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Molecular-Scale Logic Gates

A. Prasanna de Silva*"! and Nathan D. McClenaghan*!"!

/ N

Abstract: Currently available approaches to molecular-
scale logic gates are summarized and compared. These
include: chemically-controlled fluorescent and transmit-
tance-based switches concerned with small molecules,
DNA oligonucleotides with fluorescence readout, oligo-
nucleotide reactions with DNA-based catalysts, chemi-
cally-gated photochromics, reversibly denaturable pro-
teins, molecular machines with optical and electronic
signals, two-photon fluorophores and multichromophor-
ic transient optical switches. The photochemical princi-
ples of electron and energy transfer are involved in sev-
eral of these approaches. More complex molecular logic
systems with reconfigurability and superposability pro-
vide contrasts with current semiconductor electronics.
Integration of simple logic functions to produce more
complex ones is also discussed in terms of recent devel-
opments.

Keywords: DNA-based logic - fluorescence - logic
kgates - molecular logic - photochromism - transmittance /

Introduction

Our traditional training as chemists usually does not prepare
us to face up to one of the crucial technological revolutions
from the 20th century—that of information technology (IT).
However, now as it contemplates the looming slowdown,
the IT industry is entertaining suggestions of how the revo-
lution may be rejuvenated. The slowdown is due to cost
issues!! as well as fundamental scientific problems arising

[a] Prof. Dr. A.P. de Silva
School of Chemistry, Queen’s University
Belfast BT9 5AG, (UK)
Fax: (+44)2890-382117
E-mail: a.desilva@qub.ac.uk

Dr. N. D. McClenaghan

Laboratoire de Chimie Organique et Organométallique
CNRS UMR 5802, Université Bordeaux 1

351, Cours de la Libération, 33405 Talence (France)
Fax: (+33)540-006158

E-mail: n.mc-clenaghan@lcoo.u-bordeauxl.fr

[b

—

Chem. Eur. J. 2004, 10, 574-586 DOI: 10.1002/chem.200305054

when bulk semiconductor features approach dimensions of
100 nm. Among these problems are cross-talk and heat dissi-
pation.

Living things have always processed information for pur-
poses of survival, and more.’) Molecular species are the
prime movers on this stage. They organize, in a bottom-up
fashion, into supramolecular structures that extend up to the
cellular level and beyond. The amazing things they do are
within and around us all. So it is natural to consider a simi-
lar bottom-up approach as a way to brighten the future of
the IT industry."¥l In fact, just such an attempt was made
during the 1970 s, which in hindsight appears to have been
ahead of its time.! However the intervening years have
made a re-launch worthwhile and even imperative.

As we will discover below, there is much molecular-scale
logic within simple chemical compounds if they are exam-
ined from appropriate vantage points.”! Such wet chemistry
has plenty of inspiration in biology. So on the one hand, the
success of wet molecular logic should not be surprising. On
the other hand, it should also be natural for such logic devi-
ces to find ready application in physiology,® medicine!” and
biotechnology® as sensors” and diagnostic systems. When
such applications target cell interiors, logically enabled mol-
ecules leave classical semiconductor devices behind. In such
situations size matters, especially when it is small.

Current IT systems revolve around logic gates sculpted
from bulk semiconductors that employ electronic (e.g., volt-
age) input and output signals.""! Their reliability is based on
the binary digital (bit) nature of these signals, which protects
against noise accumulated from serial operations and trans-
mission over distances. Each type of logic gate has a specific
input-output signal correlation pattern. These correlation
patterns fall into the truth tables arising from George
Boole’s classic ideas.'™! Importantly, these ideas were
available to mathematicians and other interested parties
way before electronic computers happened. So current infor-
mation technology systems are just one manifestation of
Boolean logic employing electronic coding of inputs and
outputs. Unsurprisingly, the power supplies are also elec-
tronic in this manifestation. One critical feature, which con-
tributes to its undoubted success, is input—output signal ho-
mogeneity. The same electronic voltage value emerging as
output of one logic gate can be admitted as input of another,
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even identical, gate. This voltage can be simply high or low:
digital 1 or 0, respectively, in the positive logic convention,
whereas the negative logic convention reverses this relation-
ship. We note that the homogeneity has a quantitative as
well as a qualitative aspect. Thus huge arrays can be built
up by such a connection of logic gates to achieve selected
functions of varying complexity. Very large scale integration
(VLSI) arose and the IT revolution was well and truly un-
derway.

Our realization that Boolean logic can have photochemi-
cal manifestations allowed molecular logic to become practi-
cal.'> The coding or the language of the inputs, outputs
and power supplies need not be all-electronic as in the pre-
vious paragraph. Just as the diversity of human languages
culturally enriches us all, the different coding of a logic
gate’s external parameters enriches the practical scope of
Boolean ideas as applied to molecules. Naturally, these
coding schemes will vary in their direct usefulness to the
current IT business, especially if the latter wishes for a
straightforward swap of molecular components for bulk
semiconductor counterparts. However, it is worth noting
that each coding scheme will bring with it a set of advanta-
geous features if we can choose appropriate applications for
it. Of course, each of these schemes can result in intrinsical-
ly interesting and mind-sharpening science.®!

The first coding scheme practical for molecule-based logic
switches employed light for the power supply, light (of a dif-
ferent colour) for the output and chemical species for the
inputs. Even single molecules can be demonstrated to func-
tion in this way." Clearly, input-output homogeneity is not
available here, even at the qualitative level. Nevertheless, as
we will see in later sections, small-scale integration of logic
is achievable with careful design in spite of the short history
of the field. On the other hand, a considerable flexibility of
molecular logic, in terms of reconfigurability, has already
emerged. Additionally, phenomena apparently unavailable
to semiconductor electronics, such as superposed logic, have

Abstract in French: Le développement de portes logiques
moléculaires fait I'objet de nombreuses approches. Ces der-
nieres qui sont rassemblées et discutées dans le présent article
font intervenir entre autres: des interrupteurs chimiquement
contrélés basés sur la fluorescence et/ou la transmittance de
petites molécules, des oligonucléotides type ADN a lecture
fluorescente, des réactions d’oligonucléotides avec des cataly-
seurs d base d’ADN, des photochromes a basculement chimi-
que, des protéines dénaturées renversablement, des machines
moléculaires a signaux optiques et électroniques, des fluoro-
phores biphotoniques et des interrupteurs multichromophori-
ques a optique transitoire. Plusieurs de ces approches sont
basées sur des processus photochimiques de transfert d’élec-
tron et d’énergie. Le fonctionnement de certains systémes lo-
giques moléculaires plus complexes, reconfigurables et super-
posables est en contraste avec celui des semi-conducteurs
électroniques actuels. Le recours a des fonctions logiques élé-
mentaires pour générer des fonctions plus complexes est éga-
lement discuté en termes de développements récents.
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been discovered. Various combinations of optical, chemical,
electrochemical and electronic signals and supplies have
subsequently been used to devise coding schemes for molec-
ular logic, some of which will be featured below.

Single-Input Molecular Logic

Textbooks on computers!'” or logicl'!l remind us of the four
possible output patterns arising from a single input. If the
input is 0, the output can be 0 or 1 (two choices). If the
input is 1, the output can again be 0 or 1 (two choices).
Each one of these four output bit patterns corresponds to a
logic type: PASS 0, YES, NOT and PASS 1. PASS 0 always
outputs 0, whatever the input. PASS1 always outputs 1.
YES obediently follows the input (e.g., output 1 if input is
1). NOT always opposes the input (e.g., output 0 if input is
1).

For instance, a NOT gate with a chemical input, fluores-
cence light output and excitation light for the power supply
is our 1™ (Figure 1). Any case of chemical-induced fluores-
cence quenching (of which there are hundreds) would have
served in its place, testifying to the generality of this ap-
proach. Furthermore, the design of 1 is very general as well,
allowing the rational generation of new examples.

NS
5 2

N N
é &hvl O

1

Figure 1. The molecular NOT logic gate 1: principles of operation and
truth table.

Compound 1 contains a fluorophore module (a well-delo-
calized m-electron system) that receives the excitation light
and produces the fluorescence output. It also contains a re-
ceptor module (a benzoate) to temporarily bind the input
chemical species (H* in this case), provided the latter is
available above a threshold level set by the relevant binding
constant. These two modules are held together and yet
apart by a spacer module composed of several o-bonds ac-
cording to the modular “fluorophore-spacer-receptor”
format."®! The H*-induced fluorescence quenching arises as
follows. When the H* level is low (input 0), excitation of
the fluorophore results in bright fluorescence (output 1)
with no substantial photochemistry intervening. However
when the H level is high (input 1), excitation of the fluoro-
phore leads to photochemical intervention and, hence, the
fluorescence is quenched (output 0). This intervention is
photoinduced electron transfer (PET)2! from the fluoro-
phore to the protonated benzoate receptor (a rather elec-
tron-deficient unit). Of course, PET is the common process
underpinning plant photosynthesis, so the generality of the
principle is not in doubt. System reset is usually straightfor-
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ward in small molecules, since thermal back electron trans-
fer is rapid.”? Of course, operational reset requires the re-
adjustment of the chemical input level as well.

A different example of a NOT logic gate with a light
input and transmittance light (of a different wavelength)
output is Raymo’s 2. The light input in this case must be a
substantial dose sufficient to photochemically convert 2 into
its isomer 3 so that the latter is optically detectable. Com-
pounds 2 and 3 have very different absorption bands so that

the latter can be detected by transmittance of the monitor-
ing light close to its absorption band maximum. Thus ultra-
violet irradiation (input 1) of 2 produces 3 so that the trans-
mittance of the monitoring visible light is reduced to a low
level (output 0). Again, many classes of photochromic com-
pounds (each containing dozens of examples)?*?! are avail-
able for exploitation in this way. System reset is quite ele-
gantly achieved by thermal and/or separate photonic stimuli.
It is worth noting that some of the computing possibilities of
photochromic molecules were mentioned in Hirshberg’s
classic paper of 1956.%¢

NOT logic can also be achieved with chemical inputs and
outputs, for example, 4.%"1 Fluorescence and photophysical
processes of electronic-energy transfer (EET)!2! are still
needed for the readout. Stojanovic and colleagues designed
4 as a DNA-based catalyst, analogous to Cech’s ribo-
zymes,” for the hydrolysis of the DNA-type oligonucleo-
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tide substrate 5 which carries a single ribonucleotide (rA) as
the cleavage site. Like other DNA-based catalysts, 4 folds
into a stem-loop configuration. In the absence of a chosen
oligonucleotide 6 (input 0), the stem-loop form of 4 uses its
terminal sequences to hybridize with the substrate; this
leads to hydrolysis of the latter. This separates the EET
donor fluorophore F (a fluorescein derivative) from the
EET acceptor fluorophore R (of the rhodamine family).
Thus the fluorescence of F shines brightly (output 1). Addi-
tion of 6 (input 1) hybridizes with the loop segment of 4 and
destroys the catalytic stem-loop configuration. So the sub-
strate 5 survives, with its EET process sucking out the fluo-
rescence potential of F (output 0). System reset requires
chemical manipulation, but qualitative input—output homo-
geneity is nicely available by careful design.””! Of course,
such hydrolysis reactions take time, from minutes to hours.
Some other DNA-based computing schemes take time too,
but parallel processing can more than compensate.?*~l

Another way of achieving molecular NOT logic is through
the all-electronic route as demonstrated by Avouris’ team.
A single bundle (not a single molecule) of single-walled
carbon nanotubes is doped differentially in adjoining regions
such that two complementary field effect transistors are cre-
ated. This, when laid on appropriate metallic contacts
(1 um? in area), becomes a NOT logic gate.”" It is notable
that the spatial saving obtained by employing a molecular
device has to be repaid when metallic contacts are used.
Nevertheless, such dry molecular gates are more attractive
to the current IT industry, since they can substitute for the
appropriate semiconductor device without any major change
in the infrastructure, especially on the factory floor.

This is an appropriate point to mention the earlier at-
tempt at molecular electronics in the 1970 s, which searched
for single molecular equivalents of wires, resistors, capaci-
tors, diodes, transistors and logic gates but without success.™!
A lot of research investment has finally yielded molecular
versions of some of these in recent years, even though single
molecule versions remain rare.”>* Some groups of diode-
like rotaxane molecules (perhaps a thousand) can be con-
ventionally wired (i.e., with metal conductors) into gatest’?!
in an electronics textbook manner.'” Heath, Stoddart and
their co-workers find that such gate arrays are irreversibly
reconfigured by destroying individual gates (vide infra).
These are 1 um* or more in area owing mainly to the metal
connectors and electrodes. Interestingly, the same team con-
siders related devices based on [2]catenanes as unimportant
for logic purposes.t™!

Multiple-Input Molecular Logic

When the number of inputs is increased from 1 to 2, argu-
ments similar to those described in the previous section
show the possible number of logic types will rise to 16.1!
One of these, AND logic, gives an output of 1 only if both
inputs are held at 1 each. A molecular-scale example of this,
our 7°%! (Figure 2) and its predecessor,'” which used a dif-
ferent arrangement of the constituent modules, are designed
through the elaboration of the modular “fluorophore—spa-
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hv

Figure 2. The molecular AND logic gate 7: principles of operation and truth table.

cer—receptor” format,'  de-
scribed above for 1. This AND
gate is made possible by utilis-
ing two discrete, selective bind-

ing sites that are weakly cou- 0
pled to a fluorophore. In this 8
scheme, thermodynamically

controlled and guest-modulated

PET processes from oxidizable

moieties located at each receptor serve to quench the fluo-
rescence from the excited fluorophore, across inert methyl-
ene spacers. Only if chemical species (Nat and H*) are
present at both receptor; and receptor, are both oxidation
potentials raised, such that the electron transfer is abated.
Then the fluorescence output is restored (output 1), and the
truth table is satisfied. In this implementation, the power
supply was provided by excitation light, while inputs are
chemical (Nat and H") and the output is fluorescence light.
Importantly, the commutative nature of this system is appa-
rent as binding of each guest is truly independent. Such pho-
toionic systems™? can be considered wireless, since the
inputs are directed to the correct receptor of the gate unaid-
ed, while the photons also find their way in and out of the
fluorophore component.

Multi-receptor “fluorophore-spacer-receptor” PET sys-
tems showing AND logic can employ chemical species that
are more complex than atomic ions. Cooper and James
report a system targeting a diol (with a boronic acid) and an
ammonium ion (with an azacrown ether). The end-result is
a selective sensor for glucosamine at physiological pH.**!

Consequently, previously reported cases which can be
switched between different discernible states can be re-ex-
amined in a logic context.’” ! A different example of an
AND logic gate with light and chemical inputs and absorb-
ance/fluorescence output is Balzani and Pina’s 8.4 Dieder-
ich’s work is also related.*” The thermodynamically stable
trans-form 8 is converted to the cis-isomer 9 under irradia-
tion (light input 1). Compound 9 is subsequently cyclized to

578 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

10 in the presence of H*
(chemical input 1). Compound
10 is the absorbing/fluorescent
species (output 1) and cannot
be produced by photoirradia-
tion or H* alone.

Nice examples of all-optical

AND logic gates are now avail-
lnput, Inpui, | Outpui

0
1

0 11 uses pump laser beams of
two colours as the two inputs.
The output is taken as the ab-
sorption of benzenediimide rad-
ical anion monitored at a third
wavelength. Thus the output
employs a negative logic con-
vention, since a high light

OH
g >
= o O
N
; ®
e .
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9

0 1
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H N ! b, able from the groups of Wasie-
0 0 | o lewski, Levine and Zhang.">*!
| o The multi-chromophore system
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n
o N/Oct
(0]
e °
N
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output will have a low absorbance. The aminonaphthalimide
module is pumped (input; 1) to cause PET from it to the
naphthalenediimide. Then the naphthalenediimide radical
anion is pumped (input, 1) to transfer its additional electron
to the benzenediimide via the naphthalimide. All this hap-
pens on the nanosecond timescale. While there is much ele-
gance in this example, we note that only the qualitative
aspect of input-output homogeneity is available here. In
fact, the quantitative aspect is still not easy to achieve as far
as molecular-scale logic is concerned. No wonder, because
the output from a molecular device would then feedback as
the input in the absence of wiring.

Elegance again comes to mind when 12 is considered.
Two-photon fluorescence (TPF) is a well-studied phenome-
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non in 12 and many other compounds. Of course, this phe-
nomenon is not seen if the compound is only able to absorb
one photon at a time, that is, at low irradiation intensities.
Thus the provision of two low-power laser beams (the two
light inputs both held at 1) are necessary for TPF to occur
(output 1), even though the quantum efficiency is quite
small. Evidently, the power levels of the low-power beams
must be selected with care for the AND gate action to be
demonstrable. Now the wavelengths of the two inputs can
be the same, but the output wavelength is necessarily differ-
ent. Thus full input—output homogeneity is not met.

AND logic is only one of the sixteen 2-input logic types
that can be achieved in laser experiments featuring bacterio-
rhodopsin.!*”) The multiple states of this protein that can be
accessed photochemically underpins this achievement.
Again, the wavelengths of inputs and output are not all the
same. The intensities are also deliberately chosen to be dif-
ferent. Nevertheless, this and the other AND gates discussed
above demonstrate substantial versatility of design that has
emerged already.

Some examples of molecules with intrinsic logic capabili-
ties leading to the implementation of some other 2-input
logic gates, which give different output patterns in their
truth tables in response to the same set of input conditions,
are shown in Figure 3.

Another common 2-input logic type, OR, has been pro-
vided recently by Desvergne and Tucker (13; Figure 3a),
whereby the quantum yield of intramolecular photodimeri-
zation (¢) of two anthracene moieties is considered as the
output.”! Quantum yield enhancement originates from the
guest-enforced steric changes upon binding ions (Na*t and
Hg?*) at either or both available sites (the 2,2-bipyridine
site or the flexible oligooxyethylene chains), giving an orien-
tation conducive to photodimerization. Reset is possible in
this instance by ion sequestration followed by irradiation at
a rather short wavelength. Alternative, previously imple-
mented protocols make use of a nonspecific receptor in the
“fluorophore-spacer-receptor” design, whereby different
guests generate the same high fluorescence response. This
ideology, which goes against the flow of normal receptor
design in which the emphasis is placed upon more and more
selective receptors, gives a fluorescent OR gate in which the
number of available input channels are limited only by the
number of guests capable of eliciting similar changes in the
fluorescence quantum yield.[4*)

INHIBIT logic is another type that deserves some atten-
tion because it demonstrates noncommutative behaviour.
This means that one input has the power to disable the
whole system, that is, it holds a veto. Molecules 14 and 15
represent two different approaches using a phosphorescence

Chem. Eur. J. 2004, 10, 574—586 www.chemeurj.org
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Figure 3. Photoactive molecular systems corresponding to a) OR gate 13,
b) 2-input INHIBIT gate 14, c) 3-input INHIBIT gate 15 and d) NAND
gate 16.

output. In a 2-input example, Gunnlaugsson et al. use a lu-
minescent Tb** complex (Figure 3b).*) Molecular oxygen is
one input that quenches the delayed line-like emission,
giving an output 0 regardless of the other inputs. The role of
the second input (H") is to shift the absorption band of 14
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into the range of the excitation light that provides the
power for this device. Luminescence (output 1) is only ob-
served if O, is absent (input 0), in the presence of acid
(input 1). Gunnlaugsson also contributed to a somewhat dif-
ferent 3-input INHIBIT system a year earlier."") Example
15 (Figure 3c) relies on a number of processes to perform its
function and produce bright phosphorescence: 1) a Ca**-ar-
rested PET process from the alkoxyaniline part of the
amino acid based receptor to the excited bromonaphthalene,
2) a P-cyclodextrin-blocked bimolecular triplet-triplet anni-
hilation involving two excited molecules and 3) phosphores-
cence quenching by oxygen. Thus Ca®*, B-cyclodextrin and
O, serve as inputs, with oxygen as the disabling input (as
with 14). A high output is thus only observed with an input
string of 110, respectively. The use of phosphorescent sys-
tems in molecular logic devices opens up the possibility of
operating gates in a controlled sequence. A fluorescent gate
and a phosphorescent gate coexisting in solution can be in-
terrogated at will by two different strategies. The first is
time-resolved observation following pulse excitation, such
that the fluorescent gate responds within nanoseconds and is
lost during the “blind” period of observation. The typically
millisecond duration of the phosphorescence allows it to be
observed without any contamination by the fluorescence
signal. Secondly, the phosphorescent gate can be disabled by
the addition of oxygen so that its output remains silent,
whereas the fluorescent gate loses very little efficiency, espe-
cially if short-lived fluorophores are selected. The construc-
tion of the 3-input gate, as in the case of 15, demonstrates
that at least small-scale integration of simpler gates is possi-
ble within single molecules.

NAND gates have high value in electronics, since multiple
copies of these (as well as NOR gates) can be wired up to
emulate all the other logic types.'”! This advantage is only
available to molecular logic schemes if full input—output ho-
mogeneity is demonstrable. Two systems displaying NAND
gate behaviour have been available for a few years.”"
However, Akkaya and Baytekin’s use of a well-known com-
pound (16) is of particular interest (Figure 3d).** They use
hydrogen-bonding interactions for the first time alongside
luminescence ideas for logic design with small molecules.
Molecule 16 is known to intercalate into adenine(A)-thy-
mine(T) base-pair regions of DNA. In aqueous/organic sol-
vent mixtures they observe binding between the A-T mono-
nucleotide pair and 16, with the binding being signalled by
luminescence spectral changes. Careful choice of emission
wavelength (455 nm) shows significant reduction of lumines-
cence intensity only when both A and T are present, that is,
NAND logic.

Earlier we featured DNA-based catalyst 4 functioning in
a logic capacity.””! Shorter DNA oligomers can also be har-
nessed in a more direct way by using chemical inputs, fluo-
rescence light output and with excitation light as the power
source. This approach by Ghadiri and colleagues can be il-
lustrated by referring to their NAND gate.” This is a
single-stranded 16-mer oligonucleotide decorated at the 3'-
terminus with a carboxyfluorescein moiety (17). The first
input is a complementary 16-mer (18) and the second input
is the common DNA intercaland 19. Excitation of the fluo-
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rescein unit, where 19 does not absorb, gives strong fluores-
cein emission (output 1) when one or both inputs are
absent. When both inputs are applied, 17-18 hybridization
occurs and 19 intercalates into the resulting duplex at a posi-
tion not far from the fluorescein moiety. An efficient EET
then occurs from the fluorescein unit to 19. So the fluores-
cein emission is quenched (output 0). Oligonucleotide 17 is
quite versatile, since it displays different logic types such as
AND and 3-input INHIBIT when different inputs are
chosen (see reconfigurable gates in the next section).

XOR logic is valuable as a means of comparing the logic
state of two signals. As a result of the Stoddart-Balzani col-
laboration, [2]pseudorotaxanes have been persuaded to par-
ticipate in this type of molecular logic. Threading/dethread-
ing processes of a macrocyclic host (e.g., naphthocrown
ether 20) and linear guest (e.g., diazapyrenium dication 21)
complex can be influenced by chemical, electrochemical
and/or photochemical stimuli with an accompanying recog-
nizable signal.’! Figure 4 shows a molecular XOR logic
gate based on a [2]pseudorotaxane using chemical inputs
(acid and base) and a fluorescence output signal from the
2,3-dialkoxynaphthalene moiety. In the presence of acid or
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Lo o) Q 0 1 ‘ 1
10 ‘ 1
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[20-21] ‘
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21 + [20-HJ [20-217* 20 + [21-(BuyN), >
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Figure 4. XOR logic with an artificial molecular machine 20-21.
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base the complex threading is not permitted and an output 1
is obtained in the form of emission at 343 nm. In neutral sol-
ution (i.e., either no acid or base, or both added simultane-
ously in stoichiometric amounts) the non-emissive 1:1 com-
plex forms and an output 0 is obtained. Other molecular-
machine-based implementations include a XNOR gate with
electrochemical inputs and optical absorption as output.’®
Balzani and Pina’s 81 can also be nicely persuaded to
show XOR logic behaviour when it is combined with
[Co(CN)]>". The two inputs are ultraviolet light doses,
whereas the output is the optical property of 10. In the
hands of these authors, some principles from the field of ar-
tificial intelligence are also displayed by 8.

A more recent, but more general approach to XOR gate
molecules will be discussed later in a later section on
number processing.

Structurally simple 124 shows another logical face (see
next section). While two-photon fluorescence (TPF) confer-
red the AND logic property upon 12, conventional one-
photon fluorescence output fits XOR behaviour. Either of
the two low-power laser beams (either input 1) produces
normal fluorescence emission (output 1). Of course, no
emission results (output 0) if both laser beams are switched
off (both inputs 0). When both laser beams are switched on
(both inputs 1), TPF is produced at the expense of normal
fluorescence that is under observation (output 0). Careful
selection of conditions will probably be needed for a good
demonstration of the XOR truth table.

