyl
acetate, ethylacrylate or allyl alcohol although the styrene
derivative has previously been detected in solution by 195Pt
NMR.[10]


The complexes [Pt(h2-OlE){(h4-CH2�CHSiMe2)2O}] 2 ± 11
were obtained with trans-disubstituted olefins such as fumar-
onitrile (2), diethylfumarate (3) or trans-(PhCO)CH�CH-
(COPh) (4); tetrasubstituted olefins (EtOOC)2C�C(COOEt)2


(5) or (NC)2C�C(CN)2 (6); and the NQ' type ligands,
naphthoquinone (NQ) (7); 1,2,3,4-tetramethyl-4a,8a-dihy-
dro-endo-1,4-methylmethanonaphthalene-5,8-dione (TND)
(8), 9,10-dihydro-9,10-ortho-benzenoanthracene-1,4-dione
(BAD) (9), dichloronaphthoquinone (DCNQ) (10) or meth-
ylnaphthoquinone (MeNQ) (11). In addition the complex
[Pt(h2-norbornene)2(h2-(MeNQ)] (12) was prepared for com-
parative purposes. Details can be found in the Experimental
Section.


Structures of the [Pt(h2-OlE){(h4-CH2�CHSiMe2)2O}] com-
plexes 2 ± 11: Crystals of the methylnaphthoquinone complex
11 were obtained by slow evaporation of a saturated hexane
solution and were analysed by X-ray diffraction methods. The
structure is monoclinic with a P21/n space group.[11] The
detailed structure is shown in Figure 3 and the crystallo-
graphic data presented in Table 1.


Figure 3. ORTEP plot of one molecule of 11 showing the labelling scheme
used. Ellipsoids are scaled to enclose 50 % of the electronic density.
Hydrogen atoms are omitted.


The MeNQ ligand is bound solely by its olefinic double
bond, leading to a closely trigonal coordination arrangement
about the Pt atom as found for the other known structures of
this type.[7] The electron-deficient olefin group is rotated


somewhat out of the trigonal plane by an angle V, where V in
this case is 17.8� 1.1 8. In contrast, in the benzoquinone
complex [Pt(1,5-cyclooctadiene)(h4-ditertiobutylbenzoqui-
none),[8] both olefinic bonds of the quinone were found to
be coordinated to Pt0. The other notable feature of 11 is the
chair conformation adopted by the (CH2�CHSiMe2)2O li-
gand, which leads to the axial ± equatorial disposition of the
CH3 groups on the Si atoms. Similar observations have
been made for the phosphine derivative, [Pt{(h-
CH2�CHSiMe2)2O}(PR3)].[6] The significant bond distances
and angles are presented in Table 2.


The 1H NMR data were consistent with the stoichiometry
proposed for the complexes. The CH3 groups on the Si atoms
of the (CH2�CHSiMe2)2O ligand (d� 1 to ÿ2) provided
further information concerning the structures in solution. If
the solid-state structure found for 11 were maintained and
nonfluxional in solution, four different CH3 resonances should
be observed for all compounds if V> 0. This was observed for
complexes 2, 4, 5 and 6. Since the diastereotopic CH3 groups
on each Si atom are not equilibrated, ready dissociation of the
olefin groups of the dvtms ligand by a sequential arm-off
mechanism can be excluded. This is the only mechanism that


Table 1. X-ray crystallographic data for 11.


formula C19H26O3Si2Pt ´ H2O
molecular weight 571.69
crystal system monoclinic
space group P21/n
a (�) 9.725(3)
b (�) 10.426(3)
c (�) 21.348(6)
b (8) 102.76(2)
V (�3) 2111(2)
Z 4
colour yellow
crystal dim (mm) 0.30 ´ 0.24 ´ 0.20
1calcd (gcmÿ3) 1.80
F000 1120
m (mmÿ1) 6.846
trans. min and max 0.6990/1.0000
T (K) 294
l (�) 0.71073
radiation MoKa graphite-monochromated
diffractometer Enraf ± Nonius CAD4
scan mode q/2q


hkl limits 0,12/ÿ 13,13/ÿ 26,27
q limits (8) 2.5/26.98
no. of data meas. 9738
no. of data with I> 3s(I) 3480
weighting scheme 4F2


o/(s2(F2
o)� 0.0025 F4


o)
no. of variables 235
R 0.033
Rw 0.042
GOF 1.053
largest peak in final difference (e �ÿ3) 1.312


Table 2. Selected bond lengths [�]and angles [8] for 11.


PtÿC(8) 2.162 PtÿC(12) 2.179 C(12)ÿC(13) 1.35
PtÿC(9) 2.174 PtÿC(13) 2.204 C(8)-Pt-C(9) 37.6
PtÿC(18) 2.231 C(8)ÿC(9) 1.40 C(12)-Pt-C(13) 35.9
PtÿC(19) 2.205 C(18)ÿC(19) 1.37 C(18)-Pt-C(19) 36.0
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would allow the Pt0, which is bound to the re face of one diene
olefinic bond and to the si face of the other, to gain access to
the opposite faces of the diolefin. However, any rapid
cyclohexane-type conformational changes of the dvtms ligand
will not be observed since these would leave the CH3 groups
distinct. In the tetrasubstituted olefin complexes 5 and 6, the
presence of four CH3 resonances indicated that the olefin
must be bound rigidly at a definite angle V. Although a similar
structure (with V> 0) might be anticipated for 2 and 4 in
solution, the 1H NMR data cannot exclude an in-plane
coordination and/or a rotational motion of the olefin since no
differences in the SiÿCH3 spectrum would be observable.
However in 4 the vinylic protons of the trans-dibenzoyl-
ethylene ligand exhibited a single resonance showing a
2J(Pt,H) coupling of 60 Hz. Dissociation of the electron-
deficient olefin cannot therefore be occurring readily, but
facile rotation about the olefin axis is probably taking place.


The 1H NMR spectrum of the NQ' complexes 7 ± 10 showed
only two SiÿCH3 resonances; this can either be consistent with
the solid-state structure (with V> 0) found for 11 in which
rapid olefin rotation was occurring, or a trigonal structure
with V� 0. As expected for 11, the four SiÿCH3 resonances
were distinct and coupling of 195Pt with both the vinyl proton
(2J(Pt,H)� 48 Hz) and the methyl (3J(Pt,H)� 30 Hz) on the
MeNQ was observed. Again, no rapid dissociation of the
MeNQ ligand can be taking place. Finally, other 195Pt and 29Si
NMR data are given below the following section on catalysis.


Catalytic studies : The relative efficiencies of these Pt0


complexes as hydrosilylation catalysts were compared by
means of a standard reaction of Me3SiCH�CH2 with Et3SiH.
This reaction can also serve as a model for the cross-linking
reaction used in an industrial siloxane polymer synthesis. The
catalytic reactions were carried out with 30 mL of deoxy-
genated hexane solutions of Me3SiCH�CH2 (0.30 mol Lÿ1,
1000 equiv) and Et3SiH (0.15 mol Lÿ1, 500 equiv) to which 6�
10ÿ6 mol of the given platinum complex was immediately
added and stirred at 30 8C for 2 h. It is noteworthy that, unlike
in conventional Karstedt procedures, dropwise addition of the
silane was not necessary when using these catalysts. No
induction period was observed and clean formation of
Me3SiCH2CH2SiEt3 occurred with no by-products being
detected by GC or NMR. The catalytic activities of the
complexes 2, 5, 6 are compared in Figure 4 and the more
active NQ' complexes 7, 8, 10 and 11 in Figure 5. All reactions
went to completion, the methylnaphthoquinone complex
proving to be the most active.


The efficiency of these catalysts was compared with that of
the Karstedt system by using equivalent Pt concentrations and
measuring the time (t1/2) needed to yield 50 % of product
(Table 3). It can be seen that that the NQ' catalysts were all
more active than the Karstedt catalyst solution and, more-
over, no colour changes in the solution occurred during the
catalytic process. The Karstedt catalyst solutions, on the other
hand, quickly turned dark brown and deposited a black
precipitate. We therefore carried out a comparison of the
relative activities of the Karstedt catalyst and 11 over two
successive runs (Figure 6).


Figure 4. Activities of catalysts 2 (~), 5(*), and 6(*) in the hydrosilylation
of triethylvinylsilane by triethylsilane at 30 8C with 6� 10ÿ6 mol of Pt
catalyst.


Figure 5. Activities of catalysts 7 (~), 8 (~), 10 (*) and 11 (*) in the
hydrosilylation of triethylvinylsilane by triethylsilane at 30 8C with 6�
10ÿ6 mol of Pt catalyst.


After the initial typical run described above, further
quantities (1000 equiv) of each of the substrates were added
to the catalyst solutions. It is seen that within experimental
error both catalysts were slightly less active on the second run
but 11 remained approximately four times more active in
terms of initial rates. This procedure was then repeated by
addition of further aliquots of substrates to both catalyst
systems. It was found that under these conditions the Karstedt
system became inactive after approximately 2900 turnovers,
whereas 11 finally produced about 4200 equivalents of


Table 3. Reactivities of the triolefinic complexes as catalysts in the
hydrosilylation of trimethylvinylsilane by triethylsilane with 6� 10ÿ6 mol
of platinum catalyst ; t1/2 is the time taken for 50 % reaction.


Complex Ligand t1/2 [min]


11 Methylnaphthoquinone (MeNQ) 22
10 Dichloronaphthoquinone (DCNQ) 30
7 Naphthoquinone (NQ) 45
8 TND 60
5 TETCE 60
6 Tetracyanoethylene (TCNE) 480
2 Fumaronitrile (FN) 585
1 Karstedt catalyst 65
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Figure 6. Activities of the first and second runs of the Karstedt catalyst
(~,~) and 11 (*,*) in the hydrosilylation of triethylvinylsilane by
triethylsilane at 30 8C with 6� 10ÿ6 mol of Pt catalyst.


product. However over several runs the decrease in activity of
11 was gradually accompanied by a darkening of the solution
with the formation of a black precipitate. We reasoned that
the degradation of 11 may be occurring as a result of the loss
of the stabilising MeNQ ligand
and therefore studied the effect
of the presence of excess MeNQ
on the catalytic behaviour of 11.
Following the procedure of using
successive substrate additions de-
scribed above, the initial rates
observed using 50-fold excess of
MeNQ per Pt catalyst 11 were
around 800 ± 1000 turnovers hÿ1,
which were a little lower than
those using 11 alone. However
this activity was maintained over
a much longer period, thus en-
abling a total turnover of ca.
26000 equiv per platinum atom.
Furthermore, the colour of the
catalytic solutions remained a
clear yellow throughout. Increas-
ing the additional MeNQ to 100 equiv had no further effect.
The Karstedt catalyst solution contains an excess of dvtms
which may reduce its efficiency somewhat but will also no
doubt serve to stabilise the catalyst. Whatever the overall
effect of the presence of excess dvtms on the Karstedt system
may be, the productivity of 11 in the presence of excess MeNQ
is more than ten times that obtained using the Karstedt
catalyst under these conditions.


Tests on the catalytic reaction with mercury, dibenzo[a,e]cy-
clooctatetraene (DBCOT) and molecular oxygen :


a) Effect of mercury : The inhibitory effect of mercury on a
catalytic reaction has been proposed as a test for the
heterogeneous nature of the catalyst.[12] Mercury supposedly
quenches the catalytic reactivity by forming an amalgam with
the small platinum particles. Inhibition by Hg has been
observed in a photoinduced hydrosilylation reaction using


CpPtMe3 as catalyst,[13] whereas when a surface-immobilised,
monomeric, coordinatively unsaturated platinum species was
involved, no inhibitory effect was seen.[14]


We found that when 11 was used as catalyst both the rate
and final yield were unchanged in the presence of mercury
(see Figure 7, left) which would indicate that catalysis using 11
was homogeneous throughout.


The Karstedt catalyst, under the same conditions, respond-
ed differently. In the presence of Hg, the catalyst was very
active for a short period but the solutions became progres-
sively more sombre and catalysis suddenly stopped at less
than 40 % silane conversion (Figure 7, right). The Karstedt
catalytic action appeared to involve two phases: an initial,
active, possibly homogeneous phase that then yielded a
heterogeneous system whose activity was inhibited by Hg.


b) Effect of DBCOT: It has been proposed that a phenom-
enological distinction between homogeneous and heteroge-
neous Pt catalysts can be also made by studying the effects on
the catalytic process of strongly coordinating polyolefins such
as DBCOT.[15] Such chelating diolefins coordinate strongly to


molecular platinum(0) species, rendering them inactive in
hydrosilylation or hydrogenation, whereas heterogeneous
systems should be largely unaffected by their presence.
Indeed using the Karstedt catalyst little lowering in rate was
observed for up to 5 equiv of DBCOT, the reaction going
readily to completion (Figure 8, right), indicating that the
Karstedt catalyst is largely heterogeneous in action.


However, the addition of DBCOT (1 equiv/Pt) to catalytic
solutions of 11 (Figure 8, left) caused a decrease in the initial
rate by ca. 30 % (cf. Figure 7) although the reaction still went
to completion. However, in the presence of 5 equiv of
DBCOT per equiv Pt, a further decrease in rate was observed
and the catalytic reaction stopped at 60 % conversion.


c) Effect of molecular oxygen : It has long been known that
molecular oxygen can have an important effect on hydro-
silylation catalysis. It was observed that small quantities of
oxygen induced high activity not only for Pt but also Rh


Figure 7. Effect of mercury on the Karstedt catalyst (right) and the catalyst 11 (left). Conditions: hydro-
silylation of trimethylvinyl silane by triethylsilane: T� 30 8C; [SiÿH]0� 0, 5 mol Lÿ1; [C�C]0: 0, 15 mol Lÿ1 in
hexane (20 mL); 6� 10ÿ6 mol Pt catalyst. With 0.1 mL Hg (~), without Hg (*).
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catalysts,[16] and Lewis[4] has suggested that O2 is required both
to generate and stabilise the active platinum colloids to
prevent their further agglomeration into inactive species. In
contrast, oxygen was found to inhibit a molecular hydro-
silylation catalyst system dramatically.[14] In Figure 9 we
compare the rates of hydrosilylation with 11 and with the
Karstedt catalyst under three conditions, namely under argon,
argon with ca. 1 % O2, and pure O2 (1 atm).


Using 11 the presence of even a small quantity of O2


significantly reduced the rate and under pure O2 the reaction
stopped at 40 % completion. Little change occurred in the
Karstedt system on addition of 1 % O2, but a significant
lowering in rate was observed using large quantities of O2.
These observations differ somewhat from those previously
reported, but since the conditions used also differ direct
comparisons may not be valid.


Overall the evidence indicates that catalysed hydrosilyla-
tion using the molecular Pt0 complex 11 is homogeneous in
nature. There is certainly no evidence to the contrary.
However the results concerning the Karstedt catalyst are less
clear-cut and, in part, contradictory; it is possible that both


heterogeneous and homoge-
neous processes are involved,
as previously suggested by
Lewis.[4]


Spectroscopic studies of the
catalytic reaction : Colloidal
particles of platinum absorb
in the visible ± ultraviolet in
solution; Lewis has used this
property to identify their pres-
ence and their size in the
reaction solutions of the Kar-
stedt catalyst.[4] We carried out
a study at 40 8C using a hexane
solution of Me3SiCH�CH2


(0.15 molLÿ1) and Et3SiH
(0.07 molLÿ1) to which a fixed
quantity of catalyst was added


with [cat]/[olefin]� 1/1000. The reaction followed by UV/Vis
spectroscopy and glc. With 11, the reaction was complete (by
glc) after 20 min and no appreciable absorption was detected
at 500 ± 600 nm. Interestingly, however, the MeNQ ligand
absorptions in 11 at 380 ± 400 nm were modified progressively
with the appearance of an isosbestic point at 350 nm,
indicating the formation of a new species in solution. We
confirmed previous observations that on using the Karstedt
solutions there was an increase of an intense absorption in the
UV/Vis which increased with time (over 20 min), and analysis
of the solutions at the end of the reaction by photon
correlation spectroscopy (PCS) showed the presence of
particles of mean diameter of ca. 400� 120 nm. However,
when the catalytic reaction using 11 was carried out with
lower [olefin]/[SiH] ratios (1 or less), a progressive darkening
of the solution occurred and PCS studies at the end of the
reaction showed in this case that particles (ca. 360� 100 nm)
had been formed. It appears that using 11 the catalyst remains
stable and homogeneous as long as there is sufficient
stabilising ligand present to offset the detrimental effects of
large silane concentrations.


NMR studies on the catalytic
reaction : 195Pt and 29Si spectros-
copies : Pregosin[17] studied the
hydrosilylation of [Pt(h2-
PhCH�CH2)3] by Ph3SiH using
195Pt and 29Si NMR. The
195Pt spectrum of [Pt(h2-
PhCH�CH2)3] exhibited two res-
onances at d�ÿ5904 and d�
ÿ5886, corresponding to two iso-
meric forms which, on addition of
excess Ph3SiH, gave rise to further
peaks at d�ÿ5010 and d�
ÿ5017, each of which was coupled
to one 29Si nucleus. It was pro-
posed that the complexes [Pt(h2-
PhCH�CH2)(Ph3Si)H]n or [Pt(h2-
PhCH�CH2)(h2-Ph3Si-H)]n (n� 1


Figure 8. Effect of DBCOTon the Karstedt catalyst (right) and the catalyst 11 (left). Conditions: hydrosilylation of
trimethylvinylsilane by triethylsilane: T� 30 8C; [SiÿH]0� 0, 5 mol Lÿ1; [C�C]0: 0, 15 mol Lÿ1 in hexane (20 mL);
6� 10ÿ6 mol Pt catalyst ; (*) 1 equiv DBCOT, (~) 2 equiv DBCOT, (&) 5 equiv DBCOT.


Figure 9. Oxygen effect on the Karstedt catalyst (right) and the catalyst 11 (left). Hydrosilylation of
trimethylvinylsilane by triethylsilane: T� 30 8C; [SiÿH]0� 0, 5 mol Lÿ1; [C�C]0: 0, 15 mol Lÿ1 in hexane
(20 mL); 6� 10ÿ6 mol of Pt catalyst. On right: (*) under Ar, (~) ca. 1% O2 in Ar, (&) O2 atm; on left: (*) under
Ar, (&) ca. 1% O2 in Ar, (~) O2 atm.
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or 2) were formed in these reactions. In addition the complex
[Pt(h4-1,5-cyclooctadiene)2] displays a 195Pt resonance at d�
ÿ4636.[18]


We found that in CD2Cl2/CH2Cl2 at 203 8K 11 showed a
sharp resonance in the 195Pt{1H} spectrum at d�ÿ4216
(Dn1/2� 70 Hz) as expected for a Pt0 complex. In the 29Si
NMR of 11 in CD2Cl2 two 29Si resonances of equal intensity
were observed at d� 3.22 and 3.59, both coupled to a single
195Pt with 2J(Pt,Si)� 36 Hz. These observations are consistent
with the solid-state structure being preserved for 11 in
solution. No noticeable change occurred in the 195Pt signal
on the addition of small quantities of Me3SiCH�CH2


(10 equiv) but when a large excess (150 equiv) was added, a
signal at d�ÿ4406 appeared. Similarly, excess PhCH�CH2 or
CH2�CHÿCH2OAc caused peaks to grow in at d�ÿ4471 and
ÿ4523, respectively. The 1H-coupled 195Pt spectrum of the
styrene-rich solution exhibited a complex, apparent six-line
structure (relative intensities ca. 1:2:3:3:2:1) with peak
separations of ca. 40 Hz which clearly resulted from coupling
of 195Pt to several vinyl protons, but the lack of resolution did
not allow the observation of any 3J(Pt ± CH3) coupling. The
corresponding 1H spectrum showed several methyl reson-
ances assignable to dvtms, including signals which coincided
with uncomplexed dvtms. No evidence for displacement of the
methylnaphthoquinone ligand was observed. Since the 195Pt
chemical shift was found to vary with the nature of the olefin
substrate added, a minimum of one site on Pt0 must be
occupied by this olefin. Compound A (Scheme 2, with NQ as
ligand drawn for simplicity) would appear to be a reasonable
proposition for the species formed.


Scheme 2. Postulated intermediates in Pt0-catalysed hydrosilylation with
naphthoquinones as ligands.


When Et3SiH (5 equiv) was added to the olefin-rich
solutions (150 equiv olefin) of 11, a low-intensity peak grew
in at d�ÿ4233, which was invariant in position with the
olefin used and which only disappeared when all the silane
was consumed. We tentatively propose this peak results from
the formation of [Pt(h2-MeNQ)(HSiEt3)]n (n� 1 or 2, see C,
Scheme 2), similar to the species originally proposed by
Pregosin.


Temperature stability of the Pt catalysts : Under the standard
conditions at 20 8C using 11 the catalytic reactions went
smoothly to completion in ca. 24 h with an initial rate, vi�
10.8 mmol Lÿ1 hÿ1. At 50 8C, vi increased to 30.2 mmol Lÿ1 hÿ1


but after 2 h the rate had greatly decreased with decompo-
sition of the catalyst and only 68 % total conversion was
finally obtained. At 73 8C, vi was 48 mmol Lÿ1 hÿ1 but very
rapid decomposition immediately took place which led to a
low overall conversion (18 %). Similar observations were
made for the complexes 6 and 10.


Synthesis and catalytic activity of [Pt(h2-norbornene)2(h2-
MeNQ)] (12): It may be asked at this stage whether the dvtms
in the precursor complex 11 is retained as a ligand in the active
form of the catalyst or is displaced from the metal before entry
into the catalytic cycle. We therefore synthesised the analo-
gous complex [Pt(h2-nbe)2(h2-MeNQ)] (12, nbe� norbor-
nene), and tested its catalytic activity. The yellow-ochre
complex was prepared by the treatment of [Pt(h2-nbe)3] with
MeNQ (Figure 10) and characterised by microanalysis and
NMR spectra.


Figure 10. The synthesis of [Pt(h2-norbornene)2(h2-(2-methylnaphthoqui-
none)].


The catalytic activities of 12, 11 and the Karstedt catalyst in
the reaction of trimethylvinylsilane and heptamethyltrisilox-
ane are compared in Figure 11. At 50 % conversion the values


Figure 11. Hydrosilylation of trimethylvinylsilane by heptamethyltrisilox-
ane with the Karstedt catalyst (*), 11 (^), and 12 (&); conditions as
described in the Experimental Section.


of t1/2 were ca. <1, 4 and 14 min, respectively, for the three
catalysts; notably, the rate of reaction with 12 was consid-
erably greater than that with 11. The selectivity of silane
addition was the same for both 12 and 11 (90 % a), slightly
greater than that found for 1.
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The higher activity of 12 vis-aÁ -vis 11 is probably a result of
the greater lability of the norbornene ligand compared with
dvtms which would generate the catalytically active species
more readily under hydrosilylation conditions. Indeed we
have found in a separate experiment that the norbornene
ligands in 12 can be readily displaced by dvtms to form 11.
However, most of our studies used 11 rather than 12 because
of the ease of its synthesis and high stability.


Discussion


In this paper we describe a family of Pt0 catalysts, [Pt(h2-
olefin)2(h2-OlE)], where OlE is an electron-deficient olefin,
which are efficient catalysts for the hydrosilylation of olefins.
These compounds are readily synthesised and are easy-to-
handle solids. Spectroscopic studies and an X-ray structural
characterisation show that OlE is bound by a h2-olefin
interaction to Pt0. The h2-binding of the naphthoquinone Pt0


complexes differs from the previously known quinone ana-
logues where the h4-coordination mode was observed. It was
therefore expected that the analogous dihydronaphthoqui-
none compounds would also be stable; this was confirmed by
their synthesis and use as catalysts.


The catalytic activities of this family of compounds, [Pt(h2-
OlE){(h4-CH2�CHSiMe2)2O}], varied greatly with the nature
of OlE. Hence the fumaronitrile 2 and tetracyanoethylene 6
complexes were inefficient catalysts, being approximately ten
times less active than the Karstedt catalyst itself under the
same conditions, and thus can serve as inhibitors for the
Karstedt system. However, surprisingly, all the naphthoqui-
none and dihydronaphthoquinone complexes, 7 ± 11, as well as
the tetraester compound 5 were found to be more active than
the Karstedt catalyst under the standard conditions used. The
moderately p-acidic nature of the olefin function appears to
induce stabilisation of the Pt species in the catalytic cycle
without loss of catalytic activity. However, if this interaction
becomes too strong, as in the complexes of the strongly p-
acidic fumaronitrile or tetracyanoethylene ligands, the activity
markedly diminishes. This is probably also the case for the
dimethylfumarate and dimethylmaleate analogues which
have been recently proposed as inhibitors for the Karstedt
catalyst.[9] Although we find that complexes of moderately p-
acidic olefins appear to provide the optimal catalyst systems
there appears to be no simple quantitative correlation
between the electron deficiency of the olefin and catalytic
activity.


The effects of Hg, DBCOT and O2 on the catalytic activity
of 11 were consistent with homogeneous rather than hetero-
geneous behaviour. The corresponding tests on the Karstedt
catalyst were somewhat more ambiguous, indicating the
possible coexistence of both heterogeneous and homogene-
ous activity.


Although it is too early to propose a detailed mechanism
for these catalysts, it is most reasonable to propose that the
catalytic fragment [Pt (h2-OlE)] remains throughout the
catalytic cycle. 1H and 195Pt NMR studies on model reactions
of the hydrosilylation process using 11 showed that the MeNQ
remained coordinated to Pt whereas dvtms was readily


displaced. Similarly we have found[19] that treatment of 11
with phosphine ligands causes the displacement of the dvtms
ligand, MeNQ remaining bound. The dvtms ligands in the
precursor catalysts 2 ± 11 therefore serve as a convenient
fashion to generate [Pt(h2-OlE)] in solution. Addition of an
excess of the OlE ligand can increases the stability and overall
productivity of these catalysts with little sacrifice in rate.


The classical mechanism for hydrosilylation was proposed
over thirty years ago,[20] and studies on the phosphine-
modified catalysts[6] and NMR studies[18] have permitted this
mechanism to be elaborated, in particular, by including
dimeric intermediates. In Scheme 2 three possible intermedi-
ates of these catalysts are proposed based on our spectro-
scopic observations and by analogy with previous proposals.
The Pt0 complex [(h2-NQ)Pt(h2-RCH�CH2)2] (A) is formed
by displacement of the labile dvtms ligands by the presence of
excess olefin, RCH�CH2, under catalytic conditions. The
dissociation of one RCH�CH2 ligand would give a 14 eÿ Pt0


species, which on reaction with the silane would yield either
the oxidative addition product, B, or possibly B'', [(h2-
NQ)Pt(h2-RCH�CH2)(h2-HSiR3)], containing a s-bonded
silane ligand. Further loss of olefin from B (or B'') followed
by dimerisation would lead to C. Preliminary kinetic data[19]


indicate that both monomeric and dimeric species are
probably involved in the catalytic cycle and B and/or C may
then lead to products. Catalyst decomposition appears to
result from the further reaction of B or C with excess silane.
Since this would involve an oxidative process at Pt the greater
stability of these complex catalysts (compared with the
Karstedt system) may be the result of the enhanced elec-
tron-deficient character of the Pt centre resulting from the
presence of the p-acidic olefin ligand.


In conclusion, although several compounds of this type
were known prior to our work, their application as catalysts
for hydrosilylation of olefins under mild thermal conditions
had not been reported. In fact certain electron-deficient
olefins had been used, paradoxically, as inhibitors for hydro-
silylation catalysts. The Karstedt active species had also been
generated photochemically from certain quinone complexes
by photochemical labilisation of the quinone ligand. The
search for appropriate ligands is an important aspect of
molecular catalysis, but it is rather surprising to find an
electron-deficient olefin as the ligand of choice. Given the
existence of chiral naphthoquinones and the high activity of
this family of molecular Pt catalysts under mild conditions,
their application to enantioselective hydrosilylation can be
envisaged. Further, as a source of relatively stable, unsatu-
rated Pt0 species these compounds may find use in synthesis
and other catalytic reactions.


Experimental Section


General considerations : The preparation and handling of compounds were
carried out under an argon atmosphere, using standard vacuum line and
Schlenk techniques or a glovebox. All solvents were dried with the
appropriate drying agents and distilled under a nitrogen atmosphere.
Deuterated solvents were degassed by three freeze ± pump ± thaw cycles
and dried over molecular sieves prior to use. NMR spectra were recorded
on Bruker AM 300 (1H, 31P), and AM 400 (195Pt, 29Si) instruments.
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Chemical shifts are reported in d units (ppm) using the standard external
references (TMS, H3PO4, Na2PtCl4). Infrared spectra were performed on a
Perkin Elmer FTIR 1600 spectrometer. GC analyses of the products of the
catalytic reactions were performed using a Hewlett ± Packard series II 5890
gas chromatograph with a semicapillary column (HP-1, methylsilicon gum,
10 m� 0.53 mm� 2.65 mm). All GC-MS measurements were performed at
the Mass Spectroscopy Service of the Chemistry Research Centre.
Elemental analyses (C, H, O, Pt) were carried out at the Microanalytical
Service of the Research Centre at Strasbourg or the CNRS Microanalytical
Service at Vernaison (France). Photon correlation spectroscopic measure-
ments were made with a Coulter N4 instrument. X-ray experimental data
were collected on an Enraf ± Nonius CAD4F diffractometer using graph-
ite-monochromated MoKa radiation (l� 0.71073 �) at 298 K.


Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-101813.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (Fax: (� 44) 1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).


Synthesis of the platinum complexes: The Karstedt catalyst was obtained
by stirring a solution of H2PtCl6 ´ 6 H2O (500 mg, 1.22� 10ÿ3 mol) in H2O
(0.2 mL) at 50 8C with tetramethyldivinylsiloxane (5 g, 0.026 mol, 6.18 mL)
for 4 h. After cooling to room temperature, the solution was neutralised by
500 mg of NaHCO3 and filtered, yielding the so-called solution A. The
platinum concentration in this solution was measured by atomic absorp-
tion. It was supposed that the platinum in such solutions was solely in the
form of Karstedt catalyst and the quantities of Karstedt catalyst used in the
syntheses of the compounds described below have been calculated on this
basis.


[Pt(h2-(NC)HC�CH(CN)){(h4-CH2�CHSiMe2)2O}] (2): Karstedt catalyst
(500 mg, 5.26� 10ÿ4 mol) in solution A was stirred with fumaronitrile
(82 mg, 1.05� 10ÿ3 mol) in toluene (10 mL). The colourless solution was
heated at 60 8C for 5 min, and after cooling to ambient temperature, the
solvent was removed in vacuo. The resulting white powder was washed with
hexamethyldisiloxane (2� 20 mL), then tetramethyldivinylsiloxane (2�
4 mL). After decantation and filtration, the product was dried under
vacuum. Yield: 180 mg (39 %). 1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d� 3.5 ± 5 (m, 8 H, CH2�CH and CH�CH), ÿ0.20, ÿ0.26(s, 3 H, SiCH3),
0.42, 0.35 (s, 3H, SiCH3); IR (nujol): nÄ (cmÿ1)� 2221 (CN), 1573, 1013
(CH2�CHÿSi), 1254, 833, 799 (Me2SiÿO); m.p. 130 8C (decomp).


[Pt(h2-(EtOOC)CH�CH(COOEt)){h4-CH2�CHSiMe2)2O}] (3): Diethyl-
fumarate (158 mg, 9.20� 10ÿ4 mol) was added to the Karstedt catalyst
(437 mg, 4.61� 10ÿ4 mol) in solution A. The solution was then warmed to
70 8C for 30 min. After cooling to ÿ78 8C, colourless crystals were
collected, washed twice with cold pentane (5 mL) at ÿ78 8C and dried
under vacuum. Yield: 134 mg (26 %); 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d� 3.5 ± 4.1 (m, 8 H, CH2�CH), ÿ0.28 (s, 6H, SiCH3), 0.37 (s, 6H,
SiCH3), 1.25 (t, 6 H, CH3), 4.15 (q, 4 H, CH2); IR (nujol): nÄ (cmÿ1)� 1727
(C�O), 1259, 839, 794 (Me2SiÿO), 3040, 1000 (CH2�CHÿSi); m.p.: 127 8C
(decomp); anal. calcd for C 34.71, H 5.46; found: C 35.20, H 5.60.


[Pt{h2-(PhCO)CH�CH(COPh)}{h4-(CH2�CHSiMe2)2O}] (4): Karstedt
catalyst (215 mg, 2.3� 10ÿ4 mol) in solution A was concentrated under
vacuum over 60 min in a Schlenk tube. trans-Dibenzoylethylene (108 mg,
4.5� 10ÿ4 mol) was added to the resultant oil. The mixture was then
warmed to 75 8C for 15 min and, after cooling toÿ78 8C, the resultant paste
was washed with hexamethyldisiloxane (2� 10 mL) and cold pentane (2�
15 mL)(ÿ78 8C), yielding a white powder which was then dried under
vacuum. Yield: 162 mg (57 %); 1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d� 5.74 (s, 2 H, 2J(Pt,H): 60 Hz, CH�CH), 3.4 ± 4.2 (m, 6H, CH2�CH), 0.28
(s, 3 H, SiCH3), 0.23 (s, 3 H, SiCH3), ÿ0.24 (s, 3 H, SiCH3), ÿ0.62 (s, 3H,
SiCH3), 7.5 and 8.2 (m, 10H, Ar); IR (nujol) nÄ (cmÿ1)� 1873 (CO), 1744
(CO), 1255, 836, 790 (Me2SiÿO), 3050, 1656, 1589, 1005 (CH2�CHÿSi);
m.p.: 156 8C (decomp); anal. calcd for C 47.08, H 5.08; found: C 46.81, H
4.95.


[Pt{h2-(EtOOC)2C�C(COOEt)2}{(h4-CH2�CHSiMe2)2O}] (5): The synthe-
sis was carried out as for 4. Yield: 102 mg (69 %); 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d� 3.7 ± 5.2 (m, 6 H, CH2�CH), ÿ0.19 (s, 3 H, SiCH3),
0.05 (s, 3H, SiCH3), 0.15 (s, 3H, SiCH3), 0.38 (s, 3 H, SiCH3), 4.16 (q, 8H,
CH2), 1.30 (t, 12H, CH3); IR (nujol): nÄ (cmÿ1)� 1741 (CO), 1714 (CO),


1227, 837, 799 (Me2SiÿO), 1019 (CH2�CHÿSi); m.p.: 138 8C (decomp); anal.
calcd for Pt 22.56; found: Pt 22.05.


[Pt{h2-(NC)2C�C(CN)2}{(h4-CH2�CHSiMe2)2O}] (6): The synthesis was
carried out as for 2. The white solid obtained was dissolved in hexane,
passed through a silica column and recovered as a white powder on removal
of the hexane. Yield: 153 mg (51 %); 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d�ÿ0.36 (s, 3 H, SiCH3), ÿ0.24 (s, 3 H, SiCH3), 0.0 (s, 3 H, SiCH3),
0.09 (s, 3 H, SiCH3), 3.5 ± 4.5 (m, 6H, CH2�CH); IR (nujol): nÄ (cmÿ1)� 2234
(CN), 1573, 1028 (CH2�CHÿSi), 1261, 839, 799 (Me2SiÿO); 195Pt{1H} NMR
(85 MHz, CDCl3): d�ÿ3870; anal. calcd for C 32.12, H 3.60; found: C
32.25, H 3.57.


[Pt(h2-napthoquinone){(h4-CH2�CHSiMe2)2O}] (7): Karstedt catalyst in
solution A (437 mg, 4.61� 10ÿ4 mol) was concentrated under vacuum for
60 min in a Schlenk tube, and toluene (10 mL) was added to the resulting
oil. Naphthoquinone (146 mg, 10ÿ3 mol) was then added to the mixture and
the green solution heated at 65 8C for 10 min. After cooling to room
temperature, the mixture was stirred for 12 h. The solvent was removed
under vacuum and the resultant powder was washed with tetramethyldi-
vinylsiloxane (1� 2 mL) and hexamethyldisiloxane (2� 10 mL). The pale
green solid was dried under vacuum. Yield: 230 mg (47 %); 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d� 4.95 (s, 2H, 2J(Pt,H): 52 Hz), 3.3 ± 4.2
(m, 6H, CH2�CH), ÿ0.92 (s, 6H, SiCH3), 0.15 (s, 6H, SiCH3), 7.9 and 7.5
(m, 4 H, Ar); 13C NMR (200 MHz, C6D6): d�ÿ3.15, 0.88 ((CH3)2Si), 60.1
(CH�CHÿCO), 74.3 (CHSi), 76 (CH2CHSi), 126, 132.9 (CH arom), 133.7
(C quinone), 186.53 (CO); IR (nujol) nÄ (cmÿ1)� 1873 (CO) 1744 (CO),
1656, 1589 (CH2�CHÿSi) 1255, 836, 790 (Me2SiÿO); m.p.: 138 8C (de-
comp); anal. calcd for C 40.06, H 4.48; found: C 40.10, H 4.57.


[Pt(h2-TND){(h4-CH2�CHSiMe2)2O}] (8): (TND: 1,2,3,4-tetramethyl-
4a,8a-dihydro-endo-1,4-methylmethanonaphthalene-5,8-dione: C16H19O2)
Karstedt catalyst in solution A (420 mg, 4.5� 10ÿ4 mol) was concentrated
under vacuum for 60 min to obtain an oil. TND (225 mg, 9.1� 10ÿ4 mole)
was then added and the solution heated at 70 8C for 30 min. After cooling to
ambient temperature the resultant solid was washed twice with hexame-
thyldisiloxane (2� 5 mL) and pentane (2� 20 mL), then dried under
vacuum, yielding a white powder. Yield: 345 mg (60 %); 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d� 3.5 ± 4.0 (m, 6H, CH2�CH), ÿ0.35 (s,
6H, SiCH3), 0.35 (s, 6H, SiCH3), 4.15 (s, 2 H, 2J(Pt,H): 56 Hz, CH�CH),
2.09 (s, 2 H, 2 CH), 1.54 (s, 6H, CH3), 1.32 (s, 6H, CH3), 0.5 (d, 2H, CH2); IR
(nujol) nÄ (cmÿ1)� 1672 (CO), 1258, 839, 794 (Me2SiÿO), 1654, 1007
(CH2�CHÿSi); m.p.: 152 8C (decomp); anal. calcd for C 45.98, H 6.17;
found: C 46.41, H 5.64.


[Pt(h2-BAD){(h4-CH2�CHSiMe2)2O}] (9): (BAD: 9,10-dihydro-9,10-or-
tho-benzenoanthracene-1,4-dione) The synthesis was carried out as for 8
but with a longer heating period (60 min at 70 8C) to obtain a white powder.
Yield: 420 mg (68 %); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 3.2 ±
4.2 (m, 8H, CH2�CH),ÿ0.38 (s, 6 H, SiCH3), 0.35 (s, 6H, SiCH3), 7.1 and 7.4
(m, 8 H, Ar), 5 (s, 2 H, 2J(Pt,H): 56 Hz, CH�CH), 2.45 (s, 2 H, 2 CH); IR
(nujol): nÄ (cmÿ1)� 1652 (CO), 1260, 835, 797 (Me2SiÿO); m.p.: 202 8C
(decomp).


[Pt(h2-2,3-dichloronaphthoquinone){(h4-CH2�CHSiMe2)2O}] (10): The
synthesis was carried out as for 8 to obtain a pale yellow powder. Yield:
381 mg (70 %); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 3.6 ± 4.2 (m,
6H, CH2�CH), ÿ0.58 (s, 6H, SiCH3), 0.28 (s, 6H, SiCH3), 7.52 and 8.52 (m,
4H, Ar); 13C NMR (200 MHz, C6D6): d�ÿ2.75 and 0.84 ((CH3)2Si), 85
(ClC�CCl), 82 (CH ligand), 133, 127 (CH arom), 206.9 (CO quinone);
195Pt{1H} NMR (85 MHz, CDCl3): d�ÿ3100; IR (nujol): nÄ (cmÿ1)� 1677
(CO), 1591 (CH2�CHÿSi), 1259, 845, 800 (Me2SiÿO); m.p.: 152 8C
(decomp); anal. calcd for C 35.53, H 3.64; found: C 36.18, H 3.65.


