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Molecular Spin Ladders

Concepcio Rovira*[?!

@ )

Abstract: The structural and magnetic characteristics of
the recently discovered quantum spin ladders are sum-
marised and the possibilities of supramolecular chemistry
for developing such fascinating materials are discussed.
The existing examples of molecular spin ladders clearly
show that typical supramolecular and crystal engineering
criteria, such as m-m overlap, S-S and C-H---S
interactions and complementarity of size and shape, are
useful in the construction of these magnetic quantum
systems with intermediate dimensionalities between one-
dimensional chains and two-dimensional square lattices.

Keywords: crystal engineering - molecular magnetism -
\molecular materials - radical ions - spin ladders )

What Is a Spin Ladder?

Spin ladders are low-dimensional magnetic quantum systems
that consist of a finite number of strongly magnetically
coupled chains of spins that are at the crossroads between one
and two dimensions (Figure 1). Especially interesting are the
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Figure 1. Schematic illustration of different kinds of low dimensional
magnetic Heisenberg systems with antiferromagnetic couplings: a) one-
dimensional chain; b) two- and three-leg spin ladders in which J, is the
coupling along the rungs and J is the coupling along the chains; c) two-
dimensional square lattice with different exchange coupling constants, J
and J'. Black dots denote S =Y spin-containing units and continuous and
dashed lines represent antiferromagnetic interactions of different strength.
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ladders with S=7% spins, which show antiferromagnetic
isotropic coupling between the nearest neighbours, and that
are generally named as S =Y Heisenberg antiferromagnetic
spin ladders. The Hamiltonian in Equation (1), defines such
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magnetic systems. In Equation (1) S,, is the spin operator at
the site i (i=1,2,...,L) on the leg a (a=1,2...) of a ladder
with L rungs. J, and J; denote the intra- and inter-rung
exchange coupling respectively. With this definition, J, and J;
should be positive for antiferromagnetic interactions.

The magnetic properties of such systems are particularly
interesting as a result of the increased importance of the
quantum-mechanical effects operating within them. Theoret-
ical calculations have predicted that spin ladders with an even
number of legs have a spin-liquid ground state, so called
because of their purely short-range spin correlation along the
legs. These even-leg ladders consist of spin singlet pairs with a
spin—spin correlation distance along the legs that show an
exponential decay produced by the presence of a finite spin
gap. By contrast, a ladder with an odd number of legs behaves
quite differently and displays properties similar to those of a
one-dimensional antiferromagnetic Heisenberg chain at a low
thermal energy, namely, gapless spin excitations and a power-
law falloff of the spin—spin correlations which are magneti-
cally ordered.l'™”]

Magnetic properties of two-leg S=1 antiferromagnetic
spin ladders can be easily described for the case in which intra-
rung exchange coupling is much larger than the exchange
coupling along the legs; J, > J. In this particular case the
rungs of the ladder interact only weakly with each other and
the dominant spin configuration in the ground state is that
with the spins on each rung forming a spin singlet. Therefore,
the ground state has a total spin § =0. To produce the lowest
excitation in the infinite ladder to a configuration with a total
spin S=1, one of the rung singlets of the ladder must be
promoted to an S=1 triplet (Figure 2) with a finite energy
that must overcome the finite spin gap of the system.
Moreover, the coupling along the legs creates an energy band
of S =1 magnons with a dispersion of about 2J; that leads to
an exponential decrease in the magnetic spin susceptibility as
the temperature is lowered until k7 is below the spin-gap
energy.
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Figure 2. Schematic illustration of the lowest excitation to a configuration
with a total spin S=1 in a two-leg S=1: Heisenberg antiferromagnetic
ladder with J, >J;.

Another interesting prediction for two-leg ladders is that
light hole-doping can lead to superconductivity on basis that
effective attraction between extra holes may arise from the
magnetic interactions between the spins of the ladders.! Odd-
leg ladders, on the other hand, must have different behaviour
because singlet pair formation on their rungs is not possible.[

“Ideal” spin ladders are those in which the exchange
coupling along the rungs is very similar to the exchange
coupling along the chains, that is J,/J;~ 1. Therefore such
systems are intermediate between two limiting cases:
a) isolated dimers, when J,/J;— oo, and b) isolated one-
dimensional chains, when J /
J;—0. Spin ladders of experi-
mental interest are those that
have both exchange coupling

> —o—0—@ constants of the same order of
g J % % magnitude, that is 0.1<J,/J; <
H—H 10. In addition, ladders should
i i i be quite well isolated one from
ol o _a another, since appreciable in-

|

terladder coupling (/' in Fig-
ure 3) can promote a quantum
phase transition between the
exchange couplings. Black dots spln—hq}nd ground state and a
denote S—1 spin-containing magnetically ordered state.
units. Troyer et al. established a crit-
ical ratio of the interladder to
intraladder coupling of J/J, ~
0.1 that separates the spin liquid from an antiferromagnetic-
ordered state.['%]
The appealing properties of spin ladders have been only
recently found in very few materials, the first examples being
connected chains of transition metals in inorganic oxides, such

Figure 3. Scheme of two-leg
ladders showing intraladder
(/. and J) and interladder (J')

Abstract in Catalan: En aquest article es descriuen les
caracteristiques estructurals i magnetiques de les escales de
espi, sistemes quantics recentment descoverts, i es discuteixen
les possibilitats que ofereix la quimica supramolecular per tal
de desenvolupar aquests materials fascinadors. De fet, els
exemples que existeixen de escales de espi moleculars ens
mostren clarament que els criteris utilitzats habitualment en
enginyeria cristal - lina i supramolecular com son el solapament
d’orbitals 7, les interaccions S+--Si C—H --- S i la complemen-
tarietat de forma i grandaria son tambe eines de gran utilitat a
l'hora de construir aquests sistemes magnetics quantics que
tenen una dimensionalitat intermedia entre les cadenes 1D i les
xarxes 2D.
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as the series of even- and odd-leg ladder structures provided
by the cuprates Sr,_,Cu,,,0,, (n=3, 5,...),'! or the two-leg
ladders (VO),P,0,["? and LaCuO,.I"¥] However, it is impor-
tant to note that the identification of these compounds as spin
ladders have been made, primarily, on the basis of their
macroscopic characterisation (magnetic susceptibility data)
and it has been shown later on that microscopic probes, such
as neutron scattering, nuclear magnetic resonance (NMR)
and muon spin resonance (#SR), are necessary to establish the
exact nature of the ground state. In fact, although the family
of cuprates containing Sr has been confirmed as real spin
ladders by different experiments,' NMR and uSR studies on
the La-containing cupratel™> 191 and inelastic neutron scatter-
ing measurements on the (VO),P,0,['"l showed that both of
these compounds are not real spin ladders.

The search for new compounds that have spin-ladder
properties is a very important task not only for understanding
the fascinating quantum ladder physics, but also for develop-
ing new materials, especially superconductors.

The First Molecular Spin Ladders

Nowadays, from the viewpoint of chemists in the field of
molecular materials science, one of the most exciting topics is
solid-state supramolecular synthesis, that is, to combine
appropriate molecular building blocks in a predesigned way
as to endow the resulting supramolecular assembly with
desirable physical properties. Because of their structural
flexibility, molecular solids offer a field of choice to finely tune
interesting physical properties such as those of the spin-ladder
materials. In fact, in materials constructed from open-shell
molecules, the modulation of their structural, electronic and
magnetic dimensionalities has permitted the realisation of
molecular compounds that have a large variety of physical
phenomena ranging from low-dimensional metals and super-
conductors to organic ferromagnets.'® ¥ The main interest of
these new materials arises from the fact that the interacting
spins are located in molecular orbitals (MO) with a large or
dominant role of s and p atomic orbitals rather than of d and f
orbitals as in ordinary metals and magnets. Moreover, the
modulation of their crystal structures and thereby of their
electronic and magnetic dimensionalities can be achieved by
modifying the type and/or the strength of intermolecular
interactions present in the crystal. By changing the structure
and components of the molecular units, such modification
can, in principle, be accomplished.

The construction of the simplest molecular spin ladder—a
two-leg ladder—can be conceptually achieved following two
different strategies (Figure 4). The first one consists of the
connection of two molecular one-dimensional S=1 spin
chains, one next to the other. The second strategy is to
assemble an infinite number of units with two interacting S =
%4 molecules (dimers). Consequently, the selection of the
appropriate open-shell building blocks, able to form one-
dimensional chains or dimers and that are also able to interact
with the neighbouring units, is of primary importance.
Although the few molecular spin ladders known so far have
been obtained by serendipity, the study of these compounds
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Figure 4. Illustration of the two strategies that can be used in the
construction of molecular two-leg ladders: a) assembly of one-dimensional
S =1 chains and b) connection of § =" dimers.

shows that both conceptual strategies have been involved in
their construction.[?-23]

To follow the first strategy—the assembly of chains—one of
the most promising building blocks are tetrathiafulvalene
(TTF) derivatives, since it is well known that these planar -
electron donors form stable radical cations that have a large
tendency to stack forming one-dimensional chains.['®!]
Furthermore, the transfer integral (f) between electrons in
neighbouring molecules are comparable or even smaller than
the on-site Coulombic repulsion (U), and thus the electron
wave function is very often on the borderline between the
localised and delocalised behaviour. When localisation of the
electrons is promoted, by lowering the #/U ratio, a one-
dimensional spin chain can be generated that could provide
the legs of the ladders if interchain magnetic interactions are
adequate. In fact the sulfur atoms of TTF derivatives readily
establish intercolumn structural and electronic interactions,
thus promoting enhanced electronic dimensionality in a great
number of metallic charge-transfer salts derived from these
mainly planar molecules.?) Therefore, S---S interactions
could provide the rungs of the ladder. Exchange coupling
constants, J;,, among open-shell molecules in these TTF-based
molecular spin ladders are related to the transfer integral, #;, of
the corresponding intermolecular contact and the on-site
Coulombic repulsion, U, of the molecule by Equations (2).

J,=281U ©)

Due to the above mentioned characteristics one-dimen-
sional and two-dimensional, layered organic conductors based
on TTF are quite common in the literaturel’® 1l although the
achievement of an intermediate dimensionality, that is, a finite
number of assembled stacks forming ladder-like structures,
have been only recently accomplished.?”2!l Only when the
proper array of diamagnetic counterions cuts a two-dimen-
sional-layered TTF structure with localised electrons is a spin-
ladder molecular material obtained in the donor sublattice.

Our research group have succeeded in preparing a purely
organic molecular two-leg spin-ladder compound using as a
building block the TTF derivative dithiophenetetrathiafulva-
lene (DT-TTF) and the Au complex of the maleonitrile
dithiolate [Au(mnt),]as a counterion.?”! This planar diamag-
netic counterion has the same size as the donor and also
exhibits a great tendency to stack forming one-dimensional
chains; it therefore complements DT-TTF.

Chem. Eur. J. 2000, 6, No. 10
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The molecules crystallise together to form the mixed-
valence salt [ (DT-TTF),][Au(mnt),], in which segregated D'T-

TTF and [Au(mnt),] stacks with a herringbone pattern are
present (Figure 5). At room temperature, the DT-TTF stacks
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Figure 5. a) Crystal packing of [ (DT-TTF),][Au(mnt),] showing the ladder
structure formed by the organic DT-TTF donor (D) stacks related by a two-
fold screw axis (A =[Au(mnt),]); b) projection of the crystal structure
along the b axis, in which short S--- S contacts are indicated by dotted lines.

are arranged in pairs, related by a twofold screw axis, that
alternate with single stacks of [Au(mnt),] units along the a—c¢
direction. The pairs of organic donor stacks are the legs of a
two-leg ladder structure, since they are strongly linked by
three inter-stack S---S close contacts (Figure 5b), providing
the rungs for the ladder. In fact the calculated transfer
integrals show that the two legs of the ladder interact strongly,
since the value of the transfer integral coupling the two paired
chains of donors (¢, =21 meV) is very similar to that of the
transfer integral up the chain (¢, =36 meV).

The structural arrangement of donors in [(DT-
TTF),][Au(mnt),] is the same as that found in the two-
dimensional organisation of the neutral donor in the solid
state;[! therefore, the structure of this salt can be described
by separating, in pairs of stacks, the two-dimensional arrange-
ment of the neutral DT-TTF with the stacks of anions. By
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using a diamagnetic anion of similar size and shape to that of
the donor molecules, we have succeeded in the realisation of
an intermediate dimensionality between one and two dimen-
sions for a molecular compound. This structural ladder should
have localised, interacting electrons in order to behave as a
two-leg spin ladder; otherwise it could behave as a one-
dimensional metal. Indeed, electrical-transport measure-
ments and X-ray diffuse scattering experiments show that
below 220 K the electrons are localised in dimers of DT-TTF
molecules (Figure 6). These dimers [(DT-TTF),]** constitute
the spin-carrying units of the spin ladder.

S
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1

e =(DT-TTF), '

Figure 6. Schematic illustration of the two possible two-leg ladders formed
by the dimerisation of DT-TTF stacks in [(DT-TTF),][Au(mnt),].

Susceptibility data on powdered and single-crystal samples
of the salt show a characteristic behaviour of localised spins
with strong antiferromagnetic interactions, which display a
spin gap (Figure 7). The exponential decay of susceptibility
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Figure 7. Temperature dependence of the paramagnetic susceptibility (e)
of the [(DT-TTF),][Au(mnt),] salt. The solid line is the fit by Equation (2)
to a contribution of a spin-ladder model (e—e—) and a Curie tail (----).

data at low temperature (from 8 to 45 K) were successfully
fitted with the Troyer expression [Eq. (3) ]! for a two-leg spin-
ladder system with the energy gap, A/k, in the spin excitation
spectrum found to be equal to 78 K.

Sdaer = a T2 exp(— AIKT) 3)
The exchange interactions along the legs (J;/k =83 K) and

the rungs (J,/k=142K) of the ladder were extracted by
fitting of the whole susceptibility data with the Equation (4),

% = Fraager + (L= ) Xcurie 4)
=g+ (G e T+ T ®
adder = - et — e
Xladd T P, T
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which takes into account the Curie contribution due to
paramagnetic impurities (defects) in the crystals. The two-leg
ladder model Equation (5) used for such a fitting was that
developed by Barnes and Riera, in which ¢y, ¢,, ¢3, ¢4, ¢s and ¢
depend on J, and J; (Figure 7).

Of note for this two-leg spin ladder is the fact that the J,/J,
ratio is 1.7, which is close to that of an ideal spin ladder. The
spin gap has also been calculated from the resulting values of
Jy and J, with the theoretical Equation (6)"! to give A/k=
83 K, which is in good agreement with the previous value.

A=J,—J + 320, (6)

The temperature dependence of the magnetic susceptibility
clearly inferred that the [(DT-TTF),][Au(mnt),] salt is a
purely organic molecular system with a two-leg spin-ladder
configuration. Nevertheless, since the calculated interladder
transfer integral ¢ =6 meV, although small, is not negligible
and could imply a quite sizeable ladder—ladder interaction
(/') that affects the nature of the low-temperature magnetic
state, independent magnetic measurements were performed.
Zero field and longitudinal field 4"SR measurements as a
function of temperature have confirmed that [(DT-
TTF),][Au(mnt),] is a molecular material with a real two-leg
spin-ladder configuration, since the results obtained corrob-
orate the absence of a magnetic ordering, as expected for
even-leg spin ladders with the quantum spin-liquid state
realised.P!

Another TTF based organic spin ladder has been claimed
by Komatsu et al.?l The compound belongs to the fruitful
family of bis(ethylenedithio)tetrathiofulvalene (BEDT-TTF)

(=)
S ST s
BEDT-TTF

salts. Its structure consists of two uniform stacks of completely
ionised BEDT-TTF donors along the ¢ axis that are isolated
from the neighbouring pairs of stacks by the diamagnetic
[Zn(SCN);]-anions as shown in Figure 8. The [BEDT-TTF]**
stacks form a structural two-leg ladder, since they are
connected by side-by-side S---S interactions (interaction
labelled as 3 in Figure 8) between BEDT-TTF molecules as
well as by another weaker face-to-face interactions (inter-
action labelled as 2 in Figure 8).

The low conductivity and the semiconducting behaviour of
this salt denote that electrons are localised in the BEDT-TTF
molecules. Based on the calculated transfer integrals, the
authors argue that there are four possible exchange coupling
constants: one intrachain (J,/k =966 K), two interchains (J,/
k=5.2 K and J5/k = 86.4 K) and another (J,/kz =0.09 K) with
an interladder character. Nevertheless, only two of these
magnetic couplings (/;=J,and J;=J, ) can be considered as
effective (Figure 9).

The fit of the experimental susceptibility data (Figure 10) to
the spin-ladder model [Eq. (3)] gives an energy gap of 340 K.
Nevertheless, in this case the energy gap calculated from the J;
and J, values, estimated from the transfer integrals, shows a
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Figure 8. X-ray structure of [BEDT-TTF][Zn(SCN);] by Komatsu et al.l?!]
a) View along the molecular long axis of BEDT-TTF; b) view along the ¢
axis. Arrows indicate the interactions within (interactions 1-3) and
between (interaction 4) the ladder. (Reprinted with permission.?!)

Figure 9. Schematic representation of the two-leg spin ladder formed by
the two chains of [BEDT-TTF]** in [BEDT-TTF][Zn(SCN);].
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Figure 10. Plot of y7T vs. T for the [BEDT-TTF][Zn(SCN);] salt (open
circles). The solid line is the best fitting curve to the spin-ladder model
[Eq. (3)]. Temperature dependence of ESR line-width (closed circles) of an
oriented single crystal is also shown. (Reprinted with permission.l?!l)

large discrepancy with the experimental ones. The authors
stated that this result could probably be accounted for by the
frustrating effect of the antiferromagnetic interaction J,
(Figure 9). Finally, it must be pointed out that the J,/J; ratio
of 0.1, estimated from the transfer integrals, place this two-leg

Chem. Eur. J. 2000, 6, No. 10
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spin ladder at the limit in which it could also be described as
pairs of weakly interacting one-dimensional chains.

The second strategy to the two-leg ladder systems—the
assembly of an infinite number of dimers—has been also
successful in the achievement of molecular spin ladders. In all
known cases the spin-carrying units are not purely organic,
but are metal dithiolene complexes.

Fourmigué et al.??l have found spin-ladder properties in
some members of a family of charge-transfer complexes
formed by tetrafluorotetracyanoquinodimethane (TCNQF,)
and cyclopentadienyl/dithiolene (dithiolene = dmit?>~, dmid?-,
dsit*~) Mo and W complexes.

F F
-s s -s s -Se S NC
T T o =)
-s s -s S -Se S NC
dmit® dmid?® dsitz F F
TCNQF,

The strong electron-acceptor TCNQF, oxidises the organo-
metallic donors that are organised in the solid as head-to-tail
dimers. Since TCNQF, "radical anions are strongly dimerised
into diamagnetic [TCNQF,],>species, only the [Cp,M-
(dithiolene)] " radical cations are responsible for the mag-
netic properties shown by these solids. The reported
[Cp,M(dmid) ][TCNQF,] (M =Mo, W) complexes are iso-
structural being the [Cp,M(dmid) ] ** radical cations dimerised
by dmid/dmid m—m overlap interactions. Such dimers con-
stitute the rungs of the ladder, since they are strongly
interacting owing to short S---S contacts, this gives rise to
ladder-type structures that are isolated from each other by the
chains of TCNQF, (Figure 11).

Accordingly with the described structural characteristics,
the exponential decay of susceptibility data below the
maximum can be fitted to the Troyer equation [Eq.(1)]
giving different spin gaps for both compounds (Figure 12):
Ak=74K and A/k=13 K for the Mo and W salts, respec-
tively. Thus, the replacement of W for Mo, while not altering
the structural characteristics of the supramolecular structures,
modifies the electronic characteristics of the building block
and as a consequence the electronic structure of the molecular
spin ladder.

The authors extracted the values of J; and J, combining the
Equations (6) and (7). The obtained exchange coupling
constants for the Mo salt were J, = 107 K and J; =41 K and

T(ma)J . = 0.625 — 0.01835J /7, +0.2532(J,/J ,? )

for the W salt J, =23 K and J; =16 K. The relative values of
these constants are in accordance with the smaller dithiolene
contribution to the SOMO for the W complex and are also in
very good agreement with the calculated interaction energies
within the dimers. Remarkable also are the J,/J; ratios of 2.6
and 1.5 for Mo and W salts, respectively, since they are close
to that of an ideal two-leg spin ladder.

The complex [Cp,W(dmit) [ TCNQF,] also presents inter-
acting dimers although with another type of dimer associa-
tion, due to S---S interactions instead of mw—m overlap. The
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[Ni(dmit)] p-EPYNN

paramagnetic counterion, the p-N-ethylpyridinium a-nitronyl
nitroxyde ([p-EPYNN]).

In the crystal structure of [p-EPYNN][Ni(dmit),] salt, the
open-shell p-EPYNN cations form chains along c¢ axis that
isolate the chains of dimers, formed also along ¢ axis, by the
dithiolate radical anions (Figure 13). The dimers of [Ni-

Figure 11. a) X-ray structure of [Cp,Mo(dmid) |[TCNQF,] by Fourmigué
et al.??I b) View of the ladder structure formed by the S = ! cations in the
[Cp,Mo(dmid) [TCNQF,] salt.
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Figure 12. Plot of magnetic susceptibility vs. T of the [Cp,M(dmid)]-
[TCNQF,] (M =W, Mo). Insets show the fits of the low-temperature data
to [Eq. (3)] %

susceptibility data was analysed as in the other complexes
giving a spin gap value of A/k =40 K.[A

The last known example of molecular spin ladder is
provided by another dithiolene complex, the m-radical anion
[Ni(dmit),] *=.?1 This S =1 ion also forms dimeric units that
interact in a ladder-like structure in the salt formed with a

1728
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Figure 13. Crystal structure of [p-EPYNN][Ni(dmit),] salt by Imai et al.l?’]
a) Both chains of cations and anions are shown. b) View of [Ni(dmit),]
ladder showing the short S---S interdimer contacts. (Reprinted with
permission.?)

(dmit),] ~are formed by a m—m overlap and the connection
between the dimers are provided by very short (3.31 A) S---S
contacts that take place along the ¢ axis.

In contrast to the previous [Cp,M(dithiolene)][TCNQF,]
compounds, the crystals of [p-EPYNN][Ni(dmit),] contain
two different magnetic subsystems: the p-EPYNN radical
cation chains and the one-dimensional ladder chain of
[Ni(dmit),] "radical anions. On the basis of macroscopic
magnetic investigations, the authors ascribe a spin ladder
behaviour for the chain of dimers formed by the [Ni(dmit),]
radical anions and a ferromagnetic chain behaviour for the p-
EPYNN radical cation chains, stating that both subsystems
behave independently. The fitting of the susceptibility data
shown in Figure 14 to the sum of expressions for a spin ladder
[Eq. (3)] and for a one-dimensional chain with ferrromagnetic
coupling!® gave a spin gap A/k=940K for the [Ni(dmit),]
ladder and a ferromagnetic exchange interaction of J/k=
—0.16 K for the [p-EPYNN] chains. Unfortunately, the
authors have not determined the J, and J; values of their
system although from the resulting large spin gap value one
expects a tiny J,/J; ratio for the spin ladder, well above the
value for an ideal spin ladder.
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Figure 14. Plot of susceptibility of [p-EPYNN][Ni(dmit),] vs. T.*] The
solid curve is the fit to the sum of ladder and ferromagnetic chain equations
and the black and grey regions represents the contribution from [p-
EPYNN] and [Ni(dmit),], respectively. The broken curve is the best fit
using a simple dimer model.

Challenges and Prospects

Although spin-ladder physics has emerged only very recently
as a fertile subfield of condensed matter studies, molecular
spin ladders have appeared at the initation of this area of
research. In fact, the examples presented here show that
supramolecular chemistry is a very powerful tool to construct
solid compounds with tailored physical properties, such as
spin ladders. Typical supramolecular and crystal-engineering
criteria, like m—m overlap, S---S interactions and comple-
mentarity of size and shape, used with success in the tuning of
dimensionality and properties of molecular conductors and
magnets have proven to be useful in the construction of
intermediate magnetic dimensionalities which are the spin
ladders. Although it is not an easy task, application of these
criteria will help in increasing the number of examples of
molecular spin ladders; this will in turn aid the understanding
of low-dimensional spin systems that exhibit spin gaps.
Important challenges in this field that deserve to be reached
with molecular compounds are the construction of spin
ladders with different values of ladder—ladder interactions
and molecular spin ladders with more than two legs.
Molecular compounds with such characteristics will help in
the corroboration of theoretical findings about the limits of
ladder—ladder exchange coupling interaction values that can
destroy the ladder characteristics, as well as to verify the
dependence of the bulk magnetic properties with the odd/
even number of legs in the ladders.
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On the Electrostatics of Cell-Membrane Recognition:
From Natural Antibiotics to Rigid Push - Pull Rods

Naomi Sakai and Stefan Matile*[2]

Abstract: The question why pore-forming, a-helical\
natural antibiotics are not toxic is discussed within the
general context of the interaction of electrostatically
asymmetric “nanorods” with neutral, anionic, and polar-
ized bilayer membranes. We suggest that simplification of
the structural complexity of natural systems will be
necessary to ultimately define the involved subtle balance
between constructive and destructive electrostatic inter-
actions.

Keywords: antibiotics - ion channels - membranes -
\molecular recognition - peptidomimetics )

Introduction

Pore formation in cell membranes by extracellular agents is
usually fatal. Many pore-forming toxins isolated from plants
and animals illustrate the powerful use of this mechanism in
nature. It is thus intriguing to learn that certain antibacterial
components of the innate immunity of human, animals, and
plants (i.e., “natural antibiotics”) utilize this seemingly deadly
mechanism to selectively permeabilize the cytoplasmic mem-
branes of Gram-positive and Gram-negative bacteria.l! In
particular, the capacity of natural antibiotics to withstand
microbial resistance despite their use over thousands of years
implies that selective pore formation in bacterial cell mem-
branes may be a “biomimetic” strategy to bypass resistance.?!
The central question underlying the mode of action of natural
antibiotics, however, is still open: “How, exactly, can pore-
forming molecules differentiate between cell membranes?”
or, on the macroscopic level: “Why are pore-forming natural
antibiotics not toxic?”

At least four distinct mechanisms are conceivable for cell-
membrane recognition by extracellular agents. Specific bind-
ing to constituents that are unique for the targeted membrane
is best exemplified by the recognition of ergosterol by the
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Department of Organic Chemistry, University of Geneva
1211 Geneva 4 (Switzerland)
Fax: (+41 22) 328 7396.
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clinically used antifungal agent amphotericin B.’) The three
other mechanisms are conceptually different: they focus on
the recognition of unique physical properties of the targeted
biomembrane, namely on their thickness*! charge, and
potential (Figure 1). A combination of the last two recogni-
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Figure 1. a) Sequence, topology, and electrostatic asymmetry of the a-
helical natural antibiotic magainin 2. b) Simplified general structure of
electrostatically asymmetric rods 1 and their possible recognition neutral
bilayers in host—guest complex 2, of anionic membrane surfaces by
constructive electrostatic interactions in host—guest complex 3 and of
polarized membrane by constructive electrostatic interactions in host—
guest complex 4.

tion mechanisms has been suspected to account for the
specific activity of natural antibiotics in the cytoplasmic
membranes of bacteria, because they are characterized by
anionic surfaces and unusually high, inside negative mem-
brane potentials around —200 mV.[! > 6]
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The electrostatic principles underlying recognition and
depolarization of bacterial membranes by natural antibiotics,
however, are practically unknown despite considerable efforts
in academia and industry over the past few years. In this
concept article, we will elaborate on our impression that these
difficulties to elucidate the electrostatics of cell-membrane
recognition are directly related to the elusive structural
complexity of natural systems (Figure 2). This view will be
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Figure 2. Structural complexity of external guests in bilayer hosts classified by location [external (a), interfacial
(b), transmembrane (c), and central (d)], conformation [random (5, 6), ordered (7, 8, 9)] and aggregation
[monomeric (6, 7), oligomeric (5, 8,9)]. In principle, all these structures are in equilibrium. [a] Structures that are
duplicated in the case of membrane asymmetry with the exception of 9¢.['%]

further refined by discussing novel insights on mechanistic,
methodological, electrostatic, and structural aspects of bilayer
membrane recognition with particular emphasis on the
interaction of the membrane potential with the dipole mo-
ment of asymmetric molecular rods. From this discussion, we
will then try to extract guidelines for the design of future
“universal probes” that fulfill all prerequisites needed to
ultimately define the specific electrostatic interactions of
asymmetric “nanorods” with neutral, anionic, or polarized
biomembranes. With a permanent eye on this specific aim, the
selection from a remarkable body of recent literature and the
discussion of the chosen studies are necessarily subjective.
Interested readers may, however, obtain access to more
comprehensive, detailed, and objective information through
the bibliography.

Discussion

Mechanistic considerations: “The paradigm of natural anti-
biotics” is magainin 2 (Figure 1a).[*8 In its a-helical confor-
mation, magainin 2 may be considered as a semi-flexible,
amphiphilic “nanorod” with a length that roughly matches the
thickness of the hydrophobic core of biomembranes. The
anionic charges of magainin 2 are located near the C terminus
of the a-helical rod, while the center and N terminus are
cationic. This axial charge separation coincides with the
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direction of the dipole moment of the a helix, which originates
from uniform alignment of the dipoles of the backbone
amides. Fixed permanent charges and the backbone dipole
therefore create considerable electrostatic asymmetry along
the long axis of a-helical magainin 2 (see simplified structure
1 in Figure 1b).”
The complexes formed by electrostatically asymmetric a-
helical nanorod guests in bilayer hosts can conceivably be
classified by rod location (Fig-
ure 2a—d), conformation, and

8 o aggregation (structures 5-9,
b |rbralia] Figure 2).'1  For magainin 2,
host — guest complexes with dis-

' S & ordered and ordered, mono-
meric and oligomeric, external,

e iyl interfacial, and transmembrane

rods have been shown or pro-
posed to be involved in the
formation of active pores (6a,
6b-9b, 7c¢-9c¢). The most like-
ly active pore structure of maga-

L J inin 2 is thought to be a trans-

membrane parallel oligomer
(8¢) of transient nature; active
interfacial structures (6b-9b)
have been suggested as well.[” 81
Such likely active host-—guest
complexes of magainin2 and
other a-helical rods with bilay-
er hosts are in concentration-
dependent equilibrium with in-
active structures.” %% The ef-
fects of anionic membrane surfaces and membrane polar-
ization on this situation (i.e., the structural basis of cell-
membrane recognition by natural antibiotics) are thus inher-
ently complex and difficult, if not impossible, to define. For
this reason, we felt that the isolated discussion of the possible
effects of membrane charge and potential on the simplest
possible transmembrane host—guest complex (7¢, Figure 2)
may be more productive (Figure 1b).

In neutral and unpolarized membranes, the driving force
for transmembrane orientation is hydrophobic matching of
the length of rod guest 1 with the thickness of the bilayer host
in host—guest complex 2. Terminal charges may stabilize
this transmembrane orientation by electrostatic interactions
at the membrane/water interface. The formation of complex 2
with bolaamphiphilic guests seems, however, energetically
more demanding, because it requires charge translocation
across the hydrophobic core of the membrane. Thus, bolaam-
phiphilic guests possibly remain at the membrane/water
interface (Figure 2b). On the other hand, this increased
activation energy will also hinder dissociation of an estab-
lished complex 2 (Figure 1 and Figure 2c). For electrostati-
cally asymmetric guests 1, the less charged terminus can be
expected to cross the membrane and end up at the internal
interface in host—guest complex 2.

Constructive ionic interactions would further stabilize the
transmembrane orientation of the asymmetric rod 1 in lipid
bilayers with negatively charged surface (Figure 1, 3). These
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interactions at the external interface may account, therefore,
for the recognition of anionic membranes in the presence of
neutral ones by cationic rods.["!

In polarized membranes, the alignment of electrostatically
asymmetric nanorods to the membrane potential may be the
dominant driving force for transmembrane orientation. (As
discussed later on, there is practically no direct structural
evidence for this fundamental effect of membrane potentials.)
Host—guest complex 4 exemplifies the biologically most
significant situation with inside negative membrane poten-
tials. In this case, the cationic terminus is expected at the
internal interface. For the overall cationic rods of biological
importance, this implies that the terminus of higher charge
may cross the hydrophobic core of the bilayer. Therefore, the
activation energy for complex formation and dissociation may
be considerable. However, complex formation, but not
dissociation, should be facilitated by energy gains from the
favorable alignment of the axial-rod dipole to the membrane
potential. Thus, the unusually strong inside negative poten-
tials found in bacteria could, in principle, facilitate formation
and practically inhibit dissociation of host—guest complex 4,
while the weaker membrane potentials of mammalian cell
membranes may not offer enough energy for transmembrane
charge translocation.!"?!

Favorable alignment to the negative potential together with
initial electrostatic attraction to the negative membrane
surface may thus account for the recognition of strongly
polarized bacterial membranes by asymmetric cationic rods 1.
The isolated comparison of the hypothetical host-guest
complexes 4 and 3, however, is more puzzling and practically
unexplored. Namely, both complexes may be stabilized by
specific electrostatic interactions between rod guest and
bilayer host, but the relative rod orientation in host—guest
complex 4 is opposite to that in host—guest complex 3. This
apparently competing situation applies for the orientation of
asymmetric rods in anionic and polarized (bacterial) mem-
branes as well. Specifically, membrane polarization may
destabilize complex 3 because of the unfavorable alignment
of rod dipole and potential. The presence of an anionic outer
membrane surface, on the other hand, may destabilize
complex 4 because of destructive electrostatic interactions
with the anionic rod terminus. The recognition and depolar-
ization of anionic, highly polarized bacterial membranes by
membrane-spanning asymmetric rods that form ion channels
(pores) will ultimately depend on a subtle balance of the
involved electrostatics, that is, rod asymmetry and charge on
the one hand and membrane potential and surface charge on
the other.

As mentioned in the introduction, these electrostatic
principles that determine cell-membrane recognition are
poorly understood. We have suggested that one explanation
for this situation is an eventually misleading influence of the
involved structural complexity on conclusions drawn from the
observed activities of asymmetric rods. For instance, the
expected presence of transient structures and concentration-
dependent multiple equilibria suggests that relevant structure
determination must be done in a time-dependent manner at
biologically significant concentrations. Moreover, modifica-
tions of the electrostatic nature of a-helical asymmetric
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nanorods are likely to result in undesired structural changes.
The most troublesome effects are possible destabilization of a
helices (or reduction of amine pK,’s) by destructive electro-
static interactions between fixed charges and the a-helical
dipole.® Unlimited variability of the electrostatic asymmetry
of nanorods without undesired conformational (and subse-
quent supramolecular) consequences, however, seems imper-
ative for precise elucidation of the electrostatics of cell-
membrane recognition. Ideally, one would like to work with
asymmetric rods that follow the simple mechanisms in
Figure 1 without any of the structural complications depicted
Figure 2. In the following we will therefore try to define the
prerequisites of “universal probes” that would, at least on
paper, be compatible with this ultimate objective.

Methodological considerations: For the reasons discussed in
the preceding paragraphs, the determination of the orienta-
tion of molecules in lipid bilayers at biologically relevant
concentrations is essential for studying the effect of membrane
potentials on electronically asymmetric rods (around 1 um or
less). The following examples demonstrate that, in our view,
fluorescence depth quenching is the most suitable method for
this not trivial purpose.

The orientation of “the paradigm of natural antibiotics” in
bilayer membranes has been elucidated by fluorescence depth
quenching (Figure 3).! For this purpose, Matsuzaki and co-
workers prepared three analogues of magainin 2 with the
fluorescent tryptophans in position 5 (5-W-), 12 (12-W-), and
16 (16-W-magainin 2). The emission intensities of these
W-tags were measured in membranes containing quenchers
Q at defined distance d, from the center of the bilayer
(Figure 3a). The observed relative efficiency of a quencher Q
at a distance d, from the center of the bilayer is directly
proportional to the average distance dyr between fluorophore
F and quencher Q. Comparison of the efficiencies of (at least)
two quenchers Q; and Q, with different d, gives df, the
distance of the fluorophore F from the center of the bilayer.
Comparison of the d values of (at least) two fluorophores F,
and F, at a defined distance dg with respect to the molecular
rod then gives its orientation in the bilayer. For magainin,
identical dp values of 8-10 A for 5-W-, 12-W-, and 16-W-
magainin were consistent with interfacial location (7b-9b,
Figure 2) in anionic, unpolarized bilayer membranes. Al-
though no studies in polarized membranes were reported, this
work illustrates the prerequisites for orientational studies by
fluorescence depth quenching, that is, the presence of (at
least) one fluorophore F; near the terminus and one
fluorophore F, near the middle of the molecular rod (Fig-
ure 3a).

Pioneering orientational studies in polarized membranes
have been performed with lantibiotics.') These commercially
used, cationic natural antibiotics, which also function by
permeabilizing the membrane, may be considered as asym-
metric “rods” rigidified by the presence of «,3-didehydro
amino acids and multiple cycles along a highly unusual
peptide backbone. Epilancin K7, a lanthibiotic with random-
coil conformation in water and increased a-helical structure in
“membrane-like” environments,'**! contains a central tyro-
sine suitable for fluorescence depth quenching (Figure 3).
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Figure 3. Examples of a-helical natural antibiotics (magainin 2), lanti-
biotics (epilancin K7), and oligo(p-phenylene)s that were subjected to
orientational studies in lipid bilayers by distance-dependent depth quench-
ing of a) multiple fluorophores of precise location or b) one extended
fluorophore. Abbreviations: A*-S-A, f-methylanthionine; A-S-A, lanthio-
nine; U, a,f-didehydroalanine; O, a,f-didehydrobutyrine; X, unknown.
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Very little quenching was observed in unpolarized neutral
membranes that contained quenchers with different d.
Application of an inside negative membrane potential,
however, caused efficient quenching that disappeared within
about five seconds—about the time needed for the pore-
forming lantibiotic to depolarize the model membrane. This
finding provided unique direct evidence that an inside
negative membrane potential indeed pulls the center of
epilancin K7 from the surface (conformation Sb-9b, Fig-
ure 2) to the center of the membrane. Although additional
terminal labeling of epilancin K7 would be needed to differ-
entiate between transmembrane (5¢—9¢) and central loca-
tions (5d-9d), this study demonstrates that transient struc-
tures in polarized vesicles are detectable at biologically
relevant concentrations by fluorescence-depth-quenching
techniques.

Depth-quenching experiments in our lab indicated that
orientational studies may be simplified by using extended
fluorophores such as oligo(p-phenylene)s 10 and 11 (Fig-
ure 3b).5) The following simple trends were deduced from
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unambiguous experimental evidence: About identical
quenching of fluorescent rods by quencher Q, near the center
and Q, near the interface (i.e., dop~dyr) proves trans-
membrane orientation (5¢—9¢); dor>dgr consequently
indicates central (5d—9d) and dq,r < dor interfacial locations
(5b-9b). In good agreement with results from W-tagged a-
helical rods,*J transmembrane orientations consistently co-
incided with hydrophobic matching (e.g., 10). Hydrophobic
mismatch of the membrane core with regard to truncated
oligo(p-phenylene) guests (/<27 A, e.g., 11) did not affect
rod binding, but resulted in central (7d) and interfacial
orientations (7b);[* increasing mismatch with regard to
lengthened rods (I>39 A) caused poor guest binding (7a—
9a).l4d

Electrostatic considerations: Comparison of the rod activities
in response to the variation of the electrostatic asymmetry is
evidently the practical approach toward insights on cell-
membrane recognition by constructive electrostatic interac-
tions. An inspired study on this topic from the Merrifield
laboratory describes successful conversion of melittin, the
principal toxin of the bee venom, into an antimicrobial
peptide of identical amino acid composition.['] Electrostatic
analysis of the a-helical melittin rod 12 shows accumulation of
the charged residues at the negative end of the a-helical
dipole (Figure 4). This situation is opposite to that in

I 39« (semi-flexible)

+)
(N)é)GIGAVLKVLTTGLPALISWIKRKRQQ-NH2 ) (©
+ -
( ) melittin (12) ()

| 39« (semi-flexible)

- (+)
(N)@ QQRKRKIWSILAPLGTTLVKLVAGIG—NHZ) ©
*) ©)

retro melittin (13)

Figure 4. Sequence, topology, and electrostatic asymmetry of the (mainly)
a-helical bee-toxin melittin (12) and antibacterial retro melittin (13).

magainin 2, in which the cationic residues are closer to the
positive end of the a-helical dipole (Figure 1). It was argued
that inversion of the a-helical dipole in retro melittin 13 may
minimize the cytotoxicity of melittin, but maintain its anti-
biotic activity. Indeed, hemolysis by retro melittin 13 and its
enantiomeric and N-acetylated analogues was reduced rela-
tive to that of melittin 12, while their ability to kill Gram-
positive and -negative bacteria remained unchanged.

To possibly correlate these results with increased capacity
of retro melittin to recognize polarized membranes, the
changes in the conductivity of planar or “black” lipid
membranes (BLMs) in response to externally applied voltage
were investigated. Indeed, slightly higher voltages were
apparently needed to induce pore formation with retro
melittin compared with melittin. The authors conclude that
fixed permanent charges and a-helical dipole need to be
considered independently, and that the orientation of the a-
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helical dipole is of particular importance for the recognition of
membrane potentials. The most likely active structure of
melittin and its analogues is thought to be a parallel oligomer
(8¢, Figure 2).

Recent studies by DeGrado, Lear, and co-workers are in
(partial) support of this conclusion.l'”l The three studied
peptides differ in electrostatic asymmetry ranging from an a-
helical dipole only for the uncharged peptide 14 to additional
terminal charges for cation 15 and anion 16 (Figure 5). The

| 32« (semi-flexible)

(N) <> Ac-LSSLLSLLSSLLSLLSSLLSL-NH, ) ©)

*) 0

14

| 35« (semi-flexible)

(N) AC-cRWLSSLLSLLSSLLSLLSSLLSL-NH; ) ©)

) ()

15

| 35+ (semi-flexible)

(N) ACEWLSSLLSLLSSLLSLLSSLLSL-NH, ) ©)

) ()

16

Figure 5. Sequence, topology, and electrostatic asymmetry of DeGrado
and Lears neutral (14), anionic (15), and cationic (16) a-helical peptide
models.

charge residues near the partial dipole charge of ~ + 0.5 in 14
results in formal electrostatic symmetry for 16 and doubled
asymmetry for 15. Apparently, the formation of ion channels
in neutral BLMs by all peptides was facilitated by an applied
voltage that corresponded to an inside positive potential. The
ion-conducting properties of the ion channel formed by 16, on
the other hand, were nearly independent of the external
voltage, while enhanced voltage sensitivity was seen for 15
compared with 14. These results clearly illustrate that two
modes of activation of electronically asymmetric rods in
polarized membranes may apply, that is, the population of the
active channels and/or the activity of the open channel can
increase. They further indicate that the latter is governed by
the overall electrostatic asymmetry, while alignment of the
rod dipole with membrane potential appears indeed partic-
ularly important for pore formation in polarized membranes
as suggested by Merrifield.['] Fluorescence depth quenching
with W-tagged analogues of 14 suggested interfacial orienta-
tion in unpolarized membranes (7b-9b, Figure 2);['7 active
parallel oligomers of 14-16 are expected in polarized
membranes (8¢, Figure 2).

Structural considerations: Ironically, the apparently unique
importance of their axial dipole disfavors a-helical peptides as
universal probes for elucidation of the electrostatics of cell-
membrane-recognition mechanisms, because it can not be
varied. In view of the conformational, suprastructural, and
orientational complexity of pores formed by a-helical peptide
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rods in general (Figure 2), the development of artificial ion
channels has attracted much attention.!'s! Synthetic pores that
exhibit electrostatic asymmetry along a membrane-spanning
scaffold, however, are still very rare and very novel.['3 180, 19-23]

The presumably best characterized example is Fyles’
macrocyclic bolaamphiphile 17 (Figure 6).) Ton channel

(flexible)

e S b
O ) (©]

: S— S
5 io Héro\/\o/\/o\/\o _‘g g \_)S_SVO/\/O\/\O/\/O \n/ S
e o e}
17

Figure 6. Structure of the electrostatically asymmetric macrocycle 17
studied in the group of Fyles.

formation by the flexible anion 17 was induced by inside
positive membrane potentials. The formation of membrane-
spanning parallel oligomers (8¢, Figure 2) was deduced from
nonlinear concentration dependence of this activity. The
observed disappearance of voltage dependence with time was
explained by slow transformation of the active parallel
oligomers 8¢ into electrostatically symmetric, antiparallel
oligomers 9 ¢ in polarized membranes. Partial protonation and
replacement of the bis-carboxylate terminus in 17 by a neutral
carbohydrate residuel” resulted in near voltage independ-
ence. These findings were consistent with facilitated flip-flop
due to charge reduction to yield symmetric antiparallel
oligomers 9¢. In summary, Fyles study is of high significance
for the understanding of the electrostatics of cell-membrane
recognition, because it demonstrated with unprecedented
clarity that totally synthetic, membrane-spanning ionophores
can exhibit functional properties that were considered unique
for a-helical peptides until recently.

The development of novel intramolecular ion-conducting
pathways along membrane-spanning nanorods may signifi-
cantly contribute to the simplification of the structural
complexity of natural antibiotics. Toward this end, a clever
combination of the best-understood synthetic ion-conducting
pathway!'®! with the best-understood natural scaffold has been
conceived by Voyer and co-workers.?') Namely, crown-ether
residues have been placed on top of each other to provide an
intramolecular ion-conducting pathway along one monomeric
a-helix 18 (Figure 7).221 Qualitative importance of high
electrostatic asymmetry in zwitterion 18 for function was
subsequently deduced from the reduced activity of partially or
completely uncharged analogues in BLMs.[?2

Almost identical intramolecular ion-conducting pathways
are present in ionophore 19, but the a-helical nanorod in 18 is
replaced by an octi(p-phenylene) of similar length (Fig-
ure 7). Electrostatic asymmetry along the oligo(p-phenyl-
ene) scaffold is introduced by a m donor at one and a =
acceptor at the other rod terminus. Push-pull rod 19
depolarized neutral bilayer membranes with inside negative
potential, while the corresponding pull—pull rod with two
cyano termini was almost inactive in polarized membranes.
The presence of an active transmembrane monomer 7c¢
(Figure 2) was supported by linear concentration dependence
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Figure 7. Structures of electrostatically asymmetric synthetic oligomers
with crown-ether-based unimolecular ion-conducting pathways along a-
helical peptide (18) and octi(p-phenylene) scaffolds (19).

of activity and extensive orientational studies with related
oligo(p-phenylene)s by fluorescence depth quenching (see
above).

An important general advantage of rigid octi(p-phenylene)
compared with a-helical scaffolds is illustrated by the direct
conversion of the push — push rod 20 into push—pull rod 21 by
partial sulfide oxidation (Figure 8).2*l Namely, the molecular

20

Figure 8. Unimolecular octa(p-phenylene) ion channels with variable axial
dipole moment.

dipole along the rigid-rod scaffold can, in principle, be
switched on and off in a controlled manner.!?s! Thus, the use
of rigid push—pull rods provides the so far unique variability
of a permanently oriented dipole parallel to the long axis of a
membrane-spanning scaffold, which seems crucial for eluci-
dation of the importance of the alignment of dipole to
potential for the recognition of polarized membranes.

1736 ——
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Conclusion

Significant insights on isolated aspects involved in the
electrostatics of bilayer membrane recognition by asymmetric
rods have been obtained from the studies discussed above.
These results may serve as (optional) guidelines for the design
of future “universal probes” for comprehensive assessment of
all involved parameters by direct experimental comparison.
The following prerequisites deserve attention.

On the methodological side, experimental evidence was
provided that even transient orientational changes in polar-
ized membranes are detectable with confidence and at
biologically significant concentrations by fluorescent depth
quenching.') This implies that “universal probes” equipped
with permanent central and terminal (or extended)!™ fluo-
rophores will be compatible with relevant orientational
studies.

Progress toward structural and mechanistic simplicity has
been made by constructing unimolecular ion-conducting
pathways along electrostatically asymmetric rods.?'?*l The
use of one of several available unimolecular ion-conducting
pathways['®! in “universal probes” seems desirable to mini-
mize supramolecular complexity of the system (structures 5, 8,
and 9 in Figure 2). To eliminate conformational complexity
(structures 5 and 6 in Figure 2), the use of rigid nanorods may
be a third important prerequisite for “universal probes”. Total
axial rigidity is so far unique for oligo(p-phenylene) push—
pull rods.1? 24

Systematic variation of the electrostatic asymmetry of such
“universal probes” may ultimately reveal the subtle electro-
static fine-tuning underlying cell-membrane-recognition
mechanisms. Variability of the number of charges near the
rod termini is guaranteed in all discussed models. In clear
contrast, facile variability of the magnitude of the axial dipole
in the context of roughly identical overall structures has been
demonstrated for rigid push —pull rods only.[?3 24

In summary, by reviewing the development from natural
antibiotics to rigid push —pull rods, several prerequisites for
“universal probes” for the study of the electrostatics of cell-
membrane recognition have been identified. A rigid-rod
molecule of about 3.5 nm length with permanent read-outs for
structure and activity as well as variable axial dipole and
terminal charges may contain all that is needed. None of the
reviewed models fulfill all of these prerequisites. The insights
gained from these model studies on isolated aspects of cell-
membrane recognition, however, provide a solid basis for
progress in an exciting research area of high importance for
future public health.

Note added in proof: Two highly relevant reports have

appeared in the literature after completion of this article:

1. A clever approach to reduce the conformational complex-
ity of a-helical nanorods in biomembranes based on the use
of more stable 3, helix formed by f-peptide scaffolds has
been introduced.?*

2. Ton-channel formation by oligo-(R)-3-hydroxybutyra-
tes,’] a flexible, asymmetric and anionic scaffold, was
shown to be voltage sensitive when bound to symmetric,
anionic polyphosphates.’

0947-6539/00/0610-1736 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 10





Cell-Membrane Recognition

1731-1737

Acknowledgement

We are grateful for the invaluable contributions of our past and present co-
workers and for financial support by the Swiss NSF (21-57059.99) and
Suntory Institute for Bioorganic Research (SUNBOR Grant).

(1]

)

(10]

(1]

(12]

(13]

(14]

Chem. Eur. J. 2000, 6, No. 10

a) J. E. Gabay, Science 1994, 264, 373, other articles in this special issue
of Science, and references cited therein; b) J. Harder, J. Bartels, E.
Christophers, J.-M. Schroder, Nature 1997, 387, 861.

The danger of possibly excessive clinical use of an apparently natural
defense mechanism has been noticed (C. F. Inglehearn, Nature 1997,
388, 416).

J. Bolard, Biochim. Biophys. Acta 1986, 864, 257; see also refs.
[8b, 14b].

For recent examples on the importance of hydrophobic matching for
cell-membrane recognition, see: a)J. Ren, S. Lew, Z. Wang, E.
London, Biochemistry 1997, 36, 10213; b) S. Otto, M. Osifshin, S. L.
Regen, J. Am. Chem. Soc. 1999, 121, 7276; c) J. A. Killian, Biochim.
Biophys. Acta 1998, 1376, 401; for speculative implications of the
usefulness of hydrophobic matching for the development of antimy-
cobacterials, see: d) B. Ghebremariam, V. Sidorov, S. Matile, Tetrahe-
dron Lett. 1999, 40, 1445.

Similar properties originating from the presence of the unique anionic
lipid A in the outer leaflet and large anions in the periplasm
characterize the additional outer membrane of Gram-negative
bacteria.l'a 8 11a]

Throughout this article, the term “inside negative (or positive)” is
used to describe the membrane potential. This indicates that positive
(or negative) potential is applied to the side at which the sample is
added (outside or cis side) relative to the other side (trans side) of the
membrane.

a) T. Wieprecht, M. Beyermann, J. Seelig, Biochemistry 1999, 38,
10377; b) E. Jo, J. Blazyk, J. M. Boggs, Biochemistry 1998, 37, 13791,
¢) B. Bechinger, J. Membrane Biol. 1997, 156, 197; d) T. Wieprecht, M.
Dathe, M. Beyermann, E. Krause, W. L. Maloy, D. L. MacDonald, M.
Bienert, M. Biochemistry 1997, 36, 6124.

a) K. Matsuzaki, O. Murase, H. Tokuda, S. Funakoshi, N. Fujii, K.
Miyajima, Biochemistry 1994, 33, 3342; for other selected reports on
this series, see for example: b) K. Matsuzaki, K. Sugishita, K.
Miyajima, FEBS Lett. 1999, 449, 221; c) K. Matsuzaki, Biochim.
Biophys. Acta 1998, 1376, 391.

For natural, pore-forming antibiotics with -sheet conformation, see,
for example: S. H. White, W. C. Wimley, Curr. Opin. Struct. Biol. 1995,
5,521, and ref. [1b].

The representation in Figure 2 is simplified and, for example, does not
include tilted and partial guest insertion. Compare, for example: P. J.
Schanck, L. Lins, R. Brasseur, J. Theor. Biol. 1999, 198, 173.

For recent examples on the interaction of hydrophobic cations other
than nanorods with anionic bilayer membranes, see: a) C. Li, L. P.
Budge, C. D. Driscoll, B. M. Willardson, G. W. Allman, P. B. Savage, J.
Am. Chem. Soc. 1999, 121, 931; b) M. Merritt, M. Lanier, G. Deng,
S. L. Regen, J. Am. Chem. Soc. 1998, 120, 8494.

For the interaction of hydrophobic cations other than nanorods with
polarized bilayer membranes, see: a) L. D. Mayer, M. B. Bally, M. J.
Hope, P. R. Cullis, J. Biol. Chem. 1985, 260, 802; b) L. D. Mayer, M. B.
Bally, M. J. Hope, P. R. Cullis, Biochim. Biophys. Acta 1985, 816, 294.
a) K. Ma, E. L. Clancy, Y. Zhang, D. G. Ray, K. Wollenberg, M. G.
Zagorsky, J. Am. Chem. Soc. 1999, 121, 8698; b) K. Johnson, R. K.
Allemann, H. Widmer, S. A. Benner, Nature 1993, 365, 530.

a) A.J. M. Driessen, H. W. van den Hooven, W. Kuiper, M. van de
Kamp, H.-G. Sahl, R. N. H. Konings, W. N. Konings, Biochemistry
1995, 34, 1606; b) M. van de Kamp, L. M. Horstink, H. W. van den
Hooven, R. N. H. Konings, C. W. Hilbers, A. Frey, H.-G. Sahl, J. W.
Metzger, F.J. M. van de Ven, Eur. J. Biochem. 1995, 227, 757; the

[15]

[16]

(17]

(18]

(19]
[20]

[21]

[22]

(23]
(24]

(25]

[26]

[27]

inhibition of potential-induced epilancin K7 reorientation by anionic
membrane surfaces was supported later on by quenching experiments
with W-tagged mutants of the lantibiotic nisin: c) E. Breukink, C.
van Kraaj, A. van Dalen, R. A. Demel, R. J. Siezen, B. de Kruijff, O. P.
Kuipers, Biochemistry 1998, 37, 8153; for current references on
lantibiotics, see, for example: d) E. Breukink, I. Wiedemann, C.
van Kraaij, O. P. Kuipers, H.-G. Stahl, B. de Kruijff, Science 1999, 286,
2361.

a) L. A. Weiss, N. Sakai, B. Ghebremariam, C. Ni, S. Matile, J. Am.
Chem. Soc. 1997, 119, 12142; For other selected reports on this series,
see: b) N. Sakai, C. Ni, S. M. Bezrukov, S. Matile, Bioorg. Med. Chem.
Lert. 1998, 8, 2743; c) C. Ni, S. Matile, Chem. Commun. 1998, 755;
d) N. Sakai, K. C. Brennan, L. A. Weiss, S. Matile, J. Am. Chem. Soc.
1997, 119, 8726.

P. Juvvadi, S. Vunnam, R. B. Merrifield, J. Am. Chem. Soc. 1996, 118,
8989.

a) J. D. Lear, J. P. Schneider, P. K. Kienker, W. E. DeGrado, J. Am.
Chem. Soc. 1997, 119, 3212; for other selected reports on this series,
see: b) G. R. Dieckmann, J. D. Lear, Q. Zhong, M. L. Klein, W. F.
DeGrado, K. A. Sharp, Biophys. J. 1999, 76, 618; c) L. A. Chung, J. D.
Lear, W. F. DeGrado, Biochemistry 1992, 31, 6608.

Reviews on nonpeptide ion channels and channel models: a) U. Koert,
Chem. Unserer Zeit 1997, 31, 20; b) G. W. Gokel, O. Murillo, Acc.
Chem. Res. 1996, 29, 425; ¢) T. M. Fyles, W. F. van Straaten-Nijenhuis,
in Comprehensive Supramolecular Chemistry, Vol. 10 (Ed.: D.N.
Reinhouldt), Elsevier, Oxford, 1996, p. 53; d) N. Voyer, Top. Curr.
Chem. 1996, 184, 1; some more recent references: e) S. Otto, M.
Osifchin, S. L. Regen, J. Am. Chem. Soc. 1999, 121,10440; f) Z. Qi, M.
Sokabe, K. Donowaki, H. Ishida, Biophys. J. 1999, 76, 631; g) E. Abel,
E. M. Maguire, O. Murillo, I. Suzuki, S. L. DeWall, G. W. Gokel, J.
Am. Chem. Soc. 1999, 121,9043; h) M. G. Fritz, P. Walde, D. Seebach,
Macromolecules 1999, 32, 574; i) J. de Mendoza, F. Cuevas, P. Prados,
E. S. Meadows, G. W. Gokel, Angew. Chem. 1998, 110, 1650; Angew.
Chem. Int. Ed. 1998, 37, 1534.

T. M. Fyles, D. Loock, X. Zhou, J. Am. Chem. Soc. 1998, 120, 2997.
T. M. Fyles, D. Loock, W. F. van Straaten-Nijenhuis, X. Zhou, J. Org.
Chem. 1996, 61, 8866.

a) N. Voyer, L. Potvin, E. Rousseau, J. Chem. Soc. Perkin Trans. 2
1997, 1469; b) J.-C. Meillon, N. Voyer, Angew. Chem. 1997, 109, 1004;
Angew. Chem. Int. Ed. Engl. 1997, 36, 967.

The alternative route to intramolecular ion-conduction pathways (i.e.,
covalent assembly of all a-helices of an active parallel bundle 8¢ by a
unifying template) was realized earlier: a) M. Mutter, K.-H. Altmann,
G. Tuchscherer, Tetrahedron 1988, 44, 771; b) A. Grove, M. Mutter,
J.E. Rivier, M. Montal, J. Am. Chem. Soc. 1993, 115, 5919; for
template-assembled a-helix bundles with model a-helices similar to
14, see: K. S. Akerfeldt, R. M. Kim, D. Camac, J. T. Groves, J. D. Lear,
W. F. DeGrado, J. Am. Chem. Soc. 1992, 114, 9656; for recent progress
in the field of template-assembled a-helix bundles, see: A. R. Mezo,
J. C. Sherman, J. Am. Chem. Soc. 1999, 121, 8983; this productive
approach is not discussed in the context of this article because is seems
incompatible with facile variability of electrostatic asymmetry of
nanorods.

J.-Y. Winum, S. Matile, J. Am. Chem. Soc. 1999, 121, 7961.

F. Robert, J.-Y. Winum, N. Sakai, D. Gerard, S. Matile, Org. Lett. 2000,
2,37

A new approach to redox-active, centrosymmetric artificial channels
has been proposed very recently: C.D. Hall, G.J. Kirkovits, A. C.
Hall, Chem. Commun. 1999, 1897; for possible conformational
changes of a-helical rods caused by redox-switches, see: H.L.
Schenck, G.P. Dado, S. H. Gellman, J. Am. Chem. Soc. 1996, 118,
12487.

Y. Hamuro, J. P. Schneider, W. F. DeGrado, J. Am. Chem. Soc. 1999,
121, 12200.

S. Das, P. Kurcok, Z. Jedlinski, R. N. Reusch, Macromolecules 1999,
32, 8781.

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

0947-6539/00/0610-1737 $ 17.50+.50/0 — 1737






FULL PAPER

Rigid-Rod fS-Barrels as Lipocalin Models: Probing Confined Space by

Carotenoid Encapsulation

Bodo Baumeister!®! and Stefan Matile*® P!

Abstract: Herein, we describe the de-
sign, synthesis, structure, and function of
synthetic, supramolecular S-barrel mod-
els. Assembly of octi(p-phenylene)s with

guest encapsulation. Host—guest com-
plexes with planarized, monomeric S-
carotene within tetrameric rigid-rod S-
barrels, and disc micellar astaxanthin

J-aggregates surrounded by about do-
decameric rigid-rod “bicycle tires” were
prepared from mixed micelles by dia-
lytic detergent removal. The significance

complementary -Lys-Leu-Lys-NH, and -
Glu-Leu-Glu-NH, side chains yielded
water-soluble rigid-rod S-barrels of pre-
cise length and with flexible diameter. A
hydrophobic interior was evidenced by

Introduction

Toroidal structures are ubiquitous in nature.[-) With respect
to their remarkable functional diversity, the confined interior
of toroidal structures is of particular interest. For instance,
there is mounting evidence that the large protein assemblies
of molecular machines utilize intratoroidal space to mediate
macromolecular processes such as protein folding,['! protein
degradation,”” oligonucleotide binding,®! and gene replica-
tion.! Among other examples, the mediation of molecular
transport across cell membranes by various membrane
proteins on the one hand® and binding of hydrophobic
natural products by lipocalins on the other® illustrate
biological functionality of both hydrophilic and hydrophobic
confined intratoroidal cores.

In nature, confined interiors are often created by pj-
barrels.') In order to examine the uniqueness of intra-
toroidal chemistry beyond the limitations of peptide chem-
istry, we recently focused our attention on the development of
artificial fB-barrels.'”l A general strategy for the design of
supramolecular rigid-rod f-barrels has been implied by
LaBrenz and Kelly’s pioneering study with dibenzofuran
peptide 1.1 This artificial receptor binds the complementary
peptide 2 by forming antiparallel S-sheets with interdigitating
peptide strands in host—guest complex 3 (Figure 1).['') Com-
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of these findings for future bioorganic
chemistry in confined, intratoroidal
space is discussed in comparison with
pertinent biological examples.

carotenoids

~—» =-CH,CH,CO-Val-Lys-Leu-Lys-NHCH,CH,N(CHz),
w7l = HOOCCH,CH,CO-Glu-Leu-Glu-Leu-NH-benzyl

Figure 1. Structures of LaBrenz and Kelly’s model 3, rigid-rod polyols
4-6, and self-assembled rigid-rod S-barrel 7211012

parable antiparallel strand interdigitations were observed in
our laboratory during the study of rigid-rod ion-channel
models 4-8.1% 12 Rigid-rod polyol 41>l (but not the more
flexible 5 and 6)!'?] was initially suspected to form transient
toroidal supramolecules in highly polarized black lipid
membranes.'?dl To obtain permanently stable rigid-rod f-
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Table 1. Characteristics of carotenoid encapsulation.

Entry Starting materials Products
cartenoid®® A [nm]®l 13k 144 yield [% ]! A [nm]1f GF (SEC)ll  xI" FQ [%]1
1 MWM:Q 11 436 0.5 0.5 25lil 480 + (+) 4:1 48
2 11 436 0 0 L
3 11 436 0 0 -
4 WWO 18 446 0.5 0.5 —
5 18 446 0 0 18 464
H
6 W‘A\V‘M 9 450 025 025 -
H
7 9 450 0 0.5 40 388 (450)11
8 9 450 0 0 36 388 (450)1
H
9 [{;é(\/\b\\)\/vw 10 445 0.1 0.1 10 576 + () 1:1 29
H
(o)
10 10 445 0 0.2 6 560 (524) -
11 10 445 0 0 17 560 (524) -

[a] 9: zeaxanthin; 10: astaxanthin; 11: S-carotene; 18: f-apo-8'-carotenal. [b] Absorption maxima of carotenoid in mixed cholate micelles. [c] [13]/
[carotenoid]. [d] [14]/[carotenoid]. [e] Determined by carotenoid absorption after dialysis and filtration. [f] Absorption maxima of isolated carotenoid in
buffer, pH 6.4; significant maxima of fine structure are given in parenthesis. [g] GF: Gel filtration (SEC: Size exclusion chromatography). [h] x = stoichi-
ometry oligo(p-phenylene)/carotenoid (determined by spectroscopy). [i] FQ: Quenching of oligo(p-phenylene) fluorescence. [j] Quantitative with respect to
oligo(p-phenylene) concentration. [k] Yields <5 % were not considered. [1] Relative intensity of the two maxima was concentration dependent as in ref. [18].

barrels, we subsequently replaced the lateral glycol side chains
in 4 by the lateral diamides in 7' The resulting dimer 7> was
stable in polar and nonpolar solvents.l'’] The lack of similar
self-organization of octi(p-phenylene) 8 with four instead of
eight lateral diamide chains demonstrated the importance of
multiple intermolecular interactions along the preorganizing
rigid-rod scaffold for molecular architecture.!'”]
Self-assembled rigid-rod f-barrel 7> contains a lipophilic
surface and hydrophilic intratoroidal space for multiple cation
binding, that is, toroidal amphiphilicity suitable for trans-
membrane ion transport.[> 1% In the present study, we focus on
both inversion of the above toroidal amphiphilicity and

Abstract in French: Nous decrivons la conception, la synthese,
la structure et la fonction de modeles supramoleculaires et
synthetiques pour des barriques f. L’assemblage des octa(p-
phenylene)s complementaires avec les chaines laterales -Lys-
Leu-Lys-NH, et -Glu-Leu-Glu-NH, a donné des barriques 3
faites de »baguettes moleculaires« qui sont caracterisees par
une longueur precise, un diametre flexible, et une solubilite
dans l'eau. L’interieur hydrophobe a ete prouve par encapsu-
lation de substrats. Des complexes substrat-récepteur avec un [3-
carotene planarise dans une barrique [ tetramerique, et des
disques micellaires composes d’agregats J de [’astaxanthine
entoures par des »pneus de velo« faits par—probablement
douze— »baguettes« ont eté prepares a partir de micelles mixtes
en enlevant les detergents par dialyse. L’importance de ces
découvertes pour une future chimie bioorganique dans I’espace
confiné intratoroidal est discutée en comparaison avec des
exemples pertinents de la biologie.

1740
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expansion of rigid-rod S-barrels, that is, on rigid-rod lipocalin
models.

Lipocalins are relatively small proteins associated with
pheromone activity, invertebrate coloration, olfaction, and
gustation and have an eight-stranded antiparallel 5-barrel in
common.[**! Lipocalins are attracting increasing attention as
universal ligand-binding proteins, a feature considered as
unique for immunoglobulins until recently.’! Among lipoca-
lins, carotenoproteins were of particular interest for the
present study.” 81 Photoprotective xanthophyll-cycle enzymes
that catalyze epoxidation and de-epoxidation of zeaxanthin 9
and violaxanthin, respectively, were identified as lipocalins
with intratoroidal carotenoid binding-sites up to 40 A deep
(see Table 1 for carotenoid structures).”l The classical car-
otenoproteins from the lobster carapace that account for its
characteristic blue color, crustacyanins, are composed of
lipocalin heterodimers with two internal astaxanthins 10.57 A
comparable case was reported for -lactoglobulin, a lipocalin
abundant in milk that binds and stabilizes one vitamin A per
B-barrel.l’)

The dependence of the spectroscopic properties of carot-
enoids on their local environment identified these chromo-
phores as superb, hydrophobically matching probes for the
interior of rigid-rod S-barrels.l'>'8] Because of its significance
in photosynthetic systems, the spectroscopic properties of (-
carotene 11 in particular have been studied in detail.l'*"""] The
S, — S, transition of S-carotene shows a hypsochromic shift
with increasing solvent polarity.'® Practically no shifts but loss
of vibronic fine structure plus strong exciton coupled circular
dichroism (CD) were reported for f-carotene aggregates in
chiral environments such as lipid bilayerst'“ or reconstituted
low-density lipoprotein capsules.'*! An increase in vibronic
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fine structure together with a bathochromic shift has been
found at low temperature, in single crystals,'*! and upon
ring —chain co-planarization.!> '] The most striking spectro-
scopic features of carotenoids other than -carotene include a
strong blue-shift of zeaxanthin and astaxanthin upon aggre-
gation.l'¥] On the other hand, a bathochromic effect has been
found for lipocalin-bound astaxanthinl® that may be compa-
rable to the opsin shift underlying the chemistry of vision.[""]
Thus, the spectroscopic properties of carotenoids encapsu-
lated by hydrophobically matching rigid-rod S-barrels are
likely to reveal the nature of their interior.

In the following, we describe the design, synthesis, and
structure of supramolecular rigid-rod f-barrels 124 and 12¢
(Figure 2). We also report encapsulation of -carotene and
astaxanthin by these artificial lipocalins, and structural studies
of the resulting host—guest complexes.

T NHpG L Glu-COCH -
OUH, L Lys-Leu-Lys-RH,

Figure 2. Molecular architecture of rigid-rod f-barrels. Schematic side
view of tetramer 12* and top view of molecular models of 124 (A) and
hexamer 12¢ (B); only the two top strands are shown for clarity. Molecular
modeling was done with Cerius2 (Molecular Simulations) and Insight II/
Discover (BIOSYM Technologies).

Results and Discussion

Design and molecular modeling of rigid-rod f-barrels: Rigid-

rod (-barrels 12" were designed based on the following

considerations:

1. Rigid-rod scaffolds were selected to preorganize the
interdigitation of peptide strands, as in rigid-rod jS-barrel
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7209 The length of an octi(p-phenylene) scaffold is practi-
cally identical to that of an eight-stranded fS-sheet (Fig-
ure 2).

2. Spontaneous self-assembly has been identified as a major
limitation of rigid-rod -barrel 72 for several reasons, which
include purification of the target molecule, access to
thermodynamic data, and guest encapsulation. Control
over the assembly of rigid-rod S-barrels 12" by using, in
analogy to LaBrenz and Kelly’s model 3,"! two rigid-rod
molecules with complementary lateral peptides was thus
desirable.

3. Charged lateral side chains are advantageous to ascertain
solubility in water, to prevent spontaneous intra- and
intermolecular side chain interactions in the absence of the
complementary rod, and for constructive electrostatic
interactions upon peptide-strand interdigitation.

4. Hydrophobic amino acid residues alternating with charged
ones are needed to create the hydrophobic interior upon j3-
barrel formation in water.

The polycationic Lys-Leu-Lys-rod 13 and the complemen-
tary polyanionic Glu-Leu-Glu-rod 14 fulfill these prerequi-

sites (Scheme 1).

— 15:R = %/O\/ﬁ\OH
o
a) 17:R = g/o\)J\GIu(OtBu)-Leu-GIu(OtBu)-NHz i
o X )
— 16:R= % Lys(Boc)-Leu-Lys(Boc)-NH,
b) 14:R= g/a\j\Glu-Leu-Glu-NHz

o

— 13:R= MLys-Leu—Lys-NHz

Scheme 1. a) H-Lys(Boc)-Leu-Lys(Boc)-NH,, PyBOP, DIPEA, 2 h, 57 %;
b) TFA/CH,Cl,, 5 min, quantitative; c)H-Glu(OrBu)-Leu-Glu(OtBu)-
NH,, PyBOP, DIPEA, 2 h, 57 %; d) TFA/CH,Cl,, 45 min, quantitative.

c)

Molecular models of rigid-rod supramolecules 12" com-
posed of 13 and 14 revealed f-barrels with lipocalin-type
toroidal amphiphilicity, precisely defined length, and a
flexible diameter (Figure 2A and B). This architecture is
opposite to that of thoroughly investigated nanotubes with
fixed diameter and flexible length formed by stacked cyclic
peptides, carbohydrates, and phenylacetylenes.?l Flexibility
in internal diameter, however, seems essential for the
encapsulation of hydrophobic guests of different volume.

Three clearly distinct situations were identified by molec-
ular modeling of 12”. Dimeric supramolecules with an
architecture analogous to that of self-assembled ionophore
7> (Figure 1) could not be assembled because of the steric
demand of the intratoroidal Leu-residues (not shown). The
same was true for the electrostatically disfavored intramolec-
ular S-sheet formation in monomeric 13 and 14 (not shown).
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In tetramer 12% the Leu-residues pointing towards the
center of the -barrel create a central hydrophobic channel of
about 8 A diameter with four adjacent peripheral pockets
(Figure 2A). The central tube seems well preorganized to
accommodate one rod-shaped, hydrophobic guest of up to
34 A length; this guest can be firmly clamped by the four
internal Leu side-chain iso-butyl arrays through multiple
hydrophobic interactions.

In hexamer 129, the “innermolecular” space is significantly
enlarged and less structured (Figure 2B). In sharp contrast to
tetramer 124, hexamer 12¢ can encompass disc micelles rather
than encapsulate monomeric guests. Molecular models of
higher oligomers (octamer 128, decamer 12!, etc.) gave
expanded “bicycle tires” that resembled hexamer 126 with re-
spect to general appearance and potential function (not shown).

Oligo(p-phenylene) synthesis: The complementary oligo(p-
phenylene) peptides 13 and 14 were prepared by coupling of

12°

128

144

12 15 18 21 24 27

t/ min

Figure 3. SEC of rigid-rod su-
pramolecules in saline buffer,
pH 6.4, prepared by a) addition
of concentrated 13 and 14 in
MeOH or dialysis of cholate
micelles with 13 and 14, b) ad-
dition of concentrated 14 in
MeOH, c) addition of concen-
trated 13 in MeOH, d) dialysis
of n-octyl B-p-glucopyranoside
micelles with 13 and 14, e) dial-
ysis of cholate micelles with 13,
14, and f-carotene 11. Accord-
ing to protein standards, peaks
at ~24 min correspond to tet-
ramers [12*: MW, 16644;
144 MW, 16664; 19 (see
Figure 6 for structure): MW, 4
17181], peaks at ~22 min to
hexamers (12¢: MW, 24966),
and peaks at ~15min to
oligomers (12~ MW 0una
~110000; n=26). Low molec-
ular weight peaks around the
cut-off of the column are not
shown for clarity.
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octaacid 15 with the tripeptides
H-Lys(Boc)-Leu-Lys(Boc)-NH,
and  H-Glu(OrBu)-Leu-Glu-
(OrBu)-NH,, respectively
(Scheme 1). Tripeptides H-Lys-
(Boc)-Leu-Lys(Boc)-NH, and
H-Glu(OrBu)-Leu-Glu(OrBu)-
NH, were prepared by standard
solution-phase peptide synthe-
sis with Boc-protection for Lys-
residues, OrBu-protection for
Glu-residues, and orthogonal
Z-protection for the N-terminal
amino function. Coupling of the
final tripeptides H-Lys(Boc)-
Leu-Lys(Boc)-NH, and H-Glu-
(OrBu)-Leu-Glu(O¢Bu)-NH,
with octaacid 15 by using Py-
BOP/DIPEA-methodology!!
gave rigid-rod peptides 16 and
17 in 67% and 56% yield.
Peptide  deprotection  with
TFA to give polyanion 14 and
polycation 13 was quantitative.
The synthesis of polyanion 14
has been previously communi-
cated.l'

Programmed assembly of rigid-
rod pf-barrels: Size-exclusion
chromatography (SEC) of an
equimolar mixture of polyca-
tion 13 and complementary
polyanion 14 in saline buffer
(pH 6.4) revealed the presence
of two suprastructures (Fig-
ure 3a). Direct comparison with
the retention times of protein
standards implied that the ap-
parent molecular weight of the
minor product (19 %) was con-
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sistent with the calculated molecular weight of hexamer 129,
while the major product (81 % ) corresponded to tetramer 124,
In the absence of the complementary polyanion 14, polycation
13 was monomeric (Figure 3c). Self-assembly of polyanion 14
into tetrameric pinwheels 144 with central st,;t-stacked arene
arrays surrounded by amphiphilic tripeptides, and its signifi-
cance for nanoarchitecture has been described elsewhere
(Figure 3b).[12

The rigid-rod B-barrels 12* (12%) in Figure 3a formed
spontaneously upon addition of concentrated 13 and 14 in
methanol (e.g., 20 uL) to saline buffer at pH 6.4 (e.g., 2 mL).
The results were independent of sequence of addition and
octi(p-phenylene) concentration. Rigid-rod -barrels 124 (126)
were soluble at mircomolar but insoluble at millimolar
concentrations.’2l About identical results were obtained by
solubilization of equimolar amounts of 13 and 14 in cholate
micelles followed by dialytic removal of cholate (Figure 3a).
However, dialytic detergent removal from mixed n-octyl 5-D-
glucopyranoside/octi(p-phenylene) micelles yielded higher
oligomers 12" (Figure 3d, n ~26). Dialytic detergent removal
applied to mixed cholate/octi(p-phenylene)/-carotene mi-
celles gave tetramers with encapsulated S-carotene and traces
of the corresponding hexamers and oligomers (Figure 3e, see
below for discussion).

Structural studies of rigid-rod f-barrels: The position of the
absorption maximum of the oligo(p-phenylene) 'L transitions
at 316 nm (e ~28.6 mm~'cm )21 did not significantly change
during the assembly of rigid-rod fS-barrels. The circular
dichroism (CD) spectra of polycationic 13 (Figure 4, dotted

216 (+5.4)
5 -

_ 244 (+2.7)

a 205 (+1.5)

(&) — —

s 0 ,‘A = —

B \/
"5 333 (-4.6)

10 )
Li T l T T T
200 240 280 320 360

A/nm

Figure 4. CD spectra of rigid-rod lipocalin 124/12¢ (~4:1, solid line), rigid-
rod pinwheel 14* (dashed line), and polycation 13 (dotted line) at pH 6.4.

curve) and tetrameric pinwheel 14* (Figure 4, dashed curve)
were not distinct. These CD spectra differed clearly from that
of rigid-rod S-barrels 12412% (~4:1) in saline buffer at
pH 6.4 (Figure 4, solid curve). That for 124/12° contains six
distinct CD Cotton effects (CEs). Judged from of their
comparable red and blue shift from the absorption at 316 nm,
the first two CEs at 333 nm and 295 nm are likely to originate
from exciton coupling.l'* 12><I Consistent with intramolecular
coupling, the amplitudes seen for 124 (12¢) (A =—6.1) are
similar in magnitude (but opposite in sign) compared with
that observed for dimer 72 (Figure 1, A = +9.9).110
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The CD spectrum of 12* (12%) further exhibits four high-
energy CEs with increasing magnitude and alternating sign.
The CEs at 231 nm (Ae =—9.6) and 216 nm (Ae =+5.4) are
red-shifted relative to the expected values for S-sheets.>21 If
the negative CE at 231 nm originates from a [-sheet
conformation, then it indicates flattened and/or twisted (-
sheets in 124 (12¢).2 However, since additional contributions
from oligo(p-phenylene) 'B transitions were also expected in
this region,['*¢l further support for the S-barrel architecture of
124 (12°) from the dependence of its CD spectrum on
stoichiometry, ionic strength, pH, temperature, and concen-
tration was essential (Figure 5).

a)
0+

-2

Agz33 /M em™?
'
w
|

0 0.2 0.4 0.6 0.8 1

AE,‘333/M-1CI'T'I-1

T T 1
0.001 0.01 0.1 1 10 100 1000
c) [NaCl]/mm

Agzzz /Mem™?

pH
Figure 5. Dependence of the first CD Cotton effect of 124/12¢ (~4:1) on
a) monomer stoichiometry, b) ionic strength, and ¢) pH. Spectra for a) were
obtained in Na,H,; ,PO, (10mm), NaCl (100mm), pH 6.4, for b) in
Na,H;_,PO, (10mMm), pH 6.4, and for c) in Na,H; ,PO, (10mm), NaCl
(100mm). x =[13]/([13] + [14]). All results were independent of the total
oligo(p-phenylene) concentration (4 —35um).

The mixing curves for rigid-rod lipocalin 124 (12¢) demon-
strated 1:1 stoichiometry (Figure 5a). The non-linearity of
these mixing curves was in good agreement with cooperative
formation of 124 (12°); Hill plots of the above data fully
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corroborated the presence of positive cooperativity (ny =2.0,
not shown). ¢!

The dependence of the CD spectrum of 124 (12°) on ionic
strength and pH evidenced the importance of constructive
ionic interactions, that is, the interaction of Glu and Lys
residues (Figure 5b and c). The only conceivable rationaliza-
tion of these findings was the formation of rigid-rod -barrels
by multiple tripeptide interdigitation. Relatively minor
changes of the CD spectrum of 12* (12°) at pH < 3.5 and
>10.5 and at salt concentrations of up to 1M, as well as
stability toward heat (up to 65 °C, not shown) and dilution (nMm
concentrations, not shown), evidenced the robust supramo-
lecular architecture of rigid-rod -barrels 124 (129).

Interestingly, oligomer 12" (n~ 26, Figure 3d) exhibited a
blue-shift for the 'L absorptions (278 nm) and the corre-
sponding first CD Cotton effect (288 nm, not shown). These
hypsochromic effects were indicative for intermolecular 7t—nt
interactions between oligophenylenic arene arrays.'?*<] The
underlying, evidently more complex, suprastructure was not
further investigated.

In summary, the spectroscopic properties of rigid-rod fj-
barrels 124 (12°), but not those of oligomer 12”, were in good
agreement with the molecular models (Figure 2) with respect
to molecular weight (Figure 3a), stoichiometry (Figure 5a),
and extratoroidal interaction of complementary Lys and Glu
residues (Figure 5b and c). However, these results contained
no information on the presence and properties of a hydro-
phobic interior. The capacity of rigid-rod f-barrels to
encapsulate carotenoids of different length and hydrophobic-
ity was therefore explored.

Carotenoid encapsulation by rigid-rod f-barrels: Molecular
models of rigid-rod lipocalin 12* revealed an intratoroidal,
hydrophobic space that is roughly complementary to the rod-
shape of a single carotenoid, while hexamer 12¢ and higher
oligomers appreared as “bicycle tires” that might possibly
surround disc micellar carotenoids (Figure 2). These two
possibilities for guest encapsulation were studied with the
hydrophobic S-carotene 11, the truncated S-apo-carotenal 18,
and the bolaamphiphilic,”’! biologically relevant zeaxanthin 9
and astaxanthin 10 (Table 1).

For encapsulation, carotenoids were solubilized in cholate
micelles at pH 6.4. Mixed carotenoid/cholate micelles in
hexane have blue-shifted absorption maxima between 436
and 450 nm (Table 1). Dialytic cholate removal resulted in
complete precipitation for f-carotene (Table 1, entry 2), the
formation of well-known H-aggregates for zeaxanthin (Ta-
ble 1, entry 8),['8l and presumably unprecedented J-aggregates
for astaxanthin (Table 1, entry 11). The presence of polyanion
14 during dialytic cholate removal did not change these
outcomes significantly (Table 1, entries 3, 7, and 10). The
presence of both polyanion 14 and the complementary
polycation 13 inhibited aggregation of S-apo-carotenal (Ta-
ble 1, entry 4) and zeaxanthin (Table 1, entry 6), inhibited
precipitation of S-carotene (Table 1, entry 1), and had appa-
rently little influence on the J-aggregation of astaxanthin
(Table 1, entry 11). These last two effects were studied in
more detail.
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Rigid-rod carotenolipocalin 19: Spectroscopic studies of -
carotene solubilized in detergent-free water (Table 1, entry 1)
were consistent with encapsulation of one polyene by
tetramer 12* to give rigid-rod carotenolipocalin 19 (Figure 6).

CHg3

s-trans planarized

twisted

Figure 6. Rigid-rod carotenolipocalin 19. Possible conformations with
respect to the torsion angle between the polyene chain and the S-ionylidene
ring of f-carotene 11 are shown on the left: s-trans (A) and s-cis planarized
(B) conformers with maximal and twisted conformer (C) with minimal
conjugation and nonbonded repulsion between [S-ionylidene methyls and
polyene hydrogens.

pB-Carotene encapsulation was distinguishable from simple
binding by the absence of detectable interactions with
preformed tetramer 12* and, most importantly, the failure to
extract fB-carotene from capsule 19 into hexane.?® ! It was,
however, possible to deconstruct supramolecule 19 in THF.
The relative chromophore absorption and fluorescence in-
tensities in THF and water were consistent with an oligo-
(p-phenylene) to B-carotene ratio of ~4:1.

Rigid-rod carotenolipocalin 19 passed through Sephadex
columns as a single band together with the oligo(p-phenylene)
peptides. Size exclusion chromatography (SEC) revealed
tetramers 124 with traces of hexamers 12¢ and oligomers 12"
(Figure 3e). Suppression of hexameric -barrels 12¢ suggested
that B-carotene may act as hydrophobic template during the
assembly of capsule 19. The confirmed need of guest excess
for successful assembly of 19 supported this role of (-
carotene. An insufficient template effect could further explain
why comparable host — guest complexes were not formed with
the hydrophobically mismatched 3-apo-carotenal 18 (Table 1,
entry 4).

The interaction of oligo(p-phenylene) peptides and polyene
in host — guest complex 19 was evidenced by CD spectroscopy
and fluorescence quenching. On the one hand, the presence of
monomeric 3-carotene in a chiral environment was implied by
induced CD (ICD) in the polyene region (Figure 7a). The
slight offset of CD and absorption maxima (Figure 7b) of
encapsulated (-carotene implied the additional presence of
more complex and not yet understood effects. Oligo-
(p-phenylene)s with neighboring, energy-accepting S-carotene,
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Figure 7. a) CD, b) UV/Vis, and c) fluorescence emission spectra of rigid-
rod carotenolipocalin 19 in detergent-free water at pH 6.4. b) The
normalized absorption spectrum of capsule 19 (solid line) in comparison
to those of -carotene 11 in cholate micelles (pH 6.4, dashed line) and in
hexane (dotted line). The red shift of the maxima of 19 relative to that of 11
in hexane was determined using 2nd derivative spectra (not shown) and is
given in parenthesis. ¢) Fluorescence emission spectrum of capsule 19 (solid
line) in comparison to that of rigid-rod B-barrel 12* (12°) (dotted line) at
pH 6.4 (excitation: 316 nm). Both samples had identical emission intensity
in THF.

on the other hand, were indicated by quenching of their
fluorescence emission (Figure 7c). Note that 48 % quenching
is remarkable considering the short lifetime of the excited
state of oligo(p-phenylene)s.[?]

The absorption spectrum of lipocalin model 19 contained
information on the nature of the intratoroidal space of rigid-
rod f-barrel 124 as expected. Namely, the -carotene S, — S,
transition in capsule 19 (Figure 7b, solid spectrum) was up to
40 nm red-shifted relative to that of S-carotene in hexane
(Figure 7b, dotted spectrum), and its fine structure was well
resolved. The symmetry-forbidden low-energy S, — S, tran-
sition was not observed.['+-1°]

These spectroscopic features indicate that S-carotene is a) in
hydrophobic environment (no blue shift)**! and b) monomeric
(no broadening).'Y To explain the observed bathochromic
effect, consideration of solvent polarity is clearly not suffi-
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cient; it further indicates extension of 3-carotene conjugation
by ring-chain co-planarization (Figure 6A and B). This
implies that the polyene chromophore with twisted confor-
mation in solution is flattened by rigid-rod S-barrel 12* to fit
the internal hydrophobic channel in capsule 19. Very similar
changes in the absorption spectrum of retinol upon binding to
lipocalin -lactoglobulin have been explained by ring —chain
co-planarization.’). Moreover, the observed red shift and
increase in fine structure for encapsulated S-carotene are in
excellent agreement with theoretical models for carotenoid
planarization.['”]

In summary, we have shown that monomeric -carotene can
be encapsulated by rigid-rod lipocalin 124 to quantitatively
yield host—guest complex 19 in detergent-free water. The
usefulness of S-carotene as probe for the hydrophobic interior
of rigid-rod f-barrel 12* was evidenced by a remarkable
bathochromic effect (presumably) due to planarization of the
polyene within the complementary “innermolecular”?*l
space.

Mixed rigid-rod disc micelles 20: The influence of comple-
mentary oligo(p-phenylene) peptides 13 and 14 on formation
of astaxanthin J-aggregates by dialytic detergent removal
seemed initially negligible. A remarkable red shift of ~90 nm
with respect to astaxanthin absorption in hexane was ob-
served with and without rods (Table 1, entries 9—11). Indica-
tions for the formation of mixed disc micelles 20 (Figure 8)

20

Figure 8. Tentative structure of astaxanthin/oligo(p-phenylene) disc mi-
celles 20.

were found by CD spectroscopy (Figure 9). Strong bisignate
CD Cotton effects (A=—110) centered around the red-
shifted astaxanthin absorption evidenced exciton coupling
that was consistent with carotenoid aggregation. The presence
of complementary oligo(p-phenylene) peptides during dia-
lytic detergent removal caused inversion of the absolute sense

Chem. Eur. J. 2000, 6, No. 10

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

1739-1749
60 .--\.“424 (+64)
. 602 (+46)
40
= 20
v-o 3
S 0 -————=2f === ==
3
-20
407 442 (-38) “s72 (-46)
200 - 200
- 150 "¢
_o
- 100 £
3
- 50
T T T T -0
400 500 600 700
A/nm

Figure 9. Absorption (bottom) and CD (top) spectra of astaxanthin
aggregates at pH 6.4 prepared in the presence (solid lines) and absence
(dotted lines) of octi(p-phenylene)s 13 and 14.

of twist of these astaxanthin aggregates (A =+ 84). Control
experiments corroborated that addition of rigid-rod S-barrels
124 (129) to preformed astaxanthin aggregates (A = —110) and
dialysis with polyanionic rod 14 only do not yield astaxanthin
aggregates with positive amplitude. These findings were
consistent with the formation of mixed-disc micelles 20 during
dialytic detergent removal.

The quenching efficiency of astaxanthin in disc micelles 20
is 50 % of that of -carotene in rigid-rod carotenolipocalin 19
(Table 1, entries 9 and 1). Gel filtration of supramolecule 20
yielded a single product that contained both oligo(p-phenyl-
ene)s and astaxanthin, while astaxanthin J-aggregates without
both rods were retained on Sephadex columns due to dilution
below critical aggregation concentration (Table 1, entries 9—
11). SEC with disc micelles 20 gave not reproducible results.
However, an occasionally observed broad peak with MW ~
84000 and the spectroscopically estimated 1:1 stoichiometry
suggests that disc micelles 20 may consist of dodecameric
rigid-rod f-barrels surrounding twelve J-aggregated astaxan-
thin molecules (Figure 8). Similar “bicycle tire” structures
have been observed before with amphiphilic proteins (e.g.,
apolipoproteins), peptides (e.g., melittin), and detergents
(e.g., lysophosphatidylcholine).?)

The capacity of rigid-rod S-barrels to stabilize small
J-aggregates is of high interest with respect to the significance
of J-aggregates in biological pigmentation in general®! and
that of marine invertebrates in particular.l’! As mentioned in
the introduction, the blue color of the lobster Humarus
gammarus may originate from binding of two astaxanthins
(Amax =472 nm) to [-crustacyanidin dimers (A, ~ 585 nm,
A=~-—30) followed by aggregation into a-crustacyanidin
(Amax = 630 nm, A ~— 95).I®l Here we have shown that astax-
anthin J-aggregates with similar spectroscopic properties
(Amax =560 nm, A =—110) can be prepared by dialytic deter-
gent removal, and that their structure, stability and stereo-
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chemistry can be controlled by surrounding rigid-rod j-
barrels (A~ 576 nm, A ~+ 84). These findings may thus
contribute to the understanding of the molecular mechanisms
of invertebrate coloration.

Conclusion

With the present study, we demonstrate the capacity of
complementary oligo(p-phenylene) peptides to form water-
soluble, expanded rigid-rod f-barrels with defined length,
flexible diameter, and lipocalin-type toroidal amphiphilicity.
Spectroscopic evidence was obtained for the designed role of
multiple extratoroidal electrostatic and intratoroidal hydro-
phobic interactions. Encapsulation of hydrophobic guests by
rigid-rod fS-barrels was shown to depend on hydrophobic
matching and guest polarity. Both tetrameric rigid-rod
carotenolipocalins with one encapsulated hydrophobic guest
and more fragile rigid-rod disc micelles with J-aggregated
bolaamphiphiles were observed.

These results suggest that rigid-rod S-barrels may serve as
general models for biological pB-barrels; this implies an
extremely diverse potential applicability of these unique
toroidal supramolecules for biomimetic pigmentation,®- 30
membrane-protein solubilization, > gene transfection, !
and catalysis in the broadest sense.> % 3!l Studies along these
lines are ongoing.