Reconfigurable and Superposed Molecular Logic

The examples highlighted above serve as representatives for
some of the important logic expressions that have suc-
cumbed to implementation at the molecular scale. While
each species was attributed one specific logic label, in cer-
tain circumstances one can change the coding involved to
define different logic expressions from the same molecule,
that is, reconfigurable logic. For example, a convenient
method to change the logic expression for molecular logic
gates with an optical expression is to monitor the gate at a
different wavelength when significant input-induced spectral
shifts are present—in other words, wavelength-reconfigura-
ble logic. For example, system 16 was presented as a NAND
gate when the output is taken at 455 nm.’¥ However, con-
sidering the output at 411.5 nm the TRANSFER logic truth
table is satisfied. This gives an output 1 if we have input; as
1 for either value of input,. TRANSFER logic is equivalent
to a YES (referring to input,), whereby input, is not in-
volved with the output. A simpler 1-input YES logic gate
whose receptor accepts input, and refuses input, should also
produce the same logical result.

Reconfiguring of molecular logic gates can equally be
achieved by considering different types of output. A photo-
ionic system 22 presented by Rurack et al. has four states
(due to two different binding sites coupled to a chromo-
phore/fluorophore) that are distinguishable by means of ab-
sorption and emission maxima as well as emission quantum
yield and lifetime.””! Therefore this species defies classifica-
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tion until operating conditions are restricted. For instance, if
the absorbance at 440 nm is taken as the output a NAND
logic classification can be attributed. If emission is taken as
the output a 2-input INHIBIT gate is obtained.

Different types of input can also be a means of reconfi-
guring gates. This was briefly mentioned concerning Ghadi-
ri’s 17°% in the previous section. While proteins have been
viewed as logic gates for some time,”® Konermann now
shows that cytochrome c is a logic gate that is reversibly re-
configurable by choosing different input sets.®” In its native
state cytochrome ¢ has quenched fluorescence (output 0),
since the tryptophan fluorophore is held close to the heme
quencher unit. Chemical denaturants (the inputs) unfold the
protein so that the tryptophan fluorophore is able to dis-
tance itself from the heme unit and thus emit strongly
(output 1). For instance, when H* and OH™ are employed
as the two inputs individually, the fluorescence output be-
comes 1. When both are simultaneously applied in stoichio-
metric amounts, they annihilate one another to give no nett
effect, that is, the protein remains in its native poorly fluo-
rescent state (output 0). This is XOR logic. We mentioned a
similar annihilation strategy concerning 20--21 complex"!
for the same end result. Cytochrome ¢ can now be reconfig-
ured to produce AND logic by changing the inputs to urea
and H™*, but at carefully selected low concentrations such
that both must be present simultaneously if denaturing is to
occur and the fluorescence is to shine out. It is important to
note that removal of the inputs by dialysis returns the pro-
tein to its native form.

An earlier approach towards this goal comes from Pina,
Garcia-Espana and colleagues who introduced pH-control-
led reconfiguring of logic behaviour of an anthrylmethyl-
polyamine PET system 23.° Like many anthrylmethyla-
mines,® 23 begins to switch off its fluorescence at basic pH

23

values around pH 7 in this case. Co-existence of quencher d-
block ions in this solution causes switch off to begin at
lower pH values, near pH 4 in the case of Ni** and near
pH 3 for the more avidly bound Cu?*. Then at pH 7, either
Cu** or Ni** or both would cause fluorescence quenching
(output 0), that is, NOR logic. At pH 4.5, however, Cu®*
alone achieves output 0, whereas Ni’* has no effect. This is

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 581



www.chemeurj.org



CONCEPTS

A.P. de Silva and N. D. McClenaghan

a NOT logic operation on the Cu** input only. This paper
also has nice examples of logic being reconfigured by chang-
ing the inputs to other metal ions.

Reconfiguring of logic in the semiconductor electronics
field is conducted by physically destroying particular con-
nections in gate arrays,'” though field-programmable ver-
sions are gaining in popularity.®” Irreversibly reconfigurable
molecular electronics systems based on rotaxane-like ma-
chines are now available from the Heath—Stoddart collabo-
ration in which the gate itself, rather than the connection, is
destroyed by altering the applied voltage.F™

An extension of the concept of wavelength-reconfigurable
logic leads us to the idea of superposition of logic gates.*’]
This facet afforded by certain photo-active compounds such
as 24, and which is unattainable with solid-state electronic

0
oo o—/g
Q
¥e
24

versions, relies on the ability of molecules to exploit the in-
herent multi-channel nature of polychromatic light to obtain
different, simultaneous logic expressions from the same spe-
cies. Indeed, while only sequential electrical signals can
travel along a wire, multiple optical signals can travel along
a fibre optic cable, which is the basis for modern communi-
cation networks. An interesting comparison can be made
with quantum computation, whereby simultaneous occur-
rence (or superposition) of strings of input bits is impor-
tant.*) However, while quantum computers are thought to
operate simultaneously on all possible combinations of a
quantum bit (qubit) string, these seemingly simple mole-
cules show superposition of logic gates.

As mentioned previously, the simplest 1-input gates YES,
NOT, PASS 0 and PASS 1. All of these four are demonstra-
ble with a non-modular “chromophore-receptor” system
24! by using a chemical input (H*) and a light transmit-
tance output at carefully chosen wavelengths, because of the
large H*-induced displacement of the absorption band.
These four wavelengths can be observed simultaneously. Al-
though transmittance output is a less sensitive means of mo-
lecular detection than fluorescence, modulation techniques
can approach the single-molecule regime.* It is notable
that 24 is by no means the only compound to have the fea-
ture of superposed logic. Almost any chemically-perturbed
dye, such as a simple pH indicator,® will share this proper-
ty. The larger the chemically induced spectral shift, the
better. Example 16" shows aspects of this as well.
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Integrated Molecular Logic

The construction of integrated molecular logic gates faces
considerable hurdles, so it is good to be able to report sub-
stantial progress. In 1999 very small scale functional integra-
tion of logic operations was achieved through rational
design without physical integration of simpler gate mole-
cules.”™ This last option still remains difficult for single-mol-
ecule studies. As an example of functional integration, in
the framework of Boolean algebra, NOR logic can be delib-
erately targeted in a photoionic system in the following way.
NOT logic implies chemical-induced luminescence quench-
ing and OR logic suggests nonselective luminescence en-
hancement. NOT-OR logic therefore requires nonselective
luminescence quenching induced by two chemical species.
This is illustrated in Figure 5a with 25, in which the 1,3-
diaryl-A%-pyrazoline fluorescence is quenched by H* (when
the imine nitrogen lone electron pair interacts with hydro-
gen centres'®”’) or Hg?* (due to population of a nonemissive
ligand-to-metal charge-transfer state®!) guests. In the same
vein of combinational logic, NAND is equivalent to a NOT
gate working on an AND output; while an INHIBIT func-
tion is equivalent to the output of a NOT gate serving as an
input to an AND gate. Thus these and several other basic
examples of functional integration can be obtained. Other
recent examples of small-scale integration include the ena-
bled OR, whereby the output of an OR gate serves as an
input for an AND gate ! and the integration of XOR and
OR gates®IThe 3-input systems can also produce truth
tables that can be analyzed by rules of combinational
logic'™ in terms of arrays of simpler 2-input AND, 2-input
OR and 1-input NOT gates. For instance, Dabestani, Ji and
co-workers built on the structural and mechanistic operation
of AND gate 7 by replacing the simple tertiary amine group
with an azacrown ether, which is responsive to K* in addi-
tion to H*. A calixarene was used in place of the benzo-
crown ether to host a Cs*." In acid media, Cs* causes fluo-
rescence enhancement of 26, while K* has no effect. In
basic media, K* causes fluorescence enhancement while
Cs* has no effect. These observations can be recast into a
truth table format illustrating how this simple elaboration
makes possible a 4-gate, 8-wire array featuring two 2-input
AND gates, a 2-input OR gate and a 1-input NOT gate (Fig-
ure 5b). An analogous case involving Na* instead of Cs*
also available.["!

Raymo and Giordani report another 3-input approach to
equally complex logic arrays. Their systems rely on the well-
known spiropyran photochromic 2,?* showing an additional
state 27 in the presence of H*." This important discovery
is shown in Figure 5c.”¥ Absorption of ultraviolet light
changes 2 to the coloured merocyanine form 3, the protona-
tion of which to give 27 changes the colour again. The three
inputs are thus ultraviolet light, visible light and H*. Two
outputs can be monitored, namely the absorption band of 27
at 401 nm (output,) and the absorption band of 3 at 563 nm
(output,). A logic array can thus be generated in which sev-
eral simpler logic gates, including 2-input AND, 2-input OR
and 1-input NOT, are necessary to reproduce the functions
performed by a single-molecular system. The size of the
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Figure 5. Molecular logic gates showing functional integration: a) 25, b) 26 and c) the set 2, 3 and 27.

gate array originally published” has been subsequently re-
vised downwards.”Y Nevertheless, this system demonstrates
integration as well as wavelength-reconfigurability.

The controllable composition of the system of 2, 3 and 27,
each with its distinct absorption spectrum allows its combi-
nation with an external fluorophore 28.7°! The characteristic
fluorescence spectrum emitted from the latter is sent
through the system 2/3/27, so the 3-state system effectively
serves as a custom light filter. This therefore represents the
concatenation of a fluorophore (interpretable as a PASS 1
logic gate), through its fluorescence output, with the 3-state
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fluorophores. The simultaneous
use of several fluorophores in
the same solution”" can allow
progress towards another nice
case of superposed logic.””)
Raymo and Giordani’s cou-
pling of the fluorescence output
of a fluorophore to the absorp-
tion capabilities of another mol-
ecule employs the EET mecha-
nism of emission-reabsorp-
tion,”>™ which dominates at
large distances of separation
between the two species, from
10nm to astronomical scales.
0, Dipole-dipole or Forster trans-
fer takes over as the main EET
mechanism at molecular-scale
distances of approximately
5nm. Remacle, Levine and
Speiser™®! exploit this to couple
12 to 30. In this instance, both
12 and 30 are equally complex
logic arrays made up of XOR
and AND gates. So the result
of the concatenation is signifi-
cantly more complex logically.
Since the XOR function can be
represented as a set of two 2-
input AND, one 2-input OR
and two 1-input NOT gates,'” the final array possesses six
2-input AND, two 2-input OR and four 1-input NOT logic

28

—_—_—o—=OoO = OO
—_———0 = O o0
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30

modules—the largest scale irreducible integration that we
are aware of on the molecular scale.

Just as the light output from one gate can serve as the
input of a second gate, chemical species can also serve to
link molecular logic units. Chemical signal transfer is likely
to be rather versatile because 1) EET usually runs downhill,
thus limiting the number of possible concatenations of
photo-driven molecular devices; 2) chemical messengers
control entire cascades of biochemical reactions and 3) the
large diversity of chemical species permits unique links be-
tween chosen gate pairs within large sets. Stojanovic and
colleagues®®” consider this possibility with various oligonu-
cleotides as the transfer agents. Raymo and Giordanil™
consider H™ as the transfer agent, so that variety is lost but
interesting logic integrations are possible.

Logic systems driven by up to five inputs are available in
some delightful work from Szacilowski and Stasicka””! on
the equilibrium reaction of thiols with a text-book metal
complex [Fe(CN);NOJ*". Though it must be noted that
some of these are irreversible transformations. The nitro-
prusside ion is known to first-year undergraduates as a
colour test for sulfide. So the absorbance at a chosen wave-
length in the visible region (526 nm) is the output. Szacilow-
ski and Stasicka now find this reaction is controllable by
several variables such as thiol, protons, light, metal and
other cations and anions as well as temperature and pres-
sure. The last two physical properties produce moderate and
gradual absorbance changes rather than the sharp sigmoidal
changes that are suited to switching action. Nevertheless,
this is a nice use of physical properties in a logical context.
All these variables are nicely used as the logical inputs to
result in some rather complex molecular-scale logic integra-
tions with such a simple compound. Several examples of re-
configurable logic as well as some analogue computing illus-
trations are included.

Molecular Number Processing

Parallel operation of molecular logic gates can achieve a
universally recognisable form of elementary computation,
that is, arithmetic. Primary arithmetic operations, which
herald an entry to numeracy for humans, require the addi-
tion of simple integers. In the simplest cases this corre-
sponds to the sums: 0+0=0, 0+1=1 (or 1+0=1) and 1+
1=2 (or a binary “10”). To achieve the addition of binary
numbers, in an analogous fashion to solid-state devices, re-
quires the implementation of a molecular half-adder. This
can be achieved through combination of two compatible
logic gates (XOR and AND), whose outputs code for the
SUM and CARRY digits, respectively (see Figure 6). Com-
patibility in the present instance concerns chemical inputs,
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Figure 6. Arithmetic with molecules through parallel operation of XOR
(31) and AND (32) gates.

optical outputs and power supplies, with minimal inter-gate
interference.” Light is the output from both types of gate,
transmitted light for XOR gate (31) and fluorescence from
AND gate (32), which operates on the same principles as 7,
but uniquely with inputs Ca** and H*. Molecule 31 acts as
an XOR gate due the input-dependent perturbations on the
energy of the Franck—-Condon excited state, which is mani-
fested in a significant displacement of the absorption band
in the presence of only one high input. This approach to
XOR logic promises to be rather general, as well as being
free of inter-input annihilation as used in 20-21." When
two ion inputs are present, the antagonistic effects (destabi-
lization with Ca’*, and stabilization with HT) effectively
cancel each other out making the absorption (and transmit-
tance) properties at 390 nm the same as the ion-free case,
while with only one high input the shifted absorption band
results in a much smaller absorbance (and hence high trans-
mittance value) at this wavelength. The first bit of the two-
bit number “output,output,” comes from the bright fluores-
cence output from 32, which is observed only in the pres-
ence of two high inputs. Thus the truth table shown in
Figure 6 is satisfied. Therefore, by operating two carefully
designed molecules in parallel, rudimentary arithmetic is
performed on two binary numbers. Molecules have per-
formed related acts of computation inside our brains. Now it
happens outside too, with small molecules at that. It is nota-
ble that larger DNA-type oligonucleotides can also be per-
suaded to be numerate, even concerning larger numbers.”

Remacle, Levine and Speiser’s 12 and 30"/ can potential-
ly perform molecular number operations more complex
than those achieved by our half-adder system of 31 and 32,
when certain technical issues are overcome. In fact, both 12
and 30 are half-adders in their own right according their in-
tegrated logic arrays described in the previous section. The
one-photon fluorescence emission of 12 (which is the first
XOR output) can feed 30 as mentioned there. Another light
input is needed to pump 30, but this is easily supplied. How-
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ever, a separate OR gate is needed to collect the outputs
from the AND outputs of 12 and 30, so that a full-adder is
created. We await further work from these authors on this
front.

Outlook

In ten short years, molecular-scale logic has gone from its
identification through to rudimentary demonstrations of mo-
lecular numeracy. Nevertheless, many issues have to be sat-
isfactorily addressed if progress is to be made in line with
computer tradition. Perhaps most importantly, issues of
component integration have to be further addressed. Small-
scale functional integration is available. Physical integration
with photonic or chemical links has already led to somewhat
larger-scale logic arrays. So we believe there is movement in
this direction. However, we must not forget that other direc-
tions also beckon. Applying synthetic molecular logic in the
biological world is one such. Identification of logic opera-
tions in oligonucleotides and proteins are reminders of this
opportunity. Adaptation of logic switches for use in ana-
logue regimes as sensors”'” will be another growth area.
Given all this activity, the second decade of molecular-scale
logic awaits new adventurers.
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Macrocyclic Glycoclusters: From Amphiphiles through Nanoparticles to
Glycoviruses

Yasuhiro Aoyama*!?!
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Abstract: Macrocyclic glycocluster amphiphiles are in-
tended to be a covalent-bundle mimic of clustering gly-
colipid motifs on the cell membrane. They are irreversi-
bly micellized to give glycocluster nanoparticles
(GNPs); their masked hydrophobicity endows them
with remarkable saccharide specificities in the interac-
tions with biological saccharide receptors. The GNPs
also exhibit unprecedented hydrogen-bond capacities;
they are agglutinated with Na,HPO, and assembled on
plasmid DNA in a number-, size-, and shape-controlled
manner to give artificial glycoviral particles capable of
transfection. Thus, the intrinsic function of viruses, that
is, cell invasion followed by gene expression, is also in-
trinsic to size-regulated (~50 nm) glycoviruses. The
growth of glycocluster amphiphiles through nanoparti-
cles to glycoviruses reveals a hierarchical adhesion con-
trol of the saccharide clusters.

Keywords: artificial viruses - gene delivery - macrocyclic
glycoclusters - nanostructures - self-assembly
\& J

Glycolipid Bundles:"" An Introduction

Nucleic acids and proteins store information in one-dimen-
sional polynucleotide or polypeptide chains, which form
well-defined hydrogen-bond motifs such as Watson—Click
base-pairs, o-helices, and (3-sheets. Saccharides are also in-
formational biomolecules, playing important roles in a varie-
ty of cellular communications.”? They occur not as one-di-
mensional polysaccharides but as clustering oligosaccharides
on the cell surface. The so-called cluster effects? refer to
the multivalency of biological saccharide-receptor interac-
tions and have been a subject of considerable studies using
artificial multiantennary saccharide derivatives such as poly-
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Graduate School of Engineering, Kyoto University
Katsura, Nishikyo-ku, Kyoto 615-8510 (Japan)
Fax: (+81)75-383-2767
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mers/dendrimers and various types of assemblages.*" We,
on the other hand, were concerned about characterizable
unimolecular glycoclusters with minimized conformational/
diffusional freedom. With clustering sphingoglycolipids in
cell membranes in mind, we wanted to construct glycolipid-
bundle structures by covalently tying up several glycolipid-
like molecules in a cyclic array.!! This is how the work on
macrocyclic glycoclusters started. We took advantage of the
tailed calix[4]resorcarene framework 1 readily obtained by
the condensation of resorcinol and dodecanal.” The reac-
tions of macrocyclic octaamine 2! with a lactone derivative
of maltose, cellobiose, or lactose afford glycolipid-bundle
compounds 1a (8Mal), 1b (8Cel), or 1¢ (8Lac) with four
long-alkyl (undecyl) chains and eight oligosaccharide moiet-
ies with terminal a-glucose, P-glucose, or B-galactose resi-
dues, respectively, in the opposite sides of the macrocycle
(Figure 1).”). They are monodispersed (molecular weight,
4172) and unimolecularly form a glycocluster motif com-
posed of a definite number of saccharide moieties in a well-
defined geometry. The object of our efforts in this area in
the last several years is to develop some key concepts to
answer the simple question of how saccharides can be adhe-
sive in water.

Undissociable Micelles: Stabilization of
Glycocluster Nanoparticles via Lateral
Inter(saccharide) Interactions'

Amphiphile 1 with a cone shape (Figure 1) forms in water
micellar aggregates, hereafter called glycocluster nanoparti-
cles (GNPs), having an aggregation number of ~6 and a
DLS (dynamic light scattering) size of 4-5nm (Scheme 1,
step a).l'”) What is surprising is their unusual stability. As re-
vealed by the lack of surface activity, they do not dissociate
into monomers. In other words, the present micellization is
irreversible. They are characterizable by means of GPC
(gel-permeation chromatography) as well as TEM (transmis-
sion electron microscopy) and are readily immobilized upon
phosphate coating (see below). Micelles, in contrast to vesi-
cles, do not usually retain integrity as such under GPC con-
ditions and are too dynamic to be frozen.
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Figure 1. Structures of macrocyclic glycocluster amphiphiles 1a (8Mal), 1b (8Cel), and 1¢ (8 Lac) and a space-
filling illustration in the folded conformation (reproduced after modification with permission from ref. [9]).
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Scheme 1. Hierarchical growth of glycocluster amphiphile through nanoparticle (GNP) to glycovirus and its
aggregates (reproduced after modification with permission from ref. [9]). Phosphate-induced agglutination of

GNPs is also shown.

We believe that the unprecedented stabilization of the
present GNP comes from lateral or side-by-side inter(sac-
charide) interactions (hydrogen bonding), which fix hydro-
phobically associated and hence otherwise labile micelles.!!
In support of this, saccharide-free octaamine precursor 2 as
octaammonium salt 2-8(HCI) exhibits no such unusual sta-
bility. A rough surface-area calculation suggests that the
glycocluster part of amphiphile 1 in GNP takes an unfolded
conformation suitable for intermolecular entangling of the
saccharide chains. Collaboration of hydrophobic (stacking)
association in the core and multiple hydrogen bonding on
the surface is a common aspect of DNA duplex formation
and protein folding. This may also be the case in the present
GNP immobilization. In this context, it is important to note
that there is no indication of front-to-front inter(saccharide)
interactions that would lead to self-aggregation of GNPs.

590 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Masked Hydrophobicity:
Saccharide-Directed Cell

H OH T
AN g I Recognition
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~OH “OH Oligosaccharides play impor-
i : ?H OH tant roles in various cellular ac-

tivities as signals, targets of bac-
terial/viral infection, and glues
in cell adhesion,” where the
saccharide-receptor interac-
tions are often specific. This
specificity suggests a potential
utility of synthetic multivalent
saccharide derivatives as carri-
ers of directed drug/gene deliv-
ery and blockers/inhibitors of
undesired saccharide-receptor
interactions. A problem here is
nonspecific adsorption which is
hydrophobic in origin and is
thus promoted by the residual
hydrophobicity shown by syn-
thetic compounds even when
highly  saccharide-substituted.
We need to completely mask
the hydrophobicity. The present
GNP provides a good model to
test the idea of saccharide spe-
Q cificity enhancement upon hy-
L

~OH ~OH

I drophobicity masking. The re-

Ce
sults are remarkable.'"') An il-
Q"Q lustration is directed molecular
delivery to the hepatic cells
= which have receptors for the
terminal galactose residues of
asialoglycoproteins.'”
Mal In spite of the presence of
four long alkyl chains, amphi-
phile 1 is highly hydrophilic and
practically miscible with water
(solubility, >1gmL™). This is
because the hydrophobicity of 1
is buried or masked in the core
of GNP upon irreversible micellization, the glycocluster part
of 1 being thereby rendered unfolded (see above) to give an
open aromatic cavity capable of guest binding. The octa(glu-
cose) and octa(galactose) compounds 8Mal (1a) and 8Lac
(1c¢) in water indeed form stable 1:1 complexes with a varie-
ty of guest molecules;® the binding constants for phloxine B
are reasonably similar for 1a (2.0x10°m™") and 1¢ (2.1x10°
M) at 25°C." With masked hydrophobicity to inhibit non-
specific adsorption, the identity of the saccharide moieties
becomes the governing factor; the galactose (1¢) undergoes
specific saccharide-receptor interactions with the hepatic
cells, while the glucose (1a) is completely rejected by the
cells. The guest molecules included are thereby either deliv-
ered to the target cells or protected in solution away from
the cells.'”! Lectin binding is another example.''l The glu-

cose and galactose compounds 1a and 1c are specifically

Seled
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bound to concanavalin A (glucose- and mannose-binding)
and peanut lectin (galactose-binding), respectively. There is
NO Crossover.

Sticky Saccharides: Marriage of Sugar and Salt to
Escape from Otherwise Favorable Hydration
Prisons! 121!

An important yet largely unexplored area of molecular rec-
ognition is effective complexation driven by hydrogen bond-
ing in highly competitive water as a medium. Owing to their
highly hydrophilic nature, saccharides may be regarded as
one of the least potential hydrogen-bond makers in water.
At the same time, a glance at the structures of amylose and
cellulose immediately reveals a hydrogen-bonding potency
of saccharides having oligomeric/polymeric nature. The ex-
panded glycolcuster platform immobilized in GNP or on a
hydrophobized sensor chip of SPR (surface plasmon reso-
nance) may provide a chance to challenge hydrogen-bond
capacity of saccharides in water.!"

The effective and irreversible adsorption of compound 1a
from an aqueous solution onto a polar solid surface such as
quartz provides an early indication of the characteristic fea-
ture of 1a as a polar adsorbate in water."?! Subsequent work
reveals that 1a and, in a more pronounced manner, its
higher (longer saccharide) homologue are co-precipitated
with sodium phosphate in water.'”! Sugar and salt are two
typical classes of highly water-soluble materials. Here, how-
ever, a water-miscible sugar 1a and a highly water-soluble
salt Na,HPO, get married in order to escape from their oth-
erwise favorable hydration shells. As far as conventional
analyses are concerned, the present complexation can be ex-
pressed in terms of sugar-to-phosphate hydrogen bonding.['¥]
TEM, on the other hand, clearly shows that this is HPO,* -
induced agglutination or cross-linking of GNPs with the
phosphate ions (H-acceptors) as a glue and the oligosacchar-
ide chains of GNP (H-donors) as a tab for sticking
(Scheme 1, step b).l! The TEM observation of gathering
GNPs for a sonicated solution of 1a and Na,HPO, again
confirms the unusual stability of the saccharide-coated
GNPs.!'l

Artificial Glycoviruses: Size-Controlled Gene
Coating with Glycocluster Nanoparticles™'¥!