[Pt(h2-methylnaphthoquinone){(h4-CH2�CHSiMe2)2O}] (11): The synthe-
sis was carried out as for 8 but with a shorter heating period (15 min at
70 8C) to obtain a pale yellow powder. Yield: 220 mg (78 %).Crystals
suitable for X-ray analysis were obtained by recrystallisation from hexane.
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 5.04 (s, 1H, 2J(Pt,H): 48 Hz,
CH�C), 2.0 (s, 3H, 3J(Pt,H): 30 Hz, CH3), 3.3 ± 4.2 (m, 6 H, CH2�CH), 0.27
(s, 6H, SiCH3), ÿ0.77, ÿ0.88 (s, 3 H, SiCH3), 7.9 (td, 2H, Ar), 7.5 (dd, 2H,
Ar); 13C NMR (200 MHz, C6D6): d� 132.8, 132.3, 126.2, 125.6 (C arom),
185.4 (CO), 18.2 (CH3 quinone), 0.92 ± 3.12 (CH3ÿSi), 66 (C�C), 74, 76
(CH2 siloxane), 96 (CH siloxane); 195Pt{1H} NMR: (85 MHz, CDCl3): d�
ÿ4226; IR (nujol): nÄ (cmÿ1): 1655 (CO), 1594 (CH2�CHÿSi), 836, 791
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(Me2SiÿO), 720 (C arom); m.p.: 144 8C (decomp); anal. calcd for C 41.95, H
4.76, Pt 33.83; found: C 41.81, H 4.77, Pt 33.70.


[Pt(h2-norbornene)2(h2-methylnaphthoquinone)] (12): [Pt(norbornene)3]
(200 mg, 4.2� 10ÿ5 mol) and methylnaphthoquinone (72 mg, 4.2�
10ÿ5 mol) were stirred in toluene (20 mL) under an inert atmosphere and
heated at 40 8C for 3 h. The solvent was then removed under vacuum and
the resultant yellow-brown powder washed with pentane (2� 10 mL) and
dried under vacuum. Yield: 65 %; 1HNMR (300 MHz, CDCl3, 25 8C, TMS):
d� 3.6 (s, 4H, CH�CH, 2J(Pt,H): 66 Hz), 2.9 (s, 4 H, CH), 1.7 (dd, 8H,
CH2), 1.2 (dd, 4H, CH2), 7.9 (td, 2H, CH), 7.5 (dd, 2H, CH), 4.57 (s, 1H,
CH�C (naphthoquinone) 2J(Pt,H): 50 Hz) 1.87 (s, 3 H, CH3 (naphthoqui-
none) 3J(Pt,H): 34 Hz); anal. calcd for C 54.05, H 5.08; found: C 54.22, H
5.17.


Catalytic studies : Hydrosilylation reactions were carried out in Schlenk
tubes equipped with septum caps under an argon atmosphere at 30 8C. In a
typical experiment, the platinum catalyst (6� 10ÿ6 mol) was transferred to
a Schlenk tube and degassed hexane (30 mL) was added under argon. The
solution was stirred for 5 min and the olefin (6� 10ÿ3 mol) and silane (3�
10ÿ3 mol) were then injected in quick succession from syringes through the
septum. Samples were taken by syringe periodically for GC analysis. Based
on one set of measurements the data were reproducible to ca.� 5 %.


Mercury inhibition studies : Two solutions containing 6� 10ÿ3 mol of
trimethylvinylsilane, 6� 10ÿ6 mol of catalyst and 30 mL of distilled n-
hexane were degassed and then stirred for 60 min, one solution with 1.4 g of
filtered Hg and the other without Hg. Et3SiH (3� 10ÿ3 mol) was then added
to both solutions and the hydrosilylation process was monitored by GC
analysis.


DBCOT inhibition studies : Three degassed solutions containing 6�
10ÿ3 mol of trimethylvinylsilane, 6� 10ÿ6 mol of catalyst and 30 mL of
distilled n-hexane were prepared and 1, 2 and 5 equiv of DBCOT per
platinum atom, respectively, were added to these solutions. After 60 min,
Et3SiH (3� 10ÿ3 mol) was added. The hydrosilylation process was then
monitored by GC analysis.


Oxygen effects : Three degassed solutions containing 6� 10ÿ3 mol of
trimethylvinylsilane, 6� 10ÿ6 mol of catalyst and 30 mL of distilled n-
hexane were prepared. The catalyst (6� 10ÿ6 mol) was then added to the
solutions under argon. The first Schlenk tube was left under argon. In the
second tube, a small amount of pure oxygen (ca.2 mL) was injected. The
third tube was filled entirely with oxygen. The hydrosilylation processes
were then monitored by GC analysis.
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Fine Tuning of the Cavity Size in Calixarene-Like Cyclophanes: A Complete
Series of Homooxacalix[4]arene Ligands for Quaternary Ammonium Ions**


Bernardo Masci,* Marco Finelli, and Maurizio Varrone


Abstract: Only a few oxygenated ho-
mologues of calixarenes have been re-
ported to date, although a large number
of structures can be envisaged. These
can give rise to a practically new and
interesting class of cyclophanes and
deserve a systematic investigation. The
synthesis is reported of the whole set of
p-tert-butylhomooxacalix[4]arene com-
pounds with methylated phenol func-
tions and with various combinations and
permutations of CH2 and CH2OCH2


units in the connections between the
aromatic units. The homooxacalix[4]-
arenes obtained constitute a set of cyclo-
phanes (5 compounds besides the typi-
cal calix[4]arene) in which the size of the
potential cavity and the conformational
mobility, as investigated by NMR tech-


niques, smoothly increase as the number
of the CH2OCH2 groups is increased.
Monooxa- and dioxa-homologues are
found to exist in solution in only one of
the possible main conformations; cone
conformations appear to be disfavored
in general. In spite of the lack of
preorganization, the prepared com-
pounds appear to be suitable hosts for
organic cations. When tetramethylam-
monium picrate and N-methylpyridini-
um iodide are considered as possible
guests in (CDCl2)2 solvent, while no


evidence of association is obtained in
the case of the reference calix[4]arene
compound and weak binding is observed
with the monooxa analogue, fairly
strong complexes (ÿDG8 values of up
to 3.8 kcal molÿ1) are formed with dioxa-
to tetraoxa-compounds. These are
among the most effective neutral ligands
for tetramethylammonium salts, partic-
ularly when simple monocyclic struc-
tures are considered. Several features of
the complexation are discussed in the
light of the controlled change in the host
structure, which proves to be a powerful
tool in the evaluation of the effects of
steric and charge complementarity on
binding.


Keywords: calixarenes ´ cyclo-
phanes ´ host ± guest chemistry ´
macrocyclic ligands ´ quaternary
ammonium ions


Introduction


Cyclophanes[1] of the general structure 1, with X�CH2 and
varying Y, R, and n, constitute the thoroughly investigated
family of calixarene compounds.[2, 3]


Calixarene analogues are also known with X longer than
CH2 in one or more sites of the macrocyclic structure,
for example homocalixarenes with X�CH2CH2


[4] or
CH2CH2CH2,[5, 6] and hetero analogues with X�
CH2OCH2,[7] CH2SCH2,[8] or CH2NRCH2.[9] In the case of
the oxygenated analogues, named homooxacalixarenes, the
relation to calixarenes is not only a formal one; some of these
compounds are actually formed together with true calixarenes


upon heating of alkaline mixtures of phenols and form-
aldehyde. Three compounds in this series, namely 2 ± 4, are
relatively well-known materials,[7] while the isolation of a
small sample of the pure compound only has been reported in
the case of 5.[10] In general, homooxacalixarenes appear in the
literature from time to time, and some recent papers deal with
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either 2[11] or 4 and related compounds;[12, 13] however, almost
no attention has been paid to homooxacalixarenes as a class of
compounds, so we decided to start a systematic investigation.
We have already reported on simple synthetic strategies to
produce polycyclic ether derivatives related to 3[14] and 5,[15] as
well as on the complexation of quaternary ammonium ions in
organic media by a tricyclic derivative of 3[14] and by the
simple parent compounds 2 ± 4.[16]


Many features of the chemistry of homooxacalixarenes still
await investigation. In particular, it should be noted that
reported structural variations consist of a few compounds with
alkylated phenol functions or with para substituents other
than tert-butyl;[11±13, 17] however, the fundamental systems of
known homooxacalixarenes are only those of compounds 2 ±
5, namely dihomooxacalix[4]arene, tetrahomodioxacalix[4]-
arene, hexahomotrioxacalix[3]arene, and octahomotetraoxa-
calix[4]arene, repectively. Since we want to investigate
homooxacalixarenes systematically, we must take into con-
sideration the large variety of fundamental rings which are
actually conceivable, and in this paper we report on the
several possible homooxacalix[4]arene systems, that is, all
compounds 1 with n� 4, Y� tBu, R�CH3, and X�CH2 and/
or CH2OCH2 in the same ring (compounds 6 ± 11).


In addition to a structural investigation, we were also
interested in the family of compounds 6 ± 11 to test their
properties as hosts for positively charged organic guests. In
recent years there have been several reports on the complex-
ation of organic cations in solution,[18] even in the absence of
effective noncovalent interactions, such as ion-pairing, hydro-
phobic forces, hydrogen bonding, or p ± p interactions. In
particular, Dougherty,[19] Collet,[20] and Lehn[21] have devel-
oped classes of polycyclic cyclophanes that complexed


quaternary ammonium salts not only as polyanionic hosts in
water, but also as neutral ligands in lipophilic solvents, thus
unequivocally demonstrating the important role of cation ± p


interactions.[22] Our results indicated that neutral homoox-
acalixarene compounds could also be effective in organic
solventsÐactually they appeared to be a very versatile series
because compounds of quite different structure could be
obtained and proved to work.[14±16, 23] We felt it was necessary
to assess the importance of the type of ring in this kind of
complexation, and to this end, a homogeneous series of
compounds had to be tested. Since it is better to perform this
assessment on simple structures, in the absence of special
substitutions, bridging moieties, or intramolecular hydrogen
bonding, methyl ethers appeared to be the compounds of
choice.


Results and Discussion


Structure and names : We can think of an infinite series of
oxygenated homologues of calixarenes which contain mixed
X groups in structure 1, such as CH2, O, CH2CH2O,
CH2OCH2, OCH2O, CH2CH2OCH2, OCH2CH2O, and so
on. However, if we restrict ourselves to the typical series of
homooxacalixarenes with X�mixed CH2 and CH2OCH2


groups within the same compound, we have four possible
fundamental structures when n� 3, six structures when n� 4,
eight structures when n� 5 and so on, for these 2m-homo-m-
oxacalix[n]arenes in which 0�m� n. The possible ring
structures in the case of n� 4 are those of compounds 6 ± 11,
compounds with a different number of CH2OCH2 groups and
isomeric structures being considered. The current nomencla-
ture of calixarenes can work well (see the Experimental
Section), but abridged names, such as tetrahomodioxaca-
lix[4]arene used so far to indicate compounds with the same
ring type as 9 are clearly ambiguous, since the name should
also apply to the isomer 8. We wish to stress here that the
bracketed numbers used in the cyclophane nomenclature to
indicate the length of the bridges allow the ring system of
these meta-cyclophanes (MCP) to be immediately identi-
fied.[24] The situation is summarized in Table 1 for the current


Table 1. Tetramethoxy-p-tert-butylhomooxacalix[4]arenes and nomenclature
of the homooxacalixarene systems.


Com-
pound


Current name for the
macrocyclic system


Bridges
in MCP[a]


References


6 calix[4]arene [1.1.1.1] known compound[b]


7 dihomooxacalix[4]arene[c] [3.1.1.1] known compound[d]


8 tetrahomodioxacalix[4]arene [3.3.1.1] new ring system[e]


9 tetrahomodioxacalix[4]arene [3.1.3.1] new compound
10 hexahomotrioxacalix[4]arene [3.3.3.1] new ring system
11 octahomotetraoxacalix[4]arene[f] [3.3.3.3] new compound


[a] Length of the bridges in the meta-cyclophane (MCP) structure. [b] See
ref. [25]. [c] Also named bishomooxacalix[4]arene (ref. [26]) and in a few cases
dihomomonooxacalix[4]arene to stress the presence of only one oxygen atom in
the ring (ref. [16]). [d] See refs. [11b, 11c]. [e] The tetraester compound with
this ring system, reported in ref. [27], actually appears to be a derivative of 3.
[f] Hampton et al. (ref. [12]) do not use this nomenclature. They distinguish the
compounds with all CH2OCH2 bridges (oxacalixarenes) from those with mixed
CH2 and CH2OCH2 bridges (homooxacalixarenes).
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nomenclature of the various ring systems to which 6 ± 11
belong and for precedents in the literature.


If we look at 6 ± 11 from a different point of view, we can see
that the structure gradually changes along the series from a
calixarene to a crown ether-like compound.


Synthesis : Calixarene derivatives are currently obtained
through reactions at the upper or the lower rim of the
polyphenol macrocycles.[2, 3] As the parent homooxacalixar-
enes are available only in a few cases (compounds 2, 3, 4, and a
few analogues of 4) our alternative synthetic approach proves
to be particularly useful. It consists of the alkylation of the
phenol functions of hydroxymethylated phenols, followed by
a Williamson reaction between hydroxymethylated and
analogous bromomethylated phenylethers. The method has
been reported for the preparation of macropolycyclic poly-
ethers in the series of octahomotetraoxacalix[4]arenes,[14]


namely [3.3.3.3]MCP, and of tetrahomodioxacalix[4]arenes,[15]


namely [3.1.3.1]MCP, and is extended in the present work to
obtain new cyclic systems. The diols and the dibromides
actually combined in the final Williamson ring closure
reactions are compounds 15 ± 18, 20, and 21.


Powdered KOH in dioxane was the base/solvent system
employed.[28] The homooxacalix[4]arene compound was in
general the only product isolated through column chroma-
tography in a pure form. The yields (not optimized) are fair to
good and template effects of the K� counterion are possibly at
work.[29] Compound 7, which is a known compound,[11b, 11c] has
now been prepared through methylation of 3 with Me2SO4 in
acetone/K2CO3. This procedure has also been used in an
alternative preparation of 9.


NMR spectra and conformational analysis : Conformational
isomerism in homooxacalix[4]arene compounds is expected to
be more complicated than in calix[4]arenes, due to reduced
symmetry as well as to greater mobility. The relative
orientation (parallel or antiparallel) of the aromatic units of


these calix[4]arene homologues should be a fundamental
conformational feature, and cone, partial cone, and alternate
conformations[2, 3] should be taken into account; the number
of different conformations of these types depends on the
number and position of the CH2OCH2 groups in the macro-
cycle. The actual expected conformations for compounds 6 ±
11 and the like are schematically represented in Figure 1. Only
11, which has four connecting groups of the same type, has the


Figure 1. Schematic representation of the main conformations of com-
pounds 6 ± 11 and the like. The tip of the arrows indicates (for instance) the
para substituent. Only one enantiomer is considered in the case of chiral
forms. The aromatic unit 1 is located in the bottom right in all the schematic
representations in this figure.[30]


same possibilities as calix[4]arene 6, while in the other cases
up to three partial cone and/or up to three alternate
conformations can, in principle, occur.[30] In the enlarged
structures, the angles between the aromatics and the main ring
will be different with respect to those in 6 ; moreover, several
more conformations are expected to exist within the main
families reported in Figure 1, owing to the presence of the
CH2OCH2 units. Obviously, the ease of interconversion
between conformers should depend not only on the nature
of the alkyl groups and on the para substituents, but also on
the number and relative position of the CH2OCH2 groups in
the macrocycle.


The 1H NMR spectra (300 MHz, in CDCl3 at 298 K) of 7 ±
10 are very simple and show sharp singlet signals (but for the
coupled ArH protons), in contrast with that of 6. Fast
conformational equilibration obviously occurs for 7 ± 11, as
no coupling of the geminal protons is observed. Protons in 6 ±
11 can be grouped according to five types of chemical
environment. When the several 1H NMR signals related to a
given type are considered, it is seen that the weighted mean
value is shifted more and more downfield as the number of
oxygen atoms increases along the series 7, 8 ± 9, 10, 11. The
signals for the tBu groups are only slightly sensitive; however,
quite regular trends are observed in all other cases. The
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overall shift along the series is Dd� 0.22 (ArH and
CH2OCH2), 0.12 (ArCH2Ar), and 0.26 (ArOCH3).[31] Regular
trends are also observed for several types of signals in the 13C
NMR spectra.


The most interesting regions of the 1H and 13C NMR
spectra are shown in Figure 2 and Figure 3, respectively.
Figure 2 shows in particular that most OCH3 signals are


Figure 2. 1H NMR spectra of compounds 6 ± 11 in the region d� 2.0 ± 5.0,
in CDCl3 at 298 K. Signals for OMe groups are starred.


Figure 3. 13C NMR spectra of compounds 6 ± 11 in the region d� 30.1 ±
38.6, in CDCl3 at 298 K. ArCH2Ar signals are starred.


shifted upfield with respect to the typical value of d� 3.8,
which is observed, for instance, in the acyclic compounds 15 ±
21. The effect is very strong in the spectrum of 7 (signal at d�
2.54) and in the spectrum of 8 (signal at d� 2.26); significant
upfield shifts are also observed with 9 ± 11. The obvious
interpretation is that the corresponding methoxy groups face
the rings of other aromatic units in highly populated
conformations. On the other hand, in the 13C NMR spectra,
the ArCH2Ar signals (Figure 3) can be found for compounds
8 ± 10 at about d� 31, whereas in the case of 7 a signal can be
found at d� 31.7 and a smaller one at d� 34.4.[32] On
extending, the criterion first established for calix[4]arenes[33]


and successfully applied also to larger homologues to


homooxacalixarenes,[34] a syn arrangement of the aromatic
rings can be predicted for all the ArCH2Ar moieties of 8, 9,
and 10 and for one type in 7. Further insight into conforma-
tional behavior was gained through 1H NMR spectra at low
temperature in CD2Cl2; specifically, extensive signal splitting
was observed. Figure 4 shows the most interesting regions in
the spectra of compounds 7 ± 9 at selected temperatures. Our
data for 7 (Figure 4 a) are somewhat at variance with those
recently reported:[11b, 11c] we observed simple patterns indicat-
ing the presence of one main conformation. The singlet for
CH2OCH2 protons and the larger singlet for ArCH2Ar
protons split into AB systems at low temperature, while the
other signals, including the smaller signal for ArCH2Ar, do
not split.[35] When the 13C NMR evidence is also considered,
the overall picture for 7 is consistent with the compound being
in a 1,4-alternate conformation as shown in Figure 1.[36] A C2


axis passes through the oxygen atom in the ring and the
opposed methylene carbon of a distorted anti-arranged
ArCH2Ar moiety, to which the signal at d� 34.4 in the 13C
NMR spectrum can be attributed.[37] Two equivalent OMe
groups face aromatic rings in this arrangement, which appears
to be consistent with that found in the crystal.[38] The rate of
exchange between 1,4-alternate and inverted 1,4-alternate
conformations at the temperatures of signal coalescence
corresponds to an apparent DG7


210 value of 9.7 kcal molÿ1.[39]


In the case of 9, the ArCH2Ar singlet at d� 3.8 in the 1H
NMR spectrum (Figure 4 c) splits on cooling into an AB
system, with signal coalescence at � 207 K. At somewhat
lower temperatures all the other signals split : the aromatic
AB system into two AB systems and the tBu singlet into two
singlets (not shown in Figure 4), the OCH3 singlet into two
singlets, and the ArCH2O singlet into two and eventually four
signals (two AB systems). The shielding effect experienced by
the OCH3 protons is not compatible with the cone conforma-
tion. On the other hand, the overall picture is consistent with
the 1,4-alternate main conformation (Figure 1) exchanging
with the inverted 1,4-alternate. A further motion can be
investigated: the exchange between two equivalent distorted
1,4-alternate conformations which have two types of aromatic
units, two types of ArCH2O, and only one type of ArCH2Ar
groups. Conformations with a center of symmetry are
suggested by CPK models (in particular with methoxy groups
on either 1,3 or 2,4 aromatic units pointing at each other) and
are compatible with the spectra. Estimates for the intercon-
version of the 1,4-alternate conformations and for the
interconversion of the distorted forms are approximately
DG7


205� 9.3 kcal molÿ1 and DG7
191� 8.8 kcal molÿ1, respective-


ly.[40]


In the case of 8 a 2-partial cone conformation (Figure 1)
seems to be present on the basis of 13C NMR evidence, that is
a syn ± syn arrangement in the ArCH2ArCH2Ar moiety, and
of the strong shielding effect on one OCH3 group in the 1H
NMR spectrum. The singlet signals of methylene protons split
into AB systems at low temperature (Figure 4 b), apparently
according to a simple pattern, although peaks are partly
superimposed, gradually shifted on changing the temperature,
and somewhat broadened throughout. DG7


205 for the inter-
conversion between a 2-partial cone conformation and the
equivalent inverted one can be estimated to be about
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9.4 kcal molÿ1.[41] At very low temperatures, broadening of the
OCH3 singlets is observed. The signal at d � 3.6 is found in a
practically fixed position and only starts to broaden. The
singlet found at d � 2.3 at 298 K (in CDCl3) is found at d � 2.0
at 243 K (in CD2Cl2) and is shifted further upfield at lower
temperatures: the broadened signal eventually disappears,
also as a result of the presence of a strong tBu signal at d � 1.6.
The signal at d � 3.5 is somewhat shifted back downfield on
cooling, and eventually it appears to split into a large singlet at
d � 3.8 and a small one at d � 3.1. This can probably be related
to the presence of two different conformations within the 2-
partial cone family. Roughly speaking, they could differ by the
dihedral angle (either close to 1808 or close to 908) between
the fourth aromatic unit and the opposed aromatic unit of the
ArCH2ArCH2Ar moiety. In the latter arrangement the
methoxy group points more directly inside the cavity and
should be more strongly shielded. The gradual shift of the
signal positions should indicate that the latter conformation
becomes more and more important when the temperature is
lowered. The two equivalent OCH3 groups in 8 should lose the
shielding effect of the fourth aromatic unit in such a normal
arrangement. We can estimate that, at the lowest attained
temperature, about 85 % 8 is in this conformation (large signal
at d � 3.8) and 15 % in the conformation schematically
indicated as a 2-partial cone at almost 1808 (smaller signal
at d � 3.1). Actually, the differences between cone and partial
cone vanish if the fourth aromatic ring has an almost
perpendicular orientation with respect to the other three
aromatics.


The interconversion among the conformations represented
in Figure 1 is likely to occur through the flipping of one
aromatic unit at a time. In the case of 7, the stages for such an
inversion through one of the shortest paths are: 1,4-alternate,
1-partial cone, cone, enantiomeric 1-partial cone, inverted 1,4-
alternate. Also, the inversion of the 1,4-alternate conforma-
tion of 9 should involve three intermediates and a symmetric
free-energy profile with two values for the free energy of the
transition states, while for the inversion of the 2-partial cone
conformation in 8 three intermediates with four different free-
energy values for the transition states should be considered.
We should correct the computed DG= values for statistical
factors since not all the species which have passed through the
highest free-energy barrier undergo inversion of conforma-
tion. In the hypothesis that, in a given inversion, the values of
the free energy for the structurally different transition states
differ enough,[42] then corrected values at the same temper-
ature should be DG7205� 9.4, 9.4, 9.0 kcal molÿ1 for 7, 8, and 9,
respectively. When the uncertainty due to these statistical
factors is taken into account, along with the uncertainty in the
coalescence temperatures (� 0.4 8C in the most unfavorable
cases) and inDn values,DG=values cannot be held accurate to


Figure 4. 1H NMR spectra at low temperatures in CD2Cl2 for compounds
7 ± 9. Only the central region of the spectra is shown. Symbols mark the
proposed splitting patterns of the signals of ArCH2O protons (&, � ),
ArCH2Ar protons (� , ^), and OCH3 protons (*, ", *). The small peaks at
d � 5.1 and 1.8 are due to the solvent (13C satellite) and to adventitious
water.
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less than � 0.5 kcal molÿ1. Actually, a less uncertain compar-
ison of the mobility can be made through the direct
comparison of the rate of conformational inversion, since
data at the same temperature(s) are available or can be
interpolated: namely, k206� 280, 490, and 600 sÿ1, for 7, 8, and
9, respectively.


On cooling the CD2Cl2 solution of 10, no signal splitting was
observed, although broadening of the ArCH2 and CH3


singlets occurred and the broadened ArCH2Ar signal could
hardly be detected at 167 K.[43] In the 1H NMR spectra of 11 in
CD2Cl2 some signal broadening could only be observed at the
lowest attained temperatures. We can then conclude that, in
this complete series of cyclophanes, the ease of flipping of the
aromatic units changes regularly in the order 11> 10> 9�
8� 7> 6. Rather similar mobilities are found for 7, 8, and 9,
and interestingly they are also close to that of pentamethoxy-
p-tert-butylcalix[5]arene, for which DG=has been estimated to
be 9.3 kcal molÿ1 or slightly less in CDCl3.[34b] A comparison
can also be made, in the case of 7 and 9, with the parent
phenolic compounds 2 and 3 which appear to be in cone
conformations (DG= for cone interconversion: 12.9 and
11.9 kcal molÿ1, respectively).[44] The higher barriers observed
in the case of the parent compounds can safely be attributed
to the disturbance in the intramolecular hydrogen bonding
required to attain the transition state(s),[45] while the steric
hindrance due to methoxy groups passing through the annulus
is expected to become less and less important as the ring size
increases from 6 to 7 and to 9.


Detailed and sophisticated conformational analyses of 6
can be found in the literature.[46] Even on inspection of the
simple spectrum in Figure 2 it is evident that the compound
exists as a mixture of several conformations, in contrast with 7,
8, and 9, which appear to exist in CD2Cl2 solution in
essentially only one of the main conformations indicated in
Figure 1.


In the case of 10 and 11 we have no direct information on
the actually existing conformation(s), but we can note that the
signals for OCH3 protons are significantly shifted upfield with
respect to the standard value (d� 3.8), notwithstanding the
downfield shift effect observed for all types of signals as the
number of CH2OCH2 groups in the ring increases. This
indicates that for 10 and 11, as well as for compounds 7, 8, and
9, cone conformations with deep cavities, that is with almost
parallel aromatics, should be disfavored.


In the above analysis we made reference to the established
conformational pattern in typical calix[4]arenes and adapted
it to our homologues (Figure 1). The results obtained in the
low-temperature experiments can be accommodated within
this simple reference scheme, but the relation between large
homologues and the typical calix[4]arene 6 is a far one, and
from an energetic point of view the main conformational
families may be at variance with those suggested in Figure 1.
Specifically, in large rings the flipping of the aromatic units
could, in principle, become a relatively easy step with respect
to other rearrangements between populated conformations
with the same up/down orientation of the aromatic units. The
last condition almost occurs in the case of 9, while in the case
of 8 we commented that differences between cone and partial
cone conformations can vanish.


Complexation studies : Dougherty first stressed the impor-
tance of cation ± p interactions in such important biological
systems as the acetylcholine/acetylcholinesterase complex,
and he developed a class of cyclophanes based on the rigid
ethenoanthracene unit that proved to be effective in the
complexation of quaternary ammonium ions, both as poly-
anionic ligands in water and as neutral ligands in halogenated
solvents.[19] Reference is made to the recent review by Ma and
Dougherty[22] for the theoretical aspects of the interaction and
for the relevant literature on both artificial receptors and
biological structures. The X-ray crystal structure has been
reported recently for a solid-state inclusion complex between
a neutral cavitand and acetylcholine chloride.[47] We simply
note here that quaternary ammonium salts and the corre-
sponding N-alkylpyridinium salts in the aromatic series are
suitable test guests for our homooxacalixarene ligands in
lipophilic solvents, namely the cations are rather large species
which, in the absence of contributions such as hydrophobic
forces and ion pairing or classical H-bonding with the
ligand,[48] should interact essentially with the aromatic clouds
of the cyclophane system,[22] and actually test the ability of the
host to exhibit several aromatic faces to the included species.
Our former idea[14±16] that enlarging the spacers between the
aromatic rings in a calix[4]arene structure should enable the
cavity to host organic species was fully confirmed by the
behavior of compounds 7 ± 11, which, in contrast with 6, bound
the two tested salts, tetramethylammonium picrate (TMAP)
and N-methylpyridinium iodide (NMPI) in (CDCl2)2 solvent.
The two salts were chosen as representatives of two quite
different families in their shape and charge distribution, while
(CDCl2)2 proved to be a suitable solvent for both ligands and
salts. The technique used for the complexation investigation
has been described in a previous paper.[16] The 1H NMR
spectra of the cation were recorded at 303.1 K in 1.00 mm
solutions of the salt, in the absence and in the presence of
varying concentrations of the ligand. The results of the
multiparameter least-squares treatment on the basis of a 1:1
association equilibrium, that is association constants and
limiting upfield shift in the various positions of the complexed
cation, are reported in Table 2. The strength of the complex-
ation on changing the ligand structure is graphically repre-
sented by the ÿDG8 profiles in Figure 5. In control experi-
ments with more diluted salt solutions, the ligands also proved
to be effective in CDCl3 solvent.[49]


Table 2. Association constants and limiting upfield shifts in the 1H NMR
spectra of the included cation in the complexation of 1.00mm tetramethyl-
ammonium picrate (TMAP) and N-methylpyridinium iodide (NMPI) by
ligands 6 ± 11 in (CDCl2)2 at 303.1 K.


Ligand TMAP NMPI
K, mÿ1 ÿDd1 , ppm K, mÿ1 ÿDd1 , ppm[a]


6 ± [b] ± [b]


7 24 0.8 40 1.2, 1.0, 0.5, 0.4
8 270 1.4 120 1.0, 1.1, 0.7, 0.6
9 610 1.6 77 1.0, 1.0, 0.7, 0.6
10 450 1.8 190 1.4, 1.9, 1.4, 1.3
11 470 1.7 190 1.2, 1.6, 1.2, 1.1


[a] Limiting shifts on signals of Me, a, b, and g protons, respectively. [b] No
significant shift was observed.
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Figure 5. Free-energy profiles for the complexation of tetramethylammo-
nium picrate (TMAP) and N-methylpyridinium iodide (NMPI) on chang-
ing the structure of the ligands 7 ± 11, in (CDCl2)2 at 303.1 K. No association
was observed with compound 6. The third profile refers to the salt
selectivity, namely ÿDDG8�ÿDGo


TMAP�DGo


NMPI.


As already noted with compounds 2 ± 4,[16] simple mono-
cyclic compounds can work fairly well in the complexation of
organic cations in lipophilic media. In the case of 2 ± 4,
intramolecular hydrogen bonding could be held responsible
for a substantial organization of the ligand in a conelike
conformation that is suitable for the inclusion of the cation,
while in the case of 7 ± 11 no special preorganizing factor can
be invoked. Actually, the cone conformations, expected to be
effective for complexation, appear to be relatively unstable in
the case of the free ligands 7 ± 11. Despite this handicap, 8 ± 11
bind TMAP and NMPI fairly well, and the complexes are, in
general, stronger than those reported for some parent
analogues,[16] although a direct comparison cannot be made
owing to the differences in the solvent and in the tested guests.
Qualitatively, we should conclude that the entropic loss for
the association, the expense for conformational reorganiza-
tion and freezing, and the disturbance to ion association of the
salt, are more than offset by the favorable interactions
between the included cation and the aromatic walls of the
cone-arranged ligand. To this end there appears to be a large
tolerance for changes of CH2$CH2OCH2 in the ligand
structure, namely, it is not simply a case of a single given
compound apparently being suitable for complexation, but all
the members of the family, provided they are large enough,
are effective. The ligand selectivity is rather low in the range
8 ± 11, while the complexes are somewhat weaker in the case
of 7 and no evidence of complexation is found in the case of 6.
The conformational properties of the ArCH2OCH2Ar moiety
are of fundamental importance for this broad effectiveness:
the aromatics in ArCH2OCH2Ar can become very flexible
hinges and be set without relevant strain at the right distance
and with the proper orientation for optimum interaction with
the included cation. The presence in the structure of such
effective hinges in addition to the classical ArCH2Ar ones of
calixarenes results in high adaptability, and the ligand, in a
certain range of host ± guest sizes, can be thought to behave
(admittedly with some exaggeration) as a close-fitting elastic


belt. Although experimental results for a direct comparison
are not available, we think that such alternative spacers as
those occurring in ArCH2CH2CH2Ar or ArCH2CH2Ar ana-
logues should not be so effective due to larger torsional strains
or occupancy of the cavity.


The salt selectivity changes in a very interesting way, as
indicated by the profile of ÿDDG8�ÿDGo


TMAP�DGo


NMPI in
Figure 5. The change of sign on passing from 7 to the larger
ligands, the quite regular profile[50] with a peak selectivity for
9, and the range of selectivity spanned, should be noted. From
a different point of view we could consider that the values of
the KTMAP/KNMPI ratios are 2.4� 0.1 for 8, 10, and 11, 0.6 for 7,
and 7.9 for 9. The high value for 9 results from the
simultaneous occurrence of a maximum for KTMAP and of a
minimum for KNMPI.


In principle, complexation can induce changes in the
chemical shift in the 1H NMR spectra of both the guest and
the host. Although in the present investigation the latter
effect was small in most cases, clear-cut evidence of conforma-
tional changes on complexation could be obtained. Namely,
the signals of the OCH3 groups which underwent the strongest
shielding effects in the free ligands were also shifted back-
wards to their typical position, as expected to occur for cone
conformations, in the presence of the guest.[51]


The 1H NMR limiting upfield shifts undergone by the
included cation can, in principle, give information on the
geometry of the complex, since the shielding effects are
related to the position of a given nucleus with respect to the
aromatic rings in the complex.[52] The interpretation is not
always straightforward, because families of complexes with
comparable stability but significantly different geometry can
occur in solution, and several specific effects can be lost in the
mean recorded shifts. Nevertheless, we can guess that the
nuclei for which the strongest shielding effects are observed
face aromatic rings in relatively stable and populated arrange-
ment(s).


Only one signal can be monitored in the case of tetrame-
thylammonium ion (TMA), while in the case of N-methyl-
pyridinium ion (NMP) the effects on the protons in four
positions can be investigated, which will be directly indicated
as a, b, g, and Me. The obtained Dd1 values are reported in
Table 2 and can be more easily analyzed in the graphical
presentation given in Figure 6. In all cases, the effects are
quite strong, ranging from Dd1�ÿ0.4 to ÿ1.9. The profile
for TMA is a regular one and the observed sequence for the
strength of the shielding is 7< 8� 9� 10� 11. In the case of
NMP, the profiles observed on changing the ligand are almost
parallel for the a, b, and g protons, the effect varying in the
order a> b> g.[53] Moreover, the shielding effects are much
higher with ligands 10 and 11 than with the smaller terms: 7�
8� 9< 10� 11. In the case of Me all values are within a
restricted range, namely Dd1�ÿ1.20� 0.2, and the sequence
is somewhat different, namely 7� 8� 9< 10� 11. For a given
ligand the effect in the various positions of complexed NMP
is, in almost all cases, that expected on the basis of the
proximity to the nitrogen atom: a�Me> b> g. In fact, the
point with the maximum positive charge density tends to face
centrally the aromatic p clouds[54] and the closer the guest
protons are to it, the more strongly they are shielded. A few
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Figure 6. Limiting upfield shift on the 1H NMR signals of the included
guest cation as a function of the host structure. Values for included
tetramethylammonium ion (TMA) and for a,b,g, and Me signals in
included N-methylpyridinium ion.


deviations are found, with an anomalous position of Me in the
sequence. Specifically, the Me values are close to those of the
b protons for 11 and 10, close to those of a protons only in the
case of 9 and 8, and even higher than those for a protons in the
case of 7. The relative importance of the shielding effects on
Me protons relative to those on the other positions can be
calculated as 3 Dd1Me/(Dd1g� 2 Dd1b� 2 Dd1a), the values
being 1.04, 0.75, 0.78, 0.55, 0.55 for compounds 7 ± 11,
respectively. In principle, several different geometries are
possible for a given host ± guest pair, and a complete
description is difficult. Figure 7 schematically represents some
of the possible orientations of the complexes as the cavity size
increases. To interpret the shielding effects on Me we can


Figure 7. Schematic representation of different inclusion geometries of N-
methylpyridinium ion in the ligands 6 ± 11.


simplify the picture by making particular reference to the
arrangements 6 a ± 11 a in the first row of Figure 7, which
should be important in the whole series of ligands. The Me
group of NMP can be included among the tert-butyl groups in
the upper rim of 6 (structure 6 a) but the guest can hardly be
included with the nitrogen atom facing the aromatic rings. No
complexation is observed because of the lack of significant
cation ± p interaction. Compound 7 is the smallest effective
ligand of the group: NMP will be partly included and Me will
reasonably be the most deeply penetrating part. With 8 and 9
ligands the cation can be included more centrally with respect
to the aromatic walls and the protons in a and in Me will
experience a similar shielding effect. On the other hand, the
cation can be included so deeply in the large ligands 10 and 11
that in stable and populated arrangements of the complex its
methyl group can reasonably face the oxygen atoms in the
lower rim rather than the aromatic p clouds, so that the
observed shielding effect is reduced. Obviously, the relative
importance of structures such as 10 d and 11 d could also
contribute to this effect.


If, on the other hand, we overlook such details as those
suggested by Figure 7, we can say that a gross agreement holds
between the profiles in Figure 6 and those in Figure 5. Since
the picture is somewhat complicated for NMPI, mean values
can be considered for the Dd1 values on the 8 protons of the
cation, namely Dd1� (Dd1g� 2 Dd1b� 3 Dd1Me)/8. In Fig-
ure 8 ÿDd1 vs. ÿDG8 data for both salts are reported,


Figure 8. Limiting shielding effects in the 1H NMR spectra of included
cations vs. the free energy of complexation, in (CDCl2)2 at 303.1 K, between
ligands 7 ± 11 and tetramethylammonium picrate (^) or N-methylpyridi-
nium iodide (&, mean effect on the 8 protons of the cation).


together with the straight line obtained from the linear
regression (slope 0.55� 0.08; intercept 0.40� 0.26; correla-
tion coefficient 0.918). A rough correlation can actually be
found, although the line has been drawn for reference
purposes only. There is no general physical reason for such
a correlation to hold, since, for instance, a perfectly built-in
complex, with the aromatic faces fitting close to the positive
charges and with large upfield shifts, can be unstable because
of severe reorganizational strain in the ligand. On the other







FULL PAPER B. Masci et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0410-2026 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 102026


hand it may happen that this conformational handicap is not
very different in a series of ligands (possibly, to some extent,
the energetic expense of suitable conelike conformations in
our series) and two physically different, but related, phenom-
ena show similar trends. In fact, the more deeply the cation is
included in the cavity, the stronger are both the cation ± p


attractive interaction and the shielding of the protons facing
the p systems, as seen in the NMR spectra.


Cation ± p interactions can be strong enough to account
entirely for the observed association picture: A significant
stabilization is expected with four suitably oriented aromatics
if even a small fraction of the binding energy in the gas phase
survives in our complicated real system, since the benzene ±
TMA interaction in a vacuum is fairly strong, ÿDH8�
9.4 kcal molÿ1.[55, 22] Other possible interactions can, in princi-
ple, contribute to the binding; in particular cation ± oxygen
atom dipole and (in the complexation of NMPI) p ± p


interactions[56] should be taken into account.[57] The strongest
association is observed with TMAP ± 9, namely with an
aliphatic cation that cannot reasonably interact with more
than two oxygen atoms. Moreover, no clear-cut difference
between quats and aromatic analogues is generally apparent
in the studies we are carrying out on homooxacalixarenes of
varying structure;[23] the mere difference in the shape of the
cation apparently accounts for the observed effects. We then
think that p ± p and cation ± oxygen atom dipole interactions
only play a secondary role in most cases. For a safer
assessment of the relative importance of the factors contri-
buting to binding, the systems should be further investigated
with both computational and experimental (UV/Vis spectro-
scopic, electrochemical, advanced NMR, X-ray crystallo-
graphic) techniques.[58]


In general, salt association greatly complicates the com-
plexation of ionic species in media of low polarity, and ion-
paired species (or higher aggregates) are also likely to occur in
the present case. The fact that clean association pictures,
apparently in agreement with the 1:1 association of a free
cation with a neutral ligand, are experimentally observed,
should be due to the actual association, in a simple case, of the
ion pair with the ligand, to give an ion-paired complexed
cation. The presence of the anion should, in principle, affect
both the apparent K value and the arrangement of the
cation within the ligand. An extensive investigation is
currently being carried out on these and other homooxacalix-
arene systems to assess the effect of cation, solvent, and
counterion.