Experimental Section

General: Reagents for synthesis were purchased from Aldrich. PyBOP was
from Calbiochem-Novabiochem. Amino acid derivatives were obtained
from Calbiochem-Novabiochem and Bachem. Zeaxanthin was from
Indofine Chemical Company, astaxanthin from Alexis Biochemicals, S-
apo-8'-carotenal from Fluka, and -carotene from Aldrich. Sephadex G-50,
sodium cholate and other salts were of the best grade available from Sigma
Chemicals. Solvents were distilled and, if necessary, dried before use. All
reactions were performed under nitrogen atmosphere. Column chroma-
tography was carried out over silica gel (Selecto Scientific, 32—6 pum).
Analytical thin-layer chromatography (TLC) was performed on AL SIL G/
UV (Whatman). Preparative TLC (PTLC) was performed on silica gel 60F-
254 (Merck) or silica gel GF-2 (Aldrich). The values of optical rotation
([a]®) were determined at room temperature on a Perkin-Elmer 241
Polarimeter and are given in degrees. Melting points (mp) were determined
on a heating table from Reichert (Austria). IR-spectra were recorded in
KBr pellets on a Perkin — Elmer FT-IR Spectrometer Paragon 500 and are
reported in cm™' (intensity: w =weak, m = medium, s =strong). 'H NMR
spectra were recorded on a Varian Mercury 300 spectrometer, a Bruker
AMX400 spectrometer, and a Varian UNITY INOVA 500 MHz spec-
trometer. Chemical shifts are reported in ppm relative to TMS (6 =0). Spin
multiplicities are reported as singlet (s), doublet (d), triplet (t), quartet (q)
or multiplet (m), and coupling constants (/) are given in Hz. '"H NMR
resonances were assigned with the aid of additional information from
pertinent 2D NMR spectra (H, H-COSY, NOESY, ROESY, and TOCSY).
The presence of solvent in analytical samples was corroborated by 'H NMR
spectroscopy. FAB-HRMS was performed on a Fenningan 3200 twin-
quadrupole mass spectrometer at the University of Maryland, College
Park. ESI-MS was performed on a PE-Sciex API1100 electrospray instru-
ment by the Lombardi Cancer Center’s Macromolecular Analysis Shared
Resource. MALDI-TOF-MS was performed on a Proflex Bruker mass
spectrometer at the University of Maryland, College Park, using a DHB
(2,5 dihydroxy benzoic acid) matrix. Dialysis was performed with a Mini
Lipoprep® (Sialomed) or dialysis cells from Fisher Scientific with dialysis
membranes from Diachema (MW-cutoff =5000). Gel filtration (GF) was
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performed over Sephadex G-50 (1 x 27 cm). Size-exclusion chromatogra-
phy (SEC) was performed on Superdex® 75 HR 10/30 prepacked column
from Pharmacia Biotech (MW 70000 -3 000, 1 mL buffer per min) coupled
with a Jasco PU-980 pump and a Jasco UV-970 UV-Vis detector. MWs were
determined by using the protein standards albumin (67.0 kDa), ovalbumin
(43.0 kDa), chymotrypsinogen A (25.0 kDa), ribonuclease A (13.7 kDa),
and aprotinin (6.5 kDa) from Pharmacia Biotech. Fluorescence spectra
were recorded on FluoroMax-2 (Jobin Yvon-Spex). Both emission and
excitation spectra were not corrected. CD-spectra were recorded on
JASCO-710 and JASCO-715 spectropolarimeters and reported as Ag,,
[M~'em™!] at A, [nm]. UV-Vis spectra were recorded on a Hewlett—
Packard 8452A diode array spectrophotometer or on a Varian Cary1 Bio
spectrophotometer and are reported as A, [nm] (&0 [MM~'em™]).

Z-Leu-Lys(Boc)-NH, (general procedure A): 1-(3-Dimethylaminopropyl)-
3-ethyl-carbodiimide - HCl (288 mg, 1.5 mmol), 1-hydroxybenzotriazole
(172 mg, 1.27 mmol), Z-Leu-OH (282 mg, 1.06 mmol) and triethylamine
(0.441 mL, 6 mmol) were added to a solution of H-Lys(Boc)-NH,-HCl
(300 mg, 1.06 mmol) in CH,Cl, (5.31 mL) at 0°C. After stirring for 6 h in
the dark at RT, the reaction mixture was diluted with CH,Cl,, extracted
with saturated aqueous NaHCOj;, washed with brine, extracted with 1m
aqueous KHSO,, washed with brine, dried over anhydrous Na,SO,, and
concentrated in vacuo. Purification of the crude product by column
chromatography (CH,ClL/MeOH 10:1, R;=0.4) yielded pure Z-Leu-
Lys(Boc)-NH, (489 mg, 93%) as a white powder. [a]} =—15.8 (¢=1.00
in MeOH); m.p. 165.1-167.0°C; IR (KBr): 7 =3392 (s), 3374 (s), 3215 (m),
3070 (w), 3039 (w), 2956 (m), 2935 (m), 2867 (W), 1685 (s), 1643 (s), 1534 (s),
1452 (m), 1420 (w), 1390 (w), 1363 (m), 1275 (s), 1254 (s), 1171 (s), 1124 (w),
1052 (w), 912 (w), 865 (W), 782 (w), 735 (W), 694 (m), 647 cm~! (w); 'H NMR
(300 MHz, [D],DMSO, 25°C, TMS): 6=7.80-7.73 (m, 1H; Lys-NH,
exchange with D,0), 7.52-743 (m, 1H; Leu-NH, exchange with D,0),
734-729 (m, 6H; ArH and Lys-CONH,, partial exchange with D,0),
7.04-6.97 (m, 1H; Lys-CONH,, exchange with D,0), 6.78-6.71 (m, 1H;
Boc-NH, exchange with D,0), 5.04-5.00 (m, 2H; ArCH,), 4.20-4.12 (m,
1H; Lys-H,), 4.06-3.96 (m, 1H; Leu-H,), 2.96-2.78 (m, 2H; Lys-H,),
1.70-1.20 (several m, 9H; Leu-Hg,, Lys-Hy,,), 1.35 (s, 9H; Boc-CHj;),
0.90-0.80 (m, 6 H; Leu-CH,).

H-Leu-Lys(Boc)-NH, (general procedure B): A catalytic amount of Pd/C
was added to a solution of Z-Leu-Lys(Boc)-NH, (498 mg, 1.01 mmol) in
MeOH (5 mL). The suspension was degassed at least four times and set
under an H, atmosphere. After stirring for 2 h, the Pd/C was filtered off and
the crude product was concentrated in vacuo. Column chromatography
(CH,Cl,/MeOH/iPr-NH, 90:9:1, R;=0.4) yielded pure H-Leu-Lys(Boc)-
NH, as a white powder (284 mg, 0.79 mmol, 80 %). [a]¥ = —0.4 (¢=1.00 in
MeOH); m.p. 109.3-110.8°C; IR (KBr): #=23352 (s), 3325 (s), 3200 (w),
2933 (m), 2868 (w), 1688 (s), 1669 (s), 1615 (s), 1536 (s), 1465 (W), 1441 (w),
1389 (w), 1367 (m), 1283 (m), 1250 (m), 1180 (m), 1123 (w), 1006 (w), 659
(w), 588 cm™! (w); 'THNMR (300 MHz, [D],DMSO, 25°C, TMS): 6 =8.03 -
7.87 (m, 1 H; Lys-NH, exchange with D,0), 7.50-7.30 (m, 1 H; Lys-CONH,,
exchange with D,0), 7.10-6.98 (m, 1 H; Lys-CONH,, exchange with D,0),
6.76-6.72 (m, 1 H; Boc-NH, exchange with D,0), 4.18-4.10 (m, 1H; Lys-
H,), 3.22-3.15 (m, 1H; Leu-H,), 2.90-2.81 (m, 2H; Lys-H,), 1.80-1.10
(several m, 9H; Leu-H;,, Lys-Hg,,), 135 (s, 9 Boc-CH;), 0.87 (d,
3J(H,H) =6.6 Hz,3H; Leu-CH3), 0.83 (d, */(H,H) = 6.6 Hz, 3H; Leu-CHs).
Z-Lys(Boc)-Leu-Lys(Boc)-NH,: Coupling of H-Leu-Lys(Boc)-NH,
(284 mg, 0.79 mmol) and Z-Lys(Boc)-OH (452mg, 1.19 mmol) by following
procedure A and purification of the crude product by column chromatog-
raphy (CH,Cl/MeOH 10:1, R;=0.3) yielded pure Z-Lys(Boc)-Leu-Lys-
(Boc)-NH, (464 mg, 82%) as a white powder. [a]# =—23.0 (¢=1.00 in
MeOH); m.p. 177.5-178.9°C; IR (KBr): 7#=3314 (s), 2934 (m), 2869 (w),
2373 (w), 1686 (s), 1635 (s), 1534 (s), 1458 (w), 1391 (w), 1367 (m), 1269 (m),
1252 (m), 1174 (m), 1057 (w), 868 (w), 778 (W), 754 (w), 699 (w), 641 cm™!
(w); '"H NMR (300 MHz, [D];DMSO, 25°C, TMS): 6 =7.98-7.92 (m, 1H;
Lys-NH, exchange with D,0), 7.73-7.66 (m, 1H; Leu-NH, exchange with
D,0), 7.43-725 (several m, 6H; ArH and Lys-NH, partial exchange with
D,0), 725-7.20 (m, 1H; Lys-CONH,, exchange with D,0), 7.03-6.97 (m,
1H; Lys-CONH,, exchange with D,0), 6.80—6.70 (m, 2H; Boc-NH), 5.00
(s, 2H; ArCH,), 4.32-4.20 (m, 1H; Lys-H,,), 4.20-4.05 (m, 1H; Leu-H,),
4.02-3.88 (m, 1H; Lys-H,,), 2.95-2.78 (m, 4H; Lys-H,), 1.70 - 1.10 (several
m, 15H; Leu-Hy , Lys-Hy, ,), 1.34 (s, 18H; Boc-CHs), 0.86 (d, *J(H.H) =
6.6 Hz, 3H; Leu-CHs), 0.81 (d, 3/(H,H) =6.6 Hz, 3H; Leu-CH,).
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H-Lys(Boc)-Leu-Lys(Boc)-NH,: Deprotection of Z-Lys(Boc)-Leu-Lys-
(Boc)-NH, (464 mg, 0.64 mmol) by following procedure B and purification
by column chromatography (CH,Cl,/MeOH/iPr-NH, 90:9:1, R;=0.4)
yielded pure H-Lys(Boc)-Leu-Lys(Boc)-NH, as a white powder (328 mg,
87%). [a]® =—170 (c=1.00 in MeOH); m.p. 76.0-77.2°C; IR (KBr): 7=
3342 (s), 3061 (w), 2937 (m), 2864 (w), 2356 (W), 1685 (s), 1529 (s), 1457 (w),
1394 (w), 1368 (m), 1275 (w), 1249 (m), 1171 (m), 1046 (w), 1010 (w), 865
(w), 782 (w), 652 cm™' (w); 'H NMR (300 MHz, [D],DMSO, 25°C, TMS):
0=28.03-7.94 (m, 1H; Lys-NH, exchange with D,0), 7.85-778 (m, 1H;
Leu-NH, exchange with D,0), 7.27-721 (m, 1H; Lys-CONH,, exchange
with D,0), 7.00-6.93 (s, 1 H; Lys-CONH,, exchange with D,0), 6.78 -6.68
(m, 2H; Boc-NH, exchange with D,0), 4.37-4.22 (m, 1H; Lys-H,,), 4.18 -
4.05 (m, 1H; Leu-H,), 3.20-3.08 (m, 1 H; Lys-H,,), 2.92-2.78 (m, 4H; Leu-
H,), 1.70-1.10 (several m, 15H; Leu-Hy,, Lys-Hy,,), 1.36 (s, 18H; Boc-
CHs), 0.86 (d, 3/(H,H) = 6.6 Hz, 3H; Leu-CHj), 0.81 (d, */(H,H) = 6.6 Hz,
3H; Leu-CH;); HRMS (FAB): m/z caled for C,Hs,NO-: 587.41321; found
587.41586.

Z-Leu-Glu(OrBu)-NH,: Coupling of H-Glu(OrBu)-NH,-HCl (240 mg,
1.25 mmol) and Z-Leu-OH (331 mg, 1.25 mmol) by following procedure A
and purification of the crude product by column chromatography (CH,Cl,/
MeOH 20:1, R;=0.3) yielded pure Z-Leu-Glu(OrBu)-NH, (474 mg, 84 %)
as a white powder. [a]¥ = —22.0 (¢ =1.00 in MeOH); m.p. 140.6-141.2°C;
IR (KBr): #=3388 (s), 3316 (s), 3209 (m), 3068 (w), 3036 (w), 2959 (m),
2933 (m), 2874 (w), 1730 (s), 1674 (s), 1644 (s), 1531 (s), 1468 (W), 1455 (w),
1420 (w), 1393 (w), 1368 (m), 1287 (m), 1261 (m), 1236 (m), 1159 (m), 1123
(w), 1051 (w), 993 (w), 958 (w), 913 (w), 849 (w), 780 (w), 744 (w), 696 (m),
645 cm™! (w); '"H NMR (300 MHz, [D]{DMSO, 25°C, TMS): 6 =785 (d,
3J(H,H) =8.0 Hz, 1H; Glu-NH, exchange with D,0), 748 (d, 3J(H,H) =
8.2 Hz, 1H; Leu-NH, exchange with D,0), 7.38-724 (m, 6H;, ArH and
Glu-CONH,, partial exchange with D,0), 7.10-7.04 (m, 1 H; Glu-CONH,,
exchange with D,0), 5.01 (s, 2H; ArCH,), 4.24-4.13 (m, 1H; Glu-H,),
4.07-3.96 (m, 1H; Leu-H,), 2.23-2.12 (m, 2H; Glu-H,), 1.96-1.33 (m,
5H; Glu-H and Leu-Hy), 1.37 (s, 9H; tBu), 0.90-0.79 (m, 6 H; Leu-CH,).
H-Leu-Glu(OrBu)-NH,: Deprotection of Z-Leu-Glu(OrBu)-NH, (474 mg,
1.05 mmol) by following procedure B and purification by column chroma-
tography (CH,Cl,/MeOH/iPr-NH, 90:9:1, R;=0.3) yielded pure H-Leu-
Glu(OrBu)-NH, (274 mg, 83 %) as a colorless gum. [a]} = —2.2 (c=1.00 in
MeOH); IR (KBr): 7= 3345 (s), 3202 (m), 2953 (s), 2868 (m), 1726 (s), 1660
(s), 1517 (m), 1468 (w), 1454 (w), 1419 (w), 1392 (w), 1369 (m), 1321 (w),
1290 (w), 1255 (m), 1157 (s), 1034 (w), 957 (w), 920 (w), 846 (w), 753 (W),
650 cm™! (w); '"H NMR (300 MHz, [D][{DMSO, 25°C, TMS): 6 =8.04-7.91
(m, 2H; Glu-NH, Leu-NH, exchange with D,0), 7.42-7.33 (m, 1H; Glu-
CONH, exchange with D,0), 7.14-7.04 (m, 1H; Glu-CONH, exchange
with D,0), 4.25-4.14 (m, 1H; Glu-H,), 3.20-3.12 (m, 1 H; Leu-H,,), 2.22 -
2.09 (m, 2H; Glu-H,), 1.98-1.60 (m, SH; Glu-H,, Leu-Hy,), 1.37 (s, 9H;
Bu), 0.86 (d, *J(H,H) =6.6 Hz, 3H; Leu-CH,), 0.83 (d, *J(H,H) = 6.6 Hz,
3H; Leu-CHj).

Z-Glu(OrBu)-Leu-Glu(OrBu)-NH,: Coupling of H-Leu-Glu(OrBu)-NH,
(274 mg, 0.87 mmol) and Z-Glu(OrBu)-OH (440 mg, 1.31 mmol) by
following procedure A and purification of the crude product by column
chromatography (CH,ClL/MeOH 20:1, R;=0.25) yielded pure Z-Glu-
(OrBu)-Leu-Glu(OrBu)-NH, (486 mg, 88%) as a white powder. [a]¥ =
—29.0 (¢=1.00 in MeOH); m.p. 172.8-174.2°C; IR (KBr): #=3307 (s),
3067 (w), 2978 (m), 2934 (m), 1731 (s), 1670 (s), 1637 (s), 1534 (s), 1454 (m),
1393 (m), 1368 (s), 1256 (s), 1156 (s), 1054 (w), 953 (w), 850 (w), 753 (W),
698 cm™! (m); '"H NMR (300 MHz, [D];DMSO, 25°C, TMS): 6 =7.96 (d,
3J(H,H) =8.0 Hz, 1H; Glu-NH, exchange with D,0), 7.85 (d, *J(HH) =
8.0 Hz, 1 H; Glu-NH, exchange with D,0), 7.46 (d, 3/(H,H) =8.2 Hz, 1H;
Leu-NH, exchange with D,0), 7.34 (m, 5H; ArH), 7.24-7.18 (m, 1H; Lys-
CONH,, exchange with D,0), 7.08-7.00 (m, 1H; Lys-CONH,, exchange
with D,0), 5.06-4.95 (m, 2H; ArCH,), 4.34-4.22 (m, 1 H; Glu-H,), 4.23 -
4.09 (m, 1H; Leu-H,), 4.05-4.09 (m, 1 H; Glu-H,), 2.29-2.12 (m, 4H; Lys-
H,), 1.96-1.20 (m, 7H; Leu-H,, Glu-Hy), 1.37 (s, 18H; Bu), 0.87 (d,
3J(H,H) = 6.6 Hz, 3H; Leu-CH3), 0.81 (d, 3/(H,H) = 6.6 Hz, 3H; Leu-CHj).
H-Glu(O7Bu)-Leu-Glu(OrBu)-NH,: Deprotection of Z-Glu(OrBu)-Leu-
Glu(OrBu)-NH, (486 mg, 0.77 mmol) by following procedure B and
purification by column chromatography (CH,Cl,/MeOH/iPr-NH, 90:9:1,
R;=0.4) yielded pure H-Glu(OrBu)-Leu-Glu(OBu)-NH, (358 mg, 93%)
as a white powder. [a]¥ =-38.5 (¢=1.00 in MeOH); m.p. 85.5-86.2°C; IR
(KBr): 7=3306 (s), 3070 (w), 2977 (m), 2934 (m), 2870 (w), 2354 (w), 1729
(s), 1650 (s), 1542 (m), 1453 (w), 1368 (s), 1257 (m), 1156 (s), 956 (w), 849
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(w), 666 cm™! (w): 'H NMR (300 MHz, [D],DMSO, 25°C, TMS): 6 =8.04 -
7.89 (m, 2H; Glu-NH, Leu-NH, exchange with D,0), 7.28-7.20 (s, 1H;
Glu-CONH,, exchange with D,0), 7.08-7.00 (s, 1H; Glu-CONH,,
exchange with D,0), 4.34-422 (m, 1H; Glu-H,), 4.20-4.09 (m, 1H;
Leu-H,), 3.19-3.08 (m, 1H; Glu-H,), 2.29-2.12 (m, 4H; Glu-H,), 2.00-
1.30 (m, 9H; Leu-Hg,, Glu-Hy), 1.37 (s, 18H; rBu), 0.87 (d, J(HH)=
6.6 Hz, 3H; Leu-CH,), 0.84 (d, */(H,H) = 6.6 Hz, 3H; Leu-CH,); HRMS
(FAB): m/z caled for C,,H,N,O-: 501.32883; found 501.32838.

83,7,6%,52,4%,3%,2%,13-Octa(hydroxycarbonylmethoxy)-p-octiphenyl as)
(general procedure C): TFA (1mL) was added to a solution of
8,72,63,52,4% 32 23 13-octa(tert-butoxycarbonylmethoxy)-p-octiphenyl!!* 2.l
(6.8 mg, 4.2 ymol) in CH,Cl, (1 mL). After stirring for 45 min at RT, the
reaction mixture was concentrated in vacuo to give pure 15 (5.0 mg, 100 %)
as a white solid. '"H NMR (300 MHz, CDCl;/CD;0D 1:1, 25°C, TMS): 6 =
748-741 (m, 6H; ArH), 737-737-712 (m, 16H; ArH), 6.91 (dd,
3J(HH) =5.8 Hz, */(H,H) =22 Hz, 2H; ArH), 4.69 (s, 16H; ArOCH,);
MS (MALDI-TOF): m/z calcd for CgHs00,,: 1203.08; found 1203.66.

83,7%,63,5%,4%,3%,2%,13-Octa(NH,-Glu(O rBu)-Leu-Glu(OsBu)-carbonylmeth-
oxy)-p-octiphenyl (17): Coupling of 15 (4.5 mg, 3.74 umol) in DMSO
(1 mL, instead of CH,Cl,) and H-Glu(OrBu)-Leu-Glu(OrBu)-NH, (45 mg,
89 umol) by following procedure A, and purification of the crude product
by PTLC (CH,Cl,/MeOH/toluene 10:1:1, R;= 0.1, and CH,Cl,/MeOH 10:1,
R;=0.5) yielded pure 17 (129 mg, 67%) as a white solid. '"H NMR
(500 MHz, CDCly/CD;0D 1:1,25°C, TMS): 6 =7.58-7.24 (m, 24H; ArH),
6.98 (d,3J(H,H) =77 Hz, 2H; ArH), 4.80-4.20 (several m, 40H; ArOCH,,
Leu-H,, Glu-H,), 2.40-2.20 (m, 32H; Glu-H,), 2.16-1.50 (several m,
56H; Leu-Hg,, Glu-Hp), 1.41-1.29 (m, 144H; Bu), 0.95-0.80 (m, 48H;
Leu-CH;); MS (ESI, MeOH, 1% formic acid): m/z (%): 1289 (97)
[M+Na]*, 1711 (100) [M+Na]**, 2555 (20) [M+Na]**.

8%,7,6%,52,4%,3%,2%,13-Octa(NH,-Glu-Leu-Glu-carbonylmethoxy)-p-octi-
phenyl (14): Deprotection of 17 (5.5 mg, 1.08 umol) by following procedure
C gave pure 14 (4.5 mg, 100%) as a white solid. UV/Vis (H,0): 314 nm
(28.6); 'H NMR (300 MHz, CDCl;/CD;0D 1:1,25°C, TMS): d =7.50-7.28
(m, 24H; ArH), 6.95 (d, 3/(H,H) =8.0, 2H; ArH), 4.82-4.20 (several m,
40H; ArOCH,, Leu-H,,, Glu-H,,), 2.44-2.26 (m, 32H; Glu-H,), 2.24-1.46
(several m, 56H; Leu-Hg,, Glu-Hy), 0.94-0.78 (m, 48H; Leu-CH;);
'H NMR (500 MHz, D,0/CD;0D 5:1, pH=6.4, 25°C, TMS): 6 =7.6-6.8
(very broad m, 26 H; ArH), 4.50-4.00 (several m, 40H; ArOCH,, Leu-H,
Glu-H ), 2.55-2.28 (several m, 32H; Glu-H,), 2.20-1.40 (several m, 56 H;
Leu-Hy,, Glu-Hy), 0.90-0.00 (very broad m, 48 H; Leu-CHj); fluorescence
(H,0): 314 (excitation), 385 nm (emission); CD (H,O): see Figure 4.

83,7%,63,5%,4%,3%,23,13-Octa(NH,-Lys(Boc)-Leu-Lys(Boc)-carbonylme-
thoxy)-p-octiphenyl (16): Coupling of 15 (6.3 mg, 5.2 umol) in DMSO
(I mL, instead of CH,Cl,) and H-Lys(Boc)-Leu-Lys(Boc)-NH, (64 mg,
11 pmol) by following procedure A, and purification of the crude product
by PTLC (CH,Cl,/MeOH 10:1, R;=0.1 first run, R;=0.5 second run)
yielded pure 16 (16.8 mg, 56 %) as a white solid. '"H NMR (500 MHz,
CDCL/CD;0D 1:1, 25°C, TMS): 6 =7.55-724 (m, 24H; ArH), 6.96 (d,
3J(H,H) =74 Hz, 2H; ArH), 4.80-4.20 (several m, 40H; ArOCH,, Leu-
H,, Lys-H,), 3.20-2.70 (m, 32H; Lys-H,), 1.90-1.00 (m, 120H; Leu-Hy,,
Lys-Hg, ), 1.48-1.21 (several s, 144 H; Boc-CH3), 0.94-0.75 (m, 48 H; Leu-
CHj;). MS (ESI, MeOH, 1 % formic acid): m/z (%): 1461.6 (94) [M+Na]*,
1942 (100) [M+Nal**, 2896 (16) [M+Na]** .

83,7%,6%,5%,4°,3%,23,13-Octa(NH,-Lys-Leu-Lys-carbonylmethoxy)-p-octi-
phenyl (13): Deprotection of 16 (2.6 mg, 0.35 umol) by following procedure
C gave pure 13 (1.4 mg, 100%) as a white solid. UV/Vis (H,0): 316 nm
(28.6); '"H NMR (300 MHz, CDCL/CD,OD 1:1,25°C, TMS): 6 =7.55-7.22
(m, 24H; ArH), 7.00-6.90 (m, 2H; ArH), 4.80-4.20 (several m, 40H;
ArOCH,, Leu-H,, Lys-H,), 2.98-2.62 (m, 32H; Lys-H,), 1.95-1.00 (m,
120H; Leu-Hg,, Lys-Hg,;), 0.95-0.75 (m, 48H; Leu-CH;); 'H NMR
(500 MHz, D,0/CD;0D 5:1, pH=6.4, 25°C, TMS): 6=7.60-7-26 (m,
24H; ArH), 7.05 (d, 3J(H,H) =8.5 Hz, 2H; ArH), 4.85-4.22 (several m,
40H; ArOCH,, Leu-H,, Lys-H,), 3.02-2.70 (m, 32H; Lys-H,), 1.90-1.10
(m, 120H; Leu-Hy,, Lys-Hg, ;), 1.00-0.68 (m, 48H; Leu-CH,); fluores-
cence (H,O, pH 6.4): 316 (excitation), 385 nm (emission); CD (H,O,
pH 6.4): see Figure 4.

Rigid-rod f-barrels 12* (12°) (general procedure D): Solutions of 13 (0-
32 umol) in MeOH (20 pL) and/or solutions of 14 (0—32 umol) in MeOH
(20 uL) were added to 2.5mL of buffer (10mm Na,H; ,PO,, pH 6.4).
Products were characterized by gel filtration (GF). SEC: (H,O, pH 6.4): see
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Figure 3a; UV/Vis (H,O, pH 6.4): 316 nm (28.6); CD (H,O): see Figures 4
and 5; fluorescence (H,O, pH 6.4): see Figure 7c. Dependence of S-barrel
formation on rod stoichiometry was assessed by addition of different mole
fractions of 13 and 14 and subsequent measurement of the CD spectra
(Figure 5a). Dependence of f-barrel formation on ionic strength (0—1m
NaCl) and pH (pH2-12) was assessed with correspondingly changed
buffers (Figuresl S5a and c). 3-Barrel stability was assessed by heating the
water-jacketed CD-cell and by sample dilution with continuous measure-
ment of the CD spectra (not shown).

Rigid-rod fS-barrels 12* (12°) (general procedure E): Identical concentra-
tions of 13 and 14 were dissolved in MeOH/chloroform, and sodium cholate
(64.5 mg, 0.15 mmol) and increasing amounts of MeOH/chloroform were
added until a clear solution was obtained. The organic solvents were slowly
evaporated at RT, and the resulting film was dried for at least 2 h in vacuo.
Then Na,H;_,PO, (10mmM, 1.0 mL, pH 6.4) was added. Hydration of the
resulting suspension was eventually accelerated by sonication or heating.
The mixed micellar mixture was filtered through cotton. This micellar
mixture (1 mL) was then dialyzed 12 times against buffer (1 mL) for >2h
at RT in the dark by using dialysis cells (Fisher) with membranes from
Diachema (MW-cutoff =5000) mounted on a Thermomixer (Fisher)
shaking at about 1300 rpm. The resulting mixture was filtered twice
through cotton and characterized by gel filtration (GF). SEC: (H,O,
pH 6.4): see Figure 3a; UV/Vis (H,0O, pH 6.4): 316 nm (28.6); CD (H,O):
see Figure 4; fluorescence (H,O, pH 6.4): see Figure 7b.

Rigid-rod f-barrels 12" (general procedure F): Identical concentrations of
13 and 14 were dissolved in MeOH/chloroform, and n-octyl 5-p-glucopyr-
anoside (36.5 mg, 125 umol) and increasing amounts of MeOH/chloroform
were added until a clear solution was obtained. The organic solvents were
slowly evaporated at RT, the resulting film was dried for at least 2 h in
vacuo. Then Na,H;_,PO, (10mm, 1.0 mL, pH 6.4) was added. Hydration of
the resulting suspension was eventually accelerated by sonication or
heating. The mixed micellar mixture was filtered through cotton. This
micellar mixture (1 mL) was then dialyzed once against buffer (1 L) for
>2h at RT in the dark by using Mini Lipoprep® (Sialomed) with the
dialysis chamber rotating at 20 rpm. The resulting mixture was filtered
twice through cotton and characterized by gel filtration (GF). SEC: (H,O,
pH 6.4): see Figure 3d; UV/Vis (H,0, pH 6.4): 2781 nm (24.0). CD (H,O,
pH 6.4): 288 nm (—2.3).

Rigid-rod lipocalin 19: By following procedure E, -carotene 11, 13, and 14
(molar ratio=1:0.5:0.5) were assembled to give 19 in 25% yield with
respect to 11 and 100 % yield with respect to 13 and 14 (Table 1, entry 1).
Carotenolipocalin 19 was characterized by gel filtration (GF). SEC: (H,O,
pH 6.4): see Figure 3e; UV/Vis (H,O, pH 6.4): see Figure 7b; CD (H,O,
pH 6.4): see Figure 7a; fluorescence (H,O, pH 6.4): see Figure 7c. Control
experiments: a) excess 3-carotene (1:0.1:0.1) gave about identical results;
b) excess rods (1:2.5:2.5): <5% yield; c) without 13 (1:0:1): <5% yield;
d) without 13 and 14 (1:0:0): <5% yield.

Rigid-rod disc micelle 20: By following procedure E, astaxanthin 10, 13,
and 14 (molar ratio=1:0.1:0.1) were assembled to give 20 in 10% yield
with respect to 10 and about 50 % yield with respect to 13 and 14 (Table 1,
entry 9). Disc micelles 20 were characterized by gel filtration (GF). SEC:
(H,O, pH 6.4): MW ~84000 (not 100% reproducible); UV/Vis (H,O,
pH 6.4): see Figure 9; CD (H,O, pH 6.4): 602 (+46), 442nm (—38);
fluorescence (H,O, pH 6.4): 316 (excitation), 385 nm (emission, 29 %
quenching). Control experiments: a) excess rods (1:1:1) gave about
identical results; b) without rods (1:0:0): 17% yield; GF (H,O, pH 6.4):
not eluted; SEC: (H,O, pH 6.4): not eluted; UV/Vis (H,O, pH 6.4): see
Figure 9; CD (H,O, pH 6.4): 572 (—46), 424 nm (+ 64); fluorescence (H,O,
pH 6.4): 316 (excitation), 385 nm (emission); c) without 13 (1:0:0.2): 6%
yield; data as in b; d) without 14 (1:0.2:0): <5 % yield. Control experiments
with carotenoids 9 and 18 were performed by following procedure E (see
Table 1, entries 4-8).
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Dynamic Analyses on Induced-Fit Gaseous Guest Binding to Organic Crystals
with a Quartz-Crystal Microbalance
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Abstract: The inclusion behavior of
gaseous guest molecules in a solid apo-
host, an orthogonal anthracene-bis(re-
sorcinol)tetraol (1), was investigated
with a quartz-crystal microbalance
(QCM). Compound 1 forms crystals
composed of molecular sheets bound
together by an extensive hydrogen-
bonded network. An apohost of 1 was
cast onto a QCM and the binding of

which is directly related to the increase
in mass. Ethyl acetate and methyl ethyl
ketone were significantly included into
the apohost, whereas benzene and cyclo-
hexane were simply adsorbed onto the
surface of the solid; all these guests have
similar vapor pressures at 25°C. On the
other hand, a host analogue 2, a tetra-

Keywords: host—guest chemistry -

methoxy derivative of 1, barely included
these guest molecules. The inclusion
amount and the rate of inclusion of
ethyl acetate or methyl ethyl ketone
showed a drastic increase above a
threshold concentration of guests in the
gas phase. Thus, the structure of the
apohost changed cooperatively in order
to bind guest molecules above the
threshold guest concentration. This co-

gaseous guest molecules was followed as
a function of time by observing the
decrease in the oscillation frequency,

Introduction

Induced-fit molecular recognition between proteins and their
substrates has been the focus of much attention for many
years. Solid-phase complementary host—guest and cocrystal
systems have been employed as model systems in recent
years.'"'®l From a functional point of view, the process of
binding guest molecules should be reversible. Thus, the
cavities are maintained after the removal of the guests, or
the cavities that have collapsed on account of crystal-packing
forces could be restored upon guest binding.!'* 2! Hopefully,
the induced-fit behavior may occur if guest molecules are
included into the empty cavities, in a similar manner to
proteins. Solid organic hosts linked through hydrogen-bond-
ing networks are potential candidates for this purpose,
because the collapse and reconstruction of their cavities
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operativity of the binding behavior was
kinetically analyzed.

Kinetics

would be controlled through switchable formation of hydro-
gen bonding.

Although these dynamic characteristics seem to be very
important, the guest binding to organic crystals has mainly
been studied with conventional static methods: the host—
guest complex has been obtained as precipitated crystals
from solutions and analyzed by X-ray diffraction, or the
extracted guests from crystals have been analyzed by NMR
spectra in solution. Theses static methods present some
difficulties in kinetic studies of host— guest chemistry in which
the host and guest concentrations are changed. It is favorable
to study the inclusion behavior of guest molecules in the host
crystals in the gaseous phase to avoid the effects of solvation
or crystal-packing forces on guest inclusion.???l However,
there have been only a few kinetic investigations of the guest
inclusion process into organic crystals because of the lack of
detection methods.?’] Nassimbeni and co-workers have stud-
ied the kinetics of the inclusion of acetone vapor in an solid
organic host by means of a conventional balance system.?*

A quartz-crystal microbalance (QCM) is a very sensitive
mass measuring device because its resonance frequency
decreases linearly as the mass on the QCM plate increases
so that it can be used on the nanogram scale in the gas phase
as well as with aqueous solutions.”>8 The QCM technique
also allows us to monitor the mass changes continuously.
Therefore, QCM provides a powerful technique to analyze
molecular interactions kinetically. A QCM has been widely

0947-6539/00/0610-1750 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 10
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used with various sensing systems,?-3!l and we have already
shown its validity for the detection of molecular interactions,
for example, molecular adsorption to cast films in gas?*? and
aqueous®! phases, in-situ characterization of Langmuir—
Blodgett films,* DNA hybridization,’ DNA -protein in-
teractions,® and molecular recognition at the air—water
interface.’ Recently, we combined a QCM technique and a
flow cell to detect the molecular recognition of gaseous guests
on a functionalized monolayer.?l

In this paper, we report the dynamic studies of gaseous
guest binding to the apohost crystals immobilized on a QCM
(see Figure 1). We chose crystals of anthracene-bis(resorci-
nol) (1) as the host; it forms molecular sheets held together by
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Figure 1. A schematic illustration of the in-situ detection of gaseous guest
binding on apohost 1 immobilized on a quartz-crystal microbalance

(QCM).

an extensive hydrogen-bonded network and has Ilarge
(=10 A) cavities similar to those of organic zeolites.?*4! The
host—guest complex of 1 was obtained by cocrystallization
from a solution that contained the guest, and the guest-free
apohost was readily prepared by heating the host-—guest
complex under vacuum. We have already reported on the
static binding properties of guests into the apohost 1,

Chem. Eur. J. 2000, 6, No. 10

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

investigated with powder X-ray analysis, that showed that
the cavities of the apohost, which had collapsed as a result of
crystal-packing forces, could be restored upon guest binding.!
In the present QCM study, we observed that the structure of
the apohost changed drastically and cooperatively above a
threshold guest concentration in order to bind guests. We
report here on a kinetic study of this cooperative binding
behavior.

Experimental Section

The QCM employed in this study was a commercially available 9 MHz, AT-
cut quartz (diameter 9 mm, purchased from Showa Crystals, Chiba). Au
electrodes were deposited onto both sides of the quartz-crystal plate (area
16 mm?). The 9 MHz QCM was driven by a handmade oscillator, and the
frequency changes were followed by a universal counter (Hewlett Packard
Co. Ltd., Tokyo, model 53131A) attached to a microcomputer system.
Equation (1) was established for AT-cut shear mode QCM. 1]

—2F?
AP,
In Equation (1) AF is the measured frequency shift [Hz], F, the parent
frequency of the QCM (9 x 10° Hz), Am the mass change [g], A the
electrode area (0.16 cm?), p, the density of quartz (2.65 gem~?), and u, the

shear modulus of quartz (2.95 x 10" dyne cm~2). The QCM was calibrated
by the LB-film transfer method? to give Equation (2).

Am (1)

Am=—(0.95+0.01) x 10°AF )

Syntheses of the host compound 1 and host analogue compound 2 have
been described elsewhere.’! A solution of host 1 in ethyl acetate
(1 mgmL~') was cast onto both sides of the gold electrode of the QCM
at room temperature. It has been confirmed from powder X-ray analyses
that the host 1 is cocrystallized with the guest in the cavities with a
molecular ratio of 2:1.%7) When 2 pL solution was cast onto the electrode
and dried in air, the frequency decreased by 3030 + 10 Hz to give Am =
2880 + 10 ng in air. This is assumed to be a total mass of 2000 ng (5.08 mol)
of the cast host 1 and 880 + 10 ng (10.0 mol) of cocrystallized ethyl acetate,
that is, with a molar ratio of guest:host=2:1. When the host—guest
complex on the QCM was dried under vacuum at 140°C for 4 h, the
frequency increased by 930 & 10 Hz (mass decrease of Am =880+ 10 ng),
which agrees with the expected mass of included ethyl acetate. Thus, the so-
cast crystal of 1 contained ethyl acetate as a guest with a molar ratio of 2:1
(guest:host), and ethyl acetate was completely evaporated after drying in
vacuo to give apohost 1 on the QCM plate. Immobilization of the host
analogue 2 was also carried out a similar way to that descried above.

The QCM immobilized with the solid apohost 1 was placed in a flow cell
(70 cm?), through which a mixture of a saturated vapor of guest molecules
and dry N, gas was passed at a rate of 2 Lmin!. The binding kinetics were
obtained from the time-resolved decrease in the oscillating frequency
(mass increase) of the QCM. The temperature was maintained at 25°C
during the experiments. The concentration of guest molecules in the flow
cell was controlled by changing the mixture ratio of the saturated vapor of
guest and dry N, gas. In order to avoid the influence of water molecules, the
guest molecules were dried and the flow cell was purged with sufficient dry
N, gas before the experiments. The saturated vapor pressure of the guests
at 25°C were as follows: ethyl acetate 96.8 mm Hg, methyl ethyl ketone
90.4 mm Hg, benzene 95.2 mm Hg, cyclohexane 97.6 mm Hg, methyl acetate
216.6 mm Hg, and methyl propionate 81.6 mm Hg.

Infrared spectra were measured with A-100 IR Spectrometer (JEOL,
Japan). The apohost of 1, dispersed in CCl, and ethyl acetate, was sealed
between NaCl plates for the measurement. The sample of the ethyl acetate/
1 (2:1) complex was prepared by sealing it immediately after exposure of
apohost 1 to ethyl acetate vapor for one hour.
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Results and Discussion

General behavior of guest binding: Figure 2 shows typical
time-resolved changes in the frequency of the QCM immo-
bilized with the apohost 1 or the host analogue 2 (2000 and
2290 ng, respectively, 5.08 mol) as they respond to exposure of
the same concentration (5mwm, 350 nmol in 70 cm?) of ethyl
acetate, methyl ethyl ketone, benzene, and cyclohexane in the
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Figure 2. Time-resolved changes in the frequency of the QCM immobi-
lized with A) the apohost 1 (2000 ng, 5.08 nmol) and B) apohost 2 (2290 ng,
5.08 nmol) as they respond to the exposure to saturated vapor of guest
molecules (5mm, 350 pmol in 70 cm®) at 25°C: a) ethyl acetate, b) methyl
ethyl ketone, c) benzene, and d) cyclohexane.

gas phase at 25°C. These gaseous guest molecules were
chosen because they have a similar vapor pressure at 90—
98 mm Hg at 25 °C, since the adsorption of gaseous molecules
onto a solid surface largely depends on their condensation
ability which is reflected in their vapor pressure.’*! Ethyl
acetate and methyl ethyl ketone were significantly included
into the apohost 1 and reached equilibrium within few
minutes. These changes can be approximated by first-order
kinetics and the curve obtained was fitted by Equation (3), in
which Am, and Am,,,, are the amounts of bound guest at t and
infinite time, respectively.

Am,= Ay, [1 — exp(—t/T)] 3)

Parameter 7 is the relaxation time on the binding. Curve
fitting was satisfactory in all cases (correlation coefficient, r >
0.98). The Am,,,, values, obtained from Figure 2A, were 880
10ng (10.0 nmol) and 800+10ng (11.1 nmol) for ethyl
acetate and methyl ethyl ketone, respectively. Since 5.06 mol
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of apohost was cast on the QCM, ethyl acetate or methyl ethyl
ketone was included by the apohost 1 in 2:1 (guest:host)
stoichiometry at saturation. This was in good agreement with
the observation of the host—guest complex (1:2) by X-ray
analyses,?] and with the evaporated mass when the cocrystal-
lized host—guest complex was dried in vacuum (see the
Experimental Section).

In contrast, benzene and cyclohexane were hardly included
by apohost 1, although these four guests have a similar vapor
pressure (90-98 mmHg) at 25°C. This selective binding
behavior agrees with the finding that no cocrystals were
obtained from these solvents.??l Hydrocarbons, such as
benzene and cyclohexane, which do not have a hydrogen-
bonding ability were only adsorbed very weakly and/or
adsorbed near the surface.

Figure 3 shows the IR spectra of the apohost 1, the host 1
with included ethyl acetate in a 2:1 ratio (guest:host), and
ethyl acetate only. In the apohost 1, the sharp absorptions of
Vou at 3490 and 3300 cm™! indicated both free OH and the

a)

340 ot 3300 cm-!

Vi

OH VOH
5 |
©
~
3
C
§ ) ?
= -1
[ SéZHO om 1700 cm-1
] vC=0
S |9
'_
1720 cm-1
vC=0 A
| | |
4000 3000 2000 1500
v/cm-

Figure 3. IR spectra of a) apohost 1, b) inclusion complex of ethyl acetate
and host 1 (2:1), and c) ethyl acetate at 25°C.

hydrogen-bonded OH groups, respectively. When ethyl ace-
tate was included into the apohost, the free OH group at 7=
3490 cm~! disappeared and the hydrogen-bonded vy shifted
to a lower wave number (3220 cm™') than that of the apohost.
Moreover, v of ethyl acetate at 7=1720 cm™! shifted to
1700 cm~!, which indicates the formation of a hydrogen bond
to the host. These IR shifts fundamentally agree with those
observed for cocrystals of 1 and benzoates.’?»?®! Tt was
reported from X-ray crystal analyses that apohost 1 contains
columns held together by O—H---O—H hydrogen bonding
which alternate with anthracene face-to-face arrays, and that
ketone and ester guests can bind to the crystal through
hydrogen bonding of C=O to the remaining H in O—H---
O—H bonds with accommodation of the bulky parts between
anthracene rings (see Figure 1).22l Agreement in the IR data
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supports the indication that the structure of the cast film of the
apohost complex on the QCM is the same as that in the
cocrystal system.

In contrast, host analogue 2, in which four hydroxyl groups
were substituted by methoxy groups, was barely able to
include all the guest molecules (Figure 2B). It has been
confirmed that the methoxy derivative 2 does not contain a
hydrogen-bonded network and such cavities.??l Thus, the
formation of a cavity-forming hydrogen-bonded network
plays an important role in the inclusion of gaseous guests in
apohost 1.

Figure 4 shows the effect of cast amount (thickness) of the
apohost on the QCM plate on the equilibrium amount of
included guest (Am,,,,). In the case of ethyl acetate or methyl
ethyl ketone as guests, the Am,,, increased linearly as the

Host thickness /um

0 5 10 15 20
1500 T T T T
A
a
o
£ 1000
x b
g
S N
500 a
c,d
- 5 —&
0 = +—10 i :
0 1000 2000 3000

Host amount / ng

Figure 4. Effects of the amount (thickness) of apohost 1 on the equilibrium
inclusion amount in the gas phase at [Guest] = 5mwm and 25°C: a) ethyl
acetate, b) methyl ethyl ketone, c) benzene, and d) cyclohexane.

amount (thickness) of the cast apohost increased (slope ~2).
The fitting parameters were 0.97-0.99. These results indicate
that ethyl acetate and methyl ethyl ketone adsorb and
penetrate deeply and completely into the solid apohost, even
through 20 pm thickness (3 pg on 16 mm? electrode), to form a
complex in which two guest molecules fit into one host site.
On the other hand, for benzene or cyclohexane as the guest,
the equilibrium inclusion amount was independent of the
apohost thickness, which shows that there is simple surface
adsorption.

Binding curve and cooperativity: Effects of the concentration
of guests in the gas phase on the Am,, of the apohost 1
(2000 ng, 5.08 nmol) at 25°C are shown in Figure SA. The
amounts of adsorbed benzene and cyclohexane were very
small and increased only slightly as the guest concentration
increased. In contrast, the inclusion amount of ethyl acetate
and methyl ethyl ketone increased sigmoidally with increasing
gaseous concentration with threshold concentrations of 2.0
and 3.0mM, respectively. The binding behavior of methyl
acetate was not of the Langmuir type either, and the binding
of methyl propionate seemed to obey a simple saturation-type
with a small binding constant. The cooperativities on binding
ethyl acetate and methyl ethyl ketone suggest that at low
concentrations the guest molecules just adsorb near the solid
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Figure 5. A) Effects guest concentration in the gas phase on the equili-
brium inclusion amount (Am,,,). B) Plots of guest/host ratios against guest
concentrations in the apohost 1 (2000 ng, 5.08 nmol). All measurements
were made at 25°C: a) ethyl acetate, b) methyl ethyl ketone, c¢) methyl
acetate, d) methyl propionate, e) benzene, and f) cyclohexane.

surface of the collapsed crystal structure of the apohost. The
cooperativities also suggest that above the threshold guest
concentration, an extensive hydrogen-bonded network is
formed to give an expanded, porous crystal structure, as
shown schematically in Figure 1.

The cooperative binding behavior was analyzed more
precisely, as shown in Figure 5B where guest/host ratios are
plotted as a function of guest concentration, according to the
Hill equation [Eq. (4)], in which # is the cooperativity factor,
K is the binding constant, y and y,, are the amount of bound
guest per host (guest/host) at [Guest] and infinite guest
concentration, respectively.[*”]

K[Guest]"
Y=Yar o “

1 + [Guest]"
Curves fitted by Equation (4) are shown in Figure 5B and
the obtained parameters are summarized in Table 1. Values of
the binding stoichiometry (y.) were 2.02, 1.95, and 3.38 for

Table 1. Binding parameters obtained from the binding curves shown in
Figure 5B.

Guest Guest/Host (y,) n KM r

ethyl acetate 2.02+0.07 13.8+6.7 14x10* 0.991
methyl acetate 3.38+0.19 26+02 75x10°  0.998
methyl ethyl ketone  1.95+0.77 23+£0.5 48x10° 0991
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ethyl acetate, methyl ethyl ketone, and methyl acetate,
respectively. The results for ethyl acetate and methyl ethyl
ketone showed a good agreement with the binding stoichi-
ometry obtained from X-ray structural analysis where two
molecules of ethyl acetate bind to each molecule of 1.2 The
smaller methyl acetate showed a larger binding stoichiometry
(o= 3.38) compared with ethyl acetate. This finding is in
agreement with the formation of 3:1 and 4:1 (guest:host)
complexes with smaller acetone and diethyl ketone molecules,
respectively, while most bulky ketones prefer a 2:1 complex.?

A more interesting result appears for the cooperative
factor, n. In all cases, n values are larger than unity, which
indicates that the system has a positive cooperativity on
binding. Unexpectedly, a large n value (13.8) was observed for
the binding of ethyl acetate. The cooperative factor does not
usually exceed the binding stoichiometry, as seen in the
binding of oxygen to hemoglobin: the binding site stoichiom-
etry is 4 and the cooperative factor is 2.8.1°1 The large
cooperative factor for ethyl acetate to the apohost 1 is
probably attributable to the continuity of host structures. A
cooperative factor larger than its stoichiometry was also
reported for adenine binding to a host-site array assembled on
a monolayer of orotate-type lipid.*!l Guest binding to the
apohost 1 would be driven by reconstruction of the collapsed
host structure. If the collapsed apohost maintains a partial
hydrogen-bonding network and the sheet structure within the
network intercalates with each other, only a small number of
bound guests would by required to recreate a large number of
active binding sites by opening intercalated sheet struc-
tures.’l According to IR observation of the apohost, the
intense peak of the hydrogen-bonded OH group still exists,
which indicates the preservation of hydrogen bonded network
even in the apohost cast film. In these systems, the induction
period was not observed as seen in Figure 2A. It suggests that
the structural change of the host upon binding is relatively
quick. This finding also supports partial preservation of
network structure in the apohost and energy-unconsummated
recreation of active binding sites.

Kinetic aspects of guest binding: The cooperativity was also
observed in the binding rates. The inverse relaxation time of
binding (z7') was plotted against the guest concentration
(Figure 6). If there is simple equimolar binding then the plot

0.7
0.6 -
0.5
0.4

03}

/51

02+

0.1+

[Guest] / mm

Figure 6. Correlations between 77! values and guest concentrations in the
gas phase at 25°C and concentration of apohost 1=2000 ng, 5.08 nmol:
a) ethyl acetate, b) methyl ethyl ketone, and c) methyl acetate.
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would be a straight line with a slope of k; (binding rate
constant) and an intercept of k_; (dissociation rate con-
stant).®! However, 7! values increased abruptly above a
certain threshold concentration, that is, the values depend on
the multiplied term of the guest concentration. This behavior
would be also attributed to cooperativity on guest binding.
With cooperative factor n, Equation (5) then holds.

' =k [Guest]"+ k_; (5)

Experimental data was fitted to this equation with the n
values listed in Table 1. Fitting of the data with Equation (5)
was satisfactory in the other two cases and the obtained
parameters are summarized in Table 2. The ratio of k; to k_;

Table 2. Kinetic parameters obtained from Equation (5).12)
Guest ky[Ms7Y] k_i[s7!] n r

(9.4+£33)x10*  0.298+0.061 13.8 0.818
(B5+1,1) x10* 0.285+0.057 2.64 0.873
(6.1+£0.5) x 10* 0.017£0.008 230  0.988

ethyl acetate
methyl acetate
methyl ethyl ketone

Flow rate: 2 Lmin~! at 25°C.

should be equal to the apparent binding constant K. The
calculated ratios from Table 2 are in of a similar order of size
to the values listed in Table 1, except for the data of ethyl
acetate. This agreement indicates that both binding curve and
kinetic analyses support the cooperative binding mechanism.

The dissociation rate constants k_; can be compared with
each other if they have the same unit (s7!). The k_, values for
ethyl acetate, methyl acetate, and methyl ethyl ketone are
0.298, 0.285, and 0.017 s~ respectively. Methyl acetate has a
larger dissociation rate constant than methyl ethyl ketone,
while both have the similar n values. The difference could be
attributed to the saturation vapor pressure: methyl acetate
has a higher vapor pressure (216.6 mmHg at 25°C) than
methyl ethyl ketone (90.4 mmHg at 25°C). The larger
dissociation rate constant of methyl acetate is probably
caused by its greater ability to vaporize. Ethyl acetate has a
similar vapor pressure (96.8 mmHg at 25°C) to methyl ethyl
ketone; however, it has a larger dissociation rate constant
(0.298 s7!). This finding may be may be the reason for the
difference in cooperativity. Ethyl acetate has a significantly
higher cooperativity than other guests, which suggests that the
small number of bound guests can reconstruct the crystal
structure to create many binding sites. Dissociation of ethyl
acetate might not affect the collapse of host structures and
release of ethyl acetate has a low energy barrier.

We have already reported preliminary results on the
kinetics of guest binding studied by the exposure of ground
apohost crystals to guest vapor.??l Guest binding to the
ground crystals needed 30—40 hours for saturation and the
associate rate was independent of time almost up to binding
saturation. This indicates that the guest binding to the ground
crystals is significantly slow and the rate is not affected by the
number of unbound sites. The observed difference would be
attributed to the size of apohost. The size of the ground
crystals is probably in the order of um, which is much larger
than the guest molecule. After guest molecules have bound to
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the surface site, they have to diffuse into the crystal to reach
the deeper binding sites. The latter step is rate-determining,
which is slow and independent of the number of unbound
sites. In contrast, the apohost cast film probably exists as
nanometer-size crystals, because the molecularly-dispersed
solution of host molecules was cast directly and the solvent
was evaporated rapidly. Most of the binding sites are located
near to the surface of the very small crystals and diffusion of
the guest is not important. Therefore, the kinetics of guest
binding to the apohost film is fast and is first order with
respect to the number of remaining sites. These results suggest
the importance of host dimensions in gas-solid molecular
recognition.

Conclusions

We have observed the inclusion behavior of gaseous guest
molecules into a solid apohost, the orthogonal anthracene-
bis(resorcinol) derivative 1, by means of a QCM method.
Ethyl acetate and methyl ethyl ketone were significantly
included by the apohost, whereas benzene and cyclohexane
were simply adsorbed onto the solid surface even though all of
these guests have a similar vapor pressure at 25°C. Their
binding stoichiometries agree with the results previously
obtained from X-ray analyses, and indicate the validity of the
QCM method for the quantitation of guest binding in a gas—
solid system. The QCM method is simple to use and allowed
us to analyze the kinetic binding behavior by following the
time-resolved change of the frequency. The most profound
finding in this study was the cooperativity on gaseous guest
binding. The binding of guest molecules, such as ethyl acetate,
to the apohost showed a sigmoidal binding curve that can be
analyzed with a cooperativity factor. The kinetic parameter 7
was also analyzed with the cooperativity. These two methods
of analysis do not conflict each other.

So far, mainly static methods, such as cocrystallization and
X-ray crystal analysis, have been used to investigate the
crystalline host—guest complex. As demonstrated in this
paper, a QCM mass-detection analysis is a useful method to
analyze the dynamic characteristics of molecular recognition
on solid host molecules.
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Synthesis of “Sugar-Rods” with Phytohemagglutinin Cross-Linking
Properties by Using the Palladium-Catalyzed Sonogashira Reaction
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Dedicated to Professor Pierre Sinay on the occasion of his 62nd birthday

Abstract: A palladium-catalyzed Sono-
gashira reaction has been applied for the
syntheses of divalent “sugar-rods” which
exhibited excellent lectin cross-linking
properties. The procedure, which in-
volves a tetrakis(triphenylphosphine)-
palladium-catalyzed cross-coupling re-
action between an alkyne and a halogen-

bifunctional “sugar-rods” (8-13, 15-
17) were isolated in 65-100% yields.
Dimers 8a and 15a were both shown to
form insoluble cross-linked lattices
when mixed with the tetrameric plant

Keywords: alkenyls - carbohydrates
- palladium - Sonogashira reaction

lectin from Canavalia ensiformis (Con-
cavalin A, Con A). Moreover, the rela-
tive inhibitory properties of the synthet-
ic dimannosides were determined by
means of the hemagglutination of rabbit
erythrocytes, whereby dimer 15a was
shown to be 20-fold more potent than
monomeric methyl a-D-mannopyrano-

bearing sp?-carbon in DMF at 60°C, is

o ; ) - sugar-rods
very efficient and the dimeric or hetero-

Introduction

During the last few years, enormous efforts have been made in
the area of transition metal mediated organic syntheses. In
this respect, the Sonogashira reaction, which involves either a
Pd’ or a Pd"-catalyzed cross-coupling reaction between an
alkyne and a halogen-bearing sp?-carbon, has attracted great
interest.:? Usually, the palladium-catalyzed Sonogashira
reaction is carried out in the presence of copper(l) iodide
and an amine as the solvent. This reaction has proven to be
extremely useful for the synthesis of key intermediates in a
large variety of naturally occurring substances.®’l However,
this useful reaction has scarcely been used in carbohydrate
chemistry. The only other example of this type has recently
been described by Vasella et al.l¥! The application illustrates
the synthesis of host molecules prepared by coupling 1,4-
dialkynylated 1,6-anhydroglucitols with 6,6'-dibromo-2,2’-bi-
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E-mail: rroy@science.uottawa.ca
[b] T. K. Dam, C. F. Brewer
Deparment of Molecular Pharmacology, and Microbiology, and
Immunology
Albert Einstein College of Medicine
Bronx, NY, 10461 (USA)
Visiting professors from Instituto de Biotecnologia, Facultad de
Ciencias
Universidad de Granada, 18071 Granada (Spain)
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side.

pyridine as building blocks by the use of [PdCL,(PPhs),], Cul,
PPh;, and Et;N.

In view of the important role of multivalent carbohydrate
derivatives in glycobiology,”! we have initiated a program
towards the synthesis of carbohydrate-containing clusters.
Recently, we reported the use of Grubbs’ catalyst for the
efficient syntheses of carbohydrate homodimers [ and
heterodimers.”! Such sugar dimers represent appealing tools
to quickly evaluate distances between carbohydrate binding
sites in polyvalent recognition and to act as potent reversible
cross-linking reagents.® In our continuing efforts towards the
design and synthesis of multivalent neoglycoconjugates, we
required a convenient route to prepare an exciting new class
of carbohydrate dimers called “sugar-rods” in which two sugar
moieties are connected by an aromatic ring and one or two
acetylenic bonds to increase the hydrophobicity and rigidity
of the molecules and thus diminish the entropic loss that is
usually associated with flexible and hydrated carbohydrate
ligands. An exhaustive review has recently summarized the
preparation, properties, and applications of various molecular
rods.'” The Sonogashira acetylenic coupling seems to
be an ideal tool to introduce such aromatic and alkynic
substituents between carbohydrate residues. Herein, we
report the application of the Sonogashira reaction, without
the addition of a copper salt,!'! to the synthesis of biologically
important “sugar-rods” with excellent yields (see Table 1).
The procedure is appealing when compared to the bis-
glycosylation strategy which usually provides mixtures of
anomers.['?]
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Results and Discussion

The requisite starting materials, 4-iodophenyl 2,3,4,6-tetra-O-
acetyl-a-pD-mannopyranoside (1) and 2-propynyl a-D-manno-
pyranoside (4), were synthesized from penta-O-acetyl-a,3-D-
mannopyranose by BF;-etherate-catalyzed glycosylation with
4-iodophenol or freshly distilled propargyl alcohol, in 54 %
and 74 % yields, respectively.'> ¥ The Sonogashira reaction
between 1 and 4 proceeded smoothly to yield the mannose-
containing “dimer” 8 in 98% yield. In a typical reaction,
[Pd(PPh;),] (0.1 mmol) and triethylamine (8 mL) were added
to a degassed solution of 1 and 4 in anhydrous DMF (8 mL).
The solution was heated at 60 °C under a nitrogen atmosphere
for approximately 3 h. After the usual work-up, the residue
was purified by silica gel column chromatography (ethyl
acetate/hexane 1:1) to provide the desired dimer 8
(Scheme 1). The structure of 8 was fully confirmed by NMR
and mass spectral data analyses.

Ad e Ac OAc
AcO - -0
+ AcO
AcO. AcO.
s
1 4

[Pd(PPh)4]
DMF, EtsN
60°C

RO— OR
RO _0 OR
RO OR
o—@%CHzo

8 R=Ac
8a R=H

Scheme 1. The Sonogashira reaction between 1 and 4.

To extend the scope and generality of this reaction, various
other carbohydrate precursors were synthesized. 4-lodophen-
yl 2,3,4,6-O-tetra-O-acetyl-f-D-galactopyranoside (2) was
prepared by a phase transfer catalyzed reaction[' with
tetrabutylammonium hydrogen sulfate, 4-iodophenol, and
sodium hydrogen sulfate in 76 % yield. Peracetylated 2-pro-
pynyl B-p-galactopyranoside (5) was synthesized in 80 % yield
by the same procedure as that described for 4. The Sonoga-
shira reaction between 2 and 5, performed under the same
reaction conditions, gave dimer 9 in 85% yield. Once the
reaction conditions were optimized for monosaccharides, this
simple but efficient method was extended to disaccharidic
systems. For this purpose, peracetylated 2-propynyl (-D-
melibioside (3) and peracetylated 4-iodophenyl -D-melibio-
side (6) were synthesized under the conditions described for 2
and 4. The reaction between 3 and 6 also proceeded smoothly
and gave dimer 10 in 65% yield. Again, the success of the
reaction prompted us to extend it to the cross-coupling of
other sugar molecules. Thus, compound 2 was coupled with 4,
in the presence of [Pd(Ph;P),], DMF, and Et;N, at 60°C, to
give “heterodimer” 11 (Gal-Man) in 80 % yield. Similarly,
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compounds 1 and 6 gave 12 (Man —Mel), while compounds 2
and 7 gave 13 (Gal-Lac) in 80% and 92% yields, respec-
tively. The results are summarized in Table 1.

Table 1. Palladium-catalyzed Sonogashira reactions of 1-3 with 4-7.

[Pd(PPh3),], DMF
o~ Y1+ =cror ————— Ro—~{_)—=-CHoR

EtN, 60°C
1-3 4-7 8-13
Entry R R! Product Yield[%]
1 Man(1) Man(4) 8 98
2 Gal(2) Gal(5) 9 85
3 Mel(3) Mel(6) 10 65
4 Gal(2) Man(4) 1 80
5 Man(1) Mel(6) 12 80
6 Gal(2) Lac(7) 13 92
AcO _OAc

Mannose (Man) Galactose (Gal)

Ac OAc
OAc

OAc
Ac Ac Q
OAc A
Ac OhAc AcO

AcO Lactose (Lac)

Melibiose (Mel)

Encouraged by the successful synthesis of unsymmetrical
dimers, we proceeded to expand the scope and generality of
this reaction toward the synthesis of symmetrical carbohy-
drate dimers that have longer interglycosidic distances by the
use of 1,4-diiodobenzene (14) and propargyl glycosides in a
double Sonogashira reaction. In a typical reaction, peracety-
lated propargyl f-D-mannopyranoside (4) (2.2 mmol) and 1,4-
diiodobenzene (1 mmol) were dissolved in anhydrous DMF
(8 mL). Subsequently, [Pd(PPh;),] (0.1 mmol) and triethyl-
amine (8 mL) were added. The usual work-up and purifica-
tion by column chromatography gave homodimer (15) in
quantitative yield. In a similar manner, compounds § and 7
reacted with 14, and symmetrical dimers 16 and 17 were
isolated in 72 and 71 % yields respectively (Table 2).

The cross-linking properties of the “sugar-rods” that
contain D-mannose, 8a and 15a, obtained by the deacetyla-

Table 2. Palladium-catalyzed Sonogashira reactions of 4, 5, and 7 with 14.

ey
RocH—=+ {1 — > RoCH—=—{_)—=—CH,0R
60°C
4,57 14 15-17
Entry Substrate R Product Yield[%]
1 4 Man(4) 15 100
5 Gal(5) 16 72
3 7 Lac(7) 17 71
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tion of 8 and 15, respectively, under Zemplén conditions
(NaOMe, MeOH), towards tetrameric plant lectin from
Canavalia ensiformis (Concanavalin A, Con A) was initially
demonstrated by microturbidimetric analyses.”! To this end,
microtitration plates were filled with a Con A solution
(1 mgmL-! in phosphate buffer solution (PBS), 90 pL), to
which was added a solution of 8a or 15a (2.1 umolmL~! PBS,
10 puL). The capacity of the various dimers to form insoluble
cross-linked lattices with the phytohemagglutinin is shown in
Figure 1. Insoluble complexes were observed after only a few
minutes. The results showed that the diyne-containing man-
nose “sugar-rod” (15a), which has a slightly longer spacer arm
than the shorter mannose derivative (8a), exhibited slightly

0.30 -+
0.25
0.20

0.15

0. D. (490 nm)

0.10

0.05

0.00 T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

Time (min)

Figure 1. Time course of the microtiter plate turbidimetric assay demon-
strating the cross-linking properties of mannosylated dimers 8a (m) and 15a
(a) in the presence of the phytohemagglutinin Concanavalin A.

faster cross-linking properties. Finally, the reversibility and
specificity of the carbohydrate—lectin interactions were
demonstrated by the addition of a large excess of b-mannose
(1 mg), which helped to resolubilize the lectin by inhibition
while D-galactose failed to redissolve the complex.

We then turned our attention into an inhibition of
hemagglutination assay!'? to evaluate the relative binding
properties of the dimers 8a and 15a compared to the
monomeric methyl a-pD-mannopyranoside, p-nitrophenyl a-
D-mannopyranoside, and two other dimer precursors, 20 and
21, readily available from our previous work (Scheme 2).['% 18]
To this end, rabbit erythrocytes were allowed to hemagglu-
tinate in the presence of either Con A or its analogous lectin
from Dioclea grandiflora according to a published proce-
dure.l') In this assay, the minimum mannoside concentration
necessary to inhibit the hemagglutination of the rabbit
erythrocytes by the lectins was determined for each com-
pound. All the compounds showed more or less the same
trend with both lectins (Table 3). However, the inhibitory
properties of all dimers were improved several fold compared
to those of their monomeric counterparts. The more rigid
derivative 15a (125 pum) was the best inhibitor for both lectins.
Interestingly, of the dimers, the more flexible dimanoside 20
appeared to be the least efficient inhibitor. These observa-
tions are in very good agreement with our notion that the
more rigid molecules may have improved binding properties.

Chem. Eur. J. 2000, 6, No. 10
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21

Scheme 2. Synthesis of 20 and structure of 21; both compounds were used
in the hemagglutination studies.

Table 3. Inhibitory properties of synthetic mannose derivatives for the
hemagglutination®® of rabbit erythrocytes mediated by Con A or DGL.I!

Sugar derivatives Con A [um] DGL [um]
Me a-pD-Man 3100 3100
PNP a-p-Manl®! 1500 1500
8a 250 500
15a 125 375
20 450 475
21 289 NI (289)

[a] Buffer was 0.1m (Hepes), 0.15m NaCl, 5mm MnCl,, Smm CaCl,.
[b] Concanavalin A from Jack beans (Canavalia ensiformis). [c] Dioclea
grandiflora lectin. [d] Minimum concentration required for complete
inhibition of four hemagglutination units (NI, not inhibitory). [e]p-
Nitrophenyl a-pD-mannopyranoside.

It is still debatable, however, if the origin of the phenomenon
for multivalent ligands is driven by kinetic or thermodynamic
factors.

Conclusions

The palladium-catalyzed Sonogashira reaction has been
successfully applied to the synthesis of rigid carbohydrate
clusters that have great potential as protein or receptor cross-
linkers. The procedure is general, high-yielding, and compat-
ible with the readily removable protecting group on the
acetate; the carbohydrate derivatives were isolated in ex-
cellent yields. In initial experiments, divalent mannose-con-
taining “sugar-rods” 8a and 15a showed a strong and fast
cross-linking ability towards the tetrameric plant lectin
Con A. They also showed better inhibitory properties than
their more flexible counterparts 20 and 21 in the inhibition of
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the hemagglutination of rabbit erythrocytes by two plant
lectins that have similar affinities towards a-D-mannopyrano-
sides. Such ligands may also find useful applications as
inhibitors in cell adhesion processes. Further work is in
progress to reach this goal and to determine the relative
binding energies between these “sugar-rods” and more
flexible sugar dimers by means of isothermal microcalorim-
etry.[”’]

Experimental Section

Materials: 'H and *C NMR spectra were recorded at 500 or 200 MHz and
125 or 50 MHz, respectively, with tetramethylsilane (6 =0.00) as the
internal reference. Thin-layer chromatography (TLC) was performed with
silica gel 60 F,s, aluminum sheets purchased from E. Merck. Reagents used
for developing the plates include ceric sulfate (1% w/v) and ammonium
sulfate (2.5% w/v) in 10% (v/v) aqueous sulfuric acid, iodine, dilute
aqueous potassium permanganate, and UV light. TLC plates were heated
to approximately 150 °C when necessary. Purifications were performed by
gravity or flash chromatography on silica gel 60 (230-400 mesh, E. Merck
No. 9385). Solvents were evaporated under reduced pressure on a Buchi
rotary evaporator connected to a water aspirator. All chemicals used in
experiments were of reagent grade. Solvents were purified by published
procedures. The known homodimer 19 was prepared by the use of Grubbs’
catalyst in our laboratory.'”l Compound 21 was obtained as previously
described.['s!

4-Iodophenyl 2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside (1): To a solu-
tion of penta-O-acetyl-a,$-pD-manopyranoside (1 g) and 4-iodophenol (1 g)
in dry CH,Cl, (20 mL) was added BF;-etherate (0.5 mL). The reaction
mixture was kept at room temperature and the course of the reaction was
monitored by TLC (AcOEt/hexane 1:1) until complete disappearance of
the starting material (18 h). CH,Cl, (75 mL) was added and the solution
was washed with a saturated aqueous Na,COj; solution (2 x 50 mL), NaOH
solution (0.5N, 2 x 50 mL), water (50 mL), 5% HCI solution (2 x 50 mL),
and water (2 x 50 mL). After drying and evaporation of the solvent, the
resulting crude product was crystallized from diethyl ether/hexane to give
1. Yield: 0.955 g (54 % ); m.p. 127-129°C; [a]# = +65 (¢ =1 in CHCL;); IR
(film): 7=1751, 1483, 1386, 1224 cm~'; '"H NMR (300 MHz, CDCl;): 0 =
7.57,6.85(2d,J=9.0 Hz, 4H; C;H,), 5.50 (dd,J=10.1 and 3.5 Hz, 1 H; H3),
5.46 (d, /=19 Hz, 1H; H1), 5.40 (dd, J=3.5 and 1.9 Hz, 1H; H2), 5.33 (t,
J=10.0 Hz, 1H; H4), 424 (dd, /=124, 5.5 Hz, 1H; H6), 4.06-3.99 (m,
2H; HS, H6'), 2.17,2.03, 2.00 (35, 12H; 4 Ac); *C NMR (75 MHz, CDCl;):
0=170.5,170.0,169.7 (CO), 155.4,138.5, 118.8, 85.8 (CsH,), 95.8 (C1), 69.4,
69.3, 68.8, 65.8 (C2, C3, C4, C5), 62.1 (C6), 20-9, 20.7 (CH;CO); MS
(FAB): m/z: 551.2269 [M+ +1].

4-Iodophenyl 2,3,4,6-tetra-O-acetyl-f-D-galactopyranoside (2): Penta-O-
acetyl-3-p-galactopyranoside (4 g) was transformed into the corresponding
glycosyl bromide with HBr/AcOH following the standard procedure. After
work-up, this glycosyl halide was used immediately without further
purification. It was dissolved in CH,Cl, (200 mL) and tetrabutylammonium
hydrogen sulfate (4.76 g), 4-iodophenol (3.6 g), and sodium carbonate
solution (1M, 50 mL) were added. The reaction mixture was vigorously
stirred at room temperature until the starting material was completely
consumed (2 h) as judged by TLC (diethyl ether/hexane 2:1). The solution
was then diluted with CH,Cl, (200 mL) and the organic phase separated.
The organic solution was washed with a saturated aqueous Na,CO; solution
(2 x50 mL), NaOH solution (0.5N, 2 x 50 mL), water (50 mL), 5% HCl
solution (2 x 50 mL), and water (2 x 50 mL). After drying and evaporation
of the solvent, the resulting crude product was purified by column
chromatography (diethyl ether/hexane 2:1) to afford 2. Yield: 5.68 g
(76 %); m.p. 55-56°C; [a] =+10 (c=1 in CHCl,); IR (film): 7=1749,
1482, 1368, 1227 cm~'; '"H NMR (300 MHz, CDCl;): 6 =7.56, 6.75 (2d, J =
8.9 Hz, 4H; C,H,), 5.44 (dd, J=10.5 and 79 Hz, 1 H; H2), 5.43 (dd, J=3.5
and 1.1 Hz, 1H; H4), 5.08 (dd, J=10.5 and 3.5 Hz, 1H; H3), 4.98 (d, /=
79 Hz, 1H; H1), 419 (dd, J=11.3 and 7.2 Hz, 1 H; H6), 4.03 (dd, /=113
and 6.0 Hz, 1H; H6'),4.03 (ddd, J=72,6.0 and 1.1 Hz, 1 H; HS), 2.15,2.04,
2.04, 1.98 (4s, 12H; 4 Ac); *C NMR (75 MHz, CDCly): 6 =170.4, 170.3,
170.1,169.4 (CO), 156.3,138.5, 119.2, 86.1 (C¢H,), 99.5 (C1), 71.2, 70.8, 68.6,
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66.8 (C2, C3,C4, C5), 61.4 (C6), 220.8, 20.7,20.6 (CH,CO); MS (FAB): m/z:
551.1329 [M++1].

General procedure for the synthesis of 2-propynyl D-glycopyranoside: A
solution of 1,2,3,4,6-penta-O-acetyl-a,-D-glycopyranose (5 g), freshly dis-
tilled propargyl alcohol (3 mL), and BF;-etherate (3mL) in CH,Cl,
(50 mL) was kept at room temperature for 2.5 d. CH,Cl, (50 mL) was
added and the resulting solution was washed with 20% aqueous Na,CO;
solution (150 mL) and water (100 mL). The organic phase was dried and
the solvent evaporated to obtain a crude product that was then acetylated
with Ac,0/Py (10:10 mL). Conventional work-up gave a crude product
which was purified to afford the corresponding 2-propynyl b-glycopyrano-
side.

2-Propynyl 2,3,4,6-tetra-O-acetyl-¢-D-mannopyranoside (4):1'*) Compound
was purified by column chromatography (silica gel, ethyl acetate/hexane
1:1) and isolated as a white solid. M.p. 100°C; [a]# = +56 (¢ =2 in CHCL,);
'HNMR (500 MHz, CDCl;): 6 =5.31 (dd,J=3.4,10.0 Hz, 1H; H3), 5.26 (t,
J=10.0 Hz, 1H; H4), 5.23 (dd, J=3.4,1.7 Hz, 1H; H2), 4.99 (d,/ =1.7 Hz,
1H; H1), 4.24 (dd, /=5.2, 122 Hz, 1H; H6b), 424 (d, /=24, 2H; H1'),
4.07 (dd,J=2.5Hz, 1H; H6a), 4.00 (ddd, 1H; H5), 2.44 (t,/=2.4 Hz, 1H;
H2'),2.12,2.07,2.01,1.96 (4s, 12H; OAc); *C NMR (125 MHz, CDCl;) 6 =
170.5, 169.8, 169.7, 169.6 (CO), 96.2 (C1), 77.9 (C2'), 75.0 (C3'), 70.6, 69.3,
68.9, 679 (C2, C3, C4, C5), 62.3 (C6), 54.9 (C1"), 20.8, 20.7, 20.6, 20.6 (C-
Me); MS (FAB): m/z: 387.1264 [M+ +1].

2-Propynyl 2,3,4,6-tetra-O-acetyl-f-D-galactopyranoside (5):'“ Compound
5 was isolated as a white solid by column chromatography (ethyl acetate/
hexane 1:1) in 80% yield. M.p. 56°C; [a]¥ =—24 (c=1.0 in CHCL);
'"H NMR (500 MHz, CDCLy): 6 =5.37 (dd, J=1.0, 3.4 Hz, 1H; H4), 5.19
(dd,J=5.2,8.0Hz,1H;H2),5.02 (dd,/=3.4,8.0 Hz, 1H; H3),4.71 (d,/ =
8.0Hz, 1H; H1), 435 (d, /=2.4 Hz, 1H; H1'), 416 (dd, J=6.6, 11.3 Hz,
1H; H6b), 4.12 (dd, J=6.8,11.3 Hz, 1 H; H6a), 3.89 (ddd, 1H; H4), 2.44 (t,
J=24Hz, 1H; H1'), 2.12, 2.04, 2.02, 1.98 (4s, 12H; OAc); *C NMR
(125 MHz, CDCl): 6=170.3, 170.2, 170.1, 169.5 (CO), 98.6 (C1), 78.2
(C3),75.3(C2'),70.8,70.8, 68.5, 67.0 (C2, C3, C4, C5), 61.2 (C6), 55.9 (C’),
20.8, 20.6, 20.6, 20.5 (Me); MS (FAB): m/z: 387.1359 [M+ +1].
2-Propynyl 6-0-[2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl]-2,3,4-tri-O-
acetyl-f-D-glucopyranoside (6): To a solution of melibiose octaacetate
(2.5 g) in dry CH,Cl, (50 mL) was added freshly distilled propargyl alcohol
(0.34 mL) and BF;-etherate (0.7 mL). The reaction mixture was kept at
room temperature for 14 h. CH,Cl, (50 mL) was added and the resulting
solution was washed with 20% aqueous Na,COj; solution (150 mL) and
water (100 mL). The organic phase was dried and the solvent evaporated.
The crude product was acetylated with Ac,O/Py (5:5 mL). Conventional
work-up gave a crude product that was purified by column chromatography
(AcOEt/hexane 1:19) to afford 6 as a foam solid (2.29 g, 92%). M.p. 79—
81°C; [a]=+88 (c=1 in MeOH); IR (KBr): #=3281, 1765, 1244,
1053 cm~!; 'TH NMR (200 MHz, CDCL;): 6 =5.42 (dd, J=3.2 and 1.1 Hz,
1H; H4'), 5.30 (dd, J=10.7 and 3.2 Hz, 1H; H3'), 5.21 (t, /=93 Hz, 1 H;
H3), 5.12-4.88 (m, 4H; H2, H4, H1’, H2'), 4.73 (d, /=8.0 Hz, 1H; H1),
4.33 (d, 2.4 Hz, 2H; CH,C=CH), 4.22, 4.08, 3.74-3.59 (3 m, 6H; HS, H6,
He6, HY', H6', H6'), 2.51 (t, J=2.4 Hz, 1H; C=CH), 2.10, 2.09, 2.02, 2.01,
1.97, 1.95 (6s, 21H; 7Ac); ¥C NMR (50 MHz, CDCl,): 6 =171.2, 171.0,
170.9,170.8,170.5, 170.0, 169.9 (CO), 98.5,97.0 (C1,1), 76.2, 73.5,73.4,71.5,
69.4, 68.6, 68.6, 68.0, 67.1, 66.9, 62.4 (C2, C3, C4, CS5, C6, C2', C3', C4', C5/,
C6', C=C), 56.5 (CH,C=CH), 21.4, 21.2, 21.1, 21.0 (CH;CO); MS (FAB):
mlz: 713.4319 [M+K]*.

General procedure for the cross coupling between 4-iodophenyl and
propargyl glycosides

Syntheses of compounds 8-13: To a degassed solution of the 4-iodophenyl
glycoside 1-3 (1 mmol) and the propargyl glycoside 4—7 (1.1 mmol) in
DMF/Et;N (8:8 mL) was added [Pd(PPh;),] (0.1 mmol). The solution was
then heated at 60 °C under a nitrogen atmosphere for 3—4 h. The Et;N was
removed by evaporation under vacuum. Diethyl ether/toluene (100:50 mL)
was added to the residue and the solution was washed with 5% HCI
(50 mL), saturated aqueous NaHCOj; solution (50 mL), and water (50 mL).
The organic phase was dried (Na,SO,) and the solvent evaporated to yield a
crude product that was purified by column chromatography.

Synthesis of 8 by the coupling reaction between 1 and 4: Column
chromatography (AcOEt/hexane 1:1) gave 8 as a solid. M.p. 68-70°C;
[a]f=+88 (c=1 in CHCL); IR (KBr): #=2351, 1772, 1741, 1604,
1509 cm~!; '"H NMR (500 MHz, CDCL): 0=7.37, 7.02 (2d, /=88 Hz,
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4H; CH,),5.51 (dd,/=10.0 and 3.5 Hz, 1 H; H3a), 5.50 (d,/=1.7 Hz, 1 H;
Hla), 5.40 (dd, J=3.5 and 1.8 Hz, 1 H; H2a), 5.35 (dd, J=9.9 and 3.4 Hz,
1H; H3b), 5.32 (t, J=9.8 Hz, 1 H; H4a or Hdb), 529 (t, J=9.9 Hz, 1 H;
H4b or H4a), 5.28 (dd, J=3.4, 1.7 Hz, 1H; H2b), 5.07 (d, /=1.6 Hz, 1H;
HIb), 445 (AB system, J=15.8 Hz, A¢ 18.21 Hz, 2H; CH,C=CH), 4.27
(dd, J=12.3,5.0 Hz, 1 H; H6), 4.24 (dd, J = 12.3 and 5.3 Hz, 1 H; H6), 4.09
(dd,J=12.3and 3.4 Hz, 1H; H6'), 4.05-4.08 (m, 3H; H5a, H5b, H6'), 2.17,
2.13, 2.07, 2.02, 2.01, 2.00, 2.00, 1.97 (8s, 24H; 8 Ac); *C NMR (175 MHz,
CDCly): 6=170.6, 170.5, 169.9, 169.8, 169.7 (CO), 155.8, 133.4, 116.5
(C¢H,), 96.1 (C1b), 95.6 (Cla), 86.5, 82.6 (C=C), 69.5, 69.3, 69.2, 69.0, 68.9,
68.7 (C2a, C2b, C3a, C3b, C5a, C5b), 66.1, 65.9 (C4a, C4b) 62.3, 62.1 (C6a,
C6b), 55.7 (CH,C=C), 20.8, 20.1, 20.7, 20.6 (CH;CO); MS (FAB): m/z: 847
for [M+K]*; C;;HyOs: caled C 54.95, H 5.48; found C 54.97, H 5.46.

Synthesis of 9 by the coupling reaction between 2 and 5: Column
chromatography (ether/hexane 1:1 —1:0) gave 9 as a solid. M.p. 76—
78°C; [a]§ =—16 (c=1 in CHCL); IR (KBr): #=1761, 1605, 1509, 1241,
1061 cm~!; 'H NMR (500 MHz, CDCly): 6=734 (d, 1H; J=8.8 Hz,
H-aromatic), 6.92 (d, /J=8.8 Hz, 1H; H-aromatic), 5.46 (dd, J=79,
10.5 Hz, 1H; H2a), 5.43 (dd, J=1.0, 3.5 Hz, 1H; H4a), 5.37 (dd, J=1.0,
3.4 Hz, 1H; H4b), 5.21 (dd, /=10.4, 8.0 Hz, 1H; H2b), 5.09 (dd, /=34,
10.4 Hz, 1H; H3a), 5.04 (dd, J =3.6,10.4 Hz, 1H; H3b), 5.03 (d, /= 8.0 Hz,
1H; Hla), 4.76 (d, J=8.0 Hz, 1H; H1b), 4.56 (d, J=0.8 Hz, 2H; H1'),
4.20-3.92 (m, 6 H; H6ab, H6aa, H6ba, H6bb, H5a, H5b), 2.15, 2.13, 2.03,
2.03, 2.01, 2.01, 1.98, 1.96 (8s, 24H; OAc); MS (FAB): m/z: 847 for
[M+K]*; HRMS caled for [M+K] C3;HyO,): 847.2063; found 847.2296.

Synthesis of 11 by the coupling reaction between 2 and 4: Column
chromatography (AcOEt/hexane 1:1) gave 11 as a solid. M.p. 59-60°C;
[a]g =442 (c=1 in CHCL); IR (KBr): #=1754, 1605, 1509, 1240,
1063 cm~'; '"H NMR (500 MHz, CDCly): 6 =733, 6.89 (2d, J=8.6 Hz,
4H; CsH,), 5.44-5.40 (m, 2H), 5.33-5.24 (m, 3H), 5.07 (m, 1 H), 5.05 (brs,
1H; H1b), 5.01 (d, J=8.0 Hz, 1H; Hla), 443 (m, 2H; AB system, /=
15.8 Hz, A6 18.21 Hz, 2H; CH,C=CH), 424 (dd, J=12.2,4.9 Hz, 1 H; H6),
4.18-4.00 (m, 5H; H5a, H5b, H6, H6', H6'), 2.13, 2.11, 2.01, 2.01, 1.99, 1.95,
1.94 (8s, 24H; 8 Ac); *C NMR (175 MHz, CDCl;): 6 =170.5, 170.2, 170.1,
169.9, 169.8 169.6, 169.2 (CO), 156.9, 133.3, 116.9, 116.7 (CsH,), 99.1 (Cla),
96.1 (Cl1b), 86.5, 82.6 (C=C), 71.1, 70.7, 69.4, 68.9, 68.9, 68.5, 66.8, 66.0 (C2a,
C2b, C3a, C3b, C4a, C4b, C5a, C5b), 62.3, 61.3 (C6a, C6b), 55.6 (CH,C=C),
20.8, 20.6, 20.6, 20.5, 20.4 (CH;CO); MS (FAB): m/z: 847 for [M+K]*;
HRMS calcd for [M+K] C3;HyO5 847.2063; found 847.2464.

Synthesis of 10 by the coupling reaction between 3 and 6: Column
chromatography (ether/hexane 3:1 —2:1) gave 10 as a solid. M.p. 100—
101°C; [a]g =+61 (c=1 in CHCL); IR (KBr): 7 =1757, 1605, 1510, 1238,
1055 cm~'; "TH NMR (500 MHz, CDCl;): 6 =7.42-6.90 (2d,/=8.8 Hz,4H;
C¢H,), 5.43 (dd, /=33 and 1.2 Hz, 1H; H4'), 5.33-5.05 (m, 12H), 5.11 (d,
J=77Hz, 1H; Hla), 4.94 (dd, J=9.6 and 8.0 Hz, 1H; H2), 4.82 (d, /=
79Hz, 1H; H1b), 452 (AB system, J=16.1 Hz, A0=18.6 Hz, 2H;
CH,C=CH), 4.19 (m, 1H), 4.08-4.03 (m, 3H), 3.90 (dd, /J=6.4 and
3.2 Hz, 2H; H6), 3.83 (m, 1H), 3.80-3.70 (m, 1H), 3.63 (m, 1 H), 3.55 (dd,
J=11.2and 2.2 Hz, 1H; H6), 2.11, 2.10, 2.09, 2.07, 2.04, 2.03, 2.02, 2.02, 2.00,
2.00, 1.98, 1.96, 1.95 (135, 42H; 14 Ac); *C NMR (175 MHz, CDCl;): 6 =
170.6, 170.4,170.3,170.2, 170.1, 169.8, 169.7, 169.5, 169.3, 169.2 (CO), 156.7,
133.4, 1172, 116.5 (C4H,), 98.1, 97.9, 96.2 (Cla, Cl'a, Clb, C1'b),86.3, 83.0
(C=0), 73.1,72.9, 72.7, 72.5, 71.1, 68.9, 68.6, 68.0. 67.9, 67.4, 67.3, 66.5, 66.4
(C2a,C2'a,C3a, C3'a, C4a, C4'a, C5a, CS5'a, C2b, C2'b, C3b, C3'b, C4b, C4'b,
C5b, C5'b), 66.3, 66.2, 61.7, 61.5 (C6a, Co6'a, C6b, C6'b), 56.5 (CH,C=C),
20.75-20.54 (7 peaks, CH;CO); MS (FAB): m/z: 1384 for [M+K]*;
C1H74034: caled C 52.89, H 5.53; found C 52.70, H 5.48.

Synthesis of 13 by the coupling reaction between 2 and 7: Column
chromatography (AcOEt/hexane 1:1 — 5:1) gave 13 as a solid. M.p. 109—
110°C; [a] = —12 (¢ = 0.5 in CHCL,); IR (KBr): 7 =1753, 1605, 1509, 1237,
1062 cm~'; '"H NMR (300 MHz, CDCly): 6 =7.34,6.92 (2d, J=8.8 Hz, 4H;
C¢H,), 5.45 (dd, J=10.5 and 7.9 Hz, 1H; H2a), 5.43 (dd, J=3.2 and 0.8 Hz,
1H; H4a), 5.31 (dd, J=3.4 and 0.9 Hz, 1H; H4'b), 520 (t, /=93, 1H;
H3b), 5.08 (dd, J=10.5 and 3.4 Hz, 1 H; H3a), 5.07 (dd, /= 10.4 and 8.0 Hz,
1H;H2'b),5.04 (d,/=79 Hz, 1H; Hla), 4.92 (dd, J=10.5and 3.3 Hz, 1 H;
H3'b), 4.90 (dd, J=9.4 and 7.8 Hz, 1H; H2b) 4.76 (d, /=7.9 Hz, 1 H; H1b),
4.50 (brs, 2H; CH,C=CH), 4.46 (m, 1H; H6b), 445 (d, /=78 Hz, 1H;
H1'b), 4.20-4.03 (m, 6H; H5a, H6a, H6a, H6b, H6'b, H6'b), 3.85 (brt, J =
7.0 Hz, 1H; H5'b), 3.80 (t, /=9.8 Hz, 1H; H4b), 3.64 (ddd, /=9.9, 4.7 and
1.9 Hz, 1H; HS), 2.15, 2.12, 2.07, 2.03, 2.03, 2.02, 2.01, 2.01, 2.00, 1.98, 1.93
(11s, 33H; 11 Ac); BC NMR (75 MHz, CDCl;): 6 =170.4, 170.4, 170.2,
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170.2, 170.1, 170.1, 169.8, 169.7, 169.4, 169.1 (CO), 157.0, 133.3, 117.0, 116.8
(C¢Hy), 101.1 (C1'b), 99.2,(Cla), 98.1 (C1b), 86.5, 82.9 (C=C), 76.1 (C4b),
72.8,72.7 (C3a, C5a), 71.4, 71.1, 70.9, 70.8, 70.7, 69.1 (C3a, C5a, C2b, C2',
C3'b, C5'b), 68.5 (C2a) 66.8 (C4a), 66.6 (C4'b), 61.9 (C6b), 61.3, 60.8 (C6a,
C6'b),56.9 (CH,C=C), 20.9, 20.8, 20.7, 20.6, 20.5 (CH,CO); MS (FAB): m/z:
1135 for [M+K]*; CyHgOy5: caled C 53.65, H 5.51; found C 53.75, H 5.45.

General procedure for the synthesis of dimers 15-17: To a degassed
solution of the 1,4-diiodobenzene (1 mmol) and the propargyl glycosides 4,
5, or 7 (22mmol) in DMF/Et;N (8:8mL) was added [Pd(PPhs),]
(0.1 mmol). The solution was then heated at 60°C under a nitrogen
atmosphere for 3.5h. The Et;N was removed by evaporation under
vacuum. Diethyl ether/toluene (100:50 mL) was added to the residue and
the solution was washed with 5% HCI (50 mL), saturated aqueous
NaHCO; solution (50 mL), and water (50 mL). The organic phase was
dried (Na,SO,) and the solvent evaporated to yield a crude product which
was purified by column chromatography.

Synthesis of 15 by the coupling reaction between 4 and 1,4-diiodobenzene
(14): Column chromatography (diethyl ether/hexane 10:1) gave 15 as a
solid. M.p. 69-71°C; [a]§ =+80 (c=1 in CHCl;); IR (KBr): #=1756,
1506, 1240, 1137, 1060 cm~'; '"H NMR (200 MHz, CDCl;): 6 =737 (s, 4H;
C¢H,), 5.32-5.23 (m, 6H; H2, H3, H4), 5.07 (d, J=1.1 Hz, 2H; H1), 4.47
(brs, 4H; CH,C=C), 427 (dd, /=12.3 and 5.2 Hz, 2H; H6), 4.07 (dd, J =
12.3 and 2.4 Hz, 2H; H6'), 4.03 (m, 2H; H5), 2.13, 2.06, 2.01, 1.97 (45, 24H;
8Ac); BC NMR (50 MHz, CDCl): 6 =171.2, 170.6, 170.5, 170.3 (CO),
132.4, 123.1 (C4H,), 96.8 (C1), 87.2, 85.7 (C=C), 70.0, 69.6, 69.6, 66.3 (C2,
C3, C4, C5), 629 (C6), 562 (CH,C=C), 21.6, 21.5, 21.3 (CH;CO);
CyH,05: caled C 56.73, H 5.48; found C 56.33, H 5.74.

Synthesis of 16 by the coupling reaction between 5 and 14: Column
chromatography (diethyl ether/hexane 8:1) gave 16 as a solid. M.p. 110—
112°C; [a]f=—-42 (c=1 in CHCL); IR (KBr): v=2365, 1753, 1235,
1058 cm~!; 'H NMR (200 MHz, CDCL,): 6 =7.37 (s, 4H; C¢H,), 5.38 (dd,
J=3.4 and 1.1 Hz, 2H; H4), 5.23 (dd, J=10.5 and 7.8 Hz, 2H; H2), 5.05
(dd,J=10.5and 3.4 Hz,2H; H3),4.76 (d, /=78 Hz, 2H; H1), 4.58 (s, 4H;
CH,C=C), 4.19 (dd, J=11.2 and 6.8 Hz, 2H; H6), 4.08 (dd, /=112 and
6.2 Hz,2H; H6'),3.91 (dt,J=6.8,6.2, 1.1 Hz, 2H; HS), 2.14, 2.03, 2.02, 1.97
(4s,24H;8 Ac); *CNMR (50 MHz, CDCl,): 6 = (CO), 132.6,123.2 (C¢H,),
99.6 (C1), 86.9, 86.2 (C=C), 71.4, 69.2, 67.5 (C2, C3, C4, C5), 61.8 (C6), 574
(CH,C=C), 21.4, 21.3, 21.2, 21.0 (CH;CO); HRMS calcd for [M+K]:
CyH504: 885.2220; found 885.2189.