The facile phosphate complexation of GNP suggests its ap-
plication as a new type of DNA binders, especially gene car-
riers or vectors. Viral vectors have been used in therapeutic
trials of gene delivery. Non-viral vectors have so far been
exclusively amine-based cationic polymers/dendrimers and
lipids."™™! As polycations, they readily bind to polyanionic
DNA and also provide an electrostatic driving force for ad-
sorption on the negatively charged cell surface. At the same
time, the ease of polycation—polyanion complexation ob-
scures the stoichiometry thereof. More accurately, polyca-
tion—polyanion (vector-DNA) complexation occurs at vari-
ous ratios and is susceptible to crosslink and further hydro-

Chem. Eur. J. 2004, 10, 588—-593 www.chemeurj.org

phobic aggregation upon charge neutralization, giving rise
to polymolecular (with respect to DNA) and huge particles
whole size-restricted poor diffusion severely limits their in
vivo utility. Endocytosis by which these particles are taken
in the cells is also size-controlled.® Viruses contain a single
genetic (DNA or RNA) molecule which is coated with
many but a very definite number of proteins in a compact
viral size (20-100 nm in typical cases). In this context, artifi-
cial viruses should be monomolecular, should exhibit a de-
finable stoichiometry, and should be of a viral size. These re-
quirements may be met only when the resulting virus, if it
forms, is completely free from aggregation. The hydrophobic
and electrostatic forces are major complexation drivers in
aqueous media. The coating material of artificial virus must
be uncharged and least hydrophobic. A potential candidate
is saccharides, especially the present neutral GNP with
masked hydrophobicity, which fortunately possesses a strik-
ing phosphate-complexation ability.

The complexation of 7040 bp (base pair) plasmid DNA
pCMVlus, having a reporter gene for a firefly protein luci-
ferase, with GNP occurs in a number-, size-, and shape-con-
trolled manner with a saturation stoichiometry of two GNPs
(4-5nm) per helical pitch (10 bp) with a pitch length of
3.4 nm (Scheme 1, step ¢).'¥ A plausible mode of binding is
to place two GNPs in each pitch along the major groove at
north and south or east and west pitch by pitch (Scheme 1),
thus allowing maximal sugar-phosphate hydrogen bonding
and minimal steric interference. When GNPs are derived
from octa(B-glucose) compound 8Cel (1b), the resulting
mononuclear complex pCMVluc:(~1400)GNP (Cel-virus)
with a surface (zeta) potential of ~0 mV undergoes compac-
tion into a viral (~50 nm) size (DLS), as also confirmed by
transmission electron microscopy (Figure 2b) whose charac-
teristic fine structure (Figure 2e) is indeed indicative of
dense GNP-coating of the surface.’'¥l The monomoleculari-
ty, stoichiometry, and size criteria for artificial viruses are
thus met but this is only when we use 8Cel (1b) as a glyco-
cluster. Complexation of pCMVluc with 8Mal (1a) or 8Lac
(1¢) with terminal a-glucose and (-galactose residues, re-
spectively, occurs in a similar manner to give respective gly-
coviruses, which, however, are more or less aggregated, as
shown in their TEM images (Figure 2a and d for Mal-virus
and Figure 2c and f for Lac-virus).”) Thus, the aggregation
tendencies increase in the order Cel <Lac<Mal or p-glu-
cose < f-galactose < a-glucose (Scheme 1, step d). Whatever
the detailed structural background may be, the present re-
sults indicate that an alteration in stereochemistry of a
single glycosidic linkage (Mal vs Cel) or a single OH group
on a pyranose ring (Mal vs Lac) can result in a drastic
change in the adhesion properties of glycoclusters.

Transfectious Glycoviruses: Remarkably Size-
Regulated Cell Invasion by Artificial Viruses'

The efficiency of gene delivery using cationic vectors de-
pends on particle size and surface charge. In targeted gene
delivery, the presence of particular ligands (galactose for
hepatic cells as an example) is essential. A problem is that
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specific receptor pathway is still
under strict size control."” For
better hepatocyte targeting, the
galactose-cluster motifs have to
be manipulated to meet the two
requirements of maximal glyco-
virus-receptor interaction and
minimal glycoviral aggregation.
We also need a deeper insight
into what the driving force of
aggregation is and how it is af-
fected by the nature, especially
the stereochemistry, of saccha-
rides involved. The most puz-
zling question raised is why a-
glucose (Mal) is highly aggre-
gating while B-glucose (Cel) is
not at all.

100 nm
docs = 207 nm
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Figure 2. Negative staining TEM (transmission electron microscopic) images of 8Mal (a and d), 8Cel (b and

e), and 8 Lac (c and f) complexes (glycoviruses) of pCMVluc with enlargement of a particle in panel d-f (re-

produced after modification with permission from ref. [9]).

the size, charge, and ligand factors are interdependent with
each other in such a way as an alteration in charge results in
that in size and an introduction of saccharide moieties
changes the charge. In addition, these indexes can also
change as the vector/DNA ratios change. The rigorous cor-
relation of transfection efficacy with any particular factor
must be a formidable task. The present glycoviruses are neu-
tral, being primarily free from charge effects, and exhibit a
saturation size, where we can expect a straightforward size—
efficacy correlation.

They are indeed transfectious. The transfection efficien-
cies, as obtained by chemiluminescence assay of luciferase
expressed in Hela cells, show a semilogarithmic linear corre-
lation (with a negative slope) with the mean DLS sizes of
the glycoviruses (Figure 3a).) In this correlation are includ-
ed the data for those derived from partially saccharide-func-
tionalized glycocluster amphiphiles 5Mal, 5Cel, and SLac
having approximately five saccharide (maltose, cellobiose,
or lactose) moieties. Clearly, only monomeric Cel-viruses
having an endocytosis-feasible, compact (~50 nm) viral
sizel'! possesses a substantial transfection ability and those
of aggregating Mal- and Lac-viruses may reflect the frac-
tions of monomeric states in glycoviral aggregation equili-
bria.

The size—activity correlation for hepatic cells HepG2 is
shown in Figure 3b.”) There are two important factors. One
is the size factor. The activities of receptor-inert Mal- and
Lac-viruses are size-controlled in a similar manner as above
for the Hela cells. The other important factor is the recep-
tor. Those of Lac-viruses are higher by a factor of ~10?
(shown by a bar in Figure 3b) than expected on the size
basis, owing to their receptor-mediated endocytosis. Howev-
er, they are aggregated and their transfection is size-de-
pressed. The otherwise significant receptor advantage (~10%)
is mostly canceled by the size factor. In other words, the

592 — © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Hierarchical Adhesion
Control: Concluding
Remarks

In this paper is described the hierarchical growth of glyco-
cluster amphiphiles through nanoparticles to glycoviruses,
where a remarkably manipulated adhesion performance of
saccharides is noted. Inter(saccharide) interactions are
strong enough to immobilize otherwise labile glycomicelles
into nanoparticles (GNPs) but not so strong as to induce
self-aggregation of GNPs. Nevertheless, GNPs aligned on
the DNA template are compactly packed into glycoviruses
which then undergo saccharide-dependent aggregation. The
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Figure 3. Size dependency of the transfection efficiencies for a) Hela cells
and b) hepatic HepG2 cells with a fixed amount (0.6 pg or 4.5 um P) of
pCMVluc at 8Gly/P = 5Gly/P = 2.0 (Gly=Mal, Cel, or Lac and P
stands for a base or phosphate moiety of pCMVluc). Luciferase expres-
sion efficiencies (E, in arbitrary unit) as a function of mean DLS sizes of

the glycoviral particles (reproduced after modification with permission
from ref. [9].
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apparently fuzzy nature of the saccharides might be better
interpreted by suggesting that they become adhesive when
and where needed. The essential involvement of anionic
(sulfated or carboxylated) saccharides in glycosaminoglycans
in extracellular matrices is interesting in view of the strong
anion-saccharide (phosphate—glycocluster) interactions re-
vealed here.

Hierarchy is a common aspect of biological structures.
There are many examples of number-, size-, and shape-con-
trolled macromolecular associations in biology, from protein
subunit associations through viruses, ribosomes, fibrils up to
cells and organs. Abiological supramolecular assemblies, on
the other hand, have so far been mostly concerned with
small convergent systems of the host—guest type or infinite
divergent systems such as crystals, gels, and surfaces. What
remains to be challenged is finite divergent associations with
number, size, and shape control as a nano(bio)technological
tool to construct functional nanometric or mesoscopic devi-
ces, the bottom-up or template-and-ball approach to artifi-
cial viruses being an example. This fascinating area will
grow keeping in touch with such topics as number and size
control in supramolecular oligomerization,™ finite macro-
molecular association,'” topologically programmed multi-
molecular metal coordination, and hierarchical self-assem-
bly.2!

Acknowledgement

This work was supported by RFTF of Japan Society for the Promotion of
Science (JSPS), by Grant-in-Aids for COE Research (no. 08CE2005),
21 st COE on Kyoto University Alliance for Chemistry, and Scientific
Research (no. 13490021) from the Ministry of Education, Culture, Sports,
Science, and Technology, Japan, and also by CREST of Japan Science
and Technology Corporation (JST). The author deeply thanks his collab-
orators whose names appear in the literatures cited.

[1] O. Hayashida, K. Mizuki, K. Akagi, A. Matsuo, T. Kanamori, T.
Nakai, S. Sando, Y. Aoyama, J. Am. Chem. Soc. 2003, 125, 594.

[2] a) J. Roth, Chem. Rev. 2002, 102, 285; b) C. E. Ritchie, B. E. Moffat,
R. B. Sim, B. P. Morgan, R. A. Dwek, P. M. Rudd, Chem. Rev. 2002,
102, 305; c) N. E. Zachara, G. W. Hart, Chem. Rev. 2002, 102, 431.

[3] a) Y. C. Lee, R. T. Lee, Acc. Chem. Res. 1995, 28, 321; b) N. Rocken-
dorf, T.K. Lindhorst, Top. Curr. Chem. 2001, 217, 201; c) D. A.
Fulton, J. F. Stoddart, Bioconjugate Chem. 2001, 12, 655; d) W. B.
Turnbull, J. F. Stoddart, Rev. Mol. Biotechnol. 2002, 90, 231; ) J. J.
Lundquist, E. J. Toone, Chem. Rev. 2002, 102, 555; f) M. J. Cloning-

er, Curr. Opin. Chem. Biol. 2002, 6, 742; g) C. O. Mellet, J. Defaye,
J. M. G. Fernandez, Chem. Eur. J. 2002, 8, 1982.

[4] a) C. R. Bertozzi, L. L. Kiessling, Science 2001, 291, 2357; b) J. E.
Gestwicki, L. L. Kiessling, Nature 2002, 415, 81.

[5] a) S. K. Choi, N. Mammen, G. M. Whitesides, J. Am. Chem. Soc.
1997, 119, 4103; b) D. Zanini, R. Roy, J. Org. Chem. 1998, 63, 3486,
¢) D. A. Fulton, J. F. Stoddart, Org. Lett. 2000, 2, 1113; d) K. Mat-
suura, M. Hibino, Y. Yamada, K. Kobayashi, /. Am. Chem. Soc.
2001, 723, 357.

[6] C. Tromas, J. Rojo, J.; J.M. dela Fuente, A.G. Barrientos, R.
Garcia, S. Penadés, Angew. Chem. 2001, 113, 3142; Angew. Chem.
Int. Ed. 2001, 40, 3052.

[7] Y. Aoyama, Y. Tanaka, S. Sugahara, J. Am. Chem. Soc. 1989, 111,
5397.

[8] T. Fujimoto, C. Shimizu, O. Hayashida, Y. Aoyama, Gazz. Chim.
Ital. 1997, 127, 749.

[9] T. Nakai, T. Kanamori, S. Sando, Y. Aoyama, J. Am. Chem. Soc.
2003, 125, 8465.

[10] K. Fujimoto, T. Miyata, Y. Aoyama, J. Am. Chem. Soc. 2000, 122,
3585.

[11] T. Fujimoto, C. Shimizu, O. Hayashida, Y. Aoyama, J. Am. Chem.
Soc. 1998, 120, 601.

[12] T. Fujimoto, C. Shimizu, O. Hayashida, Y. Aoyama, J. Am. Chem.
Soc. 1997, 119, 6676.

[13] O. Hayashida, M. Kato, K. Akagi, Y. Aoyama, J. Am. Chem. Soc.
1999, 7121, 11597.

[14] Y. Aoyama, T. Kanamori, T. Nakai, T. Sasaki, S. Horiuchi, S. Sando,
T. Niidome, J. Am. Chem. Soc. 2003, 125, 3455.

[15] a) J.-P. Behr, Acc. Chem. Res. 1993, 26, 274; b) Self-assembling Com-
plexes for Gene Delivery. Laboratory to Clinical Trial (Eds.: A. V.
Kabanov, P. L. Felgner, L. W. Seymour), Wiley, Chichester, 1998.

[16] B. Alberts, A. Johnson, J. Lewis, M. Raff, K. Roberts, P. Walter, Mo-
lecular Biology of Cell, 4th ed., Garland Science, New York, 2002,
Chapter 13, p. 746.

[17] P. C. Rensen, L. A. Sliedregt, M. Ferns, E. Kieveit, S. M. van Ros-
senberg, S. H. van Leeuwen, T.J. van Berkel, E. A. Biessen, J. Biol.
Chem. 2001, 276, 37577.

[18] J. M. Rivera, T. Martin, J. Rebek, Jr., Science 1998, 279, 1021.

[19] a) S. L. Stupp, V. LeBonheur, K. Walker, L. S. Li, K. E. Huggins, M.
Keser, A. Amstutz, Science 1997, 276, 384; b) V. Percec, C.-H. Ahn,
G; Ungar, D.J. P. Yeardley, M. Moller, S.S. Sheiko, Nature 1998,
391, 161; c¢) J. J. L. M. Cornelissen, M. Fischer, N. A. J. M. Sommer-
dijk, R.J. M. Nolte, Science 1998, 280, 1427; d) J. H. K. K Hirsch-
berg, L. Brunsveld, A. Ramzi, J. A.J. M. Vekemans, R. P. Sijbesma,
E. W. Meijer, Nature 2000, 407, 167.

[20] a) B. Olenyuk, J. A. Whiteford, A. Fechtenkotter, P. J. Stang, Nature
1999, 398, 796; b) G. W. Orr, L.J. Barbour, J. L. Atwood, Science
1999, 285, 1049; c) N. Takeda, K. Umemoto, K. Yamaguchi, M.
Fujita, Nature 1999, 398, 794; d) D.L. Caulder, K. N. Raymond,
Acc. Chem. Res. 1999, 32, 975.

[21] H. Wu, V.R. Thalladi, S. Whitesides, G. M. Whitesides, J. Am.
Chem. Soc. 2002, 124, 14495.

Chem. Eur. J. 2004, 10, 588—-593 www.chemeurj.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 593



www.chemeurj.org




CHEMIST RYE J. R. Durrant, M. K. Nazeeruddin et al.

A BURCPEAN JOURNAL

-
¥

nanoseconds

Al TN

_—

0.7 ..
seconds

x
r
3

picoseconds

¥

Chem. Eur. J. 2004, 10,595-602  DOI: 10.1002/chem.200305408  © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim





FULL PAPER

Supramolecular Control of Charge-Transfer Dynamics on Dye-sensitized

Nanocrystalline TiO, Films

Narukuni Hirata,”! Jean-Jacques Lagref,"”! Emilio J. Palomares,”! James R. Durrant,**!
M. Khaja Nazeeruddin,*™ Michael Gratzel,”’ and Davide Di Censo™’

Abstract: A [Ru(dcbpy),(NCS),] dye cal calculations
has been chemically modified by the
addition of a secondary electron donor
moiety,  N,N-(di-p-anisylamino)phen-
oxymethyl. Optical excitation of the
modified dye adsorbed to nanocrystal-
line TiO, films shows a remarkably
long-lived charge-separated state, with
a decay half time of 0.7 s. Semiempiri-

transfer -
ular chemistry

Introduction

Light-driven electron-transfer processes between molecular
adsorbates, semiconductor nanomaterials and adsorbed
redox molecules have been a subject of intense research in
recent years.' Such electron-transfer processes are funda-
mental to many applications of semiconductor nanomateri-
als in photography,” photocatalytic degradation of pollu-
tants,”! quantum dot devices’” and solar energy conver-
sion.”) In all of these applications, a key requirement is that
light absorption results in the efficient generation of a long-
lived charge-separated state. Of particular technological in-
terest are photoelectrochemical solar cells based on dye-sen-
sitised, nanocrystalline, mesoporous TiO, films. These mole-
cules have emerged as potential low-cost, effective alterna-
tives to silicon-based devices. Efficient solar cells of this
type typically employ N719 dye (chemical name = bis(2,2'-
bipyridyl-4,4'-dicarboxylato)ruthenium(i) bis-tetrabutylam-
monium sensitiser dye [(RuL,(NCS),][TBA], L=4,4"-dicar-
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confirm that the
HOMO of the modified dye molecule
is localised on the electron donor
group. The retardation of the recombi-

Keywords: dyes/pigments - electron
ruthenium -

nation dynamics relative to the un-
modified control dye is caused by the
increase in the spatial separation of the
HOMO orbital from the TiO, surface.
The magnitude of the retardation is
shown to be in agreement with that
predicted from the non-adiabatic elec-

supramolec- .
tron-tunnelling theory.

boxy-2,2"-bipyridine, TBA =tetrabutylammonium salt), ach-
ieving up to 9.18 % solar to electric power conversion.® It is
necessary to achieve high rates of charge separation and col-
lection compared to interfacial charge-recombination pro-
cesses in order to achieve high device efficiencies. A
number of strategies are currently being developed to opti-
mise these dynamics, including the insertion of inorganic
barrier layers between TiO, and the sensitiser dye,””! the use
of alternative redox couples,®! and the development of novel
sensitiser dyes.”’On the other hand, the synthesis of supra-
molecular (multicomponent) molecules is attracting strong
interest due to their potential application in molecular elec-
tronic devices.'"!l Such supramolecular structures provide a
potentially attractive approach to controlling the charge sep-
aration, and recombination dynamics at the molecule/nano-
crystal interfaces. In particular, by introducing a secondary
electron transfer function, or “supersensitiser” into the
supramolecular complex, as illustrated in Scheme 1, it is pos-
sible to retard the interfacial charge-recombination dynam-
ics whilst retaining efficient light-induced charge separation.
This approach has previously been employed by using either
a Ru" tris-bipyridine derivate to demonstrate the supersen-
sitiser function,'” although the relatively weak red optical
absorbance of this dye relative to N719 precluded its practi-
cal device application, or by the use organic molecules such
as “molecular spacers” linked to the redox chromophore.?!
In this article, we will provide data showing that by appro-
priate design of a [RuL,(NCS),] heteroleptic derivate it is
possible to achieve molecular control of the back electron-
transfer dynamics whilst maintaining good red-light absorp-
tion and efficient electron injection. This control is achieved

DOI: 10.1002/chem.200305408 Chem. Eur. J. 2004, 10, 595-602
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Scheme 1. Schematic representation of electron-transfer (ET) processes
in dye-sensitised solar cells showing photogeneration of the dye excited
state: a)electron transfer from the secondary electron donor moeity,
b) electron injection into the semiconductor and c) the wasteful charge-
recombination pathway of the injected electron with the oxidised dye
molecules.

by “supersensitising” the dye molecule by the addition of a
secondary electron-donor group, in this case N,N-(di-p-ani-
sylamino)phenoxymethyl(DAP) group. This increases the
physical separation of the dye cation from the electrode sur-
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face and results in remarkably slow, interface limited recom-
bination dynamics.

Results and Discussion

Synthesis and characterisation of [Ru(L)(L)(NCS)] hetero-
leptic dye: The details of the synthetic strategy adopted for
the preparation of heteroleptic complexes are shown in
Scheme 2. During the reaction the intermediate products
were drawn off and checked by UV-visible spectroscopy.
Reaction of dichloro(p-cymene)ruthenium(1) dimer 1 with
4-[4-(N,N-di-p-anisylamino)phenoxymethyl]-4'-methyl-2,2’-
bipyridine (L') in N,N'-dimethylformamide (DMF) solution
at 90°C resulted in the mononuclear complex 2, [Ru
(L")Cl(cymene)]CL. In this step, the coordination of substi-
tuted bipyridine ligand to the ruthenium centre takes place
with cleavage of the doubly chloride-bridged structure of
the dimeric complex.

Heteroleptic dichloro complexes were prepared by react-
ing the mononuclear complex 2 with 4,4'-dicarboxy-2,2"-bi-
pyridine (L) under reduced light at 150°C. The displacement
of the cymene ligand from the coordination sphere of the
ruthenium metal by the 4,4'-dicarboxy-2,2'-bipyridine ligand
takes place efficiently in organic solvents such as DMEF,
without scrambling. The absorption spectra of the resulting
complex 3 [Ru(L)(L)(Cl),] was measured in ethanol, which

HOOC

Scheme 2. Schematic of pathways for the synthesis of the N845 dye: a) 4(4-(N,N-di-p-anisolamino)phenoxymethyl)2,2-bpy, b) DMF, N, 4,4'-dicarboxy-

2,2'-bpy, ¢) NH,NCS, N,, DMF.
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shows bands at 566, 414, 313 and 299 nm. The bands in the
visible region at 566 and 414 nm, and in the UV region at
313 and 299 nm, are due to metal-to-ligand charge-transfer
transitions (MLCT), and ligand-centered charge-transfer
transitions, respectively. The absorption spectra of the
[Ru(L)(L")(Cl),] complex is identical to that of the complex
prepared by means of a [RuClL(DMSO),] synthetic meth-
od."The [Ru(L)(L")(Cl),] complex 3 was treated with a 30-
fold excess of ammonium thiocyanate ligand to obtain the
[Ru(L)(L")(NCS),] complex (N845). The UV-visible absorp-
tion spectra of N845 show bands at 300, 312, 400, and
535 nm (Figure 1). By comparing with the homoleptic com-

Absorbance faun, —

N 718

300 400 SiH L] T S
Wavelength / nm ———»

Figure 1. UV/Vis absorption spectra of the complexes N719 (black line),
and N845 (grey line) in DMF solution.

plex N719, the UV bands at 299, and 312 nm are assigned to
the ligand-centered charge-transfer transitions of the L', and
L ligands, respectively. The absorption spectral data for both
complexes are shown in Table 1. When N845 is excited
within the MLCT absorption band at 298 K in an air-equili-
brated DMF solution, it exhibits a luminescence maximum
at 810 nm. The emission spectral profile is independent of
the excitation wavelength. For comparison the N719 emis-
sion spectra is included in Figure 2, which is blue-shifted by
40 nm and the emission intensity is significantly higher than
the N845 complex.

The ATR-FTIR spectra of N84S was measured as a solid,
and in the adsorbed form onto TiO, films. The solid sample
of the complex N845 shows a strong broad band at
1705 cm™! due to carboxylic acid group. The intense peak at
1224 cm™! is assigned to the v(C—O) stretch. The other char-
acteristic band at 2095 cm™! is assigned to v(NC) of the thio-

L M 719
w0

150 —

o

Emission intensity / a, u

T T T T T T
(L1 (] o0 T51) B K50 900

Wavelength ‘'mm —— &

Figure 2. Emission spectra (4.,,=530 nm) of the complexes N719 (black
line), and N845 (grey line) at 298 K in DMF.

cyanate ligand. The ATR-FTIR spectra of N845 adsorbed
onto TiO, films shows an absence of carboxylic acid bands
indicating that the two carboxylic acid groups are dissociat-
ed on the surface. The adsorbed dye shows bands at
1611 cm™! (-COO~,,), and 1348 cm™! (-COO~,) due to asym-
metric (as) and symmetric (s) vibrations of the carboxylate
groups, confirming the chelating mode of adsorption be-
tween the complex and the TiO,.

Semiempirical calculations: For the optimised geometry of
the Ru" polypyridyl dyes, we assumed a linkage through the
two carboxyl groups (-COOH) to the Ti** surface, in agree-
ment with the ATR-FTIR data of the adsorbed dye. The
semiempirical calculations were performed on the cation
state of both dyes.

We first considered the control dye (N719). Figure 3
shows a comparison between the optimised geometry of the
cation state determined by the semi-empirical ZINDO/1 cal-
culations (see Experimental Methods Section), against the
X-ray structure of the fully protonated analogue
[Ru(L),(NCS),] of this dye reported previously.'”) The cal-
culated Ru—N(bpy) and Ru—N(NCS) bond lengths, as sum-
marised in Table 2, are within 1% of those obtained from
crystallographic data, supporting the validity of our theoreti-
cal calculations. These data also indicate that the removal of
one electron from the complexes does not induce dramatic
geometric changes. Furthermore these results are in good
agreement with DFT calculations reported previously,'>!%
providing further support for the validity of our semiempiri-
cal calculations.

Table 1. Absorption and electrochemical properties of the N845 and N719 complexes.