Conclusions


Homooxacalixarenes are introduced here as a large family of
compounds, with quite a variety of structures and interesting
ligating properties. Formal substitution of each CH2 bridge in
a calixarene with the longer CH2OCH2 spacer gives rise to
these m-cyclophanes, and a complete series of homooxaca-
lix[4]arenes is now synthetically available. While retaining
several features of the typical calix[4]arenes, these com-
pounds have cavities modified in shape and size in a


continuous way, depending on the number and position of
the longer spacers. This possibility of fine-tuning the basic
cavity should be compared with the coarse regulation
available in the typical calixarene series, namely calix[4]arene,
calix[5]arene, calix[6]arene and so on. Further regulation of
the cavity can be performed with homooxacalixarenes, as well
as with calixarenes, through suitable functionalization at the
lower and upper rim. However, it is important to ascertain the
basic properties of this practically new family of ligands in the
absence of constraints, such as those given by hydrogen
bonding, crowded substituents, and bridging units. With
respect to calix[4]arenes, these compounds have, in general,
both a larger conformational mobility and a larger number of
conformations. According to NMR investigations, the tetra-
methyl ethers we are dealing with appear not to be
preorganized in conelike conformations suitable for the
complexation of organic cations. Nevertheless, fairly strong
complexation of quats in halogenated solvents occurs and has
been quantitatively analyzed. This means that the flexible
monocyclic structure can effectively make the four aromatic p


clouds interact at the right distance and with the proper
orientation with the included cation, thus overcoming several
expected entropic and enthalpic handicaps. The number of
neutral host systems that have been reported to work well for
the complexation of quaternary ammonium ions is not very
large, and the compounds reported here are among the most
effective ones, particularly when monocyclic structures are
considered.[22] An especially interesting comparison is that
with typical calixarenes: fairly strong complexation has been
reported to take place in a few cases, for example, in the series
of calix[4]arenes with a cone-rigidified doubly bridged de-tert-
butylated compound;[59] in the series of calix[5]arenes with
polyoxyethylene-bridged compounds;[60, 61] in the series of
calix[6]arenes with a bridged tetraamido derivative,[62] with a
capped ligand which is effective at low temperatures,[63] and
with a specially substituted ligand designed to bind phospho-
choline.[64] But in no case, either for H-bonding organized-
parent compounds or for simple derivatives, did the mono-
cyclic calixarenes show ligating properties comparable to
those of compounds 7 ± 11 for this kind of ion.


Complexation of ionic species in low polar solvents is a
complicated matter, and often the host ± guest effects looked
for, such as p ± cation attraction, are obscured by solvent
effects and by anion ± cation attraction. Only through a
systematic investigation can the various contributing factors
be assessed, and controlled change in the host structure
proves to be a powerful tool to this end.


It is worth noting that the interest in cation ± p interaction is
relatively recent and that only in a very few cases are
systematic experimental data available for neutral hosts.[22]


Furthermore, a satisfactory computational approach to sys-
tems of the type we are dealing with should correctly take into
account not only the solvated host in its several expected
conformations and the solvated cationic species, but also the
solvated counterion and the expected ion-pairing effects in
media of low polarity.


Compounds 6 ± 11 and the like are obviously promising
ligands for several types of metal and organic cations besides
the reported ones.
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Experimental Section


General methods : Commercially available chemicals were used as received
unless otherwise indicated. Bromination reactions were carried out in dry
apparatus. The Williamson alkylation reactions were carried out under an
atmosphere of N2 throughout. Dioxane was treated with powdered KOH at
70 8C and filtered prior to use. Additions in cyclization reactions were
performed at a constant rate with the aid of an infusion pump. Column
chromatography was carried out on 230 ± 400 mesh silica gel (Merck). Mass
spectra were obtained with a Fisons Instruments VG-Platform Benchtop
LC-MS (positive ion electrospray mass spectra, ESP�). Melting points
(uncorrected) were obtained in sealed, evacuated capillaries in the case of
the cyclic products 7, 8, 9, and 11. NMR spectra were recorded on a Bruker
AC300 spectrometer with TMS as an internal standard. CD2Cl2 (Acros),
(CDCl2)2 (Fluka), and CDCl3 (Merck) were stored over activated
molecular sieves (4 �). In low-temperature 1H NMR experiments, 4%
CH3OH in CD3OD was used to calibrate the temperature. Reference is
made to a previous paper for the titration technique and data treatment.[16]


On repeating the complexation experiments, K and Dd1 values were found
to be reproducible within 15%, while in a given run the multiple-fit
procedure afforded the parameters (two for TMA and five for NMP) with a
small % standard deviation (<1% in most cases).


1,3-Bis(hydroxymethyl)-5-tert-butyl-2-methoxybenzene (15): A mixture of
compound 12[65] (2.80 g, 13.3 mmol), MeI (1.6 mL, 26 mmol), and K2CO3


(3.6 g, 26 mmol) in acetone (20 mL) was heated at 45 8C under vigorous
stirring for 9 h. Volatile materials were evaporated, water was added, and
after extraction with ether, washing with water, drying (Na2SO4), and
solvent evaporation, the oily residue was crystallized from CCl4 at 4 8C to
give 15. Yield: 1.81 g (61 %); m.p. 87 ± 89 8C; 1H NMR: d� 1.32 (s, 9H,
tBu); 2.08 (t, J� 6.0 Hz, 2 H, OH); 3.85 (s, 3H, OCH3); 4.73 (d, J� 6.0 Hz,
4H, CH2O); 7.34, (s, 2 H, ArH); 13C NMR: d� 31.4, 34.5, 61.2, 62.1, 126.0,
133.1, 147.5, 153.8; MS (ESP�): m/e� 247 [M�Na]� ; anal. calcd for
C13H20O3: C 69.62, H 8.99; found C 69.48, H 8.89.


Bis(5-tert-butyl-3-hydroxymethyl-2-methoxyphenyl)methane (16): A mix-
ture of compound 13[7] (15.0 g, 40.3 mmol), MeI (10 mL, 0.16 mol), and
K2CO3 (36 g) in acetone (120 mL) was heated at 45 8C under vigorous
stirring for 7 h. The mixture was then poured into water, neutralized (HCl),
and extracted with ether. The crude product, obtained after drying
(Na2SO4) and solvent evaporation, was crystallized first from CHCl3/
hexane and then from acetone to give 16. Yield: 9.17 g (57 %); m.p. 114.5 ±
116 8C; 1H NMR: d� 1.23 (s, 18H, tBu); 2.51 (s, 2 H, OH); 3.72 (s, 6H,
OCH3); 4.06 (s, 2 H, ArCH2Ar); 4.72 (s, 4H, CH2O); 7.02, (d, J� 2.9 Hz,
2H, ArH), 7.25 (d, J� 2.9 Hz, 2 H, ArH); 13C NMR: d� 29.4, 31.3, 34.3,
61.3, 61.7, 124.2, 127.6, 132.9, 132.9, 146.9, 154.1; MS (ESP�): m/e� 424
[M�Na]� , 440 [M�K]� ; anal. calcd for C25H36O4: C 74.97, H 9.06; found C
74.72, H 8.89.


5-tert-Butyl-1,3-bis[(3-hydroxymethyl-5-tert-butyl-2-methoxyphenyl)-
methyl]-2-methoxybenzene (17): A mixture of compound 14[7] (3.00 g,
5.60 mmol), Me2SO4 (2.0 mL, 21 mmol), and K2CO3 (5.6 g, 40 mmol) in
acetone (20 mL) was refluxed under vigorous stirring for 6 h. After
evaporation in vacuo, addition of water, neutralization (HCl), extraction
with ether, drying (Na2SO4), and ether evaporation, crystallization from
CCl4 gave 17. Yield: 2.75 g (85 %); m.p. 139 ± 141 8C; 1H NMR: d� 1.15 (s,
9H, tBu), 1.22 (s, 18H, tBu), 2.17 (t, J� 6.1 Hz, 2 H, OH), 3.60 (s, 3H,
OCH3), 3.75 (s, 6H, OCH3), 4.09 (s, 4H, ArCH2Ar), 4.75 (d, J� 6.1 Hz, 4H,
CH2O), 6.94, (s, 2 H, ArH), 7.03, (d, J� 2.2 Hz, 2H, ArH), 7.21 (d, J�
2.2 Hz, 2H, ArH); 13C NMR: d� 29.6, 31.4, 34.2, 34.3, 60.8, 61.3, 62.1, 124.1,
126.1, 127.8, 132.6, 132.8, 133.4, 146.4, 146.9, 154.3, 154.6; MS (ESP�): m/e�
533.9 [M�Na]� , 616 [M�K]� ; anal. calcd for C37H52O5: C 77.05, H 9.09;
found C 76.73, H 9.42.


1,3-Bis(bromomethyl)-5-tert-butyl-2-methoxybenzene (18): PBr3 (0.70 mL,
7.4 mmol) was added through a syringe pipette to a stirred and ice-cooled
solution of 15, (1.67 g, 7.4 mmol) in dioxane (30 mL) over a period of
20 min. After an additional 8 h at room temperature, water was added, the
mixture was neutralized with NaHCO3 and, after extraction with ether, it
was dried (Na2SO4) and solvent evaporated in vacuo. The residue was
crystallized from petrol ether (40 ± 70)/acetone to give 18 (2.30 g, 88%
yield). M.p. 92 ± 94 8C (ref. [66]: 88 ± 89 8C).


1-Bromomethyl-5-tert-butyl-3-hydroxymethyl-2-methoxybenzene (19):
This was obtained, together with the dibromide 18, from 15 and PBr3:


PBr3 (0.40 mL, 4.2 mmol) was added through a syringe pipette to a stirred
and ice-cooled solution of 15 (2.00 g, 8.91 mmol) in dioxane (20 mL) over a
period of 10 min. The mixture was left to react for 90 min at room
temperature, and then worked up as reported for compound 18. The
residue obtained after evaporation under vacuum at room temperature was
subjected to column chromatography (eluent: chloroform) to give 18
(yield: 790 mg, 25 %), and 19 (yield: 830 mg, 32%) which was recrystallized
from hexane. M.p. 73 ± 75 8C; 1H NMR: d� 1.31 (s, 9H, tBu), 3.93 (s, 3H,
OCH3), 4.58 (s, 2 H, ArCH2Br), 4.73 (s, 2H, ArCH2O), 7.35 (app. s, 2H,
ArH); 13C NMR: d� 28.3, 31.4, 34.5, 61.4, 62.1, 127.2, 128.1, 130.6, 133.6,
147.8, 154.1; MS (ESP�): m/e� 310 [M�Na]� ; anal. calcd for C13H19O2Br: C
54.37, H 6.67; found C 54.44, H 6.89.


Bis(3-bromomethyl-5-tert-butyl-2-methoxyphenyl)methane (20): PBr3


(1.20 mL, 12.6 mmol) was added through a syringe pipette, over a period
of 30 min, to a stirred and ice-cooled solution of 16 (5.00 g, 12.5 mmol) in
dioxane (45 mL). Stirring was continued for an additional 17 h at room
temperature, then cold water was added and the mixture was neutralized
with NaHCO3. The mixture was extracted with ether and dried (Na2SO4),
and the solvent evaporated. The residue was crystallized from hexane,
followed by column chromatography (eluent: chloroform) on the mother
liquors to give 20. Yield: 3.60� 1.82 g (83 %); m.p. 98 ± 99 8C; 1H NMR:
d� 1.22 (s, 18H, tBu), 3.82 (s, 6 H, OCH3), 4.05 (s, 2H, ArCH2Ar), 4.60 (s,
4H, CH2Br), 7.00 (d, J� 2.9 Hz, 2 H, ArH), 7.26 (d, J� 2.9 Hz, 2 H, ArH);
13C NMR: d� 29.0, 29.8, 31.3, 34.3, 61.4, 126.4, 128.9, 130.4, 133.2, 147.2,
154.5; MS (ESP�): m/e� 549 [M�Na]� , 565 [M�K]� ; anal. calcd for
C25H34O2Br2: C 57.05, H 6.51; found C 56.95, H 6.65.


Bis[(3-bromomethyl-5-tert-butyl-2-methoxyphenyl)methyl]ether (21): A
solution of 19 (696 mg, 2.43 mmol) in dioxane (25 mL) was added over a
period of 75 min to a stirred mixture of 18 (2.47 g, 0.71 mmol), powdered
KOH (1.0 g, 15 mmol), and dioxane (10 mL) heated to 70 8C. The mixture
was heated and stirred for an additional 100 min, then cold water was added
and the mixture neutralized with HCl. After extraction with ether, washing
with water, drying (Na2SO4), and solvent evaporation under vacuum at
room temperature, column chromatography (eluent: hexane/chloroform
2:1) afforded unreacted 18 (yield: 1.34 g, 54% of the starting material) and
21 (yield: 550 mg, 41% with respect to added 19). A fast recrystallization
from MeOH gave an analytically pure sample of 21. M.p. 94 ± 96 8C; 1H
NMR: d� 1.31 (s, 18H, tBu), 3.89 (s, 6H, OCH3), 4.59 (s, 4H, ArCH2O or
ArCH2Br), 4.64 (s, 4 H, ArCH2O or ArCH2Br), 7.35 (d, J� 2.4 Hz, 2H,
ArH), 7.44 (d, J� 2.4 Hz, 2 H, ArH); 13C NMR: d� 28.6, 31.3, 34.4, 62.3,
67.6, 128.0, 128.0, 130.5, 131.0, 147.4, 154.4; MS (ESP�): m/e� 578
[M�Na]� ; anal. calcd for C26H38O5: C 56.13, H 6.52; found C 56.25, H 6.68.


7,13,19,25-Tetra-tert-butyl-27,28,29,30-tetramethoxy-2,3-dihomo-3-oxaca-
lix[4]arene (7): Compound 2[11a] (387 mg, 0.57 mmol), K2CO3 (850 mg,
6.15 mmol), and Me2SO4 (750 mg, 5.95 mmol) were reacted in boiling
acetone (15 mL) for 9 h with vigorous stirring. The mixture was then
poured into a stirred mixture of ice and water. The water was filtered off
and the solid material collected, repeatedly washed with water, and
recrystallized from acetone. Acetone was apparently included in the
obtained solid (310 mg, 69% yield of a 1:1 complex according to the
integrals in 1H NMR spectra). The solvent-free product was obtained
through addition of ether and methanol and evaporation under vacuum.
M.p. 181 ± 183 8C (ref. [11b]: 160 ± 161.5 8C); 1H NMR: d� 1.21 (s, 18H,
tBu), 1.31 (s, 18 H, tBu), 2.54 (s, 6H, OCH3), 3.65 (s, 6 H, OCH3), 3.80 (s, 4H,
ArCH2Ar), 3.84 (s, 2 H, ArCH2Ar), 4.30 (s, 4 H,ArCH2O), 6.95 (d, J�
2.2 Hz, 2 H, ArH), 7.17 (unresolved, 4H, ArH), 7.28(d, J� 2.2 Hz, 2H,
ArH); 13C NMR: d� 31.5, 31.6, 31.7, 34.0, 34.1, 34.4, 60.4, 60.8, 65.5, 125.6,
126.0, 126.6, 128.1, 130.3, 132.9, 133.2, 135.0, 145.0, 145.3, 154.3, 155.5; MS
(ESP�): m/e� 758 [M�Na]� , 774 [M�K]� ; anal. calcd for C45H58O5: C
80.07, H 9.05; found C 80.21, H 9.28.


7,15,21,27-Tetra-tert-butyl-29,30,31,32-tetramethoxy-2,3,10,11-tetrahomo-
3,11-dioxacalix[4]arene (8): A solution of 18 (352 mg, 1.01 mmol) and 17
(583 mg, 1.01 mmol) in dioxane (15 mL) was added over a period of
150 min to a stirred suspension of powdered KOH (700 mg, 11 mmol) in
dioxane (15 mL) heated to 80 8C. The mixture was heated and stirred for an
additional 8 h, then water was added and, after neutralization with HCl,
extraction with ether, drying (Na2SO4) and solvent evaporation, column
chromatography (eluent: chloroform) gave 8. Yield: 400 mg (52 %) as
white crystals which could be recrystallized from MeOH. M.p. 158 ± 160 8C;
1H NMR: d� 1.20 (s, 18 H, tBu), 1.28 (s, 9 H, tBu), 1.28 (s, 9 H, tBu), 2.25 (s,
3H, OCH3), 3.45 (s, 6H, OCH3), 3.65 (s, 3 H, OCH3), 3.91 (s, 4H,
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ArCH2Ar), 4.30 (s, 4 H, ArCH2O), 4.51 (s, 4H, ArCH2O), 7.14 (d, J� 2.3,
2H, ArH), 7.16 (s, 2H, ArH), 7.18 (d, J� 2.3, 2 H, ArH), 7.29 (s, 2 H, ArH);
13C NMR: d� 31.2, 31.4, 31.5, 34.1, 34.2, 34.3, 60.7, 61.1, 61.8, 65.7, 67.3,
126.5, 126.8, 127.8, 128.1, 129.9, 130.5, 133.6, 133.9, 145.6, 145.6, 146.0, 154.4,
155.0, 155.6; MS (ESP�): m/e� 788 [M�Na]� , 804 [M�K]� ; anal. calcd for
C50H68O6: C 78.50, H 8.96; found C 78.77, H 8.95.


7,13,21,27-Tetra-tert-butyl-29,30,31,32-tetramethoxy-2,3,16,17-tetrahomo-
3,17-dioxacalix[4]arene (9): A solution of 20 (590 mg, 1.12 mmol) and 16
(450 mg, 1.12 mmol) in dioxane (20 mL) was added over a period of 4.5 h to
a stirred suspension of powdered KOH (600 mg, 9 mmol) in dioxane
(20 mL) heated to 70 8C. The mixture was heated and stirred for an
additional 5 h, then water was added and, after neutralization with HCl,
extraction with CHCl3, drying (Na2SO4), and solvent evaporation, column
chromatography (eluent: chloroform) gave 9 (yield: 200 mg (23 %)) that
was recrystallized from EtOAc.


In an alternative preparation of 9, compound 3[7] (312 mg, 0.440 mmol) was
reacted with Me2SO4 (0.70 mL, 0.74 mmol) and K2CO3 (1.0 g, 7.2 mmol) in
boiling acetone (15 mL) under vigorous stirring for 4 d. After solvent
evaporation, chloroform was added and the insoluble materials discarded.
The residue obtained after evaporation was subjected to column chroma-
tography (eluent: chloroform) to give 9. Yield: 185 mg, (55 %). M.p. 243 ±
245 8C; 1H NMR: d� 1.24 (s, 36H, tBu), 3.16 (s, 12H, OCH3), 3.85 (s, 4H,
ArCH2Ar), 4.46 (s, 8H, ArCH2O), 7.11 (d, J� 2.2 Hz, 4H, ArH), 7.22 (d,
J� 2.2 Hz, 4H, ArH); 13C NMR: d� 31.2, 31.4, 34.2, 61.5, 66.7, 126.7, 128.0,
130.0, 134.0, 145.7, 155.0; MS (ESP�): m/e� 788 [M�Na]� ; anal. calcd for
C50H68O6: C 78.50, H 8.96; found C 78.61, H 9.24.


7,15,23,29-Tetra-tert-butyl-31,32,33,34-tetramethoxy-2,3,10,11,18,19-hexa-
homo-3,11,19-trioxacalix[4]arene (10): A solution of 21 (470 mg,
0.845 mmol) and 16 (338 mg, 0.845 mmol) in dioxane (9 mL) was added
over a period of 120 min to a stirred suspension of powdered KOH (500 mg,
8 mmol) in dioxane (9 mL) heated to 70 8C. The mixture was heated and
stirred for an additional 12 h, then water was added and, after neutraliza-
tion with HCl, extraction with ether, drying (Na2SO4), and solvent
evaporation, column chromatography (eluent: chloroform) gave 10. Yield:
170 mg (25 %). The white powder obtained after evaporation of the solvent
under vacuum proved to be highly soluble in all commonly used organic
solvents and could not be crystallized. M.p. 73 ± 76 8C; 1H NMR: d� 1.24 (s,
18H, tBu), 1.29 (s, 18 H, tBu), 3.18 (s, 6 H, OCH3), 3.36 (s, 6H, OCH3), 3.92
(s, 2H, ArCH2Ar), 4.44 (s, 4 H,ArCH2O), 4.48 (s, 4H,ArCH2O), 4.52 (s,
4H,ArCH2O), 7.19 (d, J� 2.4 Hz, 2 H, ArH), 7.23 (d, J� 2.4 Hz, 2H, ArH),
7.33 (d, J� 2.2 Hz, 2H, ArH), 7.36 (d, J� 2.2 Hz, 2H, ArH); 13C NMR: d�
32.1, 32.1, 32.2, 35.0, 35.1, 62.6, 63.1, 67.7, 68.3, 127.2, 128.7, 128.9, 129.0,
131.0, 131.2,131.2 134.4, 146.7, 147.1, 155.8, 156.3; MS (ESP�): m/e� 818
[M�Na]� ; anal. calcd for C51H70O7: C 77.04, H 8.87; found C 76.81, H 8.93.


7,15,23,31-Tetra-tert-butyl-33,34,35,36-tetramethoxy-2,3,10,11,18,19,26,27-
octahomo-3,11,19,27-tetraoxacalix[4]arene (11): A solution of 18 (875 mg,
2.50 mmol) and 15 (560 mg, 2.50 mmol) in dioxane (17 mL) was added over
a period of 100 min to a stirred suspension of powdered KOH (1.4 g,
22 mmol) in dioxane (17 mL) heated to 75 8C. The mixture was heated and
stirred for an additional 6 h, then water was added and, after neutralization
with HCl, extraction with CHCl3, drying (Na2SO4), and solvent evapo-
ration, column chromatography (eluent: chloroform) gave 11 (yield:
440 mg, 53%) which was recrystallized from acetone. M.p. 198 ± 199.5 8C;
1H NMR: d� 1.29 (s, 36 H, tBu), 3.36 (s, 12H, OCH3), 4.51 (s, 16H,
ArCH2O), 7.37 (s, 8 H, ArH); 13C NMR: d� 32.2, 35.1, 63.2, 68.0,
128.6,131.2, 147.3, 156.1; MS (ESP�): m/e� 848 [M�Na]� ; anal. calcd for
C52H72O8: C 75.69, H 8.80; found C 75.45, H 8.97.
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Abstract: The construction of dendritic and polydendritic macromolecules which
incorporate P�NÿP�S, P�NÿP�NÿP�S, and ÿPR2 ligands in selected generations
within the cascade structure is reported. Complexation of these internal units with
[AuCl(tht)] allows the regioselective grafting of up to 90 gold atoms in different
layers. The X-ray structure of a first-generation dinuclear complex is described.


Keywords: dendrimers ´ gold ´
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Introduction


Metalladendrimers constitute a very interesting class of
macromolecules which can exhibit, in addition to the unique
physical and chemical behavior of organic or inorganic
dendrimers,[1a±f] useful properties in different areas, such as
catalysis, electrochemistry, and photophysics, to name just a
few. Metal centers can be grafted onto the surface or within
dendrimers and have been shown to act as connectors or
branching centers.[1e] Among all the metalladendrimers re-
ported up to now, very little is known about dendrimer-based
multinuclear gold(i) complexes. Coordination
of the free phosphine core of a phosphorus-
containing dendrimer of generation 2 with
gold(i) was reported first.[2] Full coverage of
the dendrimers with 16 and 32 w-phosphine
chain-ends of generation 2 and 3 was accom-
plished with [Me2SAuCl].[3] Recently, we pre-
pared dendrimers containing thousands of
terminalÿP(Ph)2AuCl groups (generation 10);
the gold complexes were imaged by high-
resolution electron microscopy.[4] Therefore,
gold can be introduced either at the core or on
the surface of phosphorus-containing dendrim-
ers.


We report herein on the first examples of
regioselective gold complexation into the in-
ternal layers of dendritic and polydendritic
macromolecules, with complexation taking
place on nonconventional P�NÿP�NÿP�S


fragments or P�NÿP�S groups, or on more classical CH2PPh2


moieties. Up to 90 AuCl units can be grafted selectively within
the cascade structure.


Results and Discussion


Two P�NÿP�S linkages are first introduced into the cascade
structure of a dendrimer of generation 1 (Scheme 1). Addi-
tion of 2 equivalents of [AuCl(tht)] to a dichloromethane
solution of 3 gives the dinuclear complex 4 quantitatively. The


reaction can be easily monitored by 31P NMR: the two
doublets due to the P�NÿP�S fragments in 3 at d� 20.9
(CH2PN) and 51.9 (NÿP�S, 2J(P,P)� 35 Hz) disappear and
are replaced by two new doublets in 4 at d� 22.6 (CH2PN)
and 34.9 (NÿP�S, 2J(P,P)� 27.4 Hz) due to the two
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Scheme 1. Synthesis of the dinuclear gold complex dendrimer 4.
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P�NÿP�S!AuCl moieties. Interestingly, no complexation
occurs on the ends of the P(S)Cl2 chains, as shown by 31P
NMR: the same chemical shift (d� 62.1) is detected for these
groups in 3 and 4. An X-ray crystallographic study confirmed
the structure of 4. The CAMERON drawing of 4 is
reproduced in Figure 1 and significant bond lengths and
angles are given in the caption.


Hence, it appears that incorporation of P�NÿP�S units
into the framework of a dendrimer allows facile complexa-
tion of gold. Such a reaction is extended to the complexation
of six AuCl groups within the cascade structure of 5, a
dendrimer of generation 3 (Table 1), in which six P�NÿP�S
units were located by construction on generation 1
(Scheme 2).[5]


Treatment of 5 (1 equivalent) in THF with six equivalents
of [AuCl(tht)] in THF led to the hexanuclear gold complex 6
(Table 1). Such a complexation provokes the same marked
shielding of the 31P chemical shift of the NÿP�S groups (Dd�
17 ppm) and an analogous slight deshielding of the signal due
to the CH2PÿN groups (Dd� 1.5 ppm) as that detected for the
3!4 transformation. No significant variation of chemical
shifts was found for the phosphorus groups located at the core
and on generations 2 and 3.


A post-modification at the level of generation 1 in den-
drimer 5 then was performed in order to introduce different
ligands which are also able to coordinate gold. The strategy
shown in Scheme 3 was used to incorporate six
P�NÿP�NÿP�S linkages and twelve internal phosphino
groups. The resulting dendrimer 10 (Table 1) (1 equiv) was
reacted with eighteen equivalents of [AuCl(tht)]: gold com-
plexation took place cleanly to give the metalladendrimer 11
with eighteen internal AuCl units (P�NÿP�NÿP�S!AuCl
and CH2PPh2!AuCl). Once again, complexation can be
followed unambiguously by 31P NMR.[6]


Abstract in French: La construction de macromolØcules
dendritiques et polydendritiques ayant, pour certaines gØnØra-
tions, à l�intØrieur de la structure-cascade, des ligands
P�NÿP�S, P�NÿP�NÿP�S et PR2 est dØcrite. La complexa-
tion de ces groupements internes par [AuCl(tht)] permet de
greffer rØgiosØlectivement jusqu�à 90 atomes d�or dans diffØ-
rentes couches. La structure par diffraction de rayons X d�un
complexe dinuclØaire de premi�re gØnØration est dØcrite.


Figure 1. CAMERON drawing of 4. Selected bond lengths [�] and angles [8]: P2ÿS1 2.007(2), P3ÿS2 1.909(2), S1ÿAu 2.266(1), P2ÿN1 1.561(4), N1ÿP1
1.592(4), P1-N1-P2 138.5(3), P2-S1-Au 107.14(6).


Table 1. 31P NMR data for compounds 5, 6, 10, 11, 12, and 13. Numbering
scheme for compounds 3 ± 13.


5 31P{1H} NMR (CDCl3): d� 8.1 (br s, P0), 13.5 (d, 2J(P ''
0,P1)� 31 Hz, P ''


0),
52.6 (d, 2J(P1,P ''


0)� 31 Hz, P1), 62.7 (s, P2, P3)
6 8.4 (br s, P0), 15.0 (d, 2J(P ''


0,P1)� 19.4 Hz, P ''
0), 35.7 (d, 2J(P1,P ''


0)�
19.4 Hz, P1), 62.4 (s, P2), 62.6 (s, P3)


10 d�ÿ22.8 (s, P ''
1), ÿ12.8 (dd, 2J(P1,P '


1)� 59 Hz, 2J(P1,P ''
0)� 23 Hz, P1),


8.1 (br s, P0), 13.3 (d, 2J(P ''
0,P1)� 23 Hz, P ''


0), 46.1 (d, 2J(P '
1,P1)� 59 Hz,


P '
1), 62.7 (s, P2, P3)


11 d�ÿ15.1 (dd, 2J(P1,P '
1)� 52.0 Hz, 2J(P1,P ''


0)� 18.1 Hz, P1), 8.4 (s, P0),
15.2 (d, 2J(P ''


0,P1)� 18.1 Hz, P ''
0), 21.7 (s, P ''


1), 30.7 (d, 2J(P '
1,P1)� 52.0 Hz,


P '
1), 62.7 (s, P2, P3)


12 d�ÿ12.9 (br d, P1), 8.0 (br s, P0), 13.3 (br s, 2J(P,P))� 31 Hz, P ''
0, P ''


1,
P''2), 14.3 (d, 2J(P ''


3,P ''
4)� 31 Hz, P ''


3), 46.0 (br d, P '
1), 51.3 (d, 2J(P '


4,P ''
3)�


31 Hz, P '
4), 52.8 (d, 2J(P,P)� 31 Hz, P '


2, P '
3), 62.6 (s, P2, P3)


13 d�ÿ15.2 (br d, 2J(P1,P '
1)� 59 Hz, P1), 7.6 (br s, P0), 14.6 (br d,


2J(P,P)� 17.7 Hz, P ''
0, P ''


1, P''2), 15.6 (d, 2J(P ''
3,P '


4� 19.1 Hz, P ''
3), 30.5


(br d, 2J(P '
1,P1)� 59 Hz, P '


1), 34.1 (m, P '
2, P '


3), 35.4 (d, 2J(P '
4,P ''


3)�
19.1 Hz, P '


4), 62.2 (s, P2, P3)
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A controlled polydendritic structure, such as 12
(Table 1, Scheme 4), formed by the regioselective
stepwise growth of six dendrimer units within the
cascade structure of a main dendrimer,[5] appeared
to be a model of choice to demonstrate that it is
possible to graft up to 90 AuCl units selectively onto
different internal layers and that it is also possible to
prepare multidendritic systems incorporating both
complexed and noncomplexed dendritic moieties.
Dendrimer 12[6] contains a main dendrimer of
generation 3 in which each monomer constituting
the framework of the macromolecule does not
contain any ligand able to complex gold, as well as
six dendrimer units, also of generation 3, each of
which bears P�NÿP�S groups at each generation.
Moreover, the branching points between the main
dendrimer and the six others are made up of
P�NÿP�NÿP�S units. Therefore, each of the six
internal dendrimers possesses a P�NÿP�NÿP�S
linkage at the focal point and two, four, and eight
P�NÿP�S groups on generation 1, 2, and 3, respec-
tively. A clean reaction occurs when 12 (1 equiv) is
treated with [AuCl(tht)] (90 equiv) to give the
complex 13 (Table 1), which bears gold only within
the cascade structure of the six internal dendrimers
(Schemes 4 and 5). As shown in Figure 2, the
reaction can be monitored by 31P NMR, which
clearly shows that selective complexation of gold
has occurred.


Conclusion


In summary, we have demonstrated that incorpo-
ration of gold selectively in particular internal layers
of dendritic and polydendritic macromolecules can
be simply performed by complexation of internal
P�NÿP�NÿP�S or P�NÿP�S units. Extension of
this methodology to the incorporation of various
other metals within the cascade structure as well as
to the filling of each generation with different
metals is underway.
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Scheme 4. Incorporation of 90 AuÿCl moieties into the multidendritic system 12 through complexation with P�NÿP�S groups.
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Experimental Section


General: All manipulations were carried out with standard high-vacuum
techniques and under an atmosphere of dry argon. 31P NMR spectra were
recorded relative to 85% H3PO4. See Table 1 and Figure 3 for
the numbering scheme used for NMR. N3P(S)(OC6H4CHO)2,[4]


Ph2PCH2OH,[8] and [AuCl(tht)][9] were synthesized according to published
procedures.


Synthesis of dendrimer 9: A solution of N3P(S)(OC6H4CHO)2 (143 mg,
412 mmol) at room temperature was added to a solution of the dendrimer 8
(1000 mg, 0.068 mmol), which possesses internal aminophosphite functions,
in THF (10 mL). Evolution of nitrogen occurred rapidly. The solution was


stirred for 2 h and the solvent evaporated. The residue was washed with
ether (20 mL) and then pentane (20 mL) to give 9 (96 % yield) as a white
powder.


Synthesis of dendrimer 10: To a solution of dendrimer 9 (1000 mg,
0.060 mmol) in THF (10 mL) was added a slight excess of methylhydrazine
(77 mL, 1.456 mmol) in the presence of a molecular sieve (4 �). The
solution was stirred for 24 h at room temperature. After filtration, the
resulting solution was evaporated to dryness and the residue was washed
with ether (25 mL) to give the dendrimer, which contains terminal
HC�NÿNHCH3 groups, as a white powder. This dendrimer was dissolved
in THF (15 mL) and added to a solution of the phosphine Ph2PCH2OH
(157 mg, 728 mmol) in THF (10 mL). The resulting mixture was stirred for
2 h, then the solvent was evaporated. The resulting paste was washed with


Figure 2. 31P NMR spectra of dendrimer 12 and of dendrimer 13. The key to the markers is given in Scheme 5.
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ether (15 mL) and then with pentane (15 mL) to give 10 (91 % yield) as a
white powder.


General procedure for the complexation of dendrimers 3, 5, 10, and 12 with
[AuCl(tht)]: To dendrimers 3 (176 mg, 0.101 mmol) or 5 (500 mg,
0.033 mmol) in solution in dichloromethane (10 mL), or to dendrimers 10
(450 mg, 0.023 mmol) or 12 (300 mg, 0.004 mmol) in solution in THF
(10 mL) was added three (97 mg, 304 mmol), eight (87 mg, 271 mmol),
twenty (150 mg, 469 mmol) or a hundred (154 mg, 481 mmol) equivalents
of [AuCl(tht)], respectively, at room temperature. The colorless solution
instantaneously turned beige or pale yellow. The mixture was stirred for
2 h, and the solvent was then removed under vacuum. The residue was
washed with dichloromethane/pentane (1:5) (2� 30 mL) to remove the
excess [AuCl(tht)] and gave the dendrimers 4, 6, 11, and 13 in 90 ± 97%
yield as beige or pale yellow powders.
Dendrimer 3: 31P{1H} NMR (CDCl3): d� 20.9 (d, 2J(P '


0,P0)� 35.0 Hz, P '
0),


51.9 (d, 2J(P0,P '
0)� 35.0 Hz, P0), 62.1 (s, P1); 1H NMR (CDCl3): d� 1.15 (m,


4H, CH2), 1.42 (m, 4H, CH2), 2.57 (m, 4H, (CH2)1, 2.74 (d, 3J(H,P1)�
14.2 Hz, 12 H, Me), 7.04 ± 7.87 (m, 40 H, C6H4, C6H5, CH�N); 13C{1H} NMR
(CDCl3): d � 22.0 (d, 3J(C,P '


0)� 4 Hz, (CH2)3), 26.6 (d, 1J(C,P '
0)� 63 Hz,


(CH2)1), 30.5 (d, 2J(C,P '
0)� 16 Hz, (CH2)2), 31.8 (d, 2J(C,P1)� 12 Hz, Me),


123.1 (d, 3J(C,P0)� 6 Hz, C2
0), 129.4 (d, 3J(C,P '


0)� 14 Hz, Cm
0 ), 129.1 (s, C3


0),
132.1 (d, 2J(C,P '


0)� 11 Hz, Co
0), 132.8 (s, Cp


0), 132.8 (s, C4
0), 142.1 (d,


3J(C,P1)� 19 Hz, (CH�N)0), 154.6 (d, 2J(C,P0)� 8 Hz, C1
0), (Ci


0 not
detected); IR (KBr): nÄ � 1602 cmÿ1 (C�N); C62H64N10O4P8S6Cl8 (1737.1):
C 42.87, H 3.71, N 8.06; found: C 42.68, H 3.57, N 7.97.


Dendrimer 4: Yield: 97%; 31P{1H} NMR (CDCl3): d� 22.6 (d, 2J(P '
0,P0)�


27.4 Hz, P '
0), 34.9 (d, 2J(P0,P '


0)� 27.4 Hz, P0), 62.1 (s, P1); 1H NMR (CDCl3):
d� 1.43 (m, 8H, CH2), 2.79 (m, 4H, CH2), 3.47 (d, 3J(H,P)� 13.95 Hz, 12H,
Me), 7.17 ± 7.70 (m, 4 H, C6H4, C6H5, CH�N); 13C{1H} NMR (CDCl3): d�
21.2 (d, 3J(C,P '


0)� 3.1 Hz, (CH2)3), 26.9 (dd, 1J(C,P '
0)� 68.1 Hz, 3J(C,P0)�


3.4 Hz, (CH2)1), 29.5 (d, 2J(C,P '
0)� 16.75 Hz, (CH2)2), 31.8 (d, 2J(C,P1)�


13.3 Hz, Me), 121.7 (d, 3J(C,P0)� 5.1 Hz, C2
0), 126.6 (dd, 1J(C '


1,P '
0)�


108.8 Hz, 3J(C '
1,P0)� 4.8 Hz, C1


1), 128.7 (s, C3
0), 129.1 (d, 2J(C,P '


0)�
12.8 Hz, Cm


0 ), 131.3 (d, 3J(C,P '
0)� 10.8 Hz, Co


0), 133.1 (br s, C3
0, Cp


0), 140.6
(d, 3J(C,P1)� 18.8 Hz, CH�N), 151.8 (d, 2J(C,P '


0)� 11.2 Hz, C1
0); IR (KBr):


nÄ � 335 cmÿ1 (AuÿCl); C62H64N10O4P8S6Au2Cl10 (2202.0): C 33.82, H 2.91, N
6.36; found: C 33.72, H 2.78, N 6.24.


Dendrimer 5: 31P{1H} NMR (CDCl3): d� 8.1 (br s, P0), 13.5 (d, 2J(P ''
0,P1)�


31 Hz, P ''
0), 52.6 (d, 2J(P1,P ''


0)� 31 Hz, P1), 62.7 (s, P2, P3); 1H NMR (CDCl3):
d� 2.77 (s, 18H, Me0), 3.27 (m, 108 H, Me1, Me2), 4.72 (br s, 12 H, CH2),
6.75 ± 7.70 (m, 510 H, C6H5, C6H4, HC�N); 13C{1H} NMR (CDCl3): d� 32.9
(br d, 2J(C,P)� 13 Hz, Me1, Me2), 39.0 (s, Me0), 56.8 (br d, 1J(C,P ''


0)� 73 Hz,
CH2), 120.5 (s, C2


0), 121.2 (d, 3J(C,P3)� 4 Hz, C2
3), 121.7 (br s, C2


1, C2
2), 125.2


(s, C4
3), 126.5 (s, C3


0), 127.7 (dd, 1J(C,P ''
0)� 109 Hz, 3J(C,P1)� 6 Hz Ci


0), 127.9
(s, C3


1), 128.1 (s, C3
2), 128.4 (d, 3J(C,P ''


0)� 12 Hz, Cm
0 ), 129.4 (s, C3


3), 130.8 (s,
C4


1 and (HC�N)0), 132.0 (d, 2J(C,P ''
0)� 10 Hz, Co


0), 132.1 (s, C4
2), 132.4 (s,


Cp
0), 133.2 (s, C4


0), 138.4 (d, 3J(C,P3)� 13 Hz, (HC�N)2), 139.4 (d, 3J(C,P2)�
13 Hz, (HC�N)1), 149.6 (br s, C1


0), 150.4 (d, 2J(C,P3)� 7 Hz, C1
3), 151.1 (d,


2J(C,P2)� 7 Hz, C1
2), 152.7 (d, 2J(C,P1)� 9 Hz, C1


1); C702H648N93O90P51S42


(14 754): C 57.15, H 4.43, N 8.83; found: C 56.98, H 4.40, N 8.74.