Synthesis of 17 by the coupling reaction between 7 and 14: Column
chromatography (AcOEt/diethyl ether 1:5) gave 17 as a solid. M.p. 134 -
135°C; [a]§=-30 (c=1 in CHCL); IR (KBr): v=1762, 1505, 1242,
1057 cm~'; '"H NMR (200 MHz, CDCl,): 6 =7.37 (s, 4H; C¢H,), 5.30 (brd,
J=27Hz, 2H; H4'), 5.21 (t, J=9.2 Hz, 2H; H3), 5.08 (dd, /=10.5 and
79 Hz,2H; H2'),4.95-4.87 (m,4H; H2, H3"),4.76 (d, /=78 Hz, 2H; H1),
4.53 (brs,4H; CH,C=C), 4.45 (d, J=177Hz, 2H; H1'), 4.46 (m, 2H; H6),
4.13-4.02 (m, 6H; H6, H6, H6'), 3.86 (m, 2H; H5'), 3.80 (t,/=9.0 Hz, 2H;
H4), 3.64 (m, H5), 2.12, 2.08, 2.02, 2.01, 2.00, 1.93 (7s, 42H; 14 Ac);
BC NMR (50 MHz, CDCl;): 6 =170.9, 170.8, 170.7, 170.6, 170.4, 170.3,
169.6 (CO), 132.6, 123.1 (C.H,), 101.6 (C1'), 98.7 (C1), 87.0, 86.0 (C=C),
76.8,73.3,72.0,71.5,71.2,69.8,69.6, 67.1 (C2, C2', C3, C3', C4, C4', C5, C5'),
62.4, 61.4 (C6, C6'), 573 (CH,C=C), 21.4, 21.2, 21.1 (CH;CO); CyH73Os4:
caled C 54.01, H 5.52; found C 54.22, H 5.53.

Deacetylation of compound 8 to give 8a: A solution of 8 (50 mg,
0.06 mmol) in MeONa/MeOH (0.2m, 10 mL) was stirred at ambient
temperature for 6 h. The resulting solution was neutralized [Dowex-50W
(H*)], and the resin was filtered and washed (MeOH). Volatiles were
evaporated from the combined filtrates and the residue was dissolved in
water (2mL) and lyophilized to obtain the pure compound 8a (29 mg,
100%) as a foam; [a]# =—2 (¢=1 in water); '"H NMR (500 MHz, D,0):
0=1754,720 (2d,J=89 Hz,4H; CH,),5.70 (d,/=1.6 Hz, 1H; Hla), 5.16
(d, J=16 Hz, 1H; H1b), 4.60 (ABq, J=16.0 Hz, 2H; CH,C=CH), 4.23
(dd,J=3.5,1.6 Hz, 1H; H2a), 4.10 (dd, J=3.5,9.6 Hz, 1 H; H3a), 4.03 (dd,
J=1.6,3.4 Hz, 1H; H2b), 3.90 — 3.7 (m, 9H; H4a, H5a, H6, H3b, H4b, H5b,
H6'); MS (FAB): m/z: 511.6312 for [M+K]*.

Deacetylation of compound 15 to give 15a: Compound 15a was prepared
from 15, as described for 8a, as a foam in 100 % yield. [a]¥ = —3 (¢=0.6 in
water); '"H NMR (500 MHz, CDCL,): 6 =755 (s, 4H; C¢H,), 5.16 (d, /=
1.7Hz, 2H; H1), 4.6 (ABq, /=162 Hz, 2H; CH,C=C), 4.04 (dd, J=1.7,
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3.4 Hz, 2H; H2), 3.99-3.77 (m, 10H; H3, H4, H5, H6); FB (MS): m/z:
549.1345 [M+K]*.

1,4-Bis(a-D-mannopyranosyloxy)butane (20): To a solution of compound
19 (50 mg, 0.12 mmol) in methanol (2mL) was added 10% palladium/
carbon (10 mg) and the reaction mixture was stirred under a hydrogen
atmosphere at room temperature for 3 h. The catalyst was filtered off and
the filtrate concentrated to afford compound 20 (50 mg, 100%) as a thick
syrup. [a] =+76 (c=1, in water); 'H NMR (200 MHz, D,0): 6 =4.82 (s,
2H; H1), 3.88-3.47 (m, 16H; H1', H2, H3, H4, H5, H6), 1.65 (brs, 4H;
H2'); 3C NMR (50 MHz, D,0): 6 =101.1 (C1), 74.2, 72.1, 71.7, 68.9, 68.2
(C1', C2, C3, C4, C5), 62.4 (C6), 26.9 (C2'); HRMS caled for [M+1]
CisH300,: 415.1816; found 415.1800.
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Introduction of Heteroatom-Based Substituents into 1,4-Dihydropyridines by
Means of a Halogen-Mediated, Oxidative Protocol: Diamination, Sulfonyla-
tion, Sulfinylation, Bis-Sulfanylation, and Halo-Phosphonylation Processes

Rodolfo Lavilla,*!*] Rakesh Kumar,/®! Oscar Coll,!*! Carme Masdeu,'*! Alessandro Spada,!*!
Joan Bosch,!®! Enric Espinosa,’ and Elies Molins!!

Abstract: The natural tendency of 1,4-dihydropyridines to undergo “biomimetic”
oxidation to afford pyridinium salts can be switched off and, through the use of

reagents that interact electrophilically with the enamine moiety present in the
heterocyclic system, it is possible to promote alternative oxidations. In this way,
efficient regio- and stereocontrolled synthetic methods have been developed that
lead to diversely substituted di- and tetrahydropyridines. These include iodoazida-

Keywords: amination -
idines - heterocycles -
synthetic methods

dihydropyr-
oxidations -

tion, diamination, bis-sulfonamidation, sulfonylation, sulfinylation, thiocyanation,
sulfanylation, bis-sulfanylation, and halo-phosphonylation processes.

Introduction

The rich synthetic chemistry of 1,4-dihydropyridines (1,4-
DHPs)!! suffers from a serious drawback that severely
hampers their use in preparative processes: they readily
undergo oxidation (spontaneously in many cases) to the
corresponding pyridinium salts. Nature extensively imple-
ments this reactivity (as well as the reverse reaction) in many
NADH-dependent metabolic steps. On the other hand, it
would be highly desirable to profit from the nucleophilic
character of the enamine moiety present in the molecule for
synthetic purposes. In this context, the most classical reac-
tivity of 1,4-dihydropyridines towards protonation or carbon-
centered electrophiles has emerged as a powerful tool for the
total synthesis of indole alkaloids.”! More recently we have
opened the door to the possibility of carrying out some
“nonbiomimetic” oxidations of 1,4-dihydropyridines in which
the normal production of the corresponding pyridinium salt is
avoided. For instance, the oxidative addition of halonium ions
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(N-halosuccinimide or related alkoxyhalogenations) has pro-
ven to be a successful method for the preparation of
2-substituted 3-halo-1,2,3,4-tetrahydropyridines, which, in
turn, may be considered as valuable synthetic intermediates.’!
Additionally, vicinal dihydroxylation and formal epoxidation
of dihydropyridines have been achieved in our laboratories,
and the resulting 2,3-dioxytetrahydropyridines have been
elaborated into a variety of 2-substituted-3-hydroxytetrahy-
dropyridines.[

The introduction of nitrogen-, sulfur-, and phosphorous-
based functionalities into the dihydropyridine ring system
through the above-mentioned oxidative methodology would
represent a highlight in this field, taking into account the
potential impact of the resulting heterocyclic systems in
natural product synthesis and in medicinal chemistry, where
the preparation of diversely substituted (and functionalized)
piperidines constitutes a highly pursued goal (Scheme 1).

i i
NN N_ N-
Y X \ N Y N-
R U this work R
N O Y Ne_.-(S.P)
Y O- Y S-
trans isomers
also available
Scheme 1. Nonbiomimetic oxidation of 1,4-dihydropyridines.
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Results and Discussion

First of all, we envisaged a co-halogenation process, in which
the nucleophilic partner would be a nitrogen species of low
basicity. After much experimentation, we found that the
interaction of dihydropyridine 1a (Scheme 2) with bis(collidi-
ne)iodonium tetrafluoroboratel in the presence of trimethyl-
silyl azidel” stereoselectively
CH afforded the somewhat unsta-
o 8 N ble trans iodoazide 2 in accept-
/EJ\ able yield (66 % ).’ However,
the introduction of acetamido,
CH30,C | . .

2 trifluoroacetamido, and phenyl-
sulfonamido substituents from
a variety of halonium sources
was less successful.’l Although cyanamide, cyanate, and
acetonitrile have also been used as the nucleophilic partners
in alkene additions promoted by halogen sources,'”l in our
case only sluggish reactions resulted under these conditions
and, apart from by-products previously described,!'! no
addition compounds were detected. The low nucleophilicity
of the iminium-attacking species may be the factor most

responsible for the failure of the above experiments.

The use of amines as nucleophiles in the electrophilic
oxidative addition to carbon-carbon double bonds is nor-
mally avoided!'? because of the facile oxidation of the nitrogen
atom or its coordination with the electrophile. We felt, however,
that this process could be dramatically reduced because of the
high reactivity of the enamine moiety present in the dihy-
dropyridine system, which may rapidly trap the electrophilic
halogen to form a 3-halo-3,4-dihydropyridinium ion. In good
agreement with our expectations, the treatment of dihydro-
pyridine 1a in THF solution with iodine (3.5 equiv) in the
presence of excess pyrrolidine gave the 2,3-diaminotetrahy-
dropyridine 3a stereoselectively in 87 % yield (Scheme 2).[!
The stereochemistry of the addition was ascertained by NMR
methods (including homo- and heterocorrelation techniques).
The small H2—-H3 coupling constant observed suggests a trans
relationship between the two pyrrolidine groups and a major
conformation in which these substituents are axial (it should
be noted that in a tetrahydropyridine ring such a substitution
pattern displays no substantial 1,3-diaxial interactions). This
stereochemical assignment was further confirmed by means of
X-ray analysis of a single crystal of tetrahydropyridine 3g (see
below), although in the solid state the preferred conformation
shows equatorial piperazine substituents (Figure 1).

Abstract in Spanish: La tendencia natural de las 1,4-dihidro-
piridinas a sufrir oxidaciones “biomimeticas” para proporcio-
nar sales de piridinio se puede interrumpir y, mediante el uso de
reactivos que interaccionan de modo electrofilo con la porcion
enaminica presente en el sistema heterociclico, es posible
promover oxidaciones alternativas. De esta forma se han
desarrollado metodos sinteticos eficaces, regio- y estereocon-
trolados, que conducen a di- y tetrahidropiridinas diversamente
sustituidas mediante procesos de iodoazidacion, diaminacion,
bis-sulfonamidacion, sulfonilacion, sulfinilacion, tiocianacion,
sulfanilacion, bis-sulfanilacion, y halofosfonilacion.
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Fff R
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R.
Jl/\NJ fiee JI/\NJ\‘\N 2
———————
R' |2 Na2003 R NR
THF 2
1 3
a R=Me R'=CO,Me a R=Me R'=CO,Me R2N = pyrrolidinyl
b R=Me R'=CN b R=Me R'=CO,Me RN = piperidino
c R=Bn R'=CN ¢ R=Me R'=CN R2N = pyrrolidinyl
d R=Me R'=CN R2N = piperidino
e R=Me R'=CN RN = morpholino
f R=Bn R'=CN R2N = pyrrolidinyl
g R=Bn R'=CN RN = 4-methyl-1-piperazinyl
h R=Me R'=CO,Me RN = butylamino

Scheme 2. Vicinal diamination of dihydropyridines.
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Figure 1. X-ray structure of compound 3g.

The formation of 3a can be rationalized by considering the
initial formation of a trans-2-amino-3-iodotetrahydropyridine,
which would undergo an internal SN reaction followed by a
stereoselective ring opening of the resulting aziridinium ion
promoted by a second equivalent of the secondary amine.['*]

The reaction seems to be quite general, and works well with
different alkyl groups (methyl and benzyl) attached to the
dihydropyridine nitrogen, and different electron-withdrawing
groups at the 3-position (methoxycarbonyl and cyano).
Several cyclic secondary amines were tested, including
pyrrolidine, piperidine, morpholine, and N-methylpiperazine,
and the corresponding trans vicinal diamines 3a—g were
isolated in good yields in all cases (Table 1).[1 It should be
noted that the diamination of olefins usually involves multi-
step sequences and/or the use of expensive organometallic
reagents.' The yields were slightly improved by the addition
of solid Na,COj to the reaction mixture; however, efforts to
reduce the amount of iodine and/or secondary amine to
stochiometric amounts resulted in decreased yields, even after
longer reaction times. The reaction can also be conducted with
catalytic amounts (10% mol) of KI in a two-phase system
(Et,0/H,0) with household bleach (NaClO) as the stochio-
metric oxidant; in this way 3e (25%) was obtained after
48 h.['1 The mechanism probably involves the oxidation of
iodide to iodine, which is then transferred to the organic phase
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Table 1. Vicinal diamination reactions from dihydropyridines 1.

Entry  Dihydropyridine  Secondary Product  Yield
amine [%]
1 la pyrrolidine 3a 87
2 la piperidine 3b 90
3 1b pyrrolidine 3¢ 94
4 1b piperidine 3d 89
5 1b morpholine 3e 84
6 1c pyrrolidine 3f 79
7 1c 1-methylpiperazine 3g 86
8 la butylamine 3h 33
9 1a MeNH-(CH,),NHMe 4 80

where the reaction takes place and the iodide ions are
regenerated. Although the yield is not as high as in the
previous conditions, it clearly shows the feasibility of the use
of more economical oxidants.
This remarkable process is also suitable for the formation of
cyclic diamino adducts. Thus, when dihydropyridine 1a was
allowed to react with iodine in
the presence of N,N'-dimethy-

EHs EHS lethylenediamine, the bicyclic

adduct 4 was obtained in 80 %

CH0,C /EINJ yield as a slightly unstable oil.
4 CIJH3 The stereochemistry of the ring

fusion was determined to be cis,
as the coupling constant be-
tween the ring fusion hydrogens is small (/<1 Hz; a trans-
decalin-type fusion would result in a much larger coupling
constant). This was confirmed by NOE and NOESY experi-
ments. The difference with respect to the previous acyclic
systems (where only trans products 3 were obtained) may
reflect that, in the present case, the intramolecular nucleo-
philic attack on the initially formed trans-2-amino-3-iodote-
trahydropyridine takes place faster at the remaining secon-
dary amino group to give a cis-fused six-membered ring.
Alternatively, an aziridinium intermediate could undergo
ring-opening to give a 3-amino-3,4-dihydropyridinium cation,
which could be intramolecularly trapped by the remaining
secondary amino group.

In contrast to the above results, the use of simple primary
amines (methylamine, ethylenediamine) or NHj; resulted in
complex reaction mixtures, from which the desired com-
pounds, as well as the corresponding aziridines, were detected
(MS) in trace amounts. However, butylamine did react with
1a under the usual reaction conditions (I,, Na,COj) to afford

the corresponding diaminotetrahydropyridine 3h, although in
a lower yield (33%).

The extension of this methodology to enol ethers was tested
next: when 3,4-dihydro-2 H-pyran was treated with iodine and
pyrrolidine, an unstable compound was obtained (presumably
the corresponding 2,3-diaminotetrahydropyran; MS and
NMR evidence), which decom-
posed during column chroma-
tography to furnish the hemi-
acetal 5 (27%, nonoptimized N\j
yield) as an anomeric mix- 5
ture.l¥ Tt is worth mentioning
that cyclohexene failed to yield significant amounts of the
corresponding addition product!'”] on treatment with iodine
and pyrrolidine under the above reaction conditions. This
suggests that only electron-rich olefins are good substrates for
this kind of oxidative addition.

In order to broaden the scope of the reaction, we performed
some experiments aimed at the simultaneous incorporation of
two different amines. As expected, the use of an equimolec-
ular mixture of pyrrolidine and piperidine as co-reactants in
the iodine-promoted oxidation of dihydropyridines 1a and 1b
resulted in the formation of mixtures of the four possible
diamination compounds (Scheme 3, see the Supporting In-
formation for details).?” To improve the access to the
“heterodiamines” formed in the process, a selective synthesis
of 8 and 9 was undertaken and, after some experimentation, it
was found that the “homodiamines” 3 undergo a selective
transaminalization®] in MeOH in the presence of SiO,.
Under these conditions, 3¢ reacts with excess piperidine to
yield selectively 8 (41 % ). In an analogous transformation, 3d
was converted to 9 on treatment with pyrrolidine (22%;
nonoptimized yields). A rationale for these results may
invoke a similar mechanism to that proposed for the
diamination reaction, in which the acid catalysis promotes
the departure of the 2-amino substituent (probably with
anchimeric assistance of the neighboring 3-amino group) to
form an iminium ion, which is stereoselectively trapped by the
amine (in excess) to yield the new trans-aminal. These
regiodiverse compounds could be conveniently purified and
characterized.

Next, the aziridination of dihydropyridines 1 was inves-
tigated.?? In recent times, very efficient methods for this
process have been developed for alkenes and enol ethers.[?’]
We were particularly attracted to the protocols published by
Sharpless et al.?l and Komatsu et al.,?® because of their
mechanistic similarities to the diamination reaction described

g YOS VORE U
pyrrolidine |
N _ Piperidine 2 l2 \\N o R NN
+
M NazCOs , THF LJ\ J/\J\ J/\J\ /EJ\
R' R' R N
1a,b
R'= CO,Me 3a 6 3b 7
=CN 3c o 8 3d - 9
| piperidine T | pyrrolidine T

Si0,, MeOH

Scheme 3. Preparation of regiodiverse diamines 6-9.
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CHa above. In this way, when dihy-

ﬂ] NHTos dropyridine 1a was treated with

Jf\l I,, chloramine T trihydrate and

CH30,C NHTos tetrabutylammonium iodide in

10 a two-phase system (CH,Cl,/

H,0), disulfonamide 10 was

produced in 33% yield. Trace

amounts of the corresponding cis isomer were also isolated.

Modifications of the nature or the stoichiometry of the

reagents, solvent, or reaction conditions did not improve the

yield; only the addition of the potassium salt of p-toluene-

sulfonamide slightly increased the yield to 40 %. A reasonable

explanation would involve the initial formation of an azir-

idine, which being highly strained would stereoselectively

react with a second equivalent of chloramine to yield the
trans-disulfonamide.

The introduction of a sulfone moiety into the dihydropyr-
idine ring was studied next.?!l In fact, we had initially planned
to carry out a halosulfonylation! of the enamine moiety in
the N-alkyl-1,4-dihydropyridines 1. However, when 1a was
treated with iodine in the presence of sodium p-toluenesulfi-
nate in MeOH, 3-sulfonyldihydropyridine 11a was obtained
in 30% yield (Scheme 4). The structure proposed for this

A Bu,N* p-ToISO, R Bn
e N

() = (] St

R CHLL  pT0is0, R' MeSO, CN

1 1 i

a R=Me R'=CO,Me

b R=Me R'=CN |

¢ R=Bn R'=CN N N

d R=Bn R' = CO,Me N |

e R=Me R'=CHO

f R=Me R' = COMe p-TolSO; CO,Me

g R=Alyl R =CN 12

h  R=Tryptophyl R'=CO,Me

Scheme 4. Sulfonylation of dihydropyridines 1.

compound is consistent with the spectroscopic data (‘H and
BCNMR, IR, UV, MS) and was later confirmed by a NOESY
experiment, which showed correlations between the benzylic
protons and the hydrogens at positions 2 and 6 in 11d, thus
ruling out a regioisomeric a-sulfonyldihydropyridine (which
might be the result of the initial S-attack of the iodine,
followed by a sulfinate addition upon the resulting iminium
ion and subsequent dehydroiodination). After some exper-
imentation (for instance, dihydropyridine treatment with p-
toluenesulfonyl chloride in the presence of a tertiary amine
was ineffective), we found an efficient method to carry out
this transformation, which involves the use of iodine and Et;N
(a base to facilitate the deprotonation) and the sulfinates are
supplied as the tetrabutyl ammonium salts.?! This allows the
reactions to be performed in nonpolar solvents, such as
CH,Cl,. In this way, a general procedure (different $-electron-
withdrawing and N-alkyl groups are tolerated) typically
affords the corresponding sulfones 11a—f in 65-88 % yield
(Scheme 4, Table 2), thus showing the synthetic usefulness of
the protocol. The mechanistic scenario probably involves the
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Table 2. Sulfonylation reactions from dihydropyridines 1.

Entry Dihydropyridine Product Yield[%]
1 1a 11a 80
2 1b 11b 71
3 1c 11c 74
4 1d 11d 88
5 le 1le 65
6 1f 11f 74
7 1g 11g 80
8 1h 11ht 40
9 1c 11l 57

[a] In this experiment pentacycle 12 (20 % ) was also obtained. [b] Prepared
through reaction with preformed MeSO,I.

intermediacy of an iminium ion formed by the interaction of
the enamine moiety with the sulfonyl iodide which is
generated in situ, although a radical process can not be
completely excluded from these experiments (see intramo-
lecular processes below). Preformation of tosyl iodide did not
result in higher yields. However, because of the difficulties
found in the formation of the tetrabutylammonium meth-
anesulfinate, and the low solubility of the corresponding
sodium salt, we prepared methanesulfonyl iodide,*! which
reacted with dihydropyridine 1¢ to produce mesyldihydro-
pyridine 11i (57 %, Table 2, entry 9), to widen the preparative
scope of the reaction.

At this point we explored the possibility of trapping the
intermediate of these sulfonylation processes with a suitable
substituent attached to the dihydropyridine nitrogen, to form
a new carbon-carbon bond. For this reason, we prepared
dihydropyridines 1g and 1h, which bear an N-allyl and an N-
tryptophyl group, respectively. However, under the standard
reaction conditions, 1g afforded the “normal” S-sulfonyldi-
hydropyridine 11g (80%); no cyclization products were
detected.””l More satisfactorily, N-(tryptophyl)dihydropyri-
dine 1h gave the expected indoloquinolizidine 12, although in
moderate yield (20 % ); sulfonyldihydropyridine 11h was the
major product (40%). According to the NMR experiments
(COSY, HETCOR, NOESY), the stereochemistry of 12 is
trans, with a major conformation in solution which displays
the indole and sulfonyl substituents axially in the flattened
tetrahydropyridine ring. In this case, the addition of a sulfonyl
moiety to the enamine double bond furnishes an iminium ion,
which undergoes either deprotonation to afford 11h or
electrophilic cyclization of the indole ring to stereoselectively
give 12. Interestingly, 11h does not cyclize to 12 under acidic
conditions (MeOH/HCI or trifluoroacetic acid (TFA), 20°C
to 90°C).

On account of the versatility of vinylsulfones in organic
synthesis,*®! we decided to investigate some conjugate addi-
tions upon the push-pull olefinic systems present in dihy-
dropyridines 11. The addition of KCN under vigorous
conditions to sulfonyldihydropyridine 11¢ afforded the sym-
metric 3,5-dicyano-1,4-dihydropyridine 13 in 75% yield
(Scheme 5). This surprising result may be explained in terms
of a conjugate nucleophilic addition followed by in situ
elimination of p-toluenesulfinate to yield an a,3-unsaturated
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Scheme 5. Conjugate additions to sulfonyldihydropyridines 11. Reaction
conditions: i) KCN, [18]crown-6, fBuOH, reflux (75%); ii) NaPO(OEt),,
EtOH, reflux (30 %).

nitrile (a 2,5-dicyano-1,4-dihydropyridine),? which, in turn,
would be the substrate for a new 1,4-addition—elimination
process and would ultimately lead to the relatively stable
dihydropyridine 13.51 On the other hand, treatment of 11b
with sodium diethylphosphite resulted in the formation of
trans-phosphonate 14 (30%) (Scheme 5), thus indicating a
selective conjugate addition to the enaminonitrile moiety. The
synthetic potential of this chemistry was not explored further.

B-Sulfinyl-1,4-dihydropyridines have attracted considerable
attention recently because of their use as NADH analogues
and their efficiency in enantioselective reductions.?'l How-
ever, their synthesis involves multistep procedures that start
with substituted pyridine derivatives. In connection with our
previous experience, a direct sulfinylation of dihydropyridines
1 seemed to be a reasonable way to prepare such compounds.
When p-toluenesulfinyl chloride® was added to a solution of
dihydropyridine 1c¢ in the presence of Et;N, the expected
racemic sulfoxide 15 was obtained in 45% (nonoptimized)
yield (Scheme 6). Although enantioselective synthesis was not

.” p-TolSOCI .
(SCN), CEN
u F 00 0
o
e e ve OEt
N Br N -Brl  p(oEY NPT
2 3 ~N
JI/\J 70°C U THF | ],
NC NC “Br NC “By
1b 17 20

Na* CHsS™ | DMF - THF

I\(Ie
N
U L
“"SMe SMe
19

Scheme 6. Sulfmylatlon, thiocyanation, bromination, sulfanylation and
bromophosphonylation of dihydropyridines 1.

possible by the use of chiral N-sulfinyloxazolidinones,* the
separation of the enantiomers was conveniently achieved
through chiral HPLC. In an analogous manner, thiocyana-
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tionB* was achieved through interaction with thiocyanogen;
this procedure allowed a clean conversion of dihydropyridine
1c into 16 (91 % ). The structural assignment was secured
with a NOESY experiment, which showed a correlation
between the benzylic protons and the olefinic hydrogens of
the heterocycle.

On the other hand, bis-sulfanylation of dihydropyridines*!
was planned through the nucleophilic displacement of the
bromine atoms present in the unstable intermediate 17,7
which could be conveniently prepared by addition of bromine
to a solution of dihydropyridine 1b in THF at —78°C.
Unfortunately, compound 17 proved to be very reactive and
underwent extensive decomposition at room temperature.”l
However, the 'H NMR, ®C NMR, and COSY spectra at
—28°C in solutions of CDCI; gave clean spectroscopic data
which supported the above-mentioned structure. Although
the reaction proceeds in high yield (<95%), a small amount
of a white precipitate is formed, which was identified as
3-cyano-1-methylpyridinium bromide (NMR analysis). This
suggests a kinetic competition between the halogenation
process and the biomimetic oxidation.?” Interestingly, when a
solution of dibromide 17 in THF was treated with sodium
methanethiolate (DMF added as a co-solvent), trans-2,3-bis-
(methylsulfanyl)tetrahydropyridine 18 was formed in 55%
yield, together with minor amounts of 3-methylsulfanyldihy-
dropyridine 19 (11%). In contrast, when the reaction was
carried out in CH,Cl,, a nearly equimolecular mixture of 18
and the corresponding cis isomer was obtained.[*!

Finally, after several unsuccessful attempts to introduce a
phosphorus substituent onto the dihydropyridine ring (inter-
action of 1,4-dihydropyridines 1 with halophosphates, halo-
phosphites, POCl;, PCl;, phosphites in the presence of
oxidants, etc. under various conditions), phosphonate 20
(65 %) was prepared by the addition of triethylphosphite to
the dibromide 1711 The trans stereochemistry observed
suggests the departure of the a-bromide in 17 to furnish an
iminium ion which would undergo phosphite addition at the
less-hindered face (anti with respect to the S-bromide) to
stereoselectively afford 20.1421

Conclusions

A dramatic change in the natural tendency of N-alkyl-1,4-
dihydropyridines to undergo oxidation to give the corre-
sponding pyridinium salts is the result of the electrophilic
interaction of the enamine moiety of these heterocyclic
systems with suitable reagents. In this way, convenient
procedures for the preparation of highly substituted di- and
tetrahydropyridines with good levels of regio- and stereo-
control have been developed, to allow access to iodoazides,
diamino derivatives (including primary and secondary cyclic
amines, ethylene diamine, and sulfonamides), sulfones, sulf-
oxides, thiocyanates, thioethers, and halophosphonates in
facile synthetic protocols. These protocols may prove useful in
the broadening of the molecular diversity of piperidine-based
compounds.
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Experimental Section

General: All solvents were purified and dried by standard methods. All
reagents were of commercial quality from freshly opened containers.
Organic extracts were dried with anhydrous sodium sulfate. TLC and
column chromatography were carried out on SiO,. Melting points were
determined in a capillary tube and are uncorrected. Microanalyses and
HRMS were performed by Centro de Investigacién y Desarrollo (CSIC),
Barcelona. Unless otherwise stated, NMR spectra were recorded in CDCl;
solution with TMS as an internal reference at 200, 300, or 500 MHz (‘H);
50.3 or 75MHz (*C); and 1214 MHz (*'P). Only noteworthy IR
absorptions are listed. UV spectra were obtained in MeOH or EtOH.
The starting N-alkyl-1,4-dihydropyridines 1 were prepared by reduction of
the corresponding pyridinium salts with sodium dithionite, following
published procedures.[*]

Methyl trans-2-azido-3-iodo-1-methyl-1,2,3,4-tetrahydropyridine-5-car-
boxylate (2): To a solution of dihydropyridine 1a (200 mg, 1.30 mmol) in
anhydrous CH,Cl, (10 mL) kept under an inert atmosphere at 0°C were
added trimethylsilyl azide (1.73mL, 14.5mmol) and a solution of
bis(collidine)iodonium tetrafluoroborate (670 mg, 1.96 mmol) in anhy-
drous CH,Cl, (10 mL). The resulting solution was stirred for 2 h at 0°C.
Water (50 mL) was added and the mixture was extracted with CH,Cl, (3 x
15 mL). The organic extracts were washed with aqueous Na,S,0; solution
(50 mL, 0.5m) and brine (50 mL), dried, filtered, and evaporated. The
residue was chromatographed (silica gel, Et,O/CH,Cl, 9:1) to give the
somewhat unstable 2-azidotetrahydropyridine 2 as a foam. Yield: 278 mg
(66%); 'THNMR 6 =731 (s,1H), 4.76 (brs, 1H), 4.43 (m, 1 H), 3.71 (s, 3H),
3.17 (s,3H),2.86 (m,/=18.2,1.8,1.7 Hz, 1 H), 2.75 (m, J = 18.2, 4.4, 1.8 Hz,
1H); ®C NMR 6 =167.7, 141.9, 96.1, 77.8, 51.1, 42.4, 26.3, 19.6; IR (KBr):
7=2102, 1689, 1630 cm~'; MS (EI): m/z (relative intensity): 322 (15) [M]*,
280 (45), 152 (97), 138 (100).

General method for oxidative diamination reactions: A solution of I,
(3.5 mmol) in THF (50 mL) was added dropwise under N, atmosphere to
a stirred suspension of dihydropyridine 1 (1 mmol), secondary amine
(25 mmol), and Na,CO; (95 mmol) in THF (50 mL) kept at 0°C. The
mixture was stirred at room temperature until no dihydropyridine was
detected by TLC (usually 1-3 h). Water (150 mL) was added, and the
mixture was extracted with EtOAc (3 x 75 mL). The combined organic
extracts were washed with aqueous Na,S,0; solution (100 mL, 0.5m) and
brine (100 mL), and then dried (Na,SO,). The solvent was removed under
reduced pressure and the residue was purified by column chromatography
(Si0,, CH,CL,/EtOAc) to yield the pure 2,3-diaminotetrahydropyridine 3
(Table 1).

Methyl trans-1-methyl-2,3-bis(1-pyrrolidinyl)-1,2,3,4-tetrahydropyridine-
5-carboxylate (3a): Obtained as an oil (87%); '"H NMR: 6 =739 (s, 1 H),
3.66 (s, 3H), 3.57 (brs, 1H), 3.09 (s, 3H), 2.59 (m, 10H), 2.30 (m, J =16.8,
4.4,1.4 Hz, 1H), 1.75 (m, 8H); 3C NMR: 0 =168.4, 144.9, 93.1, 78.0, 58.4,
51.8, 50.1, 50.0, 43.2, 22.9, 22.8, 20.5; IR (KBr): #=1681, 1630 cm~'; UV
(MeOH): A, (loge) =288 nm (4.48); MS (EI) m/z (%): 293 ([M*], 6), 223
(15), 221 (23), 166 (100), 152 (15); HRMS (EI): mass calcd for C,;H,;N;0,
293.2103, found 293.2093.

Methyl trans-1-methyl-2,3-dipiperidino-1,2,3,4-tetrahydropyridine-5-car-
boxylate (3b): Obtained as a white solid (90%); m.p. 105.5-106.5°C
(hexanes/Et,0); '"H NMR: 6 =7.35 (s, 1 H), 3.69 (d, / =4.8 Hz, 1 H), 3.65 (s,
3H),2.93 (s,3H), 2.90 (m, 1H), 2.70 (m, 2H), 2.50 (m, 8 H), 1.51 (m, 12H);
BC NMR: 0 =168.7, 147.0, 92.8, 77.3, 57.7, 50.4, 50.2, 48.4, 39.8, 26.6, 26.4,
24.5,24.6,20.1; IR (KBr): 7=1684, 1629 cm~'; UV (MeOH): 4, (loge) =
291 nm (4.33); MS (CI) m/z (%): 322 (11) [M+H]"; MS (EI) m/z (%): 321
(21) [M]*, 237 (21), 235 (100), 221 (56), 194 (98), 152 (10); HRMS (EI):
mass caled for C;gH;N;0O, 321.2416, found 321.2423; anal. calcd for
CsH;N;0,: C 67.25, H 9.72, N 13.07; found: C 66.96, H 9.98, N 13.06.

trans-1-Methyl-2,3-bis(1-pyrrolidinyl)-1,2,3,4-tetrahydropyridine-5-car-
bonitrile (3¢): Obtained as a white solid (94 % ); m.p. 89-92°C (hexanes/
Et,0); '"HNMR: 0 =6.77 (s, 1H), 3.48 (s, 1 H), 3.04 (s, 3H), 2.60-2.35 (m,
10H),2.18 (m,J =16.6, 1.8, 1.8 Hz, 1 H), 1.76 (m, 8 H); ®*C NMR: 6 = 146.5,
123.4,78.3, 72.3, 57.8, 52.1, 50.5, 43.5, 23.1, 23.0, 22.9; IR (KBr): 7=2182,
1633 cm™'; UV (MeOH): 4, (loge) =270 nm (4.19); MS (EI) m/z (%):
260 (1) [M]*, 190 (14), 188 (13), 166 (100), 119 (25); HRMS (EI): mass
caled for C;sH,,N, 260.2001, found 260.2002.
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trans-1-Methyl-2,3-dipiperidino-1,2,3,4-tetrahydropyridine-5-carbonitrile
(3d): Obtained as a white solid (89%); m.p. 116-117°C (hexanes/Et,0);
'H NMR: 6=6.74 (s, 1H), 3.66 (d, J=5.7 Hz, 1 H), 2.89 (m, J=5.7 Hz,
1H), 2.88 (s, 3H), 2.70 (m, 2H), 2.51-2.35 (m, 7H), 2.24 (m, J=15.9,
5.7 Hz,1H), 1.50 (m, 12H); B*C NMR: 6 = 148.2,123.3,76.9, 71.5, 57.3, 50.2,
48.4, 39.6, 26.5, 26.3, 24.9, 24.5, 21.8; IR (KBr): 7= 2174, 1628 cm™!; UV
(MeOH): 4. (loge) =275 nm (4.20); MS (EI) m/z (%): 288 (1) [M]*, 204
(23),202 (53); 194 (100), 119 (25); anal. caled for C,;HyN,: C 70.83, H9.72,
N 19.44; found: C 70.53, H 9.85, N 19.49.

trans-1-Methyl-2,3-dimorpholino-1,2,3,4-tetrahydropyridine-5-carbonitrile
(3e): Obtained as a white solid (84 %); m.p. 133-134°C (acetone/Et,0);
'"H NMR: 6 =6.77 (s, 1H), 3.68 (m, 9H), 2.96 (s, 3H), 2.89 (m, J=11.0,
5.8 Hz, 1H),2.76 (m, 2H), 2.55 (m, 6 H), 2.41 (m, J=16.2,5.9 Hz, 1 H), 2.33
(m, J=16.2, 5.8 Hz, 1H); *C NMR: 6 =147.8, 122.5, 76.4, 72.4, 673, 67.1,
56.7,49.7,48.2, 40.7, 21.4; IR (KBr): 7 =2182, 1631 cm~"; UV (MeOH): 4.
(loge) =273 nm (4.34); MS (EI) m/z (%): 292 (4) [M]*, 206(19), 204 (99),
198 (100), 119 (22), 100 (68); anal. caled for C;sH,,N,O,: C 61.64, H 8.21, N
19.17; found: C 61.45, H 8.37, N 19.08.

trans-1-Benzyl-2,3-bis(1-pyrrolidinyl)-1,2,3,4-tetrahydropyridine-5-car-
bonitrile (3 f): Obtained as an oil (79%); 'H NMR: 6 =7.30 (m, 5H), 6.85
(d,J=1.1 Hz, 1H), 4.43 (d,J = 15.9 Hz, 1 H), 4.36 (d,J = 15.9 Hz, 1 H), 3.64
(s, TH), 2.66-2.25 (m, 11H), 1.77 (m, 4H), 1.62 (m, 4H); ®C NMR: 6 =
146.2, 1372, 128.4, 1279, 1277, 123.5, 76.0, 72.6, 59.0, 57.9, 51.5, 50.4, 23.4,
23.3, 23.2; IR (KBr) #=2179, 1626 cm™!; UV (MeOH): A, (loge)=
276 nm (4.43); MS (EI) m/z (%): 336 (1) [M]*, 266 (16), 265 (20), 195
(17), 174 (75), 166 (72), 91 (100); HRMS (EI): mass calcd for C,;HyN,
336.2314, found 336.2300.

trans-1-Benzyl-2,3-bis(4-methyl-1-piperazinyl)-1,2,3,4-tetrahydropyridine-
5-carbonitrile (3g): Obtained as a white solid (86%); m.p. 154-156°C
(acetone/Et,0); '"H NMR: 6 =7.38-7.22 (m, 5H), 6.95 (s, 1 H), 4.54 (d, /=
14.8 Hz, 1H), 4.16 (d, J=14.8 Hz, 1H), 3.68 (d, J=6.5 Hz, 1H), 2.82 (m,
2H), 2.51-2.34 (m, 17H), 2.30 (s, 3H), 2.24 (s, 3H); 3C NMR: 6 = 1476,
136.7, 128.5, 127.8, 1276, 122.6, 73.6, 72.5, 57.2, 55.5, 55.2, 55.0, 48.7, 47.1,
46.2,45.8,21.1; IR (KBr): 7=2185, 1619 cm™'; UV (MeOH): 1,,,.x (loge) =
278 nm (4.34); MS (EI) m/z (%): 394 (1) [M]*, 295 (18), 294 (18), 224 (44),
203 (58), 195 (12), 91 (80), 58 (100); anal. caled for C,;H;3N4: C 70.05, H
8.62, N 21.31; found: C 69.97, H 8.80, N 21.23. Single crystals of 3g suitable
for X-ray crystallography were grown by slow evaporation in a saturated
acetone/Et,0 solution.

Methyl trans-1-methyl-2,3-bis(butylamino)-1,2,3,4-tetrahydropyridine-5-
carboxylate (3h): Following the general procedure given above, the
reaction of dihydropyridine 1a and butylamine gave diamine 3h as a
white solid (33 %) after chromatography (silica gel, 98:2 EtOAc/NEt;).
Further purification may be achieved by recrystallization from acetone/
Et,0. White crystals, m.p. 121-123°C; '"H NMR: 6 =732 (s, 1 H), 3.75 (d,
J=2.8Hz,1H),3.67 (s,3H),3.12 (s,3H),2.92 (m, 1H), 2.75-2.49 (m, 5H),
2.18 (m, J=16.9, 4.7, and 1.2 Hz, 1H), 1.40 (m, 10H), 0.91 (t, /=71 Hz,
3H), 0.89 (t, J=7.1 Hz, 3H); 3C NMR: 6 =169.1, 144.3, 91.3, 74.5, 51.8,
50.6, 46.7, 46.0, 42.5, 32.7, 32.6, 32.4, 20.7, 20.3, 13.9; IR (KBr): #=3300,
1682, 1620 cm™'; UV (MeOH): A, (loge) =280 nm (3.85); MS (EI) m/z
(%): 297(1) [M]*, 225 (8), 224 (8), 170 (100), 152 (15); anal. caled for
CisH3N;0,: C 64.65, H 10.43, N 14.13; found: C 64.43, H 10.09, N 14.06.

Methyl 1,4,5-trimethyl-1,2,3,4,4a,5,8,8a-octahydropyrido[2,3-b]pyrazine-7-
carboxylate (4): Following the general procedure for the oxidative
diamination of dihydropyridines, the reaction of dihydropyridine 1a and
N,N'-dimethylethylenediamine gave tetrahydropyridine 4 after column
chromatography (silica gel, CH,Cl,/EtOAc) as a slightly unstable oil (80 %,
contaminated by a minor impurity). "H NMR: 6 =723 (s, 1H), 3.61 (s, 3H),
3.13 (brs, 1H),2.99 (s,3H), 2.86 (m, 1 H), 2.76 (m, 2H), 2.43-2.19 (m, 4H),
2.38 (s, 3H), 2.22 (s, 3H); *C NMR: 0 =168.0, 144.3, 94.4, 78.6, 56.1, 50.6,
473,42.2,42.0,41.9,24.7; IR (KBr): # = 1686, 1634 cm ™' ; UV (MeOH): 4,
(loge) =287 nm (4.29); MS (CI) m/z (%): 240 (80) [M+H]"; MS (EI) m/z
(%): 239 (10) [M*], 208 (12), 152 (39), 112 (100); HRMS (EI): mass calcd
for C;,H,;N;0, 239.1634, found 239.1631.

3-(1-Pyrrolidinyl)tetrahydro-2H-pyran-2-ol (5): Following the general
procedure for the oxidative diamination of dihydropyridines, the reaction
of 34-dihydro-2H-pyran (0.5mL, 5.46 mmol), pyrrolidine (5mL,
60.5 mmol), I, (4.16 g, 16.4 mmol), and Na,CO; (10 g) afforded an oily
residue (605 mg, presumably the diaminopyran). Column chromatography
(silica gel, CH,Cl,/EtOAc) gave hemiacetal 5 as a white solid (255 mg,
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27%, anomeric mixture). Further purification may be achieved by
recrystallization from acetone/Et,O. White crystals; m.p. 129-131°C;
'"H NMR: 6 (data for the major anomer) =5.16 (d,J=3.3 Hz, 1 H), 3.91 (m,
1H), 3.53 (m, 1H), 2.57 (m, 4H), 2.26 (m, 1H), 1.80-1.60 (m, 9H);
3C NMR: 6 (data for the major anomer) =91.4, 62.9, 58.9, 50.9, 24.1, 23.6,
23.0; IR (KBr): 7= 3450 cm™'; MS (EI) m/z (%): 171 (5) [M*], 142 (28); 97
(100); anal. calcd for CoH;,NO,: C 63.16, H 9.94, N 8.18; found: C 63.18, H
10.06, N 8.24.

General procedure for the exchange of the 2-amino group in compounds 3¢
and 3d: To a solution of homodiamine 3 (1 mmol) in MeOH (20 mL) were
added SiO, (200 mg) and excess of the secondary amine (piperidine for 3¢,
and pyrrolidine for 3d, 2 mL). The mixture was refluxed under an inert
atmosphere (6 d for 3¢, 3 weeks for 3d). The volatiles were removed under
reduced pressure and the residue was purified by column chromatography
(SiO,, CH,CL,/EtOAc increasing polarity) to yield the pure heterodiamine.

trans-1-Methyl-2-piperidino-3-pyrrolidinyl-1,2,3,4-tetrahydropyridine-5-
carbonitrile (8): Obtained as a white solid (41 % ); m.p. 105-106°C (Et,O/
hexanes); 'H NMR: 6 =6.82 (s, 1 H), 3.66 (m, 1H), 2.98 (s, 3H), 2.77 (m,
1H),2.52 (m, 8H),2.34 (m, 2H), 1.75 (m, 4H), 1.50 (m, 6 H); *C NMR: 6 =
147.4,123.4, 779, 70.9, 56.2, 51.0, 49.5, 42.1, 26.6, 24.8, 23.2; IR (KBr): =
2190, 1631 cm™!; UV (MeOH): A, (loge) =272 nm (4.34); MS (EI) m/z
(%): 274 (1) [M]*, 190 (8), 188 (10), 180 (100), 119 (20); anal. calcd for
CsHyNy: C 70.03, H 9.55, N 20.42; found: C 69.94, H 9.68, N 20.37.

trans-1-Methyl-3-piperidino-2-pyrrolidinyl-1,2,3,4-tetrahydropyridine-5-
carbonitrile (9): Obtained as a white solid (22%); '"H NMR: 6 =6.73 (s,
1H), 3.67 (d, J=3.5Hz, 1H), 2.95 (s, 3H), 2.78 (m, 1H), 2.64 (m, 4H),
2.51-2.32 (m, 6H), 1.75 (m, 4H), 1.48 (m, 6 H); ®C NMR: 6 =147.3, 123.4,
75.7, 72.6, 57.3, 51.1, 49.1, 42.1, 26.5, 24.6, 23.6, 21.3; IR (KBr): 7=2184,
1633 cm™!; UV (MeOH): A, (loge) =273 nm (4.12); MS (EI) m/z (%):
274 (1) [M]*, 204 (21), 202 (80); 180 (100), 119 (51). HRMS (EI): mass
caled for C,H,(N, 274.2157, found 274.2152.

Methyl trans-1-methyl-2,3-bis(p-tolylsulfonamido)-1,2,3,4-tetrahydropyri-
dine-5-carboxylate (10): To a solution of dihydropyridine 1a (100 mg,
0.65 mmol) and Bu,N*I~ (60 mg, 0.16 mmol) in CH,Cl, (5 mL) was added
an aqueous (5mL) solution of chloramine T trihydrate (184 mg,
0.65 mmol) and potassium p-toluenesulfonamide (547 mg, 2.61 mmol). I,
(17 mg, 67 umol) was immediately added, and the resulting mixture was
stirred under N, atmosphere for 1 h at room temperature. The organic
phase was separated, and the aqueous phase was extracted with CH,Cl,
(2x20mL). The combined organic extracts were washed with aqueous
Na,S,0; (20mL, 0.5m) and Na,CO; (100 mL) solutions, and dried
(Na,SO,). The solvent was removed under reduced pressure and the
residue was purified by column chromatography (SiO,, hexanes/EtOAc
6:4) to yield the cis isomer of disulfonamide 10 (7 mg, 2%). '"H NMR: 6 =
7.82 (d, J=8.3 Hz, 2H), 762 (d, J=8.2 Hz, 2H), 7.38 (d, /=8.3 Hz, 2H),
729 (d, J=82Hz, 2H), 7.10 (s, 1H), 5.40 (brs, 1H), 4.66 (d, J=8.9 Hz,
1H),4.50 (m, 1H), 3.61 (s,3H),3.30 (m, 1H),2.83 (s, 3H),2.47 (s, 3H), 2.44
(s, 3H), 2.35 (dd, /=16.5 and 4.4 Hz, 1H), 1.90 (dd, J=16.5 and 8.9 Hz,
1H); IR (KBr): 7 =3247, 1676, 1626 cm™'; UV (MeOH): 1,,,, (loge) =280
(4.40), 226 nm (4.42); MS (EI) m/z (%): 493 (1) [M]*, 322 (5), 167 (100).
Elution with hexanes/EtOAc (1:1) yielded the trans bis-sulfonamide 10
(128 mg, 40 % ). Further purification may be achieved by recrystallization
from acetone/Et,O; white crystals; m.p. 109-111°C; 'H NMR: 6 =775 (d,
J=83Hz, 2H), 764 (d, /=83 Hz, 2H), 7.33 (d, /=83 Hz, 2H), 7.28 (d,
J=83Hz, 2H), 712 (s, 1H), 5.62 (d, /=8.3 Hz, 1H), 5.00 (d, /=73 Hz,
1H), 4.48 (d, J=8.3 Hz, 1H), 3.56 (s, 3H), 3.32 (m, 1 H), 2.70 (s, 3H), 2.46
(s,3H), 2.44 (s,3H), 2.23 (dd, /=171 and 4.4 Hz, 1H), 2.09 (brd, /=171,
1H); C NMR: 6 =168.1, 144.6, 143.8, 143.6, 137.6, 136.9, 129.8, 129.7,
127.0, 126.9, 91.5, 67.6, 51.0, 48.5, 40.7, 21.6, 21.1; IR (KBr): # =3258, 1670,
1626 cm™'; UV (MeOH): 4, (loge) =283 (4.23), 228 nm (4.27); MS (EI)
miz (%): 493 (1) [M]*, 462 (1), 322 (5), 167 (72), 128 (100); anal. calcd for
CisH3N;0, - sH,0: C 52.89, H5.58, N 8.41; found: C 53.00, H 5.93, N 8.08.

General procedure for the sulfonylation reactions: To a solution of
dihydropyridine 1 (1 mmol), tetrabutylammonium p-toluenesulfinate
(1.5 mmol), and Et;N (2 mmol) in anhydrous CH,Cl, (40 mL) was added
a CH,Cl, (5 mL) solution of I, (1.3 mmol), and the resulting mixture was
stirred under N, atmosphere for 1 h at room temperature. An aqueous
Na,S,0; solution (20 mL, 0.5M) was added, and the organic phase was
separated and evaporated. The residue was dissolved in EtOAc (30 mL),
washed with brine (6 x 100 mL), and dried (Na,SO,). The solvent was
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removed under reduced pressure, and the residue was purified by column
chromatography (SiO,). Elution with hexanes/EtOAc yielded sulfone 11
(Table 2).

Methyl 1-methyl-5-tosyl-1,4-dihydropyridine-3-carboxylate (11a): Ob-
tained from dihydropyridine 1a as a yellow solid (80%); m.p. 175—
177°C (acetone/Et,0); 'H NMR: 6 =7.71 (d, J=8.3 Hz, 2H), 7.31 (d, /=
8.3 Hz, 2H), 6.97 (s, 1H), 6.87 (s, 1H), 3.67 (s, 3H), 3.10 (s, 3H), 3. 09 (s,
2H), 2.42 (s, 3H); B¥C NMR: § =166.9, 143.9, 139.3, 137.6, 135.8, 129.6,
127.7,113.0, 103.2, 51.4, 41.0, 21.5, 20.7; IR (KBr): # =1694, 1590 cm™!; UV
(MeOH): A, (loge) =363 (3.67), 262 (3.89), 228 nm (4.14); MS (EI) m/z
(%): 307 (11) [M]*, 292 (20), 151 (100); anal. caled for C;sH;NO,S: C
58.62, H 5.57, N 4.56; found: C 58.37, H 5.82, N 4.38.
1-Methyl-5-tosyl-1,4-dihydropyridine-3-carbonitrile (11b): Obtained from
dihydropyridine 1b as a yellow 0il (77%); 'HNMR: 6 =7.69 (d,J=8.2 Hz,
2H),7.35 (d,J=8.2 Hz,2H), 6.94 (s, 1 H), 6.41 (s, 1 H), 3.09 (s, 5H), 2.49 (s,
3H); B*CNMR: 0 =144.4,141.8,137.1,135.3,129.8, 1277, 118.8, 111.1, 83.8,
41.2,22.0,21.5; IR (KBr): 7=2205, 1591 cm~!; UV (MeOH): 1,,,.« (loge) =
363 (3.76), 261 (3.88), 228 nm (4.18); MS (EI) m/z (%) 274 (12) [M]*, 209
(13), 118 (100); HRMS (EI): mass caled for C,H;4,N,O,S 274.0776, found
274.0768.

1-Benzyl-5-tosyl-1,4-dihydropyridine-3-carbonitrile (11¢): Obtained from
dihydropyridine 1c¢ as a yellow solid (74 %); m.p. 131-134°C (CH,Cl,);
'HNMR:0=771(d,/ =83 Hz, 2H), 7.31-726 (m, 7H), 7.06 (s, 1 H), 6.44
(s, 1H), 4.41 (s, 3H), 3.13 (s, 2H), 2.46 (s, 3H); *C NMR: 0 =144.5, 140.9,
136.5, 135.2, 134.6, 129.9, 129.3, 128.8, 127.8, 127.3, 118.8, 111.8, 84.8, 58.0,
22.5,21.7; IR (KBr): # =2206, 1674, 1592 cm~!; UV (EtOH): A4, (loge) =
363 (3.78), 229 nm (4.16); MS (EI) m/z (%): 350 (3) [M]*, 194 (12), 91
(100).

Methyl 1-benzyl-5-tosyl-1,4-dihydropyridine-3-carboxylate (11d): Ob-
tained from dihydropyridine 1d as a yellow solid (88%); m.p. 138-
140°C (CH,CL/Et,0); '"H NMR: 6=772 (d, J=8.4 Hz, 2H), 738-715
(m, 7H), 7.05 (s, 1H), 6.94 (s, 1H), 4.41 (s, 2H), 3.63 (s, 3H), 3.12 (s, 2H),
2.42 (s, 3H); *C NMR: 6 =166.8, 143.9, 138.6, 137.1, 135.7, 135.6, 129.7,
129.1, 128.4, 1278, 127.1, 113.6, 103.9, 57.8, 51.5, 21.6, 21.2; IR (KBr): 7=
1693, 1593 cm~!; UV (MeOH): 4,,,, (loge) =368 (3.65), 230 nm (4.09); MS
(EI) m/z (%): 383 (3) [M]*, 368 (2), 227 (19), 91 (100); anal. calcd for
C, H;NO,S: C 65.78, H 5.52, N 3.65; found: C 65.43, H 5.61, N 3.59.
1-Methyl-5-tosyl-1,4-dihydropyridine-3-carbaldehyde (11e): Obtained
from dihydropyridine 1e as an oil (65%). 'H NMR: 6 =9.18 (s, 1 H), 7.73
(d,J=84Hz, 2H), 7.32 (d, J=8.4 Hz, 2H), 701 (s, 1 H), 6.60 (s, 1 H), 3.22
(s, 3H), 3.05 (s, 2H), 2.43 (s, 3H); *C NMR: 0 =188.3, 1479, 144.3, 136.9,
135.2, 129.8, 1279, 116.2, 115.8, 41.5, 21.7, 19.0; IR (KBr): ¥ =1676, 1652,
1583 cm™!; UV (MeOH): 4, (loge) =378 nm (4.06); MS (EI) m/z (%):
277 (18) [M]*, 212 (4), 121 (100); anal. caled for C,;H;sNO,S-2H,0: C
58.72, H 5.63, N 4.89; found: C 58.80, H 5.95, N 4.84.

Methyl 1-methyl-5-tosyl-1,4-dihydro-3-pyridyl ketone (11f): Obtained
from dihydropyridine 1f as a yellow solid (74%); m.p. 157-160°C
(acetone/Et,0); '"H NMR: 6 =7.73 (d, /=8.2 Hz, 2H), 731 (d, J=8.2 Hz,
2H),7.00 (s,1H),6.80 (s,1H), 3.18 (s,3H), 3.05 (s,2H), 2.43 (s, 3H), 2.18 (s,
3H); BC NMR: 6 =194.5, 144.0, 140.6, 136.8, 135.6, 129.7, 127.9, 114.9,
113.9, 41.5, 24.6, 21.6, 20.3; IR (KBr): #=1678, 1626, 1583 cm~'; UV
(MeOH): 4,,,, (loge) =382 (4.03), 265 (3.97), 230 nm (4.34); MS (EI) m/z
(%):291 (41) [M]*, 290 (30), 135 (100); anal. caled for C;sH;NO;S - sH,0:
C 60.59, H 5.99, N 4.71; found: C 60.39, H 5.79, N 4.50.

Methyl 1-allyl-5-tosyl-1,4-dihydropyridine-3-carboxylate (11g): Obtained
from dihydropyridine 1g as a yellow solid (80 % ); m.p. 93-95°C (acetone/
Et,0); 'HNMR: 6 =7.72 (d, J=8.4 Hz, 2H), 7.34 (d, J= 8.4 Hz, 2H), 7.00
(s, 1H), 6.89 (s, 1H), 5.80 (m, 1H), 5.30 (m, 2H), 3.85 (d, J=4.8 Hz, 2H),
3.67 (s, 3H), 3.12 (s, 2H), 2.43 (s, 3H); *C NMR: 6 =166.9, 143.9, 138.4,
136.8, 135.7,132.1, 129.6, 127.8, 119.2, 113.3, 103.5, 56.5, 51.5, 21.6, 21.2; IR
(KBr): 7=1698, 1590 cm~'; UV (MeOH): 4,,,, (loge) =365 (3.64), 231 nm
(4.02); MS (EI) m/z (%): 333 (10) [M]*, 318 (13), 177 (100), 91 (100); anal.
caled for C;H;(NO,S - sH,0: C 60.16, H 5.84, N 4.13; found: C 60.18, H
6.08, N 3.98.

Sulfonylation of tryptophyl dihydropyridine (1h):1**! Following the above
general reaction procedure (THF as the solvent instead of CH,Cl,), column
chromatography (elution with hexanes/EtOAc, 1:1) gave methyl 5-tosyl-1-
tryptophyl-1,4-dihydropyridine-3-carboxylate (11h) as an oil. Yield: 40 %;
'"HNMR: 6 =9.20 (brs, 1H), 7.57 (m, 3H), 741 (d, /=73 Hz, 1 H), 7.32 (d,
J=18Hz, 2H), 720 (m, 1H), 709 (m, 2H), 6.88 (s,2H), 3.63 (s, 3H), 3.61
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(t, J=70Hz, 2H), 3.07 (t, J=70Hz, 2H), 3.04 (s, 2H), 2.44 (s, 3H);
BC NMR: d=166.5, 144.0, 138.6, 137.0, 136.2, 135.4, 129.6, 127.8, 126.1,
122.6,122.3,119.7,118.2,112.5,111.4, 111.0, 103.2, 55.1, 51.5, 26.3, 21.7, 21.0;
IR (KBr): #=3200, 1678, 1591 cm™%; UV (EtOH): 4,,,, (loge) =370 (3.70),
273 (3.98), 222 nm (4.49); MS (EI) m/z (%): 436 (5) [M]", 280 (19), 144
(99), 130 (100); HRMS (EI): mass caled for C,,H,,N,O,S 436.1457, found
436.1457. Elution with hexanes/EtOAc (3:7) afforded methyl trans-1-tosyl-
3,4-dehydroindolo[2,3-a]quinolizidine-3-carboxylate (12). Yield: 20%;
m.p. 119-120°C; 'H NMR: 0=9.54 (brs, 1H), 7.80 (d, J=8.5 Hz, 2H),
744 (d, J=8.0Hz, 1H), 734 (d, J=8.5 Hz, 1H), 731 (d, J=8.5 Hz, 2H),
722 (s,1H), 716 (m,J =8.5 Hz, 1H), 7.09 (m, J = 8.0 Hz, 1 H), 5.27 (m, 1 H),
3.85(dd, J=12.5 and 5.5 Hz, 1H), 3.67 (dd, /=14.0 and 5.0 Hz, 1H), 3.57
(s, 3H), 3.51 (m, 1H), 2.90 (m, 1H), 2.76 (m, 1H), 2.60 (dd, J=16.5 and
7.5 Hz, 1H), 2.45 (dd, J=16.5 and 6.0 Hz, 1H), 2.42 (s, 3H); *CNMR: 6 =
167.8, 146.0, 145.9, 136.0, 133.9, 130.0, 129.7, 129.2, 126.1, 122.4, 119.6, 118.1,
111.5, 109.7, 94.6, 62.5, 52.4, 51.0, 50.8, 22.0, 21.6, 19.9; IR (KBr): % = 3200,
1668, 1627 cm™!; UV (MeOH): A,,,,, (loge) =283 (4.52), 224 nm (4.72); MS
(ED) m/z (%): 436 (3) [M]", 279 (100), 265 (58); anal. calcd for
C,,H,,N,O,S: C 66.04, H 5.54, N 6.42; found: C 65.87, H 5.24, N 6.28.
1-Benzyl-5-mesyl-1,4-dihydropyridine-3-carbonitrile (11i): To a solution of
dihydropyridine 1¢ (100 mg, 0.51 mmol) and Et;N (0.15 mL, 1.1 mmol) in
anhydrous CH,Cl, (20mL) was added a solution of methanesulfonyl
iodide®* (143 mg, 0.70 mmol) in CH,Cl, (5 mL), and the resulting mixture
was stirred under N, atmosphere for 2 h at room temperature. An aqueous
Na,S,0; solution (20 mL, 0.5M) was added, and the organic phase was
separated and dried (Na,SO,). The solvent was removed under reduced
pressure, and the residue was purified by preparative TLC (SiO,, Et,0/
acetone/DEA 90:8:2) to yield sulfone 11i (oil, 80 mg, 57 %). 'H NMR: 6 =
7.40-7.27 (m, 5SH), 6.92 (s, 1 H), 6.53 (s, 1 H), 4.40 (s, 2H), 3.40 (s, 2H), 2.89
(s, 3H); ®C NMR: 6 =141.2, 137.8, 130.2, 129.4, 128.9, 127.4, 118.1, 111.2,
86.0, 58.0, 40.2,22.9; IR (KBr): # =2205, 1676, 1595 cm™!; UV (EtOH): 4,5
(loge) =336 (3.40), 248 nm (3.63); MS (EI) m/z (%): 274 (1) [M]*+, 194 (8),
91(100); HRMS (EI): mass caled for C,,H;,N,O,S 274.0776, found
274.0776.

1-Benzyl-1,4-dihydropyridine-3,5-dicarbonitrile (13): A mixture of dihy-
dropyridine 11¢ (170 mg, 0.48 mmol), KCN (312 mg, 4.8 mmol), and
[18]crown-6 (12.7 mg, 4.8 umol) in fert-butyl alcohol (2 mL) was refluxed
under an inert atmosphere for 48 h. The solvent was removed under
reduced pressure, and the residue was taken up in EtOAc (50 mL.). The
organic solution was washed with H,O (3 x 20 mL), dried (Na,SO,), and
filtered. The solvent was removed under reduced pressure, and the residue
was chromatographed (silica gel, hexanes/EtOAc 8:2) to give dihydropyr-
idine 13 (solid, 80 mg, 75%). M.p. 185-186°C (decomp); 'H NMR: 6 =
7.40 (m,3H), 7.19 (m, 2H), 6.50 (s, 2H), 4.35 (s, 2H), 3.24 (s,2H); *C NMR:
0=141.1, 134.3, 129.4, 128.9, 1274, 118.6, 83.7, 58.0, 24.1; IR (KBr): 7=
2199, 1589 cm~!; UV (EtOH): A,,,, (loge) =354 (3.65), 212 nm (4.30); MS
(EI) m/z (%): 221(6) [M]*, 91 (100); anal. calcd for C,;H;;N;-1/2H,0: C
73.02, H 5.25, N 18.25; found: C 73.19, H 5.13, N 18.02.

Diethyl trans-3-cyano-1-methyl-5-tosyl-1,2,3,4-tetrahydropyridine-2-phos-
phonate (14): NaH (112 mg, 60 % w/w, 2.82 mmol) was added to a solution
of diethyl phosphite (394 mg, 2.82 mmol) in absolute EtOH (5 mL). After
the mixture had been stirred for 15 min at room temperature, sulfonyldi-
hydropyridine 11b (130 mg, 0.37 mmol) was added, and the resulting
solution was stirred at reflux temperature for 24 h. The solvent was
removed under reduced pressure, and the residue was taken up in EtOAc
(50 mL). The organic solution was washed with water (3 x 20 mL), dried
(Na,S0,), and filtered. The solvent was removed under reduced pressure,
and the residue was chromatographed (silica gel, hexanes/EtOAc 8:2) to
give tetrahydropyridine 14 (oil, 46 mg, 30%). '"H NMR: 6 =770 (d, /=
8.0 Hz, 2H), 7.40 (s, 1 H), 727 (d,/ = 8.0 Hz, 2H), 4.06 (m, 4H), 3.67 (m,J =
14.4, 1.8, and 1.8 Hz, 1H), 3.49 (m, J=5.5, 5.5, 1.8, and1.8 Hz, 1 H), 3.24 (s,
3H), 2.63 (m, /=170 and 5.5 Hz, 1H), 2.41 (brd, J=17.0 Hz, 1 H), 2.39 (s,
3H), 1.26 (t,/ =6.9 Hz, 6H); BC NMR: 6 =143.1, 142.4,138.1, 129.6, 127.0,
118.3 (d, *J(C,P)=23.4Hz), 100.4, 63.9 (d, */(C,P)=71Hz), 63.2 (d,
2J(C,P)=76Hz), 563 (d, 'J(C,P)=162.6 Hz), 44.0, 23.3 (d, 2J(C,P)=
4.6 Hz), 21.5, 214, 16.5 (d, 3J(C,P)=8.6 Hz); 3P NMR: 6=16.9; IR
(KBr): 7=2190, 1625 cm™'; UV (MeOH): 1,,,, (loge) =281 (4.24), 223 nm
(4.15); MS (EI) m/z (%): 412 (15) [M]*, 275 (33), 248 (25), 119(100);
HRMS (EI): mass calcd for C;sH,sN,OsPS 412.1221, found 412.1204.
1-Benzyl-5-(p-tolyl)sulfinyl-1,4-dihydropyridine-3-carbonitrile (15): A sol-
ution of p-toluenesulfinyl chloridel (174 mg, 1 mmol) in CH,Cl, (5 mL)
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was added to a solution of dihydropyridine 1¢ (200 mg, 1.02 mmol) and
Et;N (0.30 mL, 2.2 mmol) in anhydrous CH,Cl, (20 mL) kept at 0°C under
an inert atmosphere, and the resulting mixture stirred for 1 h at 0°C. A
saturated aqueous Na,COj; solution (60 mL) was added, and the organic
phase was separated and dried (Na,SO,). The solvent was removed under
reduced pressure, and the residue was purified by column chromatography
(silica, hexanes/EtOAc 8:2) to yield sulfoxide 15 (oil, 153 mg, 45%).
'"H NMR: 6 =7.50-718 (m, 9H), 6.69 (s, 1H), 6.48 (s, 1H), 4.40 (s, 2H),
3.17 (d, /=170 Hz, 1H), 2.61 (d, J=17.0 Hz, 1H), 2.43 (s, 3H); *C NMR:
0 =141.6, 1370, 135.0, 133.7, 129.9, 129.2, 128.7, 127.3, 124.8, 119.4, 116.4,
83.0, 577, 21.4, 19.2 (one quaternary carbon not seen); IR (KBr): 7 =2203,
1672, 1593 cm™'; UV (MeOH): A, (loge) =352 (3.23), 225 nm (3.88); MS
(EI) m/z (%): 334 (16) [M]*, 319 (19), 227 (35), 55 (100); HRMS (EI): mass
caled for C,0H;3sN,OS 334.1140, found 334.1140. Chiral HPLC data for (+)-
15: Daicel Chiralcell OD, hexane/2-propanol 9:1 (0.2 % Et,NH), flow rate
1.3 mLmin™'; first eluting enantiomer: retention time 54.4 min; second
eluting enantiomer: retention time 60.7 min.

1-Benzyl-5-thiocyanato-1,4-dihydropyridine-3-carbonitrile (16): A solution
of thiocyanogenl*?l (0.2m, 5mL) in benzene was added to a solution of
dihydropyridine 1¢ (151 mg, 0.77 mmol) in anhydrous benzene (20 mL)
under an inert atmosphere, and the resulting mixture stirred for 1 h at room
temperature. An aqueous Na,S,0; solution (0.5M, 30 mL) was added, and
the organic phase was separated, washed with brine (30 mL), and dried
(Na,SO,). The solvent was removed under reduced pressure to yield
essentially pure thiocyanate 16 as a yellow solid (177 mg, 91 %). M.p. 102 -
104°C; 'H NMR: 6 =7.40-7.15 (m, 5H), 6.55 (s, 1H), 6.32 (s, 1 H), 4.34 (s,
2H), 3.38 (s, 2H), 2.43 (s, 3H); BC NMR: 6 =141.2, 136.2, 134.8, 129.3,
128.7, 1273, 119.0, 108.9, 94.8, 81.6, 57.6, 28.7; IR (KBr): 7#=2203, 2154,
1667 cm~!, 1589; UV (EtOH): 1, (loge) =353 nm (3.73); MS (EI) m/z
(%): 253 (6) [M]*, 226 (1), 91 (100); HRMS (EI): mass calcd for C;;H;;N;S
253.0674, found 253.0681.

Bromination of dihydropyridine 1b: Bromine (454 mg, 145 pL, 2.84 mmol)
was added to a solution of dihydropyridine 1b (359 mg, 2.99 mmol) in
anhydrous THF (25 mL) kept under inert atmosphere at —78°C. The
resulting precipitate was removed by decantation of the solution, which was
used immediately in subsequent reactions. In an experiment carried out in
an NMR tube with CDCI, as the solvent, the dibromoderivative 17 (95 %,
determined by evaporation of the solvent) was generated as above, and the
low-temperature NMR experiments (—28°C) were performed after
filtration of the precipitate. '"H NMR: =6.50 (m, J=1.9 and 0.9 Hz,
1H), 5.86 (m, 1H),4.73 (m, 1H), 3.58 (m,J =17.5,4.5, and 1.9 Hz, 1H), 3.01
(s,3H), 2.70 (m, /=175, 2.1, and 2.1 Hz, 1H); BC NMR: 0 =142.4, 119.9,
80.2, 73.4, 42.8, 41.8, 28.3; MS (EI) m/z (%, taken from a frozen sample):
282,280, and 278 (1,2, 1) [M]*, 200 and 198 (40, 41), 199 and 197 (100, 94).
The precipitate (5%, consisting of impure 3-cyano-1-methylpyridinium
bromide) was dissolved in [Ds]DMSO and positively identified by
comparison with an authentic sample.

Sulfanylation of dihydropyridine 1b: A solution of sodium thiomethoxide
(194 mg, 2.77 mmol) in anhydrous DMF (2 mL) was added to a solution of
dibromide 17 (prepared as above from dihydropyridine 1b (222 mg,
1.85 mmol)) in THF kept at —78°C. The resulting mixture was stirred for
30 min at this temperature, and the cooling bath was removed. Stirring was
continued for 12 h. Water (25 mL) was added, and the mixture was
extracted with EtOAc (3 x 30 mL). The organic extracts were washed with
an aqueous Na,S,0; solution (0.5M, 30 mL) and brine (30 mL), and dried
(Na,SO,). The solvent was removed under reduced pressure to yield an oil
which was purified by column chromatography over silica gel. Elution with
hexanes/EtOAc (9:1) afforded trams-2,3-bis(methylthio)-1,2,3 4-tetrahy-
dropyridine-5-carbonitrile (18) as an oil (163 mg, 55%). 'H NMR: =
6.60 (d,/=2.1 Hz,1H),4.14 (m,J =18 Hz, 1 H), 3.16 (m, 1 H), 3.08 (s, 3H),
2.96 (m, J=16.6, 5.1, and 2.1 Hz, 1H), 2.30 (m, J=16.6, 1.8, and 1.8 Hz,
1H), 2.20 (s, 3H), 2.19 (s, 3H); 3C NMR: 6 =144.9, 122.0, 73.1, 67.2, 43 .4,
42.1, 24.0, 14.9, 14.7; IR (KBr): 7=2186, 1626 cm™'; UV (EtOH): .
(loge) =278 nm (3.91); MS (EI) m/z (%): 214 (11) [M]*, 167 (80), 119
(100); HRMS (EI): mass calcd for CoH4N,S, 214.0598, found 214.0592.
Further elution with hexanes/EtOAc (8:2) afforded 5-methylthio-1,4-
dihydropyridine-3-carbonitrile (19): Foam; yield: 24 mg (11%); 'H NMR:
0=06.45 (m, 1H), 5.83 (m, 1H), 3.21 (brs, 2H), 2.98 (s, 3H), 2.17 (s, 3H);
BCNMR:  =142.2,127.2,121.0, 108.9, 76.3, 40.8, 27.6, 14.3; IR (KBr): 7=
2190, 1624, 1589 cm~!; UV (EtOH): 4., (loge) =348 (3.56), 236 nm (3.83);
MS (EI) m/z (%): 166 (30) [M]*, 165 (60), 103 (100); MS (CI, CH,) m/z
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(%):167 (100) [M+H]*, 195 (30). When the reaction was carried out with a
solution of dibromide 17 in CH,Cl,, a nearly equimolecular mixture of 18
and the corresponding cis isomer was obtained (49 % ), together with some
dihydropyridine 19 (9 % ). cis Isomer (data taken from a mixture with 18):
'HNMR: 6 =6.61 (m, 1H), 4.22 (brm, 1 H), 3.02 (s, 3H), 2.55 (m, 1 H), 2.18
(s, 3H), 2.16 (s, 3H), 2.02 (m, 2H); “C NMR: 6 =145.9, 122.8, 75.3, 64.0,
422,415, 26.5, 182, 15.0.

Diethyl trans-3-bromo-5-cyano-1-methyl-1,2,3,4-tetrahydropyridine-2-
phosphonate (20): Triethylphosphite (344 mg, 2.07 mmol) was added to a
solution of dibromide 17 in THF [prepared as above from dihydropyridine
1b (100 mg, 0.83 mmol)] kept at —78°C. The resulting mixture was stirred
for 30 min at this temperature and the cooling bath was removed. Stirring
was continued for 12 h. Water (25 mL) was added and the mixture was
extracted with EtOAc (3 x 30 mL). The organic extracts were washed with
an aqueous Na,S,0; solution (0.5M, 30 mL) and brine (30 mL), and dried
(Na,SO,). The solvent was removed under reduced pressure to yield an oil,
which was purified by column chromatography (silica gel, hexanes/EtOAc
7:3) to afford phosphonate 20 (oil, 182 mg, 65%). 'HNMR: 6 =6.84 (d,J =
1.5 Hz, 1H), 4.73 (m, 1H), 4.18 (m, 4H), 3.68 (m, /=16.5, 2.1, and 2.1 Hz,
1H), 3.17 (s, 3H), 3.04 (m, /=171, 42, 4.2, and 1.5 Hz, 1H), 2.49 (m, /=
171, 3.6, and 2.1 Hz, 1H); BC NMR: 6=144.7, 121.3, 71.3, 63.2 (d,
2J(C,P)=73 Hz), 62.4 (d, 2J(C,P)=74 Hz), 614 (d, 'J(C,P)=152.0 Hz),
43.6, 37.8 (d, 2J(C,P)=8.6 Hz), 29.2, 16.0 (d, *J(C,P)=5.0 Hz), 15.9 (d,
3J(C,P)=5.0 Hz); *'P NMR: 6 =16.5; IR (KBr): ¥=2190, 1628 cm~! ; UV
(EtOH): A, (loge) =279 nm (4.01); MS (EI) m/z (%): 338 and 336 (2)
[M]*, 201, 199 (6), 119(100); HRMS (EI): mass calcd for C;;H;sBrN,O;P
336.0238, found 336.0233.

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-127021. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(+44)1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Polymer-Supported Carbene Complexes of Palladium:
Well-Defined, Air-Stable, Recyclable Catalysts for the Heck Reaction

Jiirgen Schwarz,'®! Volker P. W. Bohm,'*! Michael G. Gardiner,” Manja Grosche,!*!
Wolfgang A. Herrmann,*! Wolfgang Hieringer,! and Gabriele Raudaschl-Sieber!!

Abstract: N-Heterocyclic dicarbene chelate complexes of formula [cis-
CH,{N(H)C=C(H)N(R)C},PdX,] (X=Br, I; R=(CH,),0H; n=2, 3) have been
prepared and structurally characterized (for X=1, n=2). The complexes were
immobilized on a functionalized polystyrene support (Wang resin) through one of the
oxygen centres. The complexes efficiently catalyze the Heck reaction of activated
and non-activated arylbromides, are recyclable under aerobic conditions and exhibit
hardly any leaching, which is in line with our theoretical investigations on ligand

Keywords: C—C coupling - carbene
complexes - catalysts - immobiliza-
tion - palladium

dissociation energies related to Pd® and Pd" centres.

Introduction

The recent advances regarding efficient catalysts for the Heck
reaction have typified those made in the wider field of
palladium-catalyzed C—C and C-heteroatom coupling reac-
tions in the last five years, by the use of well-defined catalysts
that are appropriate to the task instead of commercially
available metal sources or those which do not benefit from
any ligand activation.l! This has resulted in systems which
convert deactivated aryl bromides and, in some cases,
activated aryl chlorides with decent turnover numbers. The
reaction now shows promise for the industrial production of
important chemicals, for example, styrene and cinnamic ester
derivatives that are required as precursors for polymers, UV
absorbers and antioxidants, and as intermediates in pharma-
ceuticals.?l The field has been reviewed recently;l" 3 specif-
ically, major improvements have included, i) air and thermally
stable Pd" catalysts,™ ii) Pd’ complexes of highly basic,
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sterically hindered phosphines,®! iii) water soluble catalyst
systems® and iv) the use of molten salts as reaction media.”!
However, a practically useful heterogeneous catalyst is still to
be developed.?

Herein, we report our studies of a heterogeneous, anchored
molecular catalyst for the Heck reaction that exhibits
excellent activities towards activated and non-activated
bromoarene substrates. The catalyst system was chosen owing
to i) the high activity of the molecular catalyst in the
homogeneously catalyzed conversion of deactivated aryl
halides,® ii) its stability under the reaction conditions
commonly employed for the Heck reaction and iii) theoretical
investigations that anticipated neglible palladium leaching
from the support.

Results and Discussion

In earlier reports on the homogeneous catalysis of the
Heck reaction, we have shown that both P,C-pallada-
cyclic complexes, [{o-(CH,)C,H,P(R),PdX},],*»"8] and
N-heterocyclic ~ carbene  (NHC)  complexes, [cis-
CH,{N(H)C=C(H)N(R)C},PdX,],l" are efficient catalysts.

Theoretical investigations of the dissociation of NHC ligands
from palladium centres: To further validate the choice of
dicarbene complexes as being suitable for heterogeneous
catalytic applications, we have studied a number of model
reactions to access the binding strength of imidazolin-2-
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ylidene-based carbene ligands,”) as compared with phosphine
ligands, to palladium(o) and palladium(il) metal centres. A
previous study on the bonding of the former ligands to
coinage metal complexes suggested very high binding ener-
gies, which mainly originate from a largely electrostatic
ligand-to-metal o-donor interaction with only little m back-
bonding.' In contrast, phosphines in general are considered
to have non-negligible m-acceptor and o-donor abilities,
depending on the substituents.'! We have calculated the
Pd—P binding energies for both PH; and PMe;, the latter
being a stronger o-donor than the former. It was shown in
previous studies that PMe; dissociation energies compare
much better with those for phosphine ligands commonly used
in catalysis (i.e., PPh;, PCy;) than with PH; dissociation
energies.l'> 2]

The model two-coordinate Pd” complex, [Pd(PH;)(NHC)],
dissociates by loss of PH; or the free NHC, with relative
dissociation energies of +30.1 and +41.3 kcalmol~! (Table 1),

Table 1. Dissociation energies of reactions depicted in Scheme 1 calcu-
lated at BP86/DZVP.

Reaction Substituents AE [kcalmol~']
1 R!=R?=H + 30.1
2 R'=R?’=H + 413
3 R'=R?’=H + 27.6
R'=Me; R>=H + 384
4 R'=R?’=H + 61.0
R'=Me; R>=H + 544
5 R?=H + 783
R?=Me + 74.8
6 R'=H + 449
R'=Me + 62.4
7 R?=H + 50.2

respectively (Reactions 1 and 2 in Scheme 1). In comparison,
the analogous reactions at a palladium(i) centre were found
to further disfavour the dissociation of the carbene ligand.
The loss of PH; from [PdCL(PR;)(NHC)] requires
+27.6 kcalmol~! (4 38.4 kcalmol~! for PMe;), relative to the
loss of NHC, which requires +61.0 kcalmol~' (Reactions 3
and 4 in Scheme 1). The stronger trans effect of PMe; as
compared with PH; slightly decreases the dissociation energy
of the carbene ligand to 54.4 kcalmol~!. Further dissociation
of the remaining ligand to yield PdCl, and the free ligand
(Reactions 5 and 6 in Scheme 1) requires + 78.3 kcal mol~' for
NHC and 44.9 kcalmol~! for PH; (62.4 kcalmol~! for PMes).
However, the latter processes reflect ligand dissociation from
a highly electron-deficient metal centre. Thus, dimer or
oligomer formation can assist the dissociation process
in solution, which we did not consider in this study.
The opening of the six-membered palladacycle of [cis-
CH,{N(H)C=C(H)N(H)C},PdCL,] is energetically slightly
more disfavoured than the dissociation of the corresponding
monodentate carbene ligand and requires +50.2 kcalmol~!
(Reaction 7, Scheme 1).

The calculations show, in accord with earlier studies on
other transition metalsl'>?” and in agreement with more
qualitative considerations,'!] that PMe;, is considerably more
tightly bound to palladium(ir) than PHj;. Still, the phosphine
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Scheme 1. Dissociation reactions 1—7 subject to theoretical calculations.

dissociation process is more likely to take place than NHC
dissociation. Substitution of N—H by N—Me in the NHC
introduces only minor changes in the dissociation energies as
long as steric effects are negligible and electronic factors
dominate. One can anticipate from these initial results that for
NHC complexes, steric effects can be tuned independently of
electronic effects by the choice of the N-bound substituents.

The calculations clearly demonstrate that imidazolin-2-
ylidene-based carbene ligands bind to both Pd’ and Pd"
centres substantially stronger than phosphine ligands, which
have traditionally been successful in this type of catalytic
processes.'* In accord with previous studies,'”l the trends in
dissociation energies identify the carbene ligands as strong
o donors, with very little m-acceptor character. The dissoci-
ation energies increase in the order PH; < PMe; < NHC(H) ~
NHC(Me), correlating with the electron deficiencies at the
palladium centres in the various complexes.

In summary, the results highlight the strong binding of the
imidazolin-2-ylidene-carbene ligands to both Pd’ and Pd"
dihalide systems relative to phosphine ligands; this lead us
to believe that this system is highly suitable for attachment to
solid supports owing to its anticipated low level of leaching.

Synthesis and characterization of molecular carbene com-
plexes: The 1,1'-di(alkyl)-3,3’-methylenediimidazolium diha-
lide salts 1a and 1b were prepared from the appropriate alkyl
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bromides and N,N'-diimidazolylmethane by adaptations of
standard procedures.®] The dicarbene palladium(ir) dibro-
mide complexes 2a and 2b were synthesized by our optimized
procedure (Scheme 2).04

Crystals of complex 2b suitable for X-ray structure
determination were grown by vapor diffusion of ethanol into
a concentrated dimethylsulfoxide solution. The crystal struc-
ture determination of complex 2b showed the compound to
be monomeric, with the dicarbene ligand chelating the
palladium(11) centre in a cis fashion with the six-membered
C;N,Pd ring in a boat conformation. The molecule possesses
non-crystallographic C; symmetry that passes through the
palladium and methylene carbon centres (Figure 1). There is
also a non-coordinating molecule of dimethylsulfoxide in the

I\ ™\ zx
HO(CHz)n/N%D/NVN\C?N\(CHZ)nOH
H H
1a:n=3, X =Br
1bin=2. X=1

[Pd(OAc),]
DMSO, 50°C, 4 hours
then 120°C, 1 hour

P
/—\ o Br
N N v e}
HO(CH,) ™~ —}\1 M
X—Pd _< ] E 4-(Bromomethyl)phenoxy-
)I( N methyl polystyrene (Wang resin)

/
HO(CH,),

DMF, N(iPr),Et,

2a: n=3, X =Br Csl, 24 hours

2b: n=2,X=1

Scheme 2. Reaction scheme for the formation of 2a, 2b, 3a and 3b.

crystal lattice. The two —OH groups of the N-substituents do
not interact with the distorted square-planar coordinated
palladium centre; instead H bonding is observed with the
oxygen atom of the non-coordinating dimethylsulfoxide

Figure 1. Molecular structure of compound 2b.
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molecule. This weak interaction results in short O---O
distances (2.733(7) and 2.746(7) A) and large O—H—O angles
(175(10)° and 164(6)°). Summaries of important bond lengths
and angles for complex 2b appear in Table 2.

The Pd—C bond lengths of complex 2b, 1.991(5) and
1.994(5) A, compare with those found in the cationicl!3
and neutral chelatingl® dicarbene palladium complexes
[cis-CH,{NC=CN(Me)C},Pd(NCCH,),|**[2PFs]- and [cis-
CH,{NC=CN(Me)C},PdI,] at 1.966(2) and 1.972(3) A, and
1.988(7) and 1.989(8) A, respectively. They also agree well
with the calculated Pd—C bond length of 2.01 A of the model
chelate compound, [cis-CH,{NC=CN(H)C},PdCl,], presented
in the theoretical part of this study (see above). Angular
distortions from the ideal square-planar geometry for the
palladium centres in complex
2b are minimal, with the ex-
ception of those introduced by
the six-membered chelate ring
for the bidentate dicarbene li-
gand.[]

C—C and C—N bond lengths
% within the imidazolin-2-yli-
dene-based ring systems in
complex 2b are consistent with
previous  observations.['3 14 13]
Other bond lengths and angles
within the molecule of 2b are
unexceptional and do not re-
quire comment.

'H and *C NMR spectra of
Br complexes 2a and 2b are in
agreement with their assigned

Table 2. Selected bond lengths [A] and angles [°] for compound 2b.

I1-Pd 2.6755(5) C6—C7 1.508(9)
12—-Pd 2.6546(5) C13—Cl14 1.333(8)
Pd—C1 1.991(5) C15-C16 1.506(9)
Pd—Cl11 1.994(5) 08-C7 1.394(9)
017-C16 1.393(9) N2—C3 1.373(7)
N2—C1 1.355(6) N2—-C6 1.454(8)
N5—-C9 1.448(6) N5—C1 1.347(6)
N5—C4 1.374(7) N10—C11 1.353(6)
N10—C14 1.379(7) N10—C9 1.449(6)
N12—C11 1.350(6) N12—-C13 1.390(7)
N12—C15 1.471(7) C3—-C4 1.338(8)
I1-Pd-12 89.73(2) N2-C6-C7 112.5(5)
I1-Pd-C1 92.65(14) 08-C7-C6 113.8(5)
I11-Pd-C11 169.75(15) N5-C9-N10 109.2(4)
12-Pd-C1 174.52(14) N10-C11-N12 104.5(4)
12-Pd-C11 93.24(13) Pd-C11-N10 120.3(3)
C1-Pd-C11 83.59(19) Pd-C11-N12 135.2(4)
N12-C13-C14 107.2(5) N10-C14-C13 106.6(5)
N12-C15-C16 111.5(5) 017-C16-C15 113.1(6)
C1-N2-C3 109.8(4) C1-N2-C6 126.4(5)
C3-N2-C6 123.7(5) C1-N5-C9 122.1(4)
C1-N5-C4 111.2(4) C4-N5-C9 126.3(4)
C9-N10-C14 125.6(4) C11-N10-C14 111.3(4)
C9-N10-C11 122.8(4) C11-N12-C15 126.4(5)
C13-N12-C15 122.9(5) C11-N12-C13 110.4(4)
N2-C1-N5 104.9(4) Pd-C1-N5 121.1(3)
Pd-C1-N2 133.9(4) N2-C3-C4 107.9(5)
N5-C4-C3 106.1(5)
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structures. The appearance of equivalent methylene proton
resonances for complexes 2a and 2b indicates that inversion
of the boat-shaped six-membered chelate rings is relatively
fast on the "H NMR timescale. Such fluxional ring systems
have been noted previously in related complexes, as have
examples which were conformationally rigid at room temper-
ature.[®> 131416 The IR spectra of complexes 2a and 2b show
strong —OH absorption bands at 3446.0cm~! (2a) and
34222 cm~! (2b). Other physical and spectroscopy features
are unexceptional and will not be commented on further.

Synthesis, structural and spectroscopic characterization of
polymer-supported catalysts: The p-bromomethylphenyl-
functionalized polystyrene (Wang resin) was chosen, owing
to the ready attachment of the accessible 1,1'-{n-HO(CH,), }
(n=2, 3) disubstituted (dicarbene)palladium(i) dihalide
complexes 2a and 2b to the support through an ether linkage
by adaptations of existing procedures for the attachment of
amines['”! and carboxylic acids (Scheme 2).1!8]

Solid-state 3C NMR spectra of the palladium-loaded
polymers 3a confirm the presence of the imidazolin-2-ylidene
carbene ligand system; the characteristic resonances for both
the carbene carbon and the methylene carbon of the NCH,N
bridge of the two imidazolin-2-ylidene ring systems (0=
160.04 and 69.45, respectively) appearing close to those found
in the molecular analogue 2a (0 =164.45 and 67.48, respec-
tively).

The IR spectra of the palladium loaded polymers 3a and 3b
retain —OH absorption bands (3443.6 cm~! and 3448.3 cm™!,
respectively), shifted only slightly from those found for
complexes 2a and 2b (3446.0 cm™! and 3422.2 cm™!, respec-
tively), but have intensities of the order of a 50% reduction
relative to those observed for complexes 2a and 2b. This
indicates the presence of residual alcohol functionalities of
the polymer-attached palladium complex, which possibly
exists as the mono-ether species depicted in Scheme 2. The
palladium loading of the polymers 3a and 3b were consis-
tently found to be in the range of 1.0-1.2%, which is
substantially less than the calculated palladium loading for
one molecule of complexes 2a and 2b being bound to the site
of each p-bromomethylphenyl functional group of the poly-
styrene support (6.95%, 2a; 6.67%, 2b). This fact, coupled
with the residual alcoholic functional groups found on the
polymers 3a and 3b, indicates that many of the p-bromo-
methylphenyl functional groups are inaccessible for grafting
the palladium complexes and that there is only a small amount
of p-bromomethylphenyl functional groups available which
can form ethereal linkages to both alcoholic functional groups
of the same palladium complex.

Catalysis of the Heck reaction: The palladium-catalyzed
arylation of olefins has found wide application in organic
synthesis. In this reaction homogeneous catalytic systems have
shown to be highly efficient. In order to make the Heck
reaction more attractive for industry, several heterogeneous
variants have previously been presented.l'”) An efficient
example uses Pd’ grafted MCM-41 material,?® which is
synthesized by vapor deposition of a volatile palladium
complex onto the inside walls of the porous framework,
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followed by reduction. Other examples use nanostructured
palladium clusters stabilized by propylene carbonate®'! or
hydrophilic palladium complexes anchored in supported
aqueous phases (glass-bead technology).l*?

The N-heterocyclic dicarbene complexes 2a and 2b and
their immobilized counterparts 3a and 3b are excellent
catalysts for the arylation of olefins with aryl bromides. The
catalytic activity of these materials was investigated in detail
with activated, non- and deactivated aryl halides, and with
styrene or n-butyl acrylate as the vinylic substrate (Tables 3
and 4).

Full conversions are obtained for the coupling of p-
bromoacetophenone with styrene or n-butyl acrylate after
15 hours with as little as 0.02-0.15 mol % of heterogeneous
catalysts 3a and 3b (entries 1, 2, 6, 14 and 15, Table 4).
Reaction between bromobenzene and n-butyl acrylate gives
turn over numbers of up to 4100 (entries 3,4,9-11, 16 and 17,
Table 4), which is comparable with many of the commonly
used homogeneous Heck catalysts. Even less reactive, deac-
tivated bromobenzene derivatives bearing electron-donating
ether groups can be converted with turn over numbers in the
range of 103-10* (entries 13, 18, 19 and 21, Table 4). When
styrene is employed as the vinylic substrate, conversions are
generally lowered by about 10-15 % and substantial amounts
(5-10%) of the isomers II and III are obtained (Scheme 3).
Heterogeneous catalysts 3a and 3b exhibit no significant
difference in their catalytic activity and selectivity. Yields and
product distributions are similar to those obtained with the
analogous homogeneous catalysts 2a and 2b (Table 3), and
the turnover frequencies (h™!) are lowered by about one order
of magnitude in the heterogeneous case. In line with previous
studies on homogeneous Heck-type catalysis, we found that
salt additives such as [Bu,N]*Br-or [Ph,P]*Cl-[* 2 enhance
the activity of catalysts 2a and 2b, and that activated
chlorobenzenes can be converted (entries 18—-21, Table 3).
By way of contrast, such salt additives have no influence on
the catalytic activity of 3a and 3b, and it is not possible to
convert chlorobenzenes even under harsh reaction conditions
(entry 5, Table 4).

The heterogeneous catalysts 3a and 3b are not sensitive to
air and moisture, and the reactions can be carried out in air by
using technical grade solvents, with no change in selectivities
or conversion. The catalysts remain highly active after
complete reactions, and upon addition of more substrate
catalysis is resumed.

After separation and washing, the heterogeneous catalysts
can be reused under the same or similar reaction conditions as
for the initial run without any need for regeneration
(Scheme 4). The recycling of catalyst 3a was investigated in
detail for the reaction of p-bromoacetophenone with styrene
(entry 4, Table 4).