Complex Abs. max. [nm]"! E} E! Et, E%,
(e[10*m em™]) [V vs Fc]® [V vs. Fc] [V vs. Fc] [V vs. Fc]
L' (m—m*) L(m—m*) 4d—m* L/ Ru"™"M L/L™ L/t
N845 300(5.52) 312 (4.41) 372 (1.05), 535 (1.1) 0.200 0.34 213 2,40
N719 - 312 (4.91) 396 (1.43), 535 (1.47) - 0.35(irr) 221 -

[a] A max and ¢ values are +2nm and =+10%, respectively. [b] The ferrocene/ferrocinium complex used as a reference, which is +640 mV vs SHE.
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Figure 3. Comparison of bond (black) distances and angles (grey) calcu-
lated using ZINDO/1 for the cation state of N719 with the corresponding
experimental X-ray data.”” The values in parentheses correspond to the
X-ray data.

Table 2. Comparison of bond lengths [A] and angles [°] of crystallo-
graphic data for cis-[Ru(L),( NCS),] with ZINDO/1-optimised geome-
tries for the cation states of N719 and N845.

cis-[Ru(L),(NCS),]* N7194 N845!4
Ru—NCS 2.025 1.999 1.97
Ru—N(bpy) 2.065 2.042 1.99
NCS-Ru-NCSF! 91.9 91.6 87.56
N(bpy)-Ru-N(bpy) 81.3 76.21 75.98
(bpy)-(bpy)®! 90.6 89.98 87.58

[a] NCS-Ru-NCS refers to the bpy ligands cis to the NCS ligands. [b] Di-
hedral angle between the mean planes of bipyridine ligands. [c] Crystallo-
graphic data from ref. [27]. [d] Data from semiempirical calculations.

The important distances and angles for the optimised
geometries of both dyes, N719 and N845, in their cation
states obtained from the ZINDO/1 calculations are com-
pared in Table 2. These data show that the Ru metal co-or-
dination centres of both dyes are expected to be very simi-
lar, as seen by the close match of their optical absorbance
spectra as detailed in Table 1. The orbital profiles for the
HOMO'’s of both dyes are presented in Figure 4. The
HOMO of the N719 has a larger amplitude on NCS ligands,
(similar results were obtained by Rensmo et al.)'” and within
the NCS ligands the amplitude is more on the sulfur atom.
The HOMO for the N84S is shifted to the secondary electron
donor moiety, displacing the positive charge (hole) in the
oxidised form of N845 from the NCS ligands closer to the
triphenyl amine group. This results in an increased separa-
tion of the HOMO orbital from the TiO, surface, as desired
in order to achieve slower charge-recombination dynamics.

Electrochemistry: Cyclic voltammetry was used to investi-
gate the electrochemistry of the N719 and N845 dyes. Mid-
point potentials of these data are summarised in Table 1.

Chem. Eur. J. 2004, 10, 595602 www.chemeurj.org
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Figure 4. Graphical representation of the HOMOs of a)N719 and
b) N845 complexes. Atoms in turquoise, red, blue and pale yellow corre-
spond to carbon, oxygen, nitrogen and sulfur, respectively.

Cyclic voltammograms of the complex N845 in DMF re-
vealed two reversible, one-electron oxidation processes at
E,,=0.200 and 0.34 V versus ferrocene/ferrocinium couple
(Fc/Fct). The 0.34 V couple, which is also observed for the
N719 control dye, is assigned to the Ru"/™ couple. The
0.20 V couple is therefore assigned to the oxidation of
donor N,N-(di-p-anisylamino)phenoxymethyl group, consis-
tent with the electron donating function of this group. In ad-
dition, two quasi-reversible reduction peaks are observed
for N845 at —2.13 and —2.4 V versus Fc/Fct. Comparison
with the reduction peak observed for the control N719 dye
allows us to assign these reduction peaks for N84S to the re-
duction of L and L’ ligands, respectively. These data there-
fore indicate that the LUMO of the L’ ligand is higher than
that of the L ligand. Optical excitation of the N845 MLCT
state is therefore expected to result in electron localisation
on the 4,4'-dicarboxy-2,2-bipyridine (L) ligand, thereby fa-
vouring efficient electron injection into the TiO, electrode.

Transient absorption and luminescence measurements: The
primary function of the N,N-(di-p-anisylamino)phenoxy-
methyl (DAP) group is to accept the positive charge (hole)
after electron injection from the dye-excited state into the
conduction band of the nanocrystalline TiO,. This results in
an increase in the physical separation of the charged species.
To assay this function, we employed transient absorption
spectroscopy to measure the charge-recombination kinetics
(reaction ¢, Scheme 1). The decay of the induced absorption
of the N719 and N845 cations was monitored following
pulsed laser excitation of the dye-sensitised TiO, films, in
the absence of any applied bias or redox-active electrolyte.
Typical data for the charge-recombination process is shown
in Figure 5. It is apparent that the decay dynamics of the
N845 dye cation are retarded 1000-fold relative to that of
the N719 cation, with decay half times, f5, of 0.71 s and
0.85 ms, respectively. This retardation cannot be attributed
to differences in oxidation potential of the two dyes, as the
recombination reaction is thought to occur in the Marcus
“inverted region”."™ This is where the smaller reaction free
energy of the N845 dye would be excepted to result in accel-

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 599
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Figure 5. Transient absorption data monitoring charge-recombination dy-
namics for TiO, films sensitised with i) N719 and ii) N845. Both figures
show the same data with a) being a linear/log plot and b) being log/linear
plot. The grey lines are the fits to the decay kinetics corresponding to i) a
streched exponential (AO.D. xexp(—(#/7)*), =0.44) and ii) a monoexpo-
nenetial decay. The signal size has been normalised for comparisson pur-
poses. Data collected at a probe wavelength of 800 nm for N719 and
850 nm for N845, following optical excitation at 550 nm.

erated recombination dynamics, contrary to the experimen-
tal observation. Instead the retardation is attributed to an
increased distance of the dye cation from the electrode sur-
face due to localisation of the N845 cation on the DAP
moiety, consistent with the semiempirical calculations and
electrochemical data detailed above.

Localisation of the N845 dye cation on the DAP moiety is
further supported by the transient absorption spectrum of
the dye cation. Figure 6 compares the transient absorption
spectrum of the N845 dye cation generated following photo-
excitation of the N845 dye adsorbed to the TiO, electrode
(Figure 6a) with the transient spectrum observed for the 4-
(diphenylamino) benzaldehyde, closely analogous to the
DAP moiety alone (see inset to Figure 6b), adsorbed direct-
ly to the electrode (Figure 6b). In both cases, a photoin-
duced absorption maximum is observed at ~700 nm, as-
signed to an absorption maximum of the DAP cation, con-
sistent with previous observations,"! and confirming the lo-
calisation of the N845 cation on the DAP moiety. We note
that in the case of Figure 6b, the photoinduced absorption
exhibits rapid kinetics (8 ps), consistent with the expected

600 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. A) Transient absorption specta for TiO, films sensitised with
N845 monitored at 8 s after excitation at 516 nm and B) transient ab-
sorption of 4-(diphenylmaino) benzaldehyde (optical absorbance A4 m=
0.35) monitored at 8 ps after excitation at 400 nm.

small spatial separation of this cation from the electrode sur-
face.

The initial amplitudes of the dye cation transient absorp-
tion signals observed for both the N845 and N719 sensitised
TiO, were of similar magnitudes (AODs of 1.4 at 700 nm
and 1 at 800 nm, respectively). This observation strongly
suggests that, as for N719, the optical excitation of the N845
adsorbed to the TiO, films results in efficient electron injec-
tion into TiO, conduction band. However, uncertainty over
the IN845 cation extinction coefficient prevents quantitative
analysis from these data alone. Transient luminescence stud-
ies, as shown in Figure 7, further indicate efficient electron
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Figure 7. Time-resolved single-photon-counting decays of emission from
N845 sensitised on a) ZrO, and b) TiO,; c) corresponds to the instrument
response pulse.
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injection for the N845 sensitised TiO, films. These compari-
sons show the transient luminescence decay of N845 sensi-
tised TiO, and ZrO, films, normalised to the same number
of absorbed photons. ZrO, film was employed as a control
film, as the relatively high conduction band edge of this ma-
terial prevents electron injection, consistent with the long
excited state lifetime observed for dyes adsorbed to this
film.”" It is apparent that relative to the control ZrO, films,
the N845 luminescence is strongly quenched on the TiO,
film, consistent with efficient electron injection.

Electron transfer dynamics typically exhibit an exponen-
tial dependence upon spatial separation.[Eq. (1)]

k. oce™ (1)

In which r is the edge-to-edge separation of the donor
and acceptor wave-functions, and f is a measure of the bar-
rier height of the intervening medium. Typically S varies
from 2.8 A! for a vacuum to 1 A™! for saturated-electron-
orbital densities. From consideration of the HOMO orbital
distributions shown in Figure 4, we estimate the dye-cation/
electrode-surface distance is increased by 4 A for N845 rela-
tive to N719. Comparison with the ~1000 fold retardation
of the observed recombination dynamics yields a value for
of 1.6 + 02A, typical of § values observed for through
solvent electron transfer.”!! It can thus be concluded that
the retardation of the recombination dynamics shown in
Figure 5 is in good quantitative agreement with that expect-
ed from the increased dye-cation/electrode separation deter-
mined from the HOMO orbital calculations.

In addition to the retardation of the recombination dy-
namics shown in Figure 5, it is apparent that the temporal
recombination shape differs significantly between these two
dyes. For dye N719, decay kinetics strongly suggest a
stretched exponential (AO.D. ~exp(—(#/7)“); a=0.44). Such
stretched exponential recombination dynamics are typical of
those we have observed previously for a range of different
dyes under similar experimental conditions. In contrast, for
dye N845 the recombination dynamics suggests an excellent
fit to a near monoexponential decay (AO.D. ~exp(—(t/1)%;
a ~0.9) as illustrated by the log/linear plot shown in Fig-
ure 5b.

We have previously demonstrated that the stretched expo-
nential recombination dynamics, as observed here for the
nanocrystalline TiO, films sensitised by N719, are consistent
with the charge-recombination dynamics being rate limited
by electron transport within the metal oxide film.’? The
stretched exponential nature of these kinetics have been at-
tributed to an inhomogeneous distribution of trap depths in
the film, resulting in a broad distribution of detrapping (and
therefore recombination) times. Our observation that N845
exhibits recombination dynamics three orders of magnitude
slower than N719 in itself suggests that for this sensitiser, in-
terfacial electron transfer is critical to determining the over-
all recombination dynamics. The near monoexponential be-
haviour is indicative of the recombination dynamics being
limited by the interfacial electron dynamics, as we have dis-
cussed previously in relation to experimental data obtained
with two porphyrin dyes.
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It can be concluded that this heterosupramolecular ap-
proach translates the oxidising equivalent (hole) away from
the nanostructured semiconducting surface. The increase in
the distance between the surface and the hole, results in an
extremely long-lived charge-separated pair. The N,N-(di-p-
anisylamino)phenoxymethyl  secondary  electron-donor
group employed in this study can be expected to interface
well with triarylamine-based hole conductors, making this
sensitiser dye particularly attractive for applications in solid
state dye-sensitised solar cells.

Experimental Section

Materials: The dichloro(p-cymene)ruthenium(i) dimer and potassium
thiocyanate were obtained from Aldrich and used as received. The 4-(di-
phenylamino)benzaldehyde was purchased from Fluka. The HPLC grade
solvents from Fluka were used without purification. 4,4-Dimethyl-2,2"-bi-
pyridine ligand (from Fluka) was dried under vacuum (9 mbar) at 40°C
for 4 h before use. Water content was measured by Karl-Fisher automatic
titration using the coulometer Metrohm 684 KF. Silicagel 60 from Fluka
was used for chromatography as a stationary phase. Tris(p-anisyl)amine
and 4-(N,N-di-p-anisylamino)phenol were synthesised by using the proce-
dure developed by Bonhéte et al.*!

The preparation of anatase nanocrystalline TiO, films (average particle
diameter: 15 nm and film thickness 4 pm) and sensitisation of these films
were conducted as described previously.*¥

Electrochemistry experiments: Electrochemical data were obtained by
cyclic voltammetry using a three-electrode cell and an Auto lab System
(PGSTAT 30, GPES 4.8 software). The working electrode was a 0.03 cm?
gold disk, the auxiliary electrode was a glassy carbon rod and a silver
wire was used as quasi-reference electrode. Tetrabutyl ammonium per-
chlorate (TBAP) 0.1m was used as supporting electrolyte in DMF. Ferro-
cene was added to each sample solution at the end of the experiments
and the ferrocenium/ferrocene redox couple was used as an internal po-
tential reference.

Spectroscopy: UV/VIS and fluorescence spectra were recorded in a 1 cm
pathlength quartz cell on a Cary 5 spectrophotometer and Spex Fluoro-
log 112 Spectroflurimeter, respectively. The details of the transient ab-
sorption spectrometer system for measuring the charge-recombination
dynamics are given elsewhere.” Transient absorption data were collect-
ed with the films covered in ethylene carbonate/propylene carbonate
50:50 v/v. The excitation wavelength was 550 nm for both dyes (20 wJ).
The dye volume loaded was selected to achieve matched optical densities
of 0.8 absorption units at this wavelength.

Transient emission data were collected using a 635 nm excitation from a
IBH NanoLED-06 pulsed laser diode [repetition rate one-shot to 1 MHz,
pulse duration (1.3 ns), intensity (~1 mW)]. Emission was collected at
750 nm (bandwidth 50 nm) at a microchannel plate, with an instrument
response of 350 ps. Data were collected at matched data collection times
of 2500 s.

'"H and "C NMR spectra were measured with a Bruker ACP-200 spec-
trometer at 200 MHz and 50.3 MHz, respectively. The reported chemical
shifts were against TMS. FAB-MS spectra were obtained at the Universi-
ty of Lausanne from a nitrobenzyl alcohol matrix. The ATR-FTIR spec-
tra for all the samples were measured using a Digilab 7000 FTIR spec-
trometer. The FTIR data reported here were taken with the “Golden
Gate” diamond anvil ATR accessory (Graseby-Specac) using typically
64 scans at a resolution of 2 cm™!. The samples were all measured under
the same mechanical force pushing the samples in contact with the dia-
mond window. No ATR correction was applied to the data.

Synthesis and characterisation4-(Bromomethyl)-4' -methyl-2,2"-bipyridine
(L): This ligand was synthesised with a slight modification of Meyer’s
procedure.” In a 100 mL round-bottomed flask 4,4'-dimethyl-2,2'-bipyri-
dine (1.8 g, 9.78 mmol), N-Bromosuccinimide (1.8 g, 10.1 mmol) and azo-
bis(isobutyronitrile) (50 mg) were added to freshly distilled CCl,
(40 mL). The mixture was stirred magnetically and heated to reflux for
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3 h in the dark. The mixture was cooled to room temperature and the re-
sulting white precipitate filtered using a crucible. The filtrate was evapo-
rated under vacuum and dissolved in CH,Cl, (10 mL) . Silica was added
to the solution and then the solvent was evaporated. The SiO, with adsor-
bed product was charged onto a chromatography column (internal diam-
eter 15 mm, length 300 mm) containing silica, which was pre-treated with
CH,Cl/NH,OH 99.5:0.5.4-(Bromomethyl)-4"-methyl-2,2"-bipyridine was
obtained by eluting with CH,Cl,/hexane 80:20 solvent mixture. The solu-
tion was evaporated under vacuum and a yellowish sticky oil was ob-
tained at a yield of 40%. '"H NMR (CDCl;, 298 K):5= 2.46 (s, 3H), 4.50
(s, 2H), 7.16 (dd, J=4.4Hz, 1H), 7.34 (dd, /=4 Hz, 1H), 825 (d, J=
1.6 Hz, 1H), 8.43 (d, /J=1Hz, 1H), 8.56 (d, /=5 Hz, 1H), 8.68 ppm (d,
J=5.4Hz, 1H).
4-[4-(N,N-Di-p-anisylamino)phenoxymethyl]-4'-methyl-2,2'-bipyridine
(L'): In a dry 25 mL round bottom flask, under argon and at 293 K, 4-
(N,N-di-p-anisylamino)phenol (294 mg, 1.2 equiv, 0.91 mmol) and potassi-
um tert-butoxide (114 mg, 1.5 equiv, 1.18 mmol) were mixed with dry
THF (6 mL). The mixture was magnetically stirred for 20 min, which rap-
idly turned green. Then, 4-(bromomethyl)-4-methyl-2,2"-bipyridine
(200 mg, 0.76 mmol) was dissolved in dry THF (8 mL) and added with a
syringe. A white precipitate of KBr formed progressively. After 35 h the
reaction was quenched with water (1 mL). The solvent was removed in a
rota-evaporator and tert-butyl methyl ether (TBME) (50 mL) and water
(40 mL) was added. The vial was shaken, and the organic phase was al-
lowed to separate. The aqueous phase was washed twice with TBME
(20 mL). The collected organic phase was evaporated under vacuum to
afford a yellow-green oil. The waxy solid was purified by chromatogra-
phy (SiO,, solid deposition, internal diameter 13 mm, high 200 mm) with
silica gel previously treated with hexane/triethylamine 99:1. A linear evo-
lution of the eluent composition (over a volume of 250 mL) from pure
hexane to hexane/tert-butyl methyl ether 50:50 was used. Fractions con-
taining the desired product were evaporated under vacuum to afford a
colourless oil, which was dissolved in DMF under argon and kept at 0°C
to avoid oxidation by air. Air oxidation was characterised by a strong
purple colour. Yield = 200mg, 52%. 'H NMR (CDCl;, 298K,
200 MHz):0= 2.46 (s, 3H), 3.79 (s, 6H), 5.14 (s, 2H), 6.77-7.01 (m,
12H), 7.12 (d, J=7.6 Hz, 1H), 7.48 (d, J=3.8 Hz, 1H), 8.26 (s, 1H), 8.44
(s, 1H), 8.56 (d, J=5.03 Hz, 1H), 8.70 (d, /=5.05Hz, 1H); "C NMR
(CDCl;, 298 K): 6=21.2, 55.4, 68.8, 114.53, 115.5, 119.1, 121.6, 122.2,
1242, 124.9, 125.1, 134.0, 148.5, 149.4, 154.9, 155.0 ppm; Mass spectra
(FAB): calcd 503.59, measured 504.6 [MH™] (100 %).

Synthesis of [Ru(L)(L)(NCS),] (3): [{RuCl(p-cymene)},](0.115 g,
0.188 mmol) was dissolved in DMF (30 mL)and L'(0.19 g, 0.376 mmol)-
was added. The reaction mixture was heated at 80°C under nitrogen for
4h and then, L(0.0917 g, 0.376 mmol)was added . The reaction mixture
was refluxed at 160°C for another 4 h under reduced light to avoid light-
induced cis to trans isomerisation. Then an excess of NH,NCS (13 mmol)
was added to the reaction mixture and heated at 130°C for a further 5 h.
The solvent was removed using a rotary-evaporator under vacuum.
Water was added to the resulting semisolid to remove excess NH,NCS.
The water-insoluble product was collected on a sintered glass crucible by
suction filtration and washed with distilled water, followed by diethyl
ether and dried. The crude complex was dissolved in a solution of tetra-
butyl ammonium hydroxide (0.4 g) in methanol (4 mL). The concentrated
solution was charged onto a Sephadex LH-20 (2x30cm) column and
eluted with methanol. The main red band was collected and concentrated
to 3 mL. The required complex was isolated upon addition of a few drops
of 0.01m HNO,;. Yield = 0.18 g, 50%. 'H NMR ([D,]CD;0D, 200 MHz):
0=2.78 (s, 3H), 3.79 (s, 6H), 5.42 (s, 2H), 6.79-7.03 (m), 7.38 (d, 1H),
7.65 (d, 1H), 7.82 (d, 1H), 7.85 (d, 1H), 7.96 (d, 1H), 8.3 (d, 1H). 8.38 (s,
1H), 85 (s, 1H), 8.89 (s, 1H), 9.02 (s, 1H), 9.51 (d, 1H), 9.54 ppm (d,
1H).

Semiempirical chemical calculations: Molecular orbitals and optimised
geometries for free molecules were calculated using Hyperchem 7 pro-
gram package running on a PC AMD Athlon® XP-2000+ 1.25 GHz.
Geometrical optimisations were performed with the ZINDO/1 parameter
set. The overlap weighting factors 0—0 and m—m were set at 1.265 and
0.585, respectively. The number of singly excited configurations used was
1250 (25 %25 occupied x virtual orbitals).

Acknowledgement

We gratefully acknowledge the financial support from the EPSRC, the
European Union (Contract Number: ENK6-CT-2001-00560 Nanomax),
the Swiss Federal Office for Energy (OFEN) and US Air Force Research
Office under contract number F61775-00-C0003. E.P. is very grateful for
the support of a Marie Curie Fellowship and N.H. for the support of the
Bridgestone Corporation. Supply of the N719 dye from Johnson Matthey
is also gratefully acknowledged.

[1] C. A. Koval, J. N. Howard, Chem. Rev. 1992, 92, 411.

[2] I.R. Gould, J. R. Lenhard, A. A. Muenter, S. A. Godleski, S. Farid,
Pure Appl. Chem. 2001, 73, 455.

[3] M. A. Fox, M. T. Dulay, Chem. Rev. 1993, 93, 341.

[4] A. Meier, D. C. Selmarten, K. Siemoneit, B. B. Smith, A.J. Nozik, J.
Phys. Chem. B 1999, 103, 2122.

[5] B. O’Reagan, M. Gratzel, Nature 1991, 353, 737.

[6] M. K. Nazeeruddin, R. Splivallo, P. Liska, P. Comte, M. Gratzel,
Chem. Commun. 2003, 1456.

[7] E. Palomares, J. N. Clifford, S. A. Haque, T. Lutz, J. R. Durrant, J.
Am. Chem. Soc. 2003, 125, 475.

[8] H. Nusbaumer, J.-E. Moser, S. M. Zakeeruddin, M. K. Nazeeruddin,
M. Graetzel, J. Phys. Chem. B 2001, 105, 10461.

[9] M. Yanagida, A. Islam, Y. Tachibana, G. Fujihashi, R. Katoh, H. Su-
gihara, H. Arakawa, New J. Chem. 2002, 26, 963.

[10] X. Marguerettaz, D. Fitzmaurice, J. Am. Chem. Soc. 1994, 116, 5017.

[11] X. Marguerettaz, R. O’Neill, D. Fitzmaurice, J. Am. Chem. Soc.
1994, 116, 2629.

[12] R. Argazzi, C. A. Bignozzi, T. A. Heimer, F.N. Castellano, G.]J.
Meyer, J. Am. Chem. Soc. 1995, 117, 11815.

[13] P. G. Hoertz, R. A. Carlisle, G. J. Meyer, D. Wang, P. Piotrowiak, E.
Galoppini, Nano Lett. 2003, 3, 325.

[14] S.M. Zakeeruddin, M. K. Nazeeruddin, R. Humphry-Baker, P.
Pechy, P. Quagliotto, C. Barolo, G. Viscardi, M. Gratzel, Langmuir
2002, 18, 952.

[15] K. Srikanth, V. R. Marathe, M. K. Mishra, Int. J. Quantum. Chem.
2002, 89, 535.

[16] M. K. Nazeeruddin, S. M. Zakeeruddin, R. Humphry-Baker, S.I.
Gorelsky, A.B. P. Lever, M. Gratzel, Coord. Chem. Rev. 2000, 208,
213.

[17] H. Rensmo, S. Lunell, H. Siegbahn, J. Photochem. Photobiol. A
1998, 144, 117.

[18] S. Fukuzumi, Org. Biomol. Chem. 2003, 1, 609.

[19] A.C. Bhasikuttan, A. K. Singh, D. K. Palit, A. V. Sapre, J. P. Mittal,
J. Phys. Chem. A 1999, 103, 4703.

[20] Y. Tachibana, J.-E. Moser, M. Graetzel, D. R. Klug, J. R. Durrant, J.
Phys. Chem. 1996, 100, 20056.

[21] D.S. Bendall, Protein Electron Transfer, BIOS Scientific, Oxford,
1996.

[22] J.N. Clifford, G. Yahioglu, L.R. Milgrom, J. R. Durrant, Chem.
Commun. 2002, 126.

[23] P. Bonhote, J.-E. Moser, R. Humphry-Baker, N. Vlachopoulos, S. M.
Zakeeruddin, L. Walder, M. Gratzel, J. Am. Chem. Soc. 1999, 121,
1324.

[24] Y. Tachibana, S. A. Haque, L. P. Mercer, J. R. Durrant, D. R. Klug, J.
Phys. Chem. B 2000, 104, 538.

[25] S. A. Haque, Y. Tachibana, D. R. Klug, J. R. Durrant, J. Phys. Chem.
B 1998, 102, 1745.

[26] S. Gould, G.FE. Strouse, T.J. Meyer, B.P. Sullivan, Inorg. Chem.
1991, 30, 2942.