Dendrimer 6: Yield: 96%; 31P{1H} NMR (CDCl3): d� 8.4 (s, P0), 15.0 (d,
2J(P ''


0, P1)� 19.4 Hz, P ''
0), 35.7 (d, 2J(P1,P ''


0)� 16.9 Hz, P1), 62.4 (s, P2), 62.6 (s,
P3); 1H NMR (CDCl3): d� 2.76 (s, 18H, Me0), 3.27 (m, 108 H, Me1, Me2),
4.78 (m, 12H, CH2), 6.80 ± 7.70 (m, 510 H, C6H5, C6H4, HC�N); 13C{1H}
NMR (CDCl3): d� 32.9 (br d, 2J(C,P)� 12.8 Hz, Me1, Me2), 39.4 (br s,
Me0), 57.5 (br d, 1J(C,P ''


0)� 67.0 Hz, CH2), 120.5 (s, C2
0), 121.2 (d, 3J(C,P3)�


3.6 Hz, C2
3), 121.6 (br s, C2


1, C2
2), 125.3 (s, C4


3), 126.8 (s, C3
0), 128.2 (br s, C3


1,
C3


2), 128.8 (d, 3J(C,P ''
0)� 12.2 Hz, Cm


0 ), 129.4 (s, C3
3), 130.0 (br s, C4


0), 131.2 (s,
HC�N)0), 132.1 (s, C4


2), 132.2 (d, 2J(C,P ''
0)� 8.45 Hz, Co


0), 132.9 (s, C4
1), 133.3


(s, Cp
0), 138.5 (d, 3J(C,P2)� 3J(C,P3)� 14 Hz, (HC�N)1, (HC�N)2), 149.7 (d,


2J(C,P0)� 7.2 Hz, C1
0), 150.4 (d, 2J(C,P3)� 7.3 Hz, C1


3), 151.1 (d, 2J(C,P2)�
6.0 Hz, C1


2), 151.2 (d, 2J(C,P1)� 7.3 Hz, C1
1); IR (KBr) nÄ � 315 cmÿ1


(AuÿCl); C702H648N93O90P51S42Au6Cl6 (16 149): C 54.07, H 4.16, N 8.36;
found: C 53.78, H 3.88, N 8.17.


Dendrimer 9 : 31P{1H} NMR (CDCl3): d�ÿ12.4 (dd, 2J(P1,P '
1)� 62 Hz,


2J(P1,P ''
0)� 21 Hz, P1), 8.0 (br s, P0), 13.4 (d, 2J(P ''


0,P1)� 21 Hz, P ''
0), 44.7 (d,


2J(P '
11,P1)� 62 Hz, P '


1), 62.6 (s, P2), 62.7 (s, P3); 1H NMR (CDCl3): d� 2.71
(s, 18 H, Me0), 3.30 (m, 108 H, Me1, Me2), 4.60 (br s, 12 H, CH2), 6.80 ± 7.70
(m, 558 H, C6H5, C6H4, HC�N), 9.73 (s, 12H, CHO); 13C{1H} NMR
(CDCl3): d� 32.9 (d, 2J(C,P)� 13 Hz, Me1, Me2), 39.0 (s, Me0), 58.7 (d,
1J(C,P ''


0)� 78 Hz, CH2), 120.5 (s, C2
0), 121.2 (d, 3J(C,P3)� 4 Hz, C2


3), 121.6
(br s, C2


1, C2
2, C2'


1 ), 125.3 (s, C4
3), 126.6 (s, C3


0), 126.9 (d, 1J(C,P0) � 103 Hz,
Ci


0), 128.0 (s, C3
1), 128.1 (s, C3


2), 128.6 (d, 3J(C,P ''
0)� 12 Hz, Cm


0 ), 129.4 (s, C3
3),


130.9 (s, C4
1, (HC�N)0, C3'


1 ), 132.1 (d, 2J(C,P ''
0)� 7 Hz, Co


0), 132.2 (s, C4
2, C4'


1 ,
Cp


0), 132.8 (s, C4
0), 138.4 (d, 3J(C,P3)� 14 Hz, (HC�N)2), 138.9 (d, 3J(C,P2)�


13 Hz, (HC�N)1), 149.8 (s, C1
0), 150.4 (d, 2J(C,P3)� 7 Hz, C1


3), 151.1 (d,
2J(C,P2)� 7 Hz, C1


2), 151.9 (d, 2J(C,P1)� 9 Hz, C1
1), 156.5 (d, 2J(C,P '


1)�
9 Hz, C1'


1 ), 190.9 (s, CHO); IR (KBr): nÄ � 1700 cmÿ1 (C�O);
C786H708N99O114P57S42 (16478): C, 57.29; H, 4.33; N, 8.42; found: C, 57.11;
H, 4.28; N, 8.27.


Dendrimer 10: 31P{1H} NMR (CDCl3): d�ÿ22.8 (s, P ''
1), ÿ12.8 (dd,


2J(P1,P '
1)� 59 Hz, 2J(P1,P ''


0)� 23 Hz, P1), 8.1 (br s, P0), 13.3 (d, 2J(P ''
0,P1)�


23 Hz, P ''
0), 46.1 (d, 2J(P '


1,P1)� 59 Hz, P '
1), 62.7 (s, P2, P3); 1H NMR (CDCl3):


d� 2.69 (s, 18H, Me0), 2.80 (s, 36 H, Me '
1), 3.27 (br s, 108 H, Me1, Me2), 4.10


(br s, 24H, (CH2) '1), 4.67 (br s, 12 H, (CH2)0), 6.80 ± 7.70 (m, 690 H, C6H5,
C6H4, HC�N); 13C{1H} NMR (CDCl3): [(HC�N)0, (HC�N) '1 not detected]
d� 32.8 (d, 2J(C,P)� 13 Hz, Me1, Me2), 38.8 (s, Me '


1), 38.9 (s, Me0), 58.6 (d,
1J(C,P ''


0)� 80 Hz, (CH2)0), 61.0 (d, 1J(C,P ''
1)� 10 Hz, (CH2) '1), 120.4 (s, C2


0),
121.2 (br s, C2


3), 121.6 (d, 3J(C,P)� 3 Hz, C2
1, C2


2, C2'
1 ), 125.2 (s, C4


3), 126.1 (s,
C3'


1 ), 126.4 (s, C3
0), 126.9 (br d, 1J(C,P ''


0)� 102 Hz, Ci
0), 127.9 (s, C3


1), 128.1 (s,
C3


2), 128.3 (d, 3J(C,P ''
1)� 14 Hz, Cm


1 ), 128.3 (s, Cp
1), 128.5 (br d, Cm


0 ), 129.3 (s,
C3


3), 130.9 (s, C4
1), 131.4 (s, C4'


0 ), 132.1 (s, C4
2, Co


0, Cp
0), 132.5 (s, C4


0), 132.8 (d,
2J(C,P ''


1)� 19 Hz, Co
1), 137.6 (d, 1J(C,P '


1)� 14 Hz, Ci
1), 138.3 d, 3J(C,P3)�


14 Hz, (HC�N)2), 139.2 (d, 3J(C,P2)� 13 Hz, (HC�N)1), 149.6 (s, C1
0), 150.4


(d, 2J(C,P3)� 7 Hz, C1
3), 151.2 (d, 2J(C,P)� 7 Hz, C1


2, C1'
1 ), 152.1 (d,


2J(C,P1)� 8 Hz, C1
1); C954H888N123O102P69S42 (19 193): C 59.70, H 4.66, N


8.97; found: C 59.48, H 4.51, N 9.07.


Dendrimer 11: Yield: 91 % 31P{1H} NMR (CDCl3): d�ÿ15.1 (dd,
2J(P1,P '


1)� 52.0 Hz, 2J(P1,P ''
0)� 18.1 Hz, P1), 8.4 (s, P0), 15.2 (d, 2J(P ''


0,P1)�
18.1 Hz, P ''


0), 21.7 (s, P ''
1), 30.7 (d, 2J(P '


1,P1)� 52.0 Hz, P '
1), 62.7 (s, P2, P3); 1H


NMR (CDCl3): d� 2.69 (br s, 18H, Me0), 2.81 (br s, 36H, Me '
1), 3.22 (br s,


36H, Me1), 3.27 (br s, 72 H, Me2), 4.38 (br s, 24H, (CH2) '1), 4.52 (br s, 12H,
(CH2)0), 6.9 ± 7.7 (m, 690 H, C6H5, C6H4, HC�N); 13C{1H} NMR (CDCl3):
[(HC�N)0, (HC�N) '1 not detected] d� 32.9 (d, 2J(C,P)� 13 Hz, Me1, Me2),
39.1 (s, Me '


1), 39.5 (s, Me0), 59.3 (m, (CH2)0, (CH2) '1), 120.6 (br s, C2
0), 121.2


(br s, C2
3), 121.6 (br s, C2


1, C2
2, C2'


1 ), 125.2 (s, C4
3), 126.7 (s, C3


0), 126.9 (br d,
1J(C,P ''


0)� 102 Hz, Ci
0), 127.8 (s, C3


1), 128.2 (s, C3
2), 129.1 (d, 3J(C,P ''


1)�
11.25 Hz, Cm


1 ), 129.4 (br s, Cm
0 , Cp


1), 129.5 (br s, C3
3), 131.7 (m, C4


1, C4'
1 ), 132


(s, C4
2, Co


0, Cp
0), 132.5 (s, C4


0), 132.6 (d, 2J(C,P '
1)� 22 Hz, Co


1), 138.5 (d,
2J(C,P ''


1)� 13.8 Hz, Ci
1), 138.5 (d, 3J(C,P3)� 13.8 Hz, (HC�N)2), 139.4 (d,


3J(C,P2)� 10.9 Hz, (HC�N)1), 149.7 (s, C1
0), 149.9 (d, 2J(C,P3)� 7 Hz, C1


3),
150.4 (d, 2J(C,P)� 7 Hz, C1


2, C1'
1 ), 152.5 (d, 2J(C,P)� 7.9 Hz, C1


1);


Figure 3.
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C954H888N123O102P69S42Au18Cl18 (23 376): C 49.02, H 3.83, N 7.37; found: C
48.81, H 3.67, N 7.25.


Dendrimer 12: 31P{1H} NMR (CDCl3): d�ÿ12.9 (br d, P1), 8.0 (br s, P0),
13.3 (br d, 2J(P,P)� 31 Hz, P ''


0 , P ''
1 , P ''


2), 14.3 (d, 2J(P ''
3 , P '


4)� 31 Hz, P ''
3), 46.0


(br d, P '
1), 51.3 (d, 2J(P '


4 , P ''
3)� 31 Hz, P '


4), 52.8 (2J(P,P)� 31 Hz, P '
2 , P '


3), 62.6
(s, P2, P3); 1H NMR (CDCl3): d� 2.80 (s, 270 H, Me0, Me '


1, Me '
2, Me '


3), 3.18
(br s, 108 H, Me1, Me2), 4.73 (br s, 180 H, (CH2)0, (CH2) '1, (CH2) '2, (CH2) '3),
6.80 ± 7.70 (m, 2154 H, C6H5, C6H4, HC�N), 9.84 (s, 96H, CHO); 13C{1H}
NMR (CDCl3): [(CH2)0, (CH2)1


1, C3
0, C4


0, Ci
0, (HC�N)0, (HC�N) '1,


(HC�N) '2, (HC�N) '3 not detected] d� 32.8 (d, 2J(C,P)� 12 Hz, Me1,
Me2), 38.7 (s, Me0, Me '


1), 38.9 (s, Me '
2), 39.0 (s, Me '


3), 56.7 (d, 1J(C,P ''
3)�


74 Hz, (CH2) '3), 56.9 (d, 1J(C,P ''
2)� 70 Hz, (CH2) '2), 120.4 (s, C2


0), 121.2 (br s,
C2


3), 121.4 (br s, C2
1, C2


2), 121.9 (br d, 3J(C,P)� 5 Hz, C2'
1 , C2'


2 , C2'
3 , C2'


4 ), 125.2
(s, C4


3), 126.2 (s, C3'
1 , C3'


2 , C3'
3 ), 127.6 (dd, 1J(C,P ''


3)� 105 Hz, 3J(C,P '
4)� 5 Hz,


Ci
3), 127.9 (s, C3


1), 128.0 (br d, 1J(C,P''2)� 104 Hz, Ci
2), 128.1 (s, C3


2), 128.3 (d,
3J(C,P)� 10 Hz, Cm


0 , Cm
1 , Cm


2 ), 128.5 (d, 3J(C,P ''
3)� 11 Hz, Cm


3 ), 131.0 (s, C3'
4 ),


131.1 (s, C4
1), 131.9 (d, 2J(C,P)� 9 Hz, Co


0, Co
1, Co


2, Co
3), 132 (s, Cp


0, Cp
1, Cp


2, Cp
3),


132.2 (s, C4
2), 132.5 (s, C4'


1 , C4'
2 , C4'


3 , C4'
4 ), 138.4 (d, 3J(C,P3)� 13 Hz,


(HC�N)2), 139.1 (br s, (HC�N)1), 149.5 (br s, C1
0), 150.3 (d, 2J(C,P3)�


7 Hz, C1'
3 ), 151.0 (d, 2J(C,P2)� 7 Hz, C1'


2 ), 151.2 (d, 2J(C,P '
2)� 9 Hz, C1'


2 ),
151.3 (d, 2J(C,P '


3)� 9 Hz, C1'
3 ), 151.4 (br s, C1'


1 ), 152.2 (br s, C1
1), 156.5 (d,


2J(C,P '
4)� 9 Hz, C1'


4 ), 190.9 (s, CHO); IR (KBr): nÄ � 1699 cmÿ1 (C�O);
C3138H2808N352O366P225S126 (62 304): C 60.49, H 4.54, N 7.89; found: C 60.21, H
4.41, N 7.75.


Dendrimer 13: Yield: 97 % 31P{1H} NMR (CDCl3): d�ÿ15.2 (br d,
2J(P1,P '


1)� 59 Hz, P1), 7.6 (br s, P0), 14.6 (br d, 2J(P,P)� 17.7 Hz, P ''
0, P ''


1, P ''
2),


15.6 (d, 2J(P ''
3,P '


4)� 19.1 Hz, P ''
3), 30.5 (br d, 2J(P '


1,P1)� 59 Hz, P '
1), 34.1 (m,


P '
2, P '


3), 35.4 (d, 2J(P '
4,P ''


3)� 19.1 Hz, P '
4), 62.2 (s, P2, P3); 1H NMR (CDCl3):


d� 2.83 (s, 270 H, Me0, Me '
1, Me '


2, Me '
3), 3.35 (br s, 108 H, Me1, Me2), 4.76


(br s, 180 H, (CH2)0, (CH2) '1, (CH2) '2, (CH2) '3), 6.90 ± 7.80 (m, 2154 H, C6H5,
C6H4, HC�N), 9.86 (s, 96 H, CHO); 13C{1H} NMR (CD2Cl2): [(CH2)0,
(CH2)1


1, C3
0, C4


0, Ci
0, (HC�N)0, (HC�N) '1, (HC�N) '2, (HC�N) '3 not detected]


d� 33.2 (d, 2J(C,P)� 12.4 Hz, Me1, Me2), 39.5 (s, Me0, Me '
1), 40.2 (s, Me '


2,
Me '


3), 57.7 (br d, 1J(C,P)� 76 Hz, (CH2) '2, (CH2) '3), 120.9 (s, C2
0), 121.4 (br s,


C2
3), 121.9 (s, C2


1, C2
2), 122.1 (br d, 3J(C,P)� 4.4 Hz, C2'


1 , C2'
2 , C2'


3 , C2'
4 ), 125.3 (s,


C4
3), 126.3 (s, C3'


1 , C3'
2 , C3'


3 ), 127.6 (dd, 1J(C,P ''
3)� 94 Hz, 3J(C,P '


4)� 5 Hz, Ci
3),


128.7 (s, C3
1), 128.9 (d, 1J(C,P ''


2)� 94 Hz, Ci
2), 129.2 (br d, 3J(C,P)� 10.6 Hz,


Cm
0 , Cm


1 , Cm
2 ), 129.3 (d, 3J(C,P ''


3)� 12.1 Hz, Cm
3 ), 129.7 (s, C3'


4 ), 131 (s, C4
1),


131.5 (s, C4
2, C4


2), 132.3 (d, 2J(C,P)� 10.7 Hz, Co
0, Co


1, Co
2, Co


3), 132.5 (s, Cp
0, Cp


1,
Cp


2, Cp
3), 133.8 (s, C4'


2 ), 134.0 (br s, C4'
1 , C4'


3 ), 139.2 (br d, 3J(C,P3)� 14 Hz,
(HC�N)2), 139.8 (br s, (HC�N)1), 150.2 (br d, 2J(C,P)� 9.0 Hz, C '


2, C '
3, C ''


3),
150.7 (d, 2J(C1'


2 ,P '
1)� 6.7 Hz, C1'


2 ), 151.4 (d, 2J(C1'
1 ,P '


1)� 8.0 Hz, C1'
1 ), 151.8


(br d, 2J(C,P)� 7.4 Hz, C1'
0 , C1'


1 ), 155.1 (d, 2J(C,P '
4)� 9.7 Hz, C1'


4 ), 190.8 (s,
CHO); IR (KBr) nÄ � 348 cmÿ1 (AuCl); C3138H2802N357O366P225S126Au90Cl90


(83 216): C 45.29, H 3.39, N 5.91; found: C 45.35, H 3.29, N 5.85.


X-ray data of C62H64N10O4P8S6Cl10Au2 ´ 4CH2Cl2 (4 ´ 4CH2Cl2): The struc-
ture was determined from a triclinic crystal of dimensions (0.52� 0.40�
0.30) mm (space group PÅ1), with unit cell a� 11.175(2) �, b� 13.274(2) �,
c� 17.157(3) �, a� 103.24(2)8, b� 96.57(2)8, g� 96.91(2)8, V� 2371.8 �3,
Z� 1, 1calcd� 1.73 gcmÿ3, m� 38.05 cmÿ1, F000� 1249. A total of 18886
reflections were measured (7020 independent) with Rav� 0.06. X-ray
diffraction analysis of C62H64N10O4P8S6Cl10Au2 ´ 4 CH2Cl2 was carried out on
a STOE ± IPDS (imaging plate detector system) with MoKa radiation and
equipped with an Oxford Cryosystems cooler device. The structure was
solved by direct methods (SIR 92) and refined by least-squares procedures
on Fobs. Hydrogen atoms were located on a difference Fourier map, but they
were introduced in the calculation in idealized positions (dCÿH� 0.96 �);
their atomic coordinates were recalculated after each cycle of refinement.
They were given isotropic thermal parameters 20% higher than those of


the C atom to which they are referred. All non-hydrogen atoms were
anisotropically refined. Least-squares refinements were carried out by
minimizing the function Sw( j jFo jÿjFc j j )2, where Fo and Fc are the
observed and calculated structures. A weighting scheme was used. The
model reached convergence with R�S( j jFo jÿjFc j j )/S jFo j , Rw� [Sw( j
jFo jÿjFc j j )2/Sw( jFo j )2]1/2.
The final R (Rw) values were 0.038 (0.043) for 5821 reflections (I> 3 s(I))
and 515 variables. The calculations were carried out with the aid of the PC
program CRYSTALS. The molecule was drawn with CAMERON (thermal
ellipsoids at the 50% probability level). The atomic structure factors were
taken from international tables for X-ray crystallography. Crystallographic
data (excluding structure factors) for the structure reported in this paper
have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-101 251. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (Fax: (�44) 1223-336-033; e-mail : depos-
it@ccdc.cam.ac.uk).
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Aza-aziridinofullerene: Interconversion between Aza-aziridinofullerene
and Bisazafulleroid


Puthuparampil P. Kanakamma, Shou-Ling Huang, Chiun-Gung Juo,
Guor-Rong Her, and Tien-Yau Luh*


Abstract: The synthesis and spectroscopic characterization of a novel bisazafulleroid
(12) and aza-aziridinofulleroid (13) are described. Treatment of C60 fullerene with
the C2-chiral bisazide 11 in refluxing chlorobenzene afforded bisazafulleroid 12 in
20 % yield. When a solution of 12 was exposed to ambient light a quantitative
conversion to the more polar 13, in which the two imino groups add at both [5,6] and
[6,6]-ring junctions, was observed. The two compounds exhibited characteristic
absorption profiles in the electronic spectra and also showed distinct CD curves.
Further, thermolysis of 13 in refluxing toluene resulted in a clean conversion to 12
within 10 min. 15N-labeled 12 and 13 were synthesized to establish the structures.
These observations provide the first example of an interconversion between an aza-
and an aziridinofulleroid.


Keywords: azides ´ diastereo-
selectivity ´ fullerenes ´
interconversion


Introduction


Cycloaddition of organic azides to fullerene has been
extensively investigated.[1±7] The nature of the azide appears
to play a pivotal role on the selectivity of the reaction. In
addition to monoadducts, it can add onto two [5,6]-ring
junctions of an acenaphthene[3] or fluorene[4, 5] unit giving rise
to regioisomers of bisazafulleroids. Alternatively, addition at
the [6,6]-ring junctions of a phenanthrene unit has been
observed[5, 6b] and the corresponding N-alkoxycarbonyl deriv-
atives surprisingly yield the ring-opening adducts.[6] In our
earlier report, we demonstrated[5] that the addition initially
generates triazoline derivative 1, which upon thermolysis
gives aziridinofullerene 2 and/or azafulleroid 3 via dipolar or
biradical intermediates. It is noteworthy that bisazafulleroids
3 ± 5 are thermally stable and there is no interconversion
between 2 and 3.[4a,b] Recent reports from Mattay�s group have
shown the first photochemical rearrangement of an azafulle-
roid to aziridinofullerene.[2k] Triazolinofullerene derivative 6
gives aziridinofullerene 7 on photolysis, whereas thermolysis
gives azafulleroid 8. Irradiation of 8 at 300 nm gave 7
exclusively. Similar rearrangements have been shown to occur
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in the corresponding carbon analogues.[8] The pioneering
works of Wudl, Diederich, and others[9] have shown that from
the addition of carbene transfer reagents, such as diazo
compounds to C60, [5,6]-open fulleroids were obtained as the
kinetic products, which underwent rearrangement to give the
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thermodynamically stable [6,6]-closed methanofullerenes. In-
deed this conversion was found to occur photochemically,[10]


electrochemically,[11] and under acid catalysis.[12] Wudl pro-
posed a di-p-methane rearrangement[10] in the photochemical
conversion of the [5,6]-open fulleroid 9 to the [6,6]-closed
methanofullerene 10. This was supported by the observations
of Shevlin[13] who demonstrated a photochemical step in
the thermal rearrangement of a cyclopentylidene fulleroid
to a methanofullerene. It is noteworthy that the rearrange-
ment of methanofullerenes, or their imino analogues, back
to the corresponding fulleroids has not been explored. In
this paper we report the first example of an inter-
conversion between a bisazafulleroid (12) and aza-aziridino-
fulleroid (13).


Results and Discussion


Bisazide 11, obtained from 2,3-O-isopropylidene-l-
threitol, afforded 12 in 20 % yield as a blackish brown
solid, on treatment with C60 in refluxing chloroben-
zene for 15 h, followed by a rapid workup and flash
column chromatography on silica gel. The FAB-MS
showed an [M�1] peak at m/z� 877.5. In the 13C
NMR spectrum (Figure 1a), the C1 symmetry is
reflected by the 57 signals in the region d 156 ± 130,
including three signals with an intensity of 2, in
addition to the seven absorptions due to the tethering
chain. The UV/visible spectrum of 12 (Figure 2) was
found to be almost identical to that of the bisaza-
fulleroid 4,[4] in which the addition occurs at the two
[5,6]-ring junctions of a fluorene unit.


13C NMR investigations on 15N-labeled (50 %) 12
clearly established the structure. Two sets of doublet
of doublets at d� 155.99 (JCÿN� 10.4, 4.1 Hz) and
137.72 (JCÿN� 6.6, 2.4 Hz) were observed. These
signals along with two doublets at d� 136.27


(JCÿN� 13.4 Hz) and 138.75 (JCÿN� 5.0 Hz) can be readily
assigned to those carbons of the fullerene core connected to
the two nitrogen atoms. The large coupling constant observed
at d� 136.27 implies that the orientation of the lone pair of
electrons on nitrogen atoms may contribute to this interac-
tion.[14] Four additional doublets at d� 137.80, 135.69, 134.41,
132.98 along with a broad line at d� 130.04 due to long-range
coupling were also observed. The two tertiary carbons at d�
81.52 and 78.37 resolved into a doublet. The two methylene
carbons attached to two nitrogen atoms were observed as
doublets with large coupling constants. An important feature
of this 13C NMR spectrum is the relatively downfield signal at
d� 155.99. For the 15N-labeled compound, unlike the signal at
d� 137.72 that showed the expected splitting pattern, this
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Figure 1. 13C NMR spectra of a) 12 and b) 13.
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signal at d� 155.99 resolved into five lines with a relative
intensity of roughly 3:7:2:3:1. This indicates that there is
significant isotopic shift, so that some of the absorptions come
very close and appear as broad lines. From all these
observations we infer that the tethering
moiety is rigid and therefore it may be
strained. This is also reflected in the 1H
NMR spectrum of 12 in which two of
the methylene protons appeared at
comparatively low field, one as doublet
of doublets at d� 4.38 and the other
around d� 4.7 overlapped with other
signals.


Compound 12 is stable in the dark.
However, when a solution of 12 in
chlorobenzene, toluene, toluene/hex-
ane mixture, chloroform, or dichloro-
methane was exposed to ambient light,
a quantitative conversion to the more
polar 13 was observed. The electronic
absorption spectrum showed signifi-
cant difference in the visible region
with characteristic absorptions at 439
and 698 nm indicative of a [6,6]-closed
adduct (Figure 2). Further, the two
compounds exhibited distinct circular
dichroism (CD) curves (Figure 3). In
the 1H NMR spectrum, the two sets of
methyl protons appeared as two sharp


singlets at d� 1.62 and 1.65. The remaining six protons
appeared in the region d� 3.86 ± 5.08 and exhibited a totally
different spectral pattern compared with 12. In the 13C NMR
spectrum of 13 (Figure 1b), the two sp3 carbons corresponding


Figure 2. UV/Vis spectra for 12 (dotted line) and 13 (solid line) in toluene (c� 4� 10ÿ5m ; inset: c� 1.2� 10ÿ4m).


Figure 3. CD curves for 12 and 13 in toluene (c� 4� 10ÿ5m).
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to the fullerene core appeared at d� 69.0 and 80.30, in
addition to signals due to other sp3 carbons. The remaining
fullerene carbons appeared as 57 lines with one having an
intensity of 2. Apparently, one of the imino groups in 12
undergoes ring closure at one of the ring junctions resulting in
the formation of an aza-aziridinofulleroid. Three possible
structures can arise as a result of this ring closure (Scheme 1).
One is a direct [5,6]-ring closure to give [5,6]-open-[5,6]-


closed 14 (path 1). Secondly, [5,6]-ring closure followed by a
1,5-sigmatropic shift in a similar manner to that found in the
di-p-methane rearrangement[10] to form the [5,6]-open-[6,6]-
closed fulleroid. In this case there are two possibilities. The
nitrogen can migrate to either position a to give 15 (Scheme 1,
path 2) or position b leading to 13 (path 3). In order to
differentiate between these possibilities, the 13C NMR
of the 15N-labeled 13 was investigated. The methylene
carbon at d� 51.50 split into a doublet of doublets and
that at d� 55.59 into a doublet. It is interesting to note
that one of the methine carbons exhibited long-range
coupling with both nitrogen atoms, whereas the other
one showed only broadening. Five additional doublets
were observed at d� 134.08 (JCÿN� 5.3 Hz), 137.99
(JCÿN� 6.0 Hz), 139.45 (JCÿN� 7.0 Hz), 142.06 (JCÿN�
2.6 Hz), and 148.65 (JCÿN� 5.3 Hz). It is important to
note that none of these fullerene carbon absorptions,
other than the one at d� 69.0 that corresponds to one
of the sp3 carbons, appeared as doublet of doublets,
whereas a minimum of two absorptions involving both
1J and 2J couplings might be expected for structures 14
and 15. Accordingly, these structures were ruled out.
Hence the migration may follow path 3 giving com-
pound 13. We were not surprised to see that the


aziridine carbon at d� 69.0 exhibited long-range coupling, an
indication of the close proximity of the second nitrogen
atom.[15] Since the splitting pattern and coupling constants of
this carbon are comparable to those of the signal at d� 155.99
of the bisazafulleroid, it appears that these carbons exhibit
isotopic shifts to the same extent.


Thermolysis of 13 in refluxing toluene resulted in a clean
conversion to 12 within 10 min [Eq. (1)]. It should be


mentioned that 12 was also obtained by heating a
solid sample of 13 at 100 8C for 1 h. 1H NMR, UV-Vis


12 ) *
light; RT


110 oC
13 (1)


spectroscopy or CD experiments can be used for
monitoring the interconversion. In our experiments
we found that, in the conversion of 12 to 13, a solution
of 12 in CDCl3 in an NMR tube, when protected from
ambient light showed no change in the spectral pattern
even after two weeks. However, when this solution
was exposed to ambient light a clean conversion
occurred. So it is evident that, as in the case of
methanofullerenes, a photochemical rearrangement is
taking place. The driving force may be the strain
associated with the tethering chain, so that migration
occurs even in ambient light. It was observed that the
thermal conversion of the aziridine to the aza deriv-
ative proceeds even in the dark. The thermal rear-
rangement of annelated azepines has been reported.[16]


So it is anticipated that under thermal activation a 1,5-
sigmatropic shift takes place to give intermediate 18,
which can then undergo a disrotatory ring opening to
regenerate the azafulleroid 12 (Scheme 2).


It is worth noting that the conversion of 12 to 13 is
highly stereoselective. In the NMR spectrum of 12,
two of the methylene protons and one carbon atom


showed unusual downfield shift. Accordingly, it is likely that
this strained imino moiety preferably undergoes rearrange-
ment to afford 13. However, in the case of 13, spectral
evidence indicates that the strain is not completely relieved
and possibly under thermal activation this group again
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Scheme 1. Possible pathways for the rearrangement of 12.
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Scheme 2. Possible mechanism for the interconversion between 12 and 13 (substituent
on nitrogen omitted for clarity).
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migrates back to regenerate 12. In other words, the strain in 12
and 13 serves as the driving force for this back and forth
migration of the imino group on the surface of C60, and this
rearrangement is highly diastereoselective. The NMR assign-
ments very clearly demonstrate this facial selectivity in the
migration. This reversible rearrangement under very mild
conditions is of special synthetic interest especially when
regio- and stereoselective additions to C60 are very difficult.
The transfer of chiroptical properties from addends to the
fullerene core is well documented.[17] Our results suggest that
desymmetrization of C60 by means of a chiral addend may
influence the diastereoselectivity in further reactions onto the
fullerene skeleton.


Experimental Section


1,4-diazido-1,4-dideoxy-2,3-O-isopropylidene-ll-threitol (11): A solution
containing 1,4-di-O-methanesulfonyl-2,3-O-isopropylidene-l-threitol
(1.1 g, 3.45 mmol) and sodium azide (898 mg, 13.8 mmol) in dry DMF
(50 mL) was stirred at 80 ± 90 8C for 20 h. The solvent was removed under
reduced pressure. The residue was diluted with water (50 mL) and
extracted with ether (3� 20 mL). The organic layer was washed with
brine, dried (MgSO4), and evaporated in vacuo to give 11 as a pale yellow
liquid (590 mg, 80%), which was used in the next step without further
purification. 1H NMR (CDCl3, 200 MHz): d� 4.03 (m, 2H), 3.53 (m, 2H),
3.30 (m, 2H), 1.44 (s, 6 H); 13C NMR (CDCl3, 50 MHz): d� 110.04, 76.61,
51.22, 26.52. IR (neat): nÄ � 2110, 1384, 1376 cmÿ1


.


Bisazafulleroid 12 : A solution of the bisazide 11 (138 mg, 0.65 mmol) in
chlorobenzene (100 mL) was added to a refluxing solution of C60 (360 mg,
0.5 mmol) in chlorobenzene (260 mL, deoxygenated) during a period of
45 min under a nitrogen atmosphere. After the addition, the reaction
mixture was refluxed for 15 h. The solvent was removed under reduced
pressure, and the residue was subjected to flash column chromatography on
silica gel. Elution with hexane/toluene (20:1) gave 100 mg (28 %) of
unreacted C60. Further elution (hexane/toluene 4:1)[18] afforded 12 as a
black-brown solid (65 mg, 20% based on reacted C60). 1H NMR (CS2/
CDCl3, 500 MHz): d� 4.77 ± 4.65 (m, 3 H), 4.38 (dd, J� 10.6, 1.3 Hz, 1H),
3.84 (dd, J� 13.0, 5.8 Hz, 1H), 3.68 (dd, J � 13.0, 10.0 Hz, 1 H), 1.63 (s,
3H), 1.61 (s, 3H); 13C NMR (CS2/CDCl3, 125 MHz): d� 155.99 (dd, JCÿN�
10.4, 4.1 Hz), 147.42, 147.40, 147.13, 146.66, 145.35, 145.15, 144.88, 144.73,
144.71, 144.49, 144.44, 144.43 (2C), 144.40, 144.34, 144.24, 144.20, 144.18,
144.17, 144.00, 143.78, 143.74, 143.68, 143.62 (2C), 143.61 (2C), 143.36,
143.34, 143.32, 143.23, 142.89, 142.60, 142.57, 142.26, 141.86, 141.61, 141.58,
141.49, 141.34, 141.00 (d, JCÿN� 1.6 Hz), 140.03, 139.82, 139.62, 139.36,
139.06, 138.75 (d, JCÿN� 5.0 Hz), 137.80 (d, JCÿN� 3.5 Hz), 137.72 (dd,
JCÿN� 6.6, 2.4 Hz), 136.52, 136.27 (d, JCÿN� 13.4 Hz), 135.96, 135.69 (d,
JCÿN� 3.6 Hz), 135.66, 134.41 (d, JCÿN� 1.9 Hz), 133.23, 132.98 (d, JCÿN�
2.1 Hz), 132.53, 130.04 (broad), 111.10, 81.52 (d, JCÿN� 3.9 Hz), 78.37 (d,
JCÿN� 2.1 Hz), 52.22 (d, JCÿN� 7.5 Hz), 51.45 (d, JCÿN� 12.9 Hz), 26.87,
26.82; FAB-MS (NBA): m/z : 877.5 [M��1].


Aza-aziridinofulleroid 13 : A solution of the bisazafulleroid 12 (65 mg) in
CH2Cl2 (600 mL; a few drops of CS2 were added to ensure solubility) was
kept exposed to ambient light. After 4 h TLC showed complete conversion
to 13. Solvent was removed in vacuo at room temperature to give 13 as a
brown solid. 1H NMR (CS2/CDCl3, 500 MHz): d� 5.07 (dd, J� 10.0,
5.7 Hz, 1 H), 4.95 (ddd, J� 10.0, 8.8, 5.7 Hz, 1H), 4.83 (dt, J� 8.8, 2.8 Hz,
1H), 4.50 (dd, J� 13.4, 8.8 Hz, 1H), 4.44 (dd, J� 13.4, 2.8 Hz, 1H), 3.88 (t,
J� 10.0 Hz, 1 H), 1.65 (s, 3 H), 1.62 (s, 3 H); 13C NMR (CS2/CDCl3,
125 MHz): d� 148.65 (d, JCÿN� 5.3 Hz), 147.84, 146.84, 146.64, 146.62,
146.61, 146.45, 146.31, 146.01, 145.83, 145.52, 145.43, 145.42, 145.29, 145.27,
145.14, 145.11, 144.95, 144.94, 144.54, 144.34, 144.30, 144.29, 144.18, 143.95,
143.84, 143.61, 143.56, 143.45 (2C), 143.41, 143.24, 143.23, 142.85, 142.81,
142.55, 142.42, 142.40, 142.30, 142.06 (d, J CÿN� 2.6 Hz), 141.38, 141.35,
141.29, 140.90, 140.49, 140.13, 139.45 (d, JCÿN� 7.0 Hz), 139.33, 139.00,
138.06, 138.00, 137.99 (d, JCÿN� 6.0 Hz), 137.35, 137.17, 136.78, 136.16,
135.14, 134.08 (d, JCÿN� 5.3 Hz), 111.57, 80.30 (d, JCÿN� 9.2 Hz), 78.40 (brs),


75.16 (dd, JCÿN� 3.5, 1.8 Hz), 69.0 (dd, JCÿN� 10.1, 4.1 Hz), 55.59 (d, JCÿN�
3.9 Hz), 51.50 (dd, JCÿN� 7.9, 3.2 Hz), 27.08, 26.99; FAB-MS (NBA): m/z:
877.5 [M��1].
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Facile g-CÿH Bond Activation in Phosphinoamine Ligands Resulting in
Regio- and Stereoselective CÿC Coupling with Terminal Acetylenes**


Christian Slugovc, Klaus Mauthner, Martin Kacetl, Kurt Mereiter,
Roland Schmid, and Karl Kirchner*


Abstract: Tris(pyrazolyl)borate ruthe-
nium complexes that contain the phos-
phinoamine ligands Ph2PCH2CH2NMe2,
Ph2PCH2CH2NEt2, and Ph2PCH2CH2-
NiPr2 react with terminal acetylenes
HC�CR (R�Ph, COOEt, CH2Ph, fer-
rocenyl, C6H9, nBu) to yield the
novel coupling products [Ru(tp)(Cl)-
(k3(P,C,C)-Ph2PCH�CHC(R)�CH2)],
[Ru(tp)(Cl)(k3(P,C,C)-Ph2PCH2CH-
(NEt2)CH�CHR)], [Ru(tp)(Cl)(k3(P,C,C)-


Ph2PCH2CH(NiPr2)CH�CHR)], [Ru-
(tp)(Cl)(k3(P,C,C)-Ph2PCH2CH(NEt2)-
C(R)�CH2)], and [Ru(tp)(Cl)(k3-
(P,C,C)-Ph2PCH2CH(NiPr2)C(R)�CH2)].
The CÿC couplings involved take place
regioselectively at the g-carbon atom of


the phosphinoamine ligand and, de-
pending on the steric requirements of
R, either at the internal or terminal
carbon atom of the acetylene molecule.
All these reactions proceed in a
highly diastereoselective fashion. With
Ph2PCH2CH2NMe2 as the ligand, the
CÿC coupling involves CÿN bond cleav-
age and elimination of HNMe2 leading
to dehydrogenation of the ÿCH2CH2ÿ
chain.