The catalyst was used 15 times without detectable loss of
activity. The limits of this system can be seen when only
0.02% 3a are used for the coupling of p-bromoacetophenone
with n-butylacrylate (entry 6, Table 4). In this case, the
catalyst can only be recycled six times before the conversion
slowly drops down to 80% in the seventh run [total turnover
number (TON)=35500]. On the other hand, noticeable
deactivation is displayed in the case of less reactive bromo-
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Table 3. Homogeneous Heck coupling catalysis.[?!

Entry Aryl halide Alkene Catalyst t [h] Conversion!®! Yield [%]
(mol % Pd)il (T[C)) (%] (TON)EI
1 4-MeCOC,H,Br CH,=C(H)COO-nBu 2a (0.15) 3 (150) 100 >99 (667)
2 4-MeCOC,H,Br CH,~C(H)Ph 2a (0.15) 5 (150) 100 96 (667)
3 C4HBr CH,~C(H)COO-nBu 2a (0.15) 16 (160) 96 96 (640)
4 C4HBr CH,=C(H)COO-nBu 2a (0.15) 60 (160) 100 >99 (667)
5 CH.Br CH,~C(H)Ph 2a (0.15) 60 (160) 100 93 (667)
6 4-MeOC,H,Br CH,~C(H)COO-nBu 2a (0.15) 0.17 (170) 7 72 (480)
7 4-MeOC(H,Br CH,=C(H)COO-nBu 2a (0.15) 0.67 (170) 80 80 (533)
8 4-MeOC4H,Br CH,=C(H)COO-nBu 2a (0.15) 2.5 (170) 100 >99 (667)
9 4-MeOC,H,Br CH,~C(H)Ph 2a (0.15) 12 (160) 90 84 (600)
10 4-MeCOC,H,Br CH,=C(H)COO-nBu 2b (0.15) 4 (160) 100 >99 (667)
1 4-MeCOC,H,Br CH,~C(H)Ph 2b (0.15) 6 (160) 100 93 (667)
12 C4H,Br CH,~C(H)COO-nBu 2b (0.15) 60 (160) 93 90 (620)
13 C,H:Br CH,=C(H)Ph 2b (0.15) 60 (160) 95 88 (633)
14 4-MeOC,H,Br CH,=C(H)COO-nBu 2b (0.15) 3 (160) 92 9 (613)
15 4-MeOC,H,Br CH,~C(H)Ph 2b (0.15) 3 (160) 86 80 (573)
16 4-MeOC,,HBr CH,=C(H)COO-nBu 2b (0.02) 60 (160) 96 96 (4800)
17 4-MeOC,H,Br CH,=C(H)Ph 2b (0.02) 60 (160) 89 84 (4450)
18 4-0,NC,H,Cl CH,=C(H)COO-nBu 2b (1) 19 (150) 82 8 (82)
19 4-0,NC,H,Cl CH,=C(H)COO-nBu 2b (1) 72 (150) 99 99 (99)
20 4-MeCOC,H,Cl CH,=C(H)COO-nBu 2b (1)0 19 (150) 59 59 (59)
21 4-MeCOC,H,Cl CH,=C(H)COO-nBu 2b (1) 72 (150) 59 59 (59)
2 CH;Cl CH,=C(H)COO-nBu 2b (1) 30 (160) 0 0 (0)

[a] Reactions were performed in sealed pressure tubes without the exclusion of oxygen/moisture and with non-dried solvents. Yields and product
identification were determined by GC-MS. Typical reaction conditions: A molar ratio of 1:1.25:1.5 was used for the aryl halide (10 mmol)/alkene/base
[Na(OAc)(anhyd.)]. DMAc (10mL) was used as the solvent. [b] Conversion of the aryl halide with diethylene glycol-n-butyl ether as internal standard.
[c] GC yield in of the trans isomer based on the aryl halide. [d] Based on aryl halide. [e] TON = [moles of coupling product (all isomers)]/(moles of Pd).
[f]20% [Bu,N]*Br~ was added.

benzene derivatives; nevertheless a total turnover number of
about 21000 is reached for the coupling of bromobenzene
with n-butyl acrylate (entry 11, Table 4).

The leaching of active species from heterogeneous catalysts
into solution is a crucial question in order to identify whether
the active centres are attached to the solid support or whether

they are dissolved palladium complexes. The observed
similarities between the heterogeneously catalyzed reactions
and the results obtained using the homogeneous analogues 2a
and 2b might suggest that the catalyst for these reactions is a
dissolved palladium species. To test this, we isolated the
catalyst 3a after 20% conversion (entry 11, Table 4) and

Table 4. Heterogeneous Heck coupling catalysis.[?!

Entry Aryl halide Alkene Catalyst t [h] Conversion!®! Yield [% ]
(mol % Pd)il (T[C)) (%] (TON)EI
1 4-MeCOC,H,Br CH,=C(H)COO-nBu 3a (0.15) 15 (150) 100 99 (667)
2 4-MeCOC,H,Br CH,=C(H)CH; 3a (0.15) 15 (150) 100 95 (667)
3 C,HBr CH,=C(H)COO-nBu 3a (0.15) 48 (160) 82 82 (547)
4 C.H,Br CH,=C(H)C,H 3a (0.15) 48 (160) 7 61 (480)
5 4-MeCOCH,Cl CH,=C(H)CH; 3a (0.15) 50 (170) 0 0 (0)
6 4-MeCOC,H,Br CH,~C(H)COO-nBu 3a (0.02) 12 (150) 100 > 99 (5000)
7 4-MeOC,H;Br CH,=C(H)COO-nBu 3a (0.02) 12 (150) 41 41 (2050)
8 4-MeOC,H,Br CH,=C(H)COO-nBu 3a (0.02) 36 (150) 97 97 (4850)
9 C,H,Br CH,=C(H)COO-nBu 3a (0.02) 12 (150) ) 42 (2100)
10 C.H,Br CH,=C(H)COO-nBu 3a (0.02) 24 (150) 71 71 (3550)
1 C,H,Br CH,=C(H)COO-nBu 3a (0.02) 36 (150) 81 81 (4050)
12 4-MeOC, H,Br CH,=C(H)COO-nBu 3a (0.02) 12 (150) 45 45 (2250)
13 4-MeOCH,Br CH,~C(H)COO-nBu 32 (0.02) 36 (150) 53 53 (2650)
14 4-MeCOCH,Br CH,=C(H)CH; 3b (0.02) 60 (150) 100 94 (5000)
15 4-MeCOCH,Br CH,=C(H)COO-nBu 3b (0.02) 60 (150) 100 > 99 (5000)
16 C,H,Br CH,=C(H)C,Hs 3b (0.02) 60 (150) 75 67 (3750)
17 C4H,Br CH,~C(H)COO-nBu 3b (0.02) 60 (150) 82 82 (4100)
18 4-MeOC,H,Br CH,=C(H)CHs; 3b (0.02) 60 (150) ) 80 (4100)
19 4-MeOCy,H,Br CH,~C(H)COO-nBu 3b (0.02) 60 (150) 95 95 (4750)
20 4-MeOC(H,Br CH,=C(H)C,Hs 3b (0.02) 60 (150) 38 38 (1900)
21 4-MeOCH,Br CH,~C(H)COO-nBu 3b (0.02) 60 (150) 2 42 (2100)

[a] Reactions were performed in sealed pressure tubes without the exclusion of oxygen/moisture using non-dried solvents. Yields and product identification
were determined by GC-MS. Typical reaction conditions: A molar ratio of 1:1.25:1.5 was used for the aryl halide (10 mmol): alkene: base
(Na(OAc)(anhyd.)). DMAc (10mL) was used as the solvent. [b] Conversion of the aryl-halide using diethylene glycol-n-butyl ether as internal standard.
[c] GC yield of the trans isomer based on aryl halide. [d] Based on aryl halide. [e] TON = [moles of coupling product (all isomers) ]/(moles of Pd).
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Scheme 4. Recycling of the heterogeneous catalyst 3a. ¢: R'=COMe,
R?=C¢Hy; T=150°C; t=15h; 0.15% 3a. m: R'=COMe, R?=CO,-nBu;

T=160°C; t=12h; 0.02% 3a. o: R'=H, R?=CO,-nBu; T=160°C; t=
36h; 0.02% 3a. After the reaction time, methanol was added to the
reaction mixture to dissolove the salts and reaction products. The catalyst
was collected by filtration and dried in vacuo for further use. Conditions: a
molar ration of 1.1:1.25:1.5 was used for the aryl halide (10 mmol)/alkene/
base {Na(OAC) (anhydrous)}. DMAc (10 mL) was used as the solvent.

monitored the resulting filtrate under identical reaction
conditions for a further 40 hours; no additional conversion
was detected upon removal of 3a. While this method does not
allow us to quantify the leaching phenomenon, it clearly
demonstrates the absence of active species in solution.

Elemental analysis of the used catalyst 3a showed the
palladium content to be reduced by 0.6 wt % (for a catalyst
with 1.0 wt % loading) after the first run. However, elemental
analysis of the same catalyst after four runs showed essentially
the same palladium content (0.39% vs. 0.36 %), indicating
significant loss of palladium only during the first run.
Consistently, a decrease of palladium leaching into the
product was observed for recycled catalyst 3a (38 ppm in
the first run vs. 4 ppm in the third run).

Whereas the reaction mechanism of related homogeneous
systems was investigated in detail by our group,® the
mechanism of the heterogeneously catalyzed rections remains
unclear. However, the identical product distributions in
homogeneous and heterogeneous reactions indicate that a
Pd%Pd" cycle is applicable for both. Although we never
noticed induction periods, we assume that loss of palladium
occurs during the activation step of precatalysts 3a and 3b in
the initial catalytic run (formation of catalytically active Pd°
species).

In summary, palladium() complexes of N-heterocyclic
carbenes can successfully be attached to polystyrene-based
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Wang resin through ether linkages. High activity, easy
accessibility and exceptional stability of the immobilized
carbene complexes provide an excellent example for a new
generation of heterogeneous Heck catalysts. These catalysts
are recyclable with very high efficiency and exhibit least
leaching for heterogeneous palladium (11) complexes; this is in
line with our theoretical investigations on ligand dissociation
energies. Detailed investigations focusing on different immo-
bilization techniques and catalytic activity of further coupling
reactions are ongoing.

Experimental Section

General procedures: All solvents were used as received as technical grade
solvents. N,N'-Diimidazolylmethane was prepared according to literature
procedures.?!l 4-(Bromomethyl)phenoxymethyl polystyrene (Wang Resin)
was obtained from Novabiochem as a 1.00 mmolg~! substitution loading.
Other chemicals were obtained from Aldrich and used as received. 'H and
3C NMR spectra were recorded on a JOEL JNM-GX 400 spectrometer in
CDCl;, [Dg]DMSO and D,0 and referenced to the residual 'H resonances
of the solvents. Solid-state 3*C NMR spectra were recorded on a Bruker
MSL 300 spectrometer equipped with a 4 mm CP-BBMAS probehead and
referenced to adamantane as an external standard. The samples were
packed in 4 mm ZrO, rotors with KeLF caps. Elemental analyses were
performed by the microanalytical laboratory at the Technical University of
Munich. Melting points were determined in glass capillaries under air. IR
spectra were recorded on a FT-IR Perkin — Elmer 1680 spectrometer. Mass
spectra were recorded on a Varian MAT311a spectrometer with FAB
ionisation (xenon/p-nitrobenzylalcohol matrix). GC MS was performed on
a Hewlett—Packard 5890 instrument. Yields of catalysis experiments were
determined by using diethylene glycol-n-butylether as an internal standard.
Synthesis of 1,1'-di(3-hydroxypropyl)-3,3’-methylenediimidazolium dibro-
mide (1a) and 1,1’-di(hydroxyethyl)-3,3'-methylenediimidazolium diiodide
(1b): A stirred solution of N,N'-diimidazolylmethane (0.50 g, 3.38 mmol)
and 3-bromo-1-propanol (0.95 g, 6.80 mmol) or 2-iodo-1-ethanol (1.17 g,
6.80 mmol), respectively, in iso-propanol (5 mL) was heated in a sealed
pressure tube at 100 °C for 12 h. The iso-propanol was removed in vacuo to
give a white solid, which was washed with THF (15 mL). Recrystallisation
from ethanol gave the products as colourless rods. Yields: 1.18 g
(2.77 mmol, 82%), 1a; 1.55 g (3.16 mmol, 93 %), 1b.

Compound 1a: M.p. >300°C; '"H NMR (400 MHz, [Dg]DMSO, 25°C): 6 =
9.77 (s,2H; NCHN), 8.22 (d, >/ =1.84 Hz, 2H; NCH), 7.97 (d, °J = 1.84 Hz,
2H; NCH), 6.83 (s, 2H; NCH,N), 4.31 (t, 3] =4.09 Hz, 4H; CH,OH), 3.41
(t, %7 =6.21 Hz, 4H; CH,0H), 1.01 (m, 4H; CH,); *C NMR (100.53 MHz,
[Dg]DMSO, 25°C): 6 =138.2 (NCHN), 123.7 (NCH), 122.4 (NCH), 62.5
(NCH,N), 56.5 (CH,), 47.4 (CH,), 25.9 (CH,); elemental analysis calcd (%)
for C;;H,,N,B1,0, (426.15): C 36.64, H 5.20, N 13.15; found C 36.89, H 5.16,
N 13.29.

Compound 1b: M.p. >300°C; 'H NMR (400 MHz, [D;]DMSO, 25°C): 6 =
9.42 (s, 2H; NCHN), 7.98 (s, 2H; NCH), 7.80 (s, 2H; NCH), 6.68 (s, 2H;
NCH,N), 4.27 (br, 4H; CH,0H), 3.61 (br, 4H; NCH,); “C NMR
(100.53 MHz, [Dg]DMSO, 25°C): 6 =138.2 (NCHN), 124.2 (NCH), 122.4
(NCH), 59.4 (NCH,), 58.6 (NCH,N), 52.7 (CH,0OH); elemental analysis
caled (%) for C;;H;xN,O,1, (492.10): C 26.85, H 3.69, N 11.39; found C
2707, H 3.74, N 11.68.

Synthesis of [{1,1'-di(3-hydroxypropyl)-3,3’-methylenediimidazolin-2,2’-
diylidene}palladium@) dibromide] (2a) and [{1,1'-di(hydroxyethyl)-3,3'-
methylenediimidazolin-2,2'-diylidene}palladium(@) diiodide] (2b): A stir-
red solution of 1,1'-di(hydroxy-n-propyl)-3,3’-methylenediimidazolium di-
bromide 1a (380 mg, 0.89 mmol) or 1,1’-di(hydroxyethyl)-3,3"-methylene-
diimidazolium diiodide 1b (434 mg, 0.89 mmol), respectively, and
Pd(OAc), (200 mg, 0.89 mmol) in DMSO (5.0 mL) was heated at 60°C
for 12 hours and then at 130°C for further 2 hours, during which time the
reaction solution had turned pale yellow from being initially orange. The
remaining DMSO was then removed in vacuo at 70°C to give a yellow
solid, which was washed with THF (3 mL) to give the products as pure
powders. The products were then crystallized by layering saturated DMSO
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solutions with ethanol. Yields: 356 mg (0.67 mmol, 75%), 2a; 489 mg
(0.82 mmol, 92%), 2b.

Compound 2a: M.p. >300°C; 'H NMR (400 MHz, [D;]DMSO, 25°C): 6 =
7.60 (s,2H; NCH), 7.37 (s, 2H; NCH), 6.29 (s, 2H; NCH,N), 4.14 (br, 4H;
CH,OH), 3.38 (br, 4H; NCH,), 1.71 (br, 4H; CH,); *C NMR (100.53 MHz,
[Dg]DMSO, 25°C): 0 =158.8 (Cearpene)s 122.7 (NCH), 121.8 (NCH), 67.5
(NCH,N), 58.2 (CHy,), 48.6 (CH,), 25.6 (CH,); IR (KBr): 7#=3446.0 (OH),
1635.7 cm~! (C=C); FAB MS: m/z (%): 451 (55) [M — Br]*, 369 (100) [M —
2Br]|*; elemental analysis calcd (% ) for C,3H,,N,Br,0,Pd (530.56): C29.43,
H 3.80, N 10.56; found C 29.83, H 3.94, N 10.67.

Compound 2b: M.p. 293°C; 'H NMR (400 MHz, [D¢]DMSO, 25°C): 6 =
7.60 (s, 2H; NCH), 7.36 (s, 2H; NCH), 6.30 (s, 2H; NCH,N), 3.94 (br, 2H;
CH,OH), 3.44 (br, 4H; NCH,); *C NMR (100.53 MHz, [D4]DMSO, 25°C):
0=164.45 (Ceypene)> 123.27 (NCH), 121.89 (NCH), 63.75 (NCH,N), 60.90
(CH,), 54.53 (CH,); IR (KBr): #=23422.2 (OH), 1636.6 cm~! (C=C); FAB
MS: m/z (%): 469 (49) [M —1]*, 342 (100) [M* —2I]*; elemental analysis
caled (%) for C;;H;,I,N,O,Pd - C,H,OS (674.63): C 23.14, H 3.29, N 8.30;
found C 23.21, H 3.22, N 8.38.

Immobilisation of 2a and 2b on 4-(bromomethyl) phenoxymethyl poly-
styrene

Preparation of catalysts 3a and 3b: A solution of 2a (100 mg, 0.19 mmol)
or 2b (113 mg, 0.19 mmol), 4-(bromomethyl)phenoxymethyl polystyrene
(188 mg, ¢(Br)=1.00mmolg™"'), di-iso-propylethylamine (73 mg,
0.57 mmol) and CsI (15 mg, 0.06 mmol) in DMF (4.0 mL) was stirred for
48 h at room temperature. The pale yellow beads were collected and
washed with N,N-dimethyl acetamide (DMAc; 3 x 6 mL) and MeOH (2 x
10 mL), and dried in vacuo.

Compound 3a: “C NMR (solid state, 300 MHz, v,=10 kHz, 25°C): 6 =
160.0 (br, C.upenc), 69.5 (br, NCH,N); IR (KBr): 7#=3443.6 (OH),
1635.6 cm~! (C=C); elemental analysis calcd (%) for a loading of 1.0%
palladium: N 0.53; found Pd 1.0, N 0.59.

Compound 3b: IR (KBr): #=3448.3 (OH), 1636.5 cm~! (C=C); elemental
analysis caled (%) for for a loading of 1.1 % palladium: N 0.58; found Pd
1.1, N 0.62.

General procedure for Heck catalysis: The reactions for Heck coupling
studies were typically conducted as follows: The aryl halide (1.0 equiv,
10 mmol), alkene (1.2 equiv, 12 mmol), base (1.5 equiv, 15 mmol), salt
additive (if used), internal standard (100 mg diethylene glycol-n-butyl-
ether) and catalyst were added to a thick-walled 17 cm Ace pressure tube;
the solvent (10 mL) and a magnetic stirrer were added. The tube was sealed
with an o-ringed Teflon cap and heated to the appropriate temperature of
the experiment. The reaction progress was monitored by the removal of a
small aliquot of the reaction mixture, which was analyzed by GC-MS. The
pressure tubes were then cooled to room temperature; a small aliquot of
the reaction mixture was taken for GC-MS analysis of the reaction.
Products were identified by comparison with authentic samples. In case of
heterogeneous catalysts 3a and 3b, methanol was added to the reaction
mixture to dissolve all salts and reaction products. The catalyst was
collected by filtration and dried in vacuo for further use.

Computational details: The geometries of the model complexes were
optimized at the BP86/>! level of theory in combination with the DZVP
basis setl2! on all atoms. This basis set, in combination with the A1 set of
auxiliary fitting functions for the density and the exchange-correlation
potential, was designed to reduce the basis set superposition error (BSSE).
Otherwise, no efforts were made to correct for the basis set superposition
problem, which tends to cancel with the basis set incompleteness error for
medium-sized basis sets. The accuracy of this method has been shown in a
previous study.?”! The resulting energy-minimized structures were charac-
terized by calculating the eigenvalues of the force-constant matrix. All
calculations were carried out with the DGauss 4.0 program.?!

X-ray diffraction studies for compound 2b: All X-ray data were collected
on a Nonius Kappa CCD detection system at 173 K with graphite-
monochromated Mo, radiation. A total number of 15948 reflections were
measured and 4187 unique reflections (R;, = 0.0363) were used in the full-
matrix least-squares refinement. The intensities of the reflections were
corrected for absorption effects.’”) The structure was solved by direct
methodsP”! and refined by full-matrix least-squares calculations with
SHELXL-97P1 All heavy atoms of the compound were refined with
anisotropic temperature factors. All hydrogen atoms were found from the
electron-density maps and were refinded. Crystallographic data and
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experimental details of compound 2b are given in Table 5. Selected
structural parameters are given in Table 2. Crystallographic data (excluding
structure factors) for the structure reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC-135476. Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge
CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

Table 5. Crystal data and details of the structure determination for
compound 2b.

formula C,,H;sL,N,O,Pd - C,HsOS
M, 674.64
crystal system triclinic
space group P1 (No. 2)
a[A] 8.8260(3)

b [A] 9.0680(3)
c[A 13.5670(4)
a[] 107.4390(17)
B 94.6290(15)
v [°] 93.9990(16)
V [A3] 1027.49(6)
V4 2

Peea [g cm ] 2181

u [mm~1] 4.0

crystal size [mm] 0.20 x 0.13 x 0.10
T[K] 173

1 [A] 0.71073
f6min/max 2.3/26.4
F(000) 640

total reflections 15948
unique reflections 4187
observed reflections [ >20(1)] 3789
Ry(F,)l 0.0321
WR,(F2)l) 0.0822
goodness of fitl] 1.05

Ap min/max [e A3 —1.46/1.31

[a] Ri=Z||Fo| — | F||IZ|Fo|. [b] wRy={Z[w(F3 — F&)VZ[w(F3)]}'"".
[c] Goof ={Z[w(F3 - F2)*)/(n — p)'*.
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Construction of ¢-Helix Peptides with #-Cyclodextrin and Dansyl Units and
Their Conformational and Molecular Sensing Properties

Sachiko Matsumura,!®! Seiji Sakamoto,?! Akihiko Ueno,*!*! and Hisakazu Mihara** P!

Abstract: In order to apply de novo
peptide design to molecular sensing, we
designed and synthesized a-helical pep-
tides with f-cyclodextrin (5-CDx) as a
binding site and a dansyl unit (Dns) as a
fluorescence sensing site. The conforma-
tional and molecular sensing properties
of the peptides with 5-CDx and Dns in
various positions were investigated. Cir-
cular dichroism and fluorescence meas-
urements revealed that f-CDx and Dns
form intramolecular complexes which
depend on their positions in the pep-

EK3 and EK3R, in which -CDx and
Dns were introduced at the fourth and
the eighth positions (EK3) or at the
eighth and the fourth positions (EK3R),
Dns was deeply included in the CDx
cavity and formed a more stable self-
inclusion complex with CDx than in the
peptides EK6 and EK6R, in which these
moieties were at the eighth and the

Keywords: cyclodextrins helical
structures - inclusion compounds -
molecular recognition - peptides

fifteenth positions or at the fifteenth and
the eighth positions, respectively. The
stability of the self-inclusion complex
between -CDx and Dns controlled the
a-helix structure as well as the binding
and sensing abilities for the exogenous
guests. These results demonstrate the
usefulness of peptide tertiary structure
for arranging CDx and other functional
units, and suggest that this approach is
important in the development of a new
type of CDx-based sensory system.

tides. In the 17 residual peptides named

Introduction

One of the great challenges in chemistry is to produce
molecular-recognition devices such as those in proteins, but
with smaller molecular structures. Early research has focused
on small cyclic molecules such as cyclodextrins, calixarenes,
and crown ethers.l'! On the other hand, recent advances in de
novo peptide and protein design have enabled us to construct
various structural and functional motifs.>® Nevertheless, it
remains difficult to construct a pocket to catch small
molecules in defined structures of peptides. To introduce a
binding pocket with a simple structure into peptide systems,
cyclodextrin (CDx) would be an appropriate compound.
Cyclodextrins (CDxs) are cyclic oligosaccharides, mainly
composed of six, seven, and eight D-(+)-glucopyranose units
for a-, 8-, and y-CDx, respectively. They are well-known host
compounds because of their remarkable ability to include a
variety of organic compounds within their hydrophobic
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cavities in aqueous solution. The hydrophobic nature and
size variability of this cavity have been utilized, for example,
as enzyme mimics, models for protein —substrate binding, and
solubilizers for water-insoluble substances.”! Furthermore,
modified CDxs with a chromophore have been developed as
color or fluorescence indicators for various guests.*'% Some
examples of modified CDxs have been demonstrated to allow
the selectivity and binding ability to be modulated by means
of an environmental unit such as various amino acids.['% 111
For desirable modulation, it is necessary to control the
location and orientation of several functional units around
the CDxs. It is difficult, however, to control three-dimensional
arrangement or orientation of these functional units by using
CDx derivatives alone.

In the present study, we provide a new strategy with de
novo peptide design in the development of sensory systems
using CDxs. An a-helix structure has been frequently chosen
as a secondary structure in the design of functional polypep-
tides, since the design is well established.[?3 %1213 For
example, a-helical and bundled peptides which showed
characteristic structures and/or catalytic activities, have been
reported.> > %14 151 An qg-helical peptide is expected to offer
the rigid scaffold for the arrangement of a CDx and other
functional units, and also to allow the modification of the
ability of the CDx by means of amino acid side chains on
peptide secondary structure. In order to explore the capability
of a-helical peptides in CDx-based sensory systems, we
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A
BCPX Dllws
EKS3: Ac-AEAEAKEKAAKEAAAKA-NH2
Dns BCle
EK3R: Ac-AEAKAKEEAAKEAAAKA-NH2
pCDx Dns
EK®6: Ac- AEAAAKEEAAKEAAKKA -NH2
Dns BCDx
EK6R: Ac- AEAAAKEKAAKEAAEKA NH2
Dns IVIIe
dns8: Ac-AEAAAKEKAAKEAAEKA-NH2

EK: Ac-AEAAAKEAAAKEAAAKA-NH2

CH20H CH:NH— CH3 CHa

o 0=s=0

BCDx = [owQ‘- 'J Dns = Me = methylamide
HO G %

'

Figure 1. A) Amino acid sequences of the designed peptides; B) helix ribbon diagrams illustrating the positions of f-CDx and Dns in an a-helix; C)
schematic illustration of the equilibrium between intramolecular and intermolecular inclusion complex.

designed and synthesized a variety of a-helical peptides with a
p-CDx as a binding site and a dansyl unit (Dns) as a
fluorophore (Figure 1). Dns is a popular fluorescence probe
highly sensitive to the polarity of its microenvironment.
Although in a polar solvent, such as water, Dns emits weakly,
in a nonpolar solvent the group exhibits a stronger emission
with a blue shift in fluorescence wavelength. Many studies
have reported that the fluorescence emission of dansyl-
modified CDxs is made responsive to guest molecules by
changing the location from the inside to the outside of the
CDx cavity.[' 1617 Therefore, Dns can be used as a suitable
probe to estimate the binding ability of CDx. We designed and
synthesized a series of a-helix peptides, in which f-CDx and
Dns were introduced in different directions or positions, and
studied the conformational and molecular-sensing properties
by means of UV, circular dichroism (CD), fluorescence, and
fluorescence-decay measurements. We report here, for the
first time, the utility of the combined systems of CDx,
fluorophore, and a-helical peptide.

Abstract in Japanese:

T/RRENC L WD FRBEEERTEINTF NEBETIRAL
LT, SFEBEBEIELTL7AFF XM L EEEIELERICD
WTHBET S, a-NUy IARTF FORHEICB->70F7% X
FUEREMBUELTE L IVEERBL. XTFRLETDY
JATFFAM) L EF L VIIVEDBS DIEEFREEE S X I3
BEE ANz, NTF FUMBER T 7OFFI MY EF DI
ENBAMNBEEASZLICEN ., REPREMEL DB TEHE
AR E N, MEEEMEBUROEMIIVES Y, Bh T3
EFEHN SWRELDEBEFETR L. AFICa-~N) v I
BEEREIL L. B TEBEMREDRNCLY FZ b
BREDINEFNEL o, AMIRICEY . 27OFFI MY 2L
HEMEETPRRET S LTO. XTF FUFBEOEYMN RS
hieo XTF RFAKBEEFBTZC LR, 27ATF%XI M) %
BV HEEM S FOREHC., HA-LEREH L5355,
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Results and Discussion

Design and synthesis: For a stable a-helical peptide for the
construction of the CDx—-Dns—a-helix hybrids, we selected
the 17-residual Ala-based peptide (EK peptide), which was
originally designed by Marqusee and Baldwin.['®! This peptide
has three Glu - Lys pairs to form salt bridges in the side chains
of the a-helical form. We employed another pair of Glu and
Lys residues at the fourth and the eighth (EK3, EK3R) or the
eighth and the fifteenth (EK6, EK6R) positions in place of
Ala residues to combine -CDx and Dns selectively on the
side chains of these residues (Figure 1). Four peptides were
designed to examine the effects of the positions and directions
of f-CDx and Dns moieties on the a-helix structure and the
molecular-sensing properties. In the peptides of EK3 and
EK3R, $-CDx and Dns moieties were introduced at intervals
of three residues (ca. one turn of a-helix), while in the
peptides of EK6 and EK6R, both moieties were placed at six
residues apart (ca. two turns of a-helix). In the EK3 and EK6
peptides, the 8-CDx moiety was located at the N-terminal side
to Dns, whereas in the EK3R and EK6R the order of the
moieties was reversed. In all peptides, the N- and C-terminals
were converted into acetyl and carboxamide groups, respec-
tively, in order to avoid unfavorable helix-dipole interactions.
The peptides were synthesized by the solid-phase method
using the Fmoc strategy. To introduce the $-CDx and Dns
moieties at the specific positions, the Glu and Lys residues
which were to remain intact were protected by Bzl and ClZ
groups, respectively. After the peptide synthesis, Dns-Cl was
coupled with the e-amino group of the Lys side chain, and
then the 6-NH,-3-CDx was coupled with the carboxy group of
the Glu side chain. The peptides were purified with reversed-
phase HPLC, and identified by matrix-assisted laser desorp-
tion ionization time-of-flight mass spectrometry (MALDI-
TOFMS) and amino acid analysis.

Circular dichroism study: All peptides designed in this study
exhibited far-ultraviolet circular dichroism (CD) spectra

0947-6539/00/0610-1782 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 10
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Figure 2. CD spectra at the amide region of the designed peptides alone and in the presence of 1-adamantanol (1-AdOH) in Tris - HCI buffer (20mm, pH 7.4)

at 25°C. [Peptide] =20 pm. [1-AdOH] =3.0mm.

characteristic of a-helical conformations in Tris- HCI buffer
(20mm, pH 7.4) at 25°C (Figure 2). Table 1 summarizes the
molar ellipticities at 222 nm ([0],») and a-helix contents

Table 1. Molar ellipticities and a-helix contents of the designed peptides alone and

in the presence of 1-adamantanol (1-AdOH) in the buffer (pH 7.4) at 25°C.

Guest EK3 EK3R EK6 EK6R EK

(6], - —21800 —26600 —15600 —19000 —16100
1-AdOHP! —19900 —19700 —16100 —17100 — 16400
a-helix content [%] - 61 75 44 53 45
1-AdOHM 56 55 45 48 46

[a] degem?dmol . [b] [1-AdOH] =3.0mm.

estimated from [6],,, for the peptides.') The order of helix
formation was EK3R (75%) > EK3 (61 %) > EK6R (53 %) >
EK6 (44 %), that is, EK3R, EK3, and EK6R formed more
helical structures than the original EK peptide (45%). The
difference in the helical propensity of the peptides was not the
result of aggregation, as judged by the mobility on the gel
filtration column and the concentration independence of [0],,
in the range of 5—100 um. At a higher concentration, however,
intermolecular events may not be ignored, though the original
peptide EK is known to be monomeric in solution.['s] In the
cases of EK3R, EK3, and EK6R, the addition of 1-adaman-
tanol (1-AdOH) as a high-affinity exogenous guest for j-
CDx,” 10201 reduced the helix contents to 55%, 56 %, and
48 %, respectively (Figure 2, Table 1). These results suggest
that -CDx and Dns formed intramolecular inclusion com-
plexes and that the complexation caused higher helical
structures.

Insight into the self-inclusion of the Dns into the S-CDx
cavity was provided from the CD spectra in the absorption
region of the Dns, by taking advantage of the fact that an
achiral molecule included in the chiral CDx cavity may exhibit
an induced circular dichroism (ICD) in its absorption
region.'2-23] Tn the absence of a guest, EK3 and EK6
showed similar patterns of ICD spectra, and those of EK3R
and EK6R also resembled each other (Figure 3). EK3 and
EK6 had a negative ICD band near 340 nm and a positive
band near 260 nm. This observation was consistent with the
axial complexation between -CDx and Dns,['%22 2] that is,
with the long axis of naphthalene parallel to the f-CDx axis.
On the contrary, EK3R and EK6R showed the opposite signs
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Figure 3. CD spectra at the Dns absorption region of the designed peptides
alone and in the presence of 1-adamantanol (1-AdOH) in Tris - HCI buffer
(20mm, pH 7.4) at 25°C. [Peptide] =30-50 um. [1-AdOH] = 2.0 mm.

of ICD spectra as expected for the equatorial complex-
ation.”> 21 Although the 8-CDx-Dns distances of EK3 and
EKG6 are the same as EK3R and EK6R, respectively, the order
of these moieties is not the same: 3-CDx is located at an
N-terminal side to Dns in EK3 and EK6, whereas this order is
reversed in EK3R and EK6R. A possible explanation for the
different complex structures implied from the ICD spectra is
that $-CDx is directed in a defined manner so that the 5-CDx
and Dns moieties interact in different ways. One possibility to
explain the 5-CDx direction is the dipole-to-dipole interaction
between the 5-CDx and an a-helix. The dipole moment of an
a-helix is directed from the C-terminus to the N-terminus, 3]
and S-CDx also has a dipole moment directed from the
secondary hydroxy side (the wider side) toward the primary
(narrower) side.?Y On this basis, the moments of the 3-CDx
and a-helix are antiparallel and consequently Dns is inserted
into the $-CDx cavity from the narrower side in the peptides
EK3 and EK6 (Figure 1). The observed ICD, which suggests
the axial complexation, was compatible with the modification
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of the B-CDx at C(6) (at the narrower side) by the Dns
moiety.l'") In the cases of EK3R and EK6R, Dns would be at
the wider side of the B-CDx and therefore allows the
equatorial complexation. Upon the addition of 1-AdOH,
the ICD spectra of all peptides changed to a common pattern
similar to that of the reference peptide, dns8 (with Dns only at
the eighth position), with a slight positive ICD band near
340 nm and a negative one near 260 nm (Figure 3).

Fluorescence study: The fluorescence spectra of Dns in the
peptides also confirmed the intramolecular inclusion com-
plexation of 3-CDx and Dns by the fact that EK3, EK3R,
EK6, and EK6R emitted much more strongly than dns8
(Figure 4), suggesting that the Dns moiety is located in a
hydrophobic environment.”! Furthermore, the fluorescence
intensities decreased remarkably and the peak maxima
shifted to longer wavelength upon the addition of ursodeox-
ycholic acid (UDCA) as a guest. This guest-induced fluo-
rescence variation indicates that the Dns moiety is excluded
from the cavity of 5-CDx toward the bulk water environment
as the guest is accommodated. The order of the maximum
intensities was EK3R > EK3 > EK6R > EK6 and their max-
imum wavelengths were 524 nm, 534 nm, 529 nm, and 540 nm,
respectively, in the absence of the guest. These data reflect the
different polarity around the Dns moiety in the peptides. The
Dns moiety of EK3R and EK6R is located at the N-terminal
side from -CDx and accordingly exhibits stronger fluores-
cence at shorter wavelength than EK3 and EK®6, in which the
Dns moiety is located at the C-terminal side from S-CDx.
These results indicate that the Dns moiety of EK3R or EK6R
is located in a more hydrophobic environment or more deeply
included into the cavity of S-CDx than for EK3 or EKG6,
respectively. If the deeper inclusion of the Dns in the EK3R
and EK6R is made possible by its insertion from the wider
side of B-CDx, these results appear to support the complex-
ation model assumed from the ICD spectra (Figure 1).
Furthermore, the order of the fluorescence intensity is the
same as that of a-helicity, indicating that the S-CDx-Dns
complexation tends to stabilize the a-helix structure.

Time-resolved fluorescence experiments are expected to
provide useful information about the environment around
Dns in the peptides. It is known that the lifetime of the
fluorescence guest included within the S-CDx is longer than
that outside the B-CDx cavity.’l In the case of dansyl-
modified 3-CDxs, it has also been reported that they have two
components with fluorescence lifetimes of approximately
17 ns and 6 ns, associated with the Dns moiety inside and
outside the cavity, respectively.['% 1% 17 The lifetime measure-
ments of EK3, EK3R, EK6, and EK6R revealed that they
have two lifetimes: the longer one (19-21 ns), which was
absent in the case of dns8, and the shorter one (4 -8 ns), which
was similar to the lifetime of the main fraction of dns8 (4.2 ns)
(Table 2). The data suggest that the Dns moiety exists in an

Table 2. Fluorescence lifetimes (7r) and molar fractions (a) for the
designed peptides alone and in the presence of 1-adamantanol (1-AdOH)
in the buffer (pH 7.4) at 25°C.l2l

Peptide Guest 7, [ns] a 7, [ns] a,

EK3 18.8 0.850 44 0.150
EK3 1-AdOH 14.7 0.568 5.2 0.432
EK3R 20.6 0.908 8.5 0.092
EK3R 1-AdOH! 15.4 0.668 5.3 0.332
EK6 18.6 0.574 4.8 0.426
EK6 1-AdOHM 11.2 0.256 43 0.744
EK6R 18.8 0.723 6.4 0.277
EK6R 1-AdOHM 13.8 0.345 5.0 0.655
dns8 42 0.894 1.6 0.106

[a] Data refer to the best-fitting model for each compound (3% < 1.2). [b] [1-
AdOH] =4.7mMm.

equilibrium between two conformations, located inside and
outside the cavity for longer and shorter lifetime species,
respectively (Figure 1C). It is rather strange that dns8 has two
lifetimes of 4.2ns (89%) and 1.6 ns (11%) in spite of the
absence of a CDx unit. The lifetime of the main fraction
(4.2 ns) was compatible with the Dns moiety exposed to bulk
water. However, the origin of the shorter one (1.6 ns) is not
clear. It might be produced as the result of quenching by a
proximal Lys side chain.

EK6 EK6R

[UDCA]
[UDCA] O oM

0 mM 520 nm— 0.03

0.02 0.05

0.03 0.08

540 nm = 0.05 016

0.08

1 1 1 J

EK3 EK3R
[UoD(rm [UDCA]

2 534 nm = 0.16 0.08
k%) ' 0.16
< 0.32 0.32
2 0.63 '
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(0]
[&]
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()
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o
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Figure 4. Fluorescence emission spectra of the peptides alone and in the presence of various concentrations of ursodeoxycholic acid (UDCA) in Tris - HCI

buffer (20mm, pH 7.4) at 25°C. [Peptide] =16 um.
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The preexponential factor (ai) for each component repre-
sents the population of Dns in the corresponding environ-
ment.l'??1 EK3R and EK6R have larger molar fractions of
long-lived components (EK3R, 0.91; EK6R, 0.72) than EK3
and EK6 (EK3, 0.85; EK®6, 0.57), respectively (Table 2). It is
obvious that the self-inclusion forms in EK3R and EK6R are
more favorable than EK3 and EK®6, respectively. Another
factor that affects the ratio of self-complexation is the distance
between the 3-CDx and Dns, and the shorter interval in EK3
and EK3R (ca. one turn of a-helix) was better than the longer
interval in EK6 and EK6R (ca. two turns of a-helix). The
result is consistent with the fluorescence intensities of these
peptides (Figure 4). Furthermore, the addition of 1-AdOH
increased the fraction of shorter lifetime component in the
peptides but decreased the fraction of the longer lived one.
All these results are consistent, and support the exclusion of
Dns from inside the cavity upon the guest binding.

Stability of complex and peptide: It was shown that the
peptides used in this study form a-helices with different helix
content and that the addition of guests decreases the a-
helicities in some peptides (Table 1). Since complexation
between S-CDx and Dns appears to affect the peptide
secondary structure, the stabilities of 5-CDx —Dns complexes
and peptides were estimated by thermal denaturation studies,
and the relationship between the two factors has been
explored.

In order to evaluate the stability of the [-CDx-Dns
complex, fluorescence-decay analyses at six different temper-
atures from 10 to 60°C were carried out. The equilibrium
constants (K) between two conformations, with the Dns
moiety inside and outside the cavity, were estimated at each
temperature. The results afforded linear relationships on the
van’t Hoff plots of InK versus 7. Then, the Gibbs free energy
change for the formation of the 5-CDx - Dns complex in each
peptide was estimated (Table 3). It was revealed that the
order of the stabilities was EK3R > EK3 > EK6R > EK6,
which is in agreement with the order of fluorescence
intensities, that is, peptides with Dns in a more hydrophobic
environment of 5-CDx have more stable 3-CDx-Dns com-
plexes, probably, affording more stable a-helix.

Table 3. The stabilities of f-CDx-Dns complexes and peptides at 25 °C and
melting temperatures of the peptides.

EK3 EK3R EK6 EK6R EK
Fluorescence lifetime measurement
AG [kJ mol™] —4.30 —5.68 —-0.59 —2.52 -
Circular dichroism measurement
AG [kJ mol™'] -0.41 —2.53 1.11 —0.46 0.47
AAG [kJ mol™'] -0.88 —3.00 0.64 —-0.93 -
T [°C] 28 44 17 28 22
AT, [°C] 6 22 -5 6 -

On the other hand, the thermal stability of the peptide was
examined by CD measurements. As the temperature of the
peptide solution increased, the spectra characteristic of an a-
helical form gradually transformed into relatively featureless
spectra of an unfolded form at approximately 90°C. The
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presence of an isodichroic point at 202 nm is consistent with
the helix-coil transition occurring at this temperature range.
The analyses of the thermal denaturation curves at 222 nm
afforded linear van’t Hoff plots and AG for the peptides were
then estimated (Table 3). Each peptide has its own stability, as
expected, and the introduction of a 5-CDx — Dns complex into
the peptide appears to contribute to the stability of the a-
helical conformation. The peptide stabilities (EK3R >EK3
=EKG6R > EK6) are almost comparable with the $-CDx-—
Dns complex stabilities. This observation was in accord with
the facts that the order of the stabilities of the -CDx—Dns
complex was the same as the order of the a-helix contents
(EK3R > EK3 > EK6R > EK6) (Table 1) and that the a-
helicity was reduced with decomposition of the complex by
the addition of an exogenous guest. Particularly in the case of
EK3R, which has the most stable 3-CDx—Dns complex, the
melting temperature of the peptide dramatically increased by
22°C as compared with that of the EK peptide. The peptide
stabilities, however, are not completely parallel to the fj-
CDx - Dns complex stabilities. This might mean that compli-
cated factors, including water molecules, affect the a-helix
stability.”! Moreover, the a-helical stability of EK3R and
EK6R was larger than that of EK3 and EK®6, respectively.
These results are also comparable with those of the fluo-
rescence studies, suggesting that the different direction of
insertion of Dns into the 5-CDx cavity causes variation in the
a-helix structure.

Molecule sensing properties: The fluorescence intensities of
EK3, EK3R, EK6, and EK6R decreased upon the addition of
a guest (Figure 4), which indicated that these peptides might
have guest-sensing abilities similar to fluorophore-appended
B-CDxs.B-19 Therefore, the sensing properties for guest
molecules (Figure 5) were examined by using the fluorescence
spectra of the Dns-incorporated peptides. The UV absorption
spectra of the peptides were slightly shifted (337 -330 nm) to
shorter wavelengths upon addition of guest molecules such as
1-AdOH with an isosbestic point at approximately 340 nm.

L\, COOH
OH L
HO
L7 ToH

ursodeoxycholic acid

B

1-adamantanol

(1-AdOH) (UDCA)
COOH
i “OH HO™ 1" on
P
chenodeoxycholic acid
[-menthol (CDCA)
“OH
d-menthol cholic acid

Figure 5. The structures of guest compounds.
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The fluorescence spectra were measured by excitation at the
wavelength of the isosbestic point, and we observed that the
fluorescence intensity decreased remarkably; the peak max-
imum is shifted to longer wavelengths upon addition of
UDCA as a guest. Similar phenomena were observed for all
guest compounds used in this study.

The binding constants (K,) of the peptides (host) for
various guests were evaluated by using the fluorescence
intensity variation Al/l,, where AI=1,—1, and [, and I were
the fluorescence intensities in the absence and presence of the
guest, respectively, measured at the maximum-emission wave-
length of the peptides alone. The AL/, values, obtained at
different guest concentrations, were fitted to the equation for
a 1:1 host—guest complex formation. 19

The binding constants of the peptides for various guests are
shown in Table 4. The binding constants for 1-AdOH were

Table 4. The binding constants (Kj) and guest-induced emission variations
(AL,./1y) of the designed peptides for various guests in the buffer (pH 7.4).

EK3 EK3R EK6 EK6R
KJ10°Mm7'] K, [10°m7'] K, [10°M7'] K [10°M71]
Guests AL/ (ALl (ALw/Ty)  (Al/T)
1-adamantanol 4.93 2.19 18.9 13.0
(0.435) (0.579) (0.579) (0.691)
[-menthol 0.413 0.411 2.85 1.46
(0.456) (0.462) (0.627) (0.734)
d-menthol 0.343 0.307 2.78 1.40
(0.529) (0.499) (0.633) (0.733)
ursodeoxycholic acid  12.1 7.28 236 154
(0.812) (0.881) (0.673) (0.831)
chenodeoxycholic acid  3.11 1.90 45.0 27.6
(0.775) (0.871) (0.665) (0.826)
cholic acid n.d.l n.d.l 0.644 0.625
(n.d.) (n.d.)@ (0.743) (0.786)

[a] n.d. =not determined. The value could not be determined due to the
small change in the spectrum.

larger than those for /-menthol and d-menthol. Among the
steroids, binding constants for ursodeoxycholic acid (UDCA)
and chenodeoxycholic acid (CDCA) with two hydroxy groups
were larger than the binding constants for cholic acid with
three hydroxy groups. These properties were in common with
chromophore-modified 5-CDx derivatives,”” ' and confirmed
that the binding site works in these peptide systems and the
guest-selectivity of S-CDx is not disturbed by the peptide
scaffold.

Each peptide showed characteristic binding constants for
all guests examined, and the order was EK6>EKG6R >
EK3 > EK3R. This order is the reverse of the order of the
complex-stabilities between -CDx and Dns, and suggests that
the formation of tight intramolecular complexes was not
suitable for the intermolecular complexation with exogenous
guests. EK6 and EK6R show larger binding constants for the
guests, especially for the steroids (20-fold higher), compared
with EK3 and EK3R. These results indicate that the binding
property of the f-CDx-peptides is correlated to the distance
between the 8-CDx and Dns moieties. The 5-CDx moiety in
EK6 and EK6R, which is six residues apart from Dns, is more
highly accessible to various guests than that in EK3 and
EK3R. It should be noted that the binding constants of EK6
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and EK6R are comparable with those of dansyl-modified j-
CDxs.[

The sensitivity factors of the peptides for various guests
were evaluated using fluorescence-intensity variation Al/I, at
a guest concentration of 100um (peptide concentration of
10um). The values of AI/I, are correlated to the binding
constants, and EK6 and EK6R are more sensitive than EK3
and EK3R to each of the guests (Figure 6). These differences
observed in the binding and sensing behavior suggest that the
molecular recognition and sensing abilities can be controlled
by the arrangement of CDx and Dns moieties.

[

| MEK3 [ |
[JEK3R
KN EKe

[E EK6R

d-menthol &:} ‘

UDCA ‘

CDCA

cholic acid b
0 02 04 06 08
NGO

Figure 6. The sensitivity factors of the designed peptides (10um) for
various guests (100 um) from the variation of fluorescence intensity in Tris -
HCI buffer (20mwm, pH 7.4) at 25°C.

Additionally, in order to know the effect of rigid a-helix
conformation on the sensing property, denaturation studies of
peptide conformation were carried out using guanidine
hydrochloride (GuHCI) (Figure 7). The a-helix conformation

EK6R
1.0 [ 110 5
a) —O— [01/ 610 ] E
0.8 'k 108 £
o [ ] 3
2 0.6 L H alone 106 §
= — O with 1-AdOH 2
= [ A, [
o 04 04 8
] i
b 4 Q
0.2r 102 2
[ 1 T
[ o«

0 L

[GuUHCI] /M

Figure 7. The effect of a-helical structure on the sensing ability estimated
by the denaturation study using guanidine hydrochloride (GuHCl). [6]/[6],
is the ratio of molar ellipticity at 222 nm at the indicated molarity of GuHCI
to the ellipticity without GuHCI. The relative fluorescence intensity of the
designed peptides (10 um) alone and in the presence of 1-adamantanol (1-
AdOH; 100 um) in 20mm Tris - HCI buffer (pH 7.4) at 25°C is also plotted.

of EK6R was gradually unfolded with the addition of GuHCI.
In response to this unfolding, the fluorescence intensity of
Dns decreased in the presence and absence of 1-AdOH.
Sensitivity to the guest molecule (AF/I)) also diminished in
response to the decay of the peptide secondary structure.
These results demonstrate that the a-helix structure plays an
important role for complex formation between 3-CDx and
Dns.
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Conclusion

The molecule binding moiety (3-CDx) and the fluorescence
moiety (Dns) were deployed on the rigid a-helix scaffold of
peptides in various directions or positions. The formation of
the complex between -CDx and Dns was controlled by their
positioning, which can be regulated by peptide design. The
complexation between -CDx and Dns in each peptide has
been shown to control not only the binding and sensing
abilities for the exogenous guests but also the a-helix
structure. The peptide with a highly stable self-inclusion
complex prefers to take a higher a-helix form. With respect to
the sensing property for the exogenous guests, however, such
tight self-inclusion complexation is not preferable and the
sensing ability depends on the distance between S-CDx and
Dns. The behavior of the designed peptides was generated by
the control of the locations of functional units by use of the
peptide structure, and demonstrate that the peptide is useful
for the arrangement of the CDx and other functional units
three-dimensionally and the modulation of the binding ability
of CDx. Application of the peptide scaffold to the CDx-based
molecular sensor will lead to a new field of molecular
recognition and sensing with CDx, since a variety of amino
acid side chains can be utilized for functionalization. The
conjugation of CDx to the peptide is beneficial to the de novo
approach for designing functional peptides, because construc-
tion of the well-defined binding moiety can be easily
accomplished with a CDx moiety. This approach will be
effective in the design of a new type of peptide with
extraordinary abilities as sensors and/or artificial enzymes.

Experimental Section

Materials and methods: All chemicals and solvents were of reagent or
HPLC grade. Amino acid derivatives and reagents for peptide synthesis
were purchased from Watanabe Chemical Co. (Hiroshima, Japan). -
Cyclodextrin (3-CDx) was kindly donated by Nihon Shokuhin Kako Co.,
Ltd., and was used as received. Mono-6-deoxy-6-amino-f-cyclodextrin
(NH,-3-CDx) was prepared as previously reported.’” All the guest
compounds were purchased from Tokyo Kasei and were used without
further purification. All peptides were synthesized manually by the solid-
phase method using the Fmoc-strategy.” The peptides were purified by
reversed-phase HPLC. HPLC was carried out on a Wakosil 5C18 column
(Wako Pure Chemical Industries) (4.6 x 150 mm) or a YMC ODS A-323
column (YMC Co.) (10 x 250 mm) by employing a Hitachi L-7000 HPLC
system. The peptides were identified by MALDI-TOFMS. MALDI-TOF
mass spectra were measured on a Shimadzu KOMPACT MALDI III mass
spectrometer with 3,5-dimethoxy-4-hydroxycinnamic acid or 2,5-dihydrox-
ybenzoic acid as a matrix. Amino acid analysis was carried out after
hydrolysis in 6.0m HCI at 110°C for 24 h in a sealed tube. The peptide
concentration was determined by quantitative amino acid analysis with
valine as internal standard.

Peptide synthesis: Peptides were synthesized manually by stepwise
elongation of Fmoc-amino acids on a Rink amide resin®! according to a
reported procedure with Fmoc-AA [Fmoc-Ala-H,0O, Fmoc-Glu(OBzl),
Fmoc-Glu(OrBu) - H,O, Fmoc-Lys(Boc), Fmoc-Lys(CIZ); Bzl, benzyl; tBu,
tert-butyl; Boc, fert-butyloxycarbonyl; CIZ, 2-chloro-carbobenzoxy], ben-
zotriazol-1-yloxytris(dimethylamino) phosphonium hexafluorophosphate
(BOP), and 1-hydroxybenzotriazole hydrate (HOBt-H,O). The Lys and
Glu residues coupled with dansyl chloride and NH,-3-CDx were protected
with Boc and rBu, respectively, and the other Lys and Glu residues were
with C1Z and Bzl. Coupling efficiency was checked by the Kaiser test.?! To
synthesize Ac-peptide resin, the Fmoc-deprotected peptide resin was
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treated with acetic anhydride (10 equiv) in 1-methylpyrrolid-2-one (NMP)
for 20 min. To remove the resin and protecting groups except for the Bzl
and CIZ groups, the peptide resin was stirred in TFA (10 mL) in the
presence of m-cresol (0.5 mL) as scavenger for 1h at 25°C. All crude
peptides were identified from the molecular ion peak [M + Na]* in the
MALDI-TOF mass spectra.

To introduce dansyl (Dns) group to the deprotected Lys side chain on the
crude peptides, dansyl chloride (2 equiv) was added to the crude peptides in
DMF in the presence of di-2-propylethylamine (4 equiv), and stirred at 4°C
for 5-6 h. Then, NH,--CDx (3 equiv), HOBt - H,O (3 equiv) and 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide hydrochloride (3 equiv) were
added to the reaction mixtures and allowed to react for two days. Each
coupling step was monitored by analytical HPLC and coupling products
were identified by MALDI-TOFMS.

To remove Bzl and CIZ groups in the peptides, the peptides were treated
with 1M trimethylsilyl trifluoromethanesulfonate/thioanisole (molar ratios
1:1) in TFA in the presence of m-cresol at 0°C for 1.5 h.’®2l The peptides
were purified by HPLC with a YMC ODS A-323 column, and identified by
MALDI-TOFMS and amino acid analysis.

EK3 (total yield from AA-Resin, 17%), EK3R (19%), EK6 (10%) and
EK6R (24 %); MALDI-TOFMS found [M + Na]* (caled [M + Na]*); EK3,
3100.7 (3100.3); EK3R, 3101.0 (3100.3); EK6, 3100.0 (3100.3); EK6R,
3099.6 (3100.3); amino acid analysis of peptides gave satisfactory results.

CD measurements: CD spectra were recorded on a J-720WI spectropo-
larimeter equipped with a thermoregulator with a quartz cell with 0.1 cm
pathlength at amide region (190-250 nm) and 1.0 cm at the absorption
region of the Dns groups (250-450 nm), respectively. All peptides were
dissolved in Tris - HCI buffer (20mMm, pH 7.4) at a peptide concentration of
20-40 pm.

UV/Vis measurements: UV/Vis spectra were recorded on a Shimadzu UV-
3100 spectrophotometer with a quartz cell with 1.0 cm pathlength. All
peptides were dissolved in Tris- HCI buffer (20mm, pH 7.4) at a peptide
concentration of 20 um.

Fluorescence measurements: Fluorescence emission spectra were meas-
ured on a Hitachi 850 fluorescence spectrometer with a 1.0 x 1.0 cm quartz
cell at 25 °C. All peptides were dissolved in Tris - HCI buffer (20 mm, pH 7.4)
at a peptide concentration of 10 um or 5 um and were excited at an isosbestic
point around 340 nm. Fluorescence decay was measured by a time-
correlated single-photon counting method on a Horiba NAES-550 system.
A self-oscillating flash lamp filled with H, was used as a light source. The
excitation beam was passed through the filter P/N:340 (Audover Co.), and
the emission beam was through the filter Y-44 (Toshiba). Lifetime was
obtained by the deconvolution with a nonlinear least-square fitting
procedure. All peptides were dissolved in Tris- HCI buffer (20mm, pH
7.4) at a peptide concentration of 3040 pm.

Thermal denaturation: Each peptide solution [10uMm in 20mwm Tris- HCI
buffer, pH 7.4] was loaded into a quartz cell with 0.2 cm pathlength and the
CD spectrum was scanned at different temperatures. Spectra were
measured at every 5°C (from 0 to 100°C) allowing 2 min for equilibration.
Unfolding transitions were followed by plotting the ellipticity at 222 nm as
a function of temperature. The enthalpy (AH) and entropy (AS) were
examined by plotting InK versus 7! and the Gibbs free energy (AG) was
obtained from Equations (1) and (2). In Equation (1) K is the equilibrium
constant and [0].,; =[6].s at the high-temperature plateau and [0],.i =
—356000"1 and in Equation (2) T=298 K.

K = [helix]/[coil] = ([0]sps — [O]coit) ([Ohetix — [O]ons) (1)
AG=AH-TAS 2)

Fluorescence decay was measured at every 10°C (from 10 to 60°C)
allowing 10 min for equilibration with peptide concentration of 40 um. In
this case, the equilibrium constant K = a,/a,, where «, is the molar fraction
of the long-lived component and «, is that of the shorter one.

Determination of binding constant for f-CDx - guest complex: 5-CDx (in
the peptide) in Tris- HCI buffer (20mm, pH 7.4) was titrated with guest in
increments of about 0.2 equiv (5-CDx concentration of 5puM, guest stock
concentration of 200mM and 40mm). After each addition of guest,
fluorescence emission spectra (400—650 nm) were measured at 25°C
excited at an isosbestic point around 340 nm. The decrease of the intensity
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at the maximum emission wavelength of the peptide alone with increasing [12]
guest concentration was corrected for dilution and fitted by a single site

binding Equation (3) using Kaleida Graph (Synergy Software) where H,

and G, represent the initial concentration of -CDx (in the peptide) and [13]
guest, respectively.

AI/IU = {(Almax/l())/ZH(l)}[(H(i+Gl)+]/Kb) - {(HII+G()+1/Kb)2 - 4Hl)Gll}1/2] (3)

Al denotes the difference in the fluorescence intensity between §-CDx in
the absence (/,) and the presence of guest at each concentration (/). When

all the -CDxs form the complex, Al is equal to Al (14]
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A Density-Functional Theory Based Study on the O/*0-Exchange
Reactions of the Prototype Iron — Oxygen Compounds FeO" and FeOH™" with

H,®0 in the Gas Phase

Susanne Biirsch, Detlef Schroder,* and Helmut Schwarz*!2!

Abstract: The mechanism of the degen-
erate °0O/80 exchange in the reactions
of FeO" and FeOH*" with water is
examined by density functional theory.
Based on previous experimental work

the other; the iron atom is not directly
involved in these OH bond activations.
The second route comprises a series of
two (for FeOH' + H,0) or four (for
FeO* + H,0) 1,2-hydrogen migration

steps which involve the intermediate
formations of metal-hydrogen bonds.
Both mechanisms are evaluated under
consideration of the respective low- and
high spin potential-energy surfaces. The

(Chem. Eur. J. 1999, 5, 1176), two possi-
ble reaction pathways are investigated
for both systems. The first mechanism
consists of one (for FeFOH" + H,0) or
two (for FeO' + H,0) 1,3-hydrogen

L exchange
migrations from one oxygen atom to

Introduction

Transition metal oxides are of fundamental importance in
numerous oxidation processes and their properties have been
studied in great detail.l"? Their diversity and reactivity is
responsible for their usefulness in several branches of
chemistry, such as biochemistry, catalysis, and organic syn-
thesis. Among others, iron oxides are of most outstanding
importance, not only because of their high natural abundance,
but also because of the biological relevance of FeO units as
reactive sites in biomolecules.?!

An option to obtain information about the electronic
features of intermediates and the role of transients is provided
by probing the gas-phase chemistry of iron oxides in the
absence of obscuring effects, for example aggregates, counter-
ions, and solvents.[¥ The diatomic FeO™ ion is the most simple
model of a reactive iron—oxo species; it is even capable of
activating methane.l’] Reactivity studies of “bare” FeO*
provided detailed insight into the behavior of what is
considered the “reactive species” in the industrial and
biochemical oxidation of hydrocarbons. Among the many
processes of FeO™ studied in the gas phase,* ! the degenerate
160/180 exchange in the reaction with isotopically labeled
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computational results show a clear pref-
erence for the 1,3-routes occurring on
the respective high-spin surfaces bypass-
ing the intermediacy of high-valent iron
compounds having FeH bonds.

hydration -

water is of special interest because occurrence of '%0/0
exchange has been suggested as a mechanistic probe for the
intermediacy of reactive metal —oxo units in catalytic oxida-
tions.[? Aside the occurrence of association reactions to afford
[Fe,O,,H,]" and [Fe,O,,H;]", respectively, when trapping
FeO* and FeOH' with water in the gas phase,®°! previous
experimental studies!'™ ! have also described *O/*®0 ex-
change of FeO* and FeOH* with H,®O. To summarize the
conclusions of these studies, FeOH™ is found to undergo
isotopic exchange three times faster than FeO™. Two possible
explanations for the different reaction rates have been
suggested.'V i) In the reaction of FeO* with water, 1°0/'80O
exchange requires two hydrogen shifts from one O-atom to
the other, whereas a single hydrogen migration is sufficient for
FeOH". ii) Based on computational studies of related iron(i11)
compounds, a quartet ground state is postulated for the iron
dihydroxide cation Fe(OH),* as the key intermediate in the
FeO*/H,O system, while the FeO* reactant has a =+ sextet
ground state.'”l Hence, '°O/'®O exchange in FeO* is assumed
to require spin crossover between the sextet and quartet
surfaces and vice versa, thus decreasing the reaction efficien-
cy. Such kinetic restrictions due to spin constraints have been
recently described in terms of two-state reactivity.'’l In
contrast, no spin inversions need to be involved in the
FeOH'/H,0 system.

In the present study, we aim at improving these tentative
arguments towards a more elaborate understanding of the
reactions of FeO* and FeOH*' with water by means of a
theoretical approach. To this end, we examine the different
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options of hydrogen migrations in the FeO*/H,O and FeOH"/
H,O systems. Particular attention is paid to the possible role
of spin multiplicities of the relevant transition structures and
intermediates.

Theoretical Details

All calculations presented here are performed on either IBM/RS 6000
workstations or a Cray-YMP supercomputer with the program package
Gaussian94," and employ the density-functional theory (DFT)/Hartree —
Fock hybrid-functional B3LYP with the 6-311+ G* basis set as imple-
mented in Gaussian94.0'% 161 All stationary points are geometry optimized
and further characterized by the evaluation of frequencies and normal
modes. The connections between minima and transition structures are
further ensured by internal reaction coordinate (IRC) calculations.'” All
energies given below include corrections for zero-point vibrational energy
(ZPVE), and thus refer to relative energies at 0 K.

The B3LYP approach can efficiently describe transition metal compounds
and often yields quite accurate geometries and frequencies. The averaged
error of the relative energies calculated with B3LYP has been estimated as
about +8kcalmol~! for coordinatively unsaturated iron compounds.!'*!
Note, however, that calculations of atoms or atomic ions may be associated
with even larger errors because of the known deficiency of the B3LYP
approach to describe the low-spin/high-spin separation in transition metal
atoms properly. This behavior is attributed to a bias of 3d" over 3d"~'4s!
configurations, which leads to an artificial preference for low spin 3d”
species.l'® ¥l For example, the B3LYP/6-311 + G* level of theory predicts
Fe* (*F) to be 4.1 kcalmol~' more stable than Fe* (°D), while according to
spectroscopy the Fe* ion has a °D ground state with a 3d%s' configuration
which is 5.8 kcalmol~!' lower in energy than Fe* (“F).?"! Despite this
erroneous ground-state assignment for the atom, the values given below
refer to Fe* (°D) when this asymptote is required. However, as bare iron
cation plays a minor role in the system under investigation, we assume that
the relative energetics of [Fe,O,,H,]* and [Fe,O,,H;]* can be described
with the recommended accuracy of +8 kcalmol™' at this level of theory.

Results

For each of the reactants, FeO" and FeOH™*, two pathways are
conceivable for oxygen-atom exchange with water. The
reactions may proceed by direct 1,3-hydrogen migration steps
or by sequential 1,2-hydrogen migrations. As a third variant,
combinations of 1,2- and 1,3-shifts may be possible which are,
however, not addressed explicitly. The 1,2-shift in the FeO*/
H,B0 system thus leads to formation of complex 2, and a
second 1,2-shift yields formation of the iron dihydroxide
cation 3, the latter is also the intermediate of the direct
1,3-migration (Scheme 1). The situation is slightly different in
the FeOH*/H,'®0 system: here the 1,3-shift does not involve
any reaction intermediates, while the consecutive 1,2-
migrations proceed via intermediate 5 (Scheme 2). In both
systems, the respective low- and high-spin surfaces are
considered, that is quartet/sextet for FeO"/H,O and triplet/
quintet for FeOH*/H,0O. For

the sake of simplicity, the H

H
/
0—Fe—0
1 H
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2
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Scheme 1. Schematic description of the two calculated reaction pathways
of the FeO*/H,"®*O system. Note, that only the minima are displayed,
transition structures that connect the minima are discussed in the text.

The system FeO* + H,O

Reactants: In line with a number of previous theoretical
studies using classical ab initio methods,'> 321 pure DFT
approaches,? as well as hybrid procedures,?" ! our compu-
tations predict a °=* ground state for FeO* with an orbital
occupation 10220%17*16%2n?30" in the valence space.l'> 1l The
bond length is computed as rp.o = 1.64 A, and the calculated
bond dissociation energy of Dy(Fe*—0)=78.2 kcalmol™!
agrees favorably with the experimental value of
80.0 kcalmol ;Y however, this pleasing agreement is cer-
tainly due to a fortuitous error cancellation considering the
erroneous ground-state assignment for bare Fe* (see above).
Using B3LYP, we cannot unambiguously assign the electronic
state of *FeO, which may be either “IT or *®. The occupation
for these quasi-degenerate states according to NBO analysis is
10220*17*18°27'30! in the valence space.'’] The calculated

1,3- shift AN

notation used throughout this
paper gives the spin multiplic- H
ities as superscripts preceding
the formula while neglecting
orbital symmetries, for exam-
ple the sextet ground state
FeO* (°=*) is referred to as
SFeO™.
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Scheme 2. Schematic description of the two calculated reaction pathways of the FeOH*/H,'®O system. Note, that
only the minima are displayed, transition structures that connect the minima are discussed in the text.
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bond length of the quartet species (rp.o=1.70A) is large
compared to previous ab-initio studies,'> 1> 21 but matches the
value of previous B3LYP calculations with different basis
sets.?!: 2221 We note in passing that the potential-energy curve
of “FeO* is known to be quite flat in this region, that is a
distortion by 0.01 A translates to an energetic change of only
about 0.2 kcal mol~.['2l Therefore, the long Fe—O bond in the
quartet state should not be overrated. It is important to note,
however, that the calculated state splitting of 8.2 kcalmol~!
between °FeO* and “FeO* is significantly lower than calcu-
lated in previous studies employing the CCSD(T) and
CASPT? levels of theory, resulting in *FeO*/’FeO™ splittings
on the order of 12—19 kcalmol-.['*211 However, our result
coincides with similar findings in recent B3LYP studies, where
pure density functionals correlate much better with the
CCSD(T) and CASPT2 splittings.?: 2221 Nevertheless, we
do not use pure density functionals as their performance is less
adequate in the present case as is shown in an earlier study on
the [Fe,0,H,] system.?? In this context it needs to be noted
that the hybrid functionals were in fact developed to over-
come the shortcomings in the exchange term of the pure
density functionals.

An A ground state is computed for the water molecule
with 7o =0.96 A well reproducing experimental data, while
the H-O-H angle ayoy =107.0° is slightly widened compared
to the tabulated geometry.> In the following, all energetics of
the FeO*/H,O system refer to the *FeO* + 'H,O asymptote,
which is arbitrarily set to E,,(FeO* + H,0) = 0.0 kcalmol~.

Encounter complex: For the encounter complex (H,0)FeO™"
(1) we find a sextet ground state with the first excited quartet
state 4.9 kcalmol~' higher in energy. For both, ‘1 and “1, the
geometrical features of the separated FeO* and H,O building
blocks are mainly preserved. The new Fe—O bonds to the
water ligands have comparable lengths of rpo=2.02 A and
"ro=2.00 A for 1 and “1, respectively. Given the similar
geometries of °1 and *1 in conjunction with the flatness of the
Fe—O potential in the bonding region of FeO™" (see above),
crossing between the sextet and the quartet surfaces is
expected to be facile. Both encounter complexes are energeti-
cally located well below the entrance channel (E,,=—53.1
and —48.2 kcalmol~! for °1 and “1, respectively). These well
depths correspond to the binding energy of the water
molecule to the FeO* unit and are rather strong compared
to Dy(Fet—OH,) =30.7 kcalmol~! for naked iron;?! we
return to this effect in the Discussion section.

1,3-Mechanism: For reasons becoming obvious further
below, the 1,3-route is discussed prior to the 1,2-variant.
Along this mechanism, the reaction starting from 1 has to pass
transition structure TS1/3 to reach minimum 3, Fe(OH),".
The sextet state °TS1/3 is located at E,,,= —13.2 kcalmol !,
and the corresponding quartet state “TS1/3 at E,, =
— 8.4 kcalmol~'. Three aspects are noteworthy in this context:
i) the sextet and quartet TS lie well below the ‘FeO* + 'H,O
entrance channel, ii) in turn, the barriers for 1,3-hydrogen
migration are sizable (ca. 40 kcalmol™') with respect to the
encounter complexes, and iii) the sextet/quartet splitting is
hardly changed going from 1 to TS1/3. As far as structural
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features are concerned, °TS1/3 exhibits two different types of
iron-oxygen bonds. The first one (rp.o = 1.88 A) shows a bond
length between electrostatic bonding (as for instance rg.o=
2.12 A in Fe(H,0)")"! and a formal Fe—O single bond (as
for instance rpo=1.71 A in SFeOH", see below). Compared
to the iron-oxygen double bond in the iron-oxo unit of 1
(rreo =1.64 A), the second Fe—O bond in °TS1/3 is slightly
elongated (rp.o=1.76 A). While “TS1/3 also shows one long
Fe—O bond (1.90 A), the second Fe—O bond (1.66 A) is even
shorter than that in the preceding minimum “1. However,
except the differences in Fe—O bond lengths both transition
structures are otherwise quite alike.

The imaginary frequencies of 1979 cm~' (°TS1/3) and
11939 cm~! (*TS1/3) correspond to migrations of a hydrogen
atom from the water molecule to the oxo ligand without
intermediate formation of an Fe—H bond. Note, that signifi-
cant bending of the O-Fe-O units is required in the TS to allow
migration of a hydrogen atom from one oxygen atom to the
other without involving the metal center. Nevertheless, the
minima connected to TS1/3 show linear or at least almost
linear arrangements. Therefore, prior to or simultaneously
with the hydrogen migrations in the TSs, bendings of the
O-Fe-O units are required. We have searched extensively for
bent minimum structures of 1 and 3 in either spin states, but
we have only been able to locate one such minimum, 3, at the
applied level of theory. And even in °3 the O-Fe-O angle is
much less pronounced than in the corresponding transition
state. Instead, the IRC calculations connecting TS1/3 with
their corresponding minima show two features. The first one,
with steep slopes, corresponds to the hydrogen migration from
the water ligand to the oxo unit, and the second, more smooth
movements than comprise the widening of the O-Fe-O angle.

Following the reaction path, after passing TS1/3 the
dihydroxy-species 3 is reached. The sextet structure is
predicted as global minimum on the [Fe,O,,H,]* surface
(E,;=—66.4 kcalmol~! for 63 and —52.7 kcalmol~! for *3).
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The geometrical features of the sextet structure are not very
surprising, as both OH-moieties and their bonds to the iron
cation are identical with agp.o=154°. In contrast, the OH
groups are asymmetrically bound to iron in the quartet
structure “3. While the Fe—O bond lengths are similar in 3,
one Fe-O-H moiety is almost linear (178°) and the hydrogen
atom of the second OH group is distinctly placed out of the
plane of the rest of the molecule (Ogp.on=154°). Although
dissimilar bonding in *3 is conceivable, the computed geom-
etry may also correspond to a spurious minimum due to
symmetry breaking in the quasi-AB, type Fe(OH),* molecule.
However, we have not further pursued this issue because the
symmetrical sextet °3 is assigned as the electronic ground state
of Fe(OH)," ion.

From 3, oxygen-atom exchange can proceed via TS1/3 again
in the reverse direction to reach the product side (Scheme 1:
1—3—1'). Given the symmetry of °3 and assuming a quasi-
symmetric geometry of “3, both oxygen atoms are equilibrated
in 3. Overall, the computational prediction of TS1/3, lying
13.2 kcalmol~! (°TS1/3) and 8.4 kcalmol~! (*TS1/3) below the
SFeO* + H,O entrance channel can account for the '°0O/"*O
exchange observed experimentally.['> 1]

1,2-Mechanism: The separated reactants as well as the
encounter complexes are common to both the 1,2- and 1,3-
mechanisms (Scheme 1) and are therefore not presented
again. From the encounter complex, the reaction continues by
a 1,2-hydrogen transfer under formation of intermediate 2,
(H)(OH)FeO™, where the metal center is surrounded by three
ligands, that is H, O, and OH. The most prominent feature of 2
is the iron—hydrogen bond (rp;y=1.53 A and 1.51 A for ©2
and “2, respectively). The minima %2 and 42 are located at
E,,;=30.8 kcalmol~! and E,,,=13.2 kcalmol~'. Because both
structures are above the entrance channel as well as above any
of the stationary points involved in the 1,3-pathways, we
refrain from explicitly investigating the TSs for the 1,2-routes.
Interestingly, however, the quartet ground state of the hydrido
species “2 is 17.6 kcalmol~! below that of 2. Hence, if H-O
bond insertion to yield 2 would occur at elevated energies, it
would involve spin crossover in the lowest lying pathway. The
computed high energy demand of 2 is in accord with the
previous exclusion of the 1,2-mechanism based on the high
oxidation states of the intermediates."!l In fact, the bond
lengths in either spin state of 2 indicate covalent bonding of
iron to the ligands and thus its assignment as a formal FeV
compound.

Finally, we note in passing that there exist other [Fe,O,,H,]"
isomers, namely, the cationic iron(l) complexes of hydrogen
peroxide Fe(H,0,)* on the quartet and sextet surfaces.
However, these species are much higher in energy than 1
and 3 and even above the FeO* + H,O entrance channel.l!
Accordingly, the Fe(H,0O,)" isomers cannot participate in the
160/180 equilibration of the FeO+*/H,0O system under thermal
conditions and are therefore not pursued any further.

The system FeOH* + H,0

Reactants: An SA” ground state is found for FeEOH* when
calculated in C, symmetry at the B3ALYP/6-311+ G* level of

1792

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

theory. While quintet ground states of FeOH™ are also found
in previous studies,['® 2!?l the exact assignment of the ground
state is more difficult for the close lying A’ and *A” states.[*]
Probably due to cancellation of errors, the computed
Dy(Fet—OH) = 88.7 kcalmol~! agrees quite well with the
experimental value of 87.4 kcalmol~!'. The putative HFeO*
isomers are situated much above SFeOH* cation,?'"! and are
therefore excluded from further consideration. Similarly, the
lowest lying triplet state FeOH* (PA") is 38.8 kcalmol~! higher
in energy than ’FeOH*. Therefore, it is reasonable to assume
that the triplet surface will have only little influence on the
minimum energy path of oxygen-atom exchange; consequent-
ly, the role of low-spin state species along the reaction
coordinate will be kept short. The structures of quintet and
triplet FeOH" are very much alike, being bent with similar
bond lengths. As the water molecule was already mentioned
above, it remains to note that the following energetic data are
given with respect to the SFeOH* 4+ 'H,O asymptote, that is
E,.(FeOH* + H,0) = 0.0 kcalmol .

Encounter complex: The encounter complex 4 consists of a
FeOH™ ion complexed by an intact H,O ligand on both spin
surfaces. While the Fe-O-H units are almost linearized

3TS4/5

compared to free FeOH", the hydroxy and the water ligands
reside on exactly opposite sides of the metal center (agp.0 =
180°). Although both spin states result in geometrically
similar structures, the state splitting (E,,;= —53.9 kcalmol~!
and —11.6 kcalmol~' for 4 and 34, respectively) is even
slightly larger than for the FeOH" reactant. Similar to the
interaction between water and FeO™ in 1, the computed ligand
binding energy Dy(HOFe*—OH,)=53.9 kcalmol™! is large
compared to that of the bare metal, Dy(Fe™—OH,)=
30.7 kcalmol .24

1,3-Mechanism: In contrast to the FeO™/H,O system, 1,3-

hydrogen transfer is degenerate for 4 and results in immediate
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16O/0  exchange in the
FeOH'/H,0 system without in-
volving a second step. On the
quintet surface, the correspond-
ing TS4/4 is located at E,,=
—17.3 kcalmol'; thus well be-
low the energy demand of the
isolated reactants FeOH™ and
H,O (E,;=0.0 kcalmol1).
While 3TS4/4 is clearly above
the entrance channel (E,,=
6.1 kcalmol™!), it is worth men-
tioning that the splitting be-
tween quintet and triplet surfa-
ces is reduced from
38.8 kcalmol! in free FeOH™
and 42.3 kcalmol ' in 4 to only
23.4 kcalmol! in the TS. The
TSs in the two spin states are
structurally very much alike as
are the imaginary frequencies
(11695 cm~! and 11601 cm™! for
STS4/4 and 3TS4/4, respective-
ly). Not surprisingly, the Fe—O
bonds, the O—H distances of the
migrating hydrogen atom, and the two “stationary” O—H
bonds are exactly equivalent in the transition structures. In
analogy to TS1/3 of the FeO/H,0 system, the OFeO units in
TS4/4 are bent, while these are almost linear in the
corresponding minima. However, extensive computational
search gives no indications for the existence of bent minima of
4 in either spin state.

40.0+

20.0
4Fe0* + H,0
8.2

=

6FeO* + H,0

-20.0

Relative Energy [kcal mol'1]
o
o

-40.0

-60.0 1

1,2-Mechanism: In contrast to the 1,3-mechanism, the 1,2-
route comprises two steps and a reaction intermediate which
exhibits an iron — hydrogen bond, that is (H)Fe(OH),™, 5. This
reaction intermediate is found at E,,; = 11.2 kcal mol~! (°5) and
E.,=233kcalmol™' (35) on the respective spin surfaces.
Although both structures of § almost have C,, symmetry, the
calculations proceeded only after reducing the symmetry to
C,. The hydrogen atoms are slightly bent out of plane in the
optimized structures (1-2°), and seemingly equivalent bond
lengths of the hydroxy bonds differ up to 0.04 A. In analogy to
the FeO"/H,O system, the location of these minima above the
SFeOH* +'H,0 entrance channel as well as any of the
stationary points associated with the 1,3-mechanism, leads
us to exclude the participation of the 1,2-route in the oxygen-
atom exchange of the FeOH'/H,O system under thermal
conditions from further consideration. We note in passing,
that 3TS4/5 (E,,=35.3 kcalmol™'), which was located at an
early stage of this investigation, is only slightly bent to form a
O-Fe-O angle of 146° with an imaginary mode of i1140 cm™!
due to 1,2-hydrogen migration.

Discussion

The computed potential-energy surfaces of both reactions are
depicted in Figures1 and 2. Some general features are
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Figure 1. B3LYP/6-311+ G* surface of the FeO*/H,O system. All energies are given in kcalmol! relative to
the entrance channel and include ZPVE contributions.

outlined first, followed by a comparison of the 1,2- versus
1,3-mechanisms and a discussion of the role of spin states in
the isotopic exchange of the oxygen-atoms in FeO' and
FeOH™ with H,'®O. Please keep in mind in this context, that
the overall error of the calculations is estimated to be
+8 kcalmol~!, as explained above.

In the description of the encounter complexes (H,O)FeO*
(1) and (H,O)FeOH" (4), we noticed that the binding
energies of water to FeO" and FeOH' are substantially

increased compared to the bare metal, that is
Dy(OFe*—0H,) =53.1 kcalmol™' and D, (HOFe*—OH,) =
53.9 kcalmol™'  versus  Dy(Fe*—OH,) = 30.6 kcal mol .14

While some enhancement of water binding upon ligation of
iron cation has been reported in other cases, for example
Dy (HFe*—OH,) =32.7 kcalmol 1"l and D((H,O)Fe*—OH,)
=39.2 kcalmol ', the present increases of the binding
energies by about 80 % indicate rather strong ligand effects.
While no experimental thermochemistry is available for 1
and 4, the observed difference of more than three orders
of magnitude in the rates of termolecular association of
bare Fet and FeO* with water® supports the computa-
tional prediction of a substantially larger binding energy in the
case of FeO*. These effects can be explained in terms of
increased ion—dipole interactions between the metal center
and the water molecule in (H,O)FeO" and (H,O)FeOH* due
to the presence of the electron-withdrawing oxygen or
hydroxy ligands which increase the net positive charge on
the metal. This conjecture is qualitatively consistent with the
computed partial negative charges of the water ligands;
according to Mulliken population analysis the charges in-
crease from 0.12 in °Fe(OH,)* to 0.22 in °(H,O)FeO* and 0.19
in °(H,O)FeOH*.

Despite the stabilizing effect of the water ligand, 1 is not the
global minimum of the [Fe,O,,H,]" system. Instead, hydrogen

0947-6539/00/0610-1793 $ 17.50+.50/0 1793





FULL PAPER

D. Schroder, H. Schwarz, S. Barsch

3FeOH* + H,0
38.8

Relative Energy [kcal mol'1]

Reaction Coordinate

Figure 2. B3LYP/6-311 + G* surface of the FeFOH*/H,O system. All energies are given in kcalmol ! relative to

the entrance channel and include ZPVE contributions.

migration leads to the iron dihydroxide cation 3 which is
13.3 kcalmol~! more stable than 1 on the lowest lying sextet
surface. In passing, we note that this result has considerable
implications for the conceptual understanding of oxidation
catalysis. Metal —oxo units are often considered as essential
reactive units in various bond-activation processes,?®l not only
in gas-phase oxidations,™ but also in other reactions induced
by ionic metal fragments, for example the oligomerization of
butadiene induced by ligated lanthanide cations.*’! In con-
trast, the corresponding dihydroxides, although bearing the
same formal oxidation state, are often much less reactive.2% 3
In particular, formation of Fe(OH),* has been identified as
the limiting sink to the turnover number in the catalytic gas-
phase oxidation of ethane.F] Asides the role of kinetic
aspects, also the consideration of thermochemical patterns
derived from this work and additional literature datal®
underlines the non-negligible influence of water on the
oxidizing strengths of the formal iron(ii) compounds FeO*
and (H,O)FeO™. For example, one-electron reduction to
formal iron(i1) [Reaction (1)]is much more exothermic for the
metal —oxo species FeO" and (H,O)FeO" compared to the
dihydroxide Fe(OH),*.

FeO*+H'— FeOH' AH=—-109.3 kcalmol ! (1a)
(H,0)FeO* + H* — (H,0)FeOH* AH=—-110.1kcalmol ! (1b)
Fe(OH)," +H"— (H,0)FeOH* AH=—96.8 kcalmol~! (1c)
FeO"—Fe"+ O AH=—280.0 kcalmol~! (2a)
(H,0)FeO*t — (H,0)Fet 4+ O AH=-102.4 kcalmol!  (2b)
Fe(OH)," — (H,0)Fe* + O AH=—-1157 kcalmol™!  (2¢)
1794 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Further, the Fe—O bond in
FeO™ [Reaction (2a)] is signifi-
cantly weaker than in
(H,O)FeO* [Reaction (2b)];
liberation of an oxygen atom
from the dihydroxide is even
more energy demanding [Reac-

—_— tion (2¢)]. Given AH=
—88.6 kcalmol~! for the oxy-
genation of methane according
to CH,;+O — CH;OH, the

sTs4/4  bare FeO™ ion is thus capable

of transferring an O atom to
methane, while (H,O)FeO*
and Fe(OH)," are not. Like-
wise, hydroxylation of the
weaker tertiary C—H bond in
isobutane  (A,H=—102 kcal
mol~!) is exothermic for FeO™,
thermoneutral for (H,O)FeO-,
and considerably endothermic
for Fe(OH),". Consequently,
hydration of metal — oxo species
can result in the formation of
less, or even unreactive metal
dihydroxides. In other words, the catalytic activity of metal -
oxo units is likely to be reduced in the presence of water.
Generalization of this microscopic behavior to a macroscopic
scale is, however, not straightforward, because the addition of
water to the reactant stream can also have positive effects on
the performance of catalysts, for example the removal of
catalyst poisons as well as surface soot.?!

As far as the mechanistic course of oxygen-atom exchange
is concerned, in both systems the clear energetic preference
for the 1,3-route is beyond any doubt. Specifically, the
associated transition structures TS1/3 and TS4/4, respectively,
are well below the entrance channels thereby accounting for
the experimental observation of '®*O/O exchange under
thermal conditions.['> 'l In contrast, the occurrence of the 1,2-
mechanism is excluded from further considerations for both
systems because already the reaction intermediates 2 and 5 lie
above the respective entrance channels. This result validates
the previous speculation that the 1,2-mechanisms are unlikely
in terms of unfavorable high oxidation states of the putative
intermediates.['!]

In both systems, the reactions can be envisioned to proceed
on the respective high-spin surfaces exclusively. While this
result was expected for the FeOH/H,O couple, precisely the
opposite was suggested in the FeO*/H,O system in which a
quartet ground state for the iron — dihydroxy intermediate was
assumed. In fact, the statement “if the lessons learned from
the FeO"/H, and FeO"/CH, systems ... are taken into account,
Fe(OH)," can be deduced to have a quartet ground state”!!lis
not confirmed as the ground state of Fe(OH),* corresponds to
a sextet state. The previous argument was based on the
quartet ground states predicted for the various insertion
intermediates of iron, for example HFeOH® 132> 2]
CH,FeOH ", CiH;FeOH ', and CH;FeCH,* ;B4 note, that
a recent study of Ugalde and coworkers suggests that
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SHFeOH" is slightly lower in energy than “HFeOH*.['! In
marked contrast to these perfect pairing situations, the FeCl,"
cation is predicted to have a sextet ground state.’S! Quite
obviously, the electronegativity of the substituents plays a role
in the determination of the electronic ground states, in that
more electronegative ligands can better accommodate high-
spin situations by localization of electrons on the ligands.
Further, the O-Fe-O angle of 154° in sextet Fe(OH),"
disfavors efficient overlap of the m-type molecular orbitals,
thus also facilitating a high-spin situation. The Fe(OH),* ion is
somewhat in between these examples, but more similar to the
FeCl,* case. Thus, the B3LYP assignment of a sextet ground
state to 3 appears quite plausible. In contrast to the previous
suggestion,!''l oxygen-atom exchange in the FeO*/H,O can
therefore proceed on a single spin surface and there is no need
to involve two-state reactivity.['3]

After having mapped out the relevant parts of the
potential-energy surfaces, there remains to be answered the
key question why the °*O/*®O exchange is faster for FeOH*/
H,'80 than for FeO*/H,'30. At first it is essential to note that
the computed barriers for the rate-determining 1,3-hydrogen
migrations are both well below, but yet relatively close to the
respective entrance channel. This computational result is in
accord with the experimental finding that 1*O/**O exchange
does not occur with collision frequency in either system.
Secondly, the computed barrier is about 4 kcalmol~! lower for
FeOH"/H,0 than for FeO*/H,O. Such an energy difference of
the transition structures may well be responsible for the 3:1
ratio of the rate constants observed experimentally, as in an
Arrhenius-type formalism already small differences in barrier
heights lead to large differences in the apparent rate
constants. Thirdly, even if the barriers were of the same
height relative to the entrance channel in both systems,
isotopic exchange in FeO/H,0 is statistically disfavored over
that in FeOH™/H,0O, as both reactions do not have unit
efficiency.

Let us briefly refer to a “Gedankenexperiment” in order to
further illustrate this argument. To this end, we consider the
same schematic potential-energy profiles for the oxygen
exchange in FeO*/H,0O and FeOH"/H,O, that is the barriers
have similar locations with respect to the entrance channels
and the same kinetic restrictions apply. The only difference is
that O-atom exchange in FeOH™ is completed after a single
hydrogen migration, whereas FeO* requires two steps. In the
diluted gas phase, formation of the encounter complexes
occurs at the gas kinetic collision rate k.. If the intermediate
barriers are low, the forward reaction k; is fast relative to
redissociation into the reactants k, (Figure 3a). For degener-
ate isotopic exchange, the backward reaction rate k, is of
course equal to k; Accordingly, for k;>> k, complete isotope
equilibration occurs at the collision rate. If, however, the
intermediate barriers are closer to the entrance channels—
which is the case in both systems studied here—dissociation of
the encounter complexes competes with the exchange, there-
by reducing the reaction efficiency. In the extreme case of
k< k, (Figure 3b) isotopic exchange in FeO™ is only half as
efficient as for FeOHT", because the Kkinetic restriction
imposed by the barrier applies twice in the FeO*/H,O
system.

Chem. Eur. J. 2000, 6, No. 10
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Figure 3. Hypothetical energy profiles for degenerate ion-molecule
reactions involving two and three intermediates: a) negligible barrier and
thus k> k,, b) high barrier and thus k; < k,.

Finally, let us briefly consider the previous use of bond
additivity schemes in the discussion of the different mecha-
nistic scenarios.'l For the isomers 1 and 3, bond additivity
predicts a difference of 47 kcalmol~! in favor of the dihydr-
oxide 3,5%37 while theory predicts a difference of only
13 kcalmol~L. Consideration of the extra stabilization of the
oxo cation by the water ligand as predicted by theory, that is
Dy(OFe*—0OH,) — Dy(Fe*—OH,) = 22.5 kcalmol~!, diminishes
the difference between 1 and 3 to about 25 kcalmol !, but the
deviation from the computed value remains significant. It is
obvious that the discrepancy is due to the neglection of the
effect of the formal valence state on the Fe—OH bonds, that is
the assumption Dy(HOFe*—OH) ~ D (Fe*—OH)? =874 kcal
mol~! is not justified. Instead, increasing valency of the iron
obviously reduces the ability to form further covalent bonds.
Thus, our B3LYP calculations predict Dy (Fe*—OH)=
88.7 kcalmol~! in good agreement with experiment, but only
Dy(HOFet—OH) = 67.4 kcalmol~' for the second bond of iron
cation to a hydroxy ligand. Similarly, the exclusion of the 1,2-
mechanism based upon assuming simple bond additivity
suggests that hydrogen migration from the water ligand in 1
to the metal to form 2 is endothermic by only about
12 kcalmol 18] while the B3LYP calculations predict a
stability difference of as much as 66 kcalmol™ in favor of 1.
Quite evidently, the assumption of bond additivity fails
completely for high-valent iron compounds. Thus, while the
qualitative implications of the additivity scheme may be
applicable as far as the relative ordering of the isomers is
concerned, the quantitative considerations are almost mean-
ingless. This result questions—but by no means refutes—the
use of additivity schemes when no other information is
available, as changes in the formal oxidation states must be
taken into account.

Conclusion

Theoretical analysis of the degenerate '°0/O exchange
reactions of FeO' and FeOH* with H,'®O confirms previous
speculations about the mechanism of these fundamental
reactions. Specifically, both reactions proceed by 1,3-hydro-
gen shifts from one oxygen atom to the other, thereby
circumventing high-valent intermediates having Fe—H bonds.
The explanation why FeOH ™" reacts more rapidly than FeO* is
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attributed to the joint action of two facts: i) the requirement
of a two-step reaction in FeO*/H,O versus a one-step reaction
in FeOH*/H,O and ii) the energetically slightly more
demanding transition structure involved in the FeO*/H,O
system. However, the previous suggestion!'!l that spin con-
straints may cause the different rate constants is disproved by
the theoretical study, as the isotopic exchange can occur on
the high-spin surface for both systems without any need to
involve spin crossovers.

From a conceptual point of view, it is interesting to note that
the role of the water in the passivation of the iron —oxo unit in
FeO+* has two facettes. At first, the mere coordination
complex exhibits a pronounced binding to the water ligand,
thereby enhancing the Fe—O bond strength and in turn
reducing the ability of the oxo unit to act as an oxidizing
agent. Second, O—H bond activation of water by the metal -
oxo unit leads to a metal dihydroxide having a significantly
reduced oxidizing strength as compared to the metal oxide.
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Evaluation of the Solid State Dipole Moment and Pyroelectric Coefficient of
Phosphangulene by Multipolar Modeling of X-ray Structure Factors

Georg K. H. Madsen,*!*! Frederik C. Krebs," Bente Lebech,!! and Finn K. Larsen!*!