[27] V. Shklover, Y. E. Ovchinnikov, L. S. Bragnisky, S. M. Zakeeruddin,
M. Graetzel, Chem. Mater. 1998, 10, 2533.

Received: July 29, 2003
Revised: October 16, 2003 [F5408]

602 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org  Chem. Eur. J. 2004, 10, 595-602



www.chemeurj.org




FULL PAPER

Supramolecular Photomagnetic Materials: Photoinduced Dimerization of
Ferrocene-Based Polychlorotriphenylmethyl Radicals

Imma Ratera,'®! Daniel Ruiz-Molina,”! José Vidal-Gancedo,'®! Juan J. Novoa,"
Klaus Wurst,'! Jean-Francois Letard,'"! Concepcié Rovira,”! and Jaume Veciana*'*!

Abstract: New ferrocenyl Schiff-base
polychlorotriphenylmethyl radicals
have been synthesized and character-
ized. The imino group of one such radi-
cal undergoes an irreversible trans to
cis structural isomerization induced by
light. Such photoinduced isomerization
has been monitored by UV/Vis and
ESR spectroscopy and also monitored
by HPLC. ESR frozen solution experi-
ments at low temperature revealed that
the cis isomer dimerizes, showing a
strong antiferromagnetic interaction.
Although numerous photochromic

scribed, such a photoinduced self-as-
sembly process represents the first ex-
ample of a one-way photoswitchable
magnetic system in which a conversion
between a doublet and a singlet ground
state species is promoted by a photoin-
duced dimerization process driven by
the formation of hydrogen bonds. DFT
calculations on the minimized structure
and on the rotational barriers have

Keywords: cis—trans isomerization -
ferrocene - photomagnetism - self-
assembly - triphenylmethyl radical

been performed to establish the origin
of such behavior. The effect of the sub-
stituents and the media polarity on the
photoisomerization of this imine chro-
mophore have also been studied. It has
been observed that the efficiency of
the process is markedly dependent on
the presence and characteristics of
electron-donor and electron-acceptor
substituents of the ferrocenyl Schiff-
base polychlorotriphenylmethyl radi-
cals as well as on the polarity of the
solvent.

supramolecular systems have been de-

Introduction

There is currently great interest in the preparation of photo-
magnetic materials whose magnetic properties may be con-
trolled by using light.">% Such control of magnetic proper-
ties by optical stimuli may have applications in magneto-op-
tical devices. Several examples of photomagnetic devices in
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i) inorganic magnetic systems, ii) covalently linked organic
polyradicals, and iii) organic/inorganic magnetic systems,
have already been described.”>* Indeed, Prussian Blue ana-
logues are examples of inorganic photomagnetic systems in
which long-range magnetic ordering is modified by pho-
tons."! Further examples of inorganic photoinduced magnet-
ic systems are photoswitchable coordination compounds
that interconvert reversibly between two isomers with differ-
ent magnetic properties, such as spin-crossover™® or valence
tautomerism.”” Different examples of photoinduced magnet-
ization changes in purely organic materials have also been
described. For instance, the photoisomerization of a carbene
compound™™ or the spin isomerization of a non-Kekulé dir-
adical are representative examples of such a kind of com-
pounds.' More recently, Irie and Matsuda described an or-
ganic photochromic system that interconverts reversibly be-
tween a singlet and a triplet state.'” Iwamura et al. have
also reported a diradical species bearing two stable nitroxide
radicals connected through an isomerizable unit."”®! The
third family of photomagnetic molecular materials is com-
posed of organic/inorganic hybrid systems where a magneti-
cally active transition-metal ion is coordinated with a photo-
responsive magnetic coupler.¥

Even though several examples of molecular photomagnet-
ic materials have been studied, to the best of our knowledge,
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there are no previous examples of supramolecular photo-
magnetic materials despite their enormous future potential.
Indeed, supramolecular self-organization is considered very
important for the development of functional materials. Ac-
cordingly, supramolecular photochromic materials, photo-
variable helical supramolecular structures for reversible op-
tical data recording, and photoswitchable self-organized
peptide systems have already been reported. In addition,
the construction of ordered arrays of nanostructures by em-
ploying organic self-assembly techniques provide alternative
strategies for the production of nanodevices.'” From the
magnetic point of view, the synthesis of supramolecular
magnetic materials based on the self-assembly of open-shell
molecules, have attracted much more interest.'” The con-
struction of such solids requires that the structural subunits
exhibit noncovalent interactions that can be controlled in a
predictable form and that are able to transmit efficiently the
magnetic interaction. Up to now, the different types of non-
covalent intermolecular interactions that have been used for
such a purpose are hydrogen bonding,'” s~ stacking,['®
transition-metal ligation," and bridging of ion radicals by
their counterions.”” Among them, hydrogen bonding has
emerged as a particularly useful and efficient supramolec-
ular tool. Moreover, transmission of magnetic interactions
through hydrogen bonds has been demonstrated to be quite
efficient in metal complexes®! and in several hydrogen-
bonded organic magnets.'”! Despite the interest of having
switchable magnetic materials, hydrogen-bonded supra-
molecular magnetic materials, whose properties may be sys-
tematically tuned and/or controlled by external stimuli, are
limited to one example.’” This compound, synthesized and

Abstract in Catalan: Han estat sintetitzats i caracteritzats
nous radicals policlorotrifenilmetilics connectats a una unitat
de ferroce mitjancant una base de Schiff. El grup imino d'un
d'aquests radicals experimenta una isomeritzacié estructural
irreversible de trans a cis mitjancant la llum. Aquesta isome-
ritzacié fotoinduida ha estat seguida amb les técniques d
UV/Vis, espectroscopia de RPE aixi com també mitjancant
cromatografia d HPLC. L'espectre de RPE d'una solucié
congelada revella que L'isomer cis dimeritza mostrant una
forta interaccio antiferromagnética entre monomers. Malgrat
els nombrosos sistemes supramoleculars fotocromics que han
estat descrits fins ara, aquest procés dautoassemblatge fotoin-
duit representa el primer exemple d'interruptor magneétic fo-
toinduit d'un sol sentit en el qual té lloc una conversié de
doblet a singlet de L'espéecie en estat fonamental promoguda
per un procés dautoassemblatge mitjangant la formacié d'en-
llagos d'hidrogen. S'han realitzat cdalculs de DFT de les es-
tructures minimitzades i de les barreres rotacionals per tal de
poder establir L'origen d'aquest comportament. També s'ha
estudiat L'efecte dels substituents i de la polaritat del medi en
la fotoisomerizacio d'aquests cromofors d'imina. S'ha obser-
vat que L'eficiéncia del procés té una dependencia molt mar-
cada amb la preséncia de substituents electro donadors aixi
com també amb la polaritat del dissolvent.
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studied by some of us, is the ferrocene-based polychlorotri-
phenylmethyl radical 1.%2

Here we report further studies with this ferrocene-based
radical 1 as well as the nonamethylated ferrocenyl radical 2.
Both compounds are built up from three different units: the
ferrocene unit, the polychlorotriphenylmethyl radical, and a
connecting conjugated bridge. Such a conjugated bridge was
designed to fulfill two main requirements: i) it should expe-
rience a reversible photoinduced structural change, such as
a trans—cis photoinduced isomerization, and ii) it must pro-
mote the formation of supramolecular species through non-
covalent interactions, such as hydrogen-bonding. Imino
groups seemed to be excellent candidates as a photosensi-
tive bridge since they are not only expected to exhibit a
trans/cis photoisomerization but they might also induce the
formation of weak hydrogen bonds. Another advantage of
imino groups is their low thermal barrier for the intercon-
version between the two isomers. The relaxation from a
photoinduced geometrical change in these imino compounds
is extremely rapid and this feature may offer advantages for
some light-driven devices. For instance, in 1977 Maeda and
Fisher reported the photoinduced trans/cis isomerization of
a number of N-benzilidenanilines and from experiments at
—70°C they were able to characterize the thermally labile
cis isomers.*)

For the ferrocenyl imino radical 1, two different isomeric
forms were found and isolated, the trans-1 and cis-1 isomers.
The trans-1 isomer exists in solution as a monomeric species
while the cis-1 isomer dimerizes in solution forming a ther-
modynamically stabilized hydrogen-bonded diradical spe-
cies, (cis-1),. Radical trans-1 interconverts by irradiation into
dimeric species (cis-1),, in which relatively strong antiferro-
magnetic interactions are developed. Finally, the noname-
thylated ferrocenyl imino radical trans-2 was also synthe-
sized and its photochemical responses studied and compared
with those found for the non-methylated radical trans-1.

Results and Discussion

Synthesis: The non-methylated ferrocenyl imino radical 1
was obtained by a condensation reaction between the ferro-
cene monocarboxaldehyde and the (4-amino-2,6-dichloro-
phenyl)-bis(2,4,6-trichlorophenyl)methyl radical (4;
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trans-1 crystallizes in the
monoclinic space group P2,/n
with four molecules in the unit
cell. The ORTEP plot of trans-1
(Figure 1a)  reveals  almost
eclipsed cyclopentadienyl rings,
a transoid configuration of the
CH=N unit and a propeller-like
conformation of the polychlori-
nated triphenylmethyl unit. De-
spite the available resonance
pathway and the trans configu-
ration of the imino bridge, the
cyclopentadienyl (Cp) ring and
the C¢H,Cl, ring are twisted by
a dihedral angle of 28°. The
lack of coplanarity may origi-
nate either from the presence
of steric interactions between
the hydrogen atom of the Cp
ring and one of the ortho-hy-
drogen atoms of the triphenyl-

Recrystallitzation

z—cr-no /
e A \

cis-1 + trans-1

Toluene, 55°C

Chromatography

Toluene, 55°C

trans-2

Scheme 1.

Scheme 1).% Since this condensation reaction is not stereo-
selective, the trans and cis isomers of compound 1 were
formed in the reaction. Both isomeric forms, trans-1 and cis-
1, were isolated as stable species in solution and in the solid
state. The trans-1 isomer was isolated as a dark brown mi-
crocrystalline material by recrystallization from n-hexane,
whereas the cis-1 isomer was isolated as a dark green
powder by flash chromatography. The nonamethylferrocenyl
imino radical 2 was also obtained by means of a condensa-
tion of the amino-substituted radical 4 and the correspond-
ing nonamethylferrocene monocarboxaldehyde (Scheme 1).
In this case, the condensation takes place as for radical 1, al-
though the reaction rates are considerably slower. This fact
is attributed to the deactivation of the nonamethylferrocene
aldehyde in front of the nucleophilic attack of the amino
radical group, due to the presence of deactivating methyl
substituents. Moreover, it has to be emphasized that for rad-
ical 2, only the trans isomer was isolated as a stable species.
This fact has been attributed to high steric hindrance be-
tween the methyl groups of the ferrocene unit and the chlor-
ine atoms of the triphenylmethyl radical in the cis configura-
tion. Finally, compounds 1 and 2 were characterized by dif-
ferent techniques such as elemental analysis, LDI-TOF/MS,
HPLC, cyclic voltammetry, FT-IR, UV/Vis-NIR, and ESR
spectroscopies.

Physicochemical characterizations: X-ray characterization:
Single crystals of trans-1 were grown by slow evaporation of
a carbon tetrachloride/hexanes (1:1) mixture and used for
X-ray crystal determination.”” It must be also emphasized
that despite the recurrent use of different crystallization
techniques and solvents, the obtaining of crystals suitable

for the determination of the X-ray structure of the cis-1 Figure 1. a) The structure of the radical trans-1 (ORTEP molecular repre-
isomer®® and trans-2 remained elusive. sentation). b) Crystal packing of radical trans-1.
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methyl unit and/or from the overlap between of the lone
pair of electrons on the nitrogen atom and the & electrons
of the triphenylmethyl unit.

The solid-state packing of trans-1 (Figure 1b) is best de-
scribed as centrosymmetrically-related pairs of molecules.
Stacking of these related pairs occurs with continuous stag-
gering along the ¢ axis and with a head-to-tail pairing along
the b axis. The relative arrangement and the large distances
between neighboring molecules
excludes the presence of hydro-
gen bonds among neighboring
CH=N units. Under these cir-
cumstances, the largest driving
forces for such molecular pack-
ing are van der Waals, w7
and short Cl--H—C interac-
tions, which lead to efficient
space filling.

Theoretical calculations: To ra-
tionalize the properties of the
trans and cis isomers of radicals
1 and 2, we decided to perform
ab initio calculations to evalu-
ate their structural and elec-
tronic properties. We have car-
ried out UB3LYP calculations
on the doublet ground state of
the two isomers of radicals 1
and 2 using the LANL2DZ
basis set, which uses the Wadt-
Hay effective core potentials
for the core electrons, while a
basis set of double zeta quality
is used for the outer electrons.
The ground state is, for these
radicals, the doublet state and
presents a very small spin con-
tamination at the UB3LYP/
LANL2DZ level. The calcula-
tions were carried out using the
crystal geometry of the trans-1
isomer, while the optimum
UB3LYP/LANL2DZ geometry
of the doublet was used for all
other isomers as no crystal
structure is available for them.
Figure 2 shows the optimized
geometry of these three isomers
along with the geometry of
trans-1 found experimentally.

cis-1

cis-2

found for the two isomers of each radical. Also worthy of
note is the lack of planarity between the Cp ring of ferro-
cene and the C4H,Cl, ring connected to the bridging group.
This lack of planarity, which is ascribed to steric hindrance,
makes the overlap between the m orbitals of nearby units
difficult, thus lowering the delocalization over the whole
radical. As such non-planarity is found in the isolated radi-
cals, it must be considered as an intrinsic property of the

trans-1

trans-2

Figure 2. Minimized structures for the cis-1, cis-2, and trans-2 isomers according to DFT calculations. For the
trans-1 isomer the crystal structure is shown.

Table 1. Main structural parameters describing the geometries of the cis and trans isomers of radicals 1 and 2.
Bond lengths [A] and angles [°] and dihedral angles [°].

Table 1 collects the main struc-  Radical d,® ;" il ! ot vt o
tural parameters defining the trans-1 1.237 1.474 1.422 121.7 120.2 9.0 22.7
relative disposition of the three cis-1 1.237 1.475 1.421 121.7 120.2 14.6 279
main units of these radicals: the trans-2 1.306 1.465 1.399 131.0 127.5 38.0 30.6
: cis-2 1.309 1.465 1.401 130.9 127.3 37.9 36.9

ferrocene, -C=N-, and poly-
hlorinated triphenvimethvl [a] Bond length of N=C. [b] Bond length between C atoms of N=C—Cp. [c] Bond length between C and N
chiornate I'.lp eny n‘.le ) Y1 atoms of N=C and triphenylmethyl units. [d] Bond angle between N=C—C(Cp). [e] Bond angle between -C=N-
groups. Interestingly, —similar C(C¢H,CL). [f] Dihedral angle between the Cp ring and the plane defined by N=C—C(Cp) atoms. [g] Dihedral

bond lengths and angles were
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angle between the C4H,Cl, ring and the plane defined by the N=C—C(Cp) atoms.

www.chemeurj.org  Chem. Eur. J. 2004, 10, 603-616



www.chemeurj.org



Polychlorotriphenylmethyl Radicals

603-616

radicals, and not just being a consequence of intermolecular
interactions in the crystal. Finally, the isomers of the nona-
methylated radical 2 have similar structural parameters to
those of the non-methylated ones, although it is worth men-
tioning the increase of 0.07 A in the C=N bond, and the in-
creased non-planarity between the three main units.

The electronic structure of studied radicals can be descri-
bed by the shape and energetic distribution of the highest
occupied (HOMO) and the lowest unoccupied (LUMO)
molecular orbitals. Figure 3a shows the energetic distribu-
tion of these orbitals for the cis-1 isomer which is nearly
identical to that obtained for the trans-1, while the shape of
these orbitals is depicted in Figure 4 for cis-1 (see Figure S2
in the Supporting Information for the orbitals of trans-1).
The energies of the four orbitals of Figure 3a are —0.20, 2 x
(—0.22), and —0.25 Hartrees. The single-occupied molecular
orbital (SOMO) is mostly placed on the a-carbon atom (C,)
of the triphenylmethyl unit, with a small contribution on the

4} 1y 138
9 50 f ; 1
92
A
di
iy
[Fcsz-CHNH] TTM
cis-[FeCpy-CHNH-TTM]
b)
k1] oo
49 50 173 174
1
1
L 92
Iy
{
[FeCps -CHNH] TTM

cis-[FeCp,-CHNH-TTM]

Figure 3. Qualitative partial molecular orbital diagrams of the studied
radicals. a) cis-1 radical showing the frontier orbitals of the ferrocene
fragment and of the tris(trichlorophenyl)methyl (TTM radical) fragments
at both sides. Orbitals 49 and 50 are the HOMO orbitals corresponding
to the ferrocene fragment, 92 is the SOMO orbital of the TTM radical
and 138 is the SOMO orbital formed for the corresponding cis-1 isomer.
b) cis-2 radical showing the frontier orbitals. Orbitals 49 and 50 are the
HOMO orbitals corresponding to the methylated ferrocene fragment, 92
is the SOMO orbital of the TTM radical, 173 and 174 are the HOMO or-
bitals formed for the corresponding cis-2 isomer and 172 is the SOMO
orbital where the unpaired electron resides.

Chem. Eur. J. 2004, 10, 603—-616 www.chemeurj.org

six-membered ring attached to the C=N group, and also on
the C=N group (see Figure 4). Below the SOMO, one finds
two occupied molecular orbitals (HOMO-1 and HOMO-2),
which are degenerate and placed on the Fe atom of the fer-
rocene unit. The LUMO is also located on the ferrocene
unit, FeCp,, with a small contribution on the C=N unit.

Figure 3b and Figure 5 show, respectively, the energy dia-
gram and the shape of the frontier orbitals of the cis-2
isomer (see Figure S3 in the Supporting Information for the
frontier orbitals of trans-2). Once again, in the energy dia-
grams of the two isomers there is a one-to-one correspond-
ence between the orbitals of cis-2 and trans-2 (not shown)
compounds, their energies being 2x(—0.20), —0.21, and
—0.22 Hartrees. The SOMO orbital is mostly located on the
C, atom of the triphenylmethyl fragment for both isomers.
However, in the trans-2 and cis-2 isomers the doubly degen-
erate HOMO-1 and HOMO-2 orbitals sitting on the Fe
atom of the nonamethylated ferrocene, Fe(Cp’), fragment
are now energetically above the SOMO orbital. An energy
diagram like that in Figure 3b corresponds to the ground
state of this system, despite the fact that the SOMO orbital
is not the highest in energy. The reason is that the orbital
energy is not the only term in the Hartree-Fock or DFT
energy.””! The origin of the change in the relative stability of
the SOMO orbital is double: a) a decrease in the stability of
the Fe(Cp"), orbitals compared to the Fe(Cp), orbitals (the
relative ordering of the orbitals in Fe(Cp"), and Fe(Cp), is
the same, and so their energetic separation), and b) a de-
crease in the bonding—antibonding energy splitting for the
combination of the tris(2,4,6-trichlorophenyl)methyl (TTM
radical) and the HN=C orbitals. The second effect is in-
duced by the increase in the non-planarity of these two units
in the trans-2 and cis-2 isomers—notice the larger dihedral
angles mentioned above.

As the studied systems have open-shell electronic struc-
tures it is interesting to know the spin distributions over the
molecules. Consequently, we have computed for the four
isomers studied here, in doublet ground states, the integrat-
ed spin density on each atom™®! according to the Mulliken
population scheme,® and also the spin density and the hy-
perfine coupling constants on each nucleus. These are rele-
vant parameters to understand the experimentally observed
ESR hyperfine coupling constants. We have performed all
these calculation on the experimental geometry or, when
not available, on the optimized B3LYP/LANL2DZ geome-
try. The results, collected in Table 2 (see also Figure S4 in
the Supporting Information), show that the spin density is
mostly located on the C, atom of the triphenylmethyl unit,
with a small delocalization over the Fe(Cp), unit in the cis-1
case. This spin distribution is a consequence of the shape of
the SOMO orbitals, though the spin map also indicates the
presence of a small spin polarization on other atoms where
the SOMO orbital has almost no weight. This is consistent
with the integrated atomic spin populations, whose largest
component is placed also on the C, atom (see Table 2). Be-
sides this, the integrated atomic spin populations show a
sign alternation between neighboring atoms. It is interesting
to note the small—but nonzero—amount of spin on the N
and H atoms of the C=N unit.
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LUMO

HOMO-1

HOMO-3

Figure 4. Molecular orbitals of cis-1 according to DFT calculations.

Table 2. Integrated atomic spin populations (first row, in atomic units)
and isotropic hfc constants (in Gauss, second row), of the most relevant
nuclei, obtained by DFT calculations (see text).

Radical C, Crige!™ Cprupel® N H(C=N)
trans-1 +0.76 —0.12 +0.10 —0.02 ~0.002
+482 ~153 +13.4 —0.18 —0.63
cis-1 +0.58 —0.12 +0.11 —0.01 ~0.003
+364 ~143 +125 +2.18 ~1.04
trans-2 +0.74 —0.12 +0.08 —0.01 ~0.001
+63.8 —134 +12.9 ~0.02 ~0.04
cis-2 +0.74 —0.11 +0.09 —0.01 ~0.001
+63.8 ~13.6 +115 +0.42 ~0.32

[a] The values for Cyq,. and C,,, are averaged over the three and six
atoms that share such a condition.

To obtain out more information about the trans/cis iso-
merization process in these systems, we have also investigat-
ed the shape of the potential energy curve for the trans—cis
isomerization of radicals 1 and 2. For such a study we com-
puted the optimum structure of the doublet ground state at
various values of the dihedral angle 6-defined in the inset of
Figure 6, which describes the relative arrangement of ferro-
cene, -C=N-, and triphenylmethyl units.®@ The potential
energy curve computed after a full optimization of the ge-

608 ——
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ometry of the radical for each
value of 6 is shown in Figure 6
for radicals 1 and 2. The in-
terconversion curves for both
radicals are very similar and
present only two minima, one
for the cis and another for the
trans isomer, separated by an
energy barrier. In neither of the
two minima are the ferrocene,
bridge and phenyl units com-
pletely coplanar, while the max-
imum separating both minima
occurs at a 6 value of about
60°. Surprisingly, the energy
barrier is not strongly influ-
enced by the presence of the
methyl groups in the ferrocene
unit. In fact, it is only 5 kcal
mol~! smaller for 2 than for 1
due to the presence of a stabi-
lizing CH--m interaction in
compound 2, an interaction that
does not exist in compound 1.
In both cases the trans form is
more stable than the cis isomer,
the energy difference between
them being very similar (4 and
6 kcalmol ™' for radicals 1 and
2, respectively). In principle,
the population of the cis and
trans isomers at room tempera-
ture for both isomers of radical
1 and 2 should be very similar
at least in the absence of signif-
icant solvent effects, or when these effects are not specific to
one of the isomers.

Since one of the species involved in the trans—cis isomeri-
zation of radicals 1 and 2 exists in solution as a dimer (vide
infra), we have also studied the energies involved in the di-
merization of cis and trans isomers of radicals 1 and 2.
Figure 7 shows the optimized geometry found for the result-
ing dimer of the cis-1 radical, using the AM1 semiempirical
method. This dimer has C, symmetry with the two moieties
arranged in a head-to-tail manner by means of two equiva-
lent and complementary C—H--N H-bonds, with a H--N dis-
tance of 2.8 A. Using the AMIl-optimized geometry, we
have done a B3LYP/LANL2DZ calculation of the interac-
tion energy of the dimer. To lower the computational cost,
the two external phenyl rings of both triphenylmethyl units
were substituted by H atoms without relaxing the geometry
of the dimer. The BSSE-corrected interaction energy of the
dimer is —2.5 kcalmol ™. This is a lowest energy limit (we
have estimated using models that the effect of relaxing the
geometry, and the inclusion of the external phenyl rings,
which would allow the formation of new C—H:-m bonds,
would raise the interaction energy up to around —10 kcal
mol ™). The dimer is in a triplet electronic state and the two
ferrocene groups of the two bonded molecules are in up-

SOMO
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LuUMO

HOMO-1 HOMO-2

Figure 5. Molecular orbitals of cis-2 according to DFT calculations.
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Figure 6. Calculated potential energy curves for the trans/cis interconver-
sion of radicals 1 and 2. Inset: Definition of the torsion angle 6 from
which the potential energy curve have been calculated.

down positions with respect to the plane (reference plane)
defined by the two bonded HC=N units, although the
energy does not change significantly if both ferrocene
groups are at the same side of the reference plane. In radical
2, the steric hindrance makes the formation of (cis-2),
dimers very unstable energetically since short H---H contacts
between the meta-H atoms of the triphenlymethyl units and
the methyl groups of the Fe(Cp"), units occurs. On the other
hand, the specific geometries of the trans isomers of radicals

ranged, is identical to that ob-
tained at §=270° (see Figure S5
in the Supporting Information).
This result proves that the iso-
merization process in this radi-
cal takes place through a mech-
anism that involves a semi-
linear geometry of the excited
transition state with an inver-
sion of the bond angle at the ni-
trogen atom in contrast with
the isomerization mechanism of
stilbene that isomerizes by an
internal rotation about the eth-
ylene bond angle.”? A similar
mechanism has been proposed
for the isomerization of other
imines derivatives.