Keywords: CÿH activation ´ CÿC
coupling ´ ruthenium ´ tripodal
ligands ´ vinylidene complexes


Introduction


In recent years there has been growing interest in vinylidene
complexes as attractive candidates for stoichiometric as well
as catalytic applications in organic synthesis. Several new
stoichiometric reactions involving vinylidene complexes have
been discovered. These include CÿC coupling reactions, such
as the migratory insertion of alkyl, aryl, vinyl, and alkynyl
ligands onto the electrophilic a-carbon of the vinylidene
moiety,[1] and cycloaddition of alkynes and olefins to the M�C
bond to give metallacyclobutene and metallacyclobutane
intermediates, respectively.[2] The latter is observed if the a-
carbon atom of the vinylidene moiety is nucleophilic.
Examples of catalytic reactions involving vinylidene com-
plexes have been reported for the cyclization of dienylal-
kynes,[3] the tandem cyclization ± reconstructive addition of
propargyl alcohols with allyl alcohols,[4] the reconstitutive


condensation of acetylenes and allyl alcohols,[5] and the
dimerization of terminal alkynes.[6] We[6b, c] and others[6d, 7]


have shown that CÿC coupling processes can be initiated by
neutral vinylidene complexes via HCl elimination to afford
highly reactive, coordinatively unsaturated alkynyl complexes
(Scheme 1). This reaction takes place at elevated temper-
atures and/or in the presence of a base.


Scheme 1. The formation of highly reactive, coordinatively unsaturated
alkynyl complexes for subsequent CÿC coupling processes.


In a recent communication[8] we have attempted to catalyti-
cally dimerize terminal alkynes HC�CR (R�Ph, CH2Ph,
COOEt) with [Ru(tp)(k2(P,N)-Ph2PCH2CH2NMe2)Cl] (tp�
tris(pyrazolyl)borate) (1) as the catalyst precursor. What we
expected was a one-end cleavage of the Ph2PCH2CH2NMe2


ligand with formation of the vinylidene complex [Ru(tp)-
(k1(P)-PPh2CH2CH2NMe2)(Cl)(�C�CHR)] followed by de-
protonation by the pendant basic CH2CH2NMe2 moiety to
afford the 16 electron alkynyl complex [Ru(tp)(k1(P)-
PPh2CH2CH2NHMe2)(ÿC�CR)]Cl. Phosphinoamine ligands
are in fact hemilabile and promote the formation of vinyl-
idene complexes.[9] However, 1 was catalytically inactive;
instead of the expected reaction, it initiated the unusual CÿC
coupling process shown in Scheme 2. The formation of the
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Scheme 2. The unusual CÿC coupling process between 1 and terminal
acetylenes.


products [Ru(tp)(Cl)(k3(P,C,C)-Ph2PCH�CHC(R)�CH2)]
(4 a ± c) requires drastic conditions (prolonged refluxing in
toluene) for the RuÿN bond to be cleaved, which creates a
vacant coordination site for an incoming acetylene molecule.
In continuation our studies on Ru(tp) complexes contain-
ing phosphinoamine ligands, we report herein on new CÿC
coupling reactions between Ph2PCH2CH2NEt2 and
Ph2PCH2CH2NiPr2 coordinated to ruthenium and terminal
acetylenes HC�CR with the regio- and diastereoselective
formation of complexes of the types [Ru(tp)(Cl)(k3(P,C,C)-
Ph2PCH2CH(NEt2)C(R)�CH2)], [Ru(tp)(Cl)(k3(P,C,C)-Ph2-
PCH2CH(NEt2)CH�CHR)], [Ru(tp)(Cl)(k3(P,C,C)-Ph2PC-
H2CH(NiPr2)C(R)�CH2)], and [Ru(tp)(Cl)(k3(P,C,C)-
Ph2PCH2CH(NiPr2)CH�CHR)]. This study aims at the
mechanistic details and structural aspects of these interesting
and extremely facile processes.


Results and Discussion


The crucial step in Scheme 2 appears to be the opening of the
chelate k2(P,N), which requires relatively high temperatures.
Since this process might be facilitated by an increase in the
steric demand of the N-donor site of the phosphinoamine
ligand, we replaced NMe2 by NEt2 and NiPr2. Thus, in a
synthesis analogous to that for 1,[10] Ph2PCH2CH2NEt2 and


Ph2PCH2CH2NiPr2 were treated with [Ru(tp)(COD)Cl]
in boiling DMF to produce both [Ru(tp)(k2(P,N)-
Ph2PCH2CH2NEt2)Cl] (2) and [Ru(tp)(k1(P)-Ph2PCH2CH2-
NiPr2)(dmf)Cl] (3), respectively, in high yields. Apparently for
steric reasons, the Ph2PCH2CH2NiPr2 ligand is coordinated in
a k1(P) fashion only, and the sixth coordination site is
occupied by a DMF molecule.


As expected, complexes 2 and 3 are more reactive than 1.
Thus, the reaction of 2 with HC�CR (R�Fc (ferrocenyl),
C6H9 (cyclohexenyl), Ph, nBu) takes place at only 80 8C in
benzene to give [Ru(tp)(Cl)(k3(P,C,C)-Ph2PCH2CH(NEt2)-
CH�CHR)] (R�Fc, C6H9, Ph; 5 a ± c) and [Ru(tp)(Cl)-
(k3(P,C,C)-Ph2PCH2CH(NEt2)C(nBu)�CH2)] (5 d) in high
yields (Scheme 3).


Scheme 3. Reaction of complex 2 with terminal acetylenes.


On account of the different coordination mode of the
phosphinoamine in 3, even lower temperatures are required
for complete conversion (24 h at ÿ5oC and 2 h at 60 8C, as
monitored by 1H and 31P{1H} NMR spectroscopy), according
to Scheme 4.


Scheme 4. Reaction of complex 3 with terminal acetylenes.


All final products are stable in air, both in solution and in
the solid state, and were characterized by elemental analysis
and NMR (1H, 13C{1H}, and 31P{1H}). Accordingly, the 1H and
13C{1H} NMR spectra of 5 a ± c and 6 a,b are consistent with
the presence of k3P,C,C-coordinated Ph2PCH2CH(NEt2)-
CH�CHR and Ph2PCH2CH(NiPr2)CH�CHR ligands, respec-
tively. The stereochemistry of the olefin fragment was
unambiguously established as the E isomer by 1H NMR
spectroscopy from the vicinal coupling constant 3J(H,H)�
11.2 to 12.7 Hz. All the other resonances are unremarkable
and are not discussed here. The 1H NMR spectra of 5 d and 6 c,
on the other hand, exhibit two characteristic singlets at d� 4.5
and 4.8, which are assignable to the terminal �CH2 group of


Abstract in German: Rutheniumtris(pyrazolylborat) Komple-
xe mit den Phosphinoamin-Koliganden Ph2PCH2CH2NMe2,
Ph2PCH2CH2NEt2 and Ph2PCH2CH2NiPr2 reagieren mit
terminalen Alkinen HC�CR (R�Ph, COOEt, CH2Ph,
Ferrocenyl, C6H9, nBu) zu Kupplungsprodukten des Typs
[Ru(tp)(Cl)(k3(P,C,C)-Ph2PCH�CHC(R)�CH2)],
[Ru(tp)(Cl)(k3(P,C,C)-Ph2PCH2CH(NEt2)CH�CHR)],
[Ru(tp)(Cl)(k3(P,C,C)-Ph2PCH2CH(NiPr2)CH�CHR)],
[Ru(tp)(Cl)(k3(P,C,C)-Ph2PCH2CH(NEt2)C(R)�CH2)] und
[Ru(tp)(Cl)(k3(P,C,C)-Ph2PCH2CH(NiPr2)C(R)�CH2)]. Die
CÿC-Kupplungsreaktion findet regioselektiv am g-Kohlen-
stoffatom des Phosphinoamin-Liganden statt. Die sterischen
Gegebenheiten der Substituenten am Alkin und der Amino-
gruppe bestimmen, ob das interne oder das terminale Kohlen-
stoffatom des Alkins an der Kupplung teilnimmt. Alle Re-
aktionen verlaufen diastereoselektiv. Mit Ph2PCH2CH2NMe2


als Ligand findet zusätzlich Eliminierung von HNMe2 statt.
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the Ph2PCH2CH(NEt2)C(nBu)�CH2 and Ph2PCH2CH-
(NiPr2)C(nBu)�CH2 ligands, respectively.


Both 2 and 3, each introduced as a racemic mixture of R and
S isomers, coupled with the terminal acetylenes HC�CR
regioselectively at the g-carbon atom of the phosphinoamine
ligand and, depending on R, either at the internal or terminal
carbon atom of the acetylene molecule. Although a second
chiral center is developed, and thus several diastereomers can
be formed, only one predominant diastereomeric pair of
enantiomers is produced, according to the 1H, 13C, and 31P
NMR data (Table 1). The nature of the minor pair of
enantiomers could not be established.


The structural identity and the absolute configuration of 5 a,
6 b, and 6 c were unequivocally proven by X-ray crystallog-
raphy. The results are depicted in Figures 1 ± 3. Selected bond
distances and angles are given in Table 2. The configuration of
5 a and 6 b is SRu,SC/RRu,RC whereas that of 6 c is SRu,RC/
RRu,SC. Throughout, the coordination geometry around
ruthenium is slightly distorted octahedral; four coordination
sites are occupied by the tp ligand and chlorine, and the
remaining two are used by the phosphorus atom and the C�C


Figure 2. Crystal structure of [Ru(tp)(Cl)(k3(P,C,C)-
Ph2PCH2CH(NiPr2)CH�CHÿC6H9)] (6b). Only the (SRu,SC)-enantiomer
is shown. Priority for the assignment of the absolute configurations: a) for
Ru: tp>Cl>P>C�C; b) for C23: NiPr2>�CH>CH2>H.


bond of Ph2PCH2CH(NEt2)CH�CHÿC10H9Fe, Ph2PCH2CH-
(NEt2)CH�CHÿC6H9, and Ph2PCH2C(NEt2)C(nBu)�CH2,
respectively. All the RuÿN(tp), RuÿP, and RuÿCl bond
lengths are within the usual range.[8, 10, 11, 13] Both in 5 a and 6 b,
the RuÿC24 bond of 2.258(3) and 2.253(6) � is somewhat
shorter than that of RuÿC25 (2.314(3) and 2.309(5) �), while
this pattern is reversed in 6 c (RuÿC24� 2.345(6) and
RuÿC25� 2.196(7) �). It is safe to assume that the diaster-
eoselectivity of the formation of 5 and 6, as proved by the


crystallographic data, is sterically controlled, since
the alternative diastereomeric pair of enantiomers
would force the dialkylamino moiety to approach
the chloride ligand very closely and, in the case of
5 d and 6 c, one of the pyrazolyl groups of tp.


A reasonable suggestion for the reaction mech-
anism for 2 and 3 is summarized in Scheme 5. After
the initial RuÿN bond cleavage the vinylidene
intermediate A is formed from a 1,2-hydrogen
shift.[12] It is noteworthy that neutral vinylidene
complexes of the type [Ru(tp)(PR3)(Cl)
(�C�CHR')] (R�Ph, Cy; R'�Ph, nBu, tBu,
SiMe3, C6H9, COOEt) have been reported.[6b, 12a]


The subsequent elimination of HCl, promoted by
the presence of the dialkylamino group, yields the
coordinatively unsaturated alkynyl complex B.
We[6c, 13] and others[6d, 7, 14] have shown that such
species can be trapped by CO, which occupies the
vacant coordination site. It is conceivable that the g-
CÿH bond of the phosphinoamine ligand is weak-
ened by an agostic interaction that eventually leads
to hydrogen migration by means of a s-bond
metathesis pathway to give the four-membered
phospharuthenacycle C. Such species have already


Table 1. Yields and diastereomeric excess (de) found in the reactions of 2
and 3 with terminal acetylenes


configuration yield de[a]


5a RRuRC/SRuSC 58% 88%
5b RRuRC/SRuSC 72% > 97%
5c RRuRC/SRuSC 82% 91%
5d RRuSC/SRuRC 69% 95%
6a RRuRC/SRuSC 83% 75%
6b RRuRC/SRuSC 80% 95%
6c RRuSC/SRuRC 77% 91%


[a] Determined by 31P NMR spectroscopy.


Figure 1. Crystal structure of [Ru(tp)(Cl)(k3(P,C,C)-Ph2PCH2CH(NEt2)CH�CHÿ
C10H9Fe)] (5 a). Only the (SRu,SC)-enantiomer is shown. Priority for the assignment of
the absolute configurations: a) for Ru: tp>Cl>P>C�C; b) for C23: NEt2>�CH>


CH2>H.
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Figure 3. Crystal structure of [Ru(tp)(Cl)(k3(P,C,C)-Ph2PCH2CH(NiPr2)-
C(nBu)�CH2)] (6c). Only the (SRu,RC)-enantiomer and one of the two
crystallographically independent complexes is shown. Priority for the
assignment of the absolute configurations: a) for Ru: tp>Cl>P>C�C;
b) for C23: NiPr2>�CH>CH2>H.


been reported.[15, 16] An alternative oxidative-addition/reduc-
tive-elimination sequence cannot be ruled out in principle, but
it would require either a seven-coordinate species (as yet
unknown in Ru(tp) chemistry) or an intermediate with a
k2coordinated tp ligand (a rare bonding mode for Ru(tp)
complexes).[17]


The h2-bound acetylene ligand in C is orientated so that the
repulsive interactions between the dialkylamino group and R
are minimized. In this way, the substituent on the alkyne
contributes to the regioselectivity of the CÿC coupling
process. Subsequent migratory insertion of the acetylene
molecule into the RuÿC bond of the phosphametallacyclo-
butane ring affords the vinyl complex D, which, on proto-
nation, yields the final product. For steric reasons, D is only
able to adopt the E conformation and this also has a decisive
influence on the stereochemistry of the final CÿC coupled
products.


The reaction of 1 with acetylenes, due to the higher
temperatures necessary to cleave the RuÿN bond, proceeds
somewhat differently (Scheme 6). Accordingly, the intermedi-
ate B eliminates the quaternary ammonium salt (H2NMe2)Cl
prior to CÿC coupling to give the phospharuthenacyclobutene
complex C'', which then reacts via the vinyl intermediate D''
(not shown in Scheme 6) to give the final products and
HNMe2. In the case of R�COOEt, the secondary amine is
trapped as the enamine Me2NCH�CHCOOEt. The hypoth-
esis that the elimination reaction occurs prior to CÿC coupling
is supported by the observation that neither 5 nor 6 tends to
eliminate the secondary amine, even after prolonged refluxing
in toluene. Note also that in C'' no unfavorable steric
interactions are involved. Therefore, the CÿC coupling
process can readily take place at the internal carbon atom
of the alkyne, in agreement with the experimental findings
(Scheme 2).


Conclusion


Coordinatively unsaturated alkynyl complexes, ob-
tained through the elimination of HCl from vinyl-
idene complexes, are capable of initiating selective
coupling of alkanes and terminal acetylenes in the
coordination sphere of RuII. Although the present
CÿH activation is particularly assisted by the intra-
molecular mode with favorable stereochemical con-
ditions brought about by the anchoring phosphine
group, an extension to the intermolecular mode is
conceivable.


Experimental Section


General techniques: All compounds were manipulated with
standard Schlenk techniques under an inert atmosphere of
purified argon. All chemicals were standard reagent grade and
used without further purification. The solvents were purified
and dried according to standard procedures[18] and stored over
molecular sieves (4 �). [Ru(tp)(COD)Cl],[10] [Ru(tp)(k2(P,N)-
Ph2PCH2CH2NMe2)Cl] (1),[10] and N,N-dialkyl-2-diphenylphos-
phino-ethanamines[19] were prepared according to reported


Table 2. Selected bond distances [�] and angles [8] for complexes 5a, 6b,
and 6 c.


5a 6 b 6c[a]


RuÿN2 2.120(3) 2.089(5) 2.098(5)
RuÿN4 2.153(3) 2.136(5) 2.164(6)
RuÿN6 2.101(3) 2.081(5) 2.124(5)
RuÿCl 2.445(1) 2.416(2) 2.422(2)
RuÿP 2.344(1) 2.334(2) 2.271(2)
RuÿC24 2.258(3) 2.253(6) 2.345(6)
RuÿC25 2.314(3) 2.309(5) 2.196(7)
C24ÿC25 1.373(5) 1.378(7) 1.380(9)
N2-Ru-N4 80.3(1) 80.8(2) 84.2(2)
N2-Ru-N6 87.0(1) 87.8(2) 83.6(2)
P-Ru-Cl 91.69(4) 91.74(6) 92.23(9)
C24-Ru-N2 164.1(1) 164.3(2) 165.6(2)
C25-Ru-N2 160.7(1) 160.6(2) 159.0(2)


[a] Ru is Ru1.


Scheme 5. Proposed mechanism for the reaction between complexes 2 or 3 and
terminal acetylenes.
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procedures. 1H, 13C, and 31P NMR spectra were recorded on a Bruker
AC250 spectrometer (v t� virtual triplet). Diffuse reflectance FT± IR
spectra were recorded on a Mattson RS 2 spectrometer. Microanalyses
were performed by Microanalytical Laboratories, University of Vienna
(Austria).


[Ru(tp)(k2(P,N)-N,N-diethyl-2-diphenylphosphinoethanamine)Cl] (2): A
solution of [Ru(tp)(COD)Cl] (100 mg, 0.218 mmol) and Ph2PCH2CH2NEt2


(63 mg, 0.220 mmol) in DMF (4 mL) was refluxed for 2 h. After removal of
the solvent, a yellow solid was obtained, which was collected on a glass frit,
washed with n-hexane, and dried under vacuum. Yield: 123 mg (89 %); 1H
NMR (250.13 MHz, CDCl3, 25 8C, TMS): d� 8.35 (d, J� 2.3 Hz, 1H; tp),
7.85 (d, J� 2.3 Hz, 1 H; tp), 7.74 (d, J� 2.3 Hz, 1H; tp), 7.62 (m, 1 H; tp),
7.45 ± 7.22 (m, 7H; Ph), 7.11 (d, J� 1.9 Hz, 1 H; tp), 7.06 (m, 2H; Ph), 6.68
(br m, 1H; Ph), 6.56 (d, J� 2.3 Hz, 1 H; tp), 6.37 (m, 1 H; tp), 5.93 (v t, J�
2.3 Hz, 1H; tp), 5.73 (v t, J� 2.3 Hz, 1H; tp), 4.24 (m, 1 H; N(CH2CH3)2),
3.64 (m, 1H; PCH2CH2N), 3.47 (m, 1H; N(CH2CH3)2), 3.22 ± 3.02 (m, 1H;
PCH2CH2N), 2.89 ± 2.76 (m, 2 H; PCH2CH2N, N(CH2CH3)2), 2.20 (m, 1H;
N(CH2CH3)2), 1.07 (t, 3H; N(CH2CH3)2), 0.16 (t, 3 H; N(CH2CH3)2);
13C{1H} NMR (62.86 MHz, CDCl3, 25 8C, TMS): d� 147.6 (d, J� 1.4 Hz;
tp), 147.1 (d, J� 1.9 Hz; tp), 144.4 (d, J� 2.9 Hz; tp), 138.8 (d, 1J(C,P)�
39.1 Hz; Ph1), 136.9 (tp), 135.9 (tp), 135.8 (tp), 134.5 (d, 1J(C,P)� 40.5 Hz;
Ph1'), 133.4 (d, 2J(C,P)� 8.6 Hz, 4C; Ph2,6), 129.9 (d, 4J(C,P)� 2.4 Hz; Ph4),
129.1 (d, 4J(C,P)� 2.4 Hz; Ph4'), 128.6 (d, 3J(C,P)� 9.1 Hz, 2C; Ph3,5), 128.0
(d, 3J(C,P)� 8.6 Hz, 2C; Ph3',5'), 106.1 (d, J� 2.9 Hz; tp), 106.0 (tp), 105.4
(tp), 59.3 (d, 2J(C,P)� 5.3 Hz; NCH2CH2P), 50.7 (NCH2CH3), 49.0
(NCH2CH3), 30.5 (d, 1J(C,P)� 23.4 Hz; NCH2CH2P), 11.0 (NCH2CH3),
6.8 (NCH2CH3); 31P{1H} NMR (101.26 MHz, CDCl3, 25 8C, H3PO4 (85 %)):
d� 64.5; C27H34BClN7PRu (634.9): calcd C 51.08, H 5.40, N 15.44; found C
51.17, H 5.45, N 15.24.


[Ru(tp)(k1(P)-N,N-di(methylethyl)-2-diphenylphosphinoethanamine)-
(dmf)Cl] (3): This complex was synthesized analogously to 2 from
[Ru(tp)(COD)Cl] (100 mg, 0.218 mmol) and Ph2PCH2CH2NiPr2 (69 mg,
0.218 mmol). Yield: 98 mg (61 %); 1H NMR (250.13 MHz, CDCl3, 25 8C,
TMS): d� 8.00 (s, 1 H; OHCN(CH3)2), 7.89 (d, J� 2.3 Hz, 1H; tp), 7.83 (d,
J� 2.3 Hz, 1H; tp), 7.80 ± 7.62 (m, 5 H; tp, Ph), 7.42 ± 7.32 (m, 5H; Ph), 7.18
(m, 1H; Ph), 7.06 (m, 2 H; Ph), 6.96 (d, J� 2.3 Hz, 1H; tp), 6.21 (m, 1H; tp),
6.03 (v t, J� 2.3 Hz, 1H; tp), 5.92 (v t, J� 2.3 Hz, 1 H; tp), 3.32 (m, 2H;
NCH(CH3)2), 2.99 ± 2.60 (m, 2 H; PCH2CH2N), 2.67 (s, 3H; OHCN(CH3)2),
2.32 (s, 3H; OHCN(CH3)2), 2.29 ± 2.22 (m, 2H; PCH2CH2N), 0.87 (d, 12H;
CH3); 13C{1H} NMR (62.86 MHz, CDCl3, 25 8C, TMS): d� 168.3
(OHCN(CH3)2), 148.0 (tp), 145.0 (tp), 141.2 (tp), 136.8 ± 132.8 (m, 9 C; tp,
Ph), 129.0 ± 127.8 (m, 6 C; Ph), 106.3 (tp), 106.0 (tp), 105.7 (tp), 49.0 (2C,
NCH(CH3)2), 43.7 (d, 2J(C,P)� 27.1 Hz; PCH2CH2N), 38.4
(OHCN(CH3)2), 32.4 (OHCN(CH3)2), 28.7 (d, 1J(C,P)� 22.2 Hz;
PCH2CH2N), 21.4 (2 C; NCH(CH3)2), 21.1 (2C; NCH(CH3)2); 31P{1H}
NMR (101.26 MHz, CDCl3, 25 8C, H3PO4 (85 %)): d� 51.0;
C32H45BClN8OPRu (736.1): calcd C 52.22, H 6.16, N 15.22; found C
51.90, H 6.40, N 15.54.


[Ru(tp)(k3(P,C,C)-h-(1,2)-4-(diphenylphosphino)-buta-1,3-diene-2-car-
boxylic acid, ethylester)Cl] (4 a): A suspension of 1 (210 mg, 0.35 mmol) in
toluene (4 mL) was treated with HC�CCOOEt (200 mL) and refluxed for
7 h. After removal of the solvent, the residue was dissolved in diethyl ether
(2 mL). The addition of n-hexane afforded analytically pure 4a. Yield:
216 mg (94 %); 1H NMR (250.13 MHz, CDCl3, 25 8C, TMS): d� 8.04 (d,
J� 2.5 Hz, 1H; tp), 7.90 (dd, 3J(H,Hcis)� 8.6 Hz, 2J(P,H)� 46.2 Hz, 1H;
PCH�CHÿCR�CH2), 7.84 (d, J� 2.5 Hz, 1 H; tp), 7.68 (d, J� 2.6 Hz, 1H;
tp), 7.63 (d, J� 2.6 Hz, 1 H; tp), 7.55 (d, J� 2.6 Hz, 1H; tp), 7.42 ± 7.19 (m,
5H), 7.10 ± 6.96 (m, 4H), 6.59 ± 6.51 (m, 2H), 6.47 (dd, 3J(H,H)� 8.6 Hz,
3J(P,H)� 5.6 Hz, 1H; PCH�CHÿCR�CH2), 6.26 (v t, J� 2.5 Hz, 1H; tp),


6.19 (v t, J� 2.5 Hz, 1H; tp), 5.98 (s, 1 H;
PCH�CHÿCR�CH2), 5.82 (m, 1H; tp), 4.92 (s, 1H;
PCH�CHÿCR�CH2), 3.34 (m, 2H; diastereotopic
CH2CH3), 0.30 (t, 3H; CH2CH3); 13C{1H} NMR
(62.86 MHz, CDCl3, 25 8C, TMS): d� 173.3 (COOEt),
157.4 (d, 2J(C,P)� 18.6 Hz; PCH�CHÿCR�CH2), 147.7
(tp), 146.2 (tp), 142.2 (tp), 137.0 (tp), 135.22 (tp), 135.17
(tp), 135.1 (d, 1J(C,P)� 50.7 Hz; Ph1), 134.3 (d, 2J(C,P)�
9.7 Hz, 2C; Ph2,6), 132.9 (d, 2J(C,P)� 9.2 Hz, 2C; Ph2',6'),
130.7 (d, 4J(C,P)� 2.2 Hz; Ph4), 130.5 (d, 1J(C,P)�
46.9 Hz; Ph1'), 130.3 (d, 4J(C,P)� 2.7 Hz; Ph4'), 128.6 (d,
3J(C,P)� 10.4 Hz, 2 C; Ph3,5), 128.4 (d, 3J(C,P)� 9.8 Hz,


2C; Ph3',5'), 126.4 (d, 1J(C,P)� 39.8 Hz; PCH�CHÿCR�CH2), 106.5 (tp),
106.2 (d, 4J(C,P)� 3.3 Hz; tp), 106.0 (tp), 91.8 (d, 3J(C,P)� 6.9 Hz;
PCH�CHÿCR�CH2), 87.5 (d, 4J(C,P)� 2.2 Hz; PCH�CHÿCR�CH2),
60.5 (CH2CH3), 13.5 (CH2CH3); 31P{1H} NMR (101.26 MHz, CDCl3,
25 8C, H3PO4 (85 %)): d� 64.9; IR (diffuse reflection): nÄ � 2489 (m,
BÿH), 1702 cmÿ1 (s, C�O); C28H29BClN6O2PRu (659.9): calcd C 50.96, H
4.43, N 12.74; found C 51.18, H 4.63, N 12.51.


[Ru(tp)(k3(P,C,C)-h-(3,4)-diphenyl-(3-phenyl-1,3-butadienyl)phos-
phine)Cl] (4b): A suspension of 1 (300 mg, 0.49 mmol) in toluene (4 mL)
was treated with HC�CPh (300 mL) and refluxed for 20 h. After removal of
the solvent, the crude product was purified by flash silica-gel chromatog-
raphy. The column was eluted with CH2Cl2 until the solution was colorless
and then with CH3CN, and the first brown band was collected. The solvent
was removed to produce a yellow oil, which was treated with methanol to
give a solid material. Yield: 210 mg (63 %); 1H NMR (250.13 MHz, CDCl3,
25 8C, TMS): d� 8.34 (d, J� 2.0 Hz, 1H; tp), 7.90 (dd, 3J(H,H)� 8.6 Hz,
1J(P,H)� 45.2 Hz, 1H; PCH�CHÿCR�CH2), 7.80 (m, 1H; tp), 7.66 (m, 2H;
Ph), 7.40 ± 6.97 (m, 13H; Ph, tp), 6.80 ± 6.64 (m, 2 H; Ph), 6.64 (dd,
3J(H,H)� 8.6 Hz, 2J(P,H)� 4.5 Hz, 1H; PCH�CHÿCR�CH2), 6.37 (m,
1H; tp), 6.15 (m, 1 H; tp), 5.44 (m, 1H; tp), 5.20 (d, 3J(P,H)� 1.9 Hz, 1H;
PCH�CHÿCR�CH2), 4.91 (d, 4J(P,H)� 1.8 Hz, 1H; PCH�CHÿCR�CH2);
13C{1H} NMR (62.86 MHz, CDCl3, 25 8C, TMS): d� 158.7 (d, 2J(P,C)�
18.6 Hz; PCH�CHÿCR�CH2), 147.8 (d, J(P,C)� 2.4 Hz; tp), 146.1 (d,
J(P,C)� 1.4 Hz; tp), 142.6 (d, J(P,C)� 2.4 Hz; tp), 141.6 (PhR1), 136.4, 136.1
(d, J(P,C)� 2.9 Hz; tp), 135.8 (d, 1J(P,C)� 50.5 Hz; Ph1), 135.3, 134.3 (d,
2J(P,C)� 10.4 Hz, 2C; Ph2,6), 132.9 (d, 2J(P,C)� 10.5 Hz, 2C; Ph2',6'), 131.5
(d, 1J(P,C)� 44.8 Hz; Ph1'), 130.6 (d, 4J(P,C)� 1.9 Hz; Ph4), 130.1 (d,
4J(P,C)� 2.4 Hz; Ph4'), 128.9 (PhR4), 128.43 (d, 3J(P,C)� 9.5 Hz, 2C; Ph3,5),
128.41 (d, 3J(P,C)� 10.5 Hz, 2C; Ph3',5'), 127.8 (2 C; PhR3,5), 126.8 (d,
1J(P,C)� 39.1 Hz; PCH�CHÿCR�CH2), 126.4 (2 C; PhR2,6), 106.8 (d,
4J(P,C)� 2.9 Hz; tp), 106.2 (tp), 105.1 (tp), 103.8 (d, 3J(P,C)� 6.6 Hz;
PCH�CHÿCR�CH2), 82.3 (d, 4J(P,C)� 1.9 Hz; PCH�CHÿCR�CH2);
31P{1H} NMR (101.26 MHz, CDCl3, 25 8C, H3PO4 (85 %)): d� 65.3;
C32H29BClN6PRu (675.9): calcd C 56.86, H 4.33, N 12.43; found C 56.40,
H 4.56, N 11.04.


[Ru(tp)(k3(P,C,C)-h-(3,4)-diphenyl-(3-(phenylmethylen)-1,3-butadienyl)-
phosphine)Cl] (4 c): This complex was synthesized analogously to 4 b from
1 (100 mg, 0.218 mmol) and HC�CCH2Ph (200 mL). Yield: 50 mg (53 %);
1H NMR (250.13 MHz, CDCl3, 25 8C, TMS): d� 8.01 (d, J� 2.0 Hz, 1H;
tp), 7.87 (d, J� 2.5 Hz, 1H; tp), 7.74 (d, J� 2.3 Hz, 1H; tp), 7.74 (d, J�
2.5 Hz, 1H; tp), 7.63 (d, J� 2.2 Hz, 1 H; tp), 7.53 (dd, 3J(H,H)� 8.7 Hz,
2J(P,H)� 25.6 Hz, 1 H; PCH�CHÿCR�CH2), 7.42 ± 7.16 (m, 17H; Ph, tp),
7.05 ± 6.98 (m, 2 H; Ph), 6.70 ± 6.63 (m, 2H; Ph), 6.37 (dd, 3J(H,H)� 8.7 Hz,
3J(P,H)� 4.9 Hz, 1 H; PCH�CHÿCR�CH2), 6.29 (m, 1 H; tp), 6.25 (v t, J�
2.3 Hz, 1 H; tp), 6.05 (v t, J� 2.2 Hz, 1H; tp), 4.74 (s, 1H;
PCH�CHÿCR�CH2), 4.46 (s, 1 H; PCH�CHÿCR�CH2), 2.36 (m, 2H;
diasterotopic CH2); 13C{1H} NMR (62.86 MHz, CDCl3, 25 8C, TMS): d�
160.3 (d, 2J(P,C)� 17.2 Hz; PCH�CHÿCR�CH2), 146.4 (tp), 145.7 (d,
J(P,C)� 1.9 Hz; tp), 141.2 (d, J(P,C)� 2.8 Hz; tp), 137.6 (tp), 136.4 (d,
1J(P,C)� 49.1 Hz, Ph1), 135.9 (d, J(P,C)� 2.9 Hz; tp), 135.1, 134.6 (d,
2J(P,C)� 9.5 Hz, 2 C; Ph2,6), 132.1 (d, 2J(P,C)� 9.5 Hz, 2C; Ph2',6'), 131.0 (d,
1J(P,C)� 44.9 Hz; Ph1'), 130.5 (d, 4J(P,C)� 2.3 Hz; Ph4), 129.9 (d, 4J(P,C)�
2.3 Hz; Ph4'), 129.2 (2C; PhR3,5), 129.0 (2C; PhR2,6), 128.6 (d, 3J(P,C)�
10 Hz, 2C; Ph3,4), 128.3 (d, 3J(P,C)� 9.6 Hz, 2 C; Ph3',5'), 126.8 (PhR1),
125.2 (d, 1J(P,C)� 39.1 Hz; PCH�CHÿCR�CH2), 106.5 (d, 4J(P,C)�
2.9 Hz; tp), 106.3, 106.2, 103.1 (d, 3J(P,C)� 7.1 Hz; PCH�CHÿCR�CH2),
83.8 (m, PCH�CHÿCR�CH2), 41.9 (CH2R); 31P{1H} NMR (101.26 MHz,
CDCl3, 25 8C, H3PO4 (85 %)): d� 64.2; C33H31BClN6PRu (690.0): calcd C
57.45, H 4.53, N 12.18; found C 57.40, H 4.56, N 12.04.


Scheme 6. Proposed mechanism for the reaction between complex 1 and terminal acetylenes.
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(RRuRC/SRuSC)-[Ru(tp)(k3(P,C,C)-h-(1,2)-4-(diphenylphosphino)-(N,N-di-
ethyl)-1-ferrocenyl-3-but-1-enamine)Cl] (5 a): A suspension of 2 (100 mg,
0.158 mmol) in acetone (4 mL) was treated with HC�CC10H9Fe (33 mg,
0.160 mmol) and refluxed for 5 h. The volume of the solution was reduced
to about 0.5 mL, whereupon a precipitate was formed, which was collected
on a glass frit, washed with methanol, and dried in vacuo. Yield: 78 mg
(58 %); 1H NMR (250.13 MHz, CDCl3, 25 8C, TMS): d� 8.55 (d, J� 1.8 Hz,
1H; tp), 7.60 (m, 2 H; tp), 7.43 ± 7.22 (m, 8H; tp, Ph), 7.07 (m, 2H; Ph), 6.63
(br m, 2 H; Ph), 6.53 (d, J� 1.8 Hz, 1H; tp), 6.30 (m, 1H; tp), 6.21 (d,
3J(H,H)� 11.2 Hz; ÿCH�CHÿFc), 5.82 (v t, J� 2.2 Hz, 1H; tp), 5.47 (v t,
J� 2.2 Hz, J� 2.5 Hz; 1H; tp), 4.53 (m, 2H; ÿCH�CHÿFc, PCH2CHN),
4.12 (s, 5 H; Fc), 3.75 (m, 1H; PCH2CHN), 3.57 ± 3.50 (m, 4 H; Fc'), 3.27 ±
3.01 (m, 5 H; NCH2CH3, PCH2CHN), 1.34 (t, 6H; NCH2CH3); 13C{1H}
NMR (62.86 MHz, CDCl3, 25 8C, TMS): d� 147.5 (tp), 145.1 (d, J� 2.3 Hz;
tp), 144.9 (tp), 144.5 (tp), 136.5 (d, 1J(C,P)� 40.5 Hz; Ph1), 136.3 (tp), 135.8
(tp), 135.5 (d, J� 2.4 Hz; tp), 134.6 (d, 2J(C,P)� 8.1 Hz, 2C; Ph2,6), 133.4 (d,
2J(C,P)� 8.6 Hz, 2 C; Ph2',6'), 131.4 (d, 1J(C,P)� 39.6 Hz; Ph1'), 130.2 (d,
4J(C,P)� 1.9 Hz; Ph4), 129.9 (d, 4J(C,P)� 2.4 Hz; Ph4'), 128.7 (d, 3J(C,P)�
9.1 Hz, 2C; Ph3,5), 128.0 (d, 3J(C,P)� 9.5 Hz, 2 C; Ph3',5'), 106.0 (d, J�
1.9 Hz; tp), 105.6 (tp), 105.2 (tp), 88.8 (CHNÿCH�CHÿFc1), 87.4 (d, J�
2.2 Hz; CHNÿCH�CHÿFc1), 85.8 (CHNÿCH�CHÿFc1), 69.3 (5C, Fc),
68.2 (Fc'), 68.1 (Fc'), 67.3 (Fc'), 66.7 (Fc'), 63.9 (d, 2J(C,P)� 14.3 Hz;
PCH2CHN), 44.5 (2 C; NCH2CH3), 39.6 (d, 1J(C,P)� 37.2 Hz; PCH2CHN),
13.6 (2C; NCH2CH3); 31P{1H} NMR (101.26 MHz, CDCl3, 25 8C, H3PO4


(85 %)): d� 40.5; C39H44BClFeN7PRu (845.0): calcd C 55.44, H 5.25, N
11.60; found C 55.63, H 5.44, N 11.45.


(RRuRC/SRuSC)-[Ru(tp)(k3(P,C,C)-h-(1,2)-1-(1-cyclohexenyl)-4-(diphenyl-
phosphino)-(N,N-diethyl)-3-but-1-enamine)Cl] (5 b): This complex was
synthesized analogously to 5 a from 2 (100 mg, 0.158 mmol) and
HC�CC6H9 (33 mg, 0.160 mmol). Yield: 84 mg (72 %); 1H NMR
(250.13 MHz, CDCl3, 25 8C, TMS): d� 8.16 (d, J� 1.8 Hz, 1H; tp), 7.71
(d, J� 2.1 Hz, 1 H; tp), 7.63 (d, J� 2.1 Hz, 1 H; tp), 7.63 (d, J� 2.5 Hz, 1H;
tp), 7.34 ± 7.14 (m, 6H; Ph), 7.05 ± 6.96 (m, 3H; Ph, tp), 6.89 (d, J� 1.8 Hz,
1H; tp), 6.39 (m, 2H; Ph), 6.23 (m, 1 H; tp), 6.02 (m, 1H; cHex2), 5.96 (v t,
J� 2.1 Hz, 1H; tp), 5.72 (d, 3J(H,H)� 12.5 Hz;ÿCH�CH-cHex), 5.68 (v t,
J� 2.1 Hz, J� 2.5 Hz, 1H; tp), 4.23 (m, 1H; ÿCH�CH-cHex), 3.75 ± 3.60
(m, 2 H; PCH2CHN, PCH2CHN), 3.36 (m, 1H; PCH2CHN), 3.05 (m, 2H;
NCH2CH3), 2.88 (m, 2 H; NCH2CH3), 1.86 (m, 2H; cHex), 1.30 ± 0.71 (m,
5H; cHex), 1.19 (t, 6 H; NCH2CH3), ÿ0.57 (m, 1H; cHex); 13C{1H} NMR
(62.86 MHz, CDCl3, 25 8C, TMS): d� 146.5 (d, J� 1.5 Hz; tp), 146.4 (d, J�
1.4 Hz; tp), 145.4 (d, J� 1.7 Hz; tp), 139.1 (cHex1), 136.6 (d, 1J(C,P)�
40.7 Hz; Ph1), 136.5 (tp), 136.3 (tp), 135.2 (d, J� 1.6 Hz; tp), 134.4 (d,
2J(C,P)� 8.1 Hz, 2 C; Ph2,6), 133.2 (d, 2J(C,P)� 8.2 Hz, 2 C; Ph2',6'), 130.1 (d,
4J(C,P)� 2.3 Hz; Ph4), 129.8 (d, 4J(C,P)� 2.4 Hz; Ph4'), 129.3 (cHex2), 128.9
(d, 1J(C,P)� 42.2 Hz; Ph1'), 128.7 (d, 3J(C,P)� 9.0 Hz, 2 C; Ph3,5), 127.7 (d,
3J(C,P)� 9.3 Hz, 2 C; Ph3',5'), 106.0 (2C; tp), 105.5 (d, J� 2.4 Hz; tp), 99.9
(ÿCH�CHcHex), 84.1 (d, J� 4.1 Hz; ÿCH�CHcHex), 66.9 (d, 2J(C,P)�
22.7 Hz; PCH2CHN), 44.8 (2C; NCH2CH3), 44.3 (d, 1J(C,P)� 35.6 Hz;
PCH2CHN), 26.9 (cHex), 23.2 (cHex), 22.8 (2C; cHex), 13.0 (2C;
NCH2CH3); 31P{1H} NMR (101.26 MHz, CDCl3, 25 8C, H3PO4 (85 %)):
d� 42.3; C35H44BClN7PRu (741.1): calcd C 56.72, H 5.98, N 13.23; found C
56.57, H 5.76, N 13.22.