Abstract: The electron density distribu-
tion of the molecular pyroelectric mate-
rial phosphangulene has been studied by
multipolar modeling of X-ray diffraction
data. The “in-crystal” molecular dipole
moment has been evaluated to 4.7 D
corresponding to a 42% dipole moment

uncertainty (s.u.) of the derived dipole
moment has been derived by splitting
the dataset into three independent data-
sets. A novel method for obtaining
pyroelectric coefficients has been intro-
duced by combining the derived dipole

moment with temperature-dependent
measurements of the unit cell volume.
The derived pyroelectric coefficient of
3.8(7) x 10 Cm2K"! is in very good
agreement with the measured pyroelec-
tric coefficient of p=3+1x10°Cm™2
K-l This method for obtaining the

enhancement compared with the dipole
moment measured in a chloroform sol-
ution. It is substantiated that the esti-
mated standard deviation of the dipole
moment is about 0.8 D. The standard

science
scattering

Introduction

The control offered by synthetic organic chemistry makes the
field of molecular materials an interesting and rapidly
expanding area of research. Molecular materials with specific
properties may be synthesized for use in electronic and
optoelectronic devices.l! Pyroelectricity is such a solid state
electronic property.> 3 It depends on the presence of a polar
axis in the unit cell, which may set up a permanent electric
polarization, even in the absence of an external field. The
material shows a pyroelectric effect if a change in temperature
creates a change in the spontaneous polarization.

AP=pAT )

where p is the pyroelectric coefficient. In molecular pyro-
electric materials the molecular structure most often does not
change significantly with temperature. This means that a
temperature dependent pyroelectric coefficient can be calcu-
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pyroelectric coefficient uses information
from the X-ray diffraction experiment
alone and can be applied to much small-
er crystals than traditional methods.

elec-

X-ray

lated from the unit cell dipole moment and the change in unit
cell dimensions.

In the present work we will use experimental X-ray
structure factors to evaluate the solid state dipole moment
of a molecular pyroelectric material, phosphangulene, which
recently was synthesized and considered for use in infrared
detection.! Phosphangulene, Figure 1, crystallizes in the

Figure 1. ORTEP drawing of phosphangulene showing the atom number-
ing scheme and 90 % ellipsoids.

polar space group R3m and the individual molecules have the
same symmetry as the point group of the unit cell with the
central phosphorous atom lying on the threefold axis. This
symmetry means that the molecular dipole moment, y, is co-
linear with the polar axis, Figure 2. If the unit cell volume
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Figure 2. ORTEP drawing of two molecular stacks and the unit cell. The
direction of the molecular dipole moment (following the convention that
the arrow goes from negative to positive) is shown with an arrow on a
molecule.

changes linearly with temperature (V(7)=aT+b) and the
molecular dipole moment is considered independent of
temperature, the pyroelectric coefficient is given as*! where
Z is the number of molecules in the unit cell.

0
0 2)
m

_4___ Za _
PEAT T T T+ b

Spackman has reviewed the derivation of molecular dipole
moments from both experimental diffraction data,”! and
theoretically calculated structure factors.’! It was concluded
that, in general, quite reliable molecular dipole moments can
be derived from multipolar modeling of diffraction data. A
big advantage of estimating electrostatic moments from X-ray
diffraction data is that both the size and the direction of the
solid state molecular dipole moment is obtained. In pyro-
electric materials the permanent electric field over the crystal
is expected to induce an enhancement of the molecular dipole
moment compared with the gas-phase value. Therefore the

Abstract in Danish: Elektronteethedsfordelingen i det moleky-
leere pyroelektriske materiale phosphangulen er blevet under-
spgt ved multipolmodelering af rgntgendiffraktionsdata. Det
molekyleere dipolmoment i fastfase er blevet evalueret til 4.7 D,
hvilket svarer til en 42 % forggelse af dipolmomentet sammen-
lignet med dipolmomentet malt i en kloroformoplgsning. Det
er godtgjort, at den estimerede standardafvigelse pa dipolmo-
mentet er omkring 0.8 D. Det udledte dipolmoment er blevet
kombineret med temperaturafheengige madlinger af enhedscel-
levolumet til beregning af den pyroelektriske koefficient. Den
herved beregnede veerdi pa 3.8(7) x 107° Cm—? K~ viser en
meget god overensstemmelse med den malte pyroelektriske
koefficient pd p=3+1x10° Cm—=2K~. Denne metode til
udledelse af den pyroelektriske koefficient bygger alene pda
information opndet fra rgntgendiffraktionseksperimentet og
kan anvendes pd meget mindre krystaller end traditionelle
metoder behgver.
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dipole moments from gas-phase ab initio calculations are not
necessarily a good approximation of the “in-crystal” molec-
ular dipole moment.

A prerequisite for a material to exhibit pyroelectric
properties is that it belongs to a polar space group. This
unfortunately complicates the modeling of the measured
structure factors because of more ambiguity in-phase assign-
ments of the reflections for the non-centrosymmetric space
group than in the centrosymmentric case. Phosphangulene
represents a challenge because it crystallizes in the non-
centrosymmetric high symmetry space group R3m, with five
of the eight atoms on special positions in the asymmetric
unit.[* 81 However, obtaining pyroelectric coefficients from
diffraction data has advantages. First of all, the testing of a
newly synthesized material requires solving the crystal
structure anyway. With the advent of area detector diffrac-
tometers for rapid data collection, a multipolar derived
pyroelectric coefficient can therefore be obtained with a
modest amount of extra experimental effort. Furthermore, it
is noteworthy that the method, contrary to traditional
methods,™ can be applied to small crystals with volumes
of a few thousandths of a mm? the size of the single crystal
normally used in an X-ray study of the crystal structure.

Multipolar modeling of X-ray data

The program XDM was used for the multipolar modeling of
the X-ray diffraction data. In the multipolar model the atomic
density contributions are parametrized into a core term, Py,
a spherical valence term, Pygence, and a set of multipolar
functions.[')

Imax. !
palom(r) = Pcorepcore(r)+PvalenceK3pvalence+Z KFRI(KIV)Z leidlmt(evlj)) (3)

1=0 m=0
In this equation d,,,. values are angular functions and R, are
the Slater type radial functions, where 7, and &, can be chosen

m+3 ny
1

(m +2)!

R(r)= exp(—&v) )

for each value of /. The scattering factors of each atom are
modified by refining the x expansion/contraction coefficients
and populations, P, of the individual functions.

The multipole model partitions the electron density into
pseudo-atomic fragments that each contribute to the total
molecular dipole moment. The total molecular dipole mo-
ment can be calculated as a sum over the pseudo-atomic
charges and dipole moments where the pseudo atomic charges

/«‘:Zﬂﬁ’zrﬂ]i ®)

are defined as ¢;=Z;— P,y — Pyaence- The atomic dipole
moments can be calculated from the atomic dipole popula-
tions.[1%]

20 p ©)
31y :

where P, is a linear combination of Py, P, and Py _,
that depends on how the local atomic coordinate system

ﬂx=,[de11 Ryxdr=—
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is oriented with respect to the molecular coordinate
system.

With nine hydrogen atoms bonded to electron attracting
phenyl rings, the C—H bond dipoles will be decisive for the
molecular dipole moment. As the hydrogen atoms have no
core electrons, their k expansion/contraction coefficients will
be correlated with their atomic displacement parameters.
Furthermore, the bond directed dipoles of the multipole
model will be correlated with the C—H bond distances. To
obtain unbiased positional and vibrational parameters for the
hydrogen atoms, it was decided to determine these through a
neutron diffraction study. Because of the high molecular and
crystal symmetry we attempted to use neutron powder
diffraction. The actual influence on the derived dipole mo-
ment of introducing the hydrogen parameters obtained by
neutron diffraction was only small. This is discussed in more
detail under the Experimental Section.

Further discussion of the modeling procedure can also be
found in the Experimental Section. Here we only report the
results of what we consider to be the best model. The
molecular dimensions are reported in Table 1 and Table 2,

Table 1. Bond distances found in the X-ray study with the hydrogens
placed at the positions determined in the neutron study.

o

Bond A
P(1)-C(1) 1.8027(6)
0(1)-C(2) 1.3951(6)
C(1)-C(2) 1.3902(5)
C(2)-C(3) 1.3913(6)
C(3)-C(4) 1.3996(6)
C(3)-H(2) 1.08(1)
C(4)-H(®1) 1.06(1)

Table 2. Bond angles found in the X-ray study with the hydrogens placed
at the positions determined in the neutron study.

Bond °

P(1)-C(1)-C(2) 119.9(1)
C(2)-0(1)-C(2) 115.1(1)
0O(1)-C(2)-C(1) 120.0(1)
0(1)-C(2)-C(3) 119.5(1)
O(1)-C(2)-C(1) 120.0(1)
O(1)-C(2)-C(3) 119.5(1)
C(2)-C(3)-C(4) 118.5(1)
C(2)-C(3)-H(2) 120.4(4)
C(3)-C(4)-H(1) 119.3(4)

and the static deformation density in the plane of the phenyl
ring is shown in Figure 3. An isosurface plot of the static
deformation density is shown in Figure 4, depicting the
lonepair on the phosphorous atom and the bonding densities.
The pseudo atomic charges and contributions to the molec-
ular dipole moment are given in Table 3, but the values
should be interpreted with some caution. The division of a
molecule into atomic fragments based on a multipole model
is notoriously flawed, especially when employing flexible
radial functions. However, to properly model the total
density the model needs to have sufficient radial freedom.
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Table 3. Pseudo-atomic charges and contributions to molecular dipole. g; is
the pseudo-atomic charge. r,,g; is the contribution of the atomic charge to
the z component of the dipole moment and y;, is the contribution of the
atomic dipoles to the z component of the dipole moment.

Atom q; (D) rq; (D) i, (D) Multiplicity
P(1) 1.88 13.67 —2.48 1
O(1) —0.96 —1.60 0.09 3
C(1) —0.46 -1.17 —0.75 3
C(2) 0.36 0.16 -0.39 6
C(3) 0.08 —-024 0.00 6
C(4) —0.38 1.72 -0.17 3
H(1) 0.13 —0.93 —0.36 3
H(2) 0.08 -0.37 -022 6

Figure 3. Static deformation map. The contour interval is 0.1 e A3, The
dotted line is the zero contour. Solid lines are positive contours, broken
lines negative contours.

Figure 4. Isosurface plot of the static deformation density. The surface
covers the volume with density larger than 0.25 e A=

The important thing is the total density, not the individual
atomic fragments that have questionable physical justifica-
tion.
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Results and Discussion

Accuracy of the derived dipole moment: The evaluation of
the dipole moment of a molecule in a crystal relies on the
partitioning of the crystal into molecular fragments. In the
present study the intrinsic division of direct space by the
multipole model has been utilized. Many different space
partitioning schemes have been proposed!'” and the derived
molecular dipole moment can be dependent on the chosen
partitioning scheme. This, however, is not the case for
phosphangulene because all the dipole moments point in
the same direction and the property of interest is the unit cell
dipole moment which is independent of the chosen partition-
ing scheme, as described in Table 7. As mentioned above the
molecular dipole moment converges to a value of 4.7(25) D.
This corresponds to a dipole moment enhancement of 95 %
compared with the theoretical ab initio gas phase value of
241D and 42% compared with the value of 3.3+0.1D
measured in a chloroform solution.'” An induced dipole
moment of this magnitude compares well with what has
previously been found in polar crystals by other authors.[> 11l
At the experimental geometry a dipole moment of 2.48 D was
calculated. The small difference between the gas phase dipole
moment at the crystal geometry and the optimized geometry
means the dipole moment enhancement arises from a polar-
ization of the electron density in the solid state.

Precision of the derived dipole moment: The very large s.u. on
the derived dipole moment is troublesome. If it is to be
trusted, the observed dipole moment enhancement is not
significant at all. When evaluating the enhancement of the
dipole moment when going from gas phase to solid state, we
are attempting to gain information on how the electron
density distribution of one molecular entity polarizes as a
response to the permanent electric field over the crystal. The
problem with evaluating such interaction densities is that the
s.u. of the experimental electron densities are of similar
magnitude. The s.u. reported has been calculated by prop-
agation of the least squares errors on the monopole and dipole
populations.”! This procedure will inevitably lead to very large
s.u.’s because of the correlations between the multipole
populations. However, the fact that the individual multipole
populations have large s.u.’s does not necessarily mean that
the total electron density is poorly determined. This is
especially true for the more flexible models. Therefore we
do not feel that the s.u. value is a realistic estimate of the
standard uncertainties. A very recent study by Spackman et al.
investigated whether it is possible to obtain reliable inter-
action densities from multipolar refined diffraction data.™”!
The study was based on theoretically calculated structure
factors and the underlying electron distribution was therefore
known. This study found that multipolar models are very
successful in retrieving the interaction density and it was
pointed out that interaction densities are not a random but a
systematic effect which the multipolar models were capable of
retrieving despite the sometimes large s.u.

If the interaction density (and thereby the dipole moment
enhancement) is observable, we should be able to conduct a
whole series of independent data collections on different
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phosphangulene crystals and obtain a series of molecular
dipole moments statistically distributed around a mean value
that is significantly larger than the gas phase value. Doing this
in practice would off course be far too time consuming. We do,
however, have a crude alternative. Such is the quality of the
present data set that we can utilize the high symmetry to split
the half sphere of data into three almost complete datasets.
Each data set contains one sixth of reciprocal space and the
corresponding Friedel pairs. Because of anomalous scattering
Friedel pairs may not be averaged. Thus the only averaging is
between re-measurements of the same reflections. The three
sets of data were refined individually. A short summary of
these results are given in Table 4.

Table 4. The results of fitting model (H) to the complete and the three
partial data sets.

Dataset Number of unique reflections Rw(F?) (%) u (D)

full 1486 3.71 —4.7(25)
1 1478 4.01 —4.0(28)
2 1443 4.18 ~5.0(28)
3 1274 424 —3.4(28)

The average dipole moment of the four data sets is 4.3 D.
Data set No. 3 is less complete than the two other constructed
data sets, because the way the DISPLEX is mounted means
that certain reflections cannot be reached. But even including
this data set the estimated standard deviation of the distribu-
tion of derived dipole moments is only 0.8 D. We realize that
these four “measurements” are not independent, but we still
think that this procedure indicates a more realistic estimate of
the s.u. on the multipolar derived dipole moment than
propagation of least-squares errors.

The pyroelectric coefficient: The temperature dependence of

the unit cell is shown in Figure 5. Inserting the values u=
47D, a=0.0850 A’K-!, b=998.8 A3, derived from Figure 5,

1030

— y=998.8 + 0.084988x R?= 0.98339

1025 [
1020 |

1015

Volume / A%

1010 F

1005 _

1000 :

995-....|....1....1.‘..1....|....1....|
0 50 100 150 200 250 300 350

Temperature / K

Figure 5. Unit cell volume as a function of temperature. The data in the
temperature interval from 180 K to 320 K are from ref. [4].

into Equation (2) we obtain a pyroelectric coefficient at 298 K
of p=3.8x10"°Cm~—2K! in very good agreement with the
measured pyroelectric coefficient of p=3+1x107°Cm™
K112l Propagating an s.u. of 0.8 D on the molecular dipole
moment gives an uncertainty of 0.7 x 107* Cm2K~.
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The direction of the dipole moment: The direction of the
dipole moment relative to the molecular framework is shown
in Figure 2, and indicates that the phosphorous atom is at the
negative end and the hydrogen atoms at the positive end of
the molecule. In the present study there is consensus on the
direction of the molecular dipole moment as obtained from
the ab initio calculations and from the multipolar model. It
has to be commented that this direction is opposite to that of
the dipole moment published earlier.!! The previous deter-
mination of the molecular dipole moment direction was based
on relating the measured macroscopic polarization of phos-
phangulene crystals of known morphology to that of the
absolute molecular configuration, which was found by anal-
ysis of Friedel-related reflections.

If the direction of the dipole moment is correctly deter-
mined in the present study there must be an error either in the
previous measurement of the macroscopic polarization, in the
previous determination of the absolute configuration or in the
previous assignment of crystal morphology. The measurement
of the macroscopic polarization utilized the fact that pyro-
electric materials concentrate charges at the surface which
oppose the polarization arising from the permanent dipole
moment of the unit cell. The method was carefully calibrated
on LiNbO; crystals with known polarization and on every
phosphangulene crystal tested, positive surface charges where
found at the pointed end of the bullet-shaped crystal, ref.[*
and Figure 6. The determination of the absolute morphology

Figure 6. Photograph of a typical phosphangulene crystal put in relation to
the absolute morphology.

of the crystal is dependent on the right interpretation of the
diffractometer geometry in relation to the crystal geometry. In
order to resolve the discrepancy we have re-determined the
absolute morphology of three phosphangulene crystals: the
original crystal and two new crystals of similar morphology.
This was done using data collected on a Siemens SMART area
detector diffractometer with Moy, radiation at 120 K. All
three crystals were found to have the same absolute config-
uration as originally determined, but it was found that the
morphology presented previously™ was in fact in error. The
morphology determined for the three instances was the same,
namely with the polar c axis pointing towards the pointed end
of the crystals, which is opposite to the direction previously
reported. It is thus concluded that the direction of the dipole
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moment reported here in Figure 2, is correct and the absolute
morphology of the crystal is as shown in Figure 6.

The electrostatic potential: The present study has focused on
the size and direction of the phosphangulene dipole moment,
because these are the properties that are directly related to
the macroscopic properties of phosphangulene. A large
number of quantities can be computed from an experimental
charge density.'"? One such quantity is the deformation
density, Figure 3 and Figure 4. Another is the electrostatic
potential given in Figure 7. Figure 7 shows how the electro-

Figure 7. Isosurface plot of the electrostatic potential. The red surface
covers a volume with an electrostatic potential smaller than —0.2 e A",
The blue surface covers a volume with an electrostatic potential larger than
04eA

static potential is positive both at the phosphorous atom and
at the hydrogen atoms. The molecule therefore also has a
significant quadrupole moment and it is not easy to predict
the direction of the dipole moment of phosphangulene purely
following chemical intuition. To modify a molecular pyro-
electric material chemically in a rational way it is important to
know the microscopic direction of the molecular dipole
moment, not just the macroscopic polarization in the crystal.
It is therefore a big advantage of obtaining dipole moments
from diffraction data, that the direction of the dipole moment
is obtained.

Conclusion

In the present work we have considered the use of multipolar
modeling for the evaluation of the solid state dipolar moment
of a pyroelectric material, phosphangulene. The solid state
dipole moment has been evaluated to a value of 4.7 D with a
s.u. of about 0.8 D. The direction of the molecular dipole
moment has been determined unequivocally. When the
hydrogen atoms sit near the edge of the molecule, and therefore
contribute a large amount to the molecular dipole moment, it
is important either to obtain supplementary information on
the hydrogen positions or to systematically vary the hydrogen
positional and displacement parameters within some reason-
able limits, in order to estimate the influence on the derived
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dipole moment. In the present case we have measured
neutron powder diffraction data and found that the use of
literature values for average distances in the calculation of the
hydrogen positions does not introduce a significant error in
the derived molecular dipole moment. However the s.u.’s on
the bondlengths obtained from the neutron powder diffrac-
tion study are large. If the hydrogen atoms are involved in
strong hydrogen bonding neutron diffraction can be necessary
to obtain the required accuracy.!'* 3]

Combining the multipolar derived dipole moment with the
temperature-dependent measurements of the unit cell volume
has allowed us to evaluate the pyroelectric coefficient of solid
phosphangulene to 3.8(7) x 10 Cm=2K~!. The ab initio
prediction of crystal structures is still largely an unfulfilled
challenge.l') Therefore the design of new molecular pyro-
electric materials continues to involve synthesizing a series of
candidates, solving their crystal structures and, if potentially
promising, measuring the pyroelectric coefficient of some-
times minute single crystals.'” The main advantage of extract-
ing pyroelectric coefficients with the method described here is
that it can be applied to any crystal suitable for X-ray
diffraction. This means that smaller crystals than usual can be
screened, thereby facilitating the synthetic procedure.

With the appearance of area detectors and modern integrated
program packages such as XDP! a reasonable quality data set
can be obtained and treated in a few days.'s! Multipolar
modeling of diffraction data can therefore become a valuable
tool with many applications in chemical crystallography. In
the present study we have directly related the multipolar
derived charge density to a macroscopic observable, namely
the pyroelectric coefficient.

Experimental and Computational Methods

X-ray study: Phosphangulene was synthesized and single crystals were
grown as described previously.*l The crystal used for data collection was
mounted in a glass capillary which was glued to an aluminium pedestal. A
few carbon fibers in the capillary secured good thermal contact between the
crystal and the pedestal which was fitted on the cold station of a type 202
DISPLEX closed-cycle helium refrigerator mounted on a type 512
HUBER four circle diffractometer. The space group was R3m both at
room temperature and at 11 K. The data collection lasted six weeks. Half a
sphere of data was collected out to sin6/A <1.02 A. The intensities were
normalized to those of the standard reflections and corrected for
absorption, Lorentz and polarization effects. Of the 1486 unique reflections
collected, 1442 were measured at least three times and the resulting data set
seems to be of a high quality,['”) comparable to that of to the data used for
the evaluation of the dipole moment in L-alanin.?-2!

After finishing the data collection the cell dimensions were monitored
while the crystal was heated slowly to room temperature, Figure 5. Further
experimental details are given in Table 5.

Neutron study: Neutron powder diffraction measurements were carried
out on 4.19 g phosphangulene powder in a vanadium tube using the multi-
detector powder diffractometer at the DR3 reactor at Risg National
Laboratory.”l The 20 detectors cover the range from 10° to 115.76° in 26.
To obtain both optimal crystallographic resolution and optimal resolution
of the peaks, data were collected at three different monochromator
settings. Nine powder diffraction patterns were collected using a neutron
beam scattered by the (711) planes of a Ge monochromater, 6 using the
(511) and 12 using the (311) planes, respectively. The scattering angle for
the monochromator was 90°. The corresponding wavelengths are quoted in
Table 6. Subsequently the powder patterns were summed to three separate
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Table 5. Experimental details. Single crystal X-ray study.

Crystal data X-ray study
chemical formula CsHyPO;
chemical formula weight 304.22
space group trigonal R3m
ab [A] 16.654(1)
c[A] 4.166(1)
apf[°] 90

7 [ 120

volume [A] 1000.7(3)
z 3

D, [gcm ™) 1.514
radiation Agk,
wavelength [A] 0.5594

No. of reflections for cell 68

6 range for cell reflections [°] 24-28.4

u [mm~1] 0.0905
temperature [K] 11(1)

crystal morphology Colorless crystal bounded by
[100] 0.15 mm, [120]-[—120] 0.25 mm
[001] 0.6 mm

Data collection

diffractometer Type 512 HUBER

scan method w-20

transmission factors 0.977-0.987

No. of measured reflections 10840

No. of unique reflections 1486

R, [%] 1.75

range h,k,l h=+33,k=433,/=-8,6

No. of standards
frequency of standards

3 [6,0,0][-6,6,0][6,0,3]
every 50 reflections

intensity decay [% ] 0
refinement on F?
R(F),R(F?) [%] 1.53,2.18
Rw(F), Rw(F?) [%] 179,371
GoF 1.18

Ny, I>20(0) 1457

Now 129
Napspar 113
weighting scheme 1/6(F?)

Table 6. Experimental details. Powder neutron study.

Crystal data Neutron study

a,b[A] 16.654(3)

c[A] 4.166(3)

wavelengths [A] 1.126 (Ge(711)), 1.548 (Ge(511)),
2.425 (Ge(311))

temperature [K] 11.0(5)
pattern range [°26] 24-115.76
No. of profile points 1832

No. reflections 443,174, 49
No. of parameters refined 76

R, [%] individual diagrams 1.98, 1.84, 1.51
R, [%] total 1.74

Ry, [%] individual diagrams 2.52,2.62,2.69
R, [%] total 2.62

powder patterns to improve the signal to noise ratio. All three powder
patterns were refined simultaneously by the Rietveld method using the
program GSAS.?l Because the vertical divergence of the incident and
scattered beam gives rise to an asymmetric peak shape, that is especially
difficult to fit well at low diffraction angles, only data in the range from 24°
to 115.76° were included in the refinement. The small crystallites of the
phosphangulene powder are needle shaped with the polar axis aligned with
the needle axis (see also Figure 6), which means that they have a strong
tendency to align. As solid phosphangulene is too soft to be ground in a
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mortar a preferred orientation effect must be expected in the powder
sample. A correction was included in the refinement. The wavelengths
were refined by fixing the cell constants to the values obtained in the X-ray
experiment. Further experimental details are given in Table 6. Finally the
full structure was refined with isotropic displacement parameters on all
atoms. The atomic co-ordinates are given as supplementary material.

ab initio Computations: The calculations were based on a density func-
tional theory (DFT) approach®! and were carried out with the Gaussian 94
program.? The DFT calculations used Becke’s three parameter hybrid
exchange functional (B3)?% and the Lee-Yang—Parr (LYP) correlation
function.”l The molecule was constrained to the experimental Cs,
symmetry and a geometry optimization with the cc-pVDZ basis set®]
was carried out, employing a total of 357 basis functions. Dipole moments
were calculated both at the optimized and at the experimental geometries.

Models and refinements: A number of different multipolar models,
Equation (3), were tested. In the following eight, that differ mainly in the
radial flexibility of the multipoles, will be presented. The models are
numbered A—H and the derived dipole moments are listed in Table 7,
which also shows agreement factors of the refinement.

Table 7. Multipolar derived dipole moments.

Model Dipole moment (D) Rw(F?) (%)
A ~20.4(31) 3.78
B ~9.9(40) 375
C —7.6(45) 373
D —5.5(44) 373
E —5.4(41) 373
F — 4.6(45) 371
G —4.6(28) 371
H —4.7(25) 3.71

The eight models differ as follows:

(A) For the phosphorous, carbon, and oxygen atoms both the core and
valence scattering factors were calculated from Hartree—Fock wave
functions.?”) A multipole expansion up to the hexadecapole level was used
on the phosphorous atom. On the carbon and oxygen atoms expansions up
to octapole level were introduced. All the heavy atoms were given a k
expansion/contraction parameter for the spherical monopole term. The
radial dependencies of the carbon atoms were constrained to be equal and
all k" were kept equal to 1. In this refinement no information from the
neutron study was introduced. Instead the hydrogen atoms were con-
strained to have the average Cyomai—H distance (1.08 A)BY in the refined
directions. The isotropic displacement parameters of the hydrogens were
set to 1.2 times the equivalent isotropic displacement parameters of the
carbon atoms to which they are bonded. The SDS scattering factorsP®! were
used for the hydrogens and neither the x nor the k’ were refined. (B) A
common k parameter was also refined on the hydrogen atoms. In model (C)
the k” were refined on all heavy atoms but the radial dependencies of the
four independent carbon atoms were still constrained to be equal. In model
(D) the ' was refined also on the hydrogen atoms.

The dipole moments derived from models A-D range from —20.4 D to
—5.5D, which demonstrates how large the dependency of the derived
dipole moment is on the modeling of hydrogen pseudo-atoms. Therefore
positional and isotropic displacement parameters from the neutron study
were introduced The Rietveld refinement gave bond lengths of dc) ) =
1.08(1) and dcuy pay=1.06(1). The isotropic ADP’s were found to
Uiso(H(1)) = 0.022(2) A% and Uiso(H(2)) = 0.025(2) A2.

Model (E) was the same as (D) except that the positional and atomic
displacement parameters for the hydrogen atoms were fixed to those
obtained in the neutron diffraction study. In model (F) further radial
flexibility was introduced by allowing all the carbon k parameters to change
independently of each other. The k' parameters were still constrained to be
equal.

At this point it was found that introducing further radial flexibility into the
model led to the «’ refining to nonsensibel results, a behavior typical of a set
of least squares equations with an ill-conditioned normal matrix. For this
reason the method of singular value decomposition (SVD)E %3 was
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introduced for solving the normal equations. Eigenvalues less than 5 x 10-%
times the largest eigenvalue of the normal matrix were set to zero.

Model (G) was the same as (F) except that SVD was used to solve the
normal equations. Solving the least-squares equations by SVD does
introduce some mathematical constraints into the model that may not
make chemical sense. It is therefore important that the derived dipole
moment was found to be —4.6 D, the same as what was obtained with
model (F). In the final model (H) also the x’ values on the carbon atoms
were allowed to vary independently of each other. The final dipole moment
was found to be —4.7(25) D.

As seen above the derived dipole moment shows a large degree of model
dependency. It is therefore important to note that dipole moment seems to
converge as the radial flexibility of the model is improved. Furthermore the
dipole moment is almost exactly the same for models (F), (G), and (H),
which have identical Rw(F?) factor and therefore the data cannot
statistically distinguish which model is the best. Also a model with the n
values in the exponent of the Slater radial function, Equation (4), that were
recommended by Moss et al.l¥! on phosphorous was tested. But as the '
parameters have been refined separately on phosphorous in the present
study, this had no effect on the dipole moment.
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Synthesis and Reactivity of the TI' salts of [TCNE] '~ and [TCNE]*":
The Structural Determination of TI'[TCNE] and [TDAE][TCNE], and
Evidence for a Chelated [TCNE] -~

Mitchell T. Johnson,'*! Charles F. Campana,®! Bruce M. Foxman,[! William Desmarais, ¢!
Michael J. Vela,'‘! and Joel S. Miller!?!

Abstract: Synthons TI{TCNE]*~ (1) and
TIL[TCNEJ>~ (2), for [TCNE]~ and
[TCNE]?-, respectively, in metathesis
reactions have been quantitatively pre-
pared and characterized. The structure
of 1 was solved and refined in a mono-
clinic unit cell at 27°C [C2/c, a = 12.6966
(12) A, b=77599 (7)A, ¢=15.5041
(15) A, B=96.610 (5)°, V=15174
(2) A%, Dyog=2911gem=3, Z=8, R, =
0.0575, wR2=0.0701] and exhibits vy
absorptions at 2191 (s) and 2162 (s) cm™!
consistent with metal-bound [TCNE] .
The structure of 1 consists of a distorted
square antiprismatic octacoordinate TI!
bound to six monodentate [TCNE]*"s

bidentate [TCNE]*~ with TIN separa-
tions averaging 3.279 A. The TIN bond-
ing is attributed to electrostatic bonding.
The [TCNE]*"s form dimerized zigzag
chains with intra- and interdimer sepa-
rations of 2.87 and 3.29 A, respectively.
The tight ni-[TCNE],?~ dimer is diamag-
netic and has the shortest intradimer
[TCNE] "~ distance reported. These syn-
thons for [TCNE]*~ and [TCNE]*" in
metathesis reactions lead to the precip-
itation of, for example, TI'X (X = Cl, Br,
OAc). Reaction of 1 with Mn™(porphyr-

Keywords: crystal structure - elec-
tron transfer - magnetic ordering -

in)X (X =Cl, OAc) forms the molecule-
based magnets of [Mn!!(porphyrin)]-
[TCNE] composition, while the reaction
of [Cr'(CHg),]Br and (Me,N),CC-
(NMe,),Cl,, [TDAE]C,, with 1 forms
[Cr(C¢Hg),][TCNE] and [TDAE]-
[TCNE],, respectively. The structure of
[TDAE][TCNE],-MeCN was solved
and refined in an orthorhombic unit
cell at 21°C [1222, a=10.2332(15), b=
13.341(6), c=19.907(8) A, V=2717.7 A3,
Z=4; Dgu=1216gcm>3, R=0.083,
Rw =0.104] and exhibits vy absorptions
at 2193 (m), 2174 (s), and 2163 (s) cm™!
consistent with isolated [TCNE],>-, in
contrast to the aforementioned TI! bound

with TIN separations ranging from 2.901

o . A thallium
to 3.171 A averaging 3.020 A, and one

Introduction

Tetracyanoethylene, TCNE, is an extremely versatile organic
molecule that continues to be the focus of contemporary
chemistry.l'¥l In addition to organic transformations, electron
transfer salts of TCNEFE! have led to the development of new
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[TCNE],>~. The reaction of 2 with
[TDAE]CI, forms [TDAE]*[TCNE]*.

materials exhibiting bulk magnetic properties, for example
ferromagnetism.l> 7 Electron transfer salts have been pre-
pared by direct electron transfer, acid—base reaction!®! with
the strong acid H,TCNE (pK,3.6),)! or anion exchange.
However, drawbacks exist for each of these methods, for
example redox-inactive robust substituents are needed for the
direct reaction with TCNE or difficulty in removal of a
weaker acid (acetic acid) that may lead to unwanted reactions
or impure products. The third method of anion exchange may
result in contaminated products. Our continuing interest in
synthesizing [TCNE]'-based molecule-based magnets,’!
prompted us to develop a method to quantitatively exchange
a halide with [TCNE]*~. Herein we report the preparation,
chemical reactivity of TI[TCNE] and TI,[TCNE] as well as
the structures of TI[TCNE] and [TDAE][TCNE],-MeCN
[TDAE = (Me,N),CC(NMe,),].

Results and Discussion

An ideal reagent to quantitatively exchange halide with
[TCNE]*~ would be Ag'[TCNE]*~. However, Ag'[TCNE]*~
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cannot be prepared as the reaction of Ag* and [TCNE]~
forms Ag’ and TCNE'F! Thallium(i) salts react like their
corresponding silver(i) salts,['”) but are less redox active (TI*
— TI+e~=-0.336 V; Agt — Ag’+e =0.799 V vs. SCE)"I
and TI*[TCNE]~ (1) and [TI*],[TCNE]*~ (2) were targeted
for study.

TI'[TCNE]* (1) is prepared from the 1:1 reaction of
TI[PF,] and [nBu,N]J*[TCNE] 2 under nitrogen leading
to the quantitative formation of 1 as a microcrystalline purple
precipitate. Complex 1 is quite stable as neither the reactivity
nor the IR of microcystalline 1 changes upon exposure to
ambient light or air; however, oxygen and water must be
excluded when 1 is in solution due to the reactivity of the
anion.Pl The presence of [TCNE]*~ is confirmed from the
broad vy absorptions [2191 (s) and 2162 (s) cm~'] consistent
with metal-bound [TCNE]*", and neither TCNE
[>2200 cm~!] nor [TCNE]*~ [with bands <2100 cm~'].l"3
The presence of S =% [TCNE] '~ suggests magnetic behavior;
however, 1 is diamagnetic at room temperature and an ESR
signal is not observed. Diamagnetic [TCNE]*~ can arise from
either o-I'1 or m-[TCNE]'~ dimerization;'®l however, the
observed vy absorptions for 1 are inconsistent with these
formulations. Nonetheless, the purple color is indicative of a &
dimer, although it lacks the typical three vy absorptions.

The X-ray crystal structure of 1 has been determined at
room temperature (Table 1). In spite of the very small

Table 1. Summary of the crystallographic data for TI[TCNE] (1) and
[TDAE][TCNE],-MeCN (3).

TI[TCNE] (1)

[TDAE][TCNE],+MeCN (3)

formula C¢N,TI1 CyHy Ny
formula weight 332.47 497.572
space group C2lc 1222

a 12.6966 (12) 10.2332 (15)
b 7.7599 (7) 13.341 (6)

c 15.5041 (15) 19.907 (8)
p 96.610 (5) 90

zZ 8 4

v 1517.4 (2) 27177

Peatea 2911 gem™3 1216 gem™
R(F,) (I>1.960(1) 0.083

R, (F,) (I>1.960(1) 0.104

R, (F2) (I>20(I) 0.0575

wR2 (F2) (I>20(I)  0.0701

T (K) 300 294

A 0.71073 A 154178 A

specimen size, and a rotational twinning problem, a satisfac-
tory structure was obtained. Tl is eight coordinate with a
distorted square antiprismatic geometry (Figures la and b),
and is bonded to seven [TCNE] s (six monodentate and one
unprecedented chelating ligand). Hence, each [TCNE]*~
nitrogen bonds to seven thallium atoms, with the TIN
distances in the range of 2.901 to 3.171 A and an average of
3.020 A for monodentate [TCNE] s and a range of 3.265 and
3.293 with an average of 3.279 A for the bidentate [TCNE] -
(Figure 1c). These distances exceed the sum of the ionic radii
of TI' (1.49 Al%) and covalent radii for N (0.74 Al'6]); this
suggests that the TIN bond is electrostatic in character.

The chemically equivalent [TCNE]*~ bond distance and
angles are presented in Table 2 and are typical of [TCNE] .

1806 ——
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Figure 1. ORTEP (50% probability) atom labeling diagram showing the
bonding about TI' and [TCNE]*~ in 1. Distorted square antiprism TI'
coordination sphere a), stereoview of TI! coordination sphere depicting the
seven bound [TCNE]*"s b), and TI' bonding to a [TCNE] "~ ¢). Distances
(A): N1-C1 1.142(17), C1-C2 1.39(2), C2—C3 1.42(2), C2—C5 1.51(2),
C3—N21.134(19), N3—C4 1.112(19), C4—C5 1.29(2), C5—-C6 1.47(2), C6—N4
1.160(18), TI1-4-N2 3.170(10), TI1-1-N2 2.988(16), TI1-2—-N4 2.901(14),
TI1-3-N4 3.041(12), TI1-4-N2 3.171(15), TI1-5-N3 2.970(17), T11-7-N1
3.052(13), TI1-8—-N1 3.293(14), T11-8—N3 3.265(16). Angles (°): N1-C1-C2
174.3(19); C1-C2-C3 118.3(15), C1-C2-C5 118.8(15), C3-C2-C5 122.7(15),
N2-C3-C2 177.0(18), N3-C4-C5 178(2), C4-C5-C6 129.5(17), C4-Cs-C2
116.9(16), C6-C5-C2 112.2(16), N4-C6-C5 167(2).

The central C—C bond of 1.51 (2) A corresponds to a
substantially reduced double bond as expected for the 1.5
bond order and bonding to the Tl's. The [TCNE]*~s dimerize
as [TCNE],?~ and stack as zigzag 1-D chains, with 2.87 intra-
and interdimer separations of 3.29 A, respectively, Figure 2.
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Table 2. Average [TCNE]~ bond distance (A) and angles (°) for
TI[TCNE] (1) and [TDAE][TCNE],-MeCN (3).

Compound TI[TCNE] (1)  [TDAE]|[TCNE],-MeCN (3)
C=N 1.137 1.145

C—CN 1.392 1.411

c-C 1.51 1.406

C-C=N 174 179.5

C-C-CN 118 120

C-C-C(CN),ll 6 3.8

intradimer separation 2.874 2.922

[a] Deviation from planarity.

|~_..:I-"-'="

-a.-

= - :,'.:-5.-' &
e 'EJ'T -
e *wf -
e ‘.\'!nﬂ
% ; *‘-‘

)
Figure 2. Intra- and interdimer [TCNE],>~ interactions in TI'[TCNE]*~ (1).

Each [TCNE]* is twisted by 3.12°. The [TCNE] " is not
planar as the CNs lie 5.5[°! and 7.3° (averaging 6.4°) outside
the expected TCNE plane. This deviation from nonplanarity
has been previously observed for [Fe''(CsH,),C;H¢],[TCNE],
(5.4%),5°1 [Cr!(CgHi),L[TCNE], (5.27),15% [Cr!(CeH3Mes),],-
[TCNE], (6.0°),8 K,[TCNE],(glyme), (3.2°),15 a-[TTF],-
[TCNE], (2.5°),0'1 B-[TTF],[TCNE], (4.0°),>*l and [TDAE]-
[TCNE], (3.8°) (vide infra). The nonplanarity is attributed to
greater sp® character on the central carbon atoms, and
corresponds to a by, out-of-plane distortion.'**!, The short
intradimer separation suggests strong 7 bonding, greater sp’
character of the central carbon atoms, and a diamagnetic
St =0 ground state as observed. TI[TCNE] has the shortest
intradimer separation reported for [TCNE],>~ dimers.' The
nonplanarity leads to intradimer 3.35 A N...N interactions,
which is 0.61 A greater than the intradimer C -« C separation.

An unique structural feature is the unprecedented chelating
[TCNE]*~ forming a distorted planar pentagonal seven-
membered ring. This ring has nearly linear CCN angles that
average 173.9°, and N-TI-N, TI-N-C and NC-C-C angles of
70.6,132.6, and 117.7° (Figure 1b). Note that the TIN distances
for the chelate ring, which average 3.28 A, are somewhat

longer than those observed for the terminally bound
[TCNE]*~s which average 3.085 A.

Due to the good solubility of 1 and poor solubility of TI'X
(X=dl, Br, OAc) in coordinating solvents such as acetoni-
trile, glyme, pyridine, and tetrahydrofuran, metathesis reac-
tions can be executed at room temperature. Typically the
reaction is carried out in glyme, for example a solution of 1 is
added dropwise to a rapidly stirring solution of the halide. The
reaction is stirred to completion, which can be monitored by
IR spectroscopy. However, the exchange reaction is usually
complete within minutes of addition, assuming both reagents
are completely dissolved. The TIX precipitate is removed by
filtration through diatomaceous earth and subsequent evap-
oration of the solvent from the filtrate affords the crude
[TCNE]*~ products, which are recrystallized. This is most
readily accomplished by dissolving the product in a less
coordinating solvent and filtering again to remove any excess
1 and TIX, and precipitation yields the pure compounds. This
reaction has been carried out with several organic and
organometallic salts to illustrate the generality and utility of
this reagent. The [TCNE] "~ vy IR data of the products are
summarized in Table 3. The reactions of Mn"TPPCIl
[Mn'TPP = meso-tetraphenylporphyrinatomanganese(Ii) |
and Mn"'"TPPOAC to form [MnTPP][TCNE]!"®) demonstrates
that both chlorides and acetates react with 1 to yield pure
products. The reaction of Mn'"TP'PCl [Mn''"TP'P = meso-
tetrakis(3,5-di-tert-butyl-4-hydroxyphenyl)porphinatomanga-
nese(i)] demonstrates that the redox sensitive phenoxy
groups are not affected by this synthetic methodology which
thwarted the preparation of [MnTP'P][TCNE] in the past.!
The reactions of 1 with [Cr'(CsHg),|Br to form [Cr'(C¢Hg),]-
[TCNE]™ and [TDAE]ClL, (2:1) to form [TDAE]**-
[TCNE],2~ -MeCN,> (3) demonstrates the generality of
synthon 1. Furthermore, the structure of 3 was determined,
Table 1.

Complex 3 consists of isolated [TDAE]J** cations and
isolated [TCNE],*~ dianions (Figure 3). The [TDAEJ** dis-
tances and angles as well as torsion angle of 61.45° are similar
to that observed in [TDAE]X,-2H,0 (X =Cl, Br),™ and 1:1
[TDAE][TCNE]!" while the TCNE distances and angles are
comparable to those reported for 1, Table 2, and others.['”] The
[TCNE] s dimerize as [TCNE],>~ and form 1-D chains, with
intra- and interdimer centroid-to-centroid separations of
2.922 and 3.558 A, respectively, Figure 4a. The [TCNE]*"s
deviate from planarity by 3.8° as has been previously observed
for  [Fe(CsH,),CHl,[TCNE],  (5.4°),% [Cr'(CeHy),]-
[TCNE], (5.2°),4 [Cr'(C¢HsMes),[,[TCNE], (6.0°),115
K,[TCNE],(glyme), (3.2°),%¢ q-[TTF],[TCNE], (2.5°),[1%

Table 3. Examples of vy absorptions of [TCNE]*~ salts prepared from TI[TCNE] (1) and TI;,[TCNE]*~ (2) and those reported in the literature.

Compound Pen (em™) 7en of product 7en of product
Literature values synthesized by TI'[TCNE] (1) synthesized by TL|TCNE] (2)

[Mn"'TPP][TCNE]® 2192 (m), 2147 ()" 2193 (m), 2147 (s) -

[Mn'TPP][TCNE]® 2192 (m), 2147 (s)1") 2192 (s), 2146 (s) -

[Mn"'TP'P][TCNE]® 2197 (m), 2133 (s)¥ 2197 (m), 2129 (s) -

[TDAE][TCNE]® 2193 (m), 2174 (s), 2163 (s)!3 2195 (m), 2172 (s), 2162 (s) -

[Cr(C¢Hy),][TCNE] 2183 (s), 2144 (s)!%al 2185 (s), 2146 (s) -

[TDAE][TCNE]k! 2144 (s), 2078 ()5 - 2144 (s), 2076 (s)

[a] From the chloride. [b] From the acetate. [c] From the bromide.

Chem. Eur. J. 2000, 6, No. 10
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Figure 3. Atom labeling and 35 % probability ellipsoids for [TDAEJ** and
[TCNE]- in [TDAE][TCNE],-MeCN (3). C4-C4" 1.513(9), C4-N2
1.317(6), C4—N3 1.324(6), C5—N2 1.482(7), C6—N2 1.473(7), C7-N3
1.471(6), C8—N3 1.466(8), C4'-C4-N2 116.4(5), C4'-C4-N3 117.8(5), N2-
C4-N3 125.8(4), C4-N2-C5-123.0(4), C4-N2-C6 122.8(4), C5-N2-C6
114.2(4), C4-N3-C7 120.1(4), C4-N3-C8 123.9(4), C7-N3-C8 116.0(5).

and -[TTF],[TCNE], (4.0°),l*] and 6.4° for 1 (vide supra).
The intradimer interactions are rotated by 10.8° with the N .-
N separations of 3.20 and 3.35 A (Figure 4b). The interdimer
TCNE:s are rotated about the CC centroid by 59.1° and the
distances range from 3.39 to 3.68 A and have a weak contact
at the nitrile carbons. The closest contact of 2.59 A is between
a nitrogen of TCNE to a hydrogen of TDAE, which can be
considered as a weak hydrogen-bonding interaction (C6-H62-
N1 145°, C6-N13.41 A). The C3-N1-.- H62 angle is 103°; this

R 3553 Emz

o =
e oy o

Figure 4. Intra- (a, b) and interdimer (a, ¢) [TCNE],?>~ interactions in
[TDAE][TCNE],-MeCN (3).
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value is slightly larger than those observed for the hydrogen
bonds between [TDAE]** and the C—N x bonds of the
[TCNE]* in [TDAE][TCNE].['54

[TI*],[TCNEJ* (2) is prepared from the reaction of
TI[PF,] and [TDAE]**[TCNE]* (2:1)["4 in hot acetonitrile
in greater than 98% yield. This light pink solid is only
sparingly soluble even in strongly coordinating solvents, such
as MeCN, pyridine, and glyme, even at reflux. The presence of
[TCNE]?*~ is confirmed from the broad vy absorptions at
2219 (w), 2194 (vw), 2139 (m), and 2057 (s) cm~' consistent
with metal-bound [TCNE]*~ as these values are in good
agreement with those observed for Na,[TCNE] [2251 (w),
2211 (w), 2162 (m), 2145 (w), 2091 (s), 2073 (m), and 2051
(w) cm™'],1%1 and differ from the 2143 (m) and 2078 (s) cm™!
values reported for isolated [TCNE]*~ in [TDAE][TCNE]4
and [Co(CsMe;),],[TCNE]™. Single crystals of 2 suitable for
X-ray studies could not be isolated. Due to the proclivity of TI!
for high coordination (see 1 above) and fewer donor atoms to
bind to TI' due to the 2:1 ratio, a complex electrostatic
structure consistent with the poor solubility is expected.

To demonstrate the utility of 2 1:1 the reaction with
[TDAE]CL led to [TDAE][TCNE].["Y This reaction utilized
a Soxhlet apparatus, with 2 being continuously extracted into
a solution of the halide in boiling acetonitrile. Complex 2 also
has limited solubility in glyme and pyridine and is insoluble in
most other common organic solvents.

Conclusion

In summary, two versatile synthons have been developed and
show great promise to access [TCNE]'~ and [TCNE]J*-
complexes that would otherwise be very difficult to obtain
pure. These easily prepared reagents can be stored for long
periods of time without degradation and have the advantage
over the putative Ag! salts of greater redox stability. We are
currently characterizing other TI salts of common electron
acceptors such as 778,8-tetracyano-p-quinodimethane,
TCNQ, hexacyanobutadiene, HCBD, and anils to take
advantage of what thallium(l) salts offer.

Experimental Section

Synthesis: TI'[PF¢] (Strem) was dried in vacuo at 60 °C overnight and used
without further purification. The [#Bu,N][TCNE] was prepared by
literature methods!'?! and was recrystallized before use from hot acetoni-
trile. Tetrakis(dimethylamino)ethylene, TDAE, (Aldrich) was used as
received. The [TDAE]CL."” [TDAE][TCNE],™ and [TDAE]-
[TCNE],!*4 were prepared by literature methods. Mn''TPPOAc,!'”)
Mn'"'TPPCL!" and Mn"TP’PCI® were prepared by literature methods.?"!
[(Cr'C¢Hg),|Br was kindly provided by Prof. T. G. Richmond and was used
after recrystallization from THFE.

All manipulations were carried out in a vacuum atmospheres DriLab under
a purified N, atmosphere. All glassware was flame dried before use. All
solvents were distilled under N, from appropriate drying agents and stored
in the DriLab. Dichloromethane and acetonitrile were distilled twice from
CaH,. THF and glyme were distilled from sodium benzophenone ketyl and
pyridine was predried over 4 A molecular sieves and distilled twice from
KOH.

Synthesis of TI'[TCNE]*~ (1): A solution of [nBu,N][TCNE] (265 mg,
0.715 mmol) in dichloromethane (10 mL) was added dropwise to a rapidly
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stirring solution of TI'[PF¢] (50 mg, 0.716 mmol) in acetonitrile (5 mL) at
room temperature. The immediate dark purple precipitate was collected on
a fritted glass disk after stirring for 10 min to yield 1 (0.235 mg, 99 %,
0.707 mmol). Crystals were grown by slow diffusion of acetonitrile
solutions of TI[PF] and of [nBu/N][TCNE] in an H-tube at room
temperature. Elemental analysis: caled (%) C 21.67, H 0.0, N 16.86; found
(%) C21.72, H 0.0, N 16.73; IR: iy 2191 (s), 2162 (s), ¥ 1360 (s).
Tetraphenylporphyrinatomanganese(@i) tetracyanoethenide, [Mn"PP]-
[TCNE], via Mn'"'TPPCI as an example of the general procedure for
reactions with complex 1: TI'[TCNE] (1, 24 mg, 723 mmol) in THF (10 mL)
was added dropwise at room temperature to a rapidly stirring solution of
Mn"'TPPCl (50 mg, 712 mmol) in THF (15 mL). An immediate precipitate
was observed and the mixture was allowed to stir for an additional 10 min.
The TICI precipitate was collected by filtration through diatomaceous earth
(Celite) and the solvent was removed under reduced pressure. The
[Mn"'TPP][TCNE] formed was recrystallized from boiling toluene and
the 7y matched the literature values, Table 3.

[Mn'"'TPP][TCNE] via Mn"™"TPPOAc: The above reaction was repeated
with Mn'""TPPOAC. The 7y matched the literature values, Table 3.

[Mn'"TP'P][TCNE], via Mn'""TP'PCI: The first reaction was repeated with
Mn""TP'PCI. The 7y matched the literature values, Table 3.

[Cr'(C¢Hy),]J[TCNE]: The first reaction was repeated with [Cr'(C¢Hy),]Br.
The vy matched the literature values, Table 3.

[TDAE][TCNE], (1:2) (3): The first reaction was repeated with
[TDAE]CI, and [nBu,N][TCNE]. The 7cy matched the literature values,
Table 3. Crystals of [TDAE][TCNE],-MeCN (3) were obtained from
acetonitrile solutions of TDAE which was slowly added to the solution of
TCNE in a 1:2 stoichiometric ratio in a 20 mL scintillation vial. This
solution was then placed into a —22°C freezer and allowed to stand for one
week. The dark crystals were then collected as thick needles.

TLITCNE] (2): A hot acetonitrile solution (70°C, 10mL) of
[TDAEP*[TCNE]>- 1% (47 mg, 1.43 mmol) was stirred rapidly in a 50 mL
Erlenmeyer flask. A 70°C acetonitrile solution (2 mL) of TI'[PF,] (100 mg,
0.287 mmol) was added dropwise to this solution and a pink precipitate was
collected on a fritted glass disk, and washed with room temperature portions
(3x5mL) of acetonitrile. The yield was 99% (76 mg; 0.142 mmol).
Elemental analysis: caled (%): C 13.42, H 0.0, N 10.44; found (%): C
13.67, H 0.22, N 10.43; IR: 7oy 2219 (w), 2194 (vw), 2139 (m), 2057 (s).
[TDAE][TCNE] (1:1): The above reaction was repeated with [TDAE]CI,
and 1.0 equiv [nBu,N][TCNE]. This was recrystallized twice from acetoni-
trile The 7y matched the literature values, Table 3.

X-ray structure determination: Isolation of crystals suitable for X-ray
diffraction of 1 was difficult, and only very-small (0.08 x 0.08 x 0.08 mm)
black block crystals were obtained. Data were collected at room temper-
ature on a Bruker SMART 1000/P4 CCD area detector (Mo, radiation) at
2000 W. A summary of data collection parameters is given in Table 1. The
Bruker rotational twinning software package (TWINDX, TWUTIL, and
TWROT)P" was used to analyze the two-fold twinning law (180°
rotational about the 110 direction) and to calculate orientation matrices
for integration. The frames were integrated twice (once for each twin
component) with the Bruker SAINT program®"®l using a narrow-frame
integration algorithm. This process produced a total of 4362 reflections to a
maximum 26 angle of 50.00° (0.84 A resolution, completeness =97.2%).
The crystal structure was solved by direct methods using SHELXTLP!
followed by full-matrix least-squares refinement on F2, using the space
group C2/c, with Z=8 for the formula unit CN,Tl. The Bruker
TWHKLP" program was then used to merge the data sets into one file
suitable for twin refinement with SHELXTL.?'l The final anisotropic full-
matrix least-squares refinement on F? for 1300 independent reflections
converged at R1 =5.57%, wR2 ="7.01 % and a goodness-of-fit of 1.061. The
twinning parameter converged at 0.46. The largest peak on the final
difference map was 1.145 e~ A=1. F(000) is 1160 e~. The final cell constants
are based upon the refinement of the XYZ-centroids of 1658 reflections
above 200([).

Crystals of  TDAE][TCNE],- MeCN (3) suitable for X-ray diffraction were
obtained as thick black needles by recrystallization from MeCN at —22 °C.
Data were collected on a Nonius CAD-4U diffractometer (Cuy, radiation).
Cell constants and an orientation matrix for the data collection were
obtained by least-squares refinement of 25 unique reflections; a summary
of data collection parameters is given in Table 1. An empirical absorption
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correction was applied to the data (transmission factors of 0.96-1.0; u =
0.59 mm™!). Systematic absences and subsequent least-squares refinement
were used to determine the space group as the noncentrosymmetric /222.
The crystal structure was solved by direct methods using SIR-92(2!¢l
followed by full-matrix least squares refinement (based on F,; 1196 data
for which I/o(I) >1.96, 169 parameters) of positional and anisotropic
displacement parameters for all nonhydrogen atoms (H atoms fixed) using
the Oxford CRYSTALS program suite;?'*! R =8.27%; Rw =10.39%. The
asymmetric unit of the crystal contains one half-cation, two half-anions, and
one-half MeCN (disordered); all four species are located on crystallo-
graphic two-fold axes. The largest peak on the final difference map was
030e A,

Physical methods: The elemental analysis was performed by Atlantic
Microlab for C, H, and N. The IR spectra were collected on a BIO-RAD
FTS-40 with 2 cm~! resolution using the WIN-IR software package as Nujol
mulls on NaCl disks. The EPR was collected on a Bruker ES300. The
magnetic susceptibility was measured on a Quantum Design SQUID 5XL
magnetometer at 300 Kelvin in a 1 T applied magnetic field.

X-ray crystal structure analysis: Crystallographic data (excluding structure
factors) for the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publication
no. CCDC-114260 (3) and CCDC-114261 (1). Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@
ccde.cam.ac.uk).
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Products from the Reaction of meso-Tetrakis(4-halophenyl)porphinato-
manganese (1) and Hexacyanobutadiene (HCBD): Formation of
n-[HCBD],>~ Dimers, u-[HCBD] ~, 6-[HCBD] ~, and [C,(CN);0]"

Durrell K. Rittenberg,!*! Ken-ichi Sugiura,® Atta M. Arif,'*! Yoshiteru Sakata,™™
Christopher D. Incarvito,/! Arnold L. Rheingold,*! and Joel S. Miller*!?]

Dedicated to the memory of Douglas C. Gordon

Abstract: The reaction of hexacyano-
butadiene (HCBD) and meso-tetra-
kis(4-chlorophenyl)porphinatomanga-
nese(1)) pyridine [Mn"TCIPPpy] (1Cl)
leads to two phases of [Mn""TCIPPpy]-
[HCBD]-PhMe (a-2Clpy, pS-2Clpy).
Similarly, the reaction of HCBD and
tetrakis(4-bromophenyl)porphinato-
manganese(t1) pyridine [Mn'TBrPPpy]
(1Br) leads to two products
[Mn""TBrPPpy|[HCBD] - PhMe (2 Brpy)
and [Mn™'TBrPP][HCBD]:2PhMe
(3Br). The structure of dark-green a-
2Clpy consists of one porphyrin unit
with Mn'! in a square pyramidal coor-
dination environment axially bound to
one pyridine. The cation forms
[Mn"'"TCIPPpy],?* as cofacial dimerized
porphyrins. Each [HCBD]~ is nonpla-
nar with a torsion angle of 170.8(4)°
about the center C—C bound, and forms
[HCBD],?~ dimers in the solid state with

sub-van der Waals contacts of 3.325 and
3.340 A. The magnetic data above 10 K
obey the Curie — Weiss expression with a
0 of —2.5 K, and p (300 K) =4.91 uy as
expected for S=2Mn"" and S=0
[HCBD],’>~. The magnetic data for a-
2Clpy can be fit with an zero-field-
splitting D of —1.45 K. -2 Clpy consists
of one porphyrin unit with Mn™! in a
distorted octahedral coordination envi-
ronment axially bound to py and to a
monodentate [HCBD]*~ bound via an
exo-nitrile. [HCBD] "~ is nonplanar with
a torsion angle of 169.7(5)° about the
center C—C bound. The u.; (350 K) is
5.09 ug; however, the magnetic data do
not obey the Curie—Weiss expression

Keywords: electron transfer - mag-
netic properties - metalloporphyrins
- polymers

above 70 K. The low temperature data
may be fit with a 6 of —5.4 K. The data
was modeled to an isolated S=2 and
S =1 dinuclear spin system with J/kg =
—90 K. Decomposition of [HCBD]~ to
[C4(CN)sO]~ was evidenced by the de-
termination of the structure of
[Mn™TCIPP][C,(CN);O]-2PhMe (3CI-
0). Crystals of 3CI-O were prepared by
reaction of HCBD and 1Cl in the
presence of a drop of water. The molec-
ular structure consists of [HCBD]'~
trans-u-N-2,3-bound to [Mn"™TBrPP]*
forming a 1-D coordination polymer
of alternating [MnTBrPP]* and
[HCBD]*~. The intrachain Mn-:-Mn
distance was 10.675(3) A, with impor-
tant interchain Mn-.-Mn distances of
10.832, 11.016, and 14.696 A. The mag-
netic data were fit to a Curie — Weiss law
(10< T<290 K) with a 6 of —3.5K, and
D =0.3 K with u.;=4.97 ug at 300 K.

Introduction

The discovery of bulk
[MnTPP]*[TCNE]*~-2PhMe
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magnetic  ordering in
(H,TPP = meso-tetraphenyl-
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porphyrin, TCNE = tetracyanoethylene) below its magnetic
ordering temperature 7, of 15 K[ has led to a family of
related magnets.”! One aspect of current research focuses on
exploring other organic acceptors with substituted fetra-
phenylporphyrins to establish relationships between the
structure and the magnetic phenomena, particularly in the
correlation of dimensionality, connectivity, and the critical
temperature of this class material.

Hexacyanobutadiene (HCBD) is a strong organic accept-
ol (E°=0.60eV vs. SCE),™ that forms 1-D:.-
D*A*"D*A" ... chains with metallomacrocycles binding in
two motifs either trans-u-endo-N-o-bound (A) exemplified
by [Mn"'OEP][HCBD] (H,OEP = octaethylporphyrin) or
trans-u-2,3-N-o-bound (B) exemplified by [Mn"'T/BuPP]-
[HCBD] (H,TtBuPP = meso-tetrakis(4-tetrabutylphenyl)por-
phyrin).’l The complexes exhibit very different magnetic
couplings ascribed to the differences in the spin density
located on the endo (A) and interior (B) nitrogens.

1811
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As a result, the spin overlap describing the coupling is
substantially diminished for interior-bound [HCBD]'~, in
accord with the low 6 value obtained from a fit of the
magnetic susceptibility to the Curie—Weiss expression of
—15 K for [MnT/BuPP][HCBD]," and a substantially higher
0 value of 67 K for [MnOEP][HCBD]. Due to the ease of
modifying the porphyrin structure, we are studying electron-
transfer salts of substituted-Mn""TPP complexes with HCBD
to identify factors responsible for differences in [HCBD] -
binding and subsequent magnetic coupling. Herein, we report
the structural, chemical, magnetic, and thermal properties
of several HCBD electron transfer salts with meso-
tetrakis(4-chlorophenyl)porphinatomanganese()  pyridine
[Mn"TCIPPpy] (1Clpy), and meso-tetrakis(4-bromophenyl)-
porphinatomanganese(t1) pyridine [Mn"TBrPPpy]| (1Br).

X X

QL I

(o = Q

X X
1CI (X = Cl), MnITCIPPpy

1Br (X = Br), MnlITBrPPpy

Results and Discussion

The reaction of [Mn'TXPPpy] [X=Cl (1Cl), Br (1Br)] and
HCBD leads to the isolation of dark green a-2 Clpy, -2 Clpy,
and 2 Brpy, after 2d. 7y absorptions of 2185 (m), 2170 (s), and
2128 (m) cm™! occur for -2 Clpy, and 2185 (m), 2170 (s), 2153
(m) cm™! for both B-2Clpy and 2Brpy. These vy IR
absorptions are consistent with each other and other known
[HCBD] - salts that range from 2150 to 2230 cm~[% 7 but are
inconsistent with either [HCBD]*~ (2120 to 2200 cm™!) or
HCBD (2210 to 2250 cm ).l Nonetheless, these values
are inconsistent both unbound [HCBD]'~, such as
[FeCp*,][HCBD]  (Cp* =pentamethylcyclo-pentadienide)
[2185 (s) and 2168 (m) cm~!],®] or either mode of trans-N-o-
bound [HCBD]*~ (A or B).*3 The ¥y for «-2Clpy is
inconsistent with known [HCBD]'~ complexes.>71 The
2128 cm~! absorption suggests a new structural arrangement
for reduced HCBD.

When the reaction mixture of 2Brpy is left standing for
about three weeks a block-crystal product, 3Br, is isolated.
The 7y absorptions for 3Br are 2228 (m), 2212 (s), and 2189

1812
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(m) ecm~LI These absorptions appear at significantly higher
frequency than 2 Clpy and 2 Brpy, but are within the range of
known bound [HCBD] "~ anions.[> 7]

Thermogravimetric analysis coupled with mass spectrosco-
py (TGA/MS) studies reveal weight losses of ~14.5% for a-
and #-2Clpy and 18.9% for 2Brpy in accord with the loss of
one toluene and one pyridine in the former (caled 14.6 %) and
two toluenes and one pyridine in the latter (caled 19.0 % ). The
TGA/MS spectrum of 3Br shows a weight loss between 100
and 180°C of 14.0% (calcd 14.0%), due to the loss of 2.10
toluene with no evidence of pyridine in the mass spectrum.

Attempts to grow single crystals of 3Cl upon long
standing led to isolation of a fourth product characterized
as [Mn™TCIPP][C,(CN);O]-2PhMe (3CI-O). As with
[TCNE] -, [HCBD] ¥ is unstable in aerobic and aqueous
environments, and can decompose to [OC(CN)C(CN)-
C(CN)C(CN),]~. Although the structures of several tricya-
noethenolate coordination complexes have been reported, ']
this is the first reported structure of the pentacyanobutadi-
enolate anion. The presence of [C4,(CN)s;O]~ can be ascertained
from the IR spectra which exhibits distinct 7y absorptions of
2235 (w) (sh), 2226 (m), and 2218 (m) cm™' and 7o 1557
(s) cm~!in accord with 2219 (m), 2196 (w), and 1558 (s) cm™!
Pen absorptions for [MnTOMePP][C,(CN);0].1"

Complex 3Br can also be prepared directly by using excess
HCBD rather than a stoichiometric mixture, or by replacing
pyridine with weaker coordinating 2-methylpyridine and 2,6-
dimethylpyridine ligands in the Mn"TXPP starting material.
In both cases a black precipitate is isolated in 24 h with its
characteristic IR absorptions.

Crystal structures: «a-2Clpy is composed of one
[Mn™'TCIPPpy]*, D, one [HCBD]*~, A, and one toluene
solvate per repeat unit (Figure 1). Each Mn'"! is surrounded by
five nitrogen atoms (four porphyrinic and one from pyridine)
in a distorted square pyramidal geometry with Mn—N ..
bond distanc?s averaging 2.007 A and a Mn—N, ;4 distance
of 2.316(8) A. The porphyrin macrocycle is significantly
distorted adopting a saddle conformation. Furthermore, the
Mn is displaced from the mean pyrrole-N, plane by 0.53 A.
This nonplanar geometry has also been observed several TPP
derivatives,["!l such as [MnTPP][C;(CN);].[''l The bond dis-
tances and angles of the [HCBD]'~ are summarized in
Table 1. The C—C bond distances for the C, backbone range
from 1.384(6) to 1.402(6) A averaging 1.391(6) A in good
agreement with predicted values for bond order of 1.5
expected for [HCBD] . The C—CN bond distances for the
exo-, endo- and interior position range from 1.410(6) to
1.464(5) A averaging 1.422 A. These data are in good
agreement with [MnT/BuPP][HCBD] (1.445A)" and
[MnOEP][HCBD] (1.433 A).[¥ These data are less than that
found for either with [MnT/BuPP][HCBD] (1.445 A)B or
[MnOEP][HCBD] (1.433 A).# The CN bond distances for the
exo-, endo- and interior positions range from 1.139(5) to
1.167(5), and average 1.156 A. The N-C-C bond angles
average 175.1°, whereas the NC-C-C bond angles average
121.2°. The most surprising structural feature of [HCBD] ™ is
the pronounced torsion angle along the C, backbone of
170.8(4)°. Previously, the reported structure of described a
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Figure 1. ORTEP diagram drawn at 30 % probability of a-[MnTCIPPpy][HCBD]:PhMe (a-2 Clpy).

twisted conformation; however, the twist was much more
pronounced (40°) then the present case.[’]

The structure of @-2Clpy consists of cofacial -
[Mn"'TCIPPpy],?* cations separated by t [HCBD],>~ dimers
(Figure 2). The cofacial ni-[Mn™TCIPPpy]* intradimer sepa-
ration is 4.10, while the Mn—Mn separation is 5.41 A. The

—
I 3.325 3.40

Figure 2. Molecular structure of «-[MnTCIPPpy][HCBD]:-PhMe (a-
2Clpy) and dimer stacking arrangement. The solvent and hydrogen atoms
have been removed for clarity.

Table 1. Summary of the bond distances, A, and bond angles of the [HCBD]"~.

[HCBD],*~ intradimer separation
ranges from 3.325 to 3.401 A. Al-
though there are a number of
cofacial t porphyrin dimers,'? this
is the first example of a dimerized
[HCBD],>~. Several HCBD elec-
tron transfer salts have been char-
acterized  crystallographically.l®!
Generally [HCBD]~ is isolated
as observed for [TMTTF]-
[HCBD]!3  (TMTTF = tetrame-
thyltetrathiafulvalene) and [Fe-
(CsMes),|[HCBD],®  but  may
bridge two metal sites, as observed
for  [MnOEP][HCBD]|¥  and
[Mn"T/BuPP][HCBD].®! The =
overlap present for [HCBD],>~ is
limited to ¥ of the [HCBD]"~ ion,
the C,(CN); moiety, and may be
the origin of the deviation form the
mean plane observed in the C, backbone. Hence, [HCBD],>~
is neither eclipsed like previously reported for several
[TCNE],>~ complexes,'¥ nor slipped as observed for
[TCNQJ,>~ (TCNQ =17,7,8,8-tetracyano-p-quinodimethane)
dimers.’s) The closest n-[HCBD],2~ contact is 3.325 A be-
tween N(10) and C(54) with other close contacts averaging
3.340 A. The observed intradimer distances are consistent
with other dimerized cyanocarbons, for example the a- and f5-
phase of [TTF][TCNE]!" (TTF = tetrathiafulvalene) which
exhibit intradimer distances of 3.39 and 3.26 A, respectively,
but longer than those found in Cu(PPh;)TCNE!] (3.149 A)
or [Cr(C¢Hy),][TCNE]“d (3,09 A). Preliminary ab initio
calculations at the UHF level suggest a singlet ground state
with a singlet —triplet energy gap is ~ 65 kcalmol 'l consis-
tent with no contribution to the magnetic moment (vide
infra).

B-2Clpy, like a-2Clpy, is comprised of [Mn™TCIPPpy]*+-
[HCBD]~, and one toluene solvate (Figure3). A slight
rotational disorder was observed in the toluene solvate and
was subsequently modeled as a flat hexagon. Unlike for a-
2 Clpy, the Mn'! occupies a distorted octahedral coordination

a-2Cl p2ql 3Br 3Cl0
Mn(1)-N(5) 1.992(7) Mn(1)-N(5) 1.993(4) Mn(1)-N(1) 2.009(3) Mn(1)-N(1) 2.033(6)
Mn(1)-N(4) 2.003(7) Mn(1)-N(4) 2.004(4) Mn(1)-N(2) 2.004(3) Mn(2)-N(4) 2.023(7)
Mn(1)-N(1) 2.316(8) Mn(1)-N(11) (Py) 2.281(4) Mn(1)-N(5)HCBD 2216(3) Mn(1)-N(300) 2.315(6)
Mn(1)-N(1) (HCBD) 2.506(5) Mn(2)-O(1) 2.279(5)
N(1)-C(1) 1.131(13) N(1)-C(1) 1.152(8) N(8)-C(53) 1.160(5) N(302)-C(303) -
N(2)-C(7) 1.138(1) N(9)-C(56) 1.167(5) N(300)—C(300) 1.141(10)
N(2)-C(4) 1.02(2) N(3)-C(8) 1.128(8) N(6)—C(50) 1.143(5) N(303)-C(302) 1.149(5)
N(4)-C(9) 1.137(10) N(11)-C(59) 1.139(5) N(301)-C(301) 1.30(1)
N(3)-C(5) 1.072(14) N(5)-C(6) 1.127(12) N(7)-C(52) 1.164(5) N(304)-C(305) 1.157(11)
N(6)—C(10) 1.146(10) N(10)-C(57) 1.157(5)
C(1)-C(2) 1.510(19) C(2)-C(3) 1.442(10) C(53)-C(54) 1.459(5) C(303)-C(307) 1.46(1)
C(4)-C(5) 1.418(10) C(56)—C(55) 1.464(5) C(300)—C(308) 1.41(1)
C(2)-C(2) 1.39(2) C(3)-C(4) 1.378(10) C(54)-C(55) 1.386(5) C(307)-C(308) 1.42(1)
C(2)-C(3) 1.20(2) c(1)-C(2) 1.415(9) C(54)-C(51) 1.402(6) C(304)-C(308) 1.405(10)
C(3)-C(8) 1.453(8) C(55)-C(58) 1.384(6) C(306)-C(307) 1.383(13)
Chem. Eur. J. 2000, 6, No. 10 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0610-1813 $ 17.50+.50/0 1813






FULL PAPER

J. S. Miller et al.

Figure 3. ORTEP diagram drawn at 30%

probability of -
[MnTCIPPpy][HCBD]-PhMe (#-2Cl). Hydrogen atoms and toluene
solvate have been omitted for clarity.

environment with pyridine and [HCBD] '~ occupying axial
coordination sites. Mn—N,,nin distance average 2.000 A,
with the other bond angles and distances being typical of
[Mn™TPP]* cations (see Table 1).['2 10117 The Mn—Nyepp
bond distance of 2.506 A is significantly longer than those
for [MnOEP][HCBD] (2.419 A),* [Mn"'T{BuPP][HCBD]
(2306 A), and [MnTPP][TCNE] complexes.’! On the other
hand, the Mn—N,, bond distance of B-2Clpy is 2.281 A,
significantly shorter than the Mn—Ny,¢pp, distance, but close to
the Mn—N,, distance of @-2Clpy (2.216 A). The [HCBD]*~
anion is significantly twisted with a center C, backbone
dihedral angle of 169.7° in agreement with a-2 Clpy (170.8°).
Unlike previous [MnTPP][HCBD] complexes that coordinate
to interior nitriles, #-2 Clpy binds to the exo-nitrile. Further-
more, in addition to the long Mn—N distance, the 121.1° Mn-
N-C bond angle suggests dominate sp? bonding interaction is
through the lone pair on nitrogen, 4, whereas in [HCBD] -
chain complexes of MnTPP derivative bond angles approach
180°, which suggests a m-type bonding mode.

The packing motif of -2 Clpy consists of parallel chains of
[MnTCIPPpy][HCBD] along c. Due to this stacking arrange-
ment porphyrin units stack such that the [HCBD] = are on
opposite sides of each porphyrin. These chains are separated
by toluene solvates. No close contacts were observed in the
crystal lattice, and intermolecular Mn---Mn distances were
mostly of 9.0 A.

Complex 3Br has one-half of an ordered [Mn!'TBrPP]",
one-half of a disordered [HCBD]"~, and an ordered toluene
solvate where the cation and anion occupy special positions
(center of inversion) in the unit cell with an ordered toluene
(Figure 4). The [HCBD] "~ disorder could not be resolved;
however, it is believed to be rotationally disordered along

1814
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Figure 4. ORTEP  diagram drawn at 30%  probability of
[MnTBrPP][HCBD]-2PhMe (3Br). Hydrogen atoms and toluene solvate
have been omitted for clarity.

C,backbone as observed for [FeCp*,|[HCBD]®! and
[TMTTF][HCBD].['¥l The average Mn—N ;. bond distance
is 2.007 A, while the Mn—NC, bond distance is 2.316(8) A,
typical for this class of materials. [HCBD]~ is planar with an
average C—C bond distance for the C, backbone of 1.26 A:
however, due to disorder this value is not useful for
comparison. The C—CN bond distances average 1.53 A, while
the C—CN-Mn bond distance is 1.51(2) A. The C=N
and C=NMn distances are 1.046 A and 1.131 A, which are
significantly shorter  than that observed for
[MnT/BuPP][HCBD].P! Complex 3Br is comprised of
1-D++D*A*"D*A*"..« chains in which the [HCBD]"" is
trans-interior-u-N-o-bound to Mn with a typical Mn—NC
bond distance of 2.316(8) A (Figure5). The Mn-N-C
160.0(10)° angle is midway between that of

Figure 5. Segment of a 1-D DA D*A" -«

chain showing interior
trans-u-N-o-binding of [HCBD]*~ to [MnTBrPP]* in [MnTBrPP][HCBD]
-2PhMe (3Br) and important interchain interactions.

[MnT/BuPP][HCBD]®! (172.3°), and [MnOEP][HCBD]
(148.1°) which has different bonding motif.! The dihedral
angle between the MnN, plane and plane of one half of
[HCBD]~ is 83.7(3)° close to that found for
[MnT/BuPP][HCBD] (874°).) In the structurally related
[MnTPP][TCNE] family of magnets, it has been shown that
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this angle is inversely proportional to the strength of the 1-D
antiferromagnetic coupling between the Mn! and
[TCNE] .l Smaller MnN,-[TCNE]"~ dihedral angles led
to stronger 1-D coupling due to increased o-overlap of the
spin containing p, orbital on [TCNE]~ with the d,?> orbital on
Mn"L08 Tt was hoped a similar correlation could be realized
for the [MnTPP][HCBD)] family; however, more structurally
related examples are needed before such a correlation can be
established. The intrachain Mn -+« Mn separation is 10.657 A,
identical to that observed for [MnT:BuPP][HCBD]
(10.652 A),5! but shorter than the 10.844 A observed for
[MnOEP][HCBD] .l However, the observed interchain sep-
arations for 3Br are 10.832 and 11.016 A significantly shorter
than 16.522 and 16.034 A for the [MnT¢BuPP][HCBD]."!

[MnTCIPP][C4(CN)sO]-2PhMe (3Cl-O) is composed of
one half of two separate [Mn!'TCIPP]* units bridged by a
pentacyanobutadienolate [C4,(CN);sO]~ anion bound to Mnl
via the internal nitrile and Mn2 by oxygen, 5 (Figure 6). The
Mn—N and Mn—O bond distances are 2.315 (6) and 2.279
(9) A, respectively, compared with 2.326 A for Mn—N/O for
the similar 1-D, albeit disordered, chained tricyanoethenolate
[MnTOMEePP][C,(CN);0].1' The Mnl—}\lrmg and Mn2—N,,,
bond distances average 2.022 and 2.005 A, respectively, with
other cation bond distances and angles typical of
[Mn'TPP]*.[L210.1L18] The coordination environment of

Figure 6. ORTEP
[MnTCIPP][C4(CN)sO]-2PhMe (3CI-C4,(CN);0). Hydrogen atoms and
toluene solvate have been omitted for clarity.

diagram drawn at 30%  probability  of
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© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Mnl consists of a nitrogen bound axially distorted octahe-
dron. Whereas Mn2 occupies an axially distorted octahedral
with an intrachain Mn-.--Mn separation of 8.601 A and
interchain Mn---Mn separations ranging from 13.830 to
17287 A. This is the first reported structure of the
[C4(CN)sO]~ anion. Interestingly, coordination of the nitrile
occurs though an interior N as for 3Br (Figure 7), rather than
the endo- or exo-position as observed in [MnOEP][HCBD]#
or #-2ClL. The Mn(1)-O-C and Mn(2)-N(300)-C(300) bond
angles are 121.1 and 169.3°, respectively, which suggests that
the oxygen is bound through the lone pair and as with 3 Br the
nitrile bonding is m-like.

Figure 7. Segment of a 1-D «-«D*A*"D*A"~ ..« chain showing [C,(CN);O]~
to [MnTCIPP]* in [MnTCIPP][C,(CN);O]-2PhMe (3CI-O).

Magnetic properties: The 5 to 300 K temperature dependence
of the magnetic susceptibility y of a-2 Clpy, -2 Clpy, and 3Br
were studied. The data for e- and f-2Clpy can be fit to a
Curie — Weiss expression y o< 1/(7— 6) between 10 to 300 K
and 5 to 140K with 6 of —2.5 and —6.6 K, respectively
(Figure 8). In both cases the magnitude of the observed 6, |6 |,
is significantly lower than that of [MnT/BuPP][HCBD],
—15 K, or [MnOEP][HCBD], 67 K, which suggests atte-
nuated magnetic coupling. The 300 K effective moment, u.; =
(8xT)'2, for a- and B-2 Clpy are 4.91 and 4.88 ug, respectively.
For a-2 Clpy the 4.91 ug value is as expected for S=2 and g=
2 system; hence, no contribution from [HCBD],>~ is evident.
Thus, the effective moment of a-2Clpy strongly suggests a
singlet ground state of the [HCBD],?~. Nonetheless, given the
long intradimer separation, thermal population of the triplet
excited state might be achieved; however, no evidence of such
a transition was observed below a temperature of 400 K.
Likewise, evidence of long range magnetic ordering was not
observed in either sample.

The temperature dependence of u. for a-2 Clpy can be fit
to an expression for zero-field-splitting (H = DS,*+gugH-S),
Equation (1), with S=2, g=1.99 and zero-field-splitting
parameter D of —1.45K (—2.09 cm™).

2g2 (e—D/"I‘ + 4e—D,/I‘>
T 142e T 428 00T

28° (18 —14e /T 4 4¢4-0/T)
3D (1+2eP/T 4 2e+DIT)

2

u 1)

For typical five- and six-coordinate [Mn™'TPP]*-containing
complexes D ranges between —2.6 and —4.3 K. The
reduced value in the present case is likely due to the distorted
porphyrin moiety changing the coordination environment
about Mn. The slope observed in u.(7) with increasing
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temperature is indicative of temperature independent para-
magnetism TIP.?!! Subsequently the best fit to the data was
obtained with the addition of a TIP term of 200 x
10~ emumol~! (Figure 8). Typically, Mn! does not exhibit
TIP; however, in the present case the coordination environ-
ment of the Mn center is significantly distorted and maybe the
origin of the observed behavior.

120 16

-
o
=3

=]
(=]

21, mol emu-1
[+2]
o

! ! L 1 ! 2
0 50 100 150 200 250 300

T.K

Figure 8. Reciprocal molar magnetic susceptibility y~! (closed) and mo-
ment, u, (open) as a function of temperature for a-[MnTCIPPpy]-
[HCBD]: PhMe (a-2Cl) (circles), f-[MnTCIPPpy][HCBD] - PhMe (-2 Cl)
(squares) and a-[MnTBrPP][HCBD]-PhMe (3Br) (triangles). Fit of the
u(T) data to a zero-field-splitting with S=2, g=1.99 and D=-145K
(2.07 cm™!) for a-[MnTCIPPpy][HCBD]-PhMe (a-2Cl) (solid line), fit of
the u.(7T) data to the binuclear spin 2,/1 2 expression (see text) for -
[MnTCIPPpy][HCBD] - PhMe (-2 Cl) (solid line) and fit of the yu.(T) data
to a zero-field-splitting with S=2, g=1.87 and D=0.3 K (0.2 cm™!) for
[MnTBrPPpy][HCBD]-2PhMe (3Br) (solid line).

In accord with the crystal structure, the magnetic properties
of B#-2Clpy were modeled to an S=1, S=2 dinuclear spin
system using (H = —2JS,-S,), Equation (2).['*"!

Nupig* 10+35e(57/T)
X = @
kg (T —0)4(2+3e(5J/T)

where N is Avogadro’s number, uz is Bohr magneton, g is
the Landé g value, kg is the Boltzmann constant, and J is the
exchange coupling constant. The solid curve in Figure 8 shows
the best fit to the data between 70 and 300 K with 6=2K, g=
2.02 and J/kg of —90 K (— 62 cm™). This J value is indicative
of strong antiferromagnetic coupling between localized spin
sites, while the positive 6 indicates weaker interdimer
coupling. Below 70 K the data is lower than the model
prediction and may reflect to perturbations arising from D
and TIP.

The susceptibility for 3Br can be fit to a Curie—Weiss
expression between 10 to 300 K with 6 =—3.0 K (Figure 8).
6 for 3Br is significantly lower than either
[MnT/BuPP][HCBD] (—15K)®! or [MnOEP][HCBD]
(67 K) attributed to the low-spin density on the interior
nitriles of [HCBD] .l The temperature dependence of 3Br
was similarly fit to Equation (1) with a D=0.3 K (0.2 cm™),
g=1.87, and a TIP of 300 x 10~® emumol~"' (Figure 8). The
genesis of low Landé g value is not well understood at this
time; however, values as low as 1.82 have been reported for
[Mn™TPP]*.2% The low value of D reflect the slightly
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distorted octahedral coordination environment about Mn
compared with the distorted square-planar environment of a-
2Cl, and is lower than those observed to typical [Mn!'TPP]*
complexes.?]

Conclusion

The stoichiometric reaction of [Mn"TXPPpy] (X=CI, Br)
with HCBD led to two distinct products a-, #-2Clpy, and
2Brpy of [MnTXPPpy][HCBD] composition. On longer
standing 3Br of [MnTBrPP][HCBD] composition was
formed. Although the structure of 2Brpy has not been
determined, based on the IR absorption spectra a structure
related to the B-2Clpy is predicted. The ¥y absorptions
provide a signature of the differing bonding modes of
[HCBD]" (n=0, 1 —, 2—), Table 2. Furthermore, based on

Table 2. Summary of the bonding modes of [HCBD]" (n=0,1—,2—) and
their IR absorptions.

[HCBD]" bonding Ven Ref.
mode

n-HCBD? 2247 (w) 2238 (m) 2211 (s)

n-[HCBD]* 2185(s) 2168 (m) i
trans-1,4-[HCBD]~ 2193 (s) 2150 (s) 4
trans-2,3-[HCBD]*~ 2228 (m) 2212 (m) 2189 (w sh) 152
0-4-[HCBDJ* 2185 (m) 2170 (s) 2153 (m) f5)
n-[HCBD],2 2185(s) 2170 (m) 2128 (m) f511l
7-[HCBDJ* 2200 (m) 2152 (s) 2124 (w) 0
miso-[HCBD] 2174 (s) 2158 (m) 0]
trans-1 A[HCBDJ>- 2181 (vs) 2107 (sh) 2141 (s) 2130 (sh)

[C4(CN)sO]~

[a] This work. [b] vco.

2235 (wsh) 2226 (m) 2218 (s) 1557 (m)& [

detailed examination the 7.y absorptions of the a- and fS-
phases of 2Clpy the two high frequency absorptions (i.e.,
2185+ 1 and 2170 + 2 cm™') likely arise from unbound nitriles
consistent with unbound [HCBD]*~ {e.g., [FeCp*,][HCBD],
2185 (s) and 2168 cm™'}. The low frequency nitrile absorption,
however, exhibits a considerably wider range of absorptions
and is likely due to coordination in the case of 5-2 Clpy or 7t-t
interaction in a-2 Clpy.

The [HCBD]*~ of @-2Clpy is unbound and has been
characterized as the first [HCBD],>~ dimer reported. Mag-
netic susceptibility experiments confirm the [HCBD],*~
ground state to be a singlet, with preliminary ab initio
calculations suggesting the singlet to triplet energy gap is
~65 kcalmol~L.['1 The second product, -2 Clpy, consists of
monodentate exo-bound [HCBD] -~ and was characterized as
a binuclear S =%, S =2 system with strong antiferromagnetic
coupling between spins. This is consistent with
[MnOEP][HCBD], which also exhibits strong antiferromag-
netic coupling. The S-phase is a clear intermediate between
the unbound a-phase and the 1-D chain material. In contrast,
3Br consists of the previously observed uniform 1-D ...
D*A*"D*A*~ - chains with Mn bridged by —2,3 — (interi-
or) bound [HCBD] ", and confirms that this bonding motif
leads to substantially weaker antiferromagnetic intrachain
coupling with respect to —14— (exterior) bonding to
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[HCBD] . The genesis of the two products appears to be
competition of pyridine with [HCBD]*~ for Mn binding as
evidenced from studies with excess [HCBD] *~ and substituted
pyridine derivatives.

Experimental Section

Synthesis: All manipulations involving [HCBD] '~ were carried out under a
nitrogen atmosphere using standard Schlenck techniques or in a vacuum
atmospheres DriLab. Solvents used for the preparation of the [HCBD] "~
salts were predried and distilled from appropriate drying agents. H,TXPP
(X =(l, Br) was prepared by a literature method.?? [Mn'""TXPP]OAc was
prepared from H,TXPP and Mn(OAc),-4H,0; the Mn(OAc),-4H,0 was
predissolved in N,N-dimethylformamide (DMF) and filtered before
addition to the free-base porphyrin to remove impurities. [Mn'"TXPP]OAc
was subsequently reduced to [Mn"TXPPpy] [py = pyridine; X =Cl (1Cl),
Br (1Br)] by NaBH, utilizing a literature method.® Substitution of
pyridine with 2-methylpyridine (2-Mepy) and 2,6-dimethylpyridine was
accomplished by reduction of [Mn"'TXPP]OAc in the presence of the
substituted pyridines. HCBD was prepared by a literature method ¥ and
was resublimed prior to use.

a-[MnTCIPPpy][HCBD]-PhMe (a-2Clpy): [Mn'TCIPPpy] (1Cl,
35.3 mg, 0.036 mmol) was dissolved with stirring at room temperature in
toluene (20 mL), and the dark-green solution was filtered through a
medium glass-fritted funnel. A slight excess of HCBD (8.1 mg, 0.040 mmol)
was dissolved in toluene (3.2 mL), and the red solution was similarly
filtered. The above two solutions were mixed and allowed to stand 78 h in
an inert-atmosphere glovebox. The resulting precipitate was collected by
vacuum filtration and subsequently washed with fresh toluene (3 x 10 mL).
TGA/MS indicated the presence of approximately one toluene and one
pyridine per formula unit. Dark-green platelets suitable of X-ray diffrac-
tion were obtained by carefully layering the two filtered solutions, and a-
2Clpy was harvested from the walls of the flask. IR (Nujol, NaCl, cm™"):
7CN 2185 (s), 2170 (m), 2128 (m).

S-IMnTCIPPpy][HCBD] - PhMe ($-2 Clpy): [Mn"TCIPPpy]| (1Cl, 33.8 mg,
0.030 mmol) was dissolved with stirring at room temperature in toluene
(10 mL), and the dark-green solution was filtered through a medium glass-
fritted funnel. A slight excess of HCBD (7.8 mg, 0.050 mmol) was dissolved
in toluene (3.0 mL), and the red solution was similarly filtered. These
solutions were mixed at room temperature and allowed to stand 3 h in an
inert-atmosphere glovebox. The resulting precipitate was collected by
vacuum filtration and subsequently washed with fresh toluene (3 x 10 mL).
The physical properties are identical to TGA/MS indicated the presence of
approximately one toluene and one pyridine per formula unit. Green
prisms suitable of X-ray diffraction were obtained from the original
reaction mixture. Anal. calcd for -2 Clpy - PhMe CH3,N;;MnCl,: C 67.13,
H 3.16, N 13.05; found: C 66.95, H 3.11, N 12.88; IR (Nujol, NaCl, cm™'):
7CN 2185 (s), 2170 (m), 2153 (m); TGA/MS caled for
[MnTCIPP][HCBD]py - PhMe, — py, — PhMe =14.58 % found 14.52% at
114-306°C (m/z =91 amu, m/z =79 amu).
[MnTBrPPpy][HCBD]-xPhMe (1<x<3) (2Brpy:): [Mn'TBrPPpy]
(1Brpy, 14.6 mg, 0.013 mmol) was dissolved with stirring at room temper-
ature in toluene (20 mL), and the dark-green solution was filtered through
a medium glass-fritted funnel. A slight excess of HCBD (3.5 mg,
0.017 mmol) was dissolved in toluene (5.0 mL), and the red solution was
similarly filtered. The above two solutions were mixed and allowed to stand
4 hin an inert atmosphere glovebox. The resulting black-green precipitate
was collected on a filter and washed with fresh toluene (3 x 10 mL).
Attempts to obtain single crystals suitable of X-ray diffraction were
unsuccessful. Anal. calcd for 2 Brpy - 0.3 PhMe, Cy; ;Hj; ,Br,MnN,;: C 56.71,
H 2.45, N 11.91; found: C 56.86, H 2.67, N 12.20; IR (Nujol, cm™'): 7 2185
(m), 2170 (s), 2153 (m); TGA/MS: caled: for 2Brpy=19.0%; found
18.90% (m/z =91 amu, m/z =79 amu).

[MnTBrPP][HCBD]:2PhMe (3Br): The solution from 2Brpy was
allowed to stand for three weeks. Block crystals of 3Br were isolated from
the sides of the flask. IR (Nujol, cm™): #¢y 2228 (m), 2212 (m), 2189 (w)
(sh); TGA/MS = calcd toluene weight loss for 3Br-2.10 PhMe: 14.01 %;
found 14.01 % at 197°C.
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Physical methods: The 5 to 300 K magnetization was determined on a
Quantum Design MPMS-5XL 5 T SQUID (sensitivity=10"%emu or
10-2emuQOe~! at 1T) magnetometer, equipped with a reciprocating
sample measurement system, and continuous low temperature control with
enhanced thermometry features. Samples were loaded in gelatin capsules
(gelcap) and mounted in plastic straws. For isofield dc measurements, the
samples were zero-field cooled (following oscillation of the dc field to zero
field), and data was collected upon warming. In addition to correcting for
the diamagnetic contribution from the gelcap, core diamagnetic corrections
of —478.7, —540.7, —162.0, —48.9, and —54.0 x 10~® emumol~! were used
for [Mn""TCIPP], [Mn""TBrPP], HCBD, pyridine, and PhMe, respectively.
The thermal properties were studied on a TA instruments model 2050
thermogravimetric analyzer (TGA) equipped with a electron spray mass
spectrometer (ambient to 1000°C) located in a vacuum atmospheres
DriLab under nitrogen to study air and moisture sensitive samples. Samples
were placed in an aluminum pan and heated at 20°Cmin~' under a
continuous 10 mL min~! nitrogen flow. IR spectra (600—4000 cm~!) were
obtained on a Bio-Rad FT-40 spectrophotometer. Elemental analyses were
performed by Atlantic Microlabs, Norcross, GA.