UV/Vis-NIR spectroscopy: The
absorption spectra of radicals 1
and 2 in CH,Cl, are character-
ized by an intense absorption
band at 377 nm with a shoulder
at 420 and a weak band around

HOM
i 580 nm. For radical trans-2 a

Figure 7. Optimized structure with AM1 semi-empirical methods of the
supramolecular H-bonded dimeric (cis-1), species formed by radical cis-
1.

very weak broad band at 800 nm was also observed. Table 3
gathers the most relevant data observed for radicals 1 and 2.
The bands at 377 and 580 nm are ascribed to radical chro-
mophores since this kind of radical usually shows an intense
absorption centered at 380 nm and two weaker bands cen-

Table 3. Relevant UV/Vis-NIR data obtained in CH,Cl, solution at room
temperature (4, in nm; ¢, in m'cm™").

Radical A A A3 Ay
1 and 2 avoid the formation of dimers by means of two com- (ex107%) (ex107%) (ex1073)
plementary C—H--N interactions. Thus, the only dimer that 5 386(28.2) 430(15.9) 567(1.5) _
is energetically favored is the (cis-1),. trans-1 377(22.0) 410(16.3) 563(1.5) -
Interestingly, the optimized geometry obtained for cis-1 at cis-1 377(28.6) 415(15.8) 584(3.9) -
6=90°, which has the three C—C=N atoms linearly ar- trans-2 378G.2) 436(167) 393(5.6) 800(0.4)
Chem. Eur. J. 2004, 10, 603-616  www.chemeurj.org  © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 609
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tered around 565-605 nm. Consequently the band observed
at 410 nm is unprecedented in unsubstituted polychlorinated
triarylmethyl radicals and can be therefore ascribed either
to intrinsic ferrocene transitions and/or, to the electronic de-
localization of the unpaired electron into the m-conjugated
system. Indeed, in the case of radicals 1 and 2, due to the
presence of a certain degree of electronic delocalization of
the unpaired electron into the m-conjugated system, batho-
chromic shifts with enhanced absorptivities, compared to un-
substituted chlorinated triarylmethyl radicals, would be ex-
pected. Such behavior has already been observed for a relat-
ed p-bromostyryl-substituted monoradical (5).**! On the
other hand, unsubstituted ferrocene exhibits two weak
bands at 325 and 440 nm.P¥ The shorter wavelength band is
assigned to a Fe(dmn)—Cp(m*) charge transfer, or a m—u*
transition, or a combination of these, whereas the longer
wavelength is assigned to a d—-d transition within the ligand
field formalism. Upon substitution of one of the Cp rings of
ferrocene with conjugated acceptors, one would expect
changes of the visible spectra. Thus, even though the posi-
tion and intensity of the ferrocene bands depends upon the
nature of the chromophore acceptor group, shifts up to
520nm and intensities of e=1.0x10%*Lmol 'cm™' have
been reported.

More interesting is the observation for radical trans-2 of
an extra broad band at around 800 nm (e=360 Lmol 'cm™)
that is observed neither for substituted polychlorotriphenyl-
methyl radicals nor for substituted ferrocenes. In addition,
such a band follows the Beer—Lambert law, a fact that indi-
cates that this band has an intramolecular rather than inter-
molecular origin. Most likely, such a band may be assigned
to an intervalence band transition®®! associated with an in-
tramolecular electron transfer from the ferrocene unit to the
radical unit, which have electron donor and acceptor charac-
ter, respectively. On the other side, no intervalence band
transition has been experimentally observed for radicals
trans-1 and cis-1. Why do we observe an intervalence transi-
tion exclusively for trans-2? One possible explanation of
this fact is that the intervalence transitions for radicals trans-
1 and cis-1 appear at higher energies as a very broad tail on
the edge of a nearby electronic transition or even complete-
ly masked by it. Thus, the larger electron donor ability of
the nonamethylated ferrocene unit for the trans-2 isomer,
decreases the energy difference between the HOMO and
SOMO orbital, and consequently a decrease of the interva-
lence transition energy occurs. Therefore, an increase of the
wavelength associated to this transition is expected. More-
over, the energetic orbital diagrams for radicals 1 and 2 indi-
cate that one should find low energy excited states, particu-
larly in the case of radical 2. Besides, the small overlap that
the HOMO and SOMO orbitals present in the region of the
C=N bridge unit make feasible the existence of charge
transfer states from the radical unit towards the ferrocene
one.

Electrochemical studies: Cyclic voltammetric studies in
CH,Cl,, with nBu,NPFy (0.1M) as supporting electrolyte
(versus Ag/AgCl) and using Pt wire as a working electrode,
were performed at room temperature (see Figure S8 in the
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Supporting Information). The cyclic voltammetric response
of radicals trans-1, cis-1, and trans-2 show two oxidation
processes and one reduction process, all of them reversible.
For radicals trans-1 and cis-1 the first oxidation process
takes place at +0.61 and +0.72 'V, respectively, and the
second one at +1,05 V for both compounds, whereas the re-
duction process is observed at —0,66 and —0.67 V, respec-
tively (versus an Ag/AgCl electrode in CH,Cl,). The cyclic
voltammetric response of trans-2 also show two reversible
oxidation processes at +0.23 V and +1.12 V and one rever-
sible reduction process at —0.60 V, respectively (versus an
Ag/AgCl electrode in CH,CL,). For the studied compounds,
the first oxidation process arises from the oxidation of the
ferrocene unit while the second reversible process is associ-
ated with oxidation of the triphenylmethyl radical unit to
the corresponding carbocation. The reversible reduction
process is associated with reduction of the triphenylmethyl
radical unit to the corresponding carbanion, as ascertained
by UV/Vis and ESR spectroelectrochemical experiments.
The fact that the oxidation potential for the ferrocene units
of radicals 1 and 2 appears at different potentials to those
observed for ferrocene and decamethylferrocene provides
evidence for the presence of an electronic interaction be-
tween the radical and the ferrocene units. ")

Magnetic measurements: Variable-temperature magnetic sus-
ceptibility data have been collected for pure samples of
trans-1, cis-1, and trans-2 radicals in the temperature range
of 2-300 K with an external field of 1 T. The effective mag-
netic moments found at room temperature for the three rad-
icals were in excellent agreement with the theoretical effec-
tive magnetic moment expected for a simple (S=1/2) mono-
radical (0.37 emuK 'mol™"). Then, the %T versus T plots
give straight lines down to low temperatures where small
downward deviations, due to the presence of weak intermo-
lecular antiferromagnetic interactions, are observed.

For radicals trans-1 and trans-2, the magnetic susceptibili-
ty data was nicely fitted to the Curie-Weiss law with Weiss
constants of =-2.5 and —2.1 K, respectively. Such small
values are similar to those found for most polychlorotriphe-
nylmethyl radicals reported up to now. However, in the case
of radical cis-1 the magnetic susceptibility data, depicted in
Figure S9 in the Supporting Information, can be nicely fitted
to a Curie-Weiss law characterized by a larger Weiss con-
stant of #=—15.3 K. Experimental data can also be fitted to
the Bleaney-Bowers model, which describes the behavior
for a dimeric magnetic species, with an exchange coupling
constant between unpaired electrons of J/kz;=—18 K using
the Heisenberg Hamiltoninan formalism H=—2 JS;-S,. Such
a J value, which is unusually large for a member of this
family of free radicals, may be tentatively attributed to pres-
ence of a relatively strong intermolecular antiferromagnetic
interaction between the two radical moieties of the dimer,
although the lack of an X-ray structure prevents us from
knowing the precise arrangement of molecules in the solid
state.

ESR spectroscopy: X-band ESR spectra of a toluene/di-
chloromethane (1:1) solution of radical trans-1 (c=10"> mol
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L) were obtained in the temperature range 160-300 K. At
300 K, the ESR spectrum shows a single central line without
any apparent hyperfine structure, as occurs for most poly-
chlorotriphenylmethyl radicals. To observe the hyperfine
structure of this radical it was necessary to decrease the
temperature down to 220 K. At this temperature, the ESR
spectrum of radical trans-1 (Figure 8a) shows several over-
lapped lines corresponding to the coupling of the unpaired
electron with 'H, '“N, and naturally abundant "*C isotopes at

a)
Experim ental
N Simulated
3345 3350 3355 3360 3365
'Field / Gauss ——
b)

Exp erim ental

Simulated

3320 3340 3360 3380
Field / Gauss ——»

Figure 8. Experimental and simulated X-band EPR spectra of a toluene/
CH,(Cl, (1:1) solution of a) trans-1 at 220 K and b) cis-1 at 160 K.

the alpha and aromatic positions of the triphenylmethyl
unit. Computer simulation of the experimental spectrum
gave an isotropic g value of g;,=2.0030, which is very close
to that observed for other polychlorotriphenylmethyl radi-
cals,” and the hyperfine coupling constants (a): a(**N)=
118G, a('H,u)=025G, a("C,)=285G, a("Cyige)=
12.5 G, a(*C,,;,,)=10.3 G, a(*H,,,,.) =1.06 G.*¥ These values
are similar to those previously described for a related ferro-
cene-based polychlorotriphenylmethyl radical® and close to
those theoretically determined by ab initio calculations, col-
lected in Table 2. Finally, the spectrum of radical trans-1in a
frozen solution at 160 K shows a slightly asymmetric broad
single line that is characteristic of a free radical with a low
magnetic anisotropy in a rigid medium. The absence of any
fine structure under such conditions clearly shows that mole-
cules of trans-1 exists in solution as isolated, magnetically in-
dependent, species; that is as monomeric species.

The ESR spectrum of radical frans-2 in a toluene/di-
chloromethane (1:1) mixture obtained at 220 K (see Fig-
ure S10 in the Supporting Information) was more complicat-
ed, since it shows an overall spectral asymmetry in spite of
being recorded under isotropic conditions. Thus, such a
spectrum consists of several overlapped lines, centered
around a g value of 2.0037, that show distinct intensities and
linewidths at both sides of the spectrum making it difficult
to determine the experimental isotropic hfcc values. Such a
spectral asymmetry is ascribed to the existence of a valence
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tautomerism phenomenon and in particular to the presence
in solution of a thermally accessible doublet excited state in-
volving a ferricinium cation, with an iron(1), and a carban-
ion on the triphenylmethyl unit. This charge-separated state
is in equilibrium with another electronic isomer having a fer-
rocene unit, with iron(i), and the unpaired electron mostly
localized at the triphenylmethyl unit. The presence of two
species with slightly different g values in equilibrium might
explain the observed spectral asymmetry for radical trans-2.
This valence tautomerism seems to be favored in the case of
radical trans-2 because of the larger strength as electron
donor of the nonamethylated ferrocene unit. This favors the
intramolecular electron transfer from the Fe(Cp’,) to the
radical center, that acts as an electron acceptor, forming the
charge-separated species. In order to support this possible
explanation, we computed such a charge-separated species
by transferring the electron from the HOMO to the SOMO
orbital. To lower the computational cost, we performed such
a calculation on the small model of the frans-2 radical used
before in our calculations of the cis—trans potential energy
curves.’') At the optimum ground state geometry the
HOMO —SOMO excited state lies 16.8 kcalmol ' above the
ground state energy, but after a geometry optimization, the
excited state is just 4.4 kcalmol™' above the optimum
ground state energy, thus opening the door for a small ther-
mal occupation of this state at room temperature. At the op-
timum geometry of the excited state the SOMO orbital is
the LUMO orbital of the ground state (see Figure S7 in the
Supporting Information). Such a change in the shape of the
SOMO implies a charge transfer from the ferrocene to the
triphenylmethyl radical unit. Consequently, there is an in-
crease of the dipole moment of the excited state compared
to the ground state value (their respective values are 9.2 and
5.9 Debye). The intramolecular electron transfer also affects
the hfcc values since the hfcc of 'Fe is smaller than 5.0x
107° G in the ground state but it becomes 3.8x107* G in the
excited state. The values of the atomic spin populations are
also affected by the charge transfer since while in the
ground state the electron is mostly located on the C, atom
of the triphenylmethyl unit (0.71 electrons) and almost no
spin is found on the Fe atom of the ferrocene unit (0.09
electrons). In the excited state the situation is reversed and
the C, atom holds —0.57 electrons while 1.92 electrons are
placed on the Fe atom. The valence tautomerism phenom-
enon proposed for radical trans-2 in solution has been re-
cently observed for a related ferrocene-based polychlorotri-
phenylmethyl radical in the solid state.[*”) Further studies to
fully confirm the existence of valence tautomerism for radi-
cal trans-2 in solution are in progress.

More interesting results were obtained from the ESR
spectrum of radical cis-1, in a toluene/dichloromethane (1:1)
mixture at 220 K. Such a spectrum (Figure 8b) exhibits a
fine structure, characteristic of a triplet species, instead of
showing the hyperfine structure due to the coupling of mag-
netically active nuclei with the unpaired electron. The obser-
vation of a triplet species for cis-1 is explained by the forma-
tion of a supramolecular dimeric species directed by inter-
molecular C—H--N hydrogen bonds between the -CH=N-
groups of two different molecules oriented in a head-to-tail
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manner similar to that depicted in Figure 7. As already men-
tioned in the theoretical calculation section, this dimeric
structure has a C, symmetry and is stabilized with respect
the monomer species by 10 kcalmol™ because of the com-
plementary H-bonds formed between head-to-tail oriented
CH=N groups.Experimental zero-field splitting (zfs) param-
eters |D’| and | E’'| determined from the frozen ESR spec-
trum, given in Gauss, provide information about the struc-
ture and electronic distribution of the H-bonded (cis-1), spe-
cies."l Thus, the zfs parameters obtained by a computer
simulation of the spectrum obtained at 160 K were |D'|=
252G and |E'|20."" The null value determined for |E'|
suggests that the dimeric species has a quasi-axial symmetry,
a result that is in agreement with the symmetry of the opti-
mized structure of the dimer with the AM1 semiempirical
method. Moreover, from the absolute value of the zfs pa-
rameter |D/hc|, given in cm™!, and using [Eq. (1)]," an
average interspin separation of 10.3 A was found.

3¢ 1
"= e 1D Jhe] M

Such an averaged interspin separation is somewhat small-
er than the nominal through-space separation of 14 A be-
tween the two a-carbon atoms of two radical moieties deter-
mined from the optimized structure (Figure 7). This result is
in agreement with the existence of a certain degree of spin
delocalization over the imino bridges in the dimeric struc-
ture that reduces the effective separation of the two spins in
the diradical species and, therefore, favor the presence of in-
termolecular magnetic exchange interactions.*” The exis-
tence of (cis-1), as a triplet species was confirmed by the ob-
servation of the forbidden Ams==+2 transition appearing at
the half-field region of the spectrum. Its peak-to-peak inten-
sity (1,,) was measured in the 4-100 K temperature range.
Since the experimental value of 1,,T is proportional to the
population in the triplet state, the fact that 1,,7 decreases
with decreasing temperature indicates that the ground state
of the dimeric species is in the singlet state while the triplet
should be associated with a thermally accessible excited
state. A separation of 54+2K (38cm™') between both
states was obtained from the fitting of the experimental data
to a Bleaney-Bowers equation.”! This value corresponds to
an intermolecular exchange coupling of J/kz=—27 K, which
is close to that observed in the solid state (see Magnetic
Measurements Section). The small difference could be ex-
plained by differences in the geometries of the H-bonded
(cis-1), dimer in solid and in solution produced by the sol-
vent molecules.

Towards the development of a photomagnetic supramolec-
ular device: The interconversion between the trans-1 isomer,
which exists in solution as a monomeric species, and cis-1,
which spontaneously aggregates in solution generating the
H-bonded (cis-1), dimer, is important for the development
of a new kind of photomagnetic supramolecular device. For
this reason we performed a detailed study of the photo-
chemically and thermally induced interconversions of radical
1 monitoring the changes with ESR and UV/Vis spectroscopy.

612 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Photochemically induced isomerization: Methylcyclohexane
was initially chosen as a solvent for this study because it
makes a good glass when it is frozen at low temperature,
avoiding the scattering of the light used for irradiation. At
the same time, the high viscosity of the medium at low tem-
perature hinders the mobility and tumbling of the species
permitting, therefore, the observation of the ESR fine struc-
ture of triplet species produced by the dipolar interaction
between the two unpaired electrons. Furthermore, methylcy-
clohexane is a nonpolar solvent that generally disfavors
those intermediates showing a high polarity. The ESR spec-
trum of trans-1 in frozen methylcyclohexane exhibited a
time dependence behavior under in-situ irradiation at
415 nm,"“*! with the appearance of spectral features that are
consistent with the conversion from the trans-1 to the (cis-
1), (see Figure 9). After eight hours of irradiation a mixture
with a cis:trans ratio of 90:10, as confirmed by computer
simulation, was obtained.

The photoinduced trans-1 to cis-1 isomerization in methyl-
cyclohexane at room temperature was also monitored by
UV/Vis spectroscopy. Indeed, both trans-1 and cis-1 isomers
show two absorption bands at 377 and 410 nm that are ascri-

1 1 1 1 1
3345 3360 3375 3390 3405

H/Gauss ——»

Figure 9. Photoinduced trans—cis isomerization of radical frans-1 in a
methylcyclohexane solution monitored by ESR spectroscopy. Spectra
were taken after irradiating the sample for: a) t=0, b) 1, ¢) 3, d) 5, and
e) 8h.

bed, as already mentioned, to the radical and the conjugated
ferrocene chromophores, respectively. The main difference
between the two isomers lies in the relative intensity of both
bands. In the case of the trans-1 isomer, the band at 377 nm
exhibits a lower absortivity, whereas the band at 408 nm ex-
hibits a higher absortivity than those reported for the cis-1
isomer.””! These changes also allowed us to study the effect
of irradiation upon a solution of frans-1 in methylcyclohex-
ane by absorption spectroscopy. Thus, the in situ irradiation
of trans-1 was carried out using a 415 nm light in a quartz
cell at room temperature for 2 h. During the irradiation of
the trans-1 solution, the absorption of the band at 377 nm
increased whereas that of the band at 408 nm decreased
with the appearance of an isosbestic point at 382 nm con-
firming a neat transformation from the trans-1 to the cis-1
isomer. It must be emphasized that irradiation of a cis-1 sol-
ution in methylcyclohexane with different wavelengths (415,
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380, 540 nm) did not lead to the reverse photoisomerization
process, as observed by using ESR and UV-Vis spectrosco-
py. The stability of (cis-1), species under irradiation is ascri-
bed to the unfavorable energy requirements associated with
its conversion into the trans isomer. It is well know that the
efficiency of a trans—cis isomerization is markedly dependent
on the polarity of the solvent. For this reason we also stud-
ied the isomerization of frans-1 in solvents with larger polar-
ities, like toluene and dichloromethane, observing that trans-
1 is photoinactive in both solvents. In marked contrast to
the trans-1 derivative, the irradiation at 415 nm of trans-2,
both in nonpolar and polar solvents, did not exhibit any sign
of isomerization.

In summary, the trans-1 derivative is photoactive but only
in nonpolar media, whereas both the cis-1 and trans-2 deriv-
atives do not exhibit any photoinduced change either in
non-polar or polar solvents. These results may be explained
for trans-1 if two alternative pathways with a common excit-
ed state, trans-1*, like those shown in Scheme 2, are opera-

Cl Cl\ *
O T S o
s A
trans-1 cl trans-1 Cl

back electron trans-1 to cis-1

intramolecular

transfer isomerization
electron cl
transfer
i o)
| Cl
o | N> D
N @CI = &l Cl
o & Q cl Q
= Cl e Cl
< cis-1

Scheme 2. The photoactivity of trans-1.

tive.[*¥l One such pathway is favored in non-polar media and
leads to an efficient trans to cis conversion while the other
pathway involves a charge-separated intermediate that re-
verts rapidly into the starting trans isomer avoiding the con-
version to the cis isomer. The latter pathway is preferential
in polar media and for those compounds having strong elec-
tron donor and acceptor groups linked to the isomerizable
unit. Consequently, only the compound with the weaker
electron-donor group (here the ferrocene) and held in sol-
vents of low polarity shows a considerable photoactivity.

Thermally induced interconversion: The thermally induced
isomerization process from trans-1 to cis-1 has also been
studied in three different solvents having distinct polarities,
such as acetonitrile, toluene, and methylcyclohexane. Initial-
ly, a degassed solution of trans-1 was warmed up to 80°C
and its evolution over time was monitored by HPLC chro-
matography and UV/Vis spectroscopy. The experimental re-
sults confirmed that, independently of the solvent used and
in the absence of light irradiation, the thermally induced
trans-1—cis-1 isomerization takes place. As an example, the

Chem. Eur. J. 2004, 10, 603—-616 www.chemeurj.org

evolution over time of an acetonitrile solution of trans-1 at
80°C, as monitored by HPLC, is shown in Figure 10. The in-
itial chromatogram shows only the characteristic peak of the
trans-1 isomer. In the second chromatogram, obtained after
approximately one hour, the intensity of the peak corre-
sponding to the trans-1 form decreases whereas the intensity

cis A frans ¢= 300 min

£ =155min

Y AN AN
_K,_/\z: 115min
N\

o Szmsmn
N

o Nt=omin
6 8 10
t/ min i

Figure 10. Evolution of the conversion of isomer trans-1 in acetonitrile at
80°C, as monitored by HPLC.

of a new peak, appearing at a lower retention time, that cor-
responds to the cis-1 isomer increases. Such a trend contin-
ues with time and after five hours, a mixture with a cis-
1:trans-1 ratio of 95:5 is obtained. We have also examined
the thermal behavior of a pure sample of cis-1 at 80°C in
the same three solvents (methylcyclohexane, toluene and
acetonitrile) but no evidence of a thermally induced back-
ward cis-1 to trans-1 isomerization was observed. Thus, as
summarized in Scheme 3, the trans-1 to cis-1 isomerization
process takes place thermally while the reverse process do
not takes place in any of the three studied solvents.*!

(cis1 )2

Scheme 3. cis-1—trans-1 isomerization.

The irreversibility of this one-way photoinduced isomeri-
zation process has been attributed to the stabilization of
radical cis-1 in solution due to the formation of the thermo-
dynamic stable H-bonded dimeric (cis-1), species, as con-
firmed by theoretical DFT calculations and experimental
spectroscopic evidence.

Conclusion

In summary both the trans and cis isomers of radical 1 have
been isolated, whereas only the trans isomer of the noname-
thylated derivative 2 can be isolated. Interestingly, the cis-1
isomer aggregates in solution at low temperatures generat-
ing the thermodynamically stabilized H-bonded diradical
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(cis-1), species, in which strong antiferromagnetic interac-
tions develop. The head-to-tail arrangement of the radicals
and the spin density on the bridge HC=N unit are responsi-
ble for the presence of antiferromagnetic interactions. It is
clear that the existence of a certain degree of delocalization
over the imino bridge enhances the presence of magnetic
exchange interactions between the two radical moieties.
Due to high steric hindrance the corresponding dimer of the
cis-2 radical cannot be formed.

Photoinduced trans-1—cis-1 isomerization has been
shown to take place but only in apolar solvents. On the con-
trary, irradiation of a cis-1 solution at different wavelengths
did not provide any evidence about the presence of a back-
ward photoisomerization processes. This one-way photoin-
duced self-assembly process represents an interesting exam-
ple of a photomagnetic system based on a supramolecular
phenomenon in which a doublet species is converted into a
singlet one. This concept might be extended to the synthesis
of novel compounds bearing other organic and inorganic
magnetic units providing valuable access to this interesting
class of supramolecular magnetic materials with which inter-
esting supramolecular devices could be achieved.

Experimental Section

Computational methodologies: The minimization of the geometries of
radicals 1 and 2 and the molecular orbital calculations were carried out
at the UB3LYP level on the doublet ground state of the four isomers
using the LANL2DZ basis set (which uses the Wadt—Hay effective core
potentials for the core electrons, while a basis set of double zeta quality
was used for the outer electrons). The doublet state for these radicals is
the ground state and presents a very small spin contamination at the
UB3LYP/LANL2DZ level. The calculations were done on the crystal ge-
ometry of the trans-1 isomer, while the optimum UB3LYP/LANL2DZ
geometry of the doublet was used for all other three isomers,*” as no
crystal structure was available for them. In the initial input geometries
the N=C bridge and the phenyl and Cp rings of the ferrocene unit were
kept planar; the dihedral angles defined by the N=C bridge and the
phenyl and Cp rings were set to 0°. Moreover, for each radical, two dif-
ferent initial input conformations differing by a 180° rotation around one
of the single bonds that connects the phenyl unit and the C=N unit were
used. It is important to note that independent of the input model used,
the minimized geometries converged in similar close-lying minima.
Starting materials: All solvents were reagent grade from SDS and were
used as received or otherwise distilled as indicated. All reagents, organic
and inorganic, were of high purity grade and obtained from E. Merck,
Fluka Chemie, and Aldrich Chemical Co.