(RRuRC/SRuSC)-[Ru(tp)(k3(P,C,C)-h-(1,2)-4-(diphenylphosphino)-(N,N-di-
ethyl)-1-phenyl-3-but-1-enamine)Cl] (5c): This complex was synthesized
analogously to 5 b from 2 (100 mg, 0.158 mmol) and HC�CPh (20 mL,
0.18 mmol). Yield: 95 mg (82 %); 1H NMR (250.13 MHz, CDCl3, 25 8C,
TMS): d� 8.15 (m,1 H; tp), 7.69 (d, J� 2.4 Hz, 1H; tp), 7.58 (d, J� 2.4 Hz,
1H; tp), 7.38 ± 7.21 (m, 8 H), 7.09 ± 7.03 (m, 3 H), 6.93 (d, J� 1.9 Hz, 1H; tp),
6.86 ± 6.70 (m, 3 H), 6.52 ± 6.42 (m, 3H), 6.00 (d, 3J(H,H)� 12.7 Hz, 1H;
PhCH�CH-), 5.95 (v t, J� 2.4 Hz, J� 2.0 Hz, 1 H; tp), 5.91 (m, 1H; tp), 5.80
(v t, J� 2.4 Hz, 1 H; tp), 4.75 (m, 1 H; NCHÿCH�CHPh), 4.01 (m, 1H;
PCH2CHN), 3.77 (m, 1 H; PhCH�CHÿCHN), 3.40 (m, 1 H; PCH2CHN),
3.07 (m, 2 H; NCH2CH3), 2.88 (m, 2H; NCH2CH3), 1.17 (t, 6 H; NCH2CH3);
13C{1H} NMR (62.86 MHz, CDCl3, 25 8C, TMS): d� 146.3 (tp), 145.5 (d,
J� 1.9 Hz; tp), 145.3 (d, J� 2.4 Hz; tp), 144.3 (tp), 143.0 (PhR1), 136.7 (tp),
136.3 (tp), 136.1 (d, 1J(C,P)� 39.1 Hz; Ph1), 134.9 (tp), 134.5 (d, 2J(C,P)�
8.1 Hz, 2 C; Ph2,6), 133.2 (d, 2J(C,P)� 8.6 Hz, 2 C; Ph2',6'), 132.5 (d, 1J(C,P)�
42.4 Hz; Ph1'), 130.3 (d, 4J(C,P)� 2.4 Hz; Ph4), 130.0 (d, 4J(C,P)� 1.9 Hz;
Ph4'), 128.8 (d, 3J(C,P)� 8.6 Hz, 2 C; Ph3,5), 127.9 (2C; PhR3,5), 127.8 (d,
3J(C,P)� 9.5 Hz, 2C; Ph3',5'), 127.3 (2C; PhR2,6), 125.9 (PhR4), 106.2 (tp),
105.9 (tp), 105.7 (d, J� 1.9 Hz; tp), 91.2 (d, J� 2.2 Hz;ÿCH�CHPh), 90.6


(ÿCH�CHPh), 66.8 (d, 2J(C,P)� 23.4 Hz; PCH2CHN), 44.7 (2 C;
NCH2CH3), 43.7 (d, 1J(C,P)� 42.9 Hz; PCH2CHN), 13.1 (2C; NCH2CH3);
31P{1H} NMR (101.26 MHz, CDCl3, 25 8C, H3PO4 (85 %)): d� 40.5;
C35H40BClN7PRu (737.1): calcd C 57.04, H 5.47, N 13.30; found C 57.32, H
5.69, N 13.14.


(RRuSC/SRuRC)-[Ru(tp)(k3(P,C,C)-h-(1,2)-1-(2-butyl)-4-(diphenylphos-
phino)-(N,N-diethyl)-3-but-1-enamine)Cl] (5d): This complex was synthe-
sized analogously to 5 b from 2 (100 mg, 0.158 mmol) and HC�CnBu
(19 mL, 0.18 mmol). Yield: 77 mg (69 %); 1H NMR (250.13 MHz, CDCl3,
25 8C, TMS): d� 8.17 (d, J� 2.4 Hz, 1H; tp), 7.65 (m,3 H; tp), 7.41 ± 7.06 (m,
11H; Ph, tp), 6.73 (d, J� 2.4 Hz, 1H; tp), 6.27 (m, 1H; tp), 6.05 (v t, J�
2.4 Hz, 1 H; tp), 5.75 (v t, J� 2.4 Hz, 1H; tp), 4.85 (s, 1H; ÿCnBu�CH2),
4.50 (s, 1H; ÿCnBu�CH2), 3.83 (m, 1 H; PCH2CHN), 3.02 (m, 2H;
NCH2CH3), 2.82 (m, 2 H; PCH2CHN), 2.46 (m, 2 H; NCH2CH3), 2.45 (m,
1H; nBu), 1.64 ± 0.52 (m, 5 H; nBu), 1.15 (t, 6H; NCH2CH3), 0.52 (t, 3H;
nBu); 13C{1H} NMR (62.86 MHz, CDCl3, 25 8C, TMS): d� 146.9 (tp), 145.8
(d, J� 2.3 Hz; tp), 142.0 (d, J� 2.3 Hz; tp), 136.8 (tp), 135.4 (d, J� 2.3 Hz;
tp), 134.9 (tp), 134.2 (d, 2J(C,P)� 7.9 Hz, 4C; Ph2,2',6,6'), 133.6 (d, 1J(C,P)�
41.6 Hz; Ph1), 130.71 (d, 1J(C,P)� 39.3 Hz; Ph1'), 130.6 (d, 4J(C,P)� 2.3 Hz;
Ph4), 129.8 (d, 4J(C,P)� 2.3 Hz; Ph4'), 129.1 (d, 3J(C,P)� 9.3 Hz, 2C; Ph3,5),
128.0 (d, 3J(C,P)� 9.7 Hz, 2 C; Ph3',5'), 106.3 (CHNÿCnBu�CH2), 106.2 (d,
J� 2.3 Hz; tp), 106.0 (tp), 105.1 (tp), 75.9 (CHNÿCnBu�CH2), 65.16 (d,
2J(C,P)� 13.9 Hz; PCH2CHN), 43.7 (2C; NCH2CH3), 37.7 (nBu), 31.6
(nBu), 23.7 (nBu), 21.1 (d, 1J(C,P)� 26.8 Hz; PCH2CHN), 14.9 (2 C;
NCH2CH3), 14.3 (nBu); 31P{1H} NMR (101.26 MHz, CDCl3, 25 8C, H3PO4


(85 %)): d� 41.7; C33H44BClN7PRu (717.1): calcd C 55.28, H 6.18, N 13.67;
found C 55.44, H 6.32, N 13.45.


(RRuRC/SRuSC)-[Ru(tp)(k3(P,C,C)-h-(1,2)-4-(diphenylphosphino)-(N,N-
di(methylethyl))-1-phenyl-3-but-1-enamine)Cl] (6 a): A solution of
[Ru(tp)(COD)Cl] (142 mg, 0.310 mmol) and Ph2PCH2CH2NiPr2 (97 mg,
0.310 mmol) in DMF (3 mL) was refluxed for 2 h. The solvent was removed
under vacuum, and the residue was dissolved in acetone (5 mL). After
addition of HC�CPh (35 mL, 0.34 mmol), the solution was refluxed for 1 h.
The volume of the solution was then reduced to about 0.5 mL. Addition of
methanol gave analytically pure 6a. Yield: 197 mg (83 %); 1H NMR
(250.13 MHz, CDCl3, 25 8C, TMS): d� 8.15 (m, 1 H; tp), 7.68 (d, J� 2.5 Hz,
1H; tp), 7.59 (d, J� 2.1 Hz, 1H; tp), 7.37 (d, J� 2.1 Hz; 1H; tp) 7.30 ± 7.24
(m, 7H; Ph, tp), 7.10 ± 7.00 (m, 3H; Ph, tp), 6.90 ± 6.67 (m, 4 H; Ph), 6.50 ±
6.45 (m, 3H; tp), 6.00 (d, 3J(H,H)� 12.5 Hz, 1H; PhCH�CH-), 5.94 (v t,
J� 2.5 Hz, 1 H; tp), 5.91 (m, 1 H; tp), 5.81 (v t, J� 2.1 Hz, 1H; tp), 5.02 (m,
1H; NCHÿCH�CHPh), 4.43 (m, 1H; PCH2CHN), 3.67 (m, 1H;
PhCH�CHÿCHN), 3.51 (m, 2H; NCH(CH3)2), 2.96 (m, 1H; PCH2CHN),
1.23 (d, 6H; NCH(CH3)2), 1.15 (d, 6H; NCH(CH3)2); 13C{1H} NMR
(62.86 MHz, CDCl3, 25 8C, TMS): d� 146.3 (d, J� 1.6 Hz; tp), 145.6 (d, J�
2.1 Hz; tp), 145.4 (d, J� 2.6 Hz; tp), 144.3 (tp), 136.7 (tp), 136.6 (d,
1J(C,P)� 39.1 Hz; Ph1), 136.3 (tp), 135.8 (tp), 134.9 (PhR1), 134.6 (d,
2J(C,P)� 7.9 Hz, 2C; Ph2,6), 133.5 (d, 2J(C,P)� 8.3 Hz, 2 C; Ph2',6'), 132.8 (d,
1J(C,P)� 42.1 Hz; Ph1'), 130.2 (d, 4J(C,P)� 2.4 Hz; Ph4), 129.7 (d,
4J(C,P)� 2.4 Hz; Ph4'), 128.8 (d, 3J(C,P)� 8.3 Hz, 2C; Ph3,5), 127.8 (2 C;
PhR3,5), 127.7 (d, 3J(C,P)� 8.6 Hz, 2 C; Ph3',5'), 126.9 (2 C; PhR2,6), 125.5
(PhR4), 106.2 (tp), 105.9 (tp), 105.7 (d, J� 2.4 Hz; tp), 93.4 (d, J� 4.2 Hz;
ÿCH�CHPh), 90.1 (ÿCH�CHPh), 60.4 (d, 2J(C,P)� 25.4 Hz; PCH2CHN),
45.6 (2C; NCH(CH3)2), 42.4 (d, 1J(C,P)� 32.4 Hz; PCH2CHN), 24.1 (2 C;
NCH(CH3)2), 23.3 (2 C; NCH(CH3)2); 31P{1H} NMR (101.26 MHz, CDCl3,
25 8C, H3PO4 (85 %)): d� 33.5; C37H44BClN7PRu (765.1): calcd C 58.08, H
5.80, N 12.81; found C 58.19, H 5.67, N 12.13.


(RRuRC/SRuSC)-[Ru(tp)(k3(P,C,C)-h-(1,2)-1-(1-cyclohexenyl)-4-(diphenyl-
phosphino)-(N,N-di(methylethyl))-3-but-1-enamine)Cl] (6 b): This com-
plex was synthesized analogously to 6a from [Ru(tp)(COD)Cl] (138 mg,
0.30 mmol), Ph2PCH2CH2NiPr2 (95 mg, 0.30 mmol), and HC�CC6H9


(36 mL, 0.34 mmol). Yield: 178 mg (80 %); 1H NMR (250.13 MHz, CDCl3,
25 8C, TMS): d� 8.16 (d, J� 2.3 Hz, 1H; tp), 7.71 (d, J� 2.3 Hz, 1H; tp),
7.62 (d, J� 2.7 Hz, 1H; tp), 7.59 (d, J� 2.3 Hz, 1 H; tp) 7.35 ± 7.17 (m, 6H;
Ph), 7.02 (m, 2 H; Ph), 6.95 (d, J� 1.9 Hz, 1H; tp), 6.91 (d, J� 2.3 Hz, 1H;
tp), 6.38 (m, 2H; Ph), 6.23 (m, 1H; tp), 5.96 (m, 1H; cHex2), 5.95 (v t, J�
2.3 Hz, 1 H; tp), 5.71 (d, 3J(H,H)� 12.7 Hz, 1 H;ÿCH�CHcHex), 5.70 (v t,
J� 2.3 Hz, 1 H; tp), 4.51 (dd, 3J(H,H)� 12.7 Hz, 3J(H,H)� 4.8 Hz, 1H;
NCHÿCH�CHcHex), 4.81 (m, 1 H; PCH2CHN), 3.60 ± 3.42 (m, 3 H;
PCH2CHN, NCH(CH3)2), 2.92 (m, 1H; PCH2CHN), 1.84 (m, 2 H; cHex),
1.22 (d, 6H; NCH(CH3)2), 1.18 (d, 6H; NCH(CH3)2), 1.01 ± 0.71 (m, 5H;
cHex), ÿ0.57 (m, 1 H; cHex); 13C{1H} NMR (62.86 MHz, CDCl3, 25 8C,







C±C Coupling 2043 ± 2050


Chem. Eur. J. 1998, 4, No. 10 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0410-2049 $ 17.50+.25/0 2049


TMS): d� 146.5 (d, J� 1.4 Hz; tp), 146.4 (d, J� 1.4 Hz;
tp), 145.5 (d, J� 1.8 Hz; tp), 140.1 (cHex1), 137.0 (d,
3J(C,P)� 40.2 Hz; Ph1), 136.5 (tp), 136.2 (tp), 135.1 (d, J�
1.8 Hz; tp), 134.5 (d, 2J(C,P)� 8.3 Hz, 2 C; Ph2,6), 133.4 (d,
2J(C,P)� 8.3 Hz, 2C; Ph2',6'), 133.3 (d, 1J(C,P)� 41.2 Hz;
Ph1'), 130.0 (d, 4J(C,P)� 2.3 Hz; Ph4), 129.6 (d, 4J(C,P)�
2.8 Hz; Ph4'), 128.6 (d, 3J(C,P)� 8.8 Hz; Ph3,5), 128.3
(cHex2), 127.6 (d, 3J(C,P)� 9.2 Hz; Ph3',5'), 106.0 (2C;
tp), 105.5 (d, J� 2.3 Hz; tp), 98.8 (ÿCH�CHcHex), 85.8
(d, J� 4.6 Hz;ÿCH�CHcHex), 60.4 (d, 2J(C,P)� 25.4 Hz;
PCH2CHN), 45.5 (2C; NCH(CH3)2), 42.9 (d, 1J(C,P)�
31.9 Hz; PCH2CHN), 26.9 (cHex), 24.2 (2 C;
NCH(CH3)2), 23.3 (cHex), 23.1 (2C; NCH(CH3)2), 23.0
(cHex), 22.9 (cHex); 31P{1H} NMR (101.26 MHz, CDCl3,
25 8C, H3PO4 (85 %)): d� 34.9; C37H48BClN7PRu (769.1)
calcd C 57.78, H 6.29, N 12.75; found C 58.01, H 6.15, N
12.31.


(RRuSC/SRuRC)-[Ru(tp)(k3(P,C,C)-h-(1,2)-1-(2-butyl)-4-
(diphenylphosphino)-(N,N-di(methylethyl))-3-but-1-en-
amine)Cl] (6 c): This complex was synthesized analogous-
ly to 6a from [Ru(tp)(COD)Cl] (155 mg, 0.34 mmol),
Ph2PCH2CH2NiPr2 (106 mg, 0.34 mmol), and HC�CnBu
(39 mL, 0.38 mmol). Yield: 194 mg (77 %); 1H NMR
(250.13 MHz, CDCl3, 25 8C, TMS): d� 8.18 (d, J�
2.2 Hz, 1 H; tp), 7.68 (d, J� 2.5 Hz, 1 H; tp), 7.66 (m, 2 H;
tp), 7.37 ± 7.14 (m, 11 H; Ph, tp), 6.82 (d, J� 2.2 Hz, 1 H;
tp), 6.27 (m, 1 H; tp), 6.04 (v t, J� 2.2 Hz, J� 2.5 Hz, 1 H;
tp), 5.80 (v t, J� 2.2 Hz, J� 2.5 Hz, 1H; tp), 4.88 (s, 1 H;
ÿCnBu�CH2), 4.44 (s, 1 H; ÿCnBu�CH2), 3.81 (m, 1 H;
PCH2CHN), 3.71 ± 3.30 (m, 2H; NCH(CH3)2), 2.97 ± 2.62
(m, 2H; PCH2CHN, nBu), 1.86 (m, 1 H; PCH2CHN),
1.51 ± 1.26 (m, 1H; nBu), 1.21 (d, 6H; NCH(CH3)2), 1.11
(d, 6H; NCH(CH3)2), 0.96 ± 0.53 (m, 3H; nBu), 0.41 (t,
3H; nBu), 0.40 ± 0.26 (m, 1H; nBu); 13C{1H} NMR
(62.86 MHz, CDCl3, 25 8C, TMS): d� 147.5 (tp), 145.7
(d, J� 1.8 Hz; tp), 142.2 (d, J� 2.3 Hz; tp), 136.8 (tp),
135.4 (d, J� 3.2 Hz; tp), 135.0 (tp), 134.1 (d, 2J(C,P)�
7.9 Hz, 4 C; Ph2,2',6,6'), 134.0 (d, 1J(C,P)� 36.5 Hz; Ph1),
130.7 (d, 4J(C,P)� 1.8 Hz; Ph4), 130.69 (d, 1J(C,P)�
39.3 Hz; Ph1'), 129.6 (d, 4J(C,P)� 2.3 Hz; Ph4'), 128.9 (d,
3J(C,P)� 9.2 Hz, 2C; Ph3,5), 127.9 (d, 3J(C,P)� 9.2 Hz, 2 C;
Ph3',5'), 109.8 (CHNÿCnBu�CH2), 106.2 (d, J� 2.8 Hz; tp), 106.0 (tp), 105.2
(tp), 74.6 (CHNÿCnBu�CH2), 59.6 (d, 2J(C,P)� 14.3 Hz, PCH2CHN), 44.9
(2C; NCH(CH3)2), 36.6 (nBu), 35.0 (d, 1J(C,P)� 40.0 Hz; PCH2CHN), 30.4
(nBu), 23.8 (nBu), 23.6 (2C; NCH(CH3)2), 23.0 (2 C; NCH(CH3)2), 14.2
(nBu); 31P{1H} NMR (101.26 MHz, CDCl3, 25 8C, H3PO4 (85 %)): d� 43.6;
C35H48BClN7PRu (745.1): calcd C 56.42, H 6.49, N 13.16; found C 56.64, H
6.22, N 13.05.


Crystallographic structure determinations: Crystallographic data, and the
collection and refinement parameters are given in Table 3. Crystals of 5a
were obtained by diffusion of diethylether into CH2Cl2 solutions. Crystals
of 6b and 6 c were obtained by slow evaporation of a 1:1 mixture of
CH3NO2/MeOH (v/v). For 5a and 6b X-ray data were collected on a
Siemens Smart CCD area detector diffractometer (graphite monochro-
mated MoKa radiation, l� 0.71073 �, 0.38 w-scan frames). For 6 c a Philips
PW 1100 four-circle diffractometer with graphite monochromated MoKa


radiation and the qÿ 2 q scan technique was used. Corrections for Lorentz
and polarization effects, for crystal decay, and in the case of 5 a and 6b also
for absorption, were applied. The structures were solved by direct or
Patterson methods.[20] All non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms were inserted into idealized positions and were
refined riding on the atoms to which they were bonded. The structures were
refined against F 2.[21] Compound 6c is remarkable as it contains two
independent complexes with very similar conformations that differ only in
the orientation of the n-butyl side chain.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-101 407.
Copies of data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).
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NMR Spectroscopic Investigation of the Adducts Formed by Addition of
Cuprates to Ynoates and Ynones: Alkenylcuprates or Allenolates?


Karolina Nilsson, Thomas Andersson, Christina Ullenius,*
Andreas Gerold, and Norbert Krause


Abstract: The adducts obtained by re-
action of Me2CuLi ´ LiI, tBuCu(CN)Li,
and tBu2CuLi ´ LiCN with ynoates and
ynones were characterized by determi-
nation of their 13C NMR chemical shifts
and 13C,13C coupling constants. Alkenyl-
copper adducts were formed from
ynoates and Me2CuLi ´ LiI or tBu-
Cu(CN)Li, whereas allenolates are ob-
tained from ynoates and tBu2CuLi ´
LiCN, as well as from ynones and
Me2CuLi ´ LiI. The transformations can


therefore be regarded as carbocupration
of an alkyne rather than a Michael
addition. The equilibrium between alke-
nylcuprates and allenolates can be shift-
ed towards lithium allenolates by addi-
tion of organolithium compounds. In the
case of adducts formed from Me2CuLi ´


LiI, isomerization of cis- to trans-alke-
nylcuprates via the corresponding alle-
nolate can be prevented by removal of
LiI or by the use of THF as solvent.
Whereas the protonation of alkenylcup-
rates to the corresponding alkenes pro-
ceeds stereospecifically, it is difficult to
control the steric course of the proto-
nation of allenolates. Addition of chlo-
rotrimethylsilane to the adducts gives
silyl ketene acetals or enol ethers in all
cases.


Keywords: alkynes ´ carbocupra-
tion ´ copper ´ lithium ´ NMR
spectroscopy


Introduction


The addition of organocopper reagents to activated multiple
bonds is an effective way to form new carbon ± carbon
bonds.[1] These reactions often proceed with high chemical
yields and high regio- and stereoselectivities; however, their
success depends not only on the reagent, starting material,
solvent,[2] and temperature, but also on the presence of
additives,[2] coordinating groups,[3] and lithium salts.[4] Con-
sequently, the search for optimal conditions may be laborious.
The efficient use of these reactions would therefore benefit
from an improved understanding of the mechanism.


For 30 years, the addition of organocopper reagents to
acceptor-substituted alkynes 1 has been studied extensively,
since this reaction offers a stereoselective route to valuable
trisubstituted olefins 5, which inter alia are useful in natural
product synthesis (Scheme 1).[1, 5, 6] The addition to ynoates
proceeds cis selectively in THF at low temperature, whereas
cis/trans mixtures are obtained at higher temperature
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Scheme 1. Reaction scheme for the formation of 5.


or in diethyl ether.[1, 5] The former result was explained in
terms of the cis-alkenylcopper intermediate cis-3, and the loss
of stereoselectivity was attributed to isomerization to trans-3,
possibly via a copper or lithium allenolate 4. The reactions can
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thus be regarded as the carbocupration of an alkyne[1, 7] rather
than a Michael addition, which should give the enolate 4
directly. In the case of ynones, however, it is difficult to control
the stereoselectivity of the cuprate addition,[6] and so far the
reason for this differing behavior is unknown.


The most powerful tool for investigating the mechanism of
copper-promoted transformations is NMR spectroscopy.[1, 8±10]


Extensive work by several groups has shown that 1,4-
additions of cuprates to enones and enoates proceed via p


complexes in which the electron-rich cuprate interacts with
the p system of the C ± C double bond of the Michael
acceptor.[1, 8] The formation of the enolate from the p complex
may then take place via intermediates with a formal oxidation
state of the copper center of �3. Although such s copper(iii)
species have not yet been detected experimentally in con-
jugate cuprate additions,[11] theoretical calculations[12] support
their participation in these transformations, and they also play
an important role in systems of biological relevance.[13] In the
case of acetylenic substrates 1, however, little is known about
the mechanism of cuprate additions; one reason is the high
reactivity of these substrates, which makes it difficult to
observe reaction intermediates. Earlier, the 13C NMR chem-
ical shifts of the products of the addition of Me2CuLi to
acetylenic esters were interpreted in terms of allenolate
intermediates 4.[10a] By using unreactive reactants (i.e., a tert-
butyl-substituted ynoate and the cyanocuprate tBuCu(CN)Li)
we recently proved the formation of a p complex of type 2.[10b]


Therefore, it seems that cuprate additions to acceptor-
substituted acetylenes 1 also follow the general pathway
established for enones and enoates.


We now report the results of an extensive NMR spectro-
scopic investigation dedicated to the further elucidation of the
mechanism of conjugate cuprate additions to ynoates and
ynones. In particular, we sought to gather additional informa-
tion about the solution structures of the intermediates formed
in these transformations by determination of their 13C NMR
chemical shifts and 13C,13C coupling constants by using 13C-
labeled substrates. This technique has already proved reward-


ing for the characterization of cuprate p complexes.[9b, 10b, 14] To
control the reactivity, alkynes with bulky substituents on the
triple bond and less reactive copper reagents were employed
in some cases. The even less reactive monoorganocopper
reagents could not be used because of their heterogeneity,
which renders them unsuitable for NMR studies. The
structural data obtained in this study were used to account
for the poorer stereoselectivity often observed in cuprate
additions to acetylenic ketones.


Results and Discussion


General information : The reactions between organocuprates
and ynones and ynoates were studied in diethyl ether or THF
in the temperature range ÿ100 to ÿ20 8C. 13C-Labeled
substrates were used for the verification of chemical shifts
and for the determination of 13C,13C coupling constants. We
used three different preparation techniques for the NMR
experiments (see Experimental Section), and although the
variations in the results were negligible, this avoided the
repetition of systematic errors in sample preparation. In the
following, the organocopper reagents are denoted as mono-
mers, irrespective of their true state of aggregation,[14, 15] and
regardless of substituent priorities, the cis/trans nomenclature
is used throughout to indicate the stereochemistry of cuprate
addition.


Addition of Me2CuLi ´ LiI to ynoates : First we checked the
assignments of the 13C NMR chemical shifts of the adducts
formed by addition of Me2CuLi ´ LiI to ynoates 6 a ± c (Table 1,
entries 1 ± 3, 6, 7). The use of 13C-labeled substrates would
allow an unambiguous assignment; however, due to their
volatility and limited stability, the synthesis of 13C-labeled
6 a ± c is difficult. We therefore concentrated on the tert-butyl-
and phenyl-substituted ynoates 6 d and 6 e (Scheme 2).


The reaction of methyl 4,4-dimethyl-2-pentynoate (6 d)
with lithium dimethylcuprate in diethyl ether (Table 1,


Table 1. 13C NMR chemical shifts of the adducts formed by 1,4-addition of Me2CuLi ´ LiI to acetylenic esters 6 at ÿ90 8C.


Substrate Solvent R Adduct C1 C2 C3 Me (C3) Me (Cu)


1[a,b] 6a [D10]Et2O H cis-7 a 188.5 162.2 125.8 23.4 ÿ 11.6
trans-7a 188.3 161.7 125.8 21.6 ÿ 10.3


2[a] 6b [D10]Et2O Me cis-7 b 187.1 155.3 131.4 24.3 ÿ 11.8
trans-7b 186.9 155.9 132.2 25.2 ÿ 9.9


3[a] 6c [D10]Et2O Et cis-7 c 187.0 155.2 136.7 21.5 ÿ 11.8
trans-7c 187.0 154.7 137.5 24.8 ÿ 10.4


4[c] 6d [D10]Et2O tBu cis-7 d[d] 188.0 156.3 143.3 20.6 ÿ 12.1
trans-7d 187.7 155.8 144.0 20.4 ÿ 12.2


5[e] 6e [D10]Et2O Ph cis-7 e[d] 188.7 162.3 133.3 22.7 ÿ 11.5
trans-7e 185.7 166.1 133.3 27.6 ÿ 11.0


6[a] 6b [D8]THF Me cis-7 b 185.1 159.7 131.9 23.5 ÿ 11.2
7[a] 6c [D8]THF Et cis-7 c 184.8 158.3 137.5 14.6 ÿ 11.1
8[f] 6d [D8]THF tBu cis-7 d 186.1 159.2 142.6 18.8 ÿ 11.6
9[g] 6e [D8]THF Ph cis-7 e 185.8 166.8 134.0 21.3 ÿ 11.6


[a] Chemical shifts taken from ref. [10a] were reevaluated and adjusted according to the present investigation. [b] In THF, the adduct is protonated by methyl
propiolate to give methyl crotonate.[10a] [c] Assignment of the chemical shifts of C1, C2 and C3 by means of experiments with [1-13C]- and [3-13C]-6d. Coupling
constants: cis-7d : 1J2,3� 70 Hz; 1J3,Me� 40 Hz; 1J3,4� 45 Hz; trans-7 d : 1J2,3� 70 Hz; 1J3,Me� 40 Hz. [d] Two closely spaced sets of signals were observed and
were attributed to s-cis/s-trans conformers. [e] Assignment of the chemical shifts of C1 and C2 by means of experiments with [1-13C]-6e ; 1J1,2� 48 Hz.
[f] Assignment of the chemical shifts of C1 and C2 by means of experiments with [1-13C]-6 d ; 1J1,2� 48 Hz. [g] Assignment of the chemical shifts of C1 and C2
by means of experiments with [1-13C]-6e ; 1J1,2� 47 Hz.
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entry 4) is very fast even at ÿ100 8C, so that the NMR signals
for the ynoate disappear immediately after mixing the
reactants. In the 13C NMR spectrum at ÿ90 8C, signals for
both alkenylcopper adducts cis- and trans-
7 d are observed. The signals for C2 and C3
appear upfield of the C1 signals, as was
established by use of the C1- and C3-
labeled ynoates [1-13C]-6 d and [3-13C]-6 d
(Figure 1a).[16] The chemical shifts of the
C2 carbon atom (d� 156.3, 155.8) and a
1J2,3 coupling constant of 70 Hz are strong
indications of an alkenylcuprate structure
7 rather than an allenolate 8. In an allenic
structure, the signal of the central carbon
atom C2 would be expected downfield of
the C1 and C3 signals; likewise, a coupling
constant of 70 Hz is typical of alkenes,
whereas values of around 100 Hz are usual
for allenes.[17] Accordingly, for the silyl
ketene acetal [3-13C]-10 d formed by
quenching of [3-13C]-7 d with Me3SiCl,
the following chemical shifts and coupling
constants were found: d� 144.0 (C1),
176.6 (C2), 128.9 (C3); 1J2,3� 110 Hz (Fig-
ure 1b).


Similar observations were made in the
13C NMR spectrum of the adduct of
phenyl-substituted ynoate 6 e and Me2Cu-
Li ´ LiI (Table 1, entry 5). The signals of C1
appear downfield of those of C2 and C3
(verified with the labeled substrate [1-13C]-
6 e), and the coupling constant of 1J1,2�
48 Hz is also indicative of an alkenyl-
cuprate structure 7 e (values for the corre-
sponding silyl ketene acetal 10 e : d� 145.8
(C1), 182.8 (C2), 119.4 (C3), 1J1,2�
141 Hz). Thus, the 13C NMR chemical
shifts and coupling constants of the ad-


ducts formed in diethyl ether solution from ynoates
6 d/e and lithium dimethylcuprate are interpreted as
lithium alkenyl(methyl)cuprates 7 d/e, which are re-
ferred to simply as alkenylcopper adducts in the
following. The quenching experiments with chlorotri-
methylsilane again show that the regioselectivity of the
electrophilic trapping reaction is not governed by the
structure of the adduct, but rather by the HSAB
principle.[18]


The assigment of the cis/trans configuration of the
adducts 7 was based on the ratios for the products 9
under the assumption of equally fast stereospecific
protonation of both alkenylcuprates by methanol. For
example, a cis/trans ratio of 64/36 was determined for
7 e at ÿ94 8C in diethyl ether; as was observed for
similar reactions,[10a] the cis/trans ratio changed to 42/
58 on raising the temperature to ÿ60 8C. Interestingly,
the stereoselectivity of the cuprate addition to ynoates
in diethyl ether also depends on the presence of
lithium salts and can be improved in favor of the cis
adduct when lithium iodide is excluded by the use of


salt-free Me2CuLi.[10a, 19] For example, addition of the salt-free
cuprate to ynoate 6 e at ÿ90 8C in diethyl ether followed by
methanolysis at this temperature furnishes exclusively cis-9 e.
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Scheme 2. Reaction scheme for the addition of Me2CuLi ´ LiI to 6.


Figure 1. a) 13C NMR spectrum (ÿ90 8C) of the adducts cis/trans-[3-13C]-7d obtained by addition of
Me2CuLi ´ LiI to [3-13C]-6d in [D10]Et2O. b) 13C NMR spectrum of silyl ketene acetal [3-13C]-10d
formed after addition of 3 equiv of Me3SiCl to adducts [3-13C]-7d.







FULL PAPER C. Ullenius et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim,
1998 0947-6539/98/0410-2054 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 10


2054


This strongly suggests that the coordination of a lithium ion to
the carbonyl oxygen atom of the alkenylcuprate effectively
facilitates formation of the (lithium) allenolate and hence the
isomeric alkenylcopper adduct.


On the basis of the observations made with labeled ynoates
for 6 d and 6 e, we can now reevaluate the earlier investigation
of additions of Me2CuLi ´ LiI to the unlabeled ynoates 6 a ± c.
The chemical shifts reported in ref. [10a] were reassigned in
accordance with those of 7 d/e (i.e. , the C1 and C2 assignments
are swapped; Table 1, entries 1 ± 3). The data in Table 1 are
listed in order of increasing size of the alkyl substituent at C3
of the ynoate. A pronounced substituent effect on the
chemical shift is evident for the signals of C3, which are
shifted downfield with increasing size of R in the order R�
H<Me<Et< tBu. The corresponding value for the phenyl-
substituted alkenylcuprate 7 e (d� 133.3) is additionally
influenced by the electronic properties of the aromatic
substituent, since it lies between those of R�Me and R�
Et. This is the normal order for substituted alkenes,[20] and it
also applies to the alkenes 9 that were obtained by proto-
nation of the adducts 7. In contrast, the chemical shifts of C1
and C2 in the adducts 7 are only slightly affected by the nature
of the substituent at C3. By comparison of the chemical shifts
of C2 for the alkenylcuprates 7 and the corresponding
protonated alkenes 9,[21] the substituent effect of the copper
fragment Cu(Me)Li on the 13C NMR chemical shifts can be
deduced. The signals for C2 of 7 d/e are shifted downfield by
about 50 ppm relative to those of 9 d/e, and similar downfield
shifts were reported earlier by Oehlschlager et al.[22] for
stannylcuprates derived from CuCN, and by us[10b] for the
adduct of tBuCu(CN)Li to ynoate 6 e. The downfield con-
tribution to the 13C NMR shifts can be attributed to the more
electrophilic character of a copper(i) center compared with a
hydrogen atom.


The addition of Me2CuLi ´ LiI to the tert-butyl-substituted
ynoate 6 d was also carried out in THF. The solubility of the
Gilman cuprate in THF is limited, and at the concentrations
required for the NMR experiments (ca. 0.2m), the cuprate
already starts to precipitate at ÿ20 8C.[10a] Therefore, the
substrate was added at this temperature and the NMR
samples were cooled immediately to ÿ90 8C. This procedure
gave samples that remained homogeneous, and the stereo-
selectivity of the addition was unaffected in spite of mixing the
reactants at a higher temperature. In analogy with the earlier
report on the addition of lithium dimethylcuprate to ynoates
6 b and 6 c (Table 1, entries 6 and 7),[10a] only one set of signals
was found (Table 1, entry 8), and the signals were assigned by
means of the labeled substrate [1-13C]-6 d. The chemical shifts
are very similar to those of the adducts 7 d in diethyl ether
(entry 4), and the coupling constant of 1J1,2� 48 Hz is also
typical of an alkenylcuprate. Protonation with methanol at
low temperature furnished cis-9 d exclusively, so that the
alkenylcopper structure cis-7 d can be assigned to the adduct
formed from 6 d and Me2CuLi ´ LiI in THF. Similarly, the
phenyl-substituted ynoate 6 e affords the alkenylcuprate cis-
7 e (entry 9), and the literature values for 6 b and 6 c[10a] were
corrected by exchanging the assignments of C1 and C2
(Table 1, entries 6 and 7). Possibly, the absence of the isomeric
trans-alkenylcopper adducts reflects the solvating strength of


THF for lithium cations, which is seven times stronger than
that of acyclic ethers such as dimethyl ether.[23] The effect of
using THF as solvent would then be similar to the removal of
lithium iodide (see above), that is, the strongly solvated
lithium cations can no longer induce an isomerization of the
alkenylcopper adducts via a lithium allenolate.


Addition of tBuCu(CN)Li and tBu2CuLi ´ LiCN to ynoates : In
comparison with the Gilman reagents R2CuLi ´ LiI, the
cyanocuprates RCu(CN)Li, and the cyano-Gilman reagents
R2CuLi ´ LiCN[24] sometimes provide better stability as well as
improved stereoselectivity and reactivity in Michael addi-
tions.[1] The fact that the cyanocuprates exist as homogeneous
solutions throughout the reaction makes them especially
attractive for NMR spectroscopy.[9, 10b] In order to determine
whether the structure of the products of addition to acetylenic
substrates depends on the type of cuprate, we examined the
adducts formed by addition of tBuCu(CN)Li and tBu2CuLi ´
LiCN to labeled and unlabeled ynoates 6 d and 6 e
(Scheme 3).
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Scheme 3. Reaction scheme for the formation of 11 and 12.


The type of cyanocuprate used for the addition indeed
strongly influences the position of the equilibrium between
adducts 11 and 12. As reported previously,[10b] the reaction of
ynoate 6 e with tBuCu(CN)Li gives exclusively the alkenyl-
cuprate cis-11e (X�CN) (Table 2, entry 1). The assignment
was based on experiments with [1-13C]-6 e, which confirmed
the chemical shift of d� 183.7 for C1. This chemical shift is
indicative of an alkenylcopper structure, and the same is true
of the coupling constant 1J1,2� 49 Hz for this adduct. These
values are in the same range as those of adduct cis-7 e (Table 1,


Table 2. 13C NMR chemical shifts of the adducts formed by 1,4-addition of
tBuCu(CN)Li or tBu2CuLi ´ LiCN to acetylenic esters 6 in [D8]THF at ÿ80 8C.


Sub-
strate


Cuprate R Adduct C1 C2 C3 (CH3)3C


1[a] 6e tBuCu(CN)Li Ph cis-11e 183.7 153.0 157.1 31.6
2[b] 6e tBu2CuLi ´ LiCN Ph 12e 160.7 184.6 151.7 ±
3[c] 6d tBu2CuLi ´ LiCN tBu 12d 155.7 185.1 132.5 33.3


[a] For previously reported data, see ref. [10b]. Assignment of the chemical shifts
of C1 and C2 by experiments with [1-13C]-6d ; 1J1,2� 49 Hz. [b] Assignment of the
chemical shift of C1 by experiments with [1-13C]-6e ; several peaks appear for each
carbon atom, so that 1JC,C coupling constants could not be resolved. d[(CH3)3C]�
31 ± 32. [c] Assignment of the chemical shifts of C1 and C2 by experiments with
[1-13C]-6 d ; 1J1,2� 137 Hz.
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entry 9) from the corresponding addition of Me2CuLi ´ LiI. As
usual, the stereochemistry of the addition was determined by
methanolysis at low temperature, which gave the known
alkene methyl (Z)-4,4-dimethyl-3-phenyl-2-pentenoate.[25, 26]


The addition of the cyano-Gilman reagent tBu2CuLi ´ LiCN
to ynoates 6 d and 6 e also gave single adducts, but with the
allenolate structures 12 (Table 2, entries 2 and 3); in these
cases, the second reaction product is the cuprate tBuCu(CN)-
Li, which exists as an independent species in solution.[14] The
assignment is again based on experiments with the labeled
substrates [1-13C]-6 d/e that allowed verification of the C1 and
C2 signals; in both cases, the signals of C2 (d� 184.6/185.1)
appear downfield of those of C1 (d� 160.7/155.7). This
behavior strongly supports an allenic structure, as does the
large coupling constant of 1J1,2� 137 Hz for 12 d[17] (a similar
value of 1J1,2� 141 Hz was found for the silyl ketene acetal
10 e ; see above).