X-ray structure determinations: Cell constants for a-2 Clpy and orientation
matrix for data collection were obtained from three oscillations exposed for
4.0 min at —135°C on a Rigaku RAXIS-IV imaging plate area detector.
The systematic absences indicate either of the monoclinic space groups P2,
or P2i/n. E-statistics favored the noncentrosymmetric alternative; this
choice was confirmed by the stability of the refinement process. The
structure was solved by direct methods and expanded using Fourier
techniques. The nonhydrogen atoms were refined anisotropically. Hydro-
gen atoms were included, but not refined. The final cycle of full-matrix
least-squares refinement was based on 9388 observed reflections [/,>
3.000()] and 740 variable parameters and converged with unweighted
and weighted agreement factors of R=0.069 and Rw =0.069. Crystallo-
graphic details for a-[Mn""TCIPPpy][HCBD]:PhMe (a-2Clpy) are sum-
marized in Table 3.

Cell constants and the orientation matrix for data collection for f-
[Mn"TCIPPpy][HCBD]-PhMe (-2 Clpy) were obtained from 10 images
exposed for 30s at 200 K on a Nonius Kappa CCD diffractometer. The
systematic absences determine the space group P2,. The structures was
solved by direct methods and expanded using Fourier techniques using the
SIR92# software package. Significant disorder was observed in the
toluene solvate, subsequently the toluene was refined as a planar moiety.
All other nonhydrogen atoms were refined anisotropically and hydrogen
atoms were included, but not refined, using SHELX97-21! as part of the
WinGXP graphics suite. The final cycle of full-matrix least-squares
refinement for f-2Clpy was based on 9694 observed reflections [I,>
2.000()] and 697 variable parameters and converged with unweighted
and weighted agreement factors R=0.0672 and Rw =0.1710. Crystallo-
graphic details for -2 Clpy are summarized in Table 3.

Cell constants for 3Br and an orientation matrix for the data collection
were obtained by the standard method from 25 reflections at —80°C on a
CAD4 diffractometer. Systematic absences and subsequent least-squares
refinement were used to determine the space group and uniquely define the
space group as P. During data collection the intensities of several
representative reflections were measured as a check on crystal stability,
and there was no loss of intensity during data collection. Equivalent
reflections were merged and only those for which I, >20(/) were included
in the refinement, where a(F,)? is the standard deviation based on counting
statistics. The weighing scheme used was: [a2F2]~!. The structure was solved
with the SIR92% program and refined based on the Patterson method
within the SHELX-97 program.??’! The hydrogen atoms were included
using the riding model where the H-atoms coordinates are re-idealized
before each refinement cycle and “ride” on the atoms to which it is
attached. Disorder in the [HCBD] '~ was observed, however, it could not be
resolved within the data set. Crystallographic details for 3Br are
summarized in Table 3.

In an attempt to solve the structure of 3Cl, the structure of a decomposition
product of 3Cl, namely, [Mn"TCIPP][C,(CN);0]-2PhMe (3CI-O) was
unexpectedly determined. Crystals of 3 Cl-O suitable for X-ray diffraction
studies were obtained from simple addition of HCBD and [Mn"TCIPPpy]
in toluene with a drop of water added to the reaction mixture yielding dark-
brown platelets. Cell constants and orientation matrix for data collection
for 3CI-O were obtained from 45 images exposed for 10s at 173K on a
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Table 3. Summary of the crystallographic details for a- (-2 Clpy) and S-[Mn"'TCIPPpy][HCBD] - PhMe (-2 Clpy), [Mn"'TBrPP][HCBD]-2PhMe (3Br),
and [Mn""TCIPP][C,(CN);O] -2PhMe, (3CI-0).

a-2Cl1 p-2C1 3CI-O 3Br
formula CyH3N;;MnCl, CyH3;N;;MnCly Cys;H4NoMnOCl, CyesHyoBr,MnN;,
formula weight 1180.84 1180.84 1183.82 1371.68
space group P2,/n (No. 14) P2, (No. 4) P1 (No.2) P1 (No. 2)
a[A] 17.4463(3) 9.4277(3) 11.1255(2) 10.657(3)
b [A] 15.6526(3) 20.9727(3) 13.8304(2) 10.832(2)
c[A] 202121(3) 14.5913(4) 17.2040(2) 14.696(4)
al] 90 90 81.9800(4) 100.69(2)
B[ 94.5090(9) 99.956(1) 85.3232(4) 78.65(2)
v [ 90 90 79. 8.9845(5) 118.33(2)
zZ 4 2 2 1
VA3 5502.470(1) 2841.61(13) 2568.36(4) 1455.91(6)
Deateas €M™ 1.425 1.380 1.531 1.565
R(F,) 0.069 0.067 0.1047 0.078
Rw(E,)P! 0.069 0.176 02713 0.19
T [°C] ~135 ~135 ~100 (2) ~78
A [A] 0.710730 0.710730 0.710730 0.710730

[a] R(Fo)=Zw(|F,|—|F.[)Z|F2]. [b] Rw(Fo)={Z[w(F3 - F2JZ[w(F3)*]}*".

Siemens P4 diffractometer equipped with a SMART/CCD detector. The
centrosymmetric triclinic option was chosen and subsequently verified by
the stability of the refinement process. The structure was solved by direct
methods and expanded using Fourier techniques using the SHELXTL?
software package. The nonhydrogen atoms were refined anisotropically
and hydrogen atoms were included, but not refined using SHELXTL?
graphics suite. Phenyl rings were treated as rigid planar bodies to conserve
a reasonable data to parameter ratio. The final cycle of full-matrix least-
squares refinement for 3 CI-O was based on 7045 observed reflections (/, >
2.00) and 620 variable parameters and converged with unweighted and
weighted agreement factors R =0.1047 and Rw2 = 0.2713. Crystallographic
details for 3CI-O are summarized in Table 3.

X-ray crystal structure analysis: Crystallographic data (excluding structure
factors) for the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publication
no. CCDC-102234 (a-2Clpy), -102235 (p-2Clpy), -102236 (2Br), and
CCDC-102237 (3CI-0). Copies of the data can be obtained free of charge
on application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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Abstract: The palladium-catalyzed So-
nogashira reaction can be used to build
optically active, oligomeric 1,2,3-substi-
tuted ferrocenes up to the tetramer, as
well as polymers, by sequential coupling
of optically active (ee>98%), planar
chiral iodoferroceneacetylenes and fer-
roceneacetylenes. (Sg.)-1-Iodoferrocene-
2-carbaldehyde (1) was reduced to the
alcohol and methylated to give the
corresponding methyl ether, which was
Sonogashira-coupled with HC=CSIEt;,
resulting in (Rg)-1-(C=CSiEt;)-2-me-
thoxymethylferrocene (4) (79 %, three
steps). Orthometalation with tBuLi fol-
lowed by quenching with 1,2-diodo-
ethane gave (Rp.)-1-(C=CSiEt;)-2-me-
thoxymethyl-3-iodoferrocene (5). De-
protection of the acetylene with nBu,NF
resulted in (Rg)-1-ethynyl-2-methoxy-

Sonogashira-coupled with itself to pro-
duce an optically active polymer.
Deprotection of 4 with nBu,NF and
Sonogashira coupling of the product
with § resulted in the dinuclear ferro-
cene 9. Deprotection of 9 and coupling
with 5, followed by deprotection of the
resulting acetylene 11, gave the trinu-
clear ferrocene 12. Another such se-
quence involving 11 and 5 produced a
tetranuclear ferrocene 13. To study the
electronic communication in such
oligomers in more detail, two symmet-
rical, closely interrelated, trinuclear fer-
rocenes 18 and 19 were synthesized. The
redox potentials of all the ferrocenes

ferrocene -
redox

Keywords: acetylenes -
optical activity - polymers -
properties

and the ferroceneacetylene polymer
were determined by cyclic and square-
wave voltammetry. All the metallocenes
were investigated by UV/Vis spectro-
scopy. A linear relationship was found
between A, and 1/n (n=number of
ferrocene units in the oligomer). The
polymer displayed two redox waves in
the cyclic voltammogram, at 0.65 and
0.795 V. The corresponding mixed-va-
lence oligoferrocene cations were syn-
thesized from four ferroceneacetylenes,
and their metal—metal charge transfer
bands were examined by UV/Vis—NIR.
The resonance exchange integrals H,q,
calculated on the basis of spectral in-
formation from the metal — metal charge
transfer (MMCT) bands, were between
290 and 552 cm™.

methyl-3-iodoferrocene (6), which was

Introduction

Whereas organic polymers constitute a large class of com-
pounds of tremendous commercial interest,!! organometallic
polymers are much less well known, even though the presence
of a metal could result in unusual optical, magnetic, or
electronic properties with potential for future applications.? 3
Such compounds therefore represent a challenge in the
current quest for new materials.

Ferrocene (Fc)-based compounds, in particular, have been
receiving considerable attention in recent years, although they

[a] Prof. Dr. H. Plenio, A. Sehring
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Petersenstrasse 18, 64287 Darmstadt (Germany)
Fax: (+49) 6151-16-3988
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[b] Dr.J. Hermann
Institut fiir Anorganische und Analytische Chemie
Universitét Freiburg
Albertstrasse 21, 79104 Freiburg (Germany)
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could not be utilized, as their properties were poorly under-
stood.’] However, enormous progress has been achieved by
the pioneering work of Manners et al.,[! who developed the
ROP-type coupling of strained ferrocenophanes yielding high
molecular weight and soluble polymers, and thus refueled
activities in this field. 8

We believe that metal-containing polymers should possess a
m-conjugated backbone,” % since this allows the metal
centers to be intimately coupled with each other.''2 Such
a cooperativity could give rise to novel properties not seen in
organic polymers or in metal-containing polymers with
isolated metal atoms.'> 1 We have reported the first exam-
ples of ferroceneacetylene copolymers based on 1,2,3-sub-
stituted ferrocenes using CH,NMe, as an ortho/ortho-direct-
ing group in the 2-position.'”] Such materials are of interest
since the related phenylene-ethynylenes [ are known to
exhibit photoluminescencel”! and nonlinear optical proper-
ties.'s] The oligomers and polymers that we described,
however, suffer from various disadvantages that are caused
mainly by the CH,NMe, substituent. First, the redox chem-
istry of compounds derived from FcCH,NMe, is quite
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complicated and mostly irreversible because of interfering
protonation/deprotonation processes; second, the highly
polar nature of the polyamines hinders their purification;
and third, the racemic nature of the starting materials yields a
complicated mixture of diastereomeric oligomers and poly-
mers. These factors prevented the more detailed study of the
electronic properties of such compounds that is essential in
order to develop an understanding of the principles governing
the intermetallic interactions in such species.

Here we present new ferroceneacetylene oligomers and
polymers devoid of the disadvantages cited above. Instead of
the CH,NMe, group we chose the CH,OMe unit group as an
ortholortho-directing substituent for the synthesis of 1,2,3-
substituted ferrocenes and polymers; this should avoid the
problems encountered with the basic amine substituent and
pave the way for clean redox processes. Most importantly,
such ferrocenes can be obtained easily as optically pure
starting materials on a fairly large scale by a protocol based on
a highly efficient, enantioselective synthesis of planar chiral
ferrocenes by Kagan et al.['"]

Thus, this approach offers a good chance of producing well-
defined oligomers and polymers which can be probed
spectroscopically. The synthesis and electrochemical and
UV/Vis spectroscopic investigations of various planar chiral
1,2,3-substituted ferrocene oligomers and polymers are de-
scribed here. Related mixed-valence species were also studied
to obtain information on the electronic coupling parameters
of the different metallocene units.

Results and Discussion

Syntheses: In our syntheses of the various ferroceneacety-
lenes (Schemes 1-5), our most important starting material
for all the ferrocenes described here was (S5)-1-iodoferrocene-
2-carbaldehyde (1), which could be obtained readily in several
tens of grams by using the procedure developed by Kagan and
co-workers.'’l Reduction of this aldehyde with NaBH, gave
the unstable alcohol 2, immediate reaction of which with CH;I
produced the methyl ether 3 in 95% yield for the two steps
(Scheme 1). The Sonogashira coupling reaction®” of 3 with
HC=CSIEt; resulted in ferrocene 4 (yield 83 % ). Regioselec-

Scheme 1. Synthesis of mononuclear ferrocenes and the stereoregular
polymer: a) NaBH,, 97 %; b) KOH, CH;I, DMSO, 98%; c) HCCSIEt;,

catalyst: (Ph;P),PdCL/Cul, 83%; d) tBuLi, IC,HJ, Et,0, 87%;
e) nBu,NF/THF, 96 %; f) (iPr),NH-DMF (1:1), catalyst: (Ph;P),Pd, Cul.

Chem. Eur. J. 2000, 6, No. 10
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tive lithiation of this ferrocene (ortho to the CH,OCHj group)
was effected with rBuLi, and after quenching with 1,2-
diiodoethane the iodide 5 was isolated (yield 87%). This
1,2,3-substituted ferrocene was used for coupling reactions
(Schemes 2—4) or deprotected with nBu,NF in THF to
produce the free acetylene 6.

Compound 6 contains two functional groups which can
react with each other under Pd catalysis. However, the
standard Sonogashira protocol with (iPr),NH as a solvent
furnished the polymer in a poor yield (ca. 15 %) together with
a substantial amount (ca. 50%) of short-chain oligomers.
After about 30 min of this reaction precipitation of dark red
material from the reaction mixture began; we attributed this
to insolubility of the growing polymer chain in (iPr),NH.
Polymerization of 6 in a DMF—(iPr),NH (1:1, v/v) mixture
produced polymer 7 (yield ca. 80%), which could be
fractionated further by chromatography. The main product
(7)) (yield ca. 45%) was identical to the polymer previously
available in only 15 % yield; two smaller fractions (7, and 753
yield ca. 35%) appeared to have even higher molecular
weights. Importantly, this polymerization started from an
enantiopure (ee > 98 % ), planar chiral ferrocene; consequent-
ly the resulting polymer was optically active ([a]®d =—198.0
per ferrocene unit). To the best of our knowledge this is the
first reported example of an optically active organometallic
polymer. Determination of its molecular mass was unsuccess-
ful by several techniques (GPC, GPC-LALLS, MALDI-
TOF), and no conclusive results were obtained; based on
GPC-LALLS (gel permeation chromatography with a low-
angle laser light scattering detector) measurements an esti-
mated molecular mass of up to 10 kDa appeared reasonable.
Detailed investigation into the macromolecular, electrical,?!!
and optical properties? of the polymers will be published in
due course.!

To understand the properties of these polymers more
thoroughly, we also synthesized some well-defined oligomers
composed of ferrocene and acetylene units (Scheme 2). This
can be done by [1+1] coupling of the mononuclear ferrocenes
5 and 8 to give the respective dinuclear species 9 by the
standard Sonogashira protocol. We had planned to continue
this divergent — convergent approach to defined oligomers, as
did Moore and Tour ! successfully for related oligomeric
benzeneacetylenes and thiopheneacetylenes. To obtain the
starting material for the next [2+2] coupling another ortho-
lithiation/iodination of 9 was required, but our attempts to
lithiate 9 regioselectively did not meet with success. After
quenching the deprotonated ferrocene 9 with I, or 1,2-
diiodoethane, we always obtained mixtures of iodinated
products. The ortho-directing power of the CH,OCH; group
was clearly insufficient.?l We therefore had to rely on the less
efficient [2+1] synthesis of 11 by reaction of 5 and 10
(Scheme?2). The silyl group of the trinuclear ferrocene 11
easily yielded 12, which again was Sonogashira-coupled with
another equivalent of 5 to generate the tetranuclear ferrocene
13 (Scheme 3). This stepwise procedure is cumbersome for
the synthesis of higher nuclearity ferrocenes, but we expected
13 and 14 to be acceptable models of the polymeric species.
Another tetranuclear ferrocene (15) was prepared by the
Eglington - Glaser coupling?” of dinuclear 10 (Scheme 3).
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CH; OCH;

Another two symmetrical
ferrocenes have been synthe-

4 —2 5 Fe +5 —b,

-]

OCHj; XHB OCHj3
(CD_:/ =y ="H
Fe Fe +5 — > Fe Fe

S O S ©

OCH;

) SiEt3

SiEt3

sized (Scheme 5): compound 20
— is a simple dinuclear ferrocene
9 linked by an acetylene bridge,
whereas in 20a the linker is a
butadiyne unit. Small amounts
of 20a are also produced by
homocoupling, a known side

Fe reaction, during Sonogashira
@11 reactions involving 8 and other
iodinated ferrocenes.*®!

The IR spectra of a few of
the ferroceneacetylenes were

OCH;

—E Fe Fe Fe

S ©

Scheme 2. Synthesis of unsymmetrical di- and trinuclear ferrocenes: a) nBu,NF/THF, 96%; b) catalyst:
Pd(PPh;),, Cul, PPh;, 63%; c¢) nBu,NF/THF, 95%; d) catalyst: Pd(PPhs),, Cul, PPh;, 56 %; ¢) nBu,NF/THF, at

81%.

12+5

CHj3 OCHj3 OCHj3

= SiEt3

O,

OCHj3 OCH3
{@; == _)_G'Q/ = )/_QD
Fe Fe CH;O Fe CH3O Fe
o © A S D
10
Scheme 3. Synthesis of the tetranuclear ferrocenes: a) catalyst:

Pd(PPhy),, Cul, PPh;, 55%; b) nBu,NF/THF, 78%; ¢) TMEDA, CuCl,
0,,79%.

In addition to the unsymmetrical tri- and tetranuclear
ferrocenes, we synthesized the two closely related trinuclear
ferrocenes 18 and 19 (Scheme 4). There is a very significant
difference between 18 and 19: in 19 the central ferrocene unit
displays a 1,1’-substitution pattern, whereas 18 has a 1,3-
bridged core. Apart from one CH,OCHj; group, 18 and 19 are
otherwise identical. We expected spectroscopic studies of
these compounds and their mixed-valence relatives to provide
information on the influence of the substitution pattern of the
ferrocene on the electronic communication between the metal
centers.

1822
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found to display the expected
pattern for the —C=C— stretch
mode. The Fc—C=C-SiEt; unit
has a high-intensity absorption
2154 cm~!, whereas the

Fc—C=C-Fc stretch at
2220 cm™! is very weak; the polymer displays a very weak
and broad IR absorption at 2217 cm™'.

Et3Si \ @) SiEt3 H—= )y —H +3
a Fe b Fe
=
16 @17
Scheme 4. Synthesis of the symmetrical trinuclear ferrocenes:

a) HCCSIEt;, catalyst: (Ph;P),PdCl,, Cul, 85%; b) nBu,NF/THF, 94 %;
¢) Pd(PPh;),, Cul, PPh;, 25%; d) Pd(PPh;),Cl,, Cu(CH;COO),, 28%.

Scheme 5. Synthesis of the dinuclear ferrocenes:

symmetrical
a) Pd(PPh;),, Cul, PPh;, 65%;b) TMEDA, CuCl, O,, 83%.
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Electrochemistry: The redox potentials of the ferrocenes 1-
20 were determined by cyclic voltammetry and square-wave
voltammetry (Tables 1 and 2). All the cyclic voltammograms 5pA
Table 1. Redox potentials of mononuclear ferrocenes (CH;CN, TBAPF,,
—30°C), values in parentheses were determined in CH,Cl, (TBAPF;,
—30°C).
Ferrocene R, R, R, E\, [V] E,, calcd. [V]
CH,OCH; 0.423 ) ) ) ) . E./ \)
I(:CS.E géj; 02 0.4 06 0.8 1.0 1.2
=CS1Et; .
C=CH 0.559 EIV
3 I CH,0OCH, 0.577 0.57
4 C=CSiEt, CH,OCH, 0.573 (0.65) 0.57
8 C=CH CH,0CH; 0.584 0.58
5 I CH,OCH, C=CSiEt, 0.713 0.72
6 I CH,0CH, C=CH  0.721 0.73 200 nA
16 C=CSiEt, CH,0OCH, C=CSiEt, 0.702 0.72
17 C=CH CH,0CH; C=CH 0.746 0.74
Table 2. Redox potentials of di-, tri-, and tetranuclear ferrocenes (CH;CN,
TBAPF, —30°C), bracketed values were determined in CH,Cl, (TBAPF,, —30°C).
Ferrocene E, [V] E,[V] E;[V] E,[V] AE,[mV] AE,[mV] AE; [mV] ) . ) )
20 0516  0.660 144 0.4 0.6 0.8 1.0
(0.563) (0.685) (122) E/V
20a 0.586  0.698 112 Figure 1. Cyclic voltammogram (top) and square-wave voltammogram
(0.620) (0.714) %4 (bottom) of 13 in CH;CN.
20b 0513  0.618 105
9 0.529  0.772 243
" (‘)‘);?) 80&79?5@ 0 147 mV), (C=CH +159 mV) agreed quite well with the
19 T 0538 0.748 210 experimental redox potentials of all the mononuclear ferro-
(0.578) (0.785) (207) cenes described here (Table1). This approach was less
18 0.546 0.838 298 accurate for the dinuclear ferrocenes (Table 2) although,
" 0 551(0'5806%03 80é86298) 525‘;2) 166 based on the redox potentials of 20, increments of +93 mV
(0.591) (0.725) (0.854) (135) (129) fo1i 'Fhe neutral ferroceneacetylene and +237 mV for the
12 0548 0703 0876 165 163 oxidized ferroceneacetylene may be calculated. Increments
13 0553 0674 0790 0878 121 116 88 can aid the assignment of sequential redox processes which
(0.579) (0.685) (0.782) (0.865) (106) 7 (83) occur in the di-, tri-, and tetranuclear ferrocenes. In 9 and 10
14 0.550 0.674 0797 0.889 124 123 92 s WA . .
15 0.556 0.810 254 the ferrocene unit “A” (labeling the formulae alphabetically

were characterized by reversible redox processes, which were
evidence for the favorable effect of the CH,OCH,; group on
electron transfer reactions as opposed to the behavior of the
CH,N(CHj),-substituted ferrocenes described previously.['”]

Two representative traces (Figure 1) indicate reversible
redox events in the cyclic voltammogram of the tetranuclear
ferrocene 13 at low temperatures (—30°C), at which even the
tetracationic ferrocene 13*" appeared to be reasonably stable.
Electron transfer reactions were better resolved in the square-
wave voltammogram of 13 (Figure 1, bottom) although the
small peak corresponding to the fourth oxidation suggested
that the oxidation of the trication to the tetracation is not
entirely reversible.

Increments for substituents attached to the various ferro-
cenes described here were calculated by determining the
redox potentials for the corresponding monosubstituted
ferrocene relative to ferrocene itself. These calculated incre-
ments (CH,OCH; +23 mV), (-1 +145mV), (C=CSiEt; +
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from left to right in Scheme 2) with only one acetylene
substituent is oxidized first, then the other metallocene (“B”)
is oxidized in the second step. Accordingly the oxidation
sequence has to be A, C, B in the trinuclear ferrocenes 11 and
12 and probably A, C, D, B in 13 and 14 (Scheme 3).

As polymer 7 is insoluble in CH;CN, its electrochemistry
was investigated in CH,Cl,. To compare these data with
the redox chemistry of some of the mono- and oligo-
nuclear ferrocenes, solutions of these compounds in CH,Cl,
were also investigated (see the values in parentheses in
Tables 1 and 2). The square-wave voltammogram of 7
(Figure 2) displays two main oxidation peaks at 0.65 and
0.80 V. This 145 mV separation between the two peaks
corresponds closely to the redox separation of E, and E, in
the dimer.

In the electrochemistry of the trinuclear ferrocenes 18 and
19, we had hoped to be able to distinguish between the
individual redox events and thus to obtain further support for
our hypothesis that electron transfer in 1,3-substituted
ferrocenes is superior to that in 1,1'-ferrocenes. The first
oxidation waves for 18 and 19 occur at virtually the same
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Figure 2. Square-wave voltammogram of the stereoregular polymer 7 in
CH,Cl,.

redox potential; more importantly, both waves denote 2e~
processes. In each of these trinuclear metallocenes the two
peripheral ferrocenes are oxidized independently of each
other in one step, and it was not possible to resolve the
respective 2e~ events. Consequently, the electrochemical data
of 18 and 19 are of no help in supporting our basic hypothesis
on electronic communication. It is interesting that the third
oxidations in 18 and 19 differ from each other by 88 mV even
though, because of a CH,OCH; group in 19, the difference
should be only 23 mV. This appears to result from the
diminished flexibility of the 1,3-substituted trinuclear ferro-
cene, which prevents the spacing of the charged peripheral
ferrocenium moieties.

UV/Vis spectroscopy: From the spectral data 4,,,, [nm] and ¢
[Lm~tem™!] of the ferrocenes 3—20 in CH;CN and CH,Cl,
solutions (Table 3) it is noteworthy that there is only a weak
solvatochromic effect between the two solvents. More im-

portantly, there is a linear relationship between A,,,, and 1/n
(n=number of ferroceneacetylene units) for monomers and
oligomers, with a limiting value of 472 nm (Figure 3) for 1/n=
1/00. This correlation is typical for conjugated organic
polymers, but was not observed in the UV/Vis spectra of

475- OCH;
470
465+
20 m 4607
455
450+

445-

440

0.0 0.2 0.4 06 0.8 10
1/n

Figure 3. Variation of A, with 1/n (1, d—d transition, n =number of
ferrocenes).

related (1,3-cyclobutadienediylcobalt(i)-cyclopentadienyl)bu-
tadiyne oligomers.’’! A graph of e/n (¢ = extinction coefficient
of the ferrocene d —d band) against n shows that ¢/n increases
(e/m =269, 400, 455, and 493 for n=1, 2, 3, and 4 respectively)
toward an asymptotic limiting value of approximately
525LM~tcm™. It is thus evident that the ferrocene d-d
transition is not an independent chromophore, but is coupled
to the conjugated main chain.

The band shape of the UV/Vis spectrum of the polymer in
CH,(Cl, (Figure 4) was fitted to two Gaussian curves to give a
maximum of 482nm for the d-d transition. This again

1.4+
124
Table 3. UV/Vis data of the mono- and oligonuclear ferrocenes (d-d 1.0
transition only, CH;CN, 10~3M, values in parentheses were determined in A 081
CH,CL,)
0.6
Ferrocene R, R, R, Amax[nm]  e[LM~Tecm™!] 04
CH,0CH, 439.0 89 02
3 1 CH,OCH; 438.0 162
4 C=CSiEt, CH,OCH, 4415 269 0.0
@41)  (302) 18 20 » A
8 C=CH CH,0CH, 4385 148 v/ 10 cm’”
5 1 CH,0CH; C=CSiEt; 449.5 350 Figure 4. UV/Vis spectrum of the polymer 7; (¢=10"3m in CH,CL,),
6 1 CH,OCH; C=CH 447.0 248 deconvoluted to two Gaussians with maxima at 364 and 482 nm.
16 C=CSiEt, CH,0OCH, C=CSiEt; 460.0 378
17 C=CH CH,OCH; C=CH 447.0 241
20 446.5 727 provides clear evidence of the increased conjugation within
202 450.5 1879 the polymer chain, even though this long wave shift is more
? ‘(‘:;’8 27939) pronounced than expected from the extrapolation of the
10 450.0 850 linear relationship in Figure 3.
18 453.0 1329 For the two symmetrical trimers 18 and 19 there is a small,
19 446.0 1128 but we think significant, difference in the UV/Vis spectra. The
u ?féi(; 3131639) d—.d band in ferrocene 18 (Table 3) displays a bathochromic
12 459.0 1294 shift and an extinction coefficient for this band that is about
13 465.0 1970 20 % stronger than that of the spectral data of 1,1’-substituted
(465) (1585) ferrocene 19. We consider this to be diagnostic of increased
14 463.0 1988 conjugation within the 1,3-substituted ferrocene, relative to
15 450.5 3628 , .
the 1,1-species.l?
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Mixed-valence ferroceneacetylenes: The energy of the ab-
sorption maximum and the extinction coefficient of the
intervalence charge transfer band in mixed-valence com-
pounds provide valuable information on the electronic
coupling of the different metal centers.?'-*1 Consequently
we have synthesized the respective mixed-valence compounds
from the dinuclear ferrocenes 20 and 20a and the trinuclear
ferrocenes 18 and 19 by treating one equivalent of the
respective oligonuclear ferrocene with one equivalent of
oxidizing reagent [FcCOCH,]*[BF,]~ .Y The resulting prod-
ucts were directly probed spectroscopically, since the CH;CN
solutions of the oxidized ferrocenes are quite sensitive.[’!
Relevant data for the intervalence charge transfer bands
and the electronic coupling parameters of the monooxidized
ferrocenes 20, 20a*, 18", and 19" are given in Table 4. The

Table 4. Spectral data of the intervalence charge transfer band and
electronic coupling parameters of the monooxidized ferrocenes 20%,
20a*, 18" and 19*. Solvent CH;CN except for the values in parentheses
which were determined in CH,Cl,.

Ferrocene 20" 20a" 18+ 19"

Amax o [nM] 1330 (1540) 1058 1202 1266
Amax [cm~1]R] 7519 (6494) 9451 8319 7899

ecr [LM~tem™] 561 279 580 344
&ctcon [LM™'em™] 623 (ca.750) 368 934 557

AV, o0y [em 1) 4796 5292 4833 4722
AV, [em 1] 4168 4672 4043 4125
AE,, [V] 0.144 0.112 0.298 0.210
d[A] 7.2/5.85 9.6/8.35 7.2 7.2
H,q [cm!]ld 4271525 290/333 552 410

[a] Calculated from A, cr- [b] Observed v, of the MMCT band.
[c] Calculated vy, of the MMCT band, Av,,q=1[2300 (Vp.—AEy)"
[d] Calculated exchange integral H,q=2.06 x 1072 (Vpu€maxAVin) " (dG'?),
d = distance Fe—Fe, G = degeneracy of excited state.

measured extinction coefficients e-r require some correction,
however, since with [FcCOCH;]*[BF,]~ as the oxidant, the
ferrocenes 20, 20a, 18, and 19, are not converted quantita-
tively into the respective monocations. For the interaction of
oxidant (ox) and reductant (Fc), two equilibria have to be
considered. The equilibrium constant K, for the reaction
Fc+ ox"=Fc" + ox is determined by the difference between
the redox potentials of oxidant and reductant. Furthermore,
the disproportionation equilibrium, 2 Fc* = Fc*>*+Fc, further
decreases the concentration of the monooxidized species. The
respective constant Ky, is obtained from the difference
between the redox potentials Fc/Fct and Fc*/Fc**. In the
case of the trinuclear compounds, it has to be taken into
account that Fc?* also displays metal —metal charge transfer
(MMCT) bands.P! For the four compounds we probed, the
measured e as well as the corrected ¢, values are listed in
Table 4. The distances between the iron centers were com-
puted by molecular mechanics methods.’”? The intermetallic
distances thus obtained agreed with those from X-ray crystal
structure determinations of two ferrocenes linked by acety-
lenes.’¥! A minor complication is that the relative orientation
of the two ferrocenes in the dinuclear metallocene in solution
can be anywhere between transoidal and cisoidal, without any
apparent preference. Accordingly, both distances as well as
the corresponding pairs of H,, values are included in Table 4.

Chem. Eur. J. 2000, 6, No. 10
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The intervalence electron transfer in Fc—C=C—Fc*
(11560 nm, ¢670) and Fc—C=C—C=C—Fc* (41180 nm,
£ 570) have already been reported by Cowan et al.*”! These
compounds, however, were investigated in CH,Cl, instead of
in CH;CN, which we used; it should be kept in mind that the
solvation of charged species and the respective MMCT band
will certainly depend on the nature of the solvent. To allow
comparison with Cowan’s results, the UV/Vis spectrum of 20*
was also measured in 1,2-CL,C,H, (values in parentheses,
Table 4) and was found to be similar in spite of the presence of
two CH,0OCH; groups in 20™.

The data for our monocationic ferrocenes linked by (C=C),,
bridges should now be compared with the monocationic
ferrocenes linked by —(C=C),— bridges investigated by Ribou
et al.™ For n=1 the H,q values (427/525 (transoid/cisoid) for
—C=C-) are comparable with 495 for —C=C— bridging. For
n=2, H,; changes to 290/333 and 430/460, respectively.
Analysis of the single terms contributing to H,y shows that
while v,,, d and G are roughly similar for the two types of
bridges, a significant deviation occurs for 4,,,. More impor-
tant for H, in the case of n=2 appears to be the large
difference in the extinction coefficient of the MMCT band in
the —(C=C),-bridged ferrocene, which is only 368 Lm~'cm™,
compared with 1570 Lm~'cm™" with a ~C=C— bridge. We do
not have a straightforward explanation for this, but the
influence of the solvent should be considered, as Cowan
determined a significantly higher ¢ (570 LM~'cm~' in CH,Cl,
than we did in CH;CN.

Summary and Conclusions

We have described a synthetic route providing access to
optically active and redox-active oligomeric ferroceneacety-
lenes, which were prepared from (R)-5 by sequences of
acetylene deprotection and Sonogashira coupling reactions.
Furthermore, the Pd-catalyzed self-coupling of (R)-6 affords
soluble ferroceneacetylene polymers. Evidence for the ex-
tended electronic communication within this optically active
polymer is provided by a 35 nm bathochromic shift of the d—d
band with respect to the monomer, and by cyclic and square-
wave voltammetry measurements of the redox potentials of
ferrocene oligomers and polymers. Furthermore, the ferro-
cene d—d transition is electronically coupled to the conju-
gated chain as the A,,,, of the d—d band is correlated linearly
with 1/n (n =number of ferrocene units in the oligomer).

An investigation of the related mixed-valence ferrocene-
acetylene oligomers and their metal —metal charge transfer
bands has furnished further information on the electronic cou-
pling of the metal centers as expressed by the exchange inte-
grals H,. These values are in the same order for the
—(C=C),— bridge as for the —(C=C),— bridge recently
investigated by Ribou et al. for n =1, but fall off significantly
relative to the —C=C— bridge for n =2. The main cause of this
behavior appears to be the weak extinction coefficient of the
ferroceneacetylenes.

Future investigations will be directed toward determining
whether the optically active and soluble ferroceneacetylene
polymers can display favorable optical properties like those of
the related PPE-type phenyleneacetylene materials.
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Experimental Section

General: Commercially available solvents and reagents were purified
according to literature procedures.!! All reactions were carried out under
an atmosphere of argon; in particular, the palladium-catalyzed coupling
reactions require strict exclusion of oxygen. Chromatography was on silica
MN60 (63-200 um) and TLC on Merck plates coated with silica gel 60
(F254).

NMR spectroscopy: NMR spectra were recorded at 300 K with a Bruker
Avance (*H NMR 200 MHz, *C NMR 50.3 MHz). '"H NMR spectra were
referenced to residual 'H impurities in the solvent and *C NMR to the
solvent signals: CDCl; (6 =7.26, 77.0), C;D; (6 =7.16, 128.0), CD;CN (6 =
1.93, 1.30). For the purpose of 'H NMR signal assignment CpH denotes a
proton attached to the sp? carbon of cyclopentadiene or to the carbon of a
ferrocene 7°-cyclopentadienyl ring. All melting points are uncorrected.

Mass spectrometry: Mass spectra were recorded on a Finnigan MAT 3800,
IR spectra (in CHC; solution) on a Bruker IFS-25, and UV/Vis spectra (in
CH,(], solution) on a JASCO UV-570 spectrometer.

Elemental analyses: Analyses were carried out at the Mikroanalytisches
Laboratorium der Chemischen Laboratorien, Universitdt Freiburg. For
some compounds, especially for the oligomeric and polymeric materials, we
could not obtain analytically pure samples: contamination was due to
phosphorus-based impurities from the catalyst,*?l which proved difficult to
remove by chromatography.

Electrochemistry: Cyclic voltammetry, square-wave voltammetry, and
differential pulse voltammetry were performed on an EG&G PAR 263A
potentiostat. All cyclic voltammogramms were recorded in dry CH;CN or
dry CH,Cl, under an argon atmosphere at ambient temperature or at
—30°C. A three-electrode configuration was employed. The working
electrode was a platinum disk (diameter 1 mm) sealed in soft glass with a
platinum wire counter-electrode. The pseudo-reference electrode was a
silver wire. Potentials were calibrated internally against the formal
potential of cobalticinium perchlorate (—0.94V vs. Ag/AgCl), octame-
thylferrocene (—0.025V vs. Ag/AgCl), or ferrocene [0.40 V (0.44 V) vs.
Ag/AgCl in CH;CN (CH,Cl,)]. Solutions contained approximately 2 x
10~*M compound. [N(nBu),][PF,] (0.1m) was used as a supporting electro-
lyte. In all complexes the separation of anodic and cathodic peak potentials
was smaller than 100 mV (scan speed 100 mVs™1).

Gel permeation chromatography with a low-angle laser light scattering
detector (GPC-LALLS): This was performed in DMF/0.1m guanidinium
chloride solvent using a Milton-Roy type KMX 6 detector, a Knauer HPLC
Pump 64, a Pharmacia LKB VWM 2141 UV-meter and Waters 103-10° A
columns. The hydrodynamic volume/molecular mass was calibrated
routinely with polystyrene standards (PSS, PL) in THFE. Values of [a]®
were determined on a Perkin-Elmer 241 polarimeter with the samples
thermostated to 20°C.

Materials: The following starting materials were commercially available or
synthesized according to literature procedures: (S)-a-iodoferrocenecarbal-
dehyde (1), ' which was the isomer used in all reactions; 1,1’-diiodofer-
rocene ;¥ and acetylferrocenium tetrafluoroborate (AcFc*[BF,]~).* The
mixed-valence ferrocenes were prepared by mixing stoichiometric amounts
of the respective ferrocene (typically about 20—30 mg) and AcFc* [BF,]~ in
acetonitrile (10~3M). The resulting solution was transferred immediately to
a UV cell for determination of the spectrum.

General procedure for nBu,NF cleavage of protected ferroceneacetylenes:
A Schlenk flask was charged with the protected ferroceneacetylene and
THF (5-10 mL of THF per mmol acetylene). The solution was stirred at
ambient temperature and solid nBu,NF-3H,0O (1.2 equiv) was added.
After stirring for 30 min the reaction was complete (TLC control). The
solvent was removed, and the oily residue was chromatographed on silica.

General procedure for coupling of ferroceneacetylenes with iodides: A
Schlenk flask was charged with a ferroceneacetylene, an iodoferrocene, and
solvent (diisopropylamine unless otherwise noted). The solution was
deoxygenated thoroughly and the Pd—Cu catalyst added (for the respec-
tive Pd and Cu compounds used, see the individual procedures). The
reaction mixture was heated under reflux for 24 h, the cold suspension was
filtered, and the volatiles were removed in vacuo. The remaining solid was
purified by chromatography.
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Compound (Sg)-2: 1 (21.7 g, 63.8 mmol) was refluxed in isopropyl alcohol
(700 mL) in the presence of NaBH, (3.0 g, 79.4 mmol) for 16 h. The
solution was cooled to 0°C and made weakly acidic by dropwise addition of
5% HCl,q, (60 mL). Solid NaHCO; (10 g) was added, the mixture was
stirred for 5 min, and the resulting suspension was filtered. The volatiles
were removed with a rotary evaporator at room temperature without
heating, because of the sensitivity of the product to thermal decomposition,
especially in the presence of acid. The resulting yellow solid was taken up in
diethyl ether (500 mL), washed with water (200 mL) and brine (100 mL),
and dried over MgSO,. Evaporation gave a yellow solid. Yield: 97 %
(21.2 g, 61.9 mmol); m.p. 51°C; 'H NMR (CDCly): 6 =4.17 (s, 5H; CsH),
424 (“t7, J=2.5Hz, 1H; CpH), 433 (m, 1H; CpH), 4.40 (d, J=6.2 Hz,
2H; CH,0OH), 447 (m, 1H; CpH).

Compound (Sg.)-3: A suspension of powdered KOH (7.0 g, 125 mmol) and
dimethyl sulfoxide (DMSO) (60 mL) was stirred for 10 min, then a solution
of 2 (21.2 g, 62.0 mmol) in DMSO (25 mL) was added, followed immedi-
ately by neat iodomethane (4.1 mL, 9.3 g, 65.0 mmol). The reaction mixture
was stirred for 1 h and then poured onto crushed ice (100 g) (caution:
excess CH;I!), water (300 mL) was added, and the aqueous phase was
extracted with ether (3 x200mL). The ethereal layer was separated,
washed with water and brine, dried over MgSO,, filtered, and evaporated.
The remaining oily product, which was pure, was used for the subsequent
reactions. Yield 98 % (21.8 g, 61.2 mmol), dark yellow oil, which solidified
when left to stand in the refrigerator. '"H NMR (CDCly):  =3.36 (s, 3H;
CH,0CHs;), 4.13 (s, 5H; CsHs) 4.23 (m, 1H; CpH), 429 (d,/=2.8 Hz,2H;
CH,0CHs;), 432 (m, 1H; CpH), 4.45 (m, 1H; CpH); “C NMR (CDCl,):
0 =44.85, 57.98, 68.39, 69.20, 70.54, 71.36, 75.09, 84.52; C},H,3FelO (356.0):
calcd: C 40.49, H 3.68; found: C 40.42, H 3.66.

Compound (Ry)-4: The standard coupling procedure was followed, with 3
(26.0 g, 73.0 mmol) and triethylsilylacetylene (10.3 g, 73.0 mmol). Catalyst:
(PhsP),PdCl, (1.70 g, 2.42 mmol) and Cul (922 mg, 4.84 mmol); chroma-
tography (cyclohexane/ethyl acetate, 10:1): R,=0.45; yield 83% (223 g,
60.5 mmol), red oil; [Ga]¥ = —85.2 (¢=0.115 g/100 mL , CHCL;); 'H NMR
(CDCL): 6=0.67 (q, J=6.9 Hz, 6H; SiCH,CH,), 1.06 (t, J=6.9 Hz, 9H;
SiCH,CHs), 3.33 (s, 3H; CH,0OCH,), 4.13 (s, 5H; CsHj), 4.17 (“t”, J=
2.5 Hz, 1H; CpH), 4.33 (m, 1 H; CpH), 4.40 (d, 2H; J = 2.6 Hz, CH,OCHS,),
4.46 (m, 1H; CpH); C NMR (CDCly): 6 =4.57, 7.56, 57.72, 66.44, 68.40,
68.90, 69.94, 70.51, 71.76, 85.60, 90.12, 103.96.

Compound (Rg)-5: A solution of 4 (5.0 g, 13.6 mmol) in diethyl ether
(500 mL) was cooled to —78°C. rBuLi solution (1.7M, 8.8 mL, 1.1 equiv)
was injected, yielding a dark yellow precipitate after a few minutes. After
15 min of stirring the cooling bath was removed and the mixture was stirred
for 3 h at room temperature, giving a dark brown solution. It was cooled
again to —78°C and a solution of 1,2-diiodoethane (4.6 g, 16.3 mmol) in
THF (25 mL) was added dropwise. The dark solution was warmed to room
temperature in about 30 min and quenched with water. The ethereal layer
was washed in turn with 10 % sodium thiosulfate solution, water, and brine,
and dried over MgSO,. Evaporation afforded a red oil which was subjected
to column chromatography (cyclohexane/ethyl acetate, 15:1; R,=0.27).
Yield 87 % (5.85 g, 11.8 mmol), red oil, which solidified when left to stand
in the freezer; 'H NMR (CDCl;): 6 =0.67 (q, J =75 Hz, 6H; SiCH,CHj,),
1.05 (t,J=17.5 Hz, SiCH,CH,), 3.34 (s, 3H; CH,0CH,), 4.14 (s, 5H; CsHs),
4.40-4.57 (m, 4H; CpH/CH,0OCH,;); BC NMR (CDCL): 6=5.35, 841,
45.27, 58.81, 6729, 69.62, 73.34, 74.19, 76.13, 87.37, 92.47, 103.63; IR
(CH,Cl,): #=2154 cm~! (FcC=CSi); C,H,;FelOSi (494.27): caled: C 48.60,
H 5.51; found: C 48.41, H 5.56.

(Rg)-6: The ferroceneacetylene was obtained by the general procedure for
nBu,NF cleavage of 5 (1.0 g, 2.02 mmol). Chromatography (cyclohexane/
ethyl acetate, 10:1; R;=0.17); yield 97% (750 mg, 1.96 mmol), orange
solid; m.p. 48°C; 'TH NMR (CDCl,): 6 =2.87 (s, 1H; =CH), 3.37 (s, 3H;
CH,0CHs;), 4.17 (s, 5H; CsH;s), 4.49 (s,2H; CH,0CH;), 4.51 (d,J=2.7 Hz,
1H; CpH), 4.57 (d, /=2.7 Hz, 1H; CpH); *C NMR (CDCl;): 6 =44.46,
58.08, 65.18, 68.67, 72.76, 73.32, 75.30, 76.80, 80.17, 86.61.

Polymerization of 6 to give the stereoregular polymer 7: The typical
coupling procedure was applied to 6 (380 mg 1.00 mmol), with Pd(PPhs),,
Cul, and PPh; (Smol% of each) as catalyst. The solvent for the
polymerization reactions was DMF/(iPr),NH (1:1). In this mixture the
polymers produced in the course of reaction remained soluble, whereas in
(iPr),NH alone oligomers were precipitated from the reaction mixture. The
solvent mixture was removed under vacuum and the remaining product
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purified by chromatography. The polymer was dissolved in CHCIl; and
applied to the column; elution with CHCl; removed impurities. With
CHCIy/CH;0H (10:1) the first ferrocene polymer (7;) was removed.
Fractionation of the remaining mixture of polymers with CHCl;/MeOH/
Et,NH (10:1:1) resulted in two dark red eluents, 7, and 7,. Polymer 7;:
Yield 44% (110 mg); [a]¥ = —198.0 (c=0.113 g/100 mL , CHCI,); poly-
mer 7,: yield20% (50mg); polymer 7,: vyield16% (40 mg).
"H NMR(CDCl,): 6 =3.38 (s, CH,OCH,), 4.23 (s, CsH;s+ CpH), 4.66 and
4.75 (s, CpH + CH,0CH;); IR (CH,CL): #=2217 cm™~' (vw, FcC=CFc);
(C,H,FeO), ((228.07),): caled: C 63.20, H 5.30; found: C 61.59, H 5.82.

Compound (Ry)-8: Standard nBu,NF cleavage of 4 (5.0 g, 13.6 mmol).
Chromatography (cyclohexane/ethyl acetate, 10:1): R,=0.33; yield (based
on 4): 96 % (3.3 g, 13.0 mmol), orange solid; m.p. 47 °C; 'H NMR (CDCl,):
0=2.82 (s, 1H;=CH), 3.34 (s, 3H; CH,OCH,), 4.17 (s, 5H; CsH;) 4.20 (m,
1H; CpH), 4.33 (m, 1H; CpH), 4.40 (d, /=5.4 Hz, 2H; CH,0CHs), 4.47
(m, 1H; CpH); BC NMR (CDCL): 6 =60.58, 67.97, 71.22, 71.67, 72.84,
73.26, 74.79, 78.53, 84.01, 88.39; C,,;H;,FeO (254.1): calcd: C 66.17, H 5.55;
found: C 65.90, H 5.43.

(Rg)(Rge)-9: Standard coupling procedure with 8 (1.54 g, 6.1 mmol) and
(R)-5 (3.0g, 6.1 mmol). Catalyst: Pd(PPh;), (211 mg; 3 mol%), Cul
(35 mg; 3mol%), and PPh; (48 mg; 3 mol%); chromatography (cyclo-
hexane/ethyl acetate, 15:1): R,=0.11; yield 63 % (2.36 g, 3.8 mmol), red oil;
IH NMR (CDCL,): 6=0.66 (q, /=78 Hz, 6H; SiCH,CH,), 1.06 (t, J=
7.8 Hz, 9H; SiCH,CHs), 3.37 (s, 3H; CH,0CH,), 3.38 (s, 3H; CH,0CH,),
4.17 (s, 10H; CsHs), 4.21 (“t”, J=2.5 Hz, 1H; CpH), 4.36 (m, 1H; CpH),
443 (d,J=2.8 Hz,2H; CH,0OCH}), 4.47 (m, 1 H; CpH), 4.50 (d, ] =2.8 Hz,
2H; CH,0CHs;), 4.55 (d, J=11.1 Hz, 1H; CpH), 4.68 (d, J=11.1 Hz, 1H;
CpH); 3C NMR (CDCL): 6=4.50, 7.53, 57.77, 57.88, 67.03, 6744, 6749,
68.38, 68.60, 69.05, 69.98, 70.38, 71.23, 71.41, 71.51, 72.32, 83.94, 85.09, 85.18,
86.77, 90.68, 103.18.

(Ry)(Ry)-10: nBu,NF cleavage of 9 (1.0 g, 1.61 mmol). Chromatography
(cyclohexane/ethyl —acetate, 15:1): R,=0.24; vyield95% (774 mg,
1.53 mmol), red oil; [a]d —94.9 (¢=0.117 g/100 mL , CHCL); 'H NMR
(CDCL): 6=2.85 (s, 1 H; =CH), 3.38 (s, 3H; CH,OCHs), 3.40 (s, 3H;
CH,OCH,), 4.18 (s, SH; CHs), 4.21 (s, 5 H; CsH), 4.26 (m, 1 H; CpH), 4.37
(m, 1H; CpH), 4.4 (d, J=3.6 Hz, 2H; CH,0OCHS,), 4.48 (m, 1H; CpH),
453 (d,J =2.4 Hz, 2H; CH,OCHS), 4.63 (s, 2H; CpH); *C NMR (CDCl,):
0=57.86, 57.96, 66.21, 66.98, 67.44, 68.47, 68.83, 69.15, 70.08, 70.42, 71.26,
71.52, 71.80, 72.33, 76.10, 80.53, 83.82, 85.10, 85.42, 86.74.

(Rg) (Rye)(Rye)-11: Standard coupling procedure with 10 (453 mg, 895
umol) and 5 (442 mg, 895 umol). Catalyst: Pd(PPh;), (31 mg), Cul (5 mg),
and PPh; (7 mg) (3 mol% of each); chromatography (cyclohexane/ethyl
acetate, 5:1): R,=0.23; yield 56% (437 mg, 501 pmol), red oil; [a]} =
—66.9 (¢=0.115g/100 mL, CHCL); 'H NMR (CDCl;): 6=0.68 (q, J=
8.1 Hz, 6H; SiCH,CHs;), 1.08 (t, J=8.1 Hz, 9H; SiCH,CH), 3.39 (s, 3H;
CH,0CH,;), 3.40 (s, 3H; CH,0CHs), 3.45 (s, 3H; CH,OCHs;), 4.19 (s, 5H;
C;sH;),4.20 (s, 5H; CsHs), 4.24 (s, 5H; CsHs), 4.22 -4.25 (m, 2H; CpH), 4.39
(m, 2H; CpH), 4.46 (d, /=4.0 Hz, 2H), 4.50 (m, 1H; CpH), 453 (d, /=
1.6 Hz, 1H), 4.55 (s, 2H), 4.60 (s, 1H), 4.68 (m, 2H; CpH); “C NMR
(CDCL,): 6 =4.54, 7.67, 57.86, 57.94, 58.01, 67.11, 67.52, 67.62, 67.72, 68.18,
68.27,68.45, 68.68, 69.14, 70.05, 70.43, 71.24, 71.26, 71.35, 71.49, 71.66, 72.26,
72. 40, 84.05, 84.48, 84.53, 85.12, 85.31, 86.29, 86.99, 90.84, 103.13; IR
(CH,Cl,): #=2153 (s, FcC=CSi), 2220 cm™! (w, FcC=CFc).

(Rg)(Rgo) (Rg)-12: Standard nBu,NF cleavage of 11 (438 mg, 502 pumol).
Chromatography (cyclohexane/ethyl acetate, 5:1): R,=0.12; yield 81 %
(309 mg, 407 umol), red glassy solid; [a]% =—56.0 (¢=0.100 g/100 mL,
CHCLy); MS: m/z (%): 758.3 (100); '"H NMR (CDCl,): 6=2.85 (s, 1H;
=CH), 3.39 (s, 3H; CH,OCHy), 340 (s, 3H; CH,OCH,), 3.44 (s, 3H;
CH,OCHS), 4.19 (s, SH; C;Hs), 4.23 (s, 10H; CsHy), 4.21-4.25 (m, 2H;
CpH), 4.38 (m, 1 H; CpH), 4.45 (d, J = 3.3 Hz,2H), 4.50 (m, 1 H; CpH), 4.55
(m, 3H),4.63 (d,J = 1.1 Hz, 2H), 4.66 (s, 2H); *C NMR (CDCL,): 6 = 57.87,
57.96, 58.03, 66.34, 67.08, 67.41, 67.74, 68.06, 68.47, 68.75, 69.16, 70.44, 71.28,
71.33,71.51,71.89,72.27,72.36, 76.15, 80.48, 84.00, 84.30, 84.74, 85.12, 85.38,
86.24, 86.92; C,,HssFe;0; (758.5): caled: C 66.53, H 5.05; found: C 65.98, H
5.26.

(Rg) (Ryo) (Ryer) (Rge»)-13: Standard coupling procedure with 12 (182 mg,
240 umol) and 5 (170 mg, 344 umol). Catalyst: Pd(PPh;), (14 mg), Cul
(2 mg), PPh; (3mg) (5mol% of each). Chromatography (cyclohexane/
ethyl acetate =5:1): R;=0.34; yield 55% (148 mg, 132 pmol,), red glassy
solid; 'TH NMR (CDCL): 6 =0.67 (q, /=79 Hz, 6H; SiCH,CHj,), 1.07 (t,

Chem. Eur. J. 2000, 6, No. 10

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

J=179Hz, 9H; SiCH,CH;), 339 (s, 6H; CH,0OCH;), 3.44 (s, 3H;
CH,0OCHs;), 3.45 (s, 3H; CH,0CHs;), 4.20 (s, 10H; CsHs), 4.24 (s, 10H;
CsH;), 425 (m, 2H; CpH), 439 (m, 1H; CpH), 4.46 (d, J=3.4 Hz, 2H;
CH,0CH;), 4.50 (m, 1H; CpH), 4.53 (d, /=18 Hz, 1H), 4.56 (s, 4H;
CH,0CH;), 4.59 (m, 1H; CpH), 4.65-4.72 (m, 5H; CpH + CH,0OCHs;);
3CNMR (CDCly): 6 =4.54,7.57,57.86,57.94, 58.00, 58.02, 67.09, 67.52, 67.63,
67.68, 67.74, 67.82, 68.18, 68.23, 68.30, 68.41, 68.46, 68.71, 69.15, 70.07, 70.43,
71.25,71.27,71.32,71.35, 71.50, 71.66, 72.28, 72.40, 84.04, 84.42, 84.54, 84.62,
85.12, 85.34, 86.25, 86.45, 87.00, 90.86, 103.12.

(Rg) (Rye) (Rye)(Sger)-14: Standard nBu,NF cleavage of 13 (126 mg,
112 pmol). Chromatography (cyclohexane/ethyl acetate, 5:1): R;=0.16;
yield 78 % (88 mg, 87 pmol), red glassy solid; '"H NMR (CDCl;): 6 =2.86 (s,
1H;=CH), 3.39 (s, 3H; CH,0CH), 3.41 (s, 3H; CH,0CH,), 3.44 (s, 3H;
CH,0CHs), 3.45 (s,3H; CH,0CH), 4.20 (s, 5H; C;H;), 4.22 (s, 5H; CsHj),
424 (s, 10H; CsHs), 439 (m, 1H; CpH), 446 (d, J=3.6Hz,
2H;CH,0CHj;), 450 (m, 1H; CpH), 4.54-4.58 (m, 7H; CpH), 4.64 (s,
2H; CH,OCH;), 4.62 (s, 2H; CH,0CH;), 4.63 (s, 2H; CH,0OCH,);
BC NMR (CDCl,): 6 =57.86, 57.96, 58.02, 66.35, 67.08, 67.41, 67.70, 67.74,
68.16, 68.18, 68.37, 68.44, 68.47, 68.74, 69.16, 70.08, 70.44, 71.26, 71.29, 71.34,
71.51,71.90, 72.29, 72.37, 76.16, 80.48, 84.03, 84.38, 84.48, 84.68, 85.13, 85.37,
86.26, 86.42, 86.93; CssH,oFe,O, (1009.39): caled: C 66.64, H 4.89; found: C
66.22, H 4.95.

(Rg) (Rpe) (Reer) (Rge»)-15: A solution of 10 (200 mg, 395 pmol), TMEDA
(100 pL, 1 mmol), and CuCl (99 mg, 1.0 mmol) in acetone (20 mL) was
warmed to 30°C. Oxygen was bubbled through the solution for 2 h with
stirring. After evaporation under reduced pressure, the residue was taken
up in dichloromethane, then washed twice with water and brine, and the
organic layer was dried over MgSO,. Evaporation yielded a red solid.
Chromatography (cyclohexane/ethyl acetate, 5:1): R;=0.08; yield 79 %
(158 mg, 156 umol), red solid; m.p. 134°C; 'H NMR (CDCl;): 6 =3.39 (s,
6H; CH,0CH,), 3.44 (s, 6 H; CH,OCH};), 4.19 (s, 10H; CsHs), 4.24 (“t”,J =
2.5 Hz, 2H; CpH), 4.27 (s, 10H; CsHjy), 4.38, (m, 2H; CpH), 4.45 (d, J=
4.6 Hz, 4H; CH,0OCHs;), 4.49 (m, 2H; CpH), 4.58 (d, J=2.3 Hz, 2H), 4.61
(d, /=23 Hz,2H), 4.65 (s,4H; CpH); *C NMR (CDCl,): 6 =57.82, 58.02,
65.82, 66.81, 67.47, 68.46, 69.11, 69.30, 70.08, 70.40, 71.50, 71.85, 72.22, 72.41,
73.27, 7158, 83.64, 85.09, 85.67, 87.20.

Compound 16: Standard coupling procedure with 5 (700 mg, 1.42 mmol)
and triethylsilylacetylene (254 uL, 198 mg, 1.42mmol). Catalyst:
(Ph;P),PdCl, (50 mg, 2.42 mmol) and Cul (28 mg, 4.84 mmol); chromatog-
raphy (cyclohexane/ethyl acetate, 40:1): R;=0.41; yield 85% (612 mg,
1.21 mmol), red oil; 'H NMR (CDCL): 6=0.65 (q, J=7.7Hz, 12H;
SiCH,CHs), 1.05 (t, J =77 Hz, 18H; SiCH,CH,), 3.33 (s, 3H; CH,OCH,),
4.13 (s, 5H; CsHs), 4.47 (s, 2H; CH,0OCHj;), 4.55 (s, 2H; CpH); “C NMR
(CDCL): 0=4.55, 755, 5792, 67.37, 6157, 71.72, 72.51, 8754, 90.71,
103.12.

Compound 17: Standard nBu,NF cleavage of 16 (512 mg, 1.01 mmol).
Chromatography (cyclohexane/ethyl acetate, 20:1): R;=0.13; yield 94 %
(264 mg, 0.95 mmol), orange solid; m.p. 54°C; '"H NMR (CDCl,): 6 =2.83
(s, 2H; =CH), 3.35 (s, 3H; CH,0OCHs;), 4.19 (s, 5H; CsHs), 4.51 (s, 2H;
CH,0CHs;), 4.58 (s, 2H; CpH); *C NMR (CDCl,): 6 =57.87, 66.45, 67.10,
71.85, 72.40, 76.21, 80.25, 87.44.

(Rg.)(Rg)-18: Standard coupling procedure with 17 (130 mg, 467 umol)
and 3 (416 mg, 1.17 mmol). Catalyst: Pd(PPh;), (16 mg), Cul (3 mg), and
PPh; (4mg) (3mol% of each); chromatography (cyclohexane/ethyl
acetate, 5:1): R;=0.16; yield 25% (86 mg, 117 pmol), red oil; MS: m/z
(%): 734.3 (100); '"H NMR (CDCL): 6 =3.39 (s, 3H; CH,OCH,), 3.42 (s,
3H; CH,0CH,), 3.47 (s, 3H; CH,0CH,), 4.19 (s, 10H; CsH;), 4.23 (s, 5H;
CsH;), 4.24-4.28 (m, 2H; CpH), 4.36-4.42 (m, 2H; CpH), 4.44-4.48 (m,
3H), 4.48-4.52 (m, 3H), 4.55 (s, 2H), 4.70 (d, J=1.1 Hz, 2H); *C NMR
(CDCl,): 6 =57.86, 57.89, 58.04, 67.10, 67.14, 67.86, 68.46, 68.55, 68.57, 69.17,
69.28,70.06, 70.42, 70.44, 71.20, 71.29, 71.51, 71.61, 71.90, 72.22, 84.13, 84.90,
85.12, 85.29, 85.96.

(Rpe)(Rge)-19: Standard coupling procedure with 1,1-diiodoferrocene
(200 mg, 457 umol) and 8 (255 mg, 914 pmol). Catalyst: Pd(PPh;),Cl,
(16 mg) and Cu(CH;COO),-H,0 (5 mg) (5 mol% of each); chromatog-
raphy (cyclohexane/ethyl acetate, 5:1): R;=0.47; yield28% (87 mg,
126 pmol) red oil, and R,=0.23 (20b) (45 mg, 88 umol), red oil. Small
amounts of 20a were also formed, which had almost the same R, value as
20b. Compound 20b was identified as the cis-vinylene isomer. MS: m/z
(%): 690.3 (0.6); "H NMR (CDCl,): 6 3.30 (s, 3H; CH,OCH5), 3.32 (s, 3H;
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CH,OCH,), 410-4.18 (m, 16H; CpH), 4.28-4.46 (m, 12H; CpH +
CH,0CHs).

Compound 20b: 'H NMR (CDCly): 6 =3.37 (s, 3H; CH,OCHj), 3.40 (s,
3H; CH,OCH,), 422 (s, 5H; CsH), 4.24 (s, SH; CsHy), 422 -4.29 (m, 2H;
CpH), 4.35 (m, 1H; CpH), 441 (m, 1H; CpH), 4.51 (d, J=11.1 Hz, 2H;
CH,OCH,), 4.54 (m, 1H; CpH), 4.58 (“t”, J=2.1 Hz, 1H; CpH), 4.66 (d,
J=11.1 Hz, 2H; CH,0OCH,), 5.58 (d, /=19 Hz, 1H; =CH), 5.75 (d, /=
1.9 Hz, 1H; =CH); *C NMR (CDCl,): 6 =57.59, 57.86, 67.75, 68.59, 69.18,
69.65, 69.93, 70.08, 70.12, 70.28, 71.69, 72.13, 80.50, 85.12, 85.35, 85.82, 88.45,
120.10, 128.39.

(Ry.)(Rgr)-20: Standard coupling procedure with 8 (159 mg, 626 pmol) and
(5)-3 (223 mg, 626 umol). Catalyst: Pd(PPh;), (22 mg), Cul (3.6 mg), and
PPh; (49 mg) (3mol% of each). Chromatography (cyclohexane/ethyl
acetate, 10:1): R,=0.16; yield 65% (196 mg, 407 umol), red solid;
m.p. 113°C; '"H NMR (CDCl;): d =341 (s, 6H; CH,OCHj), 4.18 (s, 10H;
CsH;), 422 (“t”,J=2.5Hz, 2H; CpH), 4.37 (m, 2H; CpH), 4.42-4.56 (m,
6H; CpH + CH,0OCHs;); ¥C NMR (CDCls): 6 =57.85, 67.44, 68.33, 69.25,
69.92, 70.35, 71.53, 84.75; C,xHycFe,O, (482.18): caled: C 64.76, H 5.43;
found: C 64.77, H 5.48.

(Rg)(Ryge) 20a: 8 (200 mg, 0.79 mmol), TMEDA (100 pL, 1 mmol), and
CuCl (99 mg, 1.0 mmol) were dissolved in acetone (20 mL), and the
solution was warmed to 30°C. Oxygen was bubbled through the solution
for 2 h with stirring. After the acetone had been removed under reduced
pressure, the residue was taken up in dichloromethane and washed twice
with water and brine. The organic layer was dried over MgSO,, filtered, and
evaporated, yielding a red oil. Chromatography (cyclohexane/ethyl acetate,
10:1): R,=0.11; yield 83 % (165 mg, 0.66 mmol), orange solid; m.p. 151°C;
MS: m/z (%): 506.2 (99.7); "H NMR (CDCl,): 6 =3.37 (s, 6H; CH,OCH,),
4.23 (s, 10H; CsHs), 4.26 (“t”, J=2.8 Hz, 2H; CpH), 4.39 (m, 2H; CpH),
442 (d, J=2.8Hz, 4H; CH,0CH,), 454 (m, 2H; CpH); “C NMR
(CDCL): 6=57.90, 64.86, 68.96, 69.02, 70.46, 70.57, 72.40, 73.05, 78.01,
86.30.
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Abstract: The Suzuki reaction of aryl bromides is efficiently catalyzed by palladium/

phosphite complexes generated in situ. The influence of ligand, base, and different
additives is examined. The process tolerates various functional groups and catalyst
turnover numbers up to 820000 are obtained even with deactivated aryl bromides.
For the first time it is shown that palladium/phosphite complexes also catalyze

efficiently the Suzuki reaction of aryl chlorides.

Introduction

Biaryls are important building blocks for the synthesis of
numerous pharmaceutically active compounds!] and herbi-
cides.”! In addition, biaryl compounds are applied as chiral
ligands,P! liquid crystals,* and organic electric wires.’! Among
the various methods known to synthesize substituted biaryls,
probably the most powerful method for the construction of an
unsymmetrical biaryl axis is through palladium-catalyzed
coupling reaction of arylboronic acid derivatives with aryl
halides (Suzuki reaction).[! So far, mostly aryl bromides,
iodides, and triflates have been used as starting materials for
Suzuki reactions. Due to the industrial interest in the
functionalization of economically attractive aryl chlorides!”
there is currently a great deal of interest in the coupling of aryl
chlorides with arylboronic acids. While Indolesel® and Saito
et al.ll demonstrated that nickel catalysts are useful for this
purpose, most studies focussed on palladium catalysts. After
initial work by us['% and others,'] Fu,['J Buchwald,!™¥ and
Nolan" recently developed significant breakthroughs in this
area. However, all palladium catalysts known to date for the
Suzuki reaction of neutral or non-activated chloroarenes
make use of significant amounts of expensive basic phosphine
ligands or carbenes. Simple palladium/triarylphosphine com-
plexes can only by applied for coupling of arylboronic acids

[a] Prof. Dr. M. Beller, Dr. A. Zapf
Institut fiir Organische Katalyseforschung
an der Universtitdt Rostock e. V. (IfOK)
Buchbinderstrasse 5-6, 18055 Rostock (Germany)
Fax: (+49)3814669324

[**] Palladium-Catalyzed Reactions for Fine Chemical Synthesis, Part 13.
Part 12: W. Mégerlein, M. Beller, A. F. Indolese, J. Mol. Catal. 2000, in
press.
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with heteroaryl chlorides due to the higher reactivity of the
latter.['3]

As a result of our efforts on activation of C—CI bonds we
discovered that phosphites in combination with palladium(ir)
acetate form productive catalysts for Heck reaction of aryl
bromides and electron deficient aryl chlorides.['®! This finding
is contrary to the general belief that electron rich ligands are
necessary to generate highly nucleophilic palladium(o) species
for insertion into C—Cl bonds. Parallel to our investigations['’]
Bedford et al. reported the first Suzuki reactions of aryl
bromides in the presence of phosphite ligands.'¥! Here, the
orthopalladated complex from tris(2,4-di-tert-butylphenyl)-
phosphite and palladium() acetate gave high yields and
turnover numbers using activated bromoarenes (e. g. 4-bro-
moacetophenone) but lower with 4-bromoanisole. The con-
version of chloroarenes was not described.

In this full paper we describe for the first time phosphites as
a class of ligands for Suzuki reactions of various aryl chlorides.
In addition, an industrially feasible solution for the Suzuki
reaction of aryl bromides is shown.

Results and Discussion

Based on our recent success with palladium(iacetate and
tris(2,4-di-tert-butylphenyl)phosphite as catalyst system in
Heck reactions of aryl chlorides, we employed a similar
protocol for the Suzuki coupling of 4-trifluoromethylchlor-
obenzene and phenylboronic acid (Scheme1). In early
experiments toluene was chosen as solvent and sodium
carbonate as base.

In the absence of phosphite we observed little or no
coupling products. Without any co-catalyst 52% of 4-tri-
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Scheme 1. Suzuki coupling of 4-trifluoromethylchlorobenzene and phenylboronic acid.

fluoromethyl biphenyl is obtained after 18 h at 120°C
(Table 1, entry 1). The addition of tetra-n-butylammonium
bromide which is known to activate palladium(o) for oxidative
addition by formation of at-complexes led to a significant
drop in yield of the desired product (12%). In order to
accelerate the transmetallation of the phenyl group to
palladium the addition of nucleophiles which might form
borate complexes was investigated (Table 1). The addition of

Table 1. Effect of various additives on the coupling reaction of 4-trifluoro-
methylchlorobenzene and phenylboronic acid.?!

Entry Additive (mol-%) Yield [% ][]
1 - 52
2 Bu,NBr (20) 12
3 CsF (1) 58
4 Bu,NF-3H,0 (10) 56
5 CaF, (10) 77
6 EtOH (10) 60
7 H,0 (50) 70

[a] 8.2 mmol 4-Trifluoromethylchlorobenzene, 9 mmol phenylboronic
acid, 10 mmol sodium carbonate, 1 mol-% palladium(ir) acetate, 10 mol-
%  tris(2,4-di-tert-butylphenyl)phosphite, 8 mL toluene, 120°C, 18 h.
[b] Determined by GC with hexadecane as internal standard.

fluoride salts has a reproducible beneficial effect on the yield
of 4-trifluoromethyl biphenyl (entries 3—5). Interestingly,
cesium fluoride has a small positive effect only if applied in
small quantities. If it is used in stoichiometric amount the
yield of desired product is lowered to 44 %. To our surprise,
calcium fluoride was the best promoter under the investigated
reaction conditions. Here, 77 % of 4-trifluoromethyl biphenyl
is formed upon addition (10 mol- %) of this almost insoluble
source of fluoride. The addition of catalytic amounts of
ethanol or water also leads to improved product yields (60 and
70%, respectively; Table 1, entries 6-7). We suggest that
ethoxide and hydroxide ions, which are generated to some
extent in the presence of sodium carbonate activate phenyl-
boronic acid for the transmetallation reaction.

From previous studiesl® it is known that the base is of
significant importance for the rate and yield of Suzuki
couplings. In contrast to most Suzuki couplings only a slight
excess (1.2 equiv) of base is used throughout our study. We
were pleased to find that NaOH which is the most attractive
base for larger scale applications gives the best results (71 %).
Among the bases listed in Table 2, K;PO, and Na,CO; led to
slightly lower yields (61 and 52 %, respectively). Interestingly,
the reaction using Cs,CO; produced 4-trifluoromethyl bi-
phenyl in 26% yield, albeit Cs,CO; was superior to other
bases in the presence of basic phosphine ligands.'”) Weak
bases such as NaOAc or Et;N are not efficient. Regarding the
influence of the base it is clear that not only basicity but also
solubility of the base is crucial for the success of the reaction.

Chem. Eur. J. 2000, 6, No. 10

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Next, we investigated the
influence of the electronic and
steric nature of the phosphite
ligand. It became apparent that
only sterically hindered phos-
phites are useful as ligands.
Simple phosphites such as tri-
ethylphosphite or triphenylphosphite give only low yields
(<10% yield) of the coupling product. The reason for this
seems to be the lower stability of these phosphites.

OO

F3C

Table 2. Reaction of 4-trifluoromethylchlorobenzene and phenylboronic
acid in the presence of various bases.[?

Entry Base Yield [% ]
1 NaOAc 12
2 Na,CO, 52
3 Cs,CO; 26
4 K,PO, 61
5 LiOH 34
6 NaOH 71
7 KOH 44
8 NEt, 26

[a] 8.2 mmol 4-Trifluoromethylchlorobenzene, 9 mmol phenylboronic
acid, 10 mmol base, 1 mol-% palladium(i) acetate, 10 mol-% tris(2,4-di-
tert-butylphenyl)phosphite, 8 mL toluene, 120°C, 18 h. [b] Determined by
GC with hexadecane as internal standard.

As shown in Table 3 the correct combination of base,
additive, and sterically hindered phosphite ligand is decisive
for the success of the catalysis. Applying tris(2,4-di-tert-
butylphenyl)phosphite the best results were obtained with

Table 3. Variation of reaction conditions for the coupling of 4-trifluoro-
methylchlorobenzene and phenylboronic acid.?

Entry P(OR), Additive (mol-%) Yield [% ]
Na,CO; NaOH
1 P(024-Bu,CHs);  — 52 71
2 P(0-2,4-tBu,CiHs);  CaF, (10) 77 67
3 P(0-24-Bu,CHs);  H,0 (50) 70 63
4 P(O-iPr), - 79 9
5 P(O-iPr), CaF, (10) 88 48
6 P(O-iPr), H,0 (50) 21 30

[a] 8.2 mmol 4-Trifluoromethylchlorobenzene, 9 mmol phenylboronic
acid, 10 mmol base, 1 mol-% palladium(ir) acetate, 10 mol- % phosphite,
8 mL toluene, 120°C, 18 h. [b] Determined by GC with hexadecane as
internal standard.

Na,CO; and 10 mol- % CaF,. If sodium hydroxide instead of
sodium carbonate is used as base a higher yield is obtained
without co-catalyst. Tri-isopropylphosphite is even more
effective as ligand in this coupling reaction. Almost 90 % of
4-trifluoromethyl biphenyl is formed in the presence of
Na,CO; as base and 10 mol-% CaF, as co-catalyst! As
expected, water or hydroxide ions have a detrimental effect
on catalyst productivity when applying tri-isopropylphosphite
due to the easier hydrolysis of the alkyl phosphite.

Not only the nature of the ligand but also the P/Pd ratio is
an important parameter for catalyst productivity (Table 4). In
the presence of NaOH only four equivalents of tris(2,4-di-tert-
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Table 4. Effect of P/Pd ratio on the reaction of 4-trifluoromethylchlor-
obenzene and phenylboronic acid in the presence of palladium(i) acetate
and tris(2,4-di-tert-butylphenyl)phosphite.?!

Entry P/Pd Yield [% ]
Na,CO; NaOH
1 2 3 48
2 4 47 82
3 6 51 78
4 10 52 71
5 50 40 8

[a] 8.2 mmol 4-Trifluoromethylchlorobenzene, 9 mmol phenylboronic
acid, 10 mmol base, 1 mol-% palladium(ir) acetate, 8 mL toluene, 120°C,
18 h. [b] Determined by GC with hexadecane as internal standard.

butylphenyl)phosphite (with respect to Pd) are required to
give an optimum yield (82%) for the test reaction. On the
other hand using sodium carbonate as base ten equivalents of
tris(2,4-di-tert-butylphenyl)phosphite per palladium give the
best result. Lower ratios do not lead to stabile catalysts, a
higher excess of ligand blocks free coordination sites of the
palladium(o) complex prone to oxidative addition of the aryl
halide.

With efficient catalyst systems for the test reaction at hand
the reactivity of various aryl halides in the Suzuki reaction was
tested (see Scheme 2). A survey of catalytic cross-coupling of
aryl chlorides and aryl bromides with phenylboronic acid is
provided in Table S. Electron-poor 4-trifluoromethylchloro-
benzene, 3-trifluoromethylchlorobenzene, and 4-chloroaceto-
phenone are coupled in good to very good yields (71-94%).
Remarkably, even non-activated chlorobenzene and deacti-
vated 4-chlorotoluene give the desired biarylic products in
substantial yield (45-54 %) in the presence of only 1 mol- %
of palladium(u1) acetate. The resulting turnover numbers (ca.
50) are comparable even to most of the recent palladium/basic
ligand systems.['* 15171 4-Chloronitrobenzene and 2-chloro-
benzonitrile are much more active substrates for C—C

X Pd(OAC),/ P(OR')3

N B(OH),
| . C(
/. G

. toluene, base, 120 °C

Scheme 2. Suzuki reaction of various aryl halides 1-6.

Table 5. Coupling of various aryl halides and phenylboronic acid.l?!

Entry X R P(OR); P/Pd Pd(OAc), Base Yield
[mol-%] [% ]!

1 Cl 4-CF; P(O-24-Bu,CH;); 10 1 NaOH 71

2 Cl 3-CF; P(O-iPr); 10 1 Na,CO; 78

3 Cl 4-Ac  P(O-iPr), 10 1 Na,CO; %4

4 Cl H P(0-2,4-tBu,CH;); 10 1 NaOH 54

56 Cl 4-CH; P(O-2,4-Bu,CH;); 10 1 NaOH 45

6 Cl 4-NO, P(0-24-Bu,C¢H;); 10 0.1 Na,CO; 57

7 Cl 2-CN P(O-iPr), 20 0.1 NaOH 89

8 Br 4-F P(0-2,4-1Bu,C¢H;); 100  0.0001 NaOH 66

9 Br H P(0O-2,4-Bu,CsH;); 100  0.0001 NaOH 85

10 Br 4-Me P(O-2,4-Bu,CH;); 100  0.0001 NaOH 69

11 Br @ P(O-iPr); 100  0.0001 NaOH 82

[a] 8.2 mmol Aryl halide, 9 mmol phenylboronic acid, 10 mmol base, 8 mL
toluene, 120°C, 18 h. [b] Determined by GC with hexadecane as internal
standard. [c] 140°C. [d] 2-Bromo-6-methoxynaphthalene.
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coupling reactions. Thus, comparable or even higher yields
of products are formed at catalyst loadings one order of
magnitude lower (0.1 mol-%).

Activated and deactivated aryl bromides can be coupled
efficiently with the palladium/phosphite catalyst systems at
very low catalyst loadings (0.0001 mol- % ). Turnover numbers
in between 660000 and 850000 (66-85%) are obtained
without further optimization of the reaction conditions.

In summary, we have shown that mixtures of palladium(ir)
acetate and sterically hindered phosphites are highly efficient
catalysts for the coupling reaction of aryl bromides and aryl
chlorides with phenylboronic acid. Crucial for the success of
the reaction is the choice of the right ligand, the phosphite/
palladium ratio, and the use of NaOH or Na,CO; as base.
Optimum yields of the products may be obtained in the
presence of CaF, as additive. As ligands phosphites are
advantageous compared with phosphines for several reasons.
They are significantly cheaper for large scale applications and
more easily accessible. Thus, a quick fine tuning of catalyst
properties is possible. In addition, phosphites are more stable
towards oxygen. Hence, they can be handled and stored on air
without problems. Due to the steric bulk of the ligands
hydrolysis of phosphites is not a problem in these reactions
except almost stoichiometric quantities of water or hydroxide
ions are present.

Experimental Section

General: All chemicals were commercially available and used without
further purification. Dry toluene (stored on molecular sieves) was
purchased from Fluka. Due to the fact that all synthesized biphenyls are
known they were characterized by means of GC/MS, 'H-, and *C-NMR
spectroscopy.

General procedure: In an ACE pressure tube (Aldrich) aryl halide
(8.2 mmol), phenylboronic acid (9 mmol), base (10 mmol), hexadecane
(400 uL) (as internal standard), an
appropriate amount of additive (if
necessary), phosphite, and palla-
dium(r) acetate is suspended in dry

| N toluene (8 mL) under an atmosphere
P of argon. The tube is sealed and put in
R a 120°C hot bath of silicon oil. After

18 h the mixture is cooled to room

temperature and CH,Cl, (10 mL) and

2N NaOH (10 mL) are added. The
organic phase is analyzed by gas chromatography. After washing the
organic phase with water and brine, drying and evaporating the solvents the
products are isolated by crystallization from methanol/acetone mixtures or
by column chromatography (silica gel, hexane/ethyl acetate mixtures).

Analytical data

4-Trifluoromethylbiphenyl: 'H NMR (360 MHz, CDCl;, 21°C): 6 =7.69
(m, 4H), 6.60 (d, 2/(H,H)=6.8 Hz, 2H), 747 (m, 2H), 740 (m, 1H);
BC{'H} NMR (91 MHz, CDCl,, 21°C): 6 =144.7,139.8, 129.3 (q, 2J(C,F) =
32 Hz), 129.0, 1282, 1274, 1273, 125.7 (q, 3/(C,F)=3.8 Hz), 124.4 (q,
IJ(C,F)=272 Hz); MS (70 eV, EI): m/z: 222 [M]*, 201, 153, 152.

3-Trifluoromethylbiphenyl: '"H NMR (360 MHz, CDCl;, 21°C): § =7.95-
749 (m, 9H); *C{'H} NMR (91 MHz, CDCl;, 21°C): 6 =142.0,139.7,131.2
(q, 2J(CF) =32 Hz), 130.4, 129.2, 129.0, 128.0, 127.2, 124.3 (q, J(C,F) =
272 Hz), 123.9 (m, 2C); MS (70 eV, EI): m/z 222 [M]*, 201, 153, 152.

4-Acetylbiphenyl: 'H NMR (360 MHz, CDCl,, 21°C): =802 (d,
2J(H,H) =8.0 Hz, 2H), 767 (d, 2/(H,H) = 8.0 Hz, 2H), 761 (d, %J(H,H) =
73 Hz, 2H), 746 (m, 2H), 739 (m, 1H), 2.62 (s, 3H); “C{'H} NMR
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(91 MHz, CDCl;, 21°C): 6 =1977, 145.8, 139.9, 135.9, 128.9, 128.9, 128.2,
1272, 1272, 26.6; MS (70 eV, EI): m/z: 196 [M]*, 181, 152, 76.

Biphenyl: 'H NMR (400 MHz, CDCl,, 21 °C): 6 =7.68 (d, 2/(H,H) =73 Hz,
4H), 752 (m, 4H), 742 (m, 2H); *C{'H} NMR (91 MHz, CDCl,, 21°C):
0 =141, 1282, 1272, 127.1; MS (70 eV, EI): miz: 154 [M]*, 76.
4-Methylbiphenyl: 'H NMR (400 MHz, CDCl;, 21°C): 6 =763 (m, 2H),
754 (m, 2H), 747 (m, 2H), 7.36 (m, 1 H), 7.29 (m, 2H), 2.4 (s, 3H); *C{'H}
NMR (101 MHz, CDCl;, 21°C): 6 =141.1, 138.3, 137.0, 129.5, 128.7, 127.0,
1269, 126.9, 21.1; MS (70 €V, EI): m/z: 168 [M]*, 152.

4-Nitrobiphenyl: 'H NMR (360 MHz, CDCl,, 21°C): 6=825 (d,
2J(H,H) = 8.0 Hz, 2H), 7.70 (d, %J(H,H) =82 Hz, 2H), 7.61 (d, 2J(H,H) =
6.4 Hz, 2H), 747 (m, 3H); *C{'H} NMR (91 MHz, CDCl,, 21°C): 6 =
147.4,146.9, 138.6, 129.2, 128.8, 127.6, 127.2, 123.9; MS (70 eV, EI): m/z: 199
[M]*, 169, 152, 141.

2-Cyanobiphenyl: 'H NMR (360 MHz, CDCl;, 21°C): 6 =7.72-747 (m,
9H); BC{'H} NMR (91 MHz, CDCl;, 21°C): 6 =145.1, 137.9, 133.4, 132.6,
129.8, 128.5 (3C), 1273, 118.5, 110.9; MS (70 eV, EI): m/z: 179 [M]*, 152,
151, 76.

4-Fluorobiphenyl: 'H NMR (400 MHz, CDCl;, 21°C): 6 =755 (m, 4H),
745 (m, 2H), 736 (m, 1 H), 7.14 (m, 2H); *C{'H} NMR (101 MHz, CDCl,,
21°C): 8=162.4 (d, J(CF)=247Hz), 140.2, 1373, 128.8, 1287 (d,
3J(C,F) = 8.6 Hz), 1272, 1270, 115.6 (d, 2/(C,F) =21 Hz); MS (70 €V, EI):
miz: 172 [M]*, 85.

2-Methoxy-6-phenylnaphthalene: 'H NMR (400 MHz, CDCl;, 21°C): d =
787 (d, /(HLH) = 1.6 Hz, 1H), 769 (m, 2H), 761 (m, 3H), 736 (m, 2H),
725 (m, 1H), 706 (m, 2H), 3.82 (s, 3H); “C{'H} NMR (101 MHz, CDCl,,
21°C): 6=1577, 1412, 136.3, 133.7, 129.7, 129.1, 128.8, 1272, 1272,
127.0, 126.0, 125.6, 119.1, 105.5, 55.3; MS (70 eV, EI): m/z: 234 [M]*, 219,
191, 189.
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Synthesis and Structural Characterization of Hexa-zer¢-butyl-
hexa-peri-hexabenzocoronene, Its Radical Cation Salt and
Its Tricarbonylchromium Complex

Peter T. Herwig, Volker Enkelmann, Oliver Schmelz, and Klaus Miillen**!

Abstract: The hexa-tert-butyl substitut-
ed hexa-peri-hexabenzocoronene was
synthesized in an overall yield of 83 %
from 4-tert-butylphenylacetylene. The
key step was the oxidative cyclodehy-
drogenation of hexa(4-tert-butylphe-
nyl)benzene with anhydrous FeCl; in

Electrochemical oxidation at —30°C in
the presence of tetrabutylammonium
hexafluoroarsenate led to the formation
of a stable radical cation salt. Reaction
of hexa-tert-butyl-hexa-peri-hexabenzo-
coronene with an excess of tricarbonyl-
(naphthalene)chromium in THF/diox-

ane afforded a mixture of mono- and
bis-tricarbonylchromium complexes
which could be separated by chroma-
tography. The molecular structures of
the parent compound, its radical cation
salt and its mono- tricarbonylchromium
complex were determined by X-ray

CH,(l,, The high solubility of hexa-tert-
butyl-hexa-peri-hexabenzocoronene in
common organic solvents allowed a
comprehensive spectroscopic character-
ization of this compound in solution.

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are of interest
because of their electronic and optoelectronic properties.!!)
Furthermore, large PAHs serve as unique model compounds
for graphite.?

Most of the smaller PAHs crystallize in a fashion in which
there is little 7 interaction between the molecules.P! A typical
structure found in this class of compounds is the herringbone
motif where the discs are oriented approximately perpendic-
ular to each other. If the diameter of the discs increases,
however, it is expected that at a certain point the herringbone
packing is no longer stable and that columnar structures with
strong i interactions are formed.?

One of the difficulties dealing with larger PAHs is the fact
that with increasing molecular weight the solubility of these
compounds decreases dramatically. For instance, hexa-peri-
hexabenzocoronene (1a) is so insoluble in common organic
solvents that crystals for the structure determination had to be
grown in pyrene melts.*!

Sufficient solubility is, on the one hand, a prerequisite for
the structural investigation and characterization of physical

[a] Prof. K. Miillen, P. T. Herwig, Dr. V. Enkelmann, O. Schmelz
Max-Planck-Institut fiir Polymerforschung
Ackermannweg 10, 55128 Mainz (Germany)
E-mail: muellen@mpip-mainz.mpg.de
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Keywords: arene complexes - crys-
tal structure - cyclodehydrogenation
- electrocrystallization -
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analysis and discussed in detail. Re-
markably, the crystal structures of these
compounds are mainly dominated by
the formation of dimers of the aromatic
cores.

PAH

properties and, on the other hand, allows the derivatization of
these compounds by chemical and electrochemical means.

Recently, we have described synthetic concepts toward
alkyl-substituted derivatives of PAHs.P-!% Owing to the good
solubility of these compounds a spectroscopic characteriza-
tion in solution became possible. Interestingly, the n-alkyl
substituted compounds form discotic mesophases with a
stack-like arrangement of the aromatic discs.’l Furthermore,
monomolecular adsorbate layers on graphite could be ob-
tained which were characterized by scanning tunneling
microscopy.> 8 10

Herein we describe a synthetic route toward hexa-tert-
butyl-hexa-peri-hexabenzocoronene (1b). The good solubility
of this compound allows the formation of the stable radical
cation salt [1b],AsF, upon electrochemical oxidation of 1b, as
well as the synthesis of the tricarbonylchromium complexes
[1b]Cr(CO)j; (6) and [1b][Cr(CO);], (7). The crystal structure
analyses of these compounds reveal a remarkable packing
behavior of the aromatic discs in the solid state.

Results and Discussion

The synthesis of 1b, outlined in Scheme 1, starts with 4-tert-
butylphenylacetylene (2) which is coupled with 4-fert-butyl-
iodobenzene (3) to yield di(4-tert-butylphenyl)acethylene (4)
(92 %).1'- 121 The [Co,(CO);] mediated cyclotrimerization of 4
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:R=H
R 1b: R = tert-butyl

generated hexa(4-fert-butylphenyl)benzene (5) in a yield of
90 % .13 The key step for the synthesis of 1b is the oxidative
cyclodehydrogenation of 5. Using anhydrous FeCl; as oxidant,
1b was obtained in nearly quantitative yield after reductive
workup (Scheme 1).014

R: = 3—» R = R
[Pd(PPh3)4], Cul,
piperidine

2 4 (92 %)

ﬁb(co)al,
dioxane

(90 %)

R
5
Feclgl CHCly

1b (R = tert-butyl)
(98 %)

Scheme 1. Synthesis of
(1b).

hexa-tert-butyl-hexa-peri-hexabenzocoronene

The presence of the tert-butyl groups in 1b improves the
solubility significantly. In contrast to the parent compound 1a,
1b is soluble in several organic solvents (e.g. chlorinated
aliphatic hydrocarbons and tetrahydrofuran) even at room
temperature and therefore can be fully characterized by 'H-
and BC-NMR spectroscopy as well as UV/Vis spectroscopy.
The cyclovoltammetric determination of the first reduction
potentials shows the reversible formation of the mono- and
dianion (E,,'=-210V, E,;,>*=-240V), the oxidation
occurs at E;;' =4+0.99V and E;,>=+142V and is rever-
sible as well (Table 1).

Chem. Eur. J. 2000, 6, No. 10
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Table 1. Cyclic voltammetric data of compound 1b.[?

solvent E)'[V] E,"[V]
reduction THF —-2.10 —2.40
oxidation CH,Cl, +0.99 +1.42

[a] Working and counter electrodes: Au; reference: SCE; supporting
electrolyte: Bu,PF, (0.1Mm); scan rate: 100 mVsec™'.

Crystals suitable for X-ray structure analysis were obtained
by slow evaporation of the solution of 1b in THF/pentane at
room temperature. The crystal structure shows the formation
of dimers which are arranged in a herringbone-like motif
which according to the classification of Desiraju and Gav-
ezotti can be characterized as a sandwich herringbone packing
(Figure 1a).B!

It can be seen that the molecules are not strictly planar but
slightly bent owing to the steric interaction of the fert-butyl
groups. The largest deviation of the central atoms of the tert-
butyl groups from the best plane calculated for the aromatic
core is 0.56 A (C55). Remarkably, the normal projection of
the sandwich is comparable to the one of two graphite planes,
that is each carbon atom in this projection is located in the
center of a six-membered ring of the neighboring molecule
(Figure 1b).

The interplanar distance of 3.44 A is only slightly larger
than in graphite (3.35 A). This packing is quite different from
la which forms columns of flattened-out herringbones
(according to Desiraju and Gavezotti called y motif).
Apparently the bulky fert-butyl substituents hinder the
formation of equidistant stacks so that strong m interaction
is found only in a pair of molecules. At room temperature, two
of the tert-butyl substituents are disordered, that is two
orientations are observed which differ by approximately a 60°
rotation. In Figure 1 only the majority positions are shown for
clarity. It is interesting to note that these two substituents have
no interdimer contacts and have apparently a sufficiently
large cavity to perform a rotation. This motion is frozen in
when the temperature is lowered. The occupancy factor for
the majority methyl groups increases with decreasing temper-
ature so that at 230 K the disorder for one of the fert-butyl
groups is no longer observed. In the investigated temperature
range the thermal motion of the aromatic core can be treated
with good approximation as a rigid body motion and the
vibrational amplitudes decrease in the expected fashion.
Packing and the distortion out of planarity are not affected by
temperature. Pertinent data on the temperature dependence
are summarized in Table 2.

Many other smaller aromatic compounds form crystals of
radical cation salts which precipitate on the anode when a
solution is oxidized in the presence of a suitable supporting
electrolyte (e.g. tetrabutylammonium hexafluoroarsen-
ate).""71 With 1b, however, an oxidation in methylene
chloride yielded a stable red solution from which upon
cooling at —30°C shiny black crystals precipitated. The X-ray
structural analysis of these crystals (Figure 2a) shows the
formation of a radical cation salt with the stoichiometry
[1b],AsFs.
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Figure 1. a) Crystal structure of 1b. b) Normal projection of a dimer of 1b.