Experimental methodologies: Elemental analyses were obtained in
Servei d’Analisis de la Universitat Autonoma de Barcelona (UAB). The
MALDI/TOF mass spectrometer used was an Analytical Kompact LDI I1
from Kratos operating in positive mode and high power. Electrochemical
experiments were performed with an EG and PAR potenciostat/galvano-
stat, using a Pt wire as working electrode and an Ag/AgCl electrode as
reference electrode. Anhydrous CH,Cl, freshly distilled over P,Os under
nitrogen was used as a solvent and tetrabutylammonium hexafluorophos-
phate (Fluka, electrochemical grade) as the supporting electrolyte. EPR
spectra were recorded on a Bruker ESP-300E spectrometer operating in
the X-band (9.3 GHz). Signal-to-noise ratio was increased by accumula-
tion of scans using the F/F lock accessory to guarantee a high-field repro-
ducibility. Precautions to avoid undesirable spectral line broadening such
as that arising from microwave power saturations and magnetic field
over-modulation were taken. To avoid dipolar broadening, the solutions
were carefully degassed three times using vacuum cycles with pure Ar.
The g values were determined against the DPPH standard (g=2.0030).
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To obtain accurate temperature measurements between 4 and 100 K that
ensure the validity of the experimental results, the spectrometer was
equipped both with a flowing-helium Oxford EPR-900 cryostat, control-
led by an Oxford ITC4 temperature control unit, and with a calibrated
custom-made double temperature control system for accurately deter-
mining the sample temperature. The program used to simulate the spec-
tra were Win-EPR from Bruker (Germany) and Sinfonia v.1.0 from
Bruker Instruments Billerca, MA (USA). Direct current (dc) magnetic
susceptibility measurements were carried out on a Quantum Design
MPMS SQUID susceptometer with a 55 kG magnet and operating in the
range of 4-320 K. All measurements were collected in a field of 1.0 T.
Background correction data were collected from magnetic susceptibility
measurements on the holder capsules. Diamagnetic corrections estimated
from the Pascal contents were applied to all data for determination of
the molar paramagnetic susceptibilities of the compounds. HPLC chro-
matography was performed on a LC10-A Series Shimadzu spectropho-
tometer equipped with a diode array detector (1 =250-800 nm), an exter-
nal computer and a Perkin Elmer Series pump system. The inverse phase
chromatographic columns were ODS-2 of Teknokroma. X-ray data col-
lection: Nonius Kappa CCD diffractometer with an area detector and
graphite-monochromized Moy, radiation (1=0.7106 A). Cell constants
were derived from the least-squares fit to the setting angles for 25 select-
ed reflections with 10°<6>15°. The structures were solved and refined
using the SHELL-93 software and the measured reflections were correct-
ed with the program Scaalepack. UV-Vis-NIR spectra were recorded
using a Cary SE Varian spectrophotometer. IR spectra were recorded
using a Perkin Elmer spectrum one FT-IR spectrometer. The photochem-
ical trans—cis isomerizations were followed by UV/Vis spectroscopy and
supported by HPLC analysis. The UV/Vis in situ irradiation followed
with a UV/Vis spectrometer were preformed with a 150 W xenon arc-
lamp filtering the light through a monochromator set at a wavelength
close to the absorption maximum of the chromophore. In situ irradiation
experiments with the ESR technique were performed with a power of
10 mW cm 2 using a fiber optic illuminator Oriel model 77501, that uses a
quartz tungsten halogen lamp, and various interference filters, centered
from 350 to 450 nm.

Preparation of (trans)-4-(ferrocenylimino)bis(2,4,6-trichlorophenyl)-2,6-
dichlorophenyl methyl radical (trans-1) and (cis)-4-(ferrocenylimino)-
bis(2,4,6-trichlorophenyl)-2,6-dichlorophenyl methyl radical (cis-1): Fer-
rocene monocarboxaldehyde (80 mg, 0.37 mmol) was added to a dry solu-
tion of (4-amino-2,6-dichlorophenyl)bis(2,4,6-trichlorophenyl)methyl rad-
ical (200 mg, 0.37 mmol) in toluene, which was obtained as previously de-
scribed,? over molecular sieves. The mixture was heated up to 60°C and
stirred for 48 h in the dark. The reaction was monitored by silica thin
layer chromatography first eluted with a 5% TEA solution of 75% tetra-
chloride and 25% n-hexane. After removing the molecular sieves and
evaporation of the solvent, a brown precipitate was obtained. This con-
densation reaction is not stereoselective so the reaction products contain
a mixture of cis and trans isomers of compound 1. The trans-1 isomer
(50 mg) was isolated in 20 % yield as a dark brown microcrystalline mate-
rial by recrystallization from n-hexane. The cis-1 isomer (15 mg) was iso-
lated in 6% yield as a dark green powder by flash chromatography,
eluted with carbon tetrachloride, on a Florisil (magnesium silicate)
column.

trans-1: Elemental analysis caled (%) for C;)H(ClgFeN: C 49.4, H 2.21,
N 1.90; found: C 49.6, H 1.8, N 2.0; IR (KBr): #,,,,=3420, 2967, 2913,
1631, 1556, 1536, 1465, 1371, 1261, 1225, 1182, 1137, 1104, 1021, 858,
809 cm~!, UV/Vis (methylcyclohexane): A, (¢): 377 (20300), 409 (14
900), 565nm (1863 mol 'dm*cm™); cyclic Voltammetry: —0.661V,
+0.609 V, and +1.054 V versus Ag/AgCl; EPR (isotropic solution of tolu-
ene at 220 K): g=2.0030; hyperfine coupling constants: a(N)=1.1837 G;
a('H,) =1.0569 G; a('H,,,) =0.2453 G; a(PC,)=28.5 G; a("Chrigee) =
125G, and a(**C,,,;,) =10.3 G; reverse-phase HPLC: 7'=25°C; mobile
phase: AcCN/THF; 70/30; flow: 1 mLmin ! detectors at 220, 377, and
590 nm: one peak at 7.9 min; MS-LDI-TOF (positive-mode): m/z/uma/e”
[M*]: 729 [M]*, 694 [M—35]*, 659 [M—70]*, 533 [M—196]*.

cis-1: Elemental analysis calcd (%) for C;H,ClsFeN: C 494, H 2.21, N
1.90; found: C 49.8, H 2.0, N 2.2; IR (KBr): #,,,,=3434, 2925, 2849, 1715,
1631, 1552, 1526, 1487, 1383, 1371, 1292, 1227, 1182, 1134, 1076, 1057,
926, 858, 817, 788 cm™'; UV/Vis (methylcyclohexane): ... (£): 377 (23
300), 407 (13600), 578 nm (2940 mol'dm’*cm™); cyclic voltammetry:
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—0.669V, +0.723 V, and +1.056 V versus Ag/AgCl; EPR (isotropic solu-
tion of toluene at 160 K): zero field splitting parameters: |D'|=25.2G, |
E'|=0; reverse-phase HPLC: T=25°C; mobile phase: AcCN/THF; 70/
30; flow:1 mLmin™'; detection at 220, 377, and 590 nm one peak at
6.7 min; MS-LDI-TOF (positive mode): m/z/umale” [M**]: 729 [M]*, 694
[M-35]*, 659 [M—T70]%, 533 [M—196]".

Preparation of the (trans)-4-(nonamethylferrocenylimino)-2,6-dichloro-
phenyl)bis(2,4,6-trichlorophenyl) methyl radical (2): Nonamethylferro-
cene monocarboxaldehydel®" (318 mg, 0.936 mmol) was added to a dry
toluene solution of (4-amino-2,6-dichlorophenyl)bis(2,4,6-trichlorophe-
nyl)methyl radical (500 mg, 0.936 mmol), which was obtained as previ-
ously described,?! over molecular sieves. The mixture was heated up to
60°C and stirred for 24 h in the dark. The reaction was monitored by
silica thin layer chromatography first eluted with a 5% TEA solution of
75% tetrachloride and 25% n-hexane. After removing the molecular
sieves and evaporation of the solvent, a brown precipitate was obtained.
The resulting solid was purified with basic Al,O; chromatography, using
carbon tetrachloride as eluent, yielding pure trans-2 (160 mg: 20 % yield)
as a dark brown microcrystalline powder.

trans-2: Elemental analysis calcd (%) for C3H3,ClgFeN: C 54.7, H 3.97,
N 1.63; found C 54.48, H 4.48, N 1.73; IR (KBr): ,,,,=3435, 2923, 2850,
1716, 1631, 1555, 1523, 1454, 1370, 1288, 1183, 1137, 1075, 1024, 857, 809,
562 cm™Y; UV/Vis (CHCL): A (£): 378 (31200), 593 (5600), 800 nm
(400 mol'dm?’cm™); cyclic voltammetry: —0.59 V, +0.233V, +1.121 V
versus Ag/AgCl; MS-LDI-TOF (positive mode): m/z/umale™ [M]*: 935
[M]*, 900 [M—35]*, 865 [M—70]*.
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o,a-Disubstituted Glycines Bearing a Large Hydrocarbon Ring: Peptide Self-
Assembly through Hydrophobic Recognition

Tomohiko Ohwada,**! Daisuke Kojima,'*' Tatsuto Kiwada, Shiroh Futaki,*"!

Yukio Sugiura,” Kentaro Yamaguchi,'! Yoshinori Nishi,'" and Yuji Kobayashi

Abstract: A method was developed for
synthesizing o,o-disubstituted glycine
residues bearing a large (more than 15-
membered) hydrophobic ring. The
ring-closing metathesis reactions of the
dialkenylated malonate precursors pro-
ceed efficiently, particularly when long
methylene chains tether both terminal
olefin groups. Surprisingly, the amino
groups of these a,o-disubstituted gly-
cines are inert to conventional protec-
tive reactions (e.g., N-tert-butoxycar-
bonyl (Boc) protection: Boc,0/4-dime-
thylaminopyridine ~ (DMAP)/CH,CL,;
N-benzyloxycarbonyl (Z) protection:
Z-CI/DMAP/CH,Cl,). Curtius rear-
rangement of the carboxylic acid func-

tionality of the malonate derivative
after ring-closing metathesis leads to
formation of an amine functionality
and can be catalyzed by diphenylphos-
phoryl azide. However, only the inter-
mediate isocyanates can be isolated,
even in the presence of alcohols such
as benzyl alcohol. The isocyanates ob-
tained by Curtius rearrangement in an
aprotic solvent (benzene) were isolated
in high yields and treated with 9-fluore-
nylmethanol in a high-boiling-point sol-

[d]

vent (toluene) under reflux to give the
N-9-fluorenylmethoxycarbonyl (Fmoc)-
protected aminomalonate derivatives
in high yield. These hydrophobic
amino acids can be incorporated into a
peptide by Fmoc solid-phase peptide
synthesis and the acid fluoride activa-
tion method. The stability of the mono-
meric o-helical structure of a 17-
amino-acid peptide was enhanced by
replacement of two alanine residues
with two hydrophobic amino acid resi-
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dues bearing a cyclic 18-membered
ring. The results of sedimentation equi-
librium studies suggested that the pep-
tide assembles into hexamers in the
presence of 100 mm NaCl.

ring-closing

Introduction

Hydrophobic amino acids play an essential role in the mo-
lecular architectures of proteins and peptides. These amino
acids are commonly found in the transmembrane regions of
membrane proteins and ion channels, embedded in lipid bi-
layers.] Farnesylation (15 carbon atoms) and geranylgerany-
lation (20 carbon atoms) of cysteine side chains are known
to have dramatic effects on the hydrophobicity of proteins
and have been proposed to be important for signal transduc-
tion.”) Hydrophobic interaction also often plays a crucial
role in protein folding and assembly in water. Thus, the con-
trol of molecular recognition of hydrophobic surfaces is re-
garded as one of the key elements in the rational design of
artificial proteins and protein-interacting molecules with
pharmaceutical potential.”! Various unnatural amino acids
with hydrophobic side chains have been explored as building
blocks for peptides that provide novel hydrophobic cores.!
Amino acids with Ca,a-disubstituted cycloaliphatic groups
are intriguing because o,a-disubstitution constrains the con-
formation of a peptide chain and also causes changes in hy-
drophobicity.® A representative Co,a-disubstituted gly-
cine, a-aminoisobutyric acid (Aib), is known to induce a 3,/
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a-helical protein structure.”’ A series of systematic studies
by Toniolo and co-workers has established that oligopepti-
des containing Co,o-disubstituted cycloaliphatic groups
show a preference for 3;-helical and B-bend structures.
Their work has provided considerable information about the
effects of amino acids with these side chains upon local sec-
ondary structures of the peptide molecule. However, noth-
ing is yet known about amino acids bearing a larger hydro-
carbon moiety (a 15-membered or larger ring) at the a,a-po-
sitions and the effects of such amino acids in longer peptides
of 15-20 amino acids.

Herein, we describe a general approach to the synthesis
of amino acids fused with a large saturated hydrocarbon
ring at the a,a-positions (1, 2, and 3, Scheme 1).1! Incorpo-

H,N~ “COH HN COH HN" “COH

1 2 3

Scheme 1. Macrocyclic a,a-disubstituted amino acids.

ration of two amino acid residues 2 bearing a cyclic 18-mem-
bered ring (referred to as C18) into an a-helical peptide re-
sulted in the formation of a quaternary assembly through in-
teractions of the hydrophobic core.”

Results and Discussion

Synthesis of o,o-disubstituted glycines bearing a large hy-
drocarbon ring: o,0-Amino acids bearing 21-membered (1),
18-membered (2), 15-membered (3), and 14-membered
rings, respectively, were synthesized efficiently through ring-
closing metathesis reactions of the appropriate dialkenyl
precursors (6), which were derived from malonate deriva-
tives (Scheme 2).I" Stepwise alkenylation of malonate deriv-

A\ N/
HXH_a, m _b m In _c . m(Q)n
XY XY XY XY
4 5 6

7

Scheme 2. General synthetic strategy for macrocyclization of malonate
derivatives. a) CH,=CH(CH,),,Br, NaH, DMSO, room temperature;
b) CH,=CH(CH,),Br, NaH, DMSO, room temperature; c) [(PCys;),CL,.
Ru=CHPh], CH,Cl,, reflux. DMSO = dimethyl sulfoxide.

atives 4 in the presence of dimsyl sodium (NaH/DMSO) to
form the monoalkenylated intermediates 5 and then the dia-
lkenylated precursors 6 was more efficient than direct
double alkenylation, even when the same alkenyl bromide
was used in both steps.["! In most cases, the yield of the mon-

618
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oalkenylated product § was moderate to high, though the re-
action is accompanied by formation of the corresponding di-
alkenylated compound as a minor product (6 (except 6b),
see Table 1). The yields of the second alkenylation step are
generally high and are insensitive to the chain length of the
second alkenyl bromide (Table 2).

The ring-closing metathesis reactions of the dialkenyl pre-
cursors 6 were carried out by treatment with Grubbs’ ruthe-
nium catalyst in dichloromethane (Table 3).”! The yields of
the desired cyclized products 7 were moderate to good,
except for substrates containing a cyano group. The olefin
products were obtained as mixtures of the E and Z forms;
the ratio of these isomers was evaluated on the basis of the
BC signals of the olefin moiety. The olefins were hydrogen-
ated over Pd/C.

9-Fluorenylmethoxycarbonyl (Fmoc) solid-phase synthesis
has become the most widely used method for peptide syn-
thesis. Alternatively, the amino acid fluoride method can be
used as a coupling system for the introduction of Aib into a
peptide chain.”) We used a combination of acid fluoride and
N-Fmoc chemistry for the synthesis of peptides containing
Ca,a-disubstituted cycloaliphatic amino acids. To prepare
the Fmoc amino acid fluorides 12A-C, we started from
benzyl tert-butyl malonate 4¢ (Scheme 3). The cyclic olefin 7
was prepared by means of ring-closing metathesis and hy-
drogenated, then reductive debenzylation of the ester gave
the saturated half acids 8 A—C. Curtius rearrangement of the
carboxylic acid functionalities of 8 A-C to amine functionali-
ties was catalyzed by DPPA'” but, unexpectedly, only the
intermediate isocyanates 9 A—C could be isolated, even in
the presence of alcohols such as benzyl alcohol.'] We car-
ried out Curtius rearrangement of 8§ A—C in an aprotic sol-
vent (benzene) and isolated the isocyanates 9 A—C in high
yields. These isocyanates were treated with 9-fluorenylme-
thanol in the high-boiling-point solvent toluene under reflux
to give the N-Fmoc-protected esters 10 A—C in high yield.
These compounds was treated with TFA to give the acids 11
A-C, and then with DAST to give the corresponding acid
fluorides 12 A-C.”! Surprisingly, the amino groups of the re-
lated amine compounds 10 (R,=H, Et ester, derived from 7
b, 7j, and 7g) were inert to protective reactions (N-fert-bu-
toxycarbonyl (Boc) protection: Boc,0/4-dimethylaminopyri-
dine (DMAP)/CH,Cl,; N-benzyloxycarbonyl (Z) protection:
Z-Cl/DMAP/CH,CL,).

Single-crystal X-ray diffraction structure analysis of the
N-benzyl ethyl ester derivative of the 18-membered com-
pound 2 (Figure 1) showed a flat and unfolded 18-mem-
bered ring.'"”! The crystal structure of 2 shows a left-handed
helical conformation (i.e. ¢ (+45.4°) and pseudo ¥(N1-C8-
C26-03) (+41.8°) are both positive). These backbone tor-
sion angles ¢ and pseudo  are closer to the values expected
for an a helix (¢p==155° ¥ =145°) than to those expected
for a 3, helix (¢==£57°, y==30°).5>606p8d Ip addition, the
bond angles indicate an asymmetric geometry for the Ca
atom in the crystal structure: the bond angles 7(N1-C8-C9)
(111.4°) and t(N9-C8-C25) (112.3°) are greater than the
ideal tetrahedral angle (109.45°), while the bond angles
7(C26-C8-C25) (107.9°) and ¢(N1-C8-C26) (108.0°) are
smaller than the tetrahedral value.
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Table 1. Alkenylation of malonate derivatives with CH,=CH(CH,),,Br.

To examine the feasibility of

Starting Alkenylation products solid-phase synthesis of amino
compound m n X Y Mono- Yield [%] Di-l Yield [%] acids bearing bulky hydropho-
4a 9 - CO,Me CO,Me 5a 64 6a 7 bic side chains, which might
4b 9 - CO,Et CO,Bu Sb 82 6b 0 cause considerable steric hin-
4c 9 - CO,Bn CO,tBu 5¢ 68 6¢ 13 d .
rance at the Ca-position, 17-
4d 9 - CN CO,Et 5d 33 6d 23 . . Ca-p 0
de 9 i CN CN 5e 0 6e 14 amino-acid m9del pept}des II-
4a 6 - CO,Me CO,Me 5f 65 6f 11 IV were designed (Figure 2).
4b 6 - CO,Et CO,Bu 5g 79 6g 5 The design of these peptides
:; 2 - gng“ ggzg‘l 55h gz 2“ 2? was based on the sequence of
- 2 ! ! the helical peptide I, which is
[a] Dialkenylation with CH,=CH(CH,),,Br took place in a single step. composed of alanine, lysine
and glutamic acid residues and
Table 2. Second alkenylation of monoalkenylated malonate derivatives with CH,=CH(CH,),Br. has been descrl,be[i] by M,arqu_
see and Baldwin."" Peptide I
Starting Dialkenylation was shown to adopt a mono-
compound ml n X Y Product Yield [%] . ) p
. 5 5 CoM oM p o meric, o-helical structure by
a ,Me ,Me a . _ + .
s5b 9 9 CO,Et COLBu 6b 95 forming Glu —L}.ls salt l?r1dges
5¢ 9 9 CO,Bn CO,Bu 6c¢ 84 between the side chains of
5b 9 6 CO,Et CO,/Bu 6j 81 these residues. We replaced the
5d 9 2 CN CO,Et 0k 63 two alanine residues in peptide
Se o 2 CN N o1 86 I (positions 3 and 10) with a
5f 6 6 CO,Me CO,Me 6f 86 posilt i X
5g 6 6 CO,Et CO,Bu 62 7 C18 amino acid (peptide II) so
5h 6 6 CO,Bn CO,Bu 6h 64 that the C18 rings were both
Sh 6 9 CO,Bn CO,Bu 6m 86 placed on the same side of the
Sa 9 2 CO,Me CO,Me 6n 79 helix. We hypothesized that this
5b 9 2 CO,Et CO,Bu 60 77 .
arrangement might allow the
[a] The first alkenylation was carried out by treatment with CH,=CH(CH,),,Br (see Table 1). peptide to form an assembly
through the interaction of alter-
Table 3. Olefin metathesis of dialkenyl glycine derivatives. nat? large hydrophobic ,Slde
— chains with each other, as in a
Conditions zipper motif (see Figure 3)
Ringsize Compound m n X Y 7% Time[h] Product Yield([%] E/Z ratio® pp ey ’
The energy-minimized struc-
21 6a 9 9 COMe CO,Me A 78 Ta 64 85:15 t f tides T d I
21 6b 9 9 COEt COyBu B 26 ) 83:17 ures ol peptides 1 an were
21 6c 9 9 COBn COyBu B 12 e 84 64:36 obtained by using the OPLS-
21 6d 9 9 CN COEt A 163 7d 5 77:23 AA force field."™ Two arrange-
21 6e 9 9 CN CN A 18 7e 23 79:21 ments of the two 18-membered
18 6j 9 6 CO,Et CO,Bu B 12 7j 93 50:50 rines that produce stable con-
18 6m 6 9 COBn COyBu B 20 m R 45:55 gs that p
15 of 6 6 COMe COMe A 24 43 66:34 formations ~ were  found
15 6g 6 6 COJEt COyBu B 16 7g 62 49:51 (Figure 3). Conformer A is
15 6h 6 6 COBn COyBu B 14 7h 72 50:50 more stable than conformer B
15 6i 6 6 CN CO,Et B 67 7i 8 nd by 11.2 kcalmol ™! (OPLS-AA
14 6k 9 2 CN CO2Et B 20 To0 5 nd f field d ¢ 1
14 61 9 2 CON CN A 504 7 0 i orce field and water as a sol-
14 6n 9 2 COMe COMe A 18 7n 36 52:48 vent).
14 6o 9 2 COEt COyBu B 21 7k 32 nd We examined the effect of

[a] A: room temperature; B: reflux. In both cases, the reactions were carried out in CH,Cl,. [b] Determined
from the relative intensities of the peaks of the olefinic carbon atoms in the *C NMR spectra. [c] Additional
heating at reflux for 9 h. [d] Additional heating at reflux for 7 h. [e] Additional heating at reflux for 118 h.

Helical peptides containing the amino acid bearing an 18-
membered ring: The Fmoc solid-phase method has become
the most widely used technique of peptide synthesis because
of its easy handling.™® Solution synthesis of oligopeptides
containing o,a-disubstituted cycloaliphatic amino acids with
medium-sized rings has been reported.”* However, the ap-
plicability of the Fmoc solid-phase method to a,a-disubsti-
tuted glycines bearing a large cycloaliphatic ring has been
little studied.

Chem. Eur. J. 2004, 10, 617-626 www.chemeurj.org
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the resulting hydrophobic cores
of the peptide structures on hel-
icity. For comparison, peptides
with one C18 amino acid resi-
due near the center (at posi-
tion 10, peptide IIT) or near the N terminus (at position 3,
peptide IV) were synthesized (Figure 2).

The peptide chains were constructed by Fmoc solid-phase
peptide synthesis on Rink amide resin.'®! Although the
steric hindrance at the Co atom caused by the CI18 ring
might lead to inhibition of peptide chain elongation, a com-
bination of Fmoc protection and acid fluoride activation al-
lowed successful addition of the C18 amino acid and the
next amino acids to the peptide chain.”’ A coupling system
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A A4
H__H a m( b m( )n c m( )n
R10,C COtBu R10,C COutBu R10,C CO,tBu R10,C COstBu
4c 5c:m=9 68% 6Cc.m=n=9 8% 7c  84%
R'=Bn S5h:m=6 7%  6M:m=6,=9 g65% 7m 2%
6h:m=n=6 &% 7Th 72%
d e f g.h
— ) p i Vp—— by ——  p
HO,C COstBu  O=C=N CO»iBu R2HN CO,tBu R2HN COX
X=OH X=F
ringsize=21 8A 83% 9A 83% 10A %% 11A
fingsize=18 8B 82% 9B 82% 10B 98% 11B 12B
ringsize=15 8C 88% 9C 88% 10C W% 11C 12C
R2=Fmoc

Scheme 3. Synthesis of the Fmoc amino acid fluorides of macrocyclic
a,0-disubstituted amino acids. a—c) As in Scheme 2; d)H,, Pd/C, AcOEt;
e) DPPA, Et;N, benzene, reflux; f) 9-fluorenylmethanol, toluene, reflux;
g) TFA, CH,Cl,, room temperature; h) DAST, CH,Cl,, room tempera-
ture. DAST = diethylaminosulfur trifluoride, DPPA =diphenylphosphoryl
azide, TFA = trifluoroacetic acid.