The existence of an equilibrium between alkenylcuprates
11 and allenolates 12 was confirmed by addition of an excess
of tBuLi to the alkenylcopper adduct cis-[1-13C]-11 e (X�
CN), which was obtained by reaction of [1-13C]-6 e with
tBuCu(CN)Li. This induced an upfield shift of the 13C NMR
signal of C1 from d� 183 to d� 155, while the signal for C2
moved downfield from d� 154 to d� 185. The coupling
constant 1J1,2 changed from about 50 to 105 Hz. Again, the
appearance of the allenolate 12 e was accompanied by the
simultaneous formation of the cuprate tBuCu(CN)Li, which
can easily be recognized in the 13C NMR spectrum by its
characteristic cyanide signal at d� 150. Based on IR measure-
ments at room temperature, Klein and Levene[6a] have also
reported the formation of allenolate structures when an
excess of RLi was added to the products of the addition of
Gilman reagents to acetylenic Michael acceptors.


Addition of Me2CuLi ´ LiI to ynones : Having found a peculiar
dependence of the adduct structure on the type of cuprate
used for the addition to acetylenic esters 6, we turned our
attention to the analogous reactions of ynones. It is rather
difficult to control the stereoselectivity of cuprate additions to
these substrates,[6] and we hoped that our NMR spectroscopic
investigation might provide an explanation for this, perhaps in
terms of different adducts involved in these reactions. For
reasons of comparability, we studied the reactions of Me2Cu-
Li ´ LiI with the sterically hindered ketones 13 a/b (Scheme 4);
13 b was also prepared with a 13C label at the carbonyl carbon
atom ([2-13C]-13 b).
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Scheme 4. Reaction scheme for the addition of Me2CuLi ´ LiI to 13.


In the 13C NMR spectrum of the adduct obtained by
reaction of lithium dimethylcuprate with the tert-butyl-
substituted ynone 13 a in [D10]diethyl ether at ÿ80 8C
(Table 3, entry 1), several sets of closely spaced peaks were


observed, and some carbon atoms gave four equally intense
signals. Hence, four different species are present, and the
signals of the doubly bonded carbon atoms are centered
around d� 108, 129, and 194. The same behavior was
also found for the analogous reaction of silylynone 13 b
(Figure 2a); in this case, the signals appeared at d� 97, 127,
and 210 (Table 3, entry 2). Since the replacement of a tert-buty
group by a trimethylsilyl substitutent at a CÿC double bond
usually causes an upfield shift of the a-carbon signal and a
downfield shift of the signal of the b-carbon atom,[20] the
chemical shifts observed here are in accordance with the
assignment given in Table 3 (C2: d� 129/127; C3: d� 194/210;
C4: d� 108/97). This assignment is consistent with an
allenolate structure 15, as was confirmed by experiments with
the labeled ynone [2-13C]-13 b. In this case, a coupling constant
of 1J2,3� 111 Hz was determined, as is typical for an allenic
structure.[17] The following chemical shifts and coupling
constants were found for the silyl enol ether obtained by
addition of an excess of chlorotrimethylsilane to adduct 15 b :
d� 120.5 (C2), 202.2 (C3), 105.8 (C4); 1J2,3� 116 Hz
(Figure 2b).


The occurence of allenolates 15 as the most stable addition
products of organocopper reagents to ynones provides a
simple explanation for the limited stereoselectivity of these
transformations: the protonation of an allenolate with a
strong protonating agent will take place at the oxygen atom to
give the allenol, which then tautomerizes unselectively to the
corresponding cis/trans-alkene.[27] The existence of multiple
peaks in the 13C NMR spectra, however, cannot easily be
interpreted. The adducts 15 a and 15 b are present in the
solution as racemic mixtures of enantiomers. In analogy with
simpler enolates,[28] theses allenolates may exist as diastereo-
meric dimeric, tetrameric, or hexameric clusters. An alter-
native explanation invokes the hypothetical formation of
isomeric copper ± allenolate p complexes, which have been
proposed by Corey and Boaz[29] to account for the high
stereoselectivity of SN2' displacement reactions of chiral 1,3-
disubstituted bromoallenes. However, this would require the


Table 3. 13C NMR chemical shifts of the adducts formed by 1,4-addition of
Me2CuLi ´ LiI to acetylenic ketones 13 in [D10]diethyl ether at ÿ80 8C.


Sub-
strate


R Adduct C2 C3 C4 Me (C4) C1


1[a] 13a tBu 15a 129.66 194.02 108.78 18.21 25.91
129.52 193.73 108.58 25.79
129.38 108.46
129.26


2[b] 13b SiMe3 15b 127.54 210.20 97.47 20.37 24.99[c]


127.38 210.17 97.37
127.35 210.12[c] 97.34
127.18 97.21


[a] Assignment of the chemical shifts in analogy to those of 15b ; see text.
[b] Assignment of the chemical shifts of C2 and C3 by experiments with [2-13C]-
13b. [c] Coupling constants: 1J1,2� 46 Hz; 1J2,3� 111 Hz.
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weakly nucleophilic methylcopper to act as p complexation
agent, and attempts to detect p complexes of monoorgano-
copper reagents with enones and enoates by NMR spectros-
copy were unsuccessful so far.[30]


Conclusions


We have used 13C NMR chemical shifts and 13C,13C coupling
constants to characterize the adducts of organocuprates to
ynones and ynoates. Alkenylcopper adducts are formed from
ynoates and Me2CuLi ´ LiI or tBuCu(CN)Li, whereas alleno-
lates are obtained from ynoates and tBu2CuLi ´ LiCN, as well
as from ynones and Me2CuLi ´ LiI. The presence of an
equilibrium between the cis- and trans-alkenylcopper adducts
via the lithium allenolate was also established. Together with
the earlier observation of a p complex of type 2, these results
allow the formulation of a mechanistic model which is in
accordance with all experimental data currently available
(Scheme 1).


Thus, the addition of organocuprates to ynoates gives the p


complex 2 as primary intermediate, which is then converted
into the cis-alkenylcuprate cis-3 by regio- and stereoselective
carbocupration[1, 7] of the alkyne. Isomerization to the trans
adduct trans-3 takes place via the lithium allenolate 4 and can


be prevented by removal of the lithium
ions or their complexation with solvents
such as THF. In cases in which the
allenolate is the more stable species, it is
probably also formed via cis-3 and sub-
sequent rearrangement.[31]


The protonation of the isomeric alke-
nylcuprates proceeds rapidly and stereo-
specifically to give the corresponding
alkenes, so that the cis/trans ratio of the
isolated products reflects the cis/trans
ratio of the intermediate alkenylcopper
adducts. In contrast, the stereoselectivity
of the protonation of allenolates is
difficult to control, since it may depend
on the acidity and steric properties of
the proton source and can take place via
the corresponding allenol. Thus, reac-
tion conditions which favor the forma-
tion of alkenylcuprates rather than alle-
nolates should be used to optimize the
stereoselectivity of the addition reac-
tion. Hard electrophiles such as silyl
halides, however, always react in accord-
ance with the HSAB principle to give
silyl ketene acetals or enol ethers, re-
gardless of the ratio of alkenylcopper
and allenolate adducts in solution.


Experimental Section


General : All reactions were carried out under
argon and in oven-dried glassware. Nondeuter-
ated solvents were distilled from sodium/benzo-


phenone under a nitrogen atmosphere before use. Deuterated solvents
were either used without purification or stored over Deporex (Fluka) and
freshly distilled. Unless stated otherwise, commercially available chemicals
were used without further purification. Solutions of MeLi (ca. 1.6m in
diethyl ether), nBuLi (ca. 2.5m in hexane) and tBuLi (ca. 1.7m in pentane)
were titrated prior to use.[32] In some cases, CuI was purified via its dimethyl
sulfide complex (CuI ´ 0.75 Me2S[33]), but in general commercially available
CuI (99.999 %) and CuCN (98 %) were used. Chlorotrimethylsilane was
distilled and then stored under argon at 8 8C. Low-temperature NMR
experiments were carried out on a Varian Unity 500 spectrometer with
[D10]Et2O (d� 14.6) or [D8]THF (d� 25.4) as solvent and internal stand-
ard, and routine 13C NMR spectra were recorded with a Varian XL
400 MHz (100.6 MHz) or a Bruker AC-300 spectrometer (75.5 MHz) with
CDCl3 as solvent and internal standard (d� 77.0).


Starting materials : The unlabeled acetylenic esters 6a ± e are either
commercially available, or were prepared by esterification of the corre-
sponding acid[34] or methoxycarbonylation of the terminal alkyne.[35]


Ketones 13a and 13 b[36] were obtained by acetylation of the corresponding
acetylenes.[37]


The C1-labeled ynoates [1-13C]-6d and [1-13C]-6 e were prepared from
lithiated 3,3-dimethyl-1-butyne or lithiated phenylacetylene by treatment
with 13CO2 (from Ba13CO3) and esterification of the crude acids with
diazomethane; overall yield: 31 % of [1-13C]-6d and 56% of [1-13C]-
6e.[9b, 14, 38] [1-13C]-6d : 13C NMR (CDCl3): d� 154.7 (C1), 97.1 (C3, 2J1,3�
19 Hz), 71.6 (C2, 1J1,2� 127 Hz), 52.8 (OMe), 30.1 (C(CH3)3), 27.7 (C4).
[1-13C]-6 e : 13C NMR (CDCl3): d� 154.6 (C1), 133.1, 130.8, 128.7 (Ph), 119.6
(C4), 86.7 (C3, 2J1,3� 20 Hz), 80.5 (C2, 1J1,2� 128 Hz), 52.9 (OMe).


The C3-labeled ynoate [3-13C]-6 d was prepared according to the procedure
of Hamper et al.[39] by treatment of tBuLi with 13CO2 (from Ba13CO3),
conversion of the labeled pivalic acid into the acid chloride with SOCl2, and


Figure 2. a) 13C NMR spectrum (ÿ80 8C) of the adduct 15b obtained by addition of Me2CuLi ´ LiI to
13b in [D10]Et2O. b) 13C NMR spectrum of the corresponding silyl enol ether formed after addition of
3 equiv of Me3SiCl to adduct 15b.
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reaction of the latter with methoxycarbonylmethyltriphenylphosphonium
bromide. Pyrolysis of the resulting methyl [3-13C]-4,4-dimethyl-3-oxo-2-
(triphenylphosphoranylidene)pentanoate gave [3-13C]-6 d in an overall
yield of 19%.[9b, 14, 38] [3-13C]-6d : 13C NMR (CDCl3): d� 154.7 (C1, 2J1,3�
19 Hz), 97.1 (C3), 71.6 (C2, 1J2,3� 175 Hz), 52.8 (OMe), 30.2 (C(CH3)3), 27.7
(C4, 1J3,4� 64 Hz).


[2-13C]-4-Trimethylsilyl-3-butyn-2-one ([2-13C]-13 b) was prepared in 73%
yield according to the procedure of Walton and Waugh[36] from [1-13C]-
acetyl chloride. 13C NMR (CDCl3): d� 184.6 (C2), 102.5 (C3, 1J2,3� 81 Hz),
97.6 (C4, 2J2,4� 10 Hz), 32.7 (C1, 1J1,2� 47 Hz), ÿ0.6 (Si(CH3)3).


Preparation of the NMR samples


Method A : A solution of tBuCu(CN)Li was prepared, in a round-bottomed
flask (equipped with an argon inlet and septum), by addition of tBuLi
(0.5 mmol) to a slurry of CuCN (0.5 mmol) in THF (1 mL) atÿ40 8C. After
stirring for 30 min at ÿ40 8C, the solution was cooled to ÿ80 8C, and
[D8]THF (0.5 mL) was added. Equal amounts of the cuprate solution were
transferred into two NMR tubes, which were also equipped with septa,
cooled to ÿ80 8C; for the transfer, commercially available Teflon tubing
(2 mm internal diameter) was used and was inserted directly into the septa.
The 13C NMR spectrum of the cuprate was recorded at ÿ90 8C and then a
precooled solution (ÿ90 8C) of the substrate (ca. 0.10 mmol in 0.2 mL
[D8]THF) was added. 13C NMR spectra of the mixture were then recorded
in the range ÿ100 8C to ÿ20 8C with stepwise temperature increases of
20 8C. In some cases, the temperature was alternately increased and
decreased to check for reversible processes. Adducts of the cyano-Gilman
cuprate tBu2CuLi ´ LiCN were prepared analogously with 2 equiv of tBuLi.


Method B : A 0.5 mmol solution of tBuCu(CN)Li or tBu2CuLi ´ LiCN in
THF was prepared at ÿ40 8C according to method A, but in a two-necked
round-bottomed flask equipped with an argon inlet, septum and an
attached NMR tube. After stirring for 30 min at ÿ40 8C, the solution was
cooled to ÿ90 8C and the substrate (0.5 mmol in 0.5 mL THF) was added.
About half of the mixture was removed, quenched with methanol, and
analyzed by GC. After the addition of [D8]THF (0.2 mL) to the remainder
of the reaction mixture, the solution was degassed with three freeze/thaw/
pump cycles. The mixture was then transferred into the precooled NMR
tube, which was then cooled in liquid nitrogen and sealed under vacuum.
NMR samples prepared with this method can be stored in liquid nitrogen
for months without decomposition.


Method C : In some cases, application of methods A and B to the Gilman
cuprate Me2CuLi ´ LiI caused partial decomposition when the reagent was
transferred into the NMR tubes. Therefore, the samples were prepared
directly in the NMR tubes; however, it is difficult to mix the starting
materials thoroughly under these conditions. Thus, CuI (0.14 mmol) was
weighed directly into an NMR tube, which was then flushed with nitrogen
and equipped with a septum. After addition of [D10]Et2O (0.4 mL), the tube
was cooled to ÿ40 8C and MeLi (0.28 mmol) was added slowly. The NMR
tube was then sonicated for 1 min at 0 8C and recooled to ÿ40 8C; this
procedure was repeated until the copper salt was completely dissolved
(usually three times). The 13C NMR spectrum of the cuprate was recorded
at ÿ90 8C, and then the substrate (ca. 0.10 mmol in 0.2 mL [D10]Et2O) was
added at ÿ90 8C. Adducts were prepared analogously in [D8]THF;
however, the substrate was added at ÿ20 8C before cooling the mixture
to ÿ90 8C.
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The Unusual Fluxional Structure of Tetramethyloxotungsten: Quantum
Chemical Structure Predictions for the d0 and d1 Complexes [MOR4]
(M�W, Re; R�H, CH3)**
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Abstract: An unprecedented, highly
fluxional structure is predicted for the
d0 complex tetramethyloxotungsten,
[WO(CH3)4] (2), from density functional
and ab initio calculations: The lowest
energy structure 2Cs-1 on the potential
energy surface may be described equally
well as a distorted trigonal bipyramidal
or distorted square pyramidal arrange-
ment. Four equivalent minima 2Cs-1
may interconvert rapidly via four equiv-
alent, low-lying transition states 2Cs-2
(ca. 3 kJ molÿ1 above 2Cs-1). The more
conventional regular square pyramidal
structure 2C4v-1 is found to have a
twofold degenerate imaginary vibration-
al mode. It thus also serves as a tran-
sition state (only ca. 8 kJ molÿ1 above


2Cs-1). Interestingly, rotation of the
methyl groups is severely hindered in
this square pyramidal structure, whereas
it is easy for some of the methyl groups
in the distorted structures. Thus, the
methyl group conformations and the
skeletal distortions appear to be strongly
coupled due to agostic interactions.
Comparisons are made with the model
d0 oxohydride [WOH4] (1), and to the
corresponding d1 complex [ReOH4] (3),
which are also fluxional but differ from 2
and from each other. The related d1


complex [ReO(CH3)4] (4) prefers the
experimentally confirmed conventional
square pyramidal structure 4C4v-1, but is
found also to have unusually high bar-
riers for methyl group rotation. Com-
puted IR spectra might aid the exper-
imental structure analysis for tetrame-
thyloxotungsten. Somewhat surprisingly,
the predicted 17O NMR chemical shifts
may also provide an indirect test for the
structural distortions. The electronic
structure characteristics and the compe-
tition between s- and p-bonding in these
interesting compounds are discussed,
and are related to other d0 and d1 species
by natural population analysis and fron-
tier orbital arguments. Further low-sym-
metry structures are suggested.


Keywords: agostic interactions ´
density functional calculations ´
fluxionality ´ rhenium ´ tungsten


Introduction


Early transition metal complexes with a formal d0 electronic
configuration at the metal may, under certain circumstances,
adopt less symmetrical structures than those predicted by the
usual structural models. In the past, most theoretical and
experimental work has concentrated on the simplest homo-
leptic complexes. Examples range from bent instead of linear
two-coordinate[1±4] via pyramidal rather than planar three-
coordinate[5] to regular or distorted trigonal prismatic instead
of octahedral six-coordinate[6±12] complexes. Of the factors
controlling the structures of such complexes, optimal involve-


ment of the metal d orbitals in s-bonding to the ligands and
the polarization of the outermost metal core shell lead to a
preference for the low-symmetry arrangements. Repulsions
between the ligands and p-bonding favor the classical high-
symmetry structures.


In the case of pentacoordination, it is well known that the
trigonal bipyramidal and the square pyramidal structures tend
to be close in energy.[13±15] In main-group chemistry, the
trigonal bipyramid is considered to be favored slightly owing
to lower ligand repulsion (assuming no lone pairs have to be
accommodated). In the case of d0 complexes, the operation of
the above-mentioned electronic factors has been confirmed
during the last few years. Thus, purely s-bound ligands tend to
favor the square pyramid. This has been found experimentally
for [Ta(CH3)5][16] and for [Ta{CH2(4-MeC6H4)}5],[17] and
computationally for [TaR5 (R�H, CH3)].[7, 18] p-Donor
ligands reverse this tendency and lead to a preference for a
trigonal bipyramid, for example for d0 pentahalides (however,
the energy differences may be quite small; see examples given
in ref. [7]).
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For mixed-ligand systems, an interesting competition be-
tween p- and s-bonding preferences may be expected. In this
work, we use density functional and ab initio calculations to
address the question of which structures are preferred for
MXR4 systems with one p-donor ligand X and four pure s-
donors R. We will focus on the organometallic oxo complex
tetramethyloxotungsten, [WO(CH3)4], and on the related d0


system [WOH4] and d1 species [ReOR4] (R�H, CH3). The
related halogeno complexes [MOHal4] (M�Mo, W, Re) have
regular, unremarkable square pyramidal structures in the gas
phase, with the oxo ligand in apical position.[19] This classical
ligand arrangement provides a suitable reference point with
which the present, more unusual systems contrast markedly.
Tetramethyloxotungsten was chosen as it might also be
accessible experimentally. Our quantum chemical structure
predictions, augmented by detailed IR and NMR spectro-
scopic calculations, should aid experimental studies on this
and related systems, which have been initiated.[20] Beyond the


specific compounds chosen, the theoretical study is also
intended provide a more general framework to discuss the
structures of such d0 and d1 [MXR4] systems. The d1 rhenium
complexes should give additional insight into the effect of
adding one electron to the system.


Of the systems studied here, only [ReO(CH3)4] is definitely
known experimentally.[21, 22] It has been well characterized,
both spectroscopically[21] and structurally (it exhibits a regular
square pyramidal structure in the gas phase),[22] but has not yet
been studied by first-principles quantum chemical calcula-
tions. It serves here mainly for comparison purposes, but also
turns out to exhibit some interesting features in its own right.
The hypothetical molecule [MoOH4], which is closely related
to [WOH4] investigated here, has been studied previously by
computations,[23, 24] for example as the simplest model system
for some molybdenum enzymes. However, these calculations
were restricted to a regular square pyramidal structure. The
present results indicate that this arrangement is not a
minimum on the potential energy surface.


After the present paper had been submitted, an interesting
related article by Ward et al.[25] appeared, which studies the
structures of d0 MX2R3 systems, that is, complexes with two p-
donor ligands (DFT and extended Hückel calculations on
model systems were carried out, as well as structure correla-
tion analyses). The present results will be compared with their
study, as well as to other experimental and computational
examples throughout the discussion.


Computational Details


In our previous study of the d0 complex [W(CH3)6],[9] we found that the
structure and energy characteristics computed using density functional
theory (DFT) with gradient-corrected exchange-correlation functionals
agree excellently with the results of more sophisticated post-Hartree ± Fock
treatments [MP2, CCSD, CCSD(T)]. Throughout a recent extended study
of homoleptic d0, d1 and d2 hexamethyl complexes,[12] and in the present
work, we have thus concentrated on the more economical DFT methods
(however, see below), using Becke�s exchange functional[26] and Perdew�s
correlation functional[27] (this combination is frequently denoted as BP86).
The basis sets correspond to basis A of ref. [9]. Thus, quasirelativistic
effective core potentials (ECPs) with a small-core definition and 6s 5p3d
GTO valence basis sets[28] are used for the metals. Carbon and oxygen ECPs
and DZP valence basis sets[29] are also as in refs. [9, 12]. In the case of
MOH4, the hydrogen DZ basis[30] was augmented by one set of p functions
(a� 1.0). All six cartesian components of the d functions were retained. We
note in passing that the use of ab initio derived ECPs in DFT applications is
well validated for the core sizes employed here.[9, 31] Unrestricted Kohn ±
Sham calculations were used for the open-shell (doublet d1) systems
[ReOR4].


Preliminary DFT optimizations without symmetry used the deMon
program,[32] which allows a reduction of the computational effort by fitting
the charge density and exchange-correlation potential with the help of
auxiliary basis sets. Based on the results of these preliminary optimizations,
the final calculations were carried out with the Gaussian 94 and Gaus-
sian 92/DFT programs,[33] which do not employ charge-density or exchange-
correlation potential fitting (the fine-grid option was generally used for
numerical integrations). All structures have been fully optimized within a
given point-group symmetry. The nonsymmetrical transition state 1C1-TS
was optimized with quadratic synchronous transit (QST) algorithms.[34] All
stationary points were characterized by harmonic vibrational frequency
analyses (by means of numerical differentiation of analytical first energy
derivatives). Natural population analyses[35] (NPA) used the built-in
subroutines of the Gaussian program packages.[33]


Abstract in German: Eine neuartige, hochgradig fluktuierende
Struktur wird durch Dichtefunktional- und Ab-Initio-Rech-
nungen für Tetramethyloxowolfram, [WO(CH3)4] (2), vorher-
gesagt: Die Struktur niedrigster Energie, 2Cs-1, kann entweder
als verzerrt trigonal prismatisch oder als verzerrt quadratisch-
pyramidal beschrieben werden. Vier energetisch äquivalente
Strukturen 2Cs-1 können sich leicht über vier energetisch
niedrig liegende (ca. 3 kJ molÿ1 über 2Cs-1), ebenfalls äquiva-
lente Übergangszustände 2Cs-2 ineinander umlagern. Für die
konventionellere, regulär quadratisch-pyramidale Struktur
2C4v-1 wird eine zweifach entartete imaginäre Schwingungs-
mode gefunden. Diese Struktur entspricht daher ebenfalls
einem Übergangszustand mit einer Energie, die um ca.
8 kJ molÿ1 gröûer ist als die von 2Cs-1. Interessanterweise ist
die Rotation der Methylgruppen in der quadratisch-pyramida-
len Struktur signifikant gehindert, während sie für einige der
Methylgruppen in den verzerrten Strukturen leicht ist. Die
Konformationen der Methylgruppen sind also aufgrund ago-
stischer Wechselwirkungen stark an die Verzerrungen des
Schweratomskelettes gekoppelt. Die Struktur 2 wird mit den
d0- und d1-Modellverbindungen [WOH4] (1) bzw. [ReOH4] (3)
verglichen, die ebenfalls fluktuierende Strukturen haben, sich
aber charakteristisch von 2 und voneinander unterscheiden.
Der verwandte d1-Komplex [ReO(CH3)4] (4) bevorzugt die
experimentell bestätigte reguläre quadratisch-pyramidale Geo-
metrie 4C4v-1, weist aber ebenfalls ungewöhnlich hohe Barrie-
ren für die Rotation der Methylgruppen auf. Die berechneten
IR-Spektren könnten zur Strukturanalyse für Tetramethyloxo-
wolfram beitragen. Überraschenderweise sollten die vorherge-
sagten 17O-NMR-Verschiebungen ebenfalls zum indirekten
Nachweis der verzerrten Strukturen nützlich sein. Die Charak-
teristika der Elektronenstruktur sowie die Konkurrenz zwi-
schen s- und p-Bindungen in diesen interessanten Verbindun-
gen werden anhand von natürlichen Populationsanalysen und
Grenzorbital-Argumenten diskutiert und mit denen anderer
niedersymmetrischer d0- und d1-Verbindungen verglichen.
Weitere Strukturen mit reduzierter Symmetrie werden vorge-
schlagen.
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CCSD(T) single-point energy calculations for [WOH4] and [ReOH4] with
the MOLPRO program[36] used the DFT-optimized structures and added
one metal f function[37] to the basis set. A UCCSD(T) approach[36b] was used
for the rhenium complex. These calculations employed five-component d
functions.


NMR chemical shifts were calculated within the SOS-DFPT approach[38, 39]


with the IGLO choice of gauge origin[40] by the deMon-NMR pro-
gram.[32, 38, 39] These calculations employed the optimized structures, the
PW91 exchange-correlation potential,[41] and IGLO-II all-electron basis
sets[40] for the ligand atoms (see ref. [9] for more details of the NMR
chemical shift calculations). 13C and 1H shifts are given with respect to the
absolute shieldings computed at the same level for tetramethylsilane, TMS
(s13C��187.5 ppm and s1H��31.00 ppm), whereas 17O shifts are given
with respect to H2Oliq (s17O� 271 ppm, derived from the computed
shielding of s17O� 307 ppm for H2Ogas at this level, and from the gas ±
liquid shift of 36 ppm[42]).


Results and Discussion


I. [WOH4]


A. Structure and energies : As a simplified model system for
tetramethyloxotungsten, we first consider the oxohydride
[WOH4]. Previous comparisons of d0 hydrides and methyl
compounds, for example between [WH6] and [W(CH3)6][9, 12]


or between [TaH5] and [Ta(CH3)5],[7, 18] have shown that the
smaller hydride ligand allows the adoption of more distorted
structures. DFT preoptimizations without symmetry, starting
from various different nuclear arrangements (e.g., square
pyramidal, trigonal bipyramidal), generally converged to the
severely distorted Cs-symmetrical structure 1Cs-1 (Figure 1a).
It may be regarded as derived from a trigonal bipyramid with
oxygen in the equatorial position by movement of the axial
hydrogen atoms (H3, H3') towards one of the two equatorial
hydrogens (H1). Alternatively, starting from the regular
square pyramid 1C4v (Figure 1c), two hydrogen atoms H3,
H3' in diagonal positions are also displaced towards H1. At
the same time, the H3-W-O (and H3'-W-O) and H1-W-O
angles are compressed, whereas the H2-W-O angle is
expanded. The distortion is accompanied by a contraction of
the WÿH1 and WÿH3 (WÿH3') distances, and by an
expansion of the WÿH2 distance (this differs from the
situation for [WO(CH3)4], see below). Note that the H1ÿH3
distance is computed to be 1.695 �, which is too large to
assume any significant H ´´´ H bonding interactions.


Harmonic vibrational frequency analysis indicates that the
regular square pyramidal structure 1C4v is a transition state


Figure 1. Optimized stationary points for [WOH4], with atom labeling and
Cartesian coordinate system used for MO analyses. a) 1Cs-1 (minimum);
b) 1Cs-2 (minimum); c) 1C4v (transition state with doubly degenerate
imaginary frequency); d) 1C1-TS (transition state).


with a degenerate imaginary vibrational mode (cf. Table 1). It
connects four equivalent minima 1Cs-1 (this E symmetry
vibration is computed to have a force constant and frequency
of ÿ0.553 mDyne �ÿ1 and i 944 cmÿ1, respectively). In con-
trast, 1Cs-1 is characterized as a minimum with no low-energy
vibrational modes (Table 1). An optimization in C2v symme-
try, starting from a regular trigonal bipyramid with oxygen in
the equatorial position, converged to 1C4v. A trigonal
bipyramidal structure 1C3v with oxygen in the axial position
also is not competitive (Table 1).


Table 1. Relative energies (kJ molÿ1) for different stationary points on the [WOH4], [WO(CH3)4], [ReOH4] , and [ReO(CH3)4] potential energy surfaces.[a]


[WOH4] (1) [WO(CH3)4] (2) [ReOH4] (3) [ReO(CH3)4] (4)
struc-
ture


DErel
[b] Nimag


[c] struc-
ture


DErel
[b] Nimag


[c] struc-
ture


DErel
[b] Nimag


[c] struc-
ture


DErel
[b] Nimag


[c]


1Cs-1 0.0 (0.0) 0 2Cs-1 0.0 (0.0) 0 3Cs-1 � 11.7 (�7.2) 1 (A'')
1Cs-2 � 1.1 (�0.9) 0 2Cs-2 � 2.6 (�2.2) 1 (A'') 3Cs-2 0.0 (0.0) 0
1C4v � 87.1 (�77.6) 2 (E) 2C4v-1 � 7.6 (�4.7) 2 (E) 3C4v � 19.9 (�11.1) 2 (E) 4C4v-1 0.0 (0.0) 0
1C3v


[d] � 142.7 (�136.2) 2 (E) 2Cs-1b � 2.7 (�3.0) 3 (A',A'',A'') 4C4v-2 44.2 (40.6) 2 (E)
1C1-TS � 1.7 (�0.4) 1 2C4v-2 � 66.2 (�61.7) 6 (A2,E,E,B1)


2C2v � 24.8 (�20.7) 4 (B2,A2,B1,B1)


[a] DFT results. See Figures 1, 3, 5 for the structures of the stationary points considered. [b] Energies relative to the most stable structures 1Cs-1, 2Cs-1, and
3Cs-2, respectively. Numbers in parentheses include zero-point vibrational energy corrections. Zero-point vibrational energies of 82.1, 374.5, and
85.2 kJmolÿ1 were computed for 1Cs-1, 2Cs-1, and 3Cs-2, respectively. [c] Number of computed imaginary harmonic vibrational frequencies and their
symmetry assignment. Degenerate (E) modes are counted doubly. [d] Regular trigonal bipyramid with axial oxygen, see text.
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However, in the DFT optimizations we found a second Cs


minimum, 1Cs-2 (cf. Figure 1b), only ca. 1 kJ molÿ1 higher in
energy than 1Cs-1 (Table 1). These two structures are thus
almost degenerate energetically. 1Cs-2 is best described as a
distorted square pyramid, in which the angle between two
neighboring hydrogen atoms (H1, H1') is decreased to about
70 8 and the one between the other two hydrogen atoms (H2,
H2') is increased to about 129 8 (the H1-W-H2 angle is thus
also reduced significantly). The WÿH1 (WÿH1') distances are
diminished compared with 1C4v, whereas the WÿH2 (WÿH2')
distances are essentially unchanged. The H-W-O angles (in
particular the H1-W-O angle) are all reduced, that is, the
hydrogen atoms are moved up towards the xy plane contain-
ing the metal atom. The H1ÿH1' distance of approximately
1.720 � speaks against any significant H ´´´ H bonding (see
above).


One can easily verify that the two sets of minima 1Cs-1 and
2Cs-1 must each exist in four equivalent orientations corre-
sponding to permutations of the hydrogen atoms. In spite of
the high energy of the degenerate transition state 1C4v


(Table 1) for the interconversion of the different minima
1Cs-1, the different sets of minima 1Cs-1 and 1Cs-2 may
interconvert rapidly via unsymmetrical transition states 1C1-
TS (Figure 1d). As 1C1-TS is computed to lie only ca.
1.7 kJ molÿ1 and 0.6 kJ molÿ1 above 1Cs-1 and 1Cs-2, respec-
tively, [WOH4] is clearly predicted to be a highly fluxional
molecule at room temperature. CCSD(T) single-point energy
calculations place 1Cs-2 at �1.6 kJ molÿ1 and 1C4v at
�70.1 kJ molÿ1 above 1Cs-1, in good agreement with the
DFT results (similar results are obtained at CCSD and MP2
levels, whereas Hartree ± Fock energies would predict 1Cs-2 to
be slightly below 1Cs-1). However, the CCSD(T) single-point
energy for 1C1-TS is approximately 0.9 kJ molÿ1 below that for
1Cs-2. Furthermore, the energy differences between different
stationary points are already reduced notably when only zero-
point vibrational energy corrections are included (cf. numbers
in parentheses in Table 1). Thus, probably not too much
significance should be attached to the minimum character
computed for 1Cs-2.


A comparison with the recent ab initio calculations on
[TaH5] by Kang et al.[7] is instructive: While these authors
found a regular square pyramid to be the lowest energy
structure for this d0 complex, equivalent C4v minima may
fluctuate via low-lying C2v symmetrical transition states
(recomputed at at the present DFT level to be at DE�
� 6 kJ molÿ1 above the regular square pyramid). The latter[7]


are closely related to the lowest energy 1Cs-1 minima for
[WOH4] (in Figure 1a, imagine oxygen replaced by hydrogen,
and add a second mirror plane containing W, H1, H3, and
H3'). Thus, the relative roles of transition states and minima in
the two types of systems appear simply to be reversed, owing
to the presence of one p-donating oxo ligand in [WOH4] (see
below).


The structure 1Cs-1 of [WOH4] may be related to the
structure type denoted as edge-bridged tetrahedral by Ward
et al.[25] for MX2R3 systems like [Cp2TaH3] (Cp� h5-C5H5)
when the H1 ligand in the present MXR4 system is considered
to bridge the H3ÿH3' edge of the distorted tetrahedron
formed by the O, H2, H3, and H3' atoms (cf. Figure 1a). Thus,


the trend of a symmetry lowering due to the presence of one
p-donor ligand as in [WOH4] is apparently continued[25] for
two p-donor ligands (see bonding discussion below). Such a
straightforward relation to other known coordination envi-
ronments appears to be difficult for structure 2Cs-2.


B. Bonding : Within a simple one-electron frontier-orbital
model, the distortions 1C4v!1Cs-2 may be rationalized
qualitatively in terms of improved metal ± ligand orbital
interactions in the lower symmetry structures, in analogy to
previous discussions.[1, 5, 7, 11, 15, 18] Figure 2 shows an orbital
correlation diagram for the distortions, based on the com-


Figure 2. MO correlation diagram for the 1C4v!1Cs-1 and 1C4v!1Cs-2
distortions of [WOH4]. The MO energies were extracted from the DFT
calculations. Only a few of the major orbital correlations occuring upon
lowering of symmetry are indicated by lines. Schematic MO drawings look
down along the WÿO axis. A nonconventional Cartesian coordinate system
is used for Cs symmetry (with the WÿO bond along the z axis), as well as for
the 45 8-rotated representation of 1C4v (right side). Note that b1 and b2


symmetry are switched in the rotated structure (cf. labels in parentheses).
The HOMOs are indicated by vertical arrows for electron spin.


puted Kohn ± Sham orbitals. MOs for regular square pyrami-
dal transition metal complexes have been studied in detail
previously by many workers. The relation to other coordina-
tion geometries and the dependence on the pyramidalization
angle have received most attention,[7, 14, 15, 18, 25] but the effect
of s- and p-donor ligands at various coordination sites was
also considered.[14, 25] We start the correlation 1C4v!1Cs-1 in
the conventional orientation for C4v symmetry, with the
hydrogen atoms on the xz and yz planes, whereas an
orientation rotated by 45 8 is used for the correlation with
1Cs-2. The Cs structures are both oriented nonconventionally
(with the WÿO bond along the z axis) for comparison. Owing
to the low symmetry of 1Cs-1 and 1Cs-2, many metal d orbitals
and ligand orbitals may interact in the distorted structure
(depending only on whether or not they are symmetrical or
antisymmetrical with respect to the unique mirror plane). In
each case we have only indicated the most significant orbital
correlations in Figure 2. Note also that the simplified MO
drawings concentrate on the W ± H interactions (roughly
parallel to the xy plane), whereas some of the MOs are also
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involved in significant W ± O interactions in the z direction
(see discussion below).


One very important electronic aspect in the regular square
pyramidal structure is the presence of an unoccupied low-
energy nonbonding metal dxy orbital (1b2 LUMO), which
finds no appropriate ligand orbital combination with which it
may interact. In contrast, the metal dx2ÿy2 orbital is ideally
suited in 1C4v to form bonds to the hydride ligands in the basal
plane, resulting in a low-energy WÿH bonding MO of 1b1


symmetry (dxy and dx2ÿy2 character, and thus b1 and b2


symmetry are switched in the 45 8 rotated orientation, right
side of Figure 2). Further WÿH bonding interactions are
connected to the 2e MOs. The two components of this
degenerate set feature, respectively, contributions from metal
dxzpx and dyzpy hybrids. In spite of this hybridization towards
the basal hydrides, away from the apical oxo ligand, these
MOs are still to some extent p(WÿO) antibonding, an
important feature discussed below. Four other valence MOs
(p(WÿO), s(WÿO), and WÿH bonding) are at lower energies.


Let us first consider the distortion 1C4v!1Cs-1 (left side of
Figure 2): The metal dxy AO may now contribute significantly
to WÿH3 (WÿH3') bonding within the 2a'' MO (including
some bonding admixture by one of the components of the
former 2e set). This may be considered a major driving force
for distortion (however, see below). In contrast, the bonding
interactions of the dx2ÿy2 AO are diminished, and therefore the
corresponding MO (now 4a') is destabilized. This change
disfavors the distortion. An antibonding admixture of some s,
px, and dxz character (cf. former 2e set) to the former 1b2 MO
gives the 5a' HOMO. The 3a'' LUMO is at relatively high
energy and derives from an antibonding dxy admixture to the
other of the two former 2e components.


A complementary picture is found for the 1C4v!1Cs-2
distortion (right side of Figure 2): The metal dx2ÿy2 AO now
contributes in a significantly bonding fashion to the 4a' MO,
providing a major driving force to the energy lowering. In
contrast, the former 1b2 MO (with metal dxy character) is
destabilized (2a'' MO), as the overlap with the H2 and H2'
orbitals is diminished. The 3a'' HOMO corresponds to an
appropriate linear combination of the components of the
former 2e set (slightly destabilized), whereas the high-energy
5a' LUMO is an antibonding combination of former 2e and
1b1 components. Again, a major effect of the symmetry
lowering is the removal of the low-lying LUMO.


We have discussed above how, in simple homoleptic d0 MR5


systems like [TaH5], the regular square pyramidal structure is
favored, whereas distorted edge-bridged tetrahedral[25] C2v


structures analogous to 1Cs-1 show up only as low-lying
transition states.[7] Thus, the improved involvement of the dxy


AO in bonding at lower symmetry is not quite sufficient to
offset the unfavorable changes in other interactions (in
particular in those involving the dx2ÿy2 AO). How does the
presence of the p-donor oxo ligand in the apical position tip
the balance in favor of the low-symmetry structures? The
answer is related to the above-mentioned p(WÿO)-antibond-
ing nature of the 2e set in 1C4v. In 1Cs-1, this antibonding
contribution is reduced significantly, as one component of the
former 2e set now dominates the 3a'' LUMO and is thus
unoccupied. Similarly in 1Cs-2, p(WÿO)-antibonding charac-


ter is removed, as part of the former 2e set now contributes to
the 5a' LUMO. It is notable in this context that the WÿO
distance contracts by ca. 0.01 � upon distortion (cf. Figure 1).


One structural consequence of the reduced p-antibonding
in the distorted structures is that, besides the distortions
within the basal plane, the hydrogen atoms H1, H3, and H3' in
1Cs-1 and the hydrogen atoms H1 and H1' in 1Cs-2 are moved
up towards the xy plane containing the metal atom, and may
now interact better with the corresponding in-plane metal AO
(cf. H-W-O angles in Figure 1). Such a dependence of p


interactions on the pyramidalization angle has also been
discussed previously for the regular square pyramid.[14]


We may compare these results to those obtained for the
MX2R3 case by Ward et al.:[25] In each case in which a so-called
edge-bridged tetrahedral arrangement (analogous to 1Cs-1) is
preferred over a regular square pyramid, this is accompanied
by diminished p(MÿX) antibonding interactions. In other
words, the s-donor ligands are arranged such that competition
with p donation is minimized. Thus, while improved MÿR s-
bonding is an important driving force towards lower symme-
try, as discussed above, these interactions alone do not appear
to be sufficient to effect the distortion and thus to overcome
the increased ligand repulsion in the distorted structures.
However, these interactions certainly prepare the ground for
relatively shallow potential energy surfaces.