The radical cation salts of smaller aromatic compounds
form columnar structures in which stacks of the disc-like
molecules are placed in a fashion leaving channels in which
the counterions are found.'>' Here no continuous stacks are
formed, but a layer of solvent molecules is intercalated in the
stacks, separating pairs of 1b. The molecular overlap in such a
pair which is shown in Figure 2b differs from the graphite-like
arrangement of the parent compound. With respect to this

packing the rings are shifted by half a C—C bond length so that Figure 2. a) Crystal structure of [1b],AsFs. b) Normal projection of a
the centers of the bond intersect in the normal projection. This dimer of [1b],AsF,.
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Table 2. Temperature dependence of the occupancy factors of the
disordered atoms and the eigenvalues of the mean square librational
amplitudes L; as determined by the TLS analysis.

room temperature 230 K 155K
OCC (C441-C461) 0.71 1.0 1.0
OCC (C561-C581) 0.59 0.67 0.87
L, (deg?) 0.91 0.84 0.72
L, (deg?) 2.35 2.04 1.11
L (deg?) 3.45 3.03 2.09

overlap pattern has been frequently observed in the radical
cation salts of other arenes, €. g. pyrene and perylene.['> 7]

The reason for the formation of segragated dimers in the
radical cation salt is not clear. As in 1b steric hindrance of the
bulky substituents is a possible explanation for this behavior.
On the other hand, it seems possible to form a columnar
structure by rotating adjacent molecules by 60° with respect to
each other thus avoiding this hindrance and allowing a close
stacking. Thus, another explanation is that the s-system in 1b
is already sufficiently extended in order to effectively stabilize
the charge in a dimer, whereas in the salts of smaller arenes
the infinite stack of molecules is needed to obtain a stable salt.

Many tricarbonyl(arene)chromium complexes can be syn-
thesized by treatment of the corresponding arene with
tricarbonyl(naphthalene)chromium.!'! When 1b was reacted
with an excess of tricarbonyl(naphthalene)chromium in a
mixture of dioxane/tetrahydrofuran, complexes 6 and 7 were
formed, which could be separated by column chromatography
(Scheme 2).

1b

dioxane/THE | tricarbonyl(naphthalene)
chromium
R

Cr(CO),
R 7 (25 %)

Scheme 2. Synthesis of compounds 6 and 7.

Both the 'H- and *C-NMR spectra of 6 establish unequiv-
ocally the position of the Cr(CO); group, which is ligated to an
electron-rich, fert-butyl substituted benzene ring. In the case
of 7, inspection of the NMR spectra reveals that the two

Chem. Eur. J. 2000, 6, No. 10
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Cr(CO); groups are placed at adjacent tert-butyl substituted
benzene rings. Due to the symmetry of this molecule, a dis-
crimination between the two possible sterioisomers, namely
the cis and the trans isomer, by spectroscopic methods is pre-
vented. However, due to repulsive interactions between the
Cr(CO); ligands the formation of the trans isomer is more
likely.

In order to obtain information about the influence of the
tricarbonylchromium group on the packing behavior of the
aromatic core in the crystal, a X-ray structural analysis of 6
was performed. Suitable crystals were grown by slow diffusion
of ethanol into a solution of 6 in methylene chloride.
Remarkably, the crystal structure is again dominated by the
formation of dimers. The crystal structure of 6 is shown in two
projections in Figure 3.

Figure 3. Crystal structure of 6.

The structure contains two molecules CH,Cl, in the asym-
metric unit. A dimer is formed in which the Cr(CO); ligands
point in opposite directions and are located with maximal
distance at the periphery of the dimer. In some respects the
structure of the Cr(CO); complex resembles the parent
compound. The molecules are not strictly planar (maximal
deviation from the best plane 0.31 A). The interplanar spacing
of 3.59 A is well within the distance expected for aromatic
rings in the absence of any m—o interaction. As in 1b the
packing can be described as a double herringbone structure
with almost graphite-like overlap within a dimer pair.

Conclusion

Compound 1b was obtained by a convenient three-step syn-
thesis in high yield. The presence of the fert-butyl substituents
in 1b led to a good solubility which allowed the trans-
formation of 1b into the radical cation salt [1b],AsF, as well
as into the tricarbonylchromium complexes 6 and 7. X-ray
crystallographic analyses elucidated the molecular structures
of 1b, [1b],AsF;, and 6. In contrast to the parent compound 1,
the crystal structure of 1b is characterized by a sandwich-
herringbone packing. [1b],AsF, forms dimers in the crystal
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which are separated by solvent molecules. This result is in
sharp contrast to the crystal structures of the radical cation
salts of smaller aromatic compounds which are characterized
by the formation of continuous stacks. Finally, the tendency of
1b to form dimers in the solid state is established by the
crystal structure of 6. We are currently investigating the
chemical and physical properties of even larger, solubilized
PAHSs. It will be of utmost interest to see whether the results
presented in this paper are a general feature of large, alkyl
substituted PAHs.

Experimental Section

General: Commercially available reagents were used without further
purification unless otherwise stated. All reactions were carried out under
an atmosphere of argon with freshly distilled solvents under anhydrous
conditions. Melting points were determined on a Biichi melting point
apparatus and are uncorrected. UV/Vis spectra were recorded at room
temperature on Perkin—Elmer Lambda9 or Perkin-Elmer Lambdal5
spectrophotometers. NMR spectra were recorded at ambient or specified
temperatures on Varian Gemini 2000, Bruker AM 300 or Bruker AMX 500
instruments and calibrated with the solvent as the internal reference. Mass
spectra were recorded on VG TRIO 2000 EI or ZAB2-SE-FPD equipment.
Elemental analyses were performed by the Institut fiir Organische Chemie,
Johannes Gutenberg-Universitit in Mainz (Germany).

Di(4-tert-butylphenyl)acethylene (4):' At room temperature 3 (4.4 g,
16.94 mmol) was added to a solution of [Pd(PPh;),] (0.48 g, 0.42 mmol) and
Cul (0.16 g, 0.85 mmol) in piperidine (250 mL). After stirring for 30 min, 2
(2.67 g, 16.94 mmol) was added and stirring was continued for a further 6 h.
The mixture was diluted with CH,Cl, (200 mL), washed with saturated
NH,CI solution (2 x 200 mL) and H,O (2 x 200 mL) and dried (MgSO,).
The solvent was removed in vacuo and the residue recrystallized from
MeOH/EtOH to furnish 4 as colorless crystals (4.52 g, 92%). M.p.: 177°C
(lit.: 177-178°Cl"2l); 'TH NMR (200 MHz, CDCl;): 6 =1.36 (s, 18H), 7.39
(m, 4H), 7.50 (m, 4H); *C NMR (50 MHz, CDCl,): 6 =31.71, 35.26, 89.43,
121.08, 125.81, 131.84, 151.81; MS (EI): m/z (%): 290.0 (48) [M]*; anal.
caled for CyH,q (290.03): C 90.98, H 9.02; found C 90.93, H 9.03.

Hexa(4-tert-butylphenyl)benzene (5): [Co,(CO)g] (150 mg, 0.43 mmol) was
added to a solution of 4 (4.11 g, 14.17 mmol) in dioxane (200 mL). The
mixture was stirred and heated under reflux for 20 h. After the reaction
mixture had been allowed to cool down to room temperature, the
crystalline precipitate was filtered off and dissolved in CS,. Filtration of
this solution and removal of the solvent under reduced pressure afforded
pure compound 5 as a white microcrystalline powder (3.7 g,90% ). M.p.: >
300°C; '"H NMR (500 MHz, C,D,Cl,, 100°C): 6 =1.06 (s, 54H), 6.65 (m,
12H), 6.74 (m, 12H); *C NMR (125 MHz, C,D,Cl,, 100°C): 6 =31.44,
34.13,123.00, 131.53, 138.45, 140.42, 147.60; MS (FD): m/z (% ): 870.1 (100)
[M]*; anal. caled for C4sHog (870.1): C 90.98, H 9.02; found C 90.89, H 9.06.

Hexa-tert-butyl-hexa-peri-hexabenzocoronene (1b): Anhydrous FeCl;
(1.78 g, 11.02 mmol) was added to a solution of 5 (0.2 g, 0.229 mmol) in
CH,CI, (100 mL). The resulting green rection mixture was stirred for 18 h
at room temperature and then quenched with MeOH (10 mL), whereupon
the color turned yellow. The solution was washed with 5N hydrochloric acid
(5x200mL), H,O (2 %200 mL) and dried over MgSO,. Filtration over
silica gel (CH,Cl,) afforded the pure compound 1b as a yellow solid
(0.196 g, 98%). M.p.: >300°C; 'H NMR (300 MHz, CDCl;):  =1.81 (s,
54H), 9.30 (s, 12H); BC NMR (125 MHz, CDCL,): 6 =32.02, 35.73, 118.91,
120.51, 124.04, 130.55, 149.04; UV/Vis (cyclohexane): S,.. (gM)=340
(4.76), 355 (5.11), 387 nm (4.72); MS (FD): m/z (%): 858.52 (100) [M]*;
anal. calcd for CgHgs (859.25): C 92.26, H 7.74; found C 91.90, H 7.70.
Radical cation salt [1b],AsF;: A solution of 1b (400 mg, 0.46 mmol) and
tetrabutylammonium hexafluoroarsenate (8.62 g, 20 mmol) in CH,CL,
(200 mL) was cooled to —30°C and electrolyzed between platinum-wire
electrodes at a constant low current (2 mA) under an atmosphere of argon.
After two days, shiny black crystals of compound [1b],AsF; were collected
and subjected to X-ray analysis.

Tricarbonylchromium complexes 6 and 7: Tricarbonyl(naphthalene)chro-
mium-tricarbonyl (317 mg, 1.2 mmol) was added to a solution of 1b
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(100 mg, 0.12mmol) in a mixture of dioxane/THF 3:1 (200 mL). The
solution was heated under reflux for 3 h with exclusion of light. The solvent
was removed in vacuo and the residue was purified by chromatography on
silica gel (pentane/CH,Cl, 5:1). The first fraction gave unreacted 1b, the
second fraction complex 6 [orange solid (23 mg, 20%); m.p.: 172°C
(decomp.); '"H NMR (500 MHz, CD,Cl,): 6 =1.77 (s, 9H), 1.81 (s, 18 H),
1.83 (s, 18H), 1.84 (s, 9H), 7.36 (s, 2H), 8.84 (s, 2H), 9.33 (m, 4H), 9.37 (s,
2H), 9.38 (s, 2H); *C NMR (125 MHz, CD,Cl,): 6 =31.63, 31.96, 32.10,
32.14, 35.22, 36.10, 36.16, 36.17, 86.77, 98.51, 100.35, 119.10, 119.59, 119.80,
119.87, 120.00, 121.26, 121.48, 122.05, 122.81, 123.64, 123.80, 123.95, 129.95,
130.38, 130.89, 131.14, 131.23. 150.38, 150.58, 150.86; UV/Vis (cyclohex-
ane): Sp.c (IgM) =354 (5.01), 379 (4.58), 388 (4.55), 418 nm (4.08); MS
(FD): m/z (%): 995.8 (100) [M]*; anal. caled for CgHgO5Cr (995.28): C
83.27, H 6.68; found C 83.01, H 6.65], and the third fraction complex 7
[orange solid (32 mg, 25%); m.p.: 170°C (decomp.); '"H NMR (500 MHz,
CD,Cl,): 0=1.74 (s, 18 H), 1.80 (s, 18 H), 1.82 (s, 18 H), 6.75 (s, 2H), 7.31 (s,
2H), 8.82 (s,2H),9.34 (m,4H), 9.39 (s,2H); 3*C NMR (125 MHz, CD,CL,):
0 =31.46, 31.87, 32.02, 35.19, 36.11, 36.18, 85.40, 86.33, 96.76, 98.71, 98.90,
119.37, 120.07, 120.20, 120.43, 121.25, 121.95, 122.62, 123.03, 123.22, 123.40,
129.34,130.58, 131.07, 131.24, 151.03, 151.30, 233.62; UV/Vis (cyclohexane):
Smax (1gM) =346 (4.85), 381 (4.54), 420 nm (4.26); MS (FD): m/z (%):
1130.8 (100) [M]*; anal. caled for C;,HgO4Cr, (1131.30): C 76.44, H 5.88;
found C 76.22, H 5.75].

X-ray crystallography: All data with the exception of the low-temperature
structures of 1b were collected on a Nonius CAD4 diffractometer using
graphite monochromated Cuy, radiation (1 = 1.5418 A).I'8l The latter were
collected on a Nonius KCCD diffractometer with Mo, radiation (1=
0.7107 A). Data on the CAD4 diffractometer were collected in the 6-20
scan mode. Data collections at low temperature were carried out with a
cooled nitrogen stream. Unit cell parameters were determined from a least-
squares fit of 25 reflections with 6>20°. An empirical absorption
correction was applied to the data. The structures were solved with direct
methods (Shelxs) and refined by full matrix least-squares analyses on F
with anisotropic temperature factors for all non-hydrogen atoms. The latter
were placed at the calculated positions and included in the refinement with
fixed isotropic temperature factors in the riding mode. For the disordered
tert-butyl groups occupancy factors (x, 1 —x) were refined.

Compound 1b (room temperature): monoclinic, P2,/c, a=15.0568(9), b =
18.094(1), ¢=18.136(1) A, B=94.976(5)°, V=49224 A3 Z=4, D =
1.159 gem ™3, u=4.547 cm™!, 8449 reflections measured (0,,,,=64°) 3234
observed (I >30(1)), R=0.064, R, =0.067 (unit weights).

Compound 1b (230 K): monoclinic, P2,/c, a=15.0800(2), b =18.0961(5),
c=18.1310(5) A, =95.059(1)°, V=4928.5 A3, Z=4, D,=1.158 gem>,
1=0.61 cm~!, 12511 reflections measured (0,,,,=29°) 4617 observed (I >
30(1)), R=0.055, R,,=0.055 (unit weights).

Compound 1b (155 K): monoclinic, P2,/c, a=15.0703(6), b =18.0203(7),
c=18.0498(6) A, f=94.917(2)°, V=4883.8 A3, Z=4, D,=1.169 gcm3,
u=0.61 cm™!, 12410 reflections measured (60,,,,=29°) 4745 observed (I >
30(1)), R=0.053, R, =0.054 (unit weights).

Compound [1b],AsF4(CH,Cl,),,: triclinic, P — 1, 165 K, a =18.869(5), b =
11.354(5), ¢ =28.771(5) A, a =87.979(8), 8 = 90.058(9), y = 88.237(8)°, V=
6157 A3, Z=2, D,=1.302 gcm>, u=32.857 cm™', 15113 reflections meas-
ured (6., =060°) 8909 observed (I>30(l)), R=0.074, R,=0.077 (unit
weights).

Compound 6 (CH,Cl,),: monoclinic, P2,/n, 165K, a=17162(1), b=
12.187(1), ¢=29.315(2) A, p=91.140(4)°, V=6130A%, Z=4, D, =
1.262 gem™3, u=35.493 cm™!, 11490 reflections measured (6, =60°)
5890 observed (I>30(I)), R=0.071, R, =0.077 (unit weights).
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Catalytic Asymmetric Hydroboration/Amination and Alkylamination with
Rhodium Complexes of 1,1’-(2-Diarylphosphino-1-naphthyl)isoquinoline

Elena Fernandez, Kenji Maeda, Mark W. Hooper, and John M. Brown*!?!

Abstract: Catecholboronate esters
formed by asymmetric hydroboration
of arylalkenes are not directly converted
to amines by reaction with hydroxyl-
amine-O-sulfonic acid. Prior conversion
to a trialkylborane by reaction with
ZnEt, or MeMgCl permits a subsequent
amination reaction to occur with essen-
tially complete retention of configura-

meric excess (ee). Secondary, but not
tertiary amines may be formed by a
related pathway when in situ generated
alkylchloramines are employed as the
aminating agent. The catalytic asymmet-
ric hydroboration, 3-alkylation and ami-

Keywords: aminations - homogene-
ous catalysts hydroborations

nation steps may be combined in a single
stage. Overall, this provides a practical
procedure for the synthesis of enantio-
merically enriched arylamines, exempli-
fied inter alia by the synthesis of (S)-
1,2,3,4-tetrahydro-1-naphthylamine in
95-97% ee and of (R)-N-(cyclohexyl)-
1’-(4-methoxyphenyl)ethylamine in
93 % ee.

tion, leading to a range of primary a-

arylalkylamines in up to 97 % enantio- thodium -

Introduction

The catalytic asymmetric synthesis of amines may be accom-
plished in several ways.! In defining methods for the synthesis
of simple monofunctional amines®? in which the C—N bond is
created in the enantioselective step, the reduction of imines
has proved to be the most widely employed approach. This
can be accomplished by hydrogenation, for which iridium
catalysts have proved superior; a large-scale herbicide syn-
thesis is carried out in this way.[¥l Transfer hydrogenation is an
equally promising alternative, and the ruthenium catalysts
developed by Noyori and colleagues provide excellent
examples.l Although the hydrosilylation and other reductive
reactions of imines are less intensively developed, they offer
potentially viable alternatives.’! Several recent studies have
been concerned with the catalysis of the allylation of imines,
which may be achieved in up to 99 % ee.l’]

By contrast, the direct catalytic addition of ammonia or an
amine to alkenes is more difficult to achieve,”! and efforts to
effect this in an enantioselective reaction are only just
beginning.[®! The same goal may, however, be achieved by a
two-step reaction in which catalytic asymmetric hydrobora-
tionl is followed by an amination step such that the stereo-
genic carbon atom is transferred from boron to nitrogen. This

[a] J. M. Brown, E. Fernandez, K. Maeda, M. W. Hooper
The Dyson Perrins Laboratory
South Parks Rd, Oxford OX1 3QY (UK)
Fax: (+44)1865-275674
E-mail: john.brown§chemistry.oxford.ac.uk
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vinylarenes

procedure has good precedent in stoichiometric asymmetric
hydroborations.'”! The stoichiometric reaction has been
developed to the point where the chiral auxiliary may be
recovered through its selective transfer in the reduction of
acetaldehyde. This requires a multistep procedure; low-
temperature recrystallisation of the hydroboration product
is required for optimum ee (Scheme 1). A distinction from the
stoichiometric reaction is that effective Rh-catalysed hydro-
borations of alkenes are limited to the addition of catechol-
borane,"] whilst most stoichiometric asymmetric hydrobora-
tion reactions involve a dialkylborane.”l The reactivity of
alkylboranes in electrophilic aliphatic substitution is very
dependent on the other substituents on the boron, with
deactivation is the rule for O or N groups.

In a recent paper!™® we described attempts to optimise the
direct amination of catecholboronate esters. Even under the
best conditions with CIMgN(Me)OSiMe;, the chemoselectiv-
ity was no better than 60 % with respect to amine formation.
This led to the appraisal of alternative approaches which
bypassed the problem, and a simple solution was found when
it was discovered that catechol could be cleanly displaced
from the catecholboronate ester by nucleophilic alkylating
agents, notably diethylzinc!'¥ or methylmagnesium chloride.
The resulting trialkylborane could be converted into the
desired benzylic amine with complete retention of config-
uration in the amination step.!”! Herein we provide a more
detailed discussion of these earlier results as well as the
extension to the asymmetric synthesis of secondary amines;
tertiary amines still remain elusive.
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recrystallise at -35°C

2 CH3CHO
25°C, 8h.
We O
: B. Cr (OEt),
(©)
U OH OH
\ base
_B(OH),
Meli, -78°C Y
then
CH3COCI
OAc

ve e )) Ye \H
; By H,NOSO4H O/ 2
O/ then NaOH, H,O
Isolated as HCI salt

99% ee

Scheme 1. Two-step enantioselective asymmetric synthesis of amines in
which catalytic asymmetric hydroboration is followed by an amination
reaction.

Results and Discussion

Primary amines: Given the very wide variety of transforma-
tions which can be achieved through alkene hydroboration, it
is surprising that the vast majority of catalytic hydroborations
have been applied to the formal synthesis of alcohols by
means of oxidation of the initial adduct with hydroperoxide.
The reason is not hard to find; compared to trialkylboranes,
boronate esters are poor electrophiles and they cannot be
made directly by catalytic routes. In an effort to extend the
synthetic scope of our hydroboration procedure that employs
Rh complexes of the P—N atropisomerically chiral QUINAP,
we attempted a transmetallation from boron to zinc in the
hope that the stereogenic centre would not be compromised
in the process. That problem has now been addressed by
Knochel and co-workers who have shown that the configu-
ration of chiral organozinc compounds can be maintained
under carefully defined conditions.') In our case, initial
reaction of the catecholboronate ester in toluene with one
equivalent of Et,Zn led to the complete formation of the
corresponding alkyldiethylborane, with concurrent formation
of a dense white precipitate of zinc catecholate. No trans-
metallation was observed, and after this initial observation a
precedent was found in Cabbidu’s work where the reaction of
primary alkyl catecholboronate esters with alkylmagnesium
halides gave rise to good yields of alkylboranes (Scheme 2).[

The reaction pathway was monitored by !'B NMR spectro-
scopy in THF. For the catecholboronate ester derived from
4-methoxystyrene in THF, a broad line was observed at 0 =
35. On addition of an equivalent quantity of Et,Zn and
agitation, the spectrum changed to give a new broad line at

Chem. Eur. J. 2000, 6, No. 10

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

0 =280. This is in agreement with expected literature values of
0=23243 for RB(OR’), and 80+ 3 for RBR',.['¥l When the
reaction was incomplete a peak at 6 =53 was observed which
could also be seen transiently in the course of successful
reactions.

Having demonstrated a viable route from catecholboronate
esters to trialkylboranes, a further point in favour of the stated
objectives is the chemoselectivity of hydroboration/amina-
tion, a reaction which operates for only two of the three alkyl
residues. Methyl or primary alkyl groups migrate with greater
reluctance than more substituted alkyl groups.l'”) Hence the
substituted benzyl group was expected to be transformed into
the corresponding amine on treatment with hydroxylamine-
O-sulfonic acid. In preliminary experiments in which an
isolated boronate ester was employed, this was indeed
realised, and it was verified that the enantiomeric purity of
the amine was identical, within experimental error, to that of
the secondary alcohol produced by hydroperoxide oxidation
(Scheme 2). Subsequent work involved the development of a
one-pot reaction in which the catalytic hydroboration of the
alkene, the B-alkylation step and the amination were all
performed without isolation of the intermediate products. The
results of these reactions are given in Table 1. For the most
part, the reactions reported here were carried out on a
0.5 millimolar scale with 1 mol % catalyst. On a larger scale,
the chemoselectivity towards the primary amine could be
lower, and it was found for the case of 1,2-dihydronaphthalene
that an improved yield could be achieved with NH,Cl
prepared in situ,? albeit with a slight lowering of the ee
value (95 %). The procedure affords access to the potentially

z
\N

O\B/o ‘ ‘ PPh,

(iv)
(i) J ;
Me_ Me
Me © “0S0,CF,
g 0 .
&
(m)l \ AN
P |
Phy
NH,

likewise
R-enantiomer

Scheme 2. Synthesis of primary amines. i) Catecholborane, 0.2-1%
catalyst, 20°C, THF, 1h; ii) MeMgCl (2equiv, 3M in THF), 20°C,
30 min; iii) H,LNOSO;H (3 equiv), THF, 10h; iv)[(cod)Rh(acac)],
Me;SiOSO,CF;, THF then pentane.
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Table 1. Hydroboration/amination of vinylarenes.!

Entry Reactant Benzylic ee[%]  Configura- Yield[%]
aminel®! tion
X
1 /©/\ >98 98l s 56
MeO
S
2 ©/\ >98 87 S 54
Me
3 ©/\/ > 98 90l s 50
4 >98 778 s 61
5 9% 97 s 51
S
6 @j 98 891l S 64
o
X
7 OO 92 901 s 62
=
8 OO 75 6814 S 51
9 O?O - 841d] S 54

[a] Reaction conditions: 2h, ambient temperature, 1 mol% catalyst.
[b] Remainder regioisomeric amine. [c] GC or NMR determination, see
the Experimental Section. [d] Determination of ee by 'H NMR spectro-
scopy with [Eu(hfc);].

useful (§)-1-amino-1,2,3,4-tetrahydronaphthalene and related
compounds.?!]

The reaction represents a simple and direct route from
vinylarenes to the corresponding enantiomerically enriched
a-alkylbenzylamines. The reaction is limited to alkenes of
modest steric bulk as delineated in the previous paper.l'!l Tt is
apparent that 1-vinylnaphthalene approaches the limit in this
respect since the ee is considerably reduced. Although (S)-
QUINAP is used in the examples given in Table 1, both
enantiomers of the ligand are available. Provided that the
Et,Zn or MeMgCl transmetallation procedure is compatible
with substituents on the alkene, the range of reactants and the
ensuing ee values are comparable with those obtained for
secondary alcohols in the corresponding peroxide oxidations
of catecholboronate esters.

Secondary amines: Following the successful demonstration of
amination with hydroxylamine-O-sulfonic acid as the electro-
phile, extension of the reaction to the synthesis of secondary
amines was considered. The simple expedient of direct
reaction with the corresponding alkylhydroxylamine deriva-
tive (Scheme 3) was successful to some extent; however, the
yield was modest, although the enantioselectivity was encour-
aging. Given the difficulty of preparing a pure sulfonic acid
reagent® this approach was not developed further.

A more successful method involved the reaction with
monochloralkylamines. These can be generated in situ by
reaction of a solution of a primary or secondary amine in an
organic solvent with commercial sodium hypochlorite solu-
tion! and used directly (c.f. the chloramine preparation

1842
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L

N

o
MeO

(0 38%; 92% ee

(@

CH,Ph
Et\B/Et HN/ 2
(ii :
MeO MeO
(iii) oL 919
93% ee by 75%; 91% ee
H,0, oxidation
Et_ Et
N
o
MeO
® 34% yield; racemic

cl <|:9

EtEt- fh+ R E Et, N
% — N t a2 —,
N S8R
base
Me _— “Me
MeO MeO'
unreactive reactive

Scheme 3. a) Synthesis of secondary amines from catecholboronate esters
(i) C¢H;;NHOSO:;H, diglyme, 24 H; 20°C; (ii) PhCH,NHCI (generated in
situ from PhCH,NH, and aq. NaOCl,), 0°C, 5min then 20°C, 1h;
(iii) Et,NHCI (generated in situ from Et,NH and aq. NaOCl)). b) A simple
mechanism which explains the lower effectiveness of chloroamines from
secondary amines.

above). A specific difference between monoalkyl and dialkyl
chloramines was discovered. The reaction of trialkylboranes
with CINEt,, verified as being formed cleanly by NMR
spectroscopy, gave a range of products and more significantly
the tertiary amine was formed with complete racemisation.
This is in line with the radical reaction pathway first proposed
by Davies, Roberts and co-workers; some of the side products
may be formed by competing cationic routes.?* In contrast,
the chloramines formed from primary amines reacted cleanly
and with retention of configuration to thus provide a viable
synthetic route to enantiomerically enriched benzylic secon-
dary amines. The implication is clear; in the alkyl migration
step of Scheme 3 deprotonation of the N—H either precedes
or is concurrent with C—N bond formation making the
pathway impossible for a secondary chloramine. The success-
ful method was demonstrated for the examples shown in
Table 2; both the amine and the borane can be varied without
detriment. Two alternative protocols were adapted. In the first
of these (Method Al), hydroboration was carried out in
toluene with 1 mol % catalyst followed by the direct addition
of ZnEt, in C;Hy and subsequent reaction with preformed
RNHCI in Et,0. A fivefold scale-up procedure employed
0.2mol % catalyst (Method A2). Alternatively, a similar
sequence was followed in which the catecholboronate ester
isolated first (Method B). Table 2 demonstrates that the
nature of the primary amine can be varied without detriment.
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Table 2. Alkylaminations according to Scheme 2.

Entry Reactant Product ee Yield Method™!
(%] %]

zCsH1 1

87 71 Al

~CeH11
93 73 A2
92 82 B

CHZCSHS

HN
X
3 /©/\ 91 75 B
MeO
/@ﬂ/\©\ 90 77 A2

Me 87 81 B

/@ﬂ 91 76 B

6 cl /@%Me 78 50 Al
Cl
O
(®)

HN’CGH“

@(j 87 48 Al
O

[a] The enantiomeric purity of the (R)-product amine was determined by
"H NMR spectroscopy ([Dg]acetone) in the presence of enantiomerically pure
mandelic acid. [b] Method A1l (1 mol % catalyst) and Method A2 (0.2 mol %
catalyst) refer to one-pot reactions. Method B refers to reactions of the pre-
isolated catecholboronate according to the Experimental Section. [c] A small
amount of the Schiff’s base of p-methoxybenzaldehyde, formed in the amine
chlorination step, was detected as a by-product.?!

In the examples shown the chloramine was synthesised first
and then reacted with the borane. It was of interest to
determine whether chlorination could be performed in
the presence of the borane—with the possibility of competing
direct oxidation—thereby broadening the synthetic scope.
It was found that both reactions occurred to give either
the alcohol or the secondary amine, depending on the
pathway. The chemoselectivity was strongly dependent on
pH, and selective in favour of the amine only in acidic
media (Scheme 4). This is in agreement with previous results
which probe the pH stability of aqueous chloramine solu-
tions.!

/@/\ ©/\NH2 D/\
pH5.5
pH7.5
pH 10

Experimental Section

General: Reactions were conducted under a dry argon atmosphere with
standard vacuum line and Schlenk techniques. Reactions were carried out
in solvents distilled from standard drying agents. Catecholborane (Aldrich)
was distilled under reduced pressure before use. The complex [Rh(cod)-
(QUINAP)]OSO,CF;,[1* 271 was prepared in a similar manner to the
reported procedure. All amines and alkenes except for 3,4-chromene were
commercially available from Aldrich; 3,4-chromene was prepared by a
literature procedure.’® Enantiomerically pure (R)-1-(4-methoxyphenyl)-
ethylamine was obtained from Lancaster Chemicals. Commercial bleach
was used as the source of sodium hypochlorite after determination of its
concentration by iodometric titration which was generally ~2M. All
alkenes, except for 4-methoxystyrene, were distilled before use; all amines
and 4-methoxystyrene were used without further purification. NMR
Spectra were recorded on a Varian Gemini 200 and Bruker AM250 or
AMX 500 spectrometers. GC analyses were performed on a Fison 8000
chromatograph equipped with a Chrompack WCOT Fused Silica column,
CP-Chirasil-DEX CB, 25 m, injector temperature 250 °C, detector temper-
ature 275°C, inlet pressure 2.90 psi.

Catalytic hydroboration/amination with catecholborane: general proce-
dure: The freshly prepared complex (S)-[1-(2-diphenylphosphino-1-naph-
thyl)isoquinoline](cyclooctadiene)rhodium(r)  trifluoromethanesulfonate
(4.0 mg, 0.005 mmol, 1.0 mol %), THF (0.5 mL) and the alkene (0.5 mmol)
were placed in a vial under argon. Freshly distilled catecholborane (53 pL,
59 mg, 0.5 mmol) was added with stirring and then left for 1 h. MeMgCl
(3m in THF, 333 pL, 1.0 mmol) was added and the solution stirred for
30 min. The reactant solution was added to pre-dried hydroxylamine-O-
sulfonic acid (169 mg, 1.5 mmol) with THF (0.7 mL), and stirred under
argon overnight. Hydrochloric acid (1M, 2 mL) was added, and the mixture
poured into water (4 mL). The aqueous layer was extracted with ether (3 x
20 mL), and then made strongly alkaline with sodium hydroxide (1w,
3 mL). The mixture was extracted with diethyl ether (3 x20 mL). The
diethyl ether extracts were combined, dried (MgSO,) and the solvent
removed in vacuo.

In those cases in which GC analysis was employed, the amines were
converted into their acetamides: primary amines (0.5 mmol) were dissolved
in toluene (2 mL) and acetic acid (0.6 mmol) was added by syringe with an
equivalent of 1,1’-carbonyl-diimidazole. The mixture was stirred vigorously
overnight and then extracted with toluene. The organic extracts were
washed with sodium hydroxide (1M, 3 x 20 mL), dried (MgSO,) and the
solvent removed in vacuo.

N-Acetyl-1-phenylethylamine: '"H NMR (200 MHz, CDCl;): 6 =7.21-7.39
(m, 5H; Ar), 6.01 (brs, 1H; N-H), 5.13 (q, 3/(H,H) =74 Hz, 1H), 1.97 (s,
3H; COCH,), 1.49 (d, 3/(H,H) = 7.4 Hz, 3H).

N-Acetyl-1(-4-methoxy)phenylethylamine: 'H NMR (200 MHz, CDCl;):
0=727(d,*J(H,H)=8 Hz,2H; Ar), 6.88 (d, *J(H,H) =8 Hz,2H; Ar), 5.70
(brs, 1H; N—H), 5.12 (q, */(H,H) = 7.4 Hz, 1 H), 3.84 (s, 3H; OCHj;), 1.98 (s,
3H; COCHs;), 1.48 (d, 3/(H,H) =74 Hz, 3H).

N-Acetyl-1-phenylpropylamine: 'H NMR (200 MHz, CDCl;): 6 =723-
747 (m, 5H; Ar), 5.66 (brs, 1H; N—H), 4.90 (q, */(H,H) =75 Hz, 1H),
2.01 (s, 3H; COCH,), 1.84 (dq, *J(H,H) =75 Hz, 3/(H,H) =2.6 Hz, 2H),
0.91 (t, */(H,H) =75 Hz, 3H).
N-Acetyl-1-aminoindane: 'H NMR (200 MHz, CDCl;): 6 =7.19-7.31 (m,
4H; Ar), 5.88 (brs, 1H; N—H), 5.46 (q, */(H,H) =8 Hz, 1 H), 2.94 (m, 2H),
2.58 (m, 1H), 2.02 (s, 3H; COCHj), 1.81 (m, 1H).
N-Acetyl-1-(1,2,3,4-tetrahydro-1-naphthyl)amine: 'H NMR (200 MHz,
CDCl;): 6=7.08-732 (m, 4H; Ar),

573 (brs, 1H; N-H), 523 (q,
HN 3J(HH)=6 Hz, 1H), 2.80 (m, 2H),
2.03 (s, 3H; COCHS,), 1.87 (m, 4H)

/©/\ N-Acetyl-1-amino-4-chroman:
'H NMR (200 MHz, CDCl;): 6 =724

(m, 2H; Ar), 691 (m, 2H; Ar), 5.77

26:74 (brs, 1H; N-H), 5.16 (q, YJ(H.H) =
68:32 55Hz, 1H), 426 (ddd, 2(HH)=
88:12 113 Hz, J(H,H)=3.4 Hz, J(HH)=

Scheme 4. i) Bleach solution added, buffered to the specified pH and precooled to 0°C to the mixture of borane 33Hz, 1H), 4.16 (ddd, 1H;

and amine in C;Hg.

2J(HH) =117 Hz, 3J(HH)=9.3Hz,
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3J(H,H) =2.6 Hz, 1H), 2.21 (m, 2H), 2.07 (m, 2H), 2.03 (s, 3H; COCH,);
3C NMR (CDCLy): 6 =23.33, 28.87, 43.62, 63.19, 117.35, 120.95, 129.52. Not
previously obtained in enantiomerically enriched form; [a]¥ = —55.2, (c=
0.36, CHCl;). Configuration assigned by comparison with 4-chromanol.

1-(2-Naphthyl)ethylamine: '"H NMR (200 MHz, CDCL): 6 =79-7.6 (m,
4H),7.5-73 (m, 3H), 5.20 (brs, 1H; N—H), 4.25 (q, */(H,H) = 6.8 Hz, 1 H),
1.40 (d, *J(H,H) = 6.8 Hz, 3H).

1-(1-Naphthyl)ethylamine: 6=238.12 (d, 3/(H,H)=8.6 Hz, 1H), 7.80 (d,
3J(HH) =82 Hz, 1H), 7.78 (d, 3/(H,H) =9.0 Hz, 1H), 749 (t, 3J(H,H) =
8.3 Hz, 1H), 7.36 (t, *J(H,H) = 8.4 Hz, 1 H), 7.27 (d, */(H,H) = 9.0 Hz, 1H),
5.60 (brs, 1H; N-H), 4.87 (q, 3/(H,H)=6.8 Hz, 1H), 1.53 (d, 3/(H,H) =
6.8 Hz, 3H).

1-Acenaphthylamine: 'H NMR (200 MHz, CDCl;): 6 =7.8-73 (m, 6H),
4.64 (dd, 3(HH)=71 and 2.5Hz, 1H), 3.65 (dd, 2(H,H)=178 and
3J(H,H) =7.1 Hz, 1 H), 3.02 (dd, >/(H,H) = 17.8 and */(H,H) = 2.5 Hz, 1 H).

Determination of the enantiomeric excess and absolute configuration:

Method A: By gas chromatography on a Chrompack WCOT Fused Silica
column, CP-Chirasil-DEX CB, 25 m, inlet pressure 2.90 psi (Table 3).

Method B: By NMR spectroscopy with [Eu(tfc);] as the chiral shift reagent.
Absolute configuration determined by comparison of the sign of optical
rotation with the literature: 1-(2-naphthyl)ethylamine: ee calculated with
CHMe shifted to 6 =9-10; 1-(1-naphthyl)ethylamine: ee calculated with
CHMe shifted to 0 =9-10; 1-acenaphthylamine: ee calculated on CHCH,
shifted to 6 =9-10.

Amination of 1,2-dihydronaphthalene with NH,Cl (in situ): To a solution of
[Rh(cod)(acac)] (0.01 mmol, 32mg, 02mol%) and (S)-QUINAP
(0.01 mmol, 4.4 mg, 0.2mol%) in dry THF (2mL) under argon, was
added trimethylsilyl triflate (0.03 mmol, 5 uL) with stirring. The volume
was reduced to 0.5 mL in vacuo and pentane (2 x 10 mL) was added to
precipitate the catalyst. The pentane was removed by means of a syringe
and the catalyst was placed in vacuo, then under argon. THF (5 mL) was
added, followed by 1,2-dihydronaphthalene (1 mmol, 0.13 mL) and then
freshly distilled catecholborane (1.1 mmol, 0.12 mL) was added slowly by
means of a syringe. After the mixture had been stirred for 3 h, ZnMe,
(1 mmol, 2m in THF, 0.5 mL) was added and the solution was stirred for
2 h. Chloramine was generated by the addition of sodium hypochlorite
(5 mmol, ~2M in H,O) to a solution of NH; (5 mmol, 0.5M in dioxane) at
0°C, stirred for 30 min with THF (3 mL). The alkylborane solution was
then added to the chloramine solution and the reaction mixture was stirred
at room temperature overnight. The mixture was extracted with ether (3 x
20 mL), washed with NaOH (0.5m, 10 mL), dried (MgSO,), filtered and
evaporated in vacuo to give the crude product with ~90% conversion to
RNH,. This was dissolved in Et,0 (20 mL) and extracted with HCI (2Mm in
H,0, 2 x 10 mL). The combined aqueous portions were made basic with
solid NaOH (0.75 g) and extracted with Et,O (3 x 20 mL). The combined
organic fractions were dried (MgSO,), filtered and evaporated to give the
amine, pure by NMR spectroscopy, (112 mg, 77 %). The method for the
determination of ee as described above gave a value of 95% (S).

Catalytic hydroboration alkylamination reactions: general procedure

Method A1 (One-pot reaction, 1 mol% catalyst): To a solution of
[(cod)Rh(acac)] (0.01 mmol, 3.2mg, 02mol%) and (R)-QUINAP
(0.01 mmol, 4.4 mg, 0.2mol%) in dry THF (2mL) under argon, was
added trimethylsilyl triflate (0.03 mmol, 5 pL) with stirring. The volume
was reduced to 0.5 mL in vacuo, and pentane (2 x 10 mL) was added to

precipitate the catalyst. The pentane was removed with a syringe and the
catalyst was placed in vacuo, then under argon. Toluene (1 mL) was added,
followed by the alkene (1.0 mmol), and then catecholborane (106.6 L,
119.9 mg, 1.0 mmol) was added slowly with a syringe. The mixture was
stirred for 2 h and ZnEt, (1.1M in toluene, 1.1 mmol, 1.0 mL) was added
slowly with a syringe. The mixture was stirred for 2h, and a white
precipitate formed. The alkylchloramine was generated by the addition of
sodium hypochlorite (1.2 mmol, 2m in H,O) to the amine solution
(1.2 mmol) in diethyl ether (6 mL) at 0°C. The alkylborane solution,
precooled to 0°C, was added to the chloramine solution. The borane
residue was dissolved with further ether (2 mL), which was also added to
the chloramine solution. The reaction mixture was stirred at 0°C for 5 min,
allowed to warm to room temperature, and then stirred for 60 min.
Aqueous HCl (1.0M, 5mL) was added and the mixture was stirred for
10 min and then washed with diethyl ether (3 x 10 mL). Aqueous NaOH
(2.0M, 5mL) was added to the aqueous layer, which was then extracted
with diethyl ether (3 x 10 mL), dried (MgSO,), filtered and evaporated to
give the product amine. Although almost pure, it was further purified by
column chromatography (silica gel, diethyl ether:pentane 1:5). The
enantiomeric purity of the product amine was determined directly by
'H NMR spectroscopy ([Dg]acetone) with (+)- or (—)-mandelic acid as the
NMR shift reagent. Isolated yields of the product amine are based on the
starting alkene.

Method A2 (One-pot reaction, 0.2 mol % catalyst): The procedure was the
same as Method A1l except the quantities of reagents and solvents were
scaled up by a factor of five while the weight of catalyst remained constant.

Method B (Multistep reaction): The procedure of catalytic hydroboration
was carried out as in Method A1, pentane (10 mL) then being added to the
reaction mixture to precipitate the catalyst. The pentane solution was
transferred to another Schlenk with a syringe and the solvent was removed
in vacuo to give a sample of catecholboronate ester which was manipulated
under argon. Toluene (1 mL) was added, and the transmetallation reaction,
amination reaction, and work-up were carried out as in Method Al. The
isolated yield of the product amine quoted in Table 2 was based on the
isolated catecholboronate ester.

(R)-(+)-N-Cyclohexyl-1-phenylethylamine: Method Al;yield: 71 % (87 %
ee); clear colourless oil; 'H NMR (200 MHz, CDCL,): 6 =7.37-723 (m,
5H),3.97 (q,J=6.6 Hz, 1H),2.32-2.24 (m, 1 H), 1.99 (d,/=10.0 Hz, 1H),
1.80-1.57 (m, 3H), 1.56 (s, 1H), 1.33 (d, J=6.6 Hz, 3H), 1.27-0.99 (m,
6H); 3C NMR (200 MHz, CDCly): 6 =146.5, 128.6, 126.9, 126.6, 54.3, 53.5,
34.5,33.1,26.1,25.1, 24.9, 24.8; IR (neat): 7= 3325, 3061, 3023, 2926, 2852,
1491, 1448, 1128, 760, 700 cm~'; GC-MS (CI*): m/z (%): 204 ([M*+1],
100), 188 (32), 105 (19); [a] =+64.6 (¢c=0.71, CHCL); lit.:? [a]¥ =
+66.7 (c=1.53, CHCL).

(R)-(+)-N-Cyclohexyl-1-(4-chlorophenyl)ethylamine: Method Al; yield:
50%, (78% ee); clear colourless oil; '"H NMR (200 MHz, CDCLy): 6 =
7.33-722 (m, 4H),3.96 (q,/=6.6 Hz, 1 H), 2.25-2.18 (m, 1 H), 1.96 (d, /=
9.7Hz, 1H), 1.80-1.57 (m, 3H), 1.57 (s, 1H), 1.31 (d, /=6.7 Hz, 3H),
1.56-0.96 (m, 6H); *C NMR (200 MHz, CDCl;): 6 =145.0, 132.4, 128.7,
128.1, 53.8, 53.6, 34.4, 33.0, 26.0, 25.1, 24.9, 24.8; IR (neat): 7= 3310, 2926,
2852, 1491, 1449, 1126, 1091, 1013, 829 cm~!; GC-MS (CI*): m/z (%): 238
([M*+1],100),240 (25),222 (25), 139 (18); [a]§ =+ 63.3 (¢ =0.41, CHCL,);
ref.:[30] (S enantiomer) [a]¥ = —28.0 (neat).

(R)-(+)-N-Cyclohexyl-1-(4-methoxyphenyl)ethylamine: Method A2:
yield: 73% (93 % ee); Method B: yield: 82% (92 % ee); clear colourless

Table 3. GC retention times in the separation of amine enantiomers as acetamides.

Acetamide Temp. of oven [°C] Retention time [min]

Enantiomer 1 Enantiomer 2
N-acetyl-1-phenylethylamine 140 27.69 (S)-(—)kl 30.02 (R)-(+)
N-acetyl-1(4-methoxy)phenylethylamine 150 63.54 (S)-(—) 65.69 (R)-(+)
N-acetyl-1-phenylpropylamine 140 35.06 (S)-(—)! 37.00 (R)-(+)
N-acetyl-1-aminoindane 150 47.81 (S)-(+)! 52.11 (R)-(-)
N-acetyl-1-(1,2,3,4-tetrahydro-1-naphthyl)amine 150 71.47 (S)-(—)! 84.62 (R)-(+)
N-acetyl-1-amino-4-chroman 150 70.44 (S)-(—)®! 7828 (R)-(+)

[a] Absolute configuration determined by comparison with an authentic sample (Aldrich). [b] Absolute configuration assigned by similarity in elution order
in the GC analysis of 1-(4-methoxy)phenylethanol, 1-phenylpropanol, 1,2,3,4-tetrahydro-1-naphthol, 4-chromanol.
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oil; 'H NMR (400 MHz, CDCl,): 6 =722 (d, J=8.6 Hz, 2H), 6.87(d, /=
8.7Hz,2H), 3.93 (q,/=6.6 Hz, 1H), 3.81 (s, 3H), 2.29-2.24 (m, 1 H), 1.98
(d,/=12Hz,1H),1.72-1.56 (m, 3H), 1.55 (s, 1H), 1.32 (d, /= 6.6 Hz, 3H),
1.19-0.99 (m, 6H); *C NMR (400 MHz, CDCl;): 6 =158.3, 138.1, 1274,
113.7, 55.2, 53.7, 53.5, 34.4, 33.1, 26.1, 25.2, 24.9; IR (neat): 7#=3316, 3099,
3061, 2925, 2850, 1610, 1585, 1511, 1449, 1245, 1174, 1126, 1038, 830 cm™!;
GC-MS (CI*): m/z (%): 234 ([M*+1], 61), 218 (48), 135 (100); HRMS:
miz: caled for CsH,NO [M++1] 234.1858, found 234.1857; [a]p = +58.5
(¢=0.47, methanol).

(+)-N-Chroman-4-yl-cyclohexylamine: Method A1, yield: 48 % (87 % ee);
clear colourless oil; '"H NMR (400 MHz, CDCl;): 6=725 (d, J=7.6 Hz,
1H), 714 (t, J=8.0 Hz, 1H), 6.88 (t, /=74 Hz, 1H), 6.81 (d, J=8.2 Hz,
1H), 4.32 (t,/=10.8 Hz, 1H), 424-4.12 (m, 1 H), 3.90 (t,/ =4.0 Hz, 1H),
2.70-2.63 (m, 1H), 2.06-1.98 (m, 2H), 1.92-1.73 (m, 3H), 1.66-1.62 (m,
1H), 1.37-1.09 (m, 6H); *C NMR (400 MHz, CDCl,): 6 =154.7, 129.6,
128.3,125.5,120.2, 116.8, 62.5, 54.0, 47.7, 34.9, 33.6, 28.6, 26.1, 25.2, 25.0; IR
(neat): 7=23329, 3069, 3036, 2921, 2852, 1608, 1582, 1488, 1451, 1180,
733 cm™!; MS (CIY): m/z (%): 232 ([M*+1], 100), 203 (26), 133 (59), 100
(24); HRMS: m/z: caled for CsH,,NO [M*+1]: 232.1701, found 232.1698;
[a]p=+429.2 (¢ =0.16, methanol).
(R)-(+)-N-Benzyl-1-(4-methoxyphenyl)ethylamine: Method B;  yield:
75% (91% ee); clear colourless oil; 'H NMR (200 MHz, CDCL): 6 =
7.39-723 (m, 7H), 6.92 (d, J=8.7Hz, 2H), 3.84 (s, 3H), 3.80 (q, /=
6.5Hz, 1H), 3.69 (d, J=13.1 Hz, 1H) 3.60 (d, J=13.2 Hz, 1H), 1.71 (s,
1H), 1.38 (d, J=6.5Hz, 3H); *C NMR (200 MHz, CDCl;): 6 =158238,
140.8, 137.7,128.5, 128.3, 127.9, 127.0, 113.9, 56.7, 55.2, 51.5, 24.4; IR (neat):
7=3324, 3061, 3026, 2999, 2959, 2929, 2834, 1610, 1585, 1513, 1245, 1176,
1114, 1037, 832 cm~!; GC-MS (CI*): m/z (%): 242 ([M*+1], 16), 226 (27),
135 (100), 108 (39), 91 (28); [a]E =+46.9 (c=1.31, CHCl,); ref.:[31]
[a]E =+40.3 (c=0.77, CHCL,).
(R)-(+)-N-4-Methoxybenzyl-1-(4-methoxyphenyl)ethylamine: ~ Method
A2: yield: 77% (90% ee); Method B: yield: 81% (87% ee); clear
colourless oil; '"H NMR (400 MHz, CDCl;): 6 =729 (d, J=8.6 Hz, 2H),
721 (d, J=8.6 Hz, 2H), 6.91 (d, J=8.7 Hz, 2H), 6.87 (d, / =8.6 Hz, 2H),
3.83(s,3H),3.81 (s,3H),3.77 (q,/ = 6.6 Hz, 1H), 3.60 (d,/ =12.9 Hz, 1H),
3.56 (d, J=12.9 Hz, 1H), 1.74 (s, 1H), 1.35 (d, /= 6.6 Hz, 3H); *C NMR
(400 MHz, CDCl,): 6 =158.5, 158.5, 137.6, 132.7, 129.3, 127.7, 113.8, 113.7,
56.6,55.2,55.2,50.9, 24.4; IR (neat): ¥ = 3325, 3061, 3029, 2957, 2931, 2908,
2834, 1610, 1584, 1509, 1250, 1174, 1108, 1036, 832 cm™!; MS (CI*): m/z
(%):272 ([M*+1], 63),256 (36), 135 (100), 121 (58); HRMS: m/z: calcd for
CHuNO, [M*+1] 2721651, found 272.1652; [a]p=+378 (c=0.10,
methanol).

(R)-(+)-N-Furfuryl-1-(4-methoxyphenyl)ethylamine: Method B; yield:
76% (91% ee); clear colourless oil; 'H NMR (400 MHz, CDCly): 6 =
737-736 (m, 1H), 727 (d, J=8.6 Hz, 2H), 6.89 (d, /=8.7 Hz, 2H),
6.31-6.30 (m, 1H), 6.11 (d, /=3.1Hz, 1H), 3.82 (s, 3H), 3.75 (q, /=
6.6 Hz, 1H), 3.66 (d, J=14.4 Hz, 1H) 3.57 (d, J=14.4 Hz, 1H), 1.72 (s,
1H), 1.35 (d, /=6.6 Hz, 3H); 3C NMR (400 MHz, CDCl;): 6 =158.6,
154.0, 137.6, 141.7, 137.1, 127.8, 113.8, 110.0,106.8,, 56.3, 55.2, 43.9, 24.3; IR
(neat): 7 =3332, 3114, 3061, 2997, 2960, 2929, 2834, 1611, 1585, 1511, 1244,
1178, 1112, 1036, 833 cm™!; MS (CI*): m/z (%): 232 [M*+1], 45), 216 (48),
135 (100), 81 (33); HRMS: m/z: calcd for C;H;sNO, [M*+1]: 232.1338,
found 232.1330; [a]p =+80.1 (¢ =0.32, methanol).

Absolute configuration of alkylamines: (R)-N-cyclohexyl-1-(4-methoxy-
phenyl)ethylamine was synthesised from cyclohexanone and the enantio-
merically pure primary amine by reductive amination,*?! confirming the R
configuration for the product of hydroboration. Other alkylamines were
assigned by analogy. In particular by comparison of CD spectra in MeOH
the UV/CD spectra consistently showed a positive band at 1=225-
235 nm; the band at 260-285 nm varied in sign.
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Cationic Ruthenium Allenylidene Complexes as Catalysts for Ring Closing

Olefin Metathesis

Alois Fiirstner,*? Monika Liebl,®! Christian W. Lehmann,'*! Michel Picquet,™
Rainer Kunz,® Christian Bruneau,® Daniel Touchard, and Pierre H. Dixneuf*"!

Abstract: A series of well accessible
cationic ruthenium allenylidene com-
plexes of the general type [(n%-are-
ne)(R;P)RuCl(=C=C=CR’,)]* X~ is de-
scribed which constitute a new class of
pre-catalysts for ring closing olefin
metathesis reactions (RCM) and pro-
vide an unprecedented example for the
involvement of metal allenylidenes in
catalysis. They effect the cyclization of
various functionalized dienes and
enynes with good to excellent yields
and show a great tolerance towards an

variations of their basic structural motif
have provided insights into the essential
parameters responsible for catalytic ac-
tivity which can be enhanced further by
addition of Lewis or Brgnsted acids, by
irradiation with UV light, or by the
adequate choice of the “non-coordinat-
ing” counterion X~. The latter turned
out to play a particularly important role
in determining the rate and selectivity of

Keywords: alkenes - allenylidenes
- catalysts - metathesis - ruthenium

the reaction. A similarly pronounced
influence is exerted by remote substitu-
ents on the allenylidene residue which
indicates that this ligand (or a ligand
derived thereof) may remain attached to
the metal throughout the catalytic proc-
ess. X-ray crystal structures of the cata-
lytically active allenylidene complexes
3b-PF, and 15:OTf as well as of the
chelate complex 10 required for the
preparation of the latter catalyst are
reported.

array of functional groups. Systematic

Introduction

The advent of well defined ruthenium-based metathesis pre-
catalysts has triggered an explosive growth of interest in this
transformation both from the organic and polymer chemists’
communities.l'! In particular, the neutral 16-electron rutheni-
um carbene complexes 1 (R =Ph, CH=CPh,) developed by
Grubbs and co-workers turned out to be exceedingly useful
tools which set the standards in the field.”! These reagents
combine a high catalytic activity with a good to excellent
tolerance towards polar functional groups and have found
many applications to the synthesis of complex target mole-
cules and the preparation of speciality polymers.*3 Among
the numerous variations on the ligand sphere of 1 carried out
in search for an even better application profile,*! replacement
of one phosphine ligand by a N-heterocyclic carbene moiety
was recently found to impart a significant increase in activity
as well as stability in solution. Therefore it is very likely that
complexes of type 2 will gain similar popularity and impor-
tance.> ¢!
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Although the rapidly increasing demand has led to the
development of improved methods for the preparation of
Grubbs carbenes,”! the recent literature also documents a
search for alternative metathesis initiators of comparable
performance and improved accessibility.®! In this context, we
have recently introduced the ruthenium allenylidene complex
3.PF, as a versatile pre-catalyst for various ring-closing
metathesis (RCM) reactions.”) This cationic 18-electron
species not only provides an unprecedented example for the
involvement of metal allenylidene complexes in catalytic
C—C-bond formation reactions,'> ! but is also very easily
prepared from commercially available precursors. Moreover,
substantial variations of its basic structural motif are possible
which hold the promise that the performance and scope of this
type of metathesis catalyst can be properly adjusted.

In the following we summarize our investigations in this
field. Among the series of allenylidene complexes prepared
during the course of this study we were able to identify
metathesis pre-catalysts that are significantly more active than
compounds 3a-PF and 3b - PF, originally used. This screen-

0947-6539/00/0610-1847 $ 17.50+.50/0 1847





FULL PAPER

A. Fiirstner, P. H. Dixneuf et al.

ing has also revealed a subtle, cooperative influence of the
individual ligands around the central metal atom and has
shown that the seemingly most remote moiety, namely the
“non-coordinating” anion, plays a key role in determining the
catalytic activity and selectivity of the cationic Ru'' template.

Results and Discussion

General synthesis methods: A most attractive feature of
cationic complexes such as 3 stems from the ease of formation
of the Ru=C bond of their allenylidene entity,'?l which is
obtained by reaction of a suitable 16-electron Ru! template
formed in situ with a propargyl alcohol in the presence of a
non-coordinating anion.

Specifically, treatment of the commercially available, air-
stable compound [{(p-cymene)RuClL,},] (4) with 1equiv of
phosphine leads to the essentially quantitative formation of
the corresponding monomeric species [(p-cymene)(R;P)-
RuCl,] (5).'1 The latter reacts with propargylic alcohols
(e.g. 6) in the presence of NaPF, (or NaBPh, etc.) in MeOH at
ambient temperature to form the desired Ru-allenylidene
complexes which are obtained as violet to dark-red solids
(Method A, Scheme 1). As long as the phosphine R;P is

2 PR3 |

l{(p-cymene)RuCl gl ——— > . Fl
CH2Clp, r.t., 4h CI‘“/ \CI
4 RaP
5

_ [, 1°

OH R‘ PFGQ
et
NaPFg (1 equiv), MeOH, r.t., 3h ReP Ph
Ph
3a.PFs R =Cy
3b.-PFg R=/Pr
3c-PFg¢ R=Ph

Scheme 1. Preparation of ruthenium allenylidene complexes under protic
conditions (Method A).

sterically encumbered, subsequent attack of MeOH does not
take place on the electrophilic a-C of the resulting allenyli-
dene which would lead to the formation of catalytically inert
Fischer-carbene complexes of the type [(p-cymene)(R;P)Cl-
Ru=CH(OMe)—CH=CPh,]."l

Replacing the alkali metal salts by AgX (X=PF,~, OTf",
BF,” etc.) results in an even more practical and flexible
method for the preparation of allenylidene complexes under
aprotic conditions (Method B, Scheme 2).?* Thus, treatment
of compound 5§ with AgX in CH,CI, yields the cationic 16-
electron species 7 which can be isolated and stored under
argon for several months without noticeable decomposition.
Compound 7 reacts rapidly with suitable propargylic alcohol
derivatives in CH,Cl, at ambient temperature to afford the
corresponding ruthenium allenylidene complexes in excellent
yields.

1848
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Scheme 2. Preparation of ruthenium allenylidene complexes under aprotic
conditions (Method B).

As shown in Table 1, these methods give access to a set of
structurally diverse ruthenium allenylidene complexes by
variation of the phosphine, the allenylidene substituent, and
the counterion. Further modifications are possible by replac-
ing the p-cymene entity with other arenes as outlined in
Scheme 3. Cleavage of the commercial dimer 4 with phos-

©/\/\MgBr CyoPCI @/\Apcyz
_—
Et;,0, 87%

8

[{(p-cymene)RuCl 2}] (4) '

_ C/P --- RU\
CHoCla, r.t., 1h, 99% ycfyCI cl
9
CeHsCl, 140°C
et T .
R
91% o P /U\u
Cy cCl
10

Scheme 3. Preparation of the chelate complex 10.

phine 8 followed by an intramolecular substitution of the
cymene ligand in 9 with the tethered phenyl ring at 140°C in
chlorobenzene delivers complex 10,1 which is then processed
into the allenylidene species 15 as described above according
to methods A or B.

Structure: Crystals suitable for X-ray analysis have been
obtained from the allenylidene complexes [(p-cymene)-
RuCl(PiPr;)(=C=C=CPh,) |PF, (3b-PF)l'!l and [(n°*C¢Hs-
(CH,);-PCy,)RuCl(=C=C=CPh,|OTf (15-OTf)!'"l as well as
from the chelate complex [(#°-CsHs-(CH,);-PCy,)RuCl,]
(10)81 required for the preparation of the latter catalyst
(Figures 1-3, Table 2).

A comparison of these three structures shows significant
differences between the neutral complex 10 on one hand and
the cationic species 3b-PFy and 15- OTf on the other hand
(see Figure 4). While the arene ring in all three complexes is
slightly tilted, leading to a ring slippage of less than 0.1 A, the
neutral species 10 exhibits a significantly shorter Ru-ring
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Table 1. Preparation of cationic ruthenium allenylidene complexes.

Allenylidene fragment R;P X- Nr Method Yield [%]
o Ph,P PF,- 3c-PF, A 93
7 PiPr, PF,- 3b.PF, A 95
. OTt 3b.OTf B 92
- Cy,P PF,- 3a-PF, A 97
RSF,/ Ph BPh, 3a.BPh, A 80
s BF, 3a.BF, B 89
OTf 3a.OTf B 95
o< "
o R a Cy:P BF,- 11-BF, B 52
AN O OTf~ 11.OTf B 87
13!
W O
Cl
*
“““ F{ OMe
N |
RaP AN Cy,P OTt 12-OTf B 79
. O
OMe
1°
R
Clow
/
RaP CysP BF," 13-BF, B 80
X
13
NMegz
Cro B
. F,/ N O Cy,P BF,~ 14-BF, B fal
3!
14 5
~O T
A - PF, 15.PF, A 83
15-OTt B 91

o
vy /\/Ph OTf
Cy Cl

[a] Not determined.

centroid distance than its cationic counterparts reflecting the
different electronic nature of the Ru' centre. Both allenyli-
dene species show very similar Ru=C bond distances which
agree well with that of similar cumulene complexes found in
the Cambridge Structural Database [1.88(3) A for 50 hits].
The C=C double bonds of the allenylidene moiety are of
different length, with the one closer to the metal centre being
shorter by approximately 0.12(3) A. The allenylidene moiety
is not linear in either complex. This phenomenon is also
precedented in the Database and no preference for either
angle to deviate more from linearity could be found in the
recorded cases.

Furthermore, the trimethylene bridge present in 15-OTf
does not change the geometry around the Ru centre as
compared to that of the non-chelated complex 3b-PF.
Especially the P-Ru-ring centroid angle lies within the
expected value of 131(3)° obtained from 111 observations of

Chem. Eur. J. 2000, 6, No. 10
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ruthenium-(7%-arene)-phosphine complexes. Similar com-
plexes having only two methylene units in the tether,
however, show significant deviations because their P-Ru-ring
centroid angles are reduced to 120.65° and 120.73°, respec-
tively."”]

RCM reactions catalyzed by ruthenium allenylidene com-
plexes: A preliminary assessment of the performance of these
complexes in ring-closing metathesis (RCM) using N,N-
diallyltosyl amide (16) as the substrate revealed a strong
correlation with the nature of the phosphine. In line with
previous observations,?! their catalytic activity decreases in
the order PCy;>PiPr;>>PPh; (Table 3). With 3a-.PF;
(2.5 mol %) as the catalyst, diene 16 is quantitatively cyclized
to dihydropyrrole 17 after 4 h reaction time in toluene at 80°C
(entry 5). Dichloromethane can also be used, although the
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Figure 1. Molecular structure of 3b-PF, anisotropic displacement para-
meters are drawn at 50 % probability, hydrogens atoms omitted for clarity.
Selected bond lengths [A] and angles [°]: C1—C2 1.253(5), C1—Ru 1.894(3),
C2—C3 1.361(5), P2—Ru 2.3814(9), ClI-Ru 2.3862(8), C2-C1-Ru 174.6(3),
C1-C2-C3 168.8(4), C1-Ru-P2 90.54(10), C1-Ru-Cl 87.07(10), P2-Ru-Cl
88.53(3).

Figure 2. Molecular structure of 15-OTTf, anisotropic displacement pa-
rameters are drawn at 50% probability, hydrogens atoms omitted for
clarity. Selected bond lengths [A] and angles []: Ru—C4 1.903(4), Ru—P
2.3360(11), Ru—Cl 2.3901(11), P—C1 1.821(4), C1-C2 1.539(5), C2—C3
1.533(6), C3—C11 1.510(6), C4—C5 1.244(5), C5—C6 1.364(5), C4-Ru-P
90.28(12), C4-Ru-Cl 92.41(13), P-Ru-Cl 87.20(4), C1-P-Ru 109.65(14), C2-
Cl-P 116.5(3), C3-C2-C1 1122(3), Cl11-C3-C2 1152(4), C5-C4-Ru
170.9(4), C4-C5-C6 178.4(5), Cl6-C11-C12 119.0(4), C16-C11-C3
122.3(4), C12-C11-C3 118.3(4).

turnover frequency of 3b-PF; is lower in this particular
reaction medium (entry 3).

Having established the optimum reaction conditions, we
applied catalyst 3a-PF; as a “first-generation” allenylidene
catalyst for RCM to a set of representative diene substrates.
As can be seen from Table 4, it applies to the formation of
essentially all ring sizes >5 and provides good to excellent
yields in most of the cases. The results are comparable to those
obtained in reactions catalyzed by the ruthenium carbene 1.
Only for the 10-membered ring of jasmine ketolactone 33

1850
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c4 C5

7
Figure 3. Molecular structure of 10, anisotropic displacement parameters
are drawn at 50% probability, hydrogens atoms omitted for clarity.
Selected bond lengths [A] and angles [°]: Rul—P1 2.347(3), Rul—Cl1
2.417(3), Rul-CI2 2.420(3), P1-C1’ 1.840(12), C1'—C2’ 1.518(16), C2'—C3'
1.506(18), C3'—C1 1.522(17), P1-Rul-ClI1 87.13(12), P1-Rul-CI2 93.49(11),
Cl1-Rul-CI2 86.13(12), C1'-P1-Rul 111.7(4), C2'-C1’-P1 113.5(8), C3'-C2'-
Cl' 113.3(10), C2-C3-C1 115.1(10), C2-C1-C6 118.9(12), C2-C1-C3’
121.2(11), C6-C1-C3" 119.8(11).

Figure 4. Top view of the #%-arene moiety and first Ru-ligand sphere in
3b-PF;, 10, and 15 OTf (top to bottom). Ring centroids and central metal
atom are drawn with very small radii to visualize the ring slippage. For all
three structures the “matching enantiomers” have been selected with
regard to ligand sequence coordinated to the metal atom (chlorine:
hatched-, phosphorus: dotted pattern).

(entry 9),?% and to a minor extent for the bicyclic derivative
31 (entry 8),?! the allenylidene complex 3a - PF, turned out to
be somewhat less efficient. This is tentatively ascribed to its
limited stability in toluene solution at 80 °C; the formation of
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Table 2. Relevant structural data of complexes 3b-PF,, 15-OTf and 10.

Structural element 3b-PF, 10 15.OTf
Ru-Ting centroid [A] 1.816 1.701 1.812
P-Ru-ring centroid [°]  128.5 127.3 127.3
Ru—P [A] 2.3814(9) 2.348(3) 2.337(1)
Ru—CI [A] 2.3862(8) 2.417(3)12.420(3) 2.391(1)
Ru=C=C=CPh, [A] 1.894(3) - 1.903(4)
Ru=C=C=CPh, [A] 1.253(5) - 1.245(6)
Ru=C=C=CPh, [A] 1.361(5) - 1.365(5)
Ru=C=C=CPh, [°] 174.6(3) - 170.9(4)
Ru=C=C=CPh, [] 168.8(4) - 178.4(5)

Table 3. Screening of the catalytic activity of the allenylidene complexes
3.PF,.

Ts Ts
N 3.PFs (2.5 mol%) N
- >
J -

16 17
Entry Catalyst Solvent Additive T[°C] ¢[h] Yield (%)@
1 3c-PF, toluene - 80 3 2
2 3b-PF, toluene - 80 3 66
3 3b-PF, CH,Cl, - 40 26 95 (76)
4 3a-PF, toluene - 80 3 79
5 3a-PF; toluene - 80 4 100 (83)
6 3a-PF; toluene cymene (50%) 80 3 47
7 3a-PF; toluene PCy; (5%) 80 3 31

[a] GC yield (isolated yield).

the medium-sized rings requires particularly long reaction
times (up to 100 h) and high dilution conditions, and decom-
position of the active species seems to occur with a rate similar
to that of productive RCM. Gratifyingly, however, complex
3a-PF, performs well in the macrocyclic series: smooth
cyclizations of the conformationally flexible dienes 36 and 38
to the 16- and 18-membered cycloalkenes 37 (entry 11) and 39
(entry 12), have been achieved. As previously described,?2*?]
hydrogenation of compound 37 under standard conditions
leads to the macrocyclic musk Exaltolide®, which is used as a
valuable perfume ingredient. Furthermore, compound 35
(entry 10) was obtained in good yield which upon deprotec-
tion affords the azamacrolide epilachnene, a potent insect
repellant alkaloid isolated from the pupae of the Mexican
beetle Epilachnar varivestis.??! Finally, disaccharide 41 ob-
tained by cyclization of the polyfunctional diene 40 (entry 13)
constitutes an advanced intermediate en route to tricolorin A,
a carcinostatic resin glycoside isolated from Ipomoea tricol-
or.?

The examples displayed in Table 4 illustrate the excellent
compatibility of the allenylidene catalyst 3a-PF with various
functional groups including ethers, esters, amides, sulfona-
mides, ketones, acetals, glycosides, carbamates, silyl ethers,
aryl halides and even unprotected secondary hydroxyl groups.

Effect of the escorting counterion: In an attempt to identify
an even better “second-generation” analogue of 3a-PF, a
series of cationic complexes differing in the nature of the
counterion has been studied. As can be concluded from
Table 5, the counterion exerts a remarkable effect on the
reactivity as well as selectivity of ruthenium allenylidene
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Table 4. RCM reactions catalyzed by the cationic ruthenium allenylidene complex
3a-PF; (2.5-5mol %) in toluene at 80°C.

Entry Substrate Product Yield (%)
Is IN
AN N
1 83
17
s g
2 o O 86
18
19
Br N Br X
3 (IOM ©[oj 93
20 21
O O.
Ph/\( \\= Ph/Y
4 0 o/ 88
S\
22 23
\v4
oS O\,s{
3 PhM oh / 77

6 86
7 75
8 66
9 40
10 79
11 90
12 73
I
13 85
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Table 5. Effect of the counterion on the efficiency of cyclization of diene
16 to product 17.%

Allenylidene fragment Counterion T [°C] GC Yield [%]
—|@ PF,~ 80 95
BPh, 80 91
i OTf- 80 99
ol B 200 90
CyaP Ph B(CeFs)s 80 23
3a Ph BF,~ 80 31l

[a] The reactions were carried out with 2.5 mol % of the catalyst in toluene
for 5 h unless stated otherwise. [b] After 19 h reaction time. [c] Together
with the cycloisomerization product 42 (43%) and isomerized starting
material 42 (16 %), see text.

complexes of this type.? Whereas cation 3 escorted either by
PF¢~, BPh,~ or OTf" leads to excellent results when applied at
80°C in toluene solution, the particular combination 3- OTf
was found to be effective even at ambient temperature. This
improvement is tentatively ascribed to the weakly coordinat-
ing character of the triflate group which may assist in the
decomplexation of the p-cymene ligand from the 18-electron
allenylidene pre-catalyst and may also potentially stabilize the
resulting 14-electron Ru" species in solution.!

In strong contrast, however, the same allenylidene entity 3
having either a B(C4Fs),~ or a BF,~ counterion behaves poorly
and gives rise to significant side reactions. In the latter case, a
cycloisomerization of diene 16 to the methylenecyclopentane
derivative 42 as well as simple isomerization of the substrate
to diene 43 seriously compete with RCM (Scheme 4).126]

Ts Ts

N N

16 ) 43 (16%)
Scheme 4. Effect of the escorting anion: reactivity pattern of complex 3a-
BF,.

Te I
3a.BF, (2.5%) N N
+ j Z
toluene, 80°C, 5h @
17 (31%) 42 (43%

In order to see if this deviation from the regular path is due
to the well-known equilibrium between BF,~ and BF;+F~ in
solution or to the in situ formation of ruthenium hydride
species,?* 27 a series of control experiments has been carried
out (Table 6). Surprisingly enough, the addition of nBu,NF
results in a dramatic decrease of catalytic activity (entry 2),
whereas administering catalytic amounts of BF;-Et,O re-
stores the RCM activity of complex 3-BF, and suppresses

Table 6. Effect of additives on the reactivity and selectivity of cationic
allenylidene complexes (2.5 mol %) in reaction with diene 16 in toluene

cycloisomerization almost completely (entry 3). This result is
reminiscent of previous reports that the addition of DCI?! or
certain Lewis acids (CuClL>! Ti(OiPr),") leads to superior
results in reactions employing the standard Grubbs catalyst 1,
most likely by removing one of its basic phosphine ligands.

Having excluded that F~ or BF; account for the formation
of product 42, we speculated if incidental hydrolysis of 3-BF,
liberates traces of HBF, which may protonate the Ru!! centre
and thereby lead to the in situ formation of ruthenium hydride
species. In order to investigate this possibility, experiments
using complex 3a-PF, were carried out in order to study the
response of the system to the addition of excess HBF,
(20 equiv relative to Ru). Once again, a significantly en-
hanced catalytic activity for RCM was noticed although at the
expense of a much shorter lifetime of the catalyst in solution
(Table 6, entry 4). Under these conditions it was possible to
cyclize substrate 16 to cycloalkene 17 in excellent yield even at
ambient temperature (entry 5). The use of triflic acid instead
of HBF, is similarly effective (entry 6). In line with the results
summarized above, decoordination of the phosphine ligand
seems to be responsible for the enhanced activity because the
NMR spectrum shows the instantaneous formation of Cy;PH*
BF,” [*'P NMR: 6 =32.6 (d, /=467 Hz); '"H NMR: 6 =5.6
(dm, J=467 Hz)]. Since no cycloisomerization of 16 to
product 42 was observed, however, one can exclude that HBF,
formed in situ upon incidental hydrolysis of 3-BF, plays no
role in determining the reaction pathway; the observed
product distribution depicted in Scheme 4 therefore reflects
the intrinsic reactivity of this particular allenylidene complex.

Effect of the allenylidene residue: Methods A and B described
above allow to prepare a variety of cationic ruthenium com-
plexes differing in the nature of their allenylidene substituents
simply by changing the propargylic alcohol reagent.

The allenylidene ligand was found to exert a pronounced
influence on the course and selectivity of the catalytic
reaction. Thus, it is possible to switch from RCM to predom-
inant cycloisomerization simply by varying the distal para-
substituents on the phenyl rings of the allenylidene units
(Table 7). Note, however, that the trend is different in the
OTf" and in the BF," series (cf. entries 1/5 and 2/6). Although
it is too early to rationalize this subtle behaviour, these
experiments seem to indicate that the allenylidene moiety (or
aligand derived thereof) serves as a residual ligand to the Ru-
template throughout the entire catalytic reaction. This notion

Table 7. Effect of the allenylidene substituent on the product distribution
in reactions of diene 16.1!

Entry  Catalyst  Conversion (%) Product distribution (GC)

solution. 17 (%) 42 (%) 43 (%)
Entry Complex Additive [mol%] T['C] ¢[h] Product distribution 3a-BF, 90 31 43 16
17(%) 42 (%) 2 11-BF, 97 90 7 -
3 13.BF, 96 60 36 traces
1 3a.BF, - 80 5 31 43 4 14.-BF, 85 56 29 traces
2 nBu,NF (5%) 80 4 7.5 5 3a.OTf 99 99 - -
3 BF;-Et,0 (10%) 80 4 975 2.5 6 11.-0Tt 91 46 45 traces
4 3a.PF, HBF,-Et,0 (50%) 80 0.5 98 7 12-0Tf 99 85 14 -
5 HBF,-Et,0 (50%) 20 1 79 - - - — N
6 F,CSOH (50%) 20 1 75 [a] All reactions have been carried out in toluene at 80°C using 2.5 mol %
of the catalyst.
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is supported by the fact that the cationic complex 7 lacking the
allenylidene unit constitutes a rather poor catalyst for RCM.
These results suggest, however, that the allenylidene catalysts
described herein differ fundamentally from the Grubbs
carbenes 1, in which the electronic properties of the Ru=CHR
fragment of the catalyst precursor intervene only in the
initiation phase when this group is cleaved off by reaction with
the olefinic substrate and gets replaced by the Ru=CH, unit of
the propagating species.[*!l This intriguing aspect is subject of
further study in our laboratories.

Photochemical activation: Recently it has been demonstrated
that [ (p-cymene)RuClL,(Cy;P)] (5) converts into an efficient
metathesis catalyst upon photochemical irradiation.[’dl Al-
though the precise nature of the active species in solution is
still unknown, a light-induced decomplexation of the p-
cymene ligand liberating a reactive 14-electron Ru" entity is
believed to trigger the catalytic process. Since a similar
dissociation of the arene may occur during the initiation of the
allenylidene complexes,?! experiments have been carried out
to see if their reactivity can also be enhanced by photo-
chemical treatment.

Complex 3a-PF, shows absorption maxima at A=
516 nm (e=35900 Imol-'cm™') caused by the allenylidene
ligand and at A,,,, =294 nm (& =7800 Imol~'cm!) attributed
to the coordinated arene. In line with our expectations,
constant irradiation with UV light (300 nm) near the latter
maximum fosters the metathesis activity to such an extent that
RCM of diene 16 proceeds at ambient temperature rather
than at 80 °C (Scheme 5). Similarly, irradiation of a solution of

'Il's
N
2\
16
Scheme 5. Photochemical activation of RCM catalyzed by ruthenium
allenylidene complexes.

'Il's
3a-PFg (2.5%) T
UV light (300 nm) —

toluene, 20°C, 5h

17 (81%)

catalyst and substrate for 30 min followed by heating of the
mixture to 50°C in the dark also results in significantly
increased reaction rates. This photochemical activation pro-
tocol turned out to be particularly convenient in preparative
terms and has been successfully applied to a set of enyne
substrates which convert into substituted 3-vinyl-2,5-dihydro-
furan derivatives under these conditions.*!

Catalytic activity of allenylidene chelate complexes: Al-
though the reactivity of the “first-generation” ruthenium
allenylidene complex 3a- PF is slightly lower than that of the
standard Grubbs carbene 1, the results summarized above
have shown different ways to adjust this parameter either i) by
changing the “non-coordinated” anion from PF¢~ to OTf,
ii) by adding Brgnsted or Lewis acids to the reaction mixture,
and/or iii) by photochemical means. What remains to be
solved, however, is the issue of stability which was found to be
the limiting factor in applications to the synthesis of medium-
sized rings (vide supra). With the idea in mind that chelation
may potentially stabilize the propagating species in its

Chem. Eur. J. 2000, 6, No. 10
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“resting” state in solution, we have prepared complexes 15
PF, and 15.-OTf (vide supra) and have checked their
particular application profiles (Table 8).

Both of them give satisfactory results with a representative
set of substrates although the reaction rates are lower than

Table 8. RCM catalyzed by allenylidene chelate complexes 15-PF, and
15-OTtlal

15-OTf
Yield [%]

Entry  Product 15-PF;

t[h]  Yield [%] t[h]
Ts 2 1

1 @ 89 92

o
H — 72 150
5 O/)/:O 30[b] 47101
o]
Q 41
o™
6 N\ N~Fmoc 79
1% 12
o)
7 83
=

[a] All reactions were carried out in toluene at 80 °C using 5 mol % of the
catalyst unless stated otherwise. [b] With 10 mol % of the catalyst.

those of their non-chelated analogues 3a-PF; and 3a-OTH,
respectively. The yield for the rather difficult formation of the
[6.3.0]-bicyclic skeleton depicted in entry 5, however, remains
rather poor. Therefore we conclude that the lifetime of the
actual catalyst in solution has not been increased by introduc-
ing the chelating ligand and that the presently available
ruthenium allenylidene complexes are outperformed by the
more stable carbene catalysts 1 and 2 in applications requiring
long reaction times.

Conclusion

A series of well accessible cationic ruthenium allenylidene
complexes of the general type [y%arene)(R;P)RuCl-
(=C=C=CR',)]" X" is described which constitute a new class
of pre-catalysts for ring closing olefin metathesis reactions
(RCM) and provide an unprecedented example for the
involvement of metal allenylidene complexes in catalysis.
Systematic variations of their basic structural motif have
provided insight into the essential parameters responsible for
catalytic activity which can be enhanced by using (Lewis)
acidic additives, by irradiation with UV light, or by the proper
choice of the “non-coordinating” counterion X~. From the
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mechanistic point of view, however, these activation methods
seem to intervene at different levels: whereas the most
effective counterion OTf  as well as the photochemical
procedure are likely to facilitate the decoordination of the
arene ligand and thereby create an electronically unsaturated
Ru' template responsible for catalysis in solution, the prime
site of interactions of additives such as BF; or HBF, seems to
be the basic phosphine. Furthermore, a pronounced influence
of substituents on the allenylidene residue was noticed on the
course and selectivity of the reaction which indicates that this
ligand (or a ligand derived thereof) may remain attached to
the metal throughout the catalytic process. This surprising
notion is supported by the fact that we were unable to identify
any by-product formed by reaction of the allenylidene unit
with the olefinic substrate. Therefore the role of the alleny-
lidene seems to be distinctly different from that of the carbene
entity of the classical Grubbs-type catalysts 1 which is cleaved
off during the initial activation phase. Together with the lack
of direct spectroscopic evidence for the propagating species in
solution, these data suggest that the mode of action of cationic
ruthenium allenylidene pre-catalysts is rather complex and
requires further in-depth physico-chemical studies before a
conclusive mechanistic picture can be drawn.

Experimental Section

General: All reactions were carried out under Ar in pre-dried glassware
using Schlenk techniques. The solvents were dried by distillation over the
following drying agents and were transferred under Ar: toluene (Na/K
alloy), CH,Cl, (CaH,), Et,0 (Mg/anthracene), MeOH (MeONa). Flash
chromatography: Merck silica gel 60 (230-400 mesh). NMR: Spectra were
recorded on a Bruker AC200 or DMX300 spectrometer in CDCI; or
CD,Cl, as the solvents; chemical shifts (d) are given in ppm relative to
TMS. IR: Nicolet FT-7199. MS (EI): Finnigan MAT 8200 (70 eV).
Elemental analyses: Dornis&Kolbe, Miilheim, Germany. All commercially
available substrates were used as received.

[ (p-Cymene)RuClL,(PCy;)] (5): PCy; (0.566 g, 2.018 mmol) and [(p-cym-
ene)RuCl,], (4; 0.618 g, 1.09 mmol) were dissolved in CH,Cl, (40 mL) and
the mixture was stirred for 16 h at ambient temperature. The solvent was
evaporated, the residue was washed with Et,0 (2 x25mL) and dried in
vacuo. This afforded the title compound as a red-brown powder (1.06 g,
90 %).3'P NMR (81 MHz, CDCl;): 6 = 26.0. The other analytical data were
in accordance with those reported in the literature.'*]

Preparation of cationic ruthenium allenylidene complexes

Method A: [ (p-cymene) RuCl(PCy;)(=C=C=CPh,) ] [PFs]~ (3a-PF,): A
solution of NaPF, (99 mg, 0.589 mmol), [(p-cymene)RuCL(PCy;)] (5;
344 mg, 0.586 mmol) and 1,1-diphenylpropynol (6; 243 mg, 1.168 mmol) in
MeOH (30 mL) was stirred for 3 h at ambient temperature. The solvent was
evaporated and the residue was washed with Et,O (2 x 20 mL) in order to
extract the excess of the propargylic alcohol. The crude 3a-PFg was
dissolved in CH,Cl, (2 x 10 mL) and the remaining NaCl was filtered off.
Evaporation of the solvent, washing of the residue with Et,0 (20 mL) and
drying of the product in vacuo afforded complex 3a-PF; as a violet powder
(504 mg, 97%). 3P NMR (81 MHz, CDCl;): 6 =58.8 (PCy;), —140.8
(PF47); 'THNMR (200 MHz, CDCLy): 6 =7.87 (dm, 4H, J =72 Hz), 7.75 (m,
2H), 748 (m, 4H), 6.63 (dm, 1H, J=6.6 Hz), 6.47 (dm, 1H, J=6.5 Hz),
6.11 (dm, 1H, J=6.7 Hz), 6.02 (dm, 1H, J=6 Hz), 2.72 (hept, 1H), 2.20
(brm, 3H), 2.20 (s, 3H), 2.10-0.90 (m, 30H), 1.29 (m, 6H); *C NMR
(75 MHz, CD,Cl,, 193 K): 6 =282 (C,), 187.6 (C;), 166.2 (C,), 144.6, 141.8,
133.5,132.4, 128.9, 127.8, 127.2, 124.8, 30.8, 26.8, 25.5, 24.3, 23.0, 19.5, 17.8;
IR: 3057, 3026, 2932, 2854, 1959, 1594, 1490, 1448, 840, 557 cm™'; anal. calcd
for C3Hy;CIFP,Ru: C 58.26, H 6.48; found C 58.39, H 6.44.

[ (p-Cymene) RuCl(PiPr;)(=C=C=CPh,) " [PF¢]~ (3b:PF): A solution of
NaPFy; (64 mg, 0.384 mmol), [(p-cymene)RuCL(PiPr;)] (117 mg,
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0.251 mmol) and 1,1-diphenylpropynol (6; 63 mg, 0.302 mmol) in MeOH
(15mL) was stirred for 4h at ambient temperature. The solvent was
evaporated and the residue was washed with Et,0 (3 x 20 mL). The NaCl
formed during the reaction was removed by dissolving the crude 3b - PFy in
CH,Cl, (2 x 10 mL). Evaporation of the solvent, washing of the residue
with Et,0 (20 mL) and drying of the product in vacuo afforded complex
3b - PF; as a violet powder (182 mg, 95% ). *'P NMR (81 MHz, CDCl;): d =
68.14 (PiPr;), —143.69 (PF,"); 'H NMR (200 MHz, CDCl,): 6 =7.86 (d,
4H,J=71Hz), 775 (t, 2H, J =71 Hz), 748 (t, 4H, =71 Hz), 6.62 (brd,
1H, J=6.9 Hz), 6.54 (brd, 1H, J=6.9 Hz), 6.09 (m, 2H), 3.05-2.50 (m,
4H), 2.33 (s, 3H), 1.51 (d, 3H, /=72 Hz), 142 (d, 3H, /=72 Hz), 1.35—
1.10 (m, 18 H); IR: 3058, 2932, 2876, 1945, 1587, 1487, 839, 557 cm™'; anal.
calced for C3,H,sCIFP,Ru: C 53.30, H 5.92, P 8.09; found C 53.19, H 5.73, P
8.05.

[ (17%-C¢Hs-(CH,)3-PCy,) RuCl(=C=C=CPh,) |* [PFs]- (15-PF): The title
complex was prepared according to Method A from substrate 10 (227 mg,
0.465 mmol), NaPF, (80 mg, 0.476 mmol) and 1,1-diphenylpropynol (6;
193 mg, 0.927 mmol) in MeOH (15 mL). Dark-red powder (301 mg, 81 %).
'"H NMR (200 MHz, CD,Cl,):  =7.99 (m, 2H), 7.81 (m, 4H), 7.58 (m, 4H),
6.61 (m, 1H), 6.46 (m, 2H), 6.34 (m, 1 H), 5.50 (m, 1H), 2.63 (m, 3H), 1.95—
1.23 (m, 25H); ¥P NMR (121.5 MHz, CD,Cl,): 6 =49.6, 140.7; IR: 3058,
3025, 2926, 2850, 1966, 1583, 1490, 1445, 840, 747, 698, 557 cm~'; anal. calcd
for C;H,;CIFsP,Ru: C 54.88, H 5.50; found C 54.56, H 5.59.

Method B: Preparation of [ (p-cymene)RuCIl(PCy;) |* [OTf]™ (7- OTf): A
solution of [(p-cymene)RuClL(PCys)] (5; 533 mg, 0.91 mmol) in CH,Cl,
(45 mL) was added to silver triflate (234 mg, 0.91 mmol). The mixture was
stirred for 1 h at room temperature. The solution was filtered and the
solvent was evaporated to dryness. Product 7-OTf (605 mg, 95%) was
obtained as a microcrystalline red powder. 3P NMR (81 MHz, CD,Cl,):
0=28.5 (PCy;) '"H NMR (200 MHz, CDCl,): 5.8-5.4 (m,4H), 2.77 (hept,
1H,J=6Hz),2.37 (m, 3H), 2.11 (s, 3H), 1.95-1.05 (m, 30H), 1.27 (d, 6 H,
J=6Hz); anal. calcd for C,yH,;,CIF;PSO;Ru: C 49.74, H 6.76; found C
49.65, H 6.98.

[p-(Cymene)RuCl(PCy;)(=C=C=CPh,)]* [OTf]- (3a-OTf): The cationic
complex 7 (128 mg, 0.183 mmol) and 1,1-diphenylpropynol (6; 60 mg,
0.288 mmol) were dissolved in CH,Cl, (15 mL) and the mixture was stirred
for 1 h at room temperature. After filtration and evaporation of the solvent,
the residue was washed with diethyl ether (2 x 30 mL) and the product was
dried in vacuo. This afforded complex 3-OTTf as a violet powder (155 mg,
95%). 3P NMR (81 MHz, CDCl;): 6 =59.21 (PCy;); '"H NMR (200 MHz,
CDCly): 0=1787 (d, 4H, J=7Hz), 774 (t, 2H, J=7 Hz), 747 (t, 4H, J =
7Hz), 6.69 (d, 1H,J=6Hz), 6.52 (d, 1H, J=6 Hz), 6.29 (d, 1H,J =6 Hz),
6.1 (d, 1H,J=6Hz), 2.71 (hept, 1H, J=7 Hz), 2.25 (m, 3H), 2.20 (s, 3H),
1.90-1.10 (m, 30H), 1.3 (d, 6H, J=7 Hz); IR: 1957 cm™!; anal. calcd for
C,Hs,CIF;PSO;Ru: C 59.31, H 6.45; found C 59.26, H 6.55.

[p-(Cymene) RuCl(PCy;)(=C=C=CPh,) |* [BF,]~ (3a-BF,): A solution of
AgBF, (70 mg, 0.359 mmol), [(p-cymene)RuCL(PCys)] (5; 210 mg, 0.359
mmol) and 1,1-diphenylpropynol (6; 77 mg, 0.37 mmol) in CH,Cl, (20 mL)
was stirred for 1 h at room temperature. The solution was decanted, filtered
and the solvent was evaporated. The residue was washed with Et,O (2 x
30mL) and dried, thus affording complex 3a-BF, as a violet powder
(249 mg, 84%). 3'P NMR (81 MHz, CDCl;): 6=59.1 (PCys); 'H NMR
(200 MHz, CDCl;): 6 =7.87 (d,4H,J =7 Hz), 774 (t,2H, J =7 Hz), 747 (t,
4H, J=17Hz), 6.69 (d, 1H, /=6 Hz), 6.51 (d, 1H, J=6 Hz), 6.24 (d, 1H,
J=6Hz), 6.06 (d, 1H, J=6 Hz), 2.71 (hept, 1H, J=7 Hz), 2.19 (m, 3H),
2.20 (s, 3H), 1.95-1.05 (m, 30H), 1.29 (d, 6H, /=7 Hz); IR: 1958 cm™!;
anal. calcd for C;3Hs,BCIF,PRu: C 62.36, H 6.94; found C 62.48, H 7.04.

[p-(Cymene) RuCl(PCy;)(=C=C=C(Ph-p-Cl),)|* [BF,]- (11:-BF,): Com-
plex 11-BF, (295 mg, 52 %) was obtained as a violet powder according to
the same procedure from AgBF, (118 mg, 0.61 mmol), [(p-cymene)-
RuCl(PCys)] (5; 359 mg, 0.61 mmol) and 1,1-di(p-chlorophenyl) propynol
(180 mg, 0.65 mmol) in CH,Cl, (30 mL). 3P NMR (81 MHz, CDCl;): 6 =
60.47 (s, PCys); '"H NMR (200 MHz, CDCl;): 6 =1.00-2.10 (m, 30H), 1.30
(d,3H, J=7 Hz), 1.32 (d, 3H, J=7 Hz), 2.21 (s, 3H), 2.32 (m, 3H), 2.70
(hept, 1H,J/=7Hz), 6.17 (d, 1H,J=6.5 Hz), 6.31 (d, 1 H, J= 6.5 Hz), 6.55
(d,1H,J=6.5Hz),6.72 (d, 1H,J = 6.5 Hz), 745 (m, 4H), 7.79 (m, 4H) ; IR:
1956 cm; anal. calcd for C,;;HssBCLF,PRu: C 57.57, H 6.18; found C 57.60,
H 6.30.

[p-(Cymene) RuCl(PCy;)(=C=C=C(Ph-p-OMe),) |* [OTf]~ (12- OTf): The
cationic complex 7 (140 mg, 0.2 mmol) and 1,1-di(p-methoxyphenyl)
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propynol (6; 108 mg, 0.4 mmol) were dissolved in CH,Cl, (15 mL) and the
mixture was stirred for 1h at room temperature. After filtration and
evaporation of the solvent, the residue was washed with diethyl ether
(2 x30mL) and the resulting product was dried in vacuo, thus affording
complex 12-OTf as a violet powder (151 mg, 79%). *'P NMR (81 MHz,
CDCly): 6 =53.70 (PCys;); '"H NMR (200 MHz, CDCL;): 6 =7.96-6.92 (m,
8H), 6.60 (d, 1H,J=6Hz), 6.42 (d, 1H, /=6 Hz), 6.11 (d, 1H, /=6 Hz),
5.85(d, 1H,J=6Hz), 3.85 (s, 6H), 2.74 (hept, 1H, /=7 Hz), 2.19 (s, 3H),
2.35-2.19 (m, 3H), 2.02-1.03 (m, 30H), 1.27 (d, 6H, J=7 Hz); IR:
1973 em™'; anal. caled for C,Hg CIF;PSOsRu: C 58.13, H 6.47; found C
58.12, H 6.51.