These considerations are confirmed by results of natural
population and natural localized MO analyses (NPA, NLMO)
for 1Cs-1, 1Cs-2, and 1C4v (Table 2). As expected, the
distortion increases the natural atomic orbital (NAO) metal
d population d(W) and thus reduces the positive metal charge
Q(W) considerably. More specifically, the nonbonding dxy


NAO (cf. the 1b1 MO in conventional orientation), which is
not populated in 1C4v, becomes significantly populated in 1Cs-
1. The same holds for the dx2ÿy2 AO in 1Cs-2 (note the rotated
orientation for 1C4v in Figure 2). The dyz population in 1Cs-1
and the dxz population in 1Cs-2 are reduced significantly
compared with 1C4v, consistent with the above-mentioned
removal of p(WÿO)-antibonding interactions.


Within a natural localized molecular orbital (NLMO)
framework, covalent contributions to the (contracted, cf.
Figure 1a) WÿH1, WÿH3, and WÿH3' bonds increase for 1Cs-
1 compared with 1C4v. The same holds for the WÿH1 and
WÿH1' bonds in 1Cs-2. In contrast, the covalency of the
expanded WÿH2 bond in 1Cs-1 and of the WÿH2 and WÿH2'
bonds in 1Cs-2 decreases, with a concomitant decrease of the
metal d character used for the bond. These results fit nicely
into the general picture of increased covalency for some of the
bonds in the distorted structures at the expense of other
bonds, as discussed previously for [WH6] and [W(CH3)6].[6] In
all cases, the overall covalency increases upon distortion.
Most notably, the p(WÿO) NLMOs become much more
covalent upon distortion, in particular the py(WÿO) NLMO in
1Cs-1, and the px(WÿO) NLMO in 1Cs-2. This also supports a
removal of p(WÿO) antibonding character upon distortion.


II. [WO(CH3)4]


A. Structure and energies : For the methyl complex
[WO(CH3)4] (2), different conformational orientations of
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the methyl groups are feasible, which may differ considerably
in energy as a result of conformation-dependent agostic
interactions.[9, 12, 18, 43] Several stationary points on the poten-
tial energy surface thus have been considered (cf. Figure 3).
Computed relative DFT energies are given in Table 1.
Structure parameters for 2Cs-1, 2Cs-2, 2C4v-1, and 2C4v-2 are
given in Tables 3 ± 5 (data for 2Cs-1b and 2C2v may be found in
Tables S1 and S2 in the supporting information). As for the
hydride, the regular square pyramidal structures (2C4v-1 and
2C4v-2, cf. Figure 3c,e) are no minima. However, while
conformation 2C4v-2, with the axial hydrogen atoms synper-
iplanar to the oxo ligand, is very high in energy (66.2 kJ molÿ1


above 2Cs-1) and is characterized as a higher order saddle


point (with four imaginary modes), the antiperiplanar con-
formation 2C4v-1 is considerably more stable (only
7.6 kJ molÿ1 above 2Cs-1). It has only one degenerate (E)
imaginary mode, and therefore corresponds closely to the
transition state 1C4v of the hydride. Thus, in these regular
square pyramidal structures, the rotation around the CÿW
single bonds appears to be strongly hindered. Comparably
large energy differences between all-anti and all-syn arrange-
ments of the basal methyl groups in a square pyramidal d0


complex have been found computationally for [Ta(CH3)5] by
Albright and Tang (51.4 kJ molÿ1 at MP2 level).[15]


The lowest energy minimum 2Cs-1 for [WO(CH3)4] (see
Figure 3a) is analogous to 1Cs-1 for [WOH4] (cf. Figure 1a),


Table 2. Natural populations and charges (Q), and analysis of natural localized molecular orbitals (NLMO) for different stationary points of [WOH4].[a]


1Cs-1[b] 1Cs-2[b] 1C4v


NPA Q(W) � 0.966 Q(W) � 0.964 Q(W) � 1.428
s(W) 0.685 s(W) 0.630 s(W) 0.711
p(W) 0.036 p(W) 0.036 p(W) 0.060
dxy(W) 0.805 dxy(W) 1.373 dxy(W) 0.000
dxz(W) 0.863 dxz(W) 0.615 dxz(W) 0.920
dyz(W) 0.597 dyz(W) 0.830 dyz(W) 0.920
dx2ÿy2(W) 1.351 dx2ÿy2(W) 0.869 dx2ÿy2(W) 1.304
dz2(W) 0.697 dz2(W) 0.683 dz2(W) 0.657
dtot(W) 4.313 dtot(W) 4.370 dtot(W) 3.801
Q(O) ÿ 0.489 Q(O) ÿ 0.488 Q(O) ÿ 0.608
Q(H1) ÿ 0.095 Q(H1, H1') ÿ 0.036 Q(H) ÿ 0.213
Q(H2) ÿ 0.298 Q(H2, H2') ÿ 0.222
Q(H3,H3') ÿ 0.061


NLMOs[c] s(WÿO) 27 %,92 % d s(WÿO) 27 %,94 % d s(WÿO) 27%,94 % d
px(WÿO) 13 %, 100 % d px(WÿO) 27 %, 98 % d px(WÿO) 12%,96 % d
py(WÿO) 27 %,100 % d py(WÿO) 21 %, 99 % d py(WÿO) 12%,96 % d
WÿH1 48 %,94 % d WÿH1 (WÿH1') 49 %, 88 % d WÿH 44%,80 % d
WÿH2 39 %,69 % d WÿH2 (WÿH2') 39 %, 76 % d
WÿH3 (WÿH3') 48 %,82 % d


[a] Based on the Kohn ± Sham wavefunction. Charges do not add up exactly to 0, as the slight depletion of some metal semicore orbitals has been neglected.
[b] Molecular orientation for 1Cs-1 and 1Cs-2 chosen unconventionally (see Figure 1) to facilitate comparison with 1C4v. [c] The relative metal character of a
given NLMO, and the relative d-orbital contributions to this metal character are given.


Figure 3. Stationary points considered for [WO(CH3)4], with atom labeling and Cartesian coordinate system used for MO analyses. a) 2Cs-1, all
axial hydrogen atoms antiperiplanar to oxygen; b) 2Cs-2 ; c) 2C4v-1, all axial hydrogen atoms antiperiplanar to oxygen; d) 2Cs-1b, axial hydrogen atoms at C1
and C2 synperiplanar to oxygen; e) 2C4v-2, all axial hydrogen atoms synperiplanar to oxygen; f) 2C2v, axial hydrogen atoms at C1, C1' synperiplanar to
oxygen.
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and features similar distortions (see Table 3). However, there
are some significant structural differences: a) The C3-W-C1
angle in 2Cs-1 is compressed considerably less (73.7 8 vs. 59.6 8)
than the H3-W-H1 angle in 1Cs-1. b) The C1-W-O angle is
expanded rather than compressed relative to that in 2C4v-1.
c) The W ± C1 distance is expanded rather than contracted.
Related differences between the structural distortions found
for hydride and methyl analogues were noted for [WH6] and
[W(CH3)6],[9] and are at least partially related to the much
larger ligand ± ligand repulsions in the methyl species, and to
agostic C ± H!M interactions (see below).


In contrast to [WOH4], at this computational level the
second type of distorted Cs structure, 2Cs-2 (Figure 3b,
Table 4), is no minimum but a low-lying transition state for
interconversion of 2Cs-1 (Table 1). The overall distortions of
2Cs-2 are similar to those for the hydride, and the computed
energy is only ca. 3 kJ molÿ1 above 2Cs-1. However, the
structure of the methyl compound (2Cs-2 vs. 2C4v-1) is again
less distorted than that of the hydride (1Cs-2 vs. 1C4v). In
particular, the WÿC1 (WÿC1') distances pertaining to the
compressed C1-W-C1' (and C1-W-C2) angle are expanded
compared with those in 2C4v-1. This contrasts to 1Cs-2 but is
consistent with the differences between 2Cs-1 and 1Cs-1, and


between [W(CH3)6] and [WH6].[6] In all cases, those WÿC
distances in the methyl compounds belonging to the com-
pressed angles are extended compared with the high-symme-
try structures, whereas the opposite holds true for the WÿH
distances in the analogous hydride structures.


Most notably, 2C4v-1 is much more competitive with 2Cs-1
and 2Cs-2 than 1C4v is with 1Cs-1 and 1Cs-2 (ca. 8 kJ molÿ1 vs.
ca. 87 kJ molÿ1). This is again consistent with previous
comparisons between methyl complexes and hydride model
systems.[7, 9] Thus, in contrast to [WOH4], at room temperature
[WO(CH3)4] is expected to fluctuate even via the low-lying
degenerate transition state 2C4v-1 (the imaginary E vibra-
tional mode of 2C4v-1 is computed to have a force constant
and frequency of only ÿ0.070 mDyne �ÿ1 and i 143 cmÿ1,
respectively). In any case, [WO(CH3)4] is also predicted to be
a highly fluxional molecule, but with a somewhat different
character of the potential energy surface than its hydride
analogue. As discussed above for the latter, the energy
differences between different structures are further reduced
when zero-point vibrational energy corrections are included
(Table 1).


Interestingly, the rotation of the two methyl groups 1 and 2
in 2Cs-1 into a synperiplanar orientation (2Cs-1!2Cs-1b,
Figure 3) costs considerably less energy (2.7 kJ molÿ1) than
expected on the basis of the rather large 2C4v-1 vs. 2C4v-2
energy difference (66.2 kJ molÿ1), or from the related reor-
ientation of just two methyl groups from 2C4v-1 (17.2 kJ molÿ1,
cf. Table 1). Thus, apparently the rotation of these two methyl
groups is considerably easier[44] than in the regular square
pyramid. In contrast, a partial optimization with the �axial� H-
C3-W-O (H-C3'-W-O) dihedral angles fixed at 0 8 (in the fully
optimized structure 2Cs-1, the corresponding �axial� hydrogen
dihedral angle is 172.8 8) leads to an energy increase by ca.
16.5 kJ molÿ1, comparable to that for the 2C4v-1!2C2v trans-
formation. Similarly, in 2Cs-2 a corresponding partial opti-
mization, with the axial hydrogens on C1, C1' fixed to a
synperiplanar arrangement towards oxygen, causes an energy
increase of 24.2 kJ molÿ1, whereas the corresponding synper-
iplanar arrangement for methyl groups 2 and 2' is only ca.
9.2 kJ molÿ1 above 2Cs-2.


B. Agostic interactions : Albright and Tang had attributed the
conformational energy differences in [Ta(CH3)5] largely to
repulsions between neighboring hydrogen atoms.[15] However,
we have reason to believe that the rotational barriers, and the
unusually strong coupling of the methyl group rotation to the
distortional modes in [WO(CH3)4], are at least in part related
to significant agostic interactions.[43] Thus, for example, the
barriers are significantly reduced in the d1 complex [Re-
O(CH3)4], in spite of even shorter H ´´´ H distances (see
below). Hyperconjugative CÿH!W interactions are appa-
rent from the CÿH distances and H-C-W angles summarized
in Tables 3 ± 5, and from the natural population analyses (see
discussion below). Thus, for example, the axial CÿH bonds in
the synperiplanar arrangement 2C4v-2 act as significant agostic
donors, as evidenced by the large CÿH distances and small H-
C-W angles (Table 5), whereas the equatorial CÿH bonds do
not contribute significantly (they are contracted and have
larger angles[45]). In contrast, in the antiperiplanar structure


Table 3. Predicted structural parameters for 2Cs-1.[a]


WÿO 1.726 C3ÿHax 1.105 Hax-C1-W 102.3
WÿC1 2.227 C3ÿHeq1 1.103 Heq-C1-W 115.5
WÿC2 2.140 C3ÿHeq2 1.116 Hax-C2-W 111.7
WÿC3 2.152 C1-W-O 116.8 Heq-C2-W 111.3
C1ÿHax 1.114 C2-W-O 118.4 Hax-C3-W 114.0
C1ÿHeq 1.103 C3-W-O 98.1 Heq1-C3-W 115.3
C2ÿHax 1.109 C3-W-C1 73.7 Heq2-C3-W 101.2
C2ÿHeq 1.109 C3-W-C2 98.4


[a] Distances AÿB in �, angles A-B-C in 8 (see Figure 3a).


Table 4. Predicted structural parameters for 2Cs-2.[a]


WÿO 1.728 C1-W-O 104.8
WÿC1 2.200 C2-W-O 113.6
WÿC2 2.144 C1-W-C1' 74.3
C1ÿHax 1.107 C2-W-C2' 99.2
C1ÿHeq1 1.107 C1-W-C2 79.9
C1ÿHeq2 1.103 Hax-C1-W 109.9
C2ÿHax 1.106 Heq1-C1-W 109.1
C2ÿHeq1 1.106 Heq2-C1-W 113.1
C2ÿHeq2 1.117 Hax-C2-W 115.6


Heq1-C2-W 113.4
Heq2-C2-W 104.0


[a] Distances AÿB in �, angles A-B-C in 8 (see Figure 3b).


Table 5. Predicted structural parameters for 2C4v-1 and 2C4v-2.[a]


2C4v-1 2C4v-2


WÿO 1.737 1.731
WÿC 2.166 2.193
CÿHax 1.106 1.110
CÿHeq 1.108 1.103
C-W-O 111.3 107.9
C-W-C (cis) 82.4 84.6
Hax-C-W 112.1 105.8
Heq-C-W 110.5 114.6


[a] Distances AÿB in �, angles A-B-C in 8 (see Figures 3c,e).
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2C4v-1 (Figure 3c), all hydrogen atoms apparently interact
almost equally well with empty metal orbitals, leading to
almost uniform C ± H distances and H-C-W angles. This
contributes significantly to the much lower energy of 2C4v-1
compared with 2C4v-2 (cf. Table 2).


Closer inspection of the CÿH distances and H-C-W angles
in the lowest energy structure 2Cs-1 indicates that, for
example, agostic interactions for methyl group 3 (3') are
largely due to the C3ÿHeq2 bond (cf. Table 3). This may be
rationalized with the shape of the 3a'' LUMO acting as the
major acceptor for hyperconjugation (Figure 2, left). In
contrast, the C1ÿHax bond is the most important agostic
donor for methyl group 1, whereas the distribution is rather
uniform for methyl group 2. In 2Cs-2, the agostic interactions
in methyl groups 1, 1' are almost uniformly distributed over
the C1ÿHax and C1ÿHeq1 bonds, whereas the dominant agostic
interactions for methyl groups 2, 2' are due to the C2ÿHeq2


bond (cf. 5a' LUMO in Figure 2, right). Thus, there is a strong
conformational dependence of the CÿH!W donor interac-
tions, consistent with the computed rotational barriers.
Generally, an antiperiplanar orientation of the methyl groups
with respect to the oxo ligand is favored over a synperiplanar
one. However, the energy gain and the structural changes due
to such an arrangement obviously depend on the orientation
of a given group with respect to the potential acceptor orbitals
at the metal.


Do the agostic interactions favor or oppose the low-
symmetry distortions? In the case of [W(CH3)6], partial
optimizations with frozen, idealized methyl group structures
indicated that the agostic interactions may add to the
preference for a skeletal distortion from D3h to C3v.[9] For
[WO(CH3)4], we have carried out the same rough test, by
doing partial optimizations with all methyl groups fixed to
local C3v symmetry, with d(CÿH)� 1.107 � and a(H-C-
W)� 110.8 8. The energy increase with respect to the corre-
sponding fully optimized structures is 7.3, 4.3, 0.5, and
8.1 kJ molÿ1 for 2Cs-1, 2Cs-2, 2C4v-1, and 2C4v-2, respectively.
This would suggest that the 2C4v-1!2Cs-1 and 2C4v-1!2Cs-2
distortions may be slightly facilitated by the agostic inter-
actions. However, the same measure would predict 2C4v-2 to
have larger agostic interactions than 2C4v-1; this is inconsis-
tent with the lower energy (and larger dxy populations, see
below) of 2C4v-1. This is due to the fact that the CÿH distances
and H-C-W angles are much more uniform in 2C4v-1 than in
2C4v-2 (Table 5). Therefore, this type of test may not be
adequate for an assessment of the energy stabilization by the
agostic delocalizations, but rather indicate the magnitude of
the structural deformations of the methyl groups. A different,
semiquantitative measure of the energy stabilization due to
agostic interactions is offered by a second-order perturbation
theoretical analysis of delocalization interactions within the
framework of the strictly localized natural bond orbitals.[35]


The results suggest that the agostic interactions increase upon
distortion, owing to a larger number of hyperconjugatively
interacting NBOs in the lower symmetry structures. Never-
theless, we have to conclude at present that none of the
available analysis schemes provides a definite answer to
whether or not the agostic delocalizations favor the symmetry
distortions of the heavy-atom skeleton.


C. Other bonding features : Differences in structure and
bonding of the methyl complex with respect to the hydride
arise from several factors (see also above): a) the larger size of
the methyl ligands, b) the possibility of CÿH!W agostic
interactions (see also the discussion above), c) the more
directional bonding possible with spn hybrid orbitals for
methyl ligands compared with the hydrogen 1s orbitals
in the hydrides, d) differences in the electronegativities of
methyl and hydride ligands. At least factor a) will lead to a
reduced preference for distortion in the methyl compound.
Whether the same holds true for factor b) is not answered
easily, as evidenced by the discussion above and by that in
ref. [9].


Inspection of the Kohn ± Sham MOs (MO energies given
in Table S3 of supporting information) indicates that the
b2-type LUMO (cf. MO diagram for [WOH4] in Figure 2)
in the regular square pyramidal structure 2C4v-1 of
[WO(CH3)4] is not as low in energy (with respect to
the energies of the highest occupied MOs) as in the hydride
(1C4v). Within the framework of second-order perturba-
tion theory, this suggests a reduced energy gain from
distortion to lower symmetry, consistent with the computed
energies (cf. Table 1). The LUMO is somewhat lower
in energy for the less stable synperiplanar conformer
2C4v-2.


Indeed, natural population analysis shows (numerical data
given in Table S4 of supporting information) that the dxy NAO
is already significantly populated in 2C4v-2, and particularly in
2C4v-1, in contrast to 1C4v (cf. Table 2). This is due to agostic
CeqÿH!dxy(W) donor interactions (the b2 LUMO has
significant coefficients on the equatorial hydrogen atoms).
These interactions appear to be more efficient for 2C4v-1 than
for 2C4v-2, and thus contribute to the computed large rota-
tional barrier. The agostic interactions are also apparent from
tails of the CÿH bonding NLMOs at the metal. These follow
roughly the CÿH distances and H-C-W angles discussed
above.


In spite of the agostic interactions present for the methyl
compound, the positive metal charge is larger in 2C4v-1
[Q(W)��1.673] than in 1C4v [Q(W)� 1.428], indicating a
larger electronegativity of methyl than hydride ligands.
In addition to the larger size of the methyl groups, this
larger bond ionicity enhances the ligand ± ligand repulsions
and the energy differences between occupied and unoccupied
MOs (see above), and thus is expected to disfavor the
distortion. In contrast, the oxygen charge is slightly lower
in the methyl species, that is, the oxo ligand may withdraw
less charge from the metal. As a consequence of the much
smaller structural deviations from the regular square pyramid
(2Cs-1 vs. 1Cs-1 and 2Cs-2 vs. 1Cs-2), the reduction of the
metal charge upon symmetry lowering is considerably less
for [WO(CH3)4] than for [WOH4]. Thus, 2Cs-1 and 2Cs-2
are still considerably ionic (with NPA metal charges of�1.473
and �1.554, respectively). The corresponding changes in
the d populations upon distortion are consequently also
less dramatic. Still, except for the agostic interactions
discussed above, the overall description is qualitatively
similar to that given above in more detail for the
hydride.
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D. Vibrational frequency analyses : A simulated IR spectrum
derived from the harmonic vibrational frequency analysis for
the 2Cs-1 minimum of [WO(CH3)4] is shown in Figure 4a,
together with a rough assignment of the vibrational


Figure 4. Simulated IR spectra for [WO(CH3)4]. The computed harmonic
vibrational frequencies and intensities were convoluted using Lorenzians of
half-width 10 cmÿ1. Intensities have been scaled to that of the most intense
band. a) 2Cs-1; some assignments are indicated by arrows; b) superposition
of computed spectra for 2Cs-1 and 2Cs-2 (the imaginary frequency for 2Cs-2
was deleted).


modes. As a result of the low symmetry, the spectrum is
notably more complicated than the corresponding spectrum
calculated for the regular square pyramidal structure 4C4v-1 of
[ReO(CH3)4] shown in Figure 5. In particular, the bands at ca.
485 cmÿ1 and ca. 530 cmÿ1 (asymmetric and symmetric WÿC
stretching modes) in 2Cs-1 are considerably more intense than
the ReÿC stretching modes for the rhenium complex, owing
to the somewhat larger bond polarity. Moreover, the relative
intensities of the CÿH rocking type modes at ca. 600 ±
720 cmÿ1 are switched in favor of the lower frequency band
(which is quite intense). The structure of the CÿH stretching
bands between 2900 and 3100 cmÿ1 is also considerably more
complicated as a result of the lower symmetry.


The transition state 2Cs-2 is very low in energy. What if it
were another minimum, such as 1Cs-2, other than is actually
found computationally at this level? Figure 4b shows a
superposition of the computed spectra for 1Cs-1 and 1Cs-2
with equal weights, using the same Lorenzian half width of
10 cmÿ1. While the plot is clearly quite convoluted, the results


Figure 5. Simulated IR spectrum for [ReO(CH3)4] (4C4v-1) (see legend of
Figure 4). Some experimental assignments (ref. [21c]) are in italics,
theoretical assignments in normal letters.


suggest that with reasonable spectral resolution and sample
purity, the appearance of the spectrum is still characteristic of
the low-symmetry distortions. IR spectroscopy at low temper-
atures[46] might thus be an appropriate means of experimen-
tally confirming the predicted low-symmetry structure of
[WO(CH3)4]. Note that the computed spectrum for [Re-
O(CH3)4] agrees well with the available experimental data.[21c]


E. NMR chemical shifts : Table 6 gives the computed isotropic
carbon and oxygen NMR chemical shifts for the structures
2Cs-1, 2Cs-2, and 2C4v-1 of [WO(CH3)4]. As expected, the
carbon shifts for the distorted structures 2Cs-1 and 2Cs-2 vary


for the different coordination positions, whereas they are
required by symmetry to be equal for the regular square
pyramid 2C4v-1. However, in view of the computed low
barriers for fluctuation, only averaged shifts will most likely
be observable (in the range of ca. d� 45 ± 50), probably even
down to relatively low temperatures. The same holds for the
1H shifts, for which the average computed values are ca. d�
�1.50 for 2Cs-2 and 2C4v-1, and ca. d��1.35 for 2Cs-1. Thus,
neither the 1H nor the 13C NMR chemical shifts seem to offer
much potential for experimental confirmation of the predict-
ed low-symmetry structures.


However, it appears that the oxygen shifts may be more
useful in this respect. They are notably larger for the distorted
structures 2Cs-1 and 2Cs-2 than for 2C4v-1. In view of the larger
HOMO ± LUMO gap in the distorted structures, this is at first
sight surprising (however, note the lower negative charge on
oxygen). Table 7 gives the computed oxygen shift tensors. The


Table 6. Predicted isotropic 13C and 17O NMR chemical shifts (d) for
different structures of [WO(CH3)4].[a]


2Cs-1 2Cs-2 2C4v-1


O � 745 O � 673 O � 586
C1 � 41 C1, C1' � 45 C � 50
C2 � 39 C2, C2' � 51
C3, C3' � 52


[a] See Figure 3 for the atom labeling. Carbon shifts vs. TMS, oxygen shifts
vs. H2Oliq .
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tensors have lost their axial symmetry in 2Cs-1 and 2Cs-2,
compared with the axially symmetrical tensor in 2C4v-1, with
the s11 component being more deshielded than in 2C4v-1.
However, even the component parallel to the W ± O axis (s33)
becomes notably deshielded upon distortion.


MO analyses show that the p*(WÿO)-type unoccupied
orbitals are lowered in energy. Thus, e.g. in the model system
[WOH4], the p*(WÿO) character is concentrated in the high-
lying 3e MO for 1C4v, whereas even the LUMOs have
significant p*(WÿO) character in 1Cs-1 and 1Cs-2 (see
discussion in Section I.B and Figure 2). This gives consider-
ably increased paramagnetic contributions from magnetic-
field induced p(WÿO)!p*(WÿO) and s(WÿO)!
p*(WÿO) couplings (see ref. [47] for more detailed analyses
of oxygen shielding tensors in transition-metal oxo com-
plexes). Thus the partial removal of p(WÿO) antibonding
interactions accounts largely for the increased 18O shifts. The
different orientations of d11 for 2Cs-1 and 2Cs-2 in Table 7 are
indeed fully consistent with the p-bonding discussion in
section I.B.


In a fluxional structure, the statistical weights of the four
minima 2Cs-1 and of the low-lying transition states 2Cs-2 will
be largest, and these areas on the potential energy surface
should dominate the averaged oxygen shifts. When taking the
average of the two shift values for 2Cs-1 and 2Cs-2, we arrive
at a predicted average shift of d� 710, which is more than
120 ppm larger than the value computed for the regular
structure 2C4v-1. As such a difference is expected for this
system to lie significantly outside the systematic errors of the
DFT methods used,[47] the large oxygen NMR chemical shifts
might be useful as indirect indicators for the distorted,
fluxional structure. This approach appears to be promising
in view of the increasing use of 17O NMR spectroscopy for
organometallic oxo compounds.[48]


III. [ReOH4]


A. Structure and energies : Compared with [WOH4], the
rhenium oxohydride 3 has one more electron. Previous
studies have shown that such d1 systems may have a reduced
tendency to distort to lower symmetries than their d0 counter-
parts, provided the additional electron occupies an orbital
which becomes destabilized upon symmetry lowering. Thus,
[Re(CH3)6], for example, is computed to exhibit a regular
trigonal prismatic structure as opposed to the distorted one
for [W(CH3)6].[9, 12, 49]


Indeed, [ReOH4] is less distorted than [WOH4], as may be
inferred from the relative energies for the stationary points in
Table 1, and from the structural results shown in Figure 6.
Most notably, 3Cs-1 is not computed to be a minimum


Figure 6. Optimized stationary points for [ReOH4], with atom labeling
and Cartesian coordinate system used for MO analyses. a) 3Cs-1 (transition
state); b) 3Cs-2 (minimum); c) 3C4v (transition state with doubly
degenerate imaginary frequency).


anymore, but a transition state connecting the 3Cs-2 minima.
[ReOH4] is undoubtedly also fluxional, as evidenced by the
relatively low energies of the transition structures 3Cs-1
(Table 1), and of the regular square pyramidal structure 3C4v.
The latter has one doubly degenerate imaginary vibrational
mode like its [WOH4] and [WO(CH3)4] analogues (with a
force constant of only ÿ0.122 mDyne �ÿ1 and a frequency of
i 445 cmÿ1). The molecular dynamics of the rhenium oxohy-
dride are thus expected to be complicated, and somewhat
different from the two tungsten species. UCCSD(T) single-
point calculations at the DFT optimized structures place 3Cs-1
at �7.8 kJ molÿ1 and 3C4v at �7.5 kJ molÿ1 above 3Cs-2. Thus,
at higher computational levels, the potential energy surface
may even be slightly more shallow, and the existence of the
3Cs-1 stationary point appears uncertain.


Structurally, the smaller distortions of 3Cs-1 and 3Cs-2
(Figure 6a,b) compared with their tungsten analogues (Figur-
e 1a,b) are most clearly seen from the more uniform H-M-O
angles and MÿH distances. In contrast, the H-M-H angles
deviate significantly from a square pyramidal arrangement, as
found for [WOH4]. Interestingly, the Re ± O distance in
[ReOH4] remains almost constant upon distortion, whereas
the W ± O distances in [WOH4] and in [WO(CH3)4] contract
notably.


B. Bonding : Consider the MO correlation diagram for
[WOH4] in Figure 2 (1Cs-1, 1Cs-2, 1C4v) and place one
additional electron into the LUMO for each structure (3a''


Table 7. Predicted 17O shift tensors (d relative to H2Oliq) for different
structures of [WO(CH3)4].[a]


2Cs-1 2Cs-2 2C4v-1


d11 (dxx) � 1268 d11 (dyy) � 1038 d11� d22 � 871
d22 (dyy) � 773 d22 (dxx) � 880
d33 (dzz) � 195 d33 (dzz) � 101 d33 (dzz) � 15
diso � 745 � 673 � 586


[a] See Figure 3 for the atom labeling and Cartesian coordinates.
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for 3Cs-1, 5a' for 3Cs-2, 1b2 for 3C4v). The detailed analysis of
the computed Kohn ± Sham MOs for [ReOH4] confirms that
this simple one-electron Aufbau principle-like picture is a
reasonable one. It allows a relatively straightforward under-
standing of the changes in the structural preferences upon
adding one electron to the d0 system.


In 3C4v, the nonbonding dxy-type 1b2 orbital is now the singly
occupied MO (SOMO) of the molecule. Obviously, this
situation is electronically much more satisfactory than that in
which this MO is left completely empty as in 1C4v, suggesting a
lower tendency for distortion. Moreover, the SOMOs in 3Cs-1
(3a'') and in 3Cs-2 (5a') are both significantly p(ReÿO)
antibonding (with p�y character in 3Cs-1, but with p�x character
in 3Cs-2) and slightly ReÿH antibonding (with metal dxy


contributions in 3Cs-1, with dx2ÿy2 contributions in 3Cs-2); this
pushes them to relatively high energies. This unfavorable
antibonding character of the SOMOs in the distorted
structures will also diminish the preference for distortion
and will render the regular square pyramidal structure 3C4v


much more competitive than for the tungsten analogue (cf.
Table 1).


The p(ReÿO) antibonding character of the SOMOs in 3Cs-
1 and 3Cs-2 also provides an explanation for the fact that the
MÿO bond does not contract upon distortion, in contrast to
[WOH4] and [WO(CH3)4]. The same holds for the much lower
distortions of the H-M-O angles in 3Cs-1 and 3Cs-2 compared
with 1Cs-1 and 1Cs-2 (compare Figure 6 and Figure 1). Natural
population analyses for [ReOH4] confirm these considera-
tions (see Table S5 in supporting information).


IV. [ReO(CH3)4]


In view of the above comparison between [WO(CH3)4] and
[WOH4], tetramethyloxorhenium (4) should be even less
inclined to distort than its hydride analogue, which is itself
only very slightly distorted (cf. above). This would be
consistent with the experimental observation of a regular
square pyramidal structure.[22] Indeed, the computations agree
with experiment: They show that the square pyramidal
structure 4C4v-1, in which the axial hydrogen atoms are
antiperiplanar to the oxo ligand (cf. the analogous structure
2C4v-1 for [WO(CH3)4] in Figure 3c), is a minimum on the
potential energy surface. The vibrational analysis gives a
frequency of 207 cmÿ1 and a force constant of
�0.080 mDyne �ÿ1 for the E-type mode, which would be
the analogue of the imaginary modes of 1C4v, 2C4v-1, and 3C4v.
It is thus not even the lowest energy mode of [ReO(CH3)4]
(several ReÿC rocking modes have lower frequencies and
force constants). We have therefore not attempted to locate
distorted minima analogous to 2Cs-1 or 2Cs-2. Obviously, the
combination of one extra d electron and methyl instead of
hydride ligands is sufficient to prevent distortion.


Incidentally, the more stable antiperiplanar conformation
4C4v-1 has been correctly posited by Haaland et al. in
analyzing the gas electron diffraction data.[22] The synperipla-
nar structure 4C4v-2 (see Figure 3e for the analogous structure
2C4v-2) has four imaginary frequencies and is 44.2 kJ molÿ1


higher in energy than 4C4v-1. This is less than the correspond-
ing 58.6 kJ molÿ1 2C4v-1!2C4v-2 energy difference in


[WO(CH3)4] (Table 1), but it still indicates significant hin-
drance of the rotation around the ReÿC single bonds. Thus,
while the agostic CÿH!M interactions are reduced by
adding one electron to the system (e.g., the extra �agostic�
population of the dxy NAO is only 0.078 for 4C4v-1 compared
with 0.241 for 2C4v-1), they are still surprisingly large (of
course, some part of the barriers may be due to repulsions
between the methyl hydrogen atoms[15]). One may even
speculate whether it is possible to freeze out the individual
methyl group rotations in [ReO(CH3)4] at lower temper-
atures.


The structural data for 4C4v-1 are in good agreement with
the gas electron diffraction results (Table 8).[22] The computed
M ± C and M ± O distances are larger by ca. 0.03 �, whereas


the bond angles agree very well. Only averaged C ± H
distances and H-C-Re angles were given by Haaland et al.,
assuming C3v local symmetry of the methyl groups.[22] It turns
out that, in spite of the agostic interactions and of the
appreciable rotational barrier, this assumption is also well-
founded: the methyl groups in 4C4v-1 deviate only little from
local threefold symmetry (in contrast to 4C4v-2). Early
qualitative MO considerations have been used by Gibson
et al.[21c] to interpret the ESR spectrum of [ReO(CH3)4]. The
Kohn ± Sham MOs computed here are consistent with the
resulting simple one-electron picture (Figure 2). Thus, the
SOMO is a metal dxy-type nonbonding b2 MO, with some
coefficients at hydrogen due to agostic interactions (cf.
above).


Conclusions


Our quantum chemical calculations indicate novel types of
fluxional structures for several of the five-coordinate d0 and d1


MOR4 title compounds. These results extend the already
impressive range of unusual structures for d0 complexes (see
Introduction). The peculiar structural behavior results from a
competition between p-bonding to the oxo ligand and s-
bonding to the other four ligands. The Cs-1 structure type
found to be the most stable for the d0 systems [WOH4] (1) and
[WO(CH3)4] (2) may be related to a structure type of [MX2R3]
complexes denoted edge-bridged tetrahedral by Ward et al. in


Table 8. Computed structural parameters for structures 4C4v-1 and 4C4v-2
of [ReO(CH3)4], compared with experiment.[a]


4C4v-1 4C4v-2 Exptl.[b]


ReÿO 1.717 1.717 1.682(3)
ReÿC 2.140 2.154 2.117(3)
CÿHax 1.107 1.111 av.: 1.113(5)
CÿHeq 1.106 1.103
C-Re-O 112.5 109.3 112(1)
C-Re-C (cis) 81.5 83.8 82(1)
Hax-C-Re 110.3 102.9 av.: 108(1)
Heq-C-Re 110.7 115.0


[a] Distances AÿB in �, angles A-B-C in 8. See the analogous atom
labeling for 2C4v-1 and 2C4v-2 in Figures 3c,e. [b] Gas electron diffraction
results, see ref. [22]. A conformation as in 4C4v-1 was assumed in the
refinement.
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an independent, parallel computational study (also see
Section I).[25] For the present [MXR4] complexes, a second,
to our knowledge unprecedented type of distorted square
pyramidal structure, Cs-2 (cf. Figures 1b, 3b, and 6b), was
found to be important. It is the lowest energy minimum
for the d1 complex [ReOH4] (3) and is also very competitive
for the d0 systems 1 and 2. Matters for the methyl com-
pounds 2 and 4 are further complicated by agostic interac-
tions. These may lead to surprisingly large conformational
energy differences, which depend additionally on the skeletal
distortions.


We have provided detailed structural and spectroscopic
predictions, in particular for [WO(CH3)4] (2), as we hope that
the unusual properties predicted for this interesting com-
pound may be accessible to experimental confirmation. In
spite of the coordinatively unsaturated character, tetrame-
thyloxotungsten and related tetraalkyl systems are not
unlikely synthetic targets. Probably the most closely related,
somewhat more complicated experimental example is the
structure of [WONp3(NEt2)] (Np� neopentyl) (5).[50] Con-
sider the three methyl groups 1, 3 and 3' in 2Cs-1 (Figure 3a)
replaced by neopentyl ligands and methyl group 2 by the
diethylamido group. The angles between the ligands for the
two systems correspond closely. Notably, the amido ligand in 5
is oriented parallel to the WÿO bond. This is the optimum
orientation for p-donation from the amido ligand to the metal
(cf. the 3a'' LUMO for 1Cs-1 in Figure 2). As other, more
remote structural examples, one might consider [ReO2Np3]
(the bonding situation is more complex and apparently
involves H-bonding interactions)[51] or [MoO{OC(CF3)3}4]
(the quality of the structural data is insufficient to allow
detailed conclusions).[52] In each case, a competition between
s- and p-bonding is important (see also the discussion in
ref. [25]).


Our previous calculations on hexamethyl systems have
shown that structural distortions are more pronounced in the
4d series than in the 5d series (e.g., [Mo(CH3)6] is somewhat
more distorted than [W(CH3)6]), as relativistic effects in-
crease the ligand ± ligand repulsions for the heavier metals.[12]


We thus expect the molybdenum analogues [MoOR4] of
the tungsten complexes studied here to be even more
significantly distorted.[53a] Other d0 systems with one p-donor
ligand plus four purely s-donating ligands should be expected
to exhibit similar distortions as those found here. Indeed,
stronger p-donors like nitride or alkynyl ligands should
favor more strongly distorted (and more rigid?) structures.
This is confirmed by our preliminary calculations on the
d0 alkynyl model complex [Re(CH)H4], which is computed
to have a strongly distorted structure of the Cs-2 type, with
a considerably steeper potential energy surface than [WOH4]
(1).[53b] In contrast, [NbClH4] and [TaClH4] are cases
with a weaker apical p-donor and thus are less distorted
than 1.


The range of compounds, where such nonclassical low-
symmetry d0 (and d1) structures may be expected, is probably
much larger than previously assumed. Fluxional structures are
in general quite common for five-coordination. However, our
ongoing investigations on heteroleptic methyl/halogeno com-
plexes of tungsten, [WXn(CH3)6ÿn] (X�F, Cl; n� 0 ± 6),


indicate that many of these six-coordinate systems feature
also unusual distorted structures.[54] Thus, there should be an
entire area of d0 complexes with interesting structures worth
investigating.
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On the Spin ± Spin Coupling Constants of Trimethylsilylated Iodoacetylene


Andrzej Ejchart* and Adam Gryff-Keller*


Quantum-mechanical calculation of NMR parameters for
molecules which include heavy atoms is the challenging task
of the present time. The paper by Kaupp et al.[1] published
recently in Chem. Eur. J. is undoubtedly an important
contribution to this field. It concerns the analogy between
the iodine ± carbon spin ± spin coupling constant and the
correction of carbon chemical shifts resulting from the
spin ± orbit coupling of heavy-atom electrons in iodohydro-
carbons. It seems that in the case of such a novel theoretical
approach it is always desirable to compare the calculated
results with the experimental ones. In the paper mentioned,
the authors state: ªExperimental spin ± spin coupling con-
stants are not available for comparison (couplings to iodine
are difficult to observe because of the large quadrupole
coupling constant of iodine)º. In fact, a large quadrupole
coupling constant results in the rapid spin relaxation of the


iodine nucleus and, moreover, affects relaxation of neigh-
bouring carbon nuclei by the mechanism of scalar relaxation
of the second kind.[2] It makes it possible to determine the
spin ± spin coupling constants from the relaxation data
analysis.[3] Actually, we have determined the absolute values
of 1J(13C,127I) and 2J(13C,127I) coupling constants of trimethyl-
silylated iodoacetylene.[4] We are glad that our experimental
values, 361� 11 Hz and 84� 14 Hz, are in reasonable agree-
ment with values calculated for iodoacetylene by Kaupp
et al. :[1] ÿ695.5 Hz and ÿ56.2 Hz for 1J and 2J, respectively.
Moreover, the value of the chemical shift for protonated
carbon in iodoacetylene has been reported to be d� 83.5,[5]


showing an excellent agreement with the value d� 81.7
reported in the paper on which we comment here.[1]
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