[ (p-Cymene) RuCl(PCy;)(=C=C=CH—CH=CH(Ph-p-NMe,) | * [BF,]~
(13-BF,): The title complex (558 mg, 80%) was obtained as a violet
powder according to the same procedure from AgBF, (166 mg, 0.85 mmol),
[(p-cymene)RuClL,(PCy;)] (5; 498 mg, 0.85 mmol) and 1-(p-dimethylami-
nostyryl)propynol (175 mg, 0.87 mmol) in CH,Cl, (35mL). 3P NMR
(81 MHz, CDCl;): 6 =39.98 (s, PCy;); '"H NMR (200 MHz, CDCL): 0 =
8.86 (s, 1H), 7.37 (d, 2H, /=82 Hz), 6.91 (d, 2H, J=8.2 Hz), 6.37 (d, 1H,
J=5.4Hz), 587 (d, 1H, J=6.4 Hz), 5.64 (s, 2H), 5.46 (d, 1H, J=5.4 Hz),
5.31(d,1H,J=6.4 Hz),3.20-2.60 (br, 7H), 2.30 (br, 3H), 2.05 (s, 3H), 1.27
(d, 6H, J=6.9 Hz), 1.95-1.00 (m, 30H); IR: 1949, 1610 cm .
Dicyclohexyl-(3-phenylpropyl)phosphine (8): A solution of 1-bromo-3-
phenylpropane (2.389 g, 12 mmol) in Et,O (25 mL) was added to a stirred
suspension of Mg turnings (583 mg, 24 mmol) in Et,O (10 mL) at such a
rate as to maintain gentle reflux. Stirring was continued for 1 h before
unreacted Mg was filtered off. A solution of Cy,PCl (2.528 g, 10.8 mmol) in
Et,0 (20 mL) was slowly added to the filtrate at 0°C and the mixture was
kept at that temperature for another 40 min. For work-up, the reaction was
quenched with carefully degassed aq. sat. NH,Cl (50 mL), the aqueous
phase was extracted with Et,O (2 x 100 mL), the combined organic layers
were dried over Na,SO, and the solvent was removed in vacuo. Compound
8 precipitated from the crude product upon standing at room temperature
as colourless crystals (2.987 g, 87%). 'H NMR (300 MHz, CD,Cl,): 6 =
7.31-714 (m, SH), 2.69 (t,J=7.7 Hz, 2H),1.83-1.70 (m, 12H), 1.60-1.36
(m, 4H), 1.24-1.14 (m, 10H); *C NMR (75.5 MHz): 6 =142.6 (s), 128.5
(s), 128.3 (s), 125.7 (s), 37.7 (d, J=12.4 Hz), 33.5 (d, J=13.4 Hz), 30.6 (s),
30.4 (d,/=8.4Hz),29.2 (d, ] =8.6 Hz), 27.6-27.4 (m, 4C), 26.7 (s), 21.1 (d,
J=172 Hz);*'P NMR (121.5 MHz): 6 = —4.65; IR: 3026, 2924, 2850, 1604,
1496, 1447, 744, 698 cm~'; MS (EI): m/z (rel. intensity): 316 (44), 251 (9),
234 (28),225(41),212 (23),192 (17), 151 (29), 130 (100), 117 (18), 91 (20), 83
(41), 55 (74), 41 (47); anal. calcd for C,;H;;P: C 79.70, H 10.51; found C
79.62, H 10.43.

[ (p-Cymene) RuCL{P(CH,CH,CH,Ph)Cy,}] (9): A solution of [{(p-cym-
ene)RuClL},] (4; 484 mg, 0.789 mmol) and phosphine 8 (500 mg,
1.579 mmol) in CH,Cl, (10 mL) was stirred for 1 h at ambient temperature,
the solvent was removed in vacuo, and the residue was recrystallized from
THF providing the title complex as a brick-red crystalline solid (785 mg,
79%). 'H NMR (300 MHz, CD,Cl,): d =7.29-7.10 (m, 5H), 5.53-5.49 (m,
4H), 2.77 (q, J=6.9 Hz, 1 H), 2.58 (t,/=7.6 Hz, 2H), 2.26-2.21 (m, 2H),
2.18-2.05 (m, 4H), 2.05 (s, 3H), 1.89-1.72 (m, 12H), 1.48-1.42 (m, 2H),
1.38-1.20 (m, 6H), 1.26 (d, /=7.0 Hz, 6H); *C NMR (75 MHz, CD,Cl,):
0=1422,128.6,128.3,125.9,107.7,94.5, 88.5, 88.4, 83.5, 83.4,30.8,22.2, 179,
37.6-19.2 (19C); *'P NMR (121.5 MHz, CD,Cl,): 6 =24.69; IR: 3058, 3024,
2921, 2848, 1602, 1583, 1539, 1495, 1445, 1385, 1270, 747, 699 cm~'; anal.
caled for C;;H,,CL,PRu: C 59.80, H 7.61; found: C 59.88, H 7.54.

[ (17%-C¢Hs-(CH,);-PCy,)RuCL] (10):8) A solution of complex 9 (259 mg,
0.415 mmol) in chlorobenzene (20 mL) was heated to 140 °C for 18 h. After
the mixture had been allowed to cool to ambient temperature, the solvent
was removed in vacuo, the residue was dissolved in chlorobenzene (1 mL)
and the product was precipitated upon slow addition of EtOH. The solids
were filtered off and dried in vacuo affording complex 10 as orange crystals
(186 mg, 91%). 'H NMR (300 MHz, CD,CL,):  =6.21 (t, J=5.9 Hz, 1H),
5.61 (t,/=5.8Hz,2H), 5.08 (d, /=5.2 Hz, 2H), 2.49-2.34 (m, 4H), 2.03 -
1.65 (m, 14H), 1.38-1.19 (m, 10H); ¥C NMR (75 MHz, CD,Cl,): 6 =972,
97.1,96.3,93.3,93.2,80.3, 33.3 (d, / =23.7 Hz), 29.9 (s), 29.0 (d, /= 1.8 Hz),
277 (s), 27.6 (d, J=8.5 Hz), 270 (d, J=10.3 Hz), 26.2 (d, /=1.6 Hz), 25.1
(d, J=2.8 Hz), 15.5 (d, J=24.4 Hz). *'P NMR (121.5 MHz, CD,CL,): 6 =
29.3; IR: 3053, 2928, 2915, 2850, 1504, 1445, 1263, 1115, 806 cm~'; MS (EI):
m/z (rel. intensity): 488 (18), 453 (32), 415 (100), 368 (24), 287 (7), 249 (51),
211 (11), 146 (7), 115 (3), 91 (17), 41 (46)cm™'; anal. caled for
C,H;;CLPRu: C 51.64, H 6.80; found: C 51.42, H 6.74.
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[ (°-CH;-(CH,);-PCy,;)RuCl(=C=C=CPh,)]* OTf- (15-OTf): AgOTf
(103 mg, 0.401 mmol) was added to a solution of complex 10 (197 mg,
0.403 mmol) in CH,Cl, (10 mL). The reaction mixture was stirred for 1 h at
ambient temperature, the precipitated silver salts were filtered off and the
filtrate was evaporated to dryness affording [{#°-CsHs-(CH,);-PCy,}RuCl]*
OTf~ as an orange red powder (214 mg, 88 %). A solution of this cationic
complex (136 mg, 0.226 mmol) and 1,1-diphenylpropynol (6; 47 mg,
0.226 mmol) in CH,Cl, (2 mL) was stirred for 1 h at ambient temperature.
Filtration of insoluble residues, evaporation of the solvent, tituration of the
crude product with diethyl ether (2 x 20 mL), followed by drying of the
remaining solid in vacuo afforded the title complex as a violet powder
(164 mg, 91%). '"H NMR (300 MHz, CD,Cl,): 6=8.00-797 (m, 4H),
7.84-7.79 (m, 2H), 7.59-7.54 (m, 4H), 6.66 (d, J=6.3 Hz, 1H), 6.49-6.44
(m, 1H), 6.35-6.33 (m, 1H), 5.67-5.65 (m, 1H), 2.64 (m, 3H), 1.89-1.72
(m, 12H), 1.48-1.12 (m, 10H), 0.88-0.86 (m, 2H), 0.63-0.59 (m, 1H);
3CNMR (75 MHz, CD,Cl,, 193 K): 6 =281.6 (d, J =20.5 Hz), 181.6, 169.0,
141.3,134.0, 132.9, 128.8, 109.1, 105.3, 100.1, 87.0, 36.8 (d, J =28.6 Hz), 30.9
(d, J=252Hz), 29.3, 28.0, 26.5 (d, /=13.3 Hz), 25.9 (d, /=18.6 Hz), 25.2
(d, J=15.7 Hz), 23.9, 14.6; 3'P NMR (121.5 MHz, CD,Cl,): 6 =49.9; IR:
3058, 2921, 2849, 1965, 1585, 1443, 1260, 1149, 1029, 695 cm~'; MS (ESI
pos): m/z: 643 [M]*; anal. calcd for C3;H,;;CIF;05PRuS: C 56.09, H 5.47;
found C 55.82, H 5.34.

Representative procedures for RCM

N-Tosyl-2,5-dihydropyrrole (17): A solution of N,N-diallyltosylamide (16)
(259 mg, 1.03 mmol) and the allenylidene complex 3a-PF, (22 mg,
0.0248 mmol, 2.4 mol%) in toluene (5 mL) was stirred for 4 h at 80°C.
The solvent was evaporated and the crude product purified by flash
chromatography using diethyl ether/pentane (1:4) as the eluent. This
afforded the title compound as a colourless solid (191 mg, 83 % ). 'H NMR
(200 MHz, CDCl,): 6 =2.40 (s, 3H), 4.10 (s, 4H), 5.63 (s, 2H), 7.30 (dm,
1H, J=8.6, 0.7Hz), 770 (dm, 1H, /=823, 1.9 Hz); ®C NMR (50 MHz,
CDCl;): 0 =21.1,54.5,125.1,129.3,129.4,139.2, 143.1; IR (KBr): 3093, 3047,
2951, 2909, 2854, 1928, 1817, 1595, 1540 cm~'; MS: m/z (rel. intensity): 223
(28) [M]*, 155 (28), 91 (72), 68 (100), 41 (19); C;;H;3NO,S (223.3): anal.
caled C59.17, H5.83,N 6.27, S 14.36; found C 59.26, H 5.91, N 6.22, S 14.36.
Compounds 19,172 21,1331 23 34 25151 and 275 were prepared analogously.
Their spectral and analytical data are in full agreement with those reported
in the literature.

Pentadec-10-enolide (37): Method A: Solutions of diene 36 (134 mg,
0.503 mmol) and the ruthenium allenylidene complex 3a-:PF¢ (22 mg,
0.0248 mmol, 4.9 mol % ) in toluene (50 mL each) were added over a period
of 24 h through two dropping funnels to toluene (25 mL) at 80°C. Stirring
was continued for another 16 h at that temperature prior to evaporation of
the solvent and purification of the residue by flash chromatography using
diethyl ether/pentane (1:30) as the eluent. This afforded macrocycle 37 as a
colourless syrup (108 mg, 90 %, E/Z-mixture).

Method B: A solution of diene 36 (27.9 mg, 0.104 mmol) and of the
ruthenium allenylidene complex 15+ OTf (5.3 mg, 0.006 mmol, 6 mol %) in
toluene (100 mL) was stirred for 12 h at 80°C. The solvent was evaporated
and the crude product was purified by flash chromatography using diethyl
ether/pentane (1:30) as the eluent. This afforded macrocycle 37 as a
colourless syrup (20 mg, 0.086 mmol, 83%, E/Z-mixture). 'H NMR
(200 MHz, CDCly): 6=5.45-5.28 (m, 2H), 4.18-4.07 (m, 2H), 2.37-
229 (m, 2H), 2.10-2.00 (m, 4H), 1.72-1.54 (m, 4H), 1.49-1.30 (m,
10H); BC NMR (50 MHz, CDCl,): 6 =173.9, 131.7,130.4, 130.1, 129.6, 64.1,
64.0,34.7,33.9,32.0,29.1,28.4,28.4,28.3,28.2,28.1, 28.0, 27.9, 27.6, 27.2, 27.1,
26.6, 26.5, 25.4, 25.2; IR (KBr): 3000, 2928, 2856, 1736, 1461, 1385, 1346,
1252, 1234, 1168, 1152, 1113, 1085, 1024, 969, 719 cm~'; MS: m/z (rel.
intensity): 238 (20) [M]*, 210 (18), 109 (17), 96 (49), 82 (100), 67 (64), 55
(64); CsH,,O, (228.37): caled C 75.58, H 10.99; found C 75.65, H 11.08.
Compounds 29,71 31,121 331201 3512201 392261 and 4131 were prepared
analogously. Their spectral and analytical data are in full agreement with
those reported in the literature.
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170 NMR Spectroscopy of Sulfolenes (2,5-Dihydrothiophene-1,1-dioxides)
and Sultines (3,6-Dihydro-1,2-oxathiin-2-oxides)—Experiment and Quantum
Calculations: Synthesis of 4,9-Dioxo-1,2-oxathiacyclodecane-2-oxide,

a New Heterocycle
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Abstract: The products of hetero-
Diels— Alder reactions (sultines) and
cheletropic addition reactions (sulfo-
lenes) between 1,3-dienes and sulfur
dioxide can be distinguished by their
70 NMR shifts. Experimental data have
been collected for derivatives of 3,6-
dihydro-1,2-oxathiin-2-oxide and of 2,5-
dihydrothiophene-1,1-dioxide. This data
was then compared with that calculated
by the gauge independent atomic orbital
(GIAO) method at the HF/6-31+

of theory with geometries optimized
by MP2/6-31G(d) calculations. GIAO-
MBPT(2) calculations were also per-
formed with the 6-31 + G(d,p) basis set.
The adduct between (E)-1-methoxybu-
tadiene and SO, is sulfolene 3, the
ozonolysis of which in SO, followed
by work-up with ethanol provided

Keywords: ab initio calculations -
cycloadditions - NMR spectroscopy
- ozonolysis - sulfur heterocycles

(2RS,3SR,65R)-(31), (2RS,3RS,6SR)-
(32), and (2RS,3RS, 6RS)-2,6-diethoxy-
3-methoxy-1,4-oxathiane-4,4-dioxide
(33). Single-crystal X-ray diffraction
studies are reported for 32 and 33.
Ozonolysis of the hetero-Diels— Alder
adduct of SO, with 1,2-dimethylidene-
cyclohexane produced 4,9-dioxo-1,2-oxa-
thiacyclodecane-2-oxide (34), the first
member of a new class of sulfur hetero-
cycles.

G(d,p) and HF/6-311 + G(3df, 2p) levels

Introduction

Since 191401, conjugated dienes have been known to undergo
cheletropic addition reactions??! with sulfur dioxide to gen-
erate the corresponding 2,5-dihydrothiophene-1,1-dioxides
(sulfolenes). Homoconjugated dienes can either rearrange
into conjugated 1,3-dienes in the presence of SO, by means of
ene reactionsP! or they can undergo homocheletropic addi-
tions.”! At low temperature and in the presence of a protic or
Lewis acid catalyst, simple 1,3-dienes add reversibly to SO, by
a hetero-Diels— Alder addition to generate 3,6-dihydro-1,2-
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oxathiin-2-oxides (sultines).’] These compounds are usually
unstable above —50°C and undergo fast cycloreversion to
liberate the starting dienes and SO, that can then undergo the
expected cheletropic addition at higher temperatures.[]
Electron-rich 1,3-dienes, such as (E)-1-methoxybutadiene
(1), react with SO, at —60°C without a catalyst to give a
single adduct (K = [adduct]/[1][SO,] > 3 mol~!dm?), the struc-
ture of which was assigned as sultine 2 on the basis of its 'H
and BC NMR datal” (Scheme 1). The formation of sultine 2

OMe OMe
AN 0Me + SOz -60°C | 9 or
¢ Se | SO,
(0]
1 2 3

Scheme 1. Possible products from the cycloaddition of (E)-1-methoxy-
butadiene (1) and SO,: either the hetero-Diels— Alder cycloaddition
product sultine 2 or the cheletropic addition product sulfolene 3.

was consistent with the fact that the cheletropic additions
usually require temperatures above —60°C in order to take
place. Furthermore, quantum calculationsl® suggested that
sultine 2 can be as stable as sulfolene 3 because of a stabilizing
thermodynamic anomeric effect (gem-disubstitution effect of
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the sulfinate and methoxy group) in 2 and because of
repulsive interactions between the methoxy group and
sulfone moiety in 3.8) The calculations also predicted the
hetero-Diels— Alder addition 1+SO,—2 to have a lower
activation energy than the concurrent cheletropic addition
1+ SO, — 3.1 For symmetrical 1,3-dienes, there is no ambi-
guity in the distinction between the structure of the corre-
sponding sultines (C;) and sulfolenes (C,,). With 1,3-dienes
(such as 1) that are not substituted symmetrically and that
generate only one adduct with SO,, the distinction between
sultine and sulfolene structure can be problematic. The adduct
of 1 with SO, cannot be isolated; it is observed only at low
temperature in the presence of a large excess of SO,. The
instability of this adduct probably arises from its reversibility
(Scheme 1). The liberated diene 1 polymerizes quickly above
—30°C in the presence of SO,.

When butadiene 1 and enoxysilane 4 are mixed in SO, at
—78°C in the presence of a Lewis acid catalyst, a carbon—
carbon bond is formed between the electron-rich alkene and
the electron-rich diene to give the S-methoxyketone 5 after
4—5h. This compound can be converted either into the
methyl sulfone 6 (on treatment with TBAF, then with MeI) or
into alkene 7 by retro-ene elimination of SO, (Scheme 2).1% 19
It was hypothesized that the diene 1 generates the sultine
intermediate 2, which then undergoes heterolysis into a
zwitterion of type 8 in the presence of the Lewis acid; this
intermediate may then react with the enoxysilane 4 to
generate the corresponding products of oxyallylation 5. In
order to put this hypothesis on firmer ground we ran a slightly
different experiment. We first mixed diene 1 and SO, and
waited for the full conversion into the corresponding adduct
(2 or 3). Then we added, at — 78 °C, the enoxysilane 4 together
with the Lewis acid (0.1 to 1.5M [Yb(OTf);] or (tBu)Me,-
SiOTf). We did not observe any condensation reaction even

Abstract in French: Les deplacements chimiques de I'oxygene-
17 (6("70)) permettent de distinguer entre les produits d’addi-
tion du type hetero-Diels— Alder (sultines) et les produits d’addi-
tion cheletropique (sulfolenes) des 1,3-dienes et du dioxyde de
soufre. Les valeurs experimentales sont comparées avec celles
obtenues par calculs quantiques pour les 2-oxyde de 3,6-
dihydro-1,2-oxathiine (28), 2-oxyde de trans-6-methoxy-3,6-
dihydro-1,2-oxathiine (2), 1,1-dioxyde de 2,5-dihydrothiophe-
ne (9) et 1,1-dioxyde de 2-methoxy-2,5-dihydrothiophene (3).
Les bases de calcul HF/6-31 + G(d,p) et HF/6-311 + G(3df,2p)
ont ete utilisees pour des geometries optimalisées avec la
methode MP2/6-31G(d). Des calculs du type GIAO-MBPT(2)
avec une base du type 6-31+ G(d,p) ont egalement ete
entrepris. L’adduit observe par reaction du (E)-1-methoxybu-
tadiene avec le SO, est le sulfolene 3 dont 'ozonolyse, suivie
d’'un traitement a ['ethanol, fournit les (2RS,3SR,6SR)-31,
(2RS,3RS,65R)-32 et 4,4-dioxyde de (2RS,3RS,6RS)-2,6-die-
thoxy-3-methoxy-1,4-oxathiane (33). Les structures moleculai-
res obtenues par diffraction de rayons X sont decrites pour 32
et 33. L’ozonolyse de 'adduit du type hetero-Diels— Alder du
1,2-dimethylidenecyclohexane avec le SO, produit le 2-oxyde
de 4,9-dioxo-1,2-oxathiacyclodecane (34), le premier membre
d’une nouvelle famille de composés heterocycliques du soufre.
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SO,SiM
Ph S0, 0 OMe o2
L Lewis acid Ph %
OSiMe3 (LA)
4 5
1.F 1.F
2. Mel l l 2.20°C
OMe
] SO,Me
| H (0] OMe 2 fo) OMe
° M/\
SO,LA Ph Pz Ph \
8 6 7

Scheme 2. Reaction of butadiene 1 and enoxysilane 4 in SO,.

after several hours. On warming the mixture to —30°C,
polymerization was observed; the oxyallylation reaction
(Scheme 2) could not be detected by 'H and C NMR of
the crude reaction mixtures.

This showed that the adduct between 1 and SO, visible at
—78°C is not capable of generating any electrophilic species
responsible for the oxyallylation of enoxysilane 4! We were
facing two alternatives: a) the observed adduct is not sultine 2
but sulfolene 3; b) sultine 2 is incapable of undergoing the
oxyallylation reaction and the reaction involves intermediates
that are not derived from 2. It was therefore necessary to
reexamine the structure we had proposed!” for the adduct
formed between 1 and SO, above —78°C. Because of the
necessity to maintain a large excess of SO, and to analyze
solutions at low temperature, we found the IR absorption
spectral'l did not provide conclusive evidence for one of the
structures. Therefore, we decided to try 7O NMR spectros-
copy['l to see whether it could give us a means to distinguish
between the sultine (2) and the sulfolene (3) structures.
Finally, ozonolysis proved that the adduct formed between
(E)-1-methoxybutadiene (1) and SO,, which is visible in the
NMR spectrum at —78°C (and which decomposes above
—30°C), is sulfolene 3 and not sultine 2!

Results and Discussion

70 NMR chemical shifts of sulfoxides, sulfones, sulfonic
derivatives, sulfites, and sulfates have been reported for a
large number of compounds.’?l Data for sulfinates are only
reported for methyl methanesulfinate and methyl para-
toluenesulfinate!’ (see Table 2 later). The literature does
not provide sufficient data for a-alkoxy-substituted alkane-
sulfinates and sulfones, so that it is very difficult to make an
empirical evaluation of the 7O NMR shifts of 2 and 3 (on the
basis of substituent effects on chemical shifts). We were thus
forced to establish a basis of new data, as shown in Table 1, for
the known sulfolenes 3, 9-16 and derivatives 17-20, and in
Table 2 for the known sultines 21-23 and sulfinate deriva-
tives 24-27.

From the data reported in Table 1, it appears that 6(17O) is
nearly the same for a sulfolene and its corresponding
sulfolane (cf. 9/18, 10/19, 11/20). Annulation of sulfolene 9
with a benzo group to give 12 leads to a relatively small
upfield shift (=~ —5 ppm), whereas annulation of 9 by a
cyclohexeno ring to give 13 leads to an even smaller effect
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Table 1. 67O NMR shifts (relative to 1,4-dioxane) for sulfolenes 3, 9-16 and
derivatives 17-20 in CD,Cl, at 25°C.

Table 2. 870 NMR shifts (relative to internal 1,4-dioxane) for sultines
21-23 and sulfinates 2427, in CD,Cl, at 25°C or lower as indicated.

Me
Me.
SO
S [ so, \ESC)z @soz ©:> >
165.3 150 165 159
157
9li2l 10 11 121 131
6
oMe ?sg OAc 73 OMe OMe
-
S0, |80 ©:k/soz 8?21 CSOZ
152 151 Ph 159 "
156 e 155
3[b] 148 15 16 174
Me
Me
CSOZ S0, \Csoz
165 150 168
158
18012 1902 2002

[a] At 25°C, in CH;CN, prepared according to ref. [15]. [b] At —70°C, in CD,Cl,/
SO, (1:1); 22 M. [c] At 25°C, in CDCl;; prepared from the corresponding
alcohol!"! by acidic treatment in methanol. [d] At 80°C, in toluene, see ref. [14].

(~ — 2 ppm). Substitution of the a-carbon center by a methyl
group makes the two sulfinyl groups of the sulfolene non-
equivalent and induces average upfield shifts of ~ — 10 ppm.
The effect is reminiscent of the well-known y-substitution
effect in ®C NMR spectroscopy.'®! As seen from the
comparison of §('’0) in 9/11 and in 18/20, substitution of a
pB-carbon center has little effect, in contrast with the a-
substitution (compare also 9/13). The a-alkoxy substitution of
sulfolenes (compare 12/15), as well as the a-acetoxy substi-
tution (compare 9/14), induces upfield shifts as for the a-
methyl substitution. On average, this upfield shift amounts to
— 6 ppm in the benzosulfolenes (cf. 12/15). This first analysis
suggested that the adduct between diene 1 and SO, is
sulfolene 3, as the average signal observed for its SO, moiety
(broad signal on account of the low temperature) is 6('’O) =
156 (with half-height width of ~22 ppm, 7O NMR at
542 MHz), which is almost that expected (6('’0O)=159
assuming an a-methoxy substituent effect of —6 ppm). This
structural assignment is not definitive; as we shall see, sultine
2 could display a 6('’0O) similar to those observed for this
adduct based on the available experimental data for sultines
and alkanesulfinates (Table 2).

Contrary to what is observed with the sulfolenes, the 6('’O)
of the sulfinyl group in sultines 2124 is strongly affected by
p-alkyl substitution and by annulation of the alkene moiety.
The 8(O) of the oxygen center in the S—O ring is also
strongly affected by substitution and the degree of unsatura-
tion. Considering the known f-alkoxy substitution effects on
0(770) (compare ethers with acetals!'”), we cannot exclude
that the two oxygen centers of the sulfinate moiety in 2 have
the same, or nearly the same, 70O NMR shift and that it could
be 6 =156. At this stage we needed help from quantum
calculations that have already been successfully used for the
estimation of 7O NMR shifts,?%! with satisfactory accuracy.*!
Geometries were optimized at the MP2/6-31G(d,p) level of
theory. The NMR chemical shifts were estimated by means of
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109
cr, Ocn, o, G
S N s Ss
Me S‘O S\O S‘O ~0
116 135 115

133
21% 220 230 2414
97
MeQ

114 107 =

R MeQ ° ?09
Ls:o 5=0
139 Me 142
Me
25[d] 26[13] 27[13]

[a] In CD,CL,/SO, (1:1), at —80°C, see ref. [5]. [b] In CD,CL/SO, (1:1), at
—40°C, see ref. [6]. [c] Prepared according to ref. [15]. [d] At 25°C, in
CHCl;; prepared according to ref. [17].

the gauge-independent atomic orbital (GIAO) method®! as
implemented in the GAUSSIAN94 and GAUSSIAN98
program packages.?> 2l The GIAO calculations were carried
out at the selfconsistent field (SCF) level of theory with the
standard 6-31+ G(d,p) and the extended 6-311 + G(3df,2p)
basis sets.?> 24l Bearing in mind the reported importance of
electron correlation effects in the calculation of relative
shifts,/>] especially in the case of molecules with multiple
bonds,?’l GIAO-MBPT(2) calculations with the 6-31 + G(d,p)
basis set were also performed. From the results (Table 3), one

Table 3. O NMR chemical shifts computed by GIAO-SCF/6-311 +
G(3df.2p) (in square brackets), 6-31+ G(d,p) (in round brackets) and
GIAO-MBPT(2)6-31 + G(d,p) for the most stable diastereomers and
conformers of sultines 2 and 28, and sulfolenes 3 and 9.2

871 1324 150.1 163.9
[92.0] [137.5] [149.5] o [160.9]
(86.6) (134.5) O (142.0) A (153.1)

OMe 048;0

.4%;( 3.4 ¢ 166.6

o O. _OMe
g T 467

I I H [43.1

O 1260  Ouzs (a3 16068 H 1] [166.7
[117.8] [135.3] [159.0] (4.5) (157.6)
(113.2) (126.9) (151.0)
28 2 3 9

[a] 7O NMR chemical shifts were estimated from MP2/6-31G(d)-optimized
geometries and referenced to 1,4-dioxane [absolute shift, 6(O)=325.1
(GIAO-SCF/6-31 + G(d,p)), 313.9 (GIAO-SCF/6-311 + G(3df,2p)), 318.2
(GIAO-MBPT(2)/6-31 + G(d,p))].

can conclude that for the systems we are dealing with
(sulfolenes and sultines), the basis set used only causes
moderate effects and correlation contributions are, in general,
relatively small. In the following discussion we will use the
GIAO-SCF/6-311 + G(3df,2p) and GIAO-MBPT(2)/6-31 +
G(d,p) theoretical values (given in that order) of the chemical
shifts.

The calculated 6(*’O) value for sulfolene 9 (average
0("70) =163.8, 165.3) is the same as the experimental value
(Table 1). For the parent sultine 28 (as yet unknown),P! the
calculations predict 6('7O) values that are quite different from
those of the parent sulfolene 9, in agreement with data
reported for alkyl-substituted derivatives in Tables 1 and 2.
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For the substitution of 9 with a methoxy group, as in 3, the
calculations predict a shielding effect of ~ — 10 ppm (average
0("0) for the SO, moiety in 3=154.3 and 155.4, and in 9=
163.8 and 165.3) to be compared with the a-methoxy
substitution effect of —6 ppm found experimentally (cf. 12/
15, Table 1). Except for the ('70O) of the methoxy group (see
below), the experimental ('’O) measured for the 1+ SO,
adduct are very similar to the calculated 6('’O) values for
sulfolene 3 (Table 3). Before concluding on this structural
assignment, we must verify that sultine 2 should give
significantly different 8('7O) values. The calculations predict
values (average 6('’O) =136.4 and 137.9) that are the same for
the two oxygen centers of the sulfinate moiety of 2 and that
they differ by only ~17 ppm from the calculated 4('’O)
(average: 154.3 and 155.4 ppm) for sulfolene 3. The fact that
the deviation between the calculated values (6('’O) =34,
Table 3) and experimental values of the MeO group in 3
(6(70) =15 ppm, Table 1) amounts to 11.6 ppm forced us to
look for another proof for the sulfolene structure.

Since SO, is not oxidized by ozonel””! and since we found
that sulfinate 2417 is not oxidized into sulfonate 2981 by O at
low temperature (—78°C) (Scheme 3), we expected that
ozone would cleave the olefinic moiety of 2 without affecting
its sulfinate unit. Therefore, O; was bubbled through a
reaction mixture of diene 1, a large excess of SO,, CH,Cl,,
and two equivalents of EtOH. The reaction gave a 2:30:18:50

9
$-0
(o}

29
Scheme 3. Sulfonate 29 is not formed from the oxidation of sulfinate 24.

S/’O O3
T y -
(o}

24

mixture of sulfones 30/31/32/33 in 65 % yield from which 31,
32, and 33 were isolated (Scheme 4). Their structures were
determined by their elemental analyses and their spectral
data, including two-dimensional 'H NMR (NOESY, COSY)
spectra. Single-crystal diffraction studies were carried out on
crystalline 32 and 33 (Table 4).

$s') o OEt ('s') OEt
o: ~—— O:
oM Mewo + \\//VYO
e
EE 03 /S0, / CHyCl meo OFt
3/S0; / CHCly 30 31
|_S02 EtOH (2 equiv)
3 $s') OEt Es') o OEt
O; o; o~
OEt MeO
32 33

Scheme 4. Reaction scheme for the formation of sulfones 30, 31,
32, and 33.

Table 4. Crystal data and structure refinement for (+)-(2RS,3RS,6RS)-2,6-diethoxy-3-methoxy-1,4-oxathiane-4,4-dioxide (32) and (+)-(2RS,3RS,6RS)-2,6-

diethoxy-3-methoxy-oxathiane-4,4-dioxide (33).

32 33
formula CoH 3045 CoH 3045
M, 254.29 254.29
T [K] 293(2) 293(2)
2 [A] 0.71073 0.71073
crystal system monoclinic orthorhombic
space group C2lc P2,2,2
a[A] 12.285(3) 8.293(2)
b [A] 13.595(3) 8.772(2)
c[A] 15.603(3) 17.562(4)
a [’ 90 90
AN 92.99(3) 90
v [°] 90 90
V [A3] 2602.5(9) 1277.7(4)
Z 8 4
Pearea [gem ™3] 1.298 1.322
u [mm~1] 0.259 0.264
F(000) 1088 544
crystal size n/a 600 x 500 x 400
0 range [°] 3.98-24.99 3.38-28.15
index ranges —18<h<18 —-10<h<10
—20<k<20 —11<k<11
—23<1<23 —23<1<23
reflections collected 12347 12116
independent reflections 2263 [R;,,=0.1706] 3057 [R;,, =0.0477]
absorption correction None None
refinement method Full-matrix least-squares on F?
data/restraints/parameters 2218/0/145 3057/0/166
goodness-of-fit on F? 1.468 2.127

final R indices [ >20(])]

R indices (all data)

weights

absolute structure parameter
largest difference peak/hole [e A3

R, =0.0879, wR,=0.1982
R,=0.1032, wR,=0.2251
[G*(F3) + (0.1 Py Il

0.591/ —0.399

R, =0.0421, wR, = 0.0605
R, =0.0631, wR,=0.0621
[*(F)]!

0.34(7)

0.200/ — 0.212

[a] P=[Max(F2 0)+2F2)/3.
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An accurate molecular structure was obtained for 33
((2RS,3RS,6RS)-2,6-diethoxy-3-methoxy-1,4-oxathiane-4,4-
dioxide) which does not differ significantly from the crystal-
line structure reported for (2RS,6RS)-2,6-dimethoxy-1,4-oxa-
thiane-4,4-dioxide.?’] Interestingly, the O1—C2 bond in 33 is
shorter (1.409(2) A) than O1—C3 bond (1.421(2) A) (Figure 1,
Table 5). This is probably caused by a conformational

Figure 1. ORTEP representation of 32 and 33 showing atoms with 50 %
probability.}!]

Table 5. Selected bond lengths [A] and angles [°] for 32 and 33 (see atom numbering in Figure 1).

We thus subjected sulfolene 13[° and isomeric sultine 22(°]
to ozonolysis at —78 °C in the presence of excess SO, (without
EtOH) and checked for completion of the reaction by
'"H NMR. We found that 13 and 22 were both oxidized at
similar rates (the reactions were over in less than 5 min at
—78°C). Sultine 22 gave the asymmetrical diketone 34,
whereas sulfolene 13 produced the known isomeric, sym-
metrical compound 35P2 (Scheme 5).

o)
03/S0; Ol __ o
2 —> /
-78°C S“o
34
o)
03/S0; O,U\|
78°C 0
35

Scheme 5. Ozonolysis of sultine 22 and sulfolene 13.

The 'H NMR spectra of 34 demonstrated that the sulfinate
moiety of 22 is not oxidized into a sulfonate moiety. This was
evidenced by the CH, groups positioned a to the SO, moiety;
they displayed two pairs of signals (diastereotopic protons).
The mass spectrum of 34 also confirmed that the sulfinate
moiety was not oxidized. Di-
ketone 34 is the first member

C1-04 C1-$ C4-S S-03
3R 1.397(4) 1.815(3) 1.772(3) 1.440(2)
33 1.392(2) 1.804(2) 1.771(2) 1.433(2)

cl-c2 2-01 C2-05 C3-01
R 1.528(4) 1.428(4) 1.384(4) 1.428(4)
33 1.538(3) 1.409(2) 1.379(2) 1.421(2)

02-5-03 C1-S-C4 C2-01-C3 S-C1-C2
R 118.7(2) 102.4(2) 114.4(2) 109.2(2)
33 118.41(9) 101.21(12) 115.5(2) 111.8(2)

of a new kind of sulfur hetero-
cycle, the 1,2-oxathiacyclode-
cane-2-oxides.

S-02
1.434(2)
1.4297(14)
C3-06
1.395(4)
1.378(2)
C1-C2-01
109.5(2)
11.7(2)

C3-C4
1.516(4)

1.512(3) Conclusions

This work demonstrates that
the adduct formed between

anomeric effect? that allows electron donation from O1 into
the axial C2—OEt bond and not into the equatorial C3—OEt
bond (Figure 1). This is not accompanied by an elongation of
the C2—OEt bond as this bond (1.379(2) A) is not longer than
the C3—OEt bond (1.378(2) A). The above hypothesis (con-
formational anomeric effect) is confirmed on comparing this
data with that obtained for 32 in which the two EtO groups
are equatorial. Here the C2—O1 and C3—O1 bonds are equal
and longer than C2—O1 in 33.

The crystalline structure of 33 shows a slightly longer C1—S
bond length (1.804(2) A) than the C4—S bond (1.771(2) A).
This can be interpreted in terms of repulsive interactions
between the SO, and MeO—C1 moieties. This is also the case
with isomer 32 (C1-S: 1.815(3) A; C4-S: 1.772(3) A, atom
numbering given in Figure 1).

In order that the above ozonolysis experiment can be taken
as the definitive proof for the sulfolene structure 3, we had to
verify that the ozonolysis of isomeric sulfolenes and sultines is
much faster than their interconversion.
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(E)-1-methoxybutadiene (1)

and SO, is not sultine 2" but

sulfolene 3. The oxyallylation
reaction between diene 1 and enoxysilanes is retarded if
sulfolene 3 is generated. It must therefore be formed via the
less stable sultine 2, which is expected® to be formed faster
than sulfolene 3, or via another type of intermediate. We
cannot exclude that reaction 1+4+ SO, — 5 (Scheme 2) is a
concerted process that is catalyzed by Lewis acids. Our work
demonstrates that 7O NMR spectroscopy can be applied to
distinguish between sultines and isomeric sulfolenes. The fact
that 2 was not observed, although the quantum calculations
suggested it to be as stable as 3, remains unexplained. One
possibility could be that specific solvent effects and SO,
interactions stabilize the sulfolene 3 and the diene 1 more
than sultine 2.

Experimental Section

General methods: See ref. [33]. The O NMR spectra were recorded on
Bruker spectrometers DPX400 and DRX 400 at 54.2 MHz, and AMX 600
at 81.3 MHz, with a 5 mm observed broad band probehead (DPX400,
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DRX400) or a 10 mm 7O probehead (AMX 600). A 90° high-power pulse,
calibrated with a D,O sample, was used for all samples. Generally, a sweep
width of 700 ppm was used. For unstable compounds measured at low
temperature in the presence of SO,, the sulfur dioxide signal (6 =510) was
set outside the spectral window. Since digital filtering was used, this allowed
a better signal-to-noise ratio. Since the 'O nucleus relaxes very rapidly, a
short time of 10 ms was set between 2 scans (d 1). The free induction decays
(FIDs) were accumulated over a period of 12 h. External calibration was
carried out with a sample of dioxane in CDCl;. The FIDs were typically
processed with a decaying exponential by using a 100 Hz line broadening
(1b) factor.

Synthesis of (2RS,3SR,6SR)-(31), (2RS,3RS,65R)-(32), and (2RS,3RS,
6RS)-2,6-diethoxy-3-methoxy-1,4-oxathiane-4,4-dioxide (33): In a 100 mL
3-necked flask, 1-methoxy-1,3-butadiene (1, 1.5 g, 0.0175 mol) was dis-
solved in dry CH,Cl, (10 mL). The solution was cooled in a liquid nitrogen
bath and SO, (35 mL, 50 g, 0.78 mol) was condensed in under vacuum. The
mixture was then warmed to —78°C (acetone/dry-ice bath) and stirred
under Ar until the yellow color of the solution had completely disappeared
(48 h). Anhydrous ethanol (3.5 mL, 2.7 g, 0.035 mol) was then added with a
syringe and ozone was passed through the solution until it turned pale blue
(40 min). The solution was warmed to 25°C and stirred for 20 min. Sulfur
dioxide was then completely removed under vacuum and CH,Cl, (200 mL)
added to the residue. The resulting solution was washed with a saturated
aqueous solution of Na,CO; and then with brine. The organic layer was
dried (MgSO,), and the solvent evaporated under vacuum to yield 3.5 g of a
1:15:9:25 mixture of 30/31/32/33 (by 'H NMR (400 MHz)). Chromatog-
raphy of this mixture on silica gel (Et,O/light petroleum 2:3) gave a first
fraction (1.0 g) that contained a 1:1 mixture of 31/32 from which 32
crystallized (Et,O/light petroleum). A second fraction yielded pure 31
(30 mg). A third fraction yielded pure 32 (30 mg). A fourth fraction gave
pure 33 (180 mg) that crystallized from Et,O/light petroleum. A fifth
fraction gave a mixture of 30 and 33 (1.9 g). Overall yield: 65 %.

Compound 31: Pale yellow oil; UV (CH;CN): A1 (¢)=210nm
(490 mol~'dm*cm~'); 'H NMR (400 MHz, CDCl;, 25°C, TMS): 6 =4.91
(d, Yay, 30q = 1.1 Hz, H2), 472 (dd, Yoy s0q = 1.9 Hz, gy 50 = 9.4 Hz, H),
3.99 (dd, 3, 3= 1.1 Hz, “J50, seq=2.0 Hz, H3), 3.88 (m, CH,(E)), 3.71 (s,
OMe), 3.56 (m, CH,(EL)), 3.25 (dd, 2J5 5=13.7 Hz, /5, ¢y =9.4 Hz, H5,)),
3.03 (ddd, 27 =13.7, Jseq gax = 1.9 Hz, “seq 50 = 2.0 Hz, H5,), 129, 1.27 (21,
3] =70 Hz, 2Me(Et)); 3C NMR (100.6 MHz, CDCl,, 25°C, TMS): 6 = 95.9
(t,J =162 Hz, C2), 94.9 (d,J = 162 Hz, C6), 91.2 (d, J = 156 Hz, C3), 65.9 (1,
J =145 Hz, CH,(Et), 65.1 (t, J=145 Hz, CH,(Et)), 62.1 (q, J =145 Hz,
MeO), 51.7 (t, J =142 Hz, C5), 15.0, 14.9 (2q, J =127 Hz, 2Me(Et)); IR
(KBr): 7=2980, 2900, 1445, 1360, 1375, 1355, 1315, 1250, 1160, 1120, 1035,
990, 865 cm~!; CI-MS (NH,): m/z (%): 272 (87) [M+NH,]*, 226 (20), 147
(17), 116 (14), 102 (51), 89 (58); elemental analysis calcd (%) for CoHsSO,
(254.29): C 42.51, H 7.13; found C 42.52, H 7.16.

Compound 32: Colorless needles (pentane/Et,0); m.p. 120-121°C; UV
(CH;CN): 4 (¢)=210nm (747 mol~'dm*cm~'); 'H NMR (400 MHz,
CDCly): 6=4.98 (dd, gy sa=9 Hz, Jg 5q=2.3 Hz, H6,), 472 (d,
3oax. 3ax = 11 Hz, H2,)), 4.16 (d, 3/, 3=7.1Hz, H3,,), 3.95 (m, CH,(Et)),
3.82 (s, OMe), 3.65 (m, CHy(Et)), 3.41 (dd, %s, seq=13.8 Hz, *Js,y gux =
9.0 Hz, H5,,), 1.29, 1.27 (2t, *J =7 Hz, 2Me(Et)); *C NMR (100.6 MHz,
CDCl;): 6=98.0 (d, J=164 Hz, C2), 94.7 (d, /=165 Hz, C6), 94.1 (d, J=
153 Hz, C3), 65.9 (t, /=143 Hz, CH,(Et)), 65.3 (t, /=141 Hz, CH,(Et)),
62.6 (q, J=145Hz, MeO), 571 (t, /=141 Hz, C5), 15.0, 149 (2q, J=
127 Hz, 2Me(Et)); IR (KBr): #=2980, 2935, 1380, 1360, 1340, 1320,
1245, 1170, 1130, 1110, 1040, 1025, 1000, 525 cm™!; CI-MS (NH;): m/z (%):
272 (30) [M+NH,]*, 226 (4), 147 (3), 118 (7), 102 (21), 89 (36); elemental
analysis caled (%) for CoH iSOy (254.29): C 42.51, H 7.13; found C 42.47, H
717.

Compound 33: Colorless needles (pentane/Et,0); m.p. 81-82°C; UV
(CH;CN): 1 (¢)=210nm (220 mol~'dm*cm~!); 'H NMR (400 MHz,
CDCLy): =524 (dd, *Jseq 6ax = 2.4 Hz, *Js, 60 =8.7 Hz, H6,,), 5.15 (d,
3aeq 3eq= 2.7 Hz, H2,,), 4.00 (dd, g 36q=2.7 Hz, 5¢q scq=2.3 Hz, H3,,),
3.90 (m, CH,(Et)), 3.79 (s, OMe), 3.63 (m, CH,(Et)), 3.38 (dd, s, 5eq=
13.9 Hz, /s, 6 =8.7 Hz, H5,,), 3.22 (ddd, 2/ =13.9 Hz, 3Js,y 6. =2-4 Hz,
“Jseqseq=2-3 Hz, H5,), 1.30, 1.25 (2t, *J=7.0Hz, 2Me(Et)); *C NMR
(100.6 MHz, CDCl;): 6 =977 (d, /=172 Hz, C2), 92.9 (d, J=169 Hz, C6),
91.1 (d, /=157 Hz, C3), 65.1 (t, /=145 Hz, CH,(Et)), 64.8 (t, /=143 Hz,
CH,(Et)), 61.6 (q,/ =150 Hz, MeO), 53.1 (t,/ = 141 Hz, C5), 14.9,14.7 (2q,
J=126 Hz, 2Me(Et)); IR (KBr): 7#=2985, 2930, 1380, 1315, 1145, 1035,
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990, 950, 760, 540, 440 cm~'; CI-MS (NH,): m/z (%): 272 (98) [M+NH,]",
226 (28),209 (16), 147 (34), 118 (27), 102 (74); elemental analysis caled (%)
for CoH sSO; (254.29): C 42.51, H 7.13; found C 42.72, H 7.21.

4,9-Dioxo-1,2-Oxathiacyclodecane-2-oxide (34): Degassed (freeze —thaw
cycles) SO, (2mL) was transferred (vacuum line) to a solution of 1,2-
dimethylidenecyclohexaneP* (0.2 g, 1.8 mmol) in anhydrous CH,CI,
(2 mL). The mixture was left to stand at —78°C (acetone/dry-ice bath)
for 24 h. Ozone was bubbled through the solution at —78°C. An aliquot
(0.4 mL) was transferred by cannulation into a Smm NMR tube that
contained CD,Cl, (0.2 mL). The '"H NMR spectrum showed complete
conversion of the Diels—Alder adduct of SO, (1,4,5,6,7,8-hexahydro-2,3-
benzoxathiine-3-oxide (22)) into diketone 34, which was stable up to
—20°C. Slow polymerization occurred at 0°C. '"H NMR (400 MHz, CD,Cl,/
CH,C1,/SO, 1:1:1,273 K):  =4.51 (d, %/ = 16.5 Hz, H10), 4.41 (3 =16.5 Hz,
H10), 4.08 (d, 2/ =11.8 Hz, H3), 3.87 (d, 2/ =11.8 Hz, H3), 3.05 (ddd, 2/ =
16.9 Hz, 3J; 3 =11.4 Hz, 3/, ;=3.2 Hz, H8), 2.54 (ddd, 2/ =12.7 Hz, 3], s=
8.0 Hz, °J, s=3.6 Hz, H5), 2.46 (ddd, /=169 Hz, 3/, ;=62 Hz, 3J; 3=
3.6 Hz, HS'), 2.27 (ddd, 2/ =12.7 Hz, 3]s 4=/ 4=8.6 Hz, H5'), 1.92 (m,
H7), 1.62 (m, H6), 1.51 (m, H7'), 1.21 (m, H6'); *C NMR (100.6 MHz,
CD,Cl,/CH,CL/SO, 1:1:1, 273 K): 6 =207.8 (s, C9), 202.1 (s, C4),72.7 (t,J =
149 Hz, C10), 70.2 (t, J =142 Hz, C3), 41.1 (t, /=127 Hz, C8), 36.9 (t,/=
131 Hz, C5),24.3 (t,J =129 Hz, C7),20.6 (t,J = 128 Hz, C6); CI-MS (NH):
miz (%): 222 (92) [M+NH,]*, 205 (40), 204 ([M*], 51), 187 (34), 176 (73),
159 (45), 141 (23), 123 (43), 109 (35), 98 (51), 81 (100).

The NMR assignments were confirmed by HSQC, COSY, NOESY, and
COLOC two-dimensional NMR experiments.

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 nos. CCDC-134472 (32)
and CCDC-134327 (33). Copies of the data can be obtained free of charge
on application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(+44)1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Dimerization of Formic Acid—An Example of a “Noncovalent” Reaction

Mechanism

M. Gantenberg, M. Halupka, and W. Sander*!?!

Abstract: The pulse deposition techni-
que allows selectively the isolation of
monomeric or dimeric formic acid in
argon matrices at 7 K. Warming of

theory (DFT) calculations and gas phase
IR spectra taken from the literature, the
latter dimer A was identified as the C,-
symmetrical cyclic dimer. The unstable

dimer B was identified as the acyclic Cs-
symmetrical dimer. An activation ener-
gy of 2.3 kcalmol~! was calculated for
the B — A rearrangement at the B3LYP/

matrices containing the monomer M
from 7 K to 40 K results in the decrease
of M and formation of a dimer B. This
dimer is also labile, and further warming
finally produces a second dimer A. By
comparison with density functional

dimerizations
spectroscopy

Introduction

The knowledge of reaction mechanisms is a prerequisite for
the control of chemical reactions, the making and breaking of
chemical bonds. While a large amount of experimental
information on the formation of covalent bonds has been
collected over the last century, studies on mechanisms of the
formation of weak noncovalent bonds are much rarer. One
field that has been intensely worked on is the folding of
proteins from a heterogeneous ensemble of conformers to a
unique, homogeneous structure.l' 2 While the mechanism of
protein folding is still a challenge to experimentalists and
theoreticians, we are interested in small systems that allow
one to study the basic principles of the formation of multiple
hydrogen bonds with direct spectroscopic methods and
quantum-chemical calculations.

Formic acid is one of the simplest systems that forms two
hydrogen bonds, and due to its fundamental importance as the
simplest carboxylic acid its structure in the gas phasel! and in
condensed phases*'! has been subject to numerous inves-
tigations. In the gas phase the monomer and the dimer form
an equilibrium, in which the dimer is more stable by
14 kcalmol LI In contrast to most other carboxylic acids,
which retain the dimeric structure in the crystalline state, the
crystal structure of formic acid reveals an infinite, “polymer-
ic” structure.'? I The structure of the liquid formic acid is
fairly complicated and has been subject to some debate.

[a] Prof. Dr. W. Sander, M. Gantenberg, M. Halupka
Lehrstuhl fiir Organische Chemie II der Ruhr-Universitdt 44780
Bochum (Germany)
Fax: (+49) 234 709-4353
E-mail: sander@xenon.orch.ruhr-uni-bochum.de

Chem. Eur. J. 2000, 6, No. 10
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formic acid - IR
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molecular dynamics
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6-311 ++ G(d,p) level of theory, which
is in qualitative agreement with the
experimental finding of a slow thermal
reaction under the conditions of matrix
isolation.

Besides the cyclic dimer, an acyclic “open” dimer,
polymeric chains,*>71% or a mixture of several of these
species have been postulated to be the main constituent of
liquid formic acid.

Matrix isolation is ideally suited to investigate the struc-
tures of conformers and weakly bound aggregates. The matrix
IR spectrum of monomeric formic acid with only a small
contamination by aggregates was published by Reva et al.l'¥
The most stable conformer of formic acid is the s-trans
conformer, which is 4.0 kcalmol~! more stable than the s-cis
conformer.™ Lundell and co-workers reported on the gen-
eration of the s-cis conformer by multiphoton IR irradiation
of the s-trans conformer in low-temperature matrices.l') Here
we describe a matrix isolation and computational study on the
stepwise dimerization of formic acid.

Results and Discussion

For the matrix isolation of pure monomeric or dimeric formic
acid we used the pulse deposition technique recently devel-
oped in our laboratory.l'] This technique allows one to
generate monomers or dimers by simply changing the
duration of a gas pulse (0.5-1% formic acid in argon),
expanding from a pressure of 1-2 bar into a high-vacuum
system. The gas mixture is trapped on top of a cold
spectroscopic window (CsI) at 7K. A very short pulse
duration (typically 0.3 ms) results in the formation of the
monomeric acid M in a purity of >95%, while a long pulse
duration (20 ms) produces the cyclic dimer A in 96 % yield
(Figure 1). In Tables 1 and 2 the matrix IR spectra for the
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Table 1. Experimental (argon matrix, 10 K) and calculated (B3LYP/6-311++G(d,p)) IR data of monomeric

formic acid M.

B3LYP/6-311++G(d,p) Argon, 10K Gas phasel®!
No. Sym. v [em™] I [kmmol ] v [em™] L) v [em™] Assignment
9 A’ 3737.9 62 3549.9 22.5 3567 Vou
8 A’ 3057.8 44 3066.0 11.6 2941 Ven
7 A’ 1816.0 398 1766.9 98.3 1775 Vo
6 A’ 1403.3 2 - - - Och
5 A’ 1293.3 9 1215.2 16.8 1218 Ocon
4 A’ 1125.7 278 1103.5 100 1104 Vco
3 A 1050.1 2 - - - Yen
2 A” 678.4 160 635.1 63.5 640 Yo
1 A 630.2 44 - - - Soco

[a] Ref. [3]. [b] Rel. intensity based on the strongest IR absorption.

monomer M and the cyclic dimer A are compared to gas-
phase and density functional theory (DFT) calculated data.
The carbonyl region of the IR spectrum obtained after the
0.3 ms pulse deposition is dominated by the very intense
absorption of the monomer at 1767 cm~! with a less intense
shoulder at 1765 cm~! (Figure 1). This splitting of the carbonyl
stretching vibration in solid argon has been described
previously!" and is presumably caused by matrix site effects.
In addition, two weak absorptions at 1745 and 1728 cm™! are
observed, which do not belong to monomeric formic acid. The
band at 1728 cm™! is the most intense absorption after the
20 ms pulse deposition and is readily assigned to the carbonyl
vibration of the cyclic formic acid dimer A by comparison to
literature data.l'¥l The band at 1745 cm~! is found as a weak
absorption after both the 0.3 and the 20 ms deposition, and
the intensity depends much on the exact conditions of the
deposition (window temperature, concentration of formic
acid in argon etc.).

In a previous publication'” we tentatively assigned the
band at 1745 cm™! to unspecified higher aggregates of formic
acid. Recently, Spinner questioned this and reassigned the
absorption to an acyclic formic acid dimer.'! His main
argument was that higher aggregates should be more abun-
dant under the conditions of dimer formation than under
conditions which mainly result in monomer formation. To
clarify this point, we directly monitored the aggregation of

Abstract in German: Die gepulste Deposition erméglicht die
selektive Isolation der monomeren oder dimeren Ameisen-
sdure in festem Argon bei 7 K. Erwdrmung der mit monomerer
Ameisensiure M dotierten Matrizes von 7 auf 40 K fiihrt zur
Abnahme von M und Bildung des Dimers B. Dieses Dimer ist
labil und weiteres Tempern der Matrix fiihrt schliefilich zu
einem zweiten Dimer A. Durch Vergleich mit DFT-Rechnun-
gen und Gasphasenspektren aus der Literatur konnte das
Dimer A als das cyclische Dimer mit C,,-Symmetrie identifi-
ziert werden. Das thermolabile Dimer wurde als ein acyclisches
Dimer mit Cs-Symmetrie identifiziert. Die Aktivierungsbarrie-
re fiir die B— A Isomerisierung wurde durch Rechnungen auf
dem B3LYP/6-311++G(d,p)-Niveau zu 2.3 kcal/mol be-
stimmt, was in qualitativer Ubereinstimmung mit einer lang-
samen thermischen Isomerisierung unter den Bedingungen der
Matrixisolation steht.

1866 —
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monomeric formic acid M under the conditions of matrix
isolation (Figure 2, Table 3). The aggregation of the monomer
M was induced by warming the matrix from 7 K to 40 K with a
rate of approximately 1 Kmin~'. At7 K (¢=0) the diffusion of
formic acid is completely inhibited, and even within a time
scale of hours no change in the IR spectrum is observed. At
25K the intensity of the M absorption at 1767 cm™! starts to
decrease and the absorption at 1745 cm~! gains in intensity,
while the absorption at 1728 cm~! of dimer A remains almost
constant. Further increase of the temperature results in the
formation of dimer A, decrease of the monomer M, and

a)

O—Hew Q

H—4 St

Qe H—0

N M
0-H
H—< ‘
L s ° e dhr

4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500

+«—7%/cm™

b)
e
| | [ .1
A H O,
oL B
HEASCAN TN

O—H

H—~

| 1 ,Olﬂ,, |
4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500
1

+«——79/cm”
Figure 1. a) IR spectrum of monomeric formic acid (bottom) and formic
acid dimer A (top) in argon at 10 K. The matrices were obtained by pulse
deposition of 0.5% HCOOH in argon and 0.3 ms pulse duration and 1%
HCOOH in argon and 20 ms pulse duration, respectively. b) Spectra of
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Table 2. Experimental (argon matrix, 10 K) and calculated (B3LYP/6-311++G(d,p))

IR data of the Cy,-symmetrical dimer A of formic acid.

above 40 K the band at 1745 cm™! also decreases.

This observation is in line with the assignment of

B3LYP/6-311++G(d,p) Argon, 10K Gas phasel! this absorption at 1745 cm™! to an acyclic dimer B
No.  Sym. v[em™] I[kmmol] v[em™] [4" v[em™] = Assignment  which is formed preferentially as the primary
24 B, 3261.5 2154 product of the formic acid dimerization. The more
23 A 3165.1 0 3100 ) stable dimer A is produced in a subsequent step
2 A, 30739 0 24301 voulven : :

e : - from dimer B. The same change of the relative
21 B, 3069.0 276 . .. fIR band £ . £
20 B, 1773.4 879 17283 100 1740 Veo intensities o ar.l s as a function o te.mperat.ure
19 A, 1706.7 0 was also observed in the C—OH stretching region.
18 A, 1461.5 0 The band at 1103 cm™! of the monomer decreases
1; iu 1‘3‘322 (1) 1445.6 0.1 don in intensity, the bands at 1131 and 1180 cm~' of
g - . .

15 B, 13917 44 13719 218 1364 Sen dimer B increase anfi later degrease, and the pand
14 B, 1251.6 375 12235 56.9 1215 Veo at 1224 cm™' of dimer A increases at hlgher
13 A, 1248.7 0 temperatures.
12 A 1091.4 63 1069.3 6.1 Yen The assignment of the three IR absorptions at
}(1) ]f\s 18;2; 202 000 10 o0 1745, 1180, and 1131 cm™! to the acyclic, Cs-sym-
o B 045.6 0 ' ' vou metrical dimer B was confirmed by DFT calcula-
8 Bi 712.0 43 710.6 174 699 doco tions at the B3LYP/6-311G++G(d,p) level of
7 A, 685.1 0 theory (Table 4). To directly compare the calcu-
2 Eu ;g(l)z 6(5) lated with the experimental IR data, a frequency
i A 5002 0 scaling of 0.973—which exactly adjusts the calcu-
3 Ai 176.7 8 lated C=O stretching vibration of the monomer to
2 A, 168.2 0 the experimental value—was applied to all vibra-
1 A 78.0 3

£

tions. With this scaling the C=0O stretching vibra-

[a] Ref. [3]. [b] Relative intensity based on the strongest IR absorption. [c] Complex

pattern due to Fermi resonance, ref. [3].

monomeric formic acid (bottom), dimer A (middle), and dimer B (top),

calculated % _the RLYP/6-311++G(d,p) level of theory.
B

t/ min

- : : . : : 0
1140 1130 1120 1110 1100 1090 1080 1070

«—7¥/cm™

Figure 2. IR spectra of an argon matrix containing formic acid during the
slow warm up from 7 K (=0 min) to 40 K (=27 min). Bands assigned to
monomeric formic acid M, dimer A, and dimer B.

Chem. Eur. J. 2000, 6, No. 10
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tions of the C,,-symmetrical dimer A is predicted
at 1726 cm™!, close to the experimental value of
1728 cm~'. For the C=O stretching vibrations of
dimer B two absorptions at 1742 (s) and 1703 cm™! (m) are
predicted. Thus, the strongest band of B should be located
between the monomer and dimer A bands, which is in line
with the assignment of the band at 1745cm™! in the
experimental spectrum to the C,-symmetrical dimer B.

Table 3. Experimental (argon matrix, 10 K) and calculated (B3LYP/6—
3114++G(d,p)) carbonyl stretching frequencies [cm™']. The calculated
absolute intensities [kmmol~'] are given in parentheses.

Monomer M Dimer A, C,,

Dimer B, Cg

C=0 stretching
argon, 10 K
B3LYP/6-311++G(d.,p)

1766.9
1816.0 (398)

17283
1773.4 (879)

17448, -
17902 (701),
1750.3 (139)

scaled by 0.9730] 1767.0 1725.5 1741.9, 1703.0
C—OH stretching
argon, 10 K 1103.5 1223.5 1179.7, 1131.1

B3LYP/6-311++G(dp) 11257 (278) 1251.6 (375)  1203.7 (247),

1157.6 (287)

scaled by 0.9730] 1095.3 1217.8 1171.2, 1126.4

[a] Scaling factor chosen to reproduce the C=O str. vibration of monomeric
formic acid.

Another characteristic absorption of the monomeric formic
acid is the very strong C-OH vibration at 1104 cm™!
(calculation: 1095 cm™). In the cyclic dimer A this band is
shifted to 1224 cm™! (calculation: 1218 cm~!). Weak bands at
1131 and 1180 cm™! are assigned to the acyclic dimer B, again
in good agreement with the calculated values (1126 and
1171 cm™!, respectively). In Table 4 the complete set of
calculated absorptions for dimer B is given.

At the B3LYPI 20 [evel of theory using a large triple & basis
set (6-311++G(d,p))?Y and including zero-point energies
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Table 4. Experimental (argon matrix, 10 K) and calculated (B3LYP/6— hydrogen bond only, the stabilization energy of this species is
311++4+G(d,p)) IR data of the Cs-symmetrical dimer B of formic acid. expected to be about half of that of A, again in accordance
B3LYP/6-311++G(d,p) Argon, 10K with the calculated value of —74 kcalmol™'. The lower
No.  Sym.  v[em™]  [[kmmol™] v [cm™] Assignment  stahilization of B compared to A is also reflected in the
24 A 3729.9 71 Vo increase of the O—O distance across the hydrogen bonds from
23 Al 33972 900 Vou 2.698 A in A to 2.781 A in B (Figure 3). In the acyclic dimer B
22 A 31080 10 Ve a small stabilization is expected from the electrostatic
21 A’ 3044.2 91 Ve . . . .
20 A 17902 701 1744.8 Veo interaction of one of the aldehydic H atoms and an adjacent
19 A 1750.3 139 Voo carbonyl group.
18 Al 1432.0 2 Oon The B — A interconversion requires the rotation of one of
1 A: 1395.8 7 Ocn the formic acid molecules around its C=0 bond. This rotation
}g : gzgg 32 gg: igterchanges a stroongly interacting' OH grQup with a OH'~~- (0]
14 A 1203.7 247 1179.7 Veo distance of 1.701 A by a weeakly interacting H atom with a
13 A 1157.6 287 1131.1 Veo CH --- O distance of 2.399 A. A DFT calculation (B3LYP/6-
12 A 1087.0 3 Yen 31G(d,p)) of the relative energy as a function of this rotation
1(]) i 1222 2 13? Yen dihedral angle (Figure 4) reveals that a significant barrier of
9 A 7002 157 Z:: 3.9 kcalmol~! separates dimer B from A. With a larger basis
8 A 680.0 31 Soco set (B3LYP/6-311 ++ G(d,p)) and including ZPE the activa-
7 A 648.5 71 doco tion barrier drops to 2.3 kcalmol™! (Figure3) and the
6 A 1957 4 transition state is located at a rotation dihedral angle of
i i, fé: 23 106.5°. A barrier of approximately 2 kcalmol™' is in qualita-
3 A 1075 0 tive agreement with the observation of a thermal reaction at
2 A 101.4 4 temperatures as low as 40 K. In contrast to B, dimer A is
1 A" 62.8 4

completely stable under the conditions of matrix isolation and
even prolonged annealing at 40 K did not result in further

S . . aggregation.
(ZPE), the stabilization energy of dimer A is calculated to St
—13.3 kcalmol~!, in good agreement with the experimental
value of 14 kcalmol~.I'"l Since dimer B is stabilized by one ° | 44
] A
4 e PP
= 2 - 4.0
g
< 01 3 38
(&}
= - 3.6
> 24
5 L34
7
il 32
Q
i
-6 r 3.0
8 ¢ ‘___.;_Ajf_::.‘v“‘"'v """" M A S S —1
“..,,.*.-_,_.,1..,..,‘,..M.e.-:‘p-—--"“"“""* M
L26
-10 ‘ , : , ‘ : ‘ ;
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Rotation /[°]

Figure 4. Relative energy and O—O distances during the A — B inter-
conversion of dimeric formic acid via rotation around one of the C=O
bonds, calculated at the B3LYP/6-31G(d) level of theory. @: changes in
energy; A: O1—03 distance; ¥: O2—04 distance.

Conclusion

Two dimers of formic acid can be trapped in solid argon, the
well known cyclic dimer A and the acyclic dimer B. The
assignment of IR absorptions of dimer B is in accordance with
the suggestion of Spinner!"®! and was confirmed by the direct
observation of the B — A interconversion. Dimer B is a real
intermediate with a small activation barrier towards the
rearrangement. This species is the building block of solid

TS AE=-5.1kcal mol™!

Figure 3. Geometric data of dimer A, dimer B, and the transition state
connecting the dimers calculated at the B3LYP/6-311++G(d,p) + ZPE

level of theory. Relative energies compared to two molecules of monomeric formic acid and has been postulated to be of importance to
formic acid. liquid formic acid. The matrix experiments clearly demon-
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strate that the dimerization of formic acid is a two-step
process with dimer B as an intermediate. It is thus reasonable
to postulate that low concentrations of B are also present in
liquid formic acid.

Experimental Section

A description of the matrix-isolation technique used is given elsewhere.*?]
The gas mixtures were prepared in a stainless steel gas-mixing unit. The
pulsed deposition unit, built similar to Chen’s®)l and Maier’s*l construc-
tion, was described previously.'’] To avoid uncontrolled aggregation of the
sample in the matrix during the deposition the spectroscopic window has to
be held at the lowest temperature possible (7 K). After the deposition, the
aggregation is initiated by simply switching off the helium compressor. This
leads to a ’free warm up’ of the matrix at a rate of approximately 1 Kmin=.
All spectra were recorded by using a Bruker Equinox 55 or IFS 66 FTIR
spectrometer with a standard resolution of 0.5 cm~'. Calculations were
performed on a workstation (Silicon Graphics Origin 2000, operating
system Irix 6.4) with the Gaussian 98 program package.?)
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Catalytic Methanol Oxidation over Copper: Observation of Reaction-Induced
Nanoscale Restructuring by Means of In Situ Time-Resolved X-ray

Absorption Spectroscopy

Ingolf Bottger, Thomas Schedel-Niedrig,* Olaf Timpe, Rainer Gottschall,
Michael Hiivecker, Thorsten Ressler, and Robert Schlogl'®!

Abstract: The catalytically active copper phase for the partial oxidation of methanol

is studied by means of time-resolved extended X-ray absorption fine structure
(EXAFS) spectroscopy combined with the detection of the catalytic turnover. It is
found that the active form of the copper is a strained nanocrystalline form of the

Keywords: copper - heterogeneous
catalysis - oxidation - X-ray absorp-
tion

metal. The metal is no longer made up from large crystallites but contains a defect

structure in which oxygen is already intercalated.

Introduction

The phase diagram of the copper—oxygen system shows that
gaseous O, can be dissolved in liquid copper leading to
segregation to give the well-known bulk oxide deposit Cu,O
and CuO phases during the crystallization of copper.ll The
solubility of O, and Cu,O in solid metallic copper is about
0.002-0.007 wt% O, and 0.02—0.06 wt % Cu,O at 870 K.[>3I
Typically 0.001-0.02wt% O were determined in molten
copper by means of solid-state electrolyte sensors.[! On the
other hand, it was proposed that the solubility of oxygen in
solid copper is so small that it would have a totally negligible
effect on the thermodynamic properties of copper.P!

The formation of copper suboxide was observed indirectly
by thermogravimetry due to the delayed reduction kinetics of
Cu,O during the exposure to a gas flow of methanol and
oxygen within the temperature range of 585 to 735 K. On
the other hand, the existence of different copper suboxides on
surfaces”l and in small particles® is well documented. For
example, the suboxide formation on a Cu(100) surface reveals
that adsorption states of oxygen exist with predominant ionic
character for the unreconstructed surface and with nonnegli-
gible covalent contributions for the reconstructed surface.’]

Using the new surface-sensitive in situ X-ray absorption
spectroscopy (XAS) techniquel” has revealed that a novel
copper suboxide phase of Cu,.,,O is formed at the surface
and near-surface region which is unequivocally attributed to

[a] Dr. T. Schedel-Niedrig, I. Béttger, Dr. O. Timpe, Dr. R. Gottschall,
M. Hivecker, Dr. T. Ressler, Prof. Dr. R. Schlogl
Fritz-Haber-Institut der Max-Planck-Gesellschaft
Faradayweg 4 -6, 14195 Berlin (Germany)

Fax: (+49)30-84134401
E-mail: thomas@fritz-haber-institut.mpg.de
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the selective active phase in the heterogeneously catalyzed
oxidation reaction of methanol —formaldehyde [Egs. (1) and
) ]’[1(L12]

CH,OH + /20, — CH,0 + H,0; oxidative dehydrogenation (1)

CH;0H — CH,O + H,; dehydrogenation ?2)

The suboxide phase is electronically significantly different
from the well-known copper oxide phases but is only
accessible for in situ detection under particular reaction
conditions.'! This phase consists of covalently bonded atomic
oxygen species without participation of the Cu d-states which
form the main bonding contribution in the copper oxides. The
high surface sensitivity of the X-ray absorption spectroscopy
technique applied in the electron-yield mode excludes any
reliable bulk analytical characterization.'%"l At tempera-
tures below a critical temperature or after quenching the gas/
solid state reaction (ex situ), the formation of a thermody-
namically stable oxide phase was observed in agreement with
the phase diagram that is only active in the total oxidation of
methanol [Eq. (3)].[6 1214

CH,;0H + 1%, 0, — CO, +2 H,0; total oxidation 3)

To complement the detection of unconventional suboxides
at the surface we have performed in situ time-resolved
extended X-ray absorption fine structure (EXAFS) experi-
ments. Such data are independent from the long-range
ordering requirement of powder X-ray diffraction. In addi-
tion, the time-resolved dispersive X-ray absorption fine
structure (DXAFS) mode allows one to detect small changes
in the local chemical environment as a function of the time-
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modulated gas phase composition of the reacting atmosphere.
This “chemical lock-in” technique provides unambiguous
evidence that only those bulk structural properties are studied
which are correlated with the surface reaction. The dispersive
X-ray absorption spectroscopy measurements were per-
formed at the European Synchrotron Radiation Facility
(ESRF) with parallel detection of the whole EXAFS spectrum
by using energy-dispersive highly focusing X-ray optics.['>°]
A time-resolved (<100 ps) study of solid-state samples like
powder pellets or foils gives “real time” information on the
bulk solid state transformation taking place during the change
of the gas phase from oxidative to reductive which is
controlled by the methanol-to-oxygen ratio. This information
is combined with that obtained by the simultaneous detection
of the catalytic activity by monitoring the gas phase compo-
sition with a mass spectrometer.

The key question is whether a homogeneous copper
suboxide phase exists in the bulk phase under the conditions
for the partial oxidation of methanol, or whether the copper
bulk phase exhibits an inhomogeneous solid solution of pure
copper and oxide. In addition, it is of great relevance to detect
any correlation between surface catalytic reactivity and the
bulk structural properties of the catalyst.

Results

It has been found['> 2-21 that the selectivity of the methanol-
to-formaldehyde reaction [Egs. (1) and (2) ] increases with
decreasing oxygen concentration in the gas flow at constant
methanol conversion. The Cu catalysts are treated under a
flow of methanol and synthetic air at different temperatures
(570 K< T<670K).”2l  The oxygen-to-methanol ratio
(0,:CH;0H) is changed during the accumulation of the
absorption spectra from O,:CH;OH=1:2 to O,:CH;0H=
0:2 in order to investigate the catalytic conversion of
methanol.”’l The corresponding “real time” modification of
the catalyst is detected by time-resolved EXAFS at the copper
K-edge under a flow of methanol (12.8 mLmin~!) with
various admixtures of synthetic air in the gas stream control-
ling the conversion of methanol.

Cu(poly) and supported Cu particles

Copper K-edge EXAFS spectra typical of metallic copper are
shown in Figure 1 for a polycrystalline copper foil catalyst
(Figure 1, right ) and for a supported copper particles catalyst
(Figure 1, left): three-dimensional (3D) plots of time-resolved

Abstract in German: Die zeit-aufgeloste ausgedehnte Fein-
struktur der Rontgenabsorptionskante (EXAFS) wurde zur
Untersuchung der katalytisch aktiven Kupferphase bei der
Partialoxidation von Methanol analysiert und mit Messungen
des katalytischen Umsatzes kombiniert. Es konnte gezeigt
werden, daf3 die aktive Kupferphase sich als eine verzerrte
nanokristalline Form des Metall darstellen lif3t, die nicht mehr
aus grofien Nanokristalliten aufgebaut ist, sondern eine
Defektstruktur besitzt, in der Sauerstoff intercaliert ist.
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normalized X-ray absorption spectra are given at the top of
Figure 1.2* The data are recorded in situ during the exposure
to a methanol-oxygen gas stream at 7=670 K. The corre-
sponding radial distribution functions (RDFs) are shown on
the bottom of Figure 1. The insets show typical EXAFS
functions y(k) (k range: 3.8—9.4 A1) of selected absorption
spectra obtained after substracting the absorption of a “free”
Cu atom (cubic spline fit) and the subsequent multiplication
by k? in order to enhance the small amplitudes at high k
values.! It is observed that the metal phase does not change
as no oxidation of the copper bulk phase takes place not even
after the exposure to a gas mixture of O,:CH;OH = 1:2.1

Metal-to-oxide transition

In order to show the potential of the time-resolved EXAFS
method, the metal-to-oxide solid state transition is investi-
gated of the supported copper catalyst system during the
oxidation at 670 K. A 3D plot of the RDFs (not phase-shift
corrected) is shown in Figure 2. At the beginning of the
experiment, the supported copper particles are exposed to an
oxygen-methanol gas flow of O,:CH;OH =0.32:2 (frame 0 to
14: 0 s to 67 s) and subsequently to a pure methanol gas flow
(frame 15 to 64: 72 s to 307 s). Radial distribution functions
typical of metallic copper are observed. Afterwards, at time
t=312s (frame 65), the catalyst is exposed only to a flow of
synthetic air without methanol. A discernible change in the
near-edge structure of the absorption spectrum is detected at
t =432 s (frame 90), that is after 120 s, and good agreement is
found with a copper() oxide EXAFS reference spectrum at
time =576 s (frame 120), that is after 260 s. The correspond-
ing RDFs also change drastically. It is observed that the
intensity of the metal RDF (maximum at about 2.2 A; not
phase-shift corrected) decreases while, simultaneously, a new
RDF at about 1.9 A attributable to bulk copper(i) oxide grows.
At time t=1000s (frame 210), that is after 700s, the
beginning of a bulk copper(1) oxide-to-copper(i1) oxide phase
transition is observed due to the change of the X-ray
absorption near-edge structures (XANES). The transition to
copper(11) oxide is completed at r=1080 s (frame 225), that is
after 780s. It is found that the complete oxidation of
supported metal copper particles to copper(l) oxide takes
place within 260 s (4.3 minutes) at a reaction temperature of
670 K, while the copper(1)-to-copper(i1) oxide phase transition
takes place within 520 s (= 8.6 minutes).

Catalytic turnover

The catalytic turnover of methanol obtained by using the mass
spectrometer signal (given in arbitray units) is shown in
Figure 3 (solid line) under varying gas-phase conditions in
order to correlate the catalytical activity of copper with the
local response of the copper catalyst found by means of
EXAFS. Thus, Figure 3a shows the alteration of the normal-
ized RDF maximum positions (dots)P under increasing
oxygen partial pressure in the gas mixture corresponding to an
increase of the turn-over of methanol with time (abscissa
axis). The reversibility of the change in the RDF position is
documented in Figure 3b. It should be mentioned that these
time-resolved experiments were performed under varying
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Figure 1. Copper K-edge EXAFS spectra typical of copper metal are shown for the polycrystalline copper foil (right) and for supported copper particles
(left); top: 3D plots of time-resolved normalized X-ray absorption spectra. The data are recorded in situ during the exposure to a methanol —oxygen gas
stream at 7= 670 K, that is under methanol turnover conditions. The time between each spectrum is 4.7 s and 5.6 s, respectively. Bottom: The corresponding
radial distribution functions (RDFs: Fourier-transformed X-ray absorption fine structure y(k)k'; phase-shift- and amplitude-corrected; theoretical phase
shifts are taken from ref. [25] ). The metal phase does not change since no oxidation of the copper metal phase takes place even after exposure to a mixture of
0,:CH;0H =1:2. Inset: EXAFS function y(k)k? of an absorption spectrum.

compositions of the gas mixture for several times in the
temperature range of 570 to 670 K in order to reproduce the
observed effects.

The RDF maximum positions shown as dots in Figure 3 are
found to be correlated to the catalytic turnover of methanol in

Cu (poly), T=670 K
Radial Distribution Functions

the temperature range of 570 to 670 K. Thus, the apparent

0003 - nearest neighbor Cu—Cu coordination shell distance (RDF
000 E 203 maximum position) decreases with increasing turnover of
3z e b 0 5 methanol. This effect i§ reversed by equsing the cataly§ts tg a
% : 1800? gas flow with decreasing oxygen contributions, that is with
T oo0f2 F 1205‘_' decreasing conversion of methanol (phases 4-1).51 Addi-
00006 E & § tionally, the corresponding amplitudes of the RDF reveal

- 2 L.y A4 w higher intensities during the treatment in pure methanol and

are lower in intensity by exposing the catalysts to a gas flow
with increasing contributions of oxygen. The apparent RDF
maximum position found under pure methanol reduction

0 2 4 6

Distance R/ A
Figure 2. A three-dimensional plot of RDFs (not phase-shift-corrected)
for a metal-to-oxide phase transition of supported copper particles at

670 K. Radial distribution functions typical of the copper metal are
observed during the exposure to an oxygen—methanol of O,:CH;OH =
0.32:2 (frame 0 to 14: 0 s to 67 s) and to a pure methanol gas flow (frame 15
to 64: 72 s to 307 s), respectively. Afterwards, the catalyst is exposed at the
time =312 s (frame 65) to a flow of synthetic air. The metal-to-copper (1)
oxide phase transition occurred within 260 s, while the copper(l) oxide-to-
copper(11) oxide phase transition is completed after 520 s.
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treatment corresponds to the bulk metal reference value of
2.57+40.02 A, while an averaged decrease of the RDFs
maximum position of about 0.03 £ 0.01 A is observed during
the exposure to an oxygen—methanol gas flow, that is under
partial methanol oxidation conditions. Furthermore, it is
found that the corresponding coordination numbers are
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Figure 3. The development of the RDF maximum positions (dots) of the supported copper particle catalyst is
shown in relation to the RDF maximum position of bulk copper metal of 2.57 +0.02 A (set to zero at the ordinate
axis) under a) increasing oxygen proportions to the gas mixture, that is at an increase of the turnover of methanol
with time (abscissa axis) and b) at a decrease of the methanol turnover; phase 1: O,:CH;OH =0:2; phase 2:
0,:CH;0H =0.32:2; phase 3: O,:CH;OH =0.64:2; phase 4: O,:CH;OH=1:2.

somewhat smaller (9.5 £ 1) than the copper reference value of
12, indicative of the formation of small particles in the course
of the methanol oxidation reaction.*

The presence of oxygen in copper becomes most apparent
as an overall reduction of the RDF maximum positions (as
shown in Figure 3) and their corresponding amplitudes during
the methanol/oxygen treatment, while these RDF maximum
positions and amplitudes reveal their characteristic value for
pure metal during the reduction treatment in pure methanol.
The oxygen-induced small alterations under isothermal con-
ditions are reproducibly observed several times in the given
temperature range of 570 to 670 K after changing the oxygen
partial pressure in the gas flow.3] Unfortunately, the effect is
not manifested significantly on the Cu K-edge position (1st
inflection point) nor on the position and/or amplitude of the
first low-energy peak in the XANES, indicating that the
presence of oxygen under these conditions has little effect on
the electronic structure of the metal, as probed by X-ray
absorption. The observed variations can clearly not be
attributed to a metal-to-oxide phase transition since the
EXAFS and XANES spectra remain typical of copper metal
under conditions for the partial oxidation of methanol.

Discussion

It is well known from the literature that particles smaller than
about 200 A have a large fraction of surface atoms and
accordingly their RDFs will show a reduction in the coordi-
nation numbers compared to the bulk values.?*371 A recent
EXAFS study has shown that the atomic motion in small Cu
particles is very anharmonic, resulting in a non-Gaussian pair

Chem. Eur. J. 2000, 6, No. 10
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mum position found in the
copper catalysts sample. Fur-
thermore, an EXAFS study of
supported, 10-A-large Pt par-
ticles detected at various tem-
peratures indicates that an
apparent bond length contrac-
tion with increasing temperature is manifest in the data as a
retardation in the phase of the first neighbor oscillation.”!

The data given in Figure 3 clearly indicate that the small
structural changes observed for copper in the -catalytic
working state cannot be related to changes in the crystalline
phase of copper. This is in agreement with observations
recorded with X-ray diffraction under similar conditions to
those in the present experiments. It is thus suggested that the
active copper is not composed of large mosaic crystals but
rather of small nanocrystalline units. Such units (ca. 2 nm)
would create a large internal surface. A significant amount of
oxygen atoms can be stored on its internal surfaces creating
structures which are well-known from LEED and STM
studies of external copper—oxygen adsorbate systems. The
EXAFS spectra recorded under the reaction conditions reveal
the modifications of the mean positions of copper atoms at the
internal interface. With increasing abundance of intercalated
oxygen atoms the mean displacement of copper atom
positions increases as the catalytic activity increases.

The time scale of solid-state transformations that occur as a
consequence of the immediate response of the active copper
to the oxygen partial presure in the gas phase indicates that
the intercalated oxygen species are mobile and can easily
diffuse, most likely along the internal surface. The surface-
sensitive in situ XANES experiments!'™'?l have revealed that
the catalytic activity of copper is related to the abundance of
an oxygen species which is only bonded through s—p valence
states and which does not interact with the copper d states, as
is characteristic for normal copper oxides. This catalytically
relevant oxygen species may well be identical with oxygen
atoms diffusing from the inner surface onto the outer surface.
This would explain the correlation described in Figure 3. The
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EXAFS spectrum reveals a distortion of the copper lattice
created by a nanostructuring of the solid and the intercalation
of oxygen into the internal interface. This bulk-dissolved
oxygen is mobile and segregates to the surface where it either
reacts with copper to give an oxide, or creates the active site
for oxidative dehydrogenation of methanol. The segregating
oxygen is not directly the oxidizing species as the rate of
methanol conversion is much faster than the segregation
kinetics. It remains to be clarified whether the weakly bound
oxygen atom is essential for the active site or whether the
distortion of the copper atoms around a segregating oxygen
atom become activated for catalysis. It has been documented
and rationalizedP® *] that local geometric distortions in a flat
surface can be sites of catalytic activity.

The fact that the nanocrystalline copper interface is three-
dimensional in the active catalyst and not two-dimensional as
at the external surface allows the detection of its existence by
a “bulk-sensitive” method. As the EXAFS method is sensitive
to the mean local geometric structure it is more sensitive to
such a subtle change in structure than powder X-ray
diffraction. In the latter technique the described structure
would contribute to modifications of the lineshape of the
diffracted intensity which is broadened already by the particle
size. In recent in situ experiments such a phenomenon has
been detected as displayed in Figure 4. The change in position
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Figure 4. In situ X-ray diffraction of the copper catalysts exposed to a flow
of methanol (16 mLmin~!) and oxygen (0 to 10 mLmin!) at 625 K. The
intensities of both the (111)- and (200)-Cu reflections (left) as well as the
variation of the full-width at half maximum (FWHM) of both reflections
(right) are given as a function of the oxygen gas flow concentration.

and shape of the copper (111) reflection occurs reversibly
upon changing the gas phase from only reducing to catalytic,
that is when adding oxygen to the system. This experiment,
which has been carried out under a wide range of conditions,
complements the in situ EXAFS observations. The width of
the XRD profile in Figure 4 is well compatible with a 2 nm
average crystallite size and classifies active copper as a
nanocrystalline material. The functional correlation of nano-
crystallinity and catalytic activity can explain the “magical”
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industrial practice of activating metallic copper catalysts by
careful oxidative pretreatment. The subsequent slow reduc-
tion in the reaction gas atmosphere preserves the defects
produced by a topochemical oxidation of the bulk copper.

Conclusion

In conclusion, catalytically active copper is a strained nano-
crystalline form of the metal. Its transformation into a
metastable state allows the bulk solid to respond in its defect
structure instantaneously to changes in the chemical compo-
sition of the gas phase. The active catalyst can be considered
to be a copper solid in its early transition phase towards an
oxide structure. The metal is no longer made up from large
crystallites, and contains a defect structure in which oxygen is
already intercalated. The driving force for this self-organiza-
tion is the oxidizing potential of the gas-phase oxygen, which
is just sufficient to stabilize the initial stage of the bulk
transformation of the metal into the oxide by the multiple
crackling core-and shell scenario. The working catalyst is thus
a thermodynamically destabilized state as compared to a
mixture of highly crystalline copper metal and a segregated
binary oxide which is always observed in ex situ phase analysis
of used copper catalysts. Figure 5 gives a schematic represen-
tation of the active state and reveals why the long-range
ordering of this state is barely distinguishable from normal
copper.

1'llilli'--"i-
e Ll |
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Figure 5. Model of the copper catalyst for the partial oxidation of
methanol. The copper catalyst consists of nanocrystals in which the oxygen
atoms are intercalated at the large internal surface of the defect structure.
The catalyst material can be considered as a copper solid in its initial
oxidation state.
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The synchrotron X-ray beam is generated by a low-K undulator and
the provided synchrotron radiation photon energy ranges from 5 to 25
k eV.] The upstream optics consists of two X-ray focusing cooled
mirrors. Both have three different stripes (Rh and Pt coating and a
bare strip) allowing different cutoffs without changing the overall
geometry of the beamline. The energy-dispersive optics consist of a
cooled dynamically bent silicon crystal which is cut with a specific
contour and held by a four point bender. The spectrometer consists of
a ©-20 goniometer with the monochromator on the © axis and an
optical bench supporting the sample and the position-sensitive
detector which is rotated around 26. A fan of X-rays is detected by
a position-sensitive device. Indirect X-ray detection was acheived by
means of a fast phosphor lens-coupling optic and a 2D cryogenic CCD
detector. The monochromator is operated at a resolution of AE/E =
2 x 104, A typical flux of 10'? photons per second at the sample and a
time resolution below 100 ps can be reached.
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A special designed reactor equipped with gas-flow controllers and a
mass spectrometer as product gas monitor is used. A Cu catalyst
(14.7 wt % copper) as well as thin polycrystalline copper foils (3 um
thick, 99.98 + %, Goodfellow) are used. The supported catalyst was
prepared by using copper carbonate (malachite) supported on carbon
and was pressed to a self-supported ~1-mm-thick pellet. Scanning
electron microscopy (SEM) images of the calcinated (heated in air at
400 K for 2 h) and subsequently reduced supported copper catalyst
(heated in methanol atmosphere at 670 K overnight) show that the
copper spreading on the carbon support cluster decreases after the
reduction treatment; this is attributable to a lower surface free energy
of small spherical metal particles.

The sample is installed in the flow-through reactor cell where the
temperature of the reactor and the sample can be measured
independently. For comparison, the oxidation of the Cu foil under
synthetic air (20 vol.% oxygen) at various temperatures is also
studied. The temperature of the reactor and the flow of the gases are
controlled remotely during the data acquisition. The default concen-
trations of oxygen (synthetic air) and methanol are 5.5 and 11.0 vol %,
respectively, in the gas stream (total gas flow: 45 mLmin~!). In order
to modify the oxygen contribution in the gas stream, the flow of
synthetic air was changed.

The I, signals through air or graphite are used as the background
absorption signals for the Cu(poly) catalyst or the carbon-supported
catalyst, respectively. The energy calibration of the EXAFS spectra
within a series is performed by means of reference spectra for
Cu(poly) foil oxidized in air at the same temperature to CuO which
are measured before and after an EXAFS series, and additionally, by
means of a reference CuO EXAFS spectrum. The first three peaks at
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the threshold of the copper K-absorption edge at 8.9980 keV,
9.0128 keV, and 9.0517 keV, respectively, and, additionally, the mini-
num between the second and third peak of the reference spectra are
used as energy calibration points.

A. G. McKale, B. W. Veal, A. P. Paulikas, S. K. Chan, G. S. Knapp, J.
Am. Chem. Soc. 1988, 110, 3763.

The EXAFS function y(k) (available k range at the Cu K-edge: 3.82 -
9.37 A-1) of an absorption spectrum is obtained after subtraction of
the absorption of a “free” Cu atom (cubic spline fit; 6 splines).
Subsequently, the EXAFS functions are multiplied by &2 in order to
enhance the small amplitudes at high k values. The Fourier trans-
formation of the EXAFS function y(k) is performed in the k range of
3.78-9.34 A1 by using a Bessel window (size 4); the backtransfor-
mation range is 1.30-2.95 A. A one-shell fit of the nearest Cu—Cu
neighbor radial distribution function (RDF; Fourier-transformed
x(k)) was performed in the r-space by using a constant Debye — Wal-
ler factor o® of 0.0195 (also: S2=1; fit range: 1.04—3.15 A). The
Debye — Waller factor is calculated by means of a one-shell fit of the
first Cu—Cu RDF of a metallic Cu(poly) reference spectrum (treated
in a methanol gas flow at 670 K). The coordination number of the first
Cu-Cu radial distribution function of 12 as well as the metallic
nearest-neighbor Cu—Cu distance of 2.55266 A are held constant
during the fit. The phase and amplitude corrections for metallic
copper are calculated by using the curved-wave scattering-matrix
formalism of J. J. Rehr and co-workers?” 28l which are used afterwards
for the one shell fits.

J.J. Rehr, R. C. Albers, Phys. Rev. B 1990, 41, 8139.

J.J. Rehr, R. C. Albers, S. I. Zabinsky, Phys. Rev. Lett. 1992, 69, 3397.
The nearest-neighbor Cu—Cu bond length and the corresponding first-
shell coordination number of polycrystalline copper metal and
supported copper metal particles treated under a pure methanol flow
at 670 K are determined by using a one-shell fit of the first RDF with a
constant Debye — Waller factor 0? of 0.0195. The Debye — Waller factor
was calculated by means of a one-shell fit of the nearest-neighbor Cu—
Cu RDF of a Cu(poly) metal reference spectrum (treated in a
methanol flow at 670 K). The coordination number of 12 of the first
Cu-Cu RDF as well as the nearest-neighbor metal Cu—Cu distance of
2.553 A are held constant during the fit procedure. The phase and
amplitude correction are calculated by using the curved-wave
scattering-matrix formalism of J.J. Rehr et al.’??] Coordination
numbers in the range of 10.8 + 1.0 to 12.4 & 1.0 and nearest-neighbour
bond lengths of 2.554+0.02 A are obtained for the polycrystalline
copper bulk sample, indicative of densely packed face-centered cubic
copper metal. The coordination numbers of 7.4 + 1.0 to 8.9 + 1.0 of the
particles are found to be somewhat smaller, while the nearest-
neighbor Cu—Cu bond length of 2.55 +0.02 A is found to be the same
as in the copper foil.

The alterations are given relative to the RDF maximum position of
bulk copper metal of 2.57 +0.02 A (570 < T< 670 K) set to zero at the
ordinate axis in the figure.

One-shell fits of the nearest-neighbor Cu—Cu RDF are performed in
r-space for both systems by using the FEFF7 computer code of J.J.
Rehr et al.”” 2] The fit-results support the observed variation of the
Cu—Cu bond length as a function of the methanol turnover and show a
reversible change of the apparent nearest-neighbor Cu—Cu bond
length. It is found that the Cu—Cu bond length is reversibly varied if
the other fit parameters are held constant (S,>=1, 0>=0.0195, the
phase and amplitude corrections are theoretically calculated).l?” 2%l

A constant RDF maximum position is found over a long-time period
of about 1600s (27 minutes) within the statistical variation under
steady-state reaction conditions (i. e. at constant methanol turnover),
which strongly indicates that external effects related to the X-ray
source for example, can be excluded.

In the course of a temperature increase from 573 to 673 K, the thermal
expansion of the first Cu—Cu coordination shell distance in the bulk
metal is 0.0046 A (from 2.5852 to 2.5898 A; derived by means of XRD
analysis), which is about a factor of 6 smaller than the observed change
of the RDFs maximum position of 0.03+0.01 A. This strongly
indicates that a methanol turnover (i.e. an oxygen) induced bulk
lattice distortion is observed in the catalyst systems that cannot be
explained only by the thermal lattice expansion or contraction caused
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by a possible temperature change in the course of the methanol
oxidation reaction.
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