Figure 1. Single-crystal X-ray diffraction structure of the N-benzyl ethyl
ester derivative of compound 2, which contains an 18-membered ring.

involving benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphoni-
um hexafluorophosphate (PyBOP),'"” 1-hydroxybenzotria-
zole (HOBt), and 4-methylmorpholine (NMM) was used for
the introduction of other amino acids to the peptide chain.
The construction of the peptide was straightforward. No
double coupling experiments were carried out for the intro-
duction of amino acids in this experiment. The N terminus
of the peptide chain was acetylated by treatment with acetic
anhydride in the presence of NMM. The peptide resin was
treated with trifluoroacetic acid/ethanedithiol (95:5) at 25°C
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Ac-AE’AAAKEAA'’AKEAAAKA-NH, peptide I (native)
Ac-AE(2,C18)AAKEAA(2,C18)KEAAAKA-NH, peptide IT
Ac-AEAAAKEAA(2,C18)KEAAAKA-NH, peptide TIT
Ac-AE(2,C18)AAKEAAAKEAAAKA-NH, peptide IV

(A=Ala, E=Glutamic acid, K=Lysine)

12A 9% Figure 2. Amino acid sequences of peptides used in this study.

a) Peptidel

] Ak el
4-% C1B . o '@,‘. cis -
D o ™ ol oY
: r\\’a. ff-,.*.. s
¥ ?ﬂ‘ 4)

Figure 3. Energy-minimized a-helical structures of a) peptide I (original
Baldwin peptide), b) conformer A of peptide II, c) confomer B of pep-
tide II. Conformers A and B differ in the orientations of the two 18-
membered rings. Conformer A is more stable than conformer B. Water
was used as a solvent in the force field calculations.

for 2 h and the sample was then purified by HPLC separa-
tion to give a pure peptide. The proposed structure of the
product was supported by MALDI-TOF MS data. Total
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yields of the peptides calculated on the basis of the amount
of starting resin were 48 % (peptide I), 10% (peptide II), 16
% (peptide III), and 32% (peptide IV).'¥! The retention
times of the peptides in reversed-phase HPLC analyses in
the same eluent provide information about the hydrophobic-
ity of the peptides: those containing the C18 amino acid
have a longer retention time than those without such a resi-
due. Peptide II has the longest retention time and is there-
fore likely to be the most hydrophobic: 12.0 min (peptide I),
29.0 min (peptide II), 20.0 min (peptide II), 22.3 min (pep-
tide TV).1

The CD spectra of peptides I-IV in the presence of
10 mm NaCl were all consistent with a helical structure
(Figure 4a). The helical content of these peptides can be
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Figure 4. a) CD spectra of the peptides containing a,o-disubstituted gly-
cine (2, C18) residue(s); b) the thermal stabilities of these peptides. Red
circles, peptide I (20 um); green squares, peptide II (16 um); blue dia-
monds, peptide III (12 um); black triangles, peptide IV (13 pm). All pepti-
des were in a solution of 1 mm sodium citrate, 1 mm sodium borate, 1 mm
sodium phosphate, 10 mm sodium chloride (pH 7.3). Spectra were taken
at 20°C (a), and with temperature elevation at 1°Cmin~' (b). The helical
content of the peptides is compared in (b) in the form of the ratio [6],,,/
[6inil222, Where [0,],,, denotes molecular ellipticity at 222 nm and 5°C.

evaluated from the intensity of the absorption at 222 nm.
The [60],, values in order of magnitude are: peptide II
(—2.37x10* degecm?dmol ™) > peptide I (—2.03x 10* degcm?
dmol ™) >peptide I (—1.65x 10* degcm?dmol ) =~ peptide
IV (—1.57x10* degem*dmol~'). Peptide II showed signifi-
cantly higher thermal stability than the other peptides (in-
cluding the native peptide I; Figure 4b); although no signifi-
cant cooperative transition between the folded and unfolded
states was observed between 5 and 60°C, the helical content
of peptide II at 60°C was 62% of that observed at 5°C,
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while the helicities of the other peptides (I, III, and IV) at
60°C were approximately 30 % of those at 5°C.

The helicity of peptide II is highly dependent on salt con-
centration (Figure 5a). The [6],,,/[0]xs ratio calculated from
the CD spectrum of peptide II in the presence of 100 mm
NaCl was approximately 1.7 ([0]m: —2.73x10*degem?
dmol™; [0]ys: —1.64x10* degem*dmol ™), while the corre-
sponding value in the presence of 10 mm NaCl was 0.98
([0)12: —2.37x10* degem®dmol'; [0]5: —2.42x 10* degcm?
dmol™!). This considerable change in [6]y,/[0]xs ratio sug-
gests that the peptide may have an aggregated structure in
100 mm NaCLP% In contrast, the [6],,,/[0]s Tatio of peptide
I in the presence of 100 mm NaCl was not significantly dif-
ferent from that with 10 mm NaCl (100 mm NaCl: [6],,=
—1.85x10* degecm?dmol ; [0],s=—1.65 x 10* degcm*dmol ;
[0]22/[0]2s=1.1. 10mm NaCl: [6]y,=—2.03x10* degcm?®
dmol™; [6],s=—2.31x10* degem*dmol~; [0],0/[6]505=0.90;
Figure 5b).
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Figure 5. The effect of salt concentration on the CD spectra of a) peptide
II, which contains a,0-disubstituted amino acid 2 (C18) and b) peptide I
(does not contain the C18 residue). Spectra were measured with the pep-
tides in solutions containing 100 mm sodium chloride (black) or 10 mm
sodium chloride (colored) and in both cases 1 mm sodium citrate, 1 mm
sodium borate, and 1 mm sodium phosphate (pH 7.3). The peptide con-
centration was 20 um.

The assembly of peptide II was assessed by sedimentation
equilibrium experiments at 40000 rpm (Figure 6a).*"*
Nonlinear least-squares fitting to Equation (1) (see the Ex-
perimental Section) gave an apparent molecular weight
(M,p) of (1.134£0.056)x10%, (1.19£0.060)x10*, (1.27+
0.064) x 10, or (1.244:0.062) x 10* at peptide concentrations
of 195, 220, 400, and 900 uMm, respectively. The results ob-
tained with a rotor speed of 30000 rpm gave similar values

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 621



www.chemeurj.org



FULL PAPER

T. Ohwada, S. Futaki et al.

o
o
(&3]
T

a)

0.00

Residuals —

-0.05 " .
12}

06}

04

02

Absorbance at 230 nm ——

6.95 700 705 710 715

Radius/ecm ——

b)

105/ Miyapp

0 0.5 1

Concentration of peptide II/mM ——>

Figure 6. a) Sedimentation equilibrium analysis of peptide II. Peptide II
(195 um) was run at 40000 rpm at 20°C in 1 mMm sodium citrate, 1 mm
sodium borate, 1 mm sodium phosphate, and 10 mm sodium chloride
(pH 7.3). b) Relationship between the peptide concentration and ob-
served molecular weight (M,,,). The mean molecular weight (M,,), which
correponds to the reciprocal of the intercept on the ordinate at zero con-
centration, was calculated as (1.30£0.065) x 10*, which suggests that pep-
tide II exists as a hexamer in the given solution.

of M,,, within the range of experimental error (5%). The
weight-average molecular weight for the peptide at infinite
dilution (M,,) was calculated as (1.30+0.065) x 10* (Figure 6
b), which is very close to the molecular weight of the hex-
amer (12348). The symmetrical residuals and the small 95 %
confidence intervals indicate the absence of the monomer
and aggregates other than the hexamer in solution.

In conclusion, we have developed a novel approach for
the preparation of a,a-disubstituted glycines bearing a large
hydrophobic ring. These amino acids could be readily incor-
porated into a peptide chain by Fmoc solid-phase peptide
synthesis and the acid fluoride activation method. A 17-
amino-acid peptide containing two residues substituted with
a C18 ring formed a stable helical structure, which suggests
a potential helicogenic effect of these new amino acids. This
result is consistent with the increased magnitude and ther-
mal stability of helicity indicated by CD spectroscopy for
this peptide. The 17-amino-acid peptide was also shown by
sedimentation equilibrium analysis to aggregate to a hexam-
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er. Although further study is necessary to elucidate the pre-
cise conformation of peptide II, it is clear that these a,o-di-
substituted glycines with large hydrophobic rings will be
useful as building blocks of peptide hyperstructure.

Experimental Section

General methods: All melting points were measured with a Yanaco
Micro melting point apparatus and the uncorrected values are reported.
Proton NMR spectra were measured on a JEOL Caliber-GX400 NMR
spectrometer at 400 MHz with tetramethylsilane as an internal reference
and CDCI; as the solvent, unless otherwise specified. High-resolution
mass spectra (HRMS, EI*) and FAB mass spectra (FAB*) were record-
ed on a JEOL JMS-SX 102A spectrometer. Flash column chromatogra-
phy was carried out on silica gel (silica gel 60, 40-63 um, Merck). The
combustion analyses were carried out in the microanalytical laboratory
of the Graduate School of Pharmaceutical Sciences, The University of
Tokyo. Matrix-assisted laser desorption ionization time-of-flight mass
spectra (MALDI-TOF MS) were recorded on an Applied Biosystems
Voyager-DE STR instrument. CD spectra were recorded on a Jasco J-600
spectrometer in a 2-mm cuvette. The full data for the synthetic materials
are given in the Supporting Information.

Monoalkenylation of malonate derivatives

Dimethyl monoundecenylmalonate (5a): A solution of dimethyl malonate
(4a; 141.1 mg, 1.07 mmol) in DMSO (5 mL) was added dropwise to a so-
lution of NaH (33.6 mg, 1.40 mmol, 1.3 equiv) in DMSO (4 mL) at room
temperature. A solution of 11-bromo-1-undecene (315.3 mg, 1.35 mmol,
1.3 equiv) in DMSO (5mL) was added and the mixture was stirred at
room temperature for 4 h then added to ice-water and extracted with di-
ethyl ether (4x30 mL). The organic phase was washed with brine and
dried over Na,SO,. The residue (326.7 mg) obtained after evaporation of
the solvent was flash chromatographed (silica gel; EtOAc/nhexane
(1:18)) to give 6a (dialkenyl product; 30.9 mg, yield: 7%; colorless oil)
and 5a (monoalkenyl product; 194.2 mg, yield: 64 %; yellow oil).

5a: 'HNMR: 6=5.813 (d, d, t, J=17.05, 10.27, 6.78 Hz, 1 H; CH,=CH),
4992 (d, d, d, J=17.05, 3.67, 1.47 Hz, 1H; CH,=CH-cis), 4.929 (m, 1H;
CH,=CH-trans), 3.738 (s, 6H; 2x COOCH;), 3.359 (t, /=7.52 Hz, 1H;
CH), 2.063-2.009 (m, 2H; CH,=CH—CH,), 1.903-1.885 (m, 2H), 1.368-
1.262 ppm (m, 14H).

6a: '"HNMR: 0=5.881 (d, d, t, J=16.86, 10.08, 6.60 Hz, 2H; CH=CH,),
4.990 (d, d, d, J=17.05, 3.67, 1.47 Hz, 2H; CH=CH,-cis), 4.928 (m, 2H;
CH=CH -trans), 3.704 (s, 6H; CO,CHj;), 2.062-2.009 (m, 4H; CH,=CH-
CH,), 1.877-1.834 (m, 4H), 1.367-1.117 ppm (m, 28 H). HRMS: calcd for
Cy;H,30,: 436.3554; found: 436.3551.

Benzyl tert-butyl undecenylmalonate (5c¢): Colorless oil (68% yield).
'"HNMR: 0=7.355-7.310 (m, 5H; Ph), 5.808 (d, d, t, J=17.04, 10.08,
6.60 Hz, 1H; CH,=CH), 5.163 (d, d, /J=12.27, 12.27 Hz, 2H; PhCH,),
4.990 (d, d, d, 7=17.04, 3.11, 1.47 Hz, 1H; CH,=CH-cis), 4.939-4.908 (m,
1H; CH,=CH-trans), 3.267 (t, J=7.51 Hz, 1H; CH), 2.034 (m, 2H; CH,=
CH-CH,), 1.855 (m, 2H), 1.381 (s, 9H; tert-butyl), 1.348-1.241 ppm (m,
total 14 H).

6¢ (diundecanyl derivative): Colorless oil (13% yield). '"HNMR: 6=
7.355-7.298 (m, 5H; Ph), 5.807 (d, d, t, J=16.85, 10.08, 6.60 Hz, 2H;
CH,=CH), 5.137 (s, 2H; PhCH,), 4.988 (d, d, d, J=17.04, 3.66, 1.65 Hz, 2
H; CH,=CH-trans), 4.925 (m, 2H; CH,=CH-cis), 2.034 (m, 4H; CH,=
CH-CH,), 1.822 (m, 4H), 1.325 (s, 9H; tert-butyl), 1.381-1.241 ppm (m,
total 28 H).

Benzyl tert-butyl octenylmalonate (5h): Colorless oil (67% yield).
'"HNMR: 6=7.355-7.309 (m, SH; Ph), 5.792 (d, d, t, J=16.86, 10.08,
6.59 Hz, 1H; CH,=CH), 5.163 (d, d, /J=12.27, 12.27 Hz, 2H; PhCH,),
4.983 (d, d, d, J=17.04, 3.48, 1.47 Hz, 1H; CH,=CH-trans), 423 (m, 1H;
CH,=CH-cis) 3.267 (t, J=7.51Hz, 1H; CH), 2.023 (m, 2H; CH,=CH-
CH,), 1.857 (m, 2H), 1.382 (s, 9H; tert-butyl), 1.348-1.241 ppm (m, total
8H).

6h (dioctenyl derivative): Colorless oil (9% yield). 'H NMR: §=7.348-
7.300 (m, 5H; Ph), 5.789 (d, d, t, J=17.04, 10.26, 6.78 Hz, 2H; CH,=CH),
5.137 (s, 2H; PhCH,), 4.926 (d, d, d, J=17.04, 3.66, 1.47 Hz, 2H; CH,=
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CH-trans), 4.922 (m, 2H; CH,=CH-cis), 2.016 (m, 4H; CH,=CHCH,),
1.824 (brt, J=8.43 Hz, 4H), 1.325 (s, 9H; tert-butyl), 1.354-1.115 ppm
(m, total 16 H).

Second alkenylation of malonate derivatives

Dimethyl diundecenylmalonate (6a): A solution of dimethyl undecenyl-
malonate (5a; 187.3 mg, 0.66 mmol) in DMSO (2 mL) was added drop-
wise to a solution of NaH (29.6 mg, 1.2 mmol, 1.9 equiv) in DMSO
(3mL) at room temperature. A solution of 11-bromo-1l-undecene
(211.0 mg, 0.91 mmol, 1.4 equiv) in DMSO (1 mL) was added dropwise
and the mixture was stirred for 5.5 h at room temperature. The whole
mixture was poured into ice-water and extracted with diethyl ether. The
organic layer was washed with brine, dried over Na,SO,, and the solvent
was evaporated to give a residue (332.7 mg), which was flash chromato-
graphed (silica gel; EtOAc/nhexane (1:18)) to give 6a (237.3 mg, 82%
yield, colorless oil).

Benzyl tert-butyl diundecenylmalonate (6 c): Colorless oil (84 % yield).
Benzyl tert-butyl dioctenylmalonate (6 h): Colorless oil (64 % yield).

Benzyl tert-butyl octenylundecenylmalonate (6 m): Colorless oil (86 %
yield). '"H NMR: 6=7.355-7.298 (m, SH; Ph), 5.798 (m, 2H; CH,=CH),
5.136 (s, 2H; PhCH,), 4.982 (m, 2H; CH,=CH-trans), 4.923 (m, 2H;
CH,=CH-cis), 2.035 (m, 4H; CH,=CH—CH,), 1.823 (m, 4H), 1.325 (s, 9
H; tert-butyl), 1.398-1.092 ppm (m, total 22 H).

Olefin ring-closing metathesis of dialkenyl glycine derivatives

Methyl 1-(methoxycarbonyl)cyclohenicos-11-enecarboxylate (7a): A solu-
tion of diene 6a (234.3 mg, 0.54 mmol) in dichloromethane (10 mL) was
added over a period of 1 min to a solution of Grubbs’ catalyst (benzyli-
dene-bis(tricyclohexylphosphine)dichlororuthenium; 30.9 mg,
0.038 mmol, 7.0mol%) in dichloromethane (50 mL) bubbled through
with argon and the mixture was stirred under an Ar atmosphere at room
temperature for 16.5 h. Since the reaction was incomplete, Grubbs’ cata-
lyst (21.6 mg, 0.025 mmol, 4.6 mol %) was added again and the whole
mixture was stirred for 24 h. After evaporation of the solvent, the ob-
tained residue (290.0 mg) was flash chromatographed (silica gel; EtOAc/
n-hexane (1:22)) to give 7a (140.4 mg, 64%). M.p.: 71.3-72.3°C (color-
less plates, recrystallized from methanol). 'H NMR: 6=5.330 (m, 2H;
CH=CH), 3.700 (s, 6H; CO,CHj;), 2.010 (m, 4H), 1.882 (m, 4H), 1.326—
1.090 ppm (m, 28H). E/Z=83/17 (determined from the "CNMR sig-
nals). Elemental analysis calcd (%) for C,sH,,O,: C 73.48, H 10.85;
found: C 73.25, H 10.87. MS (EI): 408 [M]*.

tert-Butyl 1-(benzyloxycarbonyl)cyclohenicos-11-enecarboxylate (7c): A
solution of diene 6¢ (2.5219 g, 4.55 mmol) in dichloromethane (250 mL)
was added over a period of 30 min to a solution of Grubbs’ catalyst
(194.2 mg, 0.24 mmol, 6 mol%) in dichloromethane (750 mL) bubbled
through with argon at room temperature. The mixture was heated at
reflux with stirring under an Ar atmosphere for 12 h. After evaporation
of the solvent, the obtained residue (290.0 mg) was flash chromatograph-
ed (silica gel; EtOAc/nhexane (1:30)) to give 7¢ (2.0146 g, 84 %, colorless
oil), together with an unidentified dimeric product (228.1 mg, yield: 10
% , pale yellow solid).

7c: 'HNMR: 6=7.342-7.289 (m, 5H; Ph), 5326 (m, 2H; CH=CH),
5.137 (s, 2H; PhCH,), 2.019 (m, 4H; CH,—~CH=CH-CH,), 1.844 (m, 4
H), 1.309 (s, 9H; rbutyl) 1.339-1.078 ppm (m, total 32H). E/Z=36/64
(determined from the *C NMR signals).

Dimeric product: 'H NMR: 6=7.343-7.297 (m, 10H; Ph), 5.382-5.328
(m, 4H; CH=CH), 5.136 (s, 4H; PhCH,), 2.015-1.956 (m, 8H; CH,—~CH=
CH-CH,), 1.831 (m, 8H), 1.320 (s, 18 H; tert-butyl), 1.436-1.082 ppm (m,
total 64 H).

tert-Butyl 1-(benzoyloxycarbonyl)cyclopentadec-8-ene carboxylate (7h):
A solution of diene 6h (1.5216¢g, 3.22mmol) in dichloromethane
(200 mL) was added over 20min to a solution of Grubbs’ catalyst
(136.7 mg, 0.17 mmol, 5mol%) in dichloromethane (500 mL) bubbled
through with argon, at room temperature. The mixture was heated at
reflux with stirring under an Ar atmosphere for 14 h. After evaporation
of the solvent, the obtained residue was flash chromatographed (silica
gel; EtOAc/nhexane (1:25—1:10) to give 7h (1.0259 g, 72%, colorless
oil), together with an undefined dimeric product (299.8 mg, 22% yield,
brown oil).

7h: '"H NMR: 6=7.347-7.257 (m, 5H; Ph), 5.398-5.321 (m, 2H; CH=
CH), 5.135-5.123 (s, 2H; PhCH,), 2.027-1.974 (m, 4H; CH=CH-CH,),
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1.882-1.755 (m, 4H), 1.304-1.297 (s, 9H; tert-butyl), 1.422-1.052 ppm (m,
total 16 H). E/Z =50/50 (determined from the *C NMR signals).

Dimeric product: '"H NMR: 6="7.343-7.289 (m, 10H; Ph), 5.352-5.320
(m, 4H; CH=CH), 5.136 (s, 4H; PhCH,), 2.044-1.953 (m, 8 H; CH,—CH=
CH-CH,), 1.835 (m, 8H), 1.318 (s, 18 H; tert-butyl), 1.495-1.084 ppm (m,
total 32 H).

tert-Butyl 1-(benzoyloxycarbonyl)cyclooctadec-8-ene carboxylate (7m): A
solution of diene 6m (2.2836 g, 4.46 mmol) in dichloromethane (250 mL)
was added over a period of 30 min to a solution of Grubbs’ catalyst
(196.8 mg, 0.24 mmol, Smol%) in dichloromethane (750 mL) bubbled
through with argon, at room temperature. The mixture was heated at
reflux with stirring under an Ar atmosphere for 20 h. After evaporation
of the solvent, the obtained residue was flash chromatographed (silica
gel; EtOAc/nhexane (1:30—1:20)) to give 7m (1.9908 g, 92%, colorless
oil), together with an undefined dimeric product (152.2 mg, 8% yield,
brown oil).

7m: 'HNMR: 0=7.346-7.259 (m, 5H; Ph), 5.283 (m, 2H; CH=CH),
5.140 (s, 2H; PhCH,), 2.033-1.981 (m, 4H; CH,-CH=CH—-CH,), 1.883-
1.822 (m, 4H), 1.310 (s, 9H; tert-butyl), 1.423-1.080 ppm (m, total 22 H).
EIZ=45/55 (determined from the *C NMR signals).

Dimeric product: 'HNMR: 6=7.345-7.257 (m, 10H; Ph), 5.360-5.298
(m, 4H; CH=CH), 5.137 (s, 4H; PhCH,-), 2.006-1.961 (m, 8H; CH,-
CH=CH-CH,), 1.832 (m, 8H), 1.320 (s, 18H; tert-butyl), 1.495-
1.084 ppm (m, total 44 H).

Synthesis of acid fluorides 13 A-C

1-(tert-butoxycarbonyl)cyclohenicosane carboxylic acid (8A): A solution
of tbutyl 1-(benzyloxycarbonyl)cyclohenicos-11-enecarboxylate (7c¢;
2.0146 g, 3.83 mmol) in ethyl acetate (450 mL) was hydrogenated over 10
% Pd/C (265.0 mg) at room temperature for 24 h. Filtration and evapora-
tion of the solvent gave a residue (1.8042 g), which was flash chromato-
graphed (CHCly/MeOH (40:1)) to give the saturated product 8A
(1.3996 g, 83% yield) as a colorless solid. M.p.: 89.2-91.3°C. (colorless
plates, recrystallized from nhexane). 'H NMR: 0=1.870 (m, 4H), 1.474
(s, 9H; tert-butyl), 1.290-1.126 ppm (m, total 36 H). Elemental analysis
caled (%) for CH5,O4: C 73.92, H 11.49; found: C 73.77, H 11.54.

1-(tert-butoxycarbonyl)cyclooctadecane carboxylic acid (8 B): A solution
of tert-butyl 1-(benzyloxycarbonyl)cyclooctadec-8-enecarboxylate (7m;
1.9908 g, 4.11 mmol) in a mixture of ethyl acetate (250 mL) and methanol
(50 mL) was hydrogenated over 10% Pd/C (268.8 mg) at room tempera-
ture for 24 h. Filtration and evaporation of the solvent gave a residue
(1.8042 g), which was flash chromatographed (CHCl;/MeOH (40:1)) to
give the saturated product 8 B (1.3295 g, 82% yield) as a colorless solid.
M.p.: 110.5-112.0°C (colorless plates, recrystallized from rhexane).
'HNMR: 6=1.890 (m, 4H), 1.460 (s, 9H; tert-butyl), 1.401-1.192 ppm
(m, total 30H). Elemental analysis calcd (%) for C,,H,,0,: C 72.68, H
11.18; found: C 72.56, H 11.27.

1-(tert-butoxycarbonyl)cyclopentadecane carboxylic acid (8 C): A solution
of tert-butyl 1-(benzyloxycarbonyl)cyclopentadec-8-enecarboxylate (7h;
1.0065 g, 2.28 mmol) in a mixture of ethyl acetate (300 mL) was hydro-
genated over 10% Pd/C (130.8 mg) at room temperature for 28 h. Filtra-
tion and evaporation of the solvent gave a residue (812.0 mg), which was
flash chromatographed (CHCl;/MeOH (30:1)) to give the saturated prod-
uct 8C (712.7 mg, 88% yield) as a colorless solid. M.p.: 137.2-138.6°C
(colorless plates, recrystallized from nhexane). '"H NMR: 0=1.698 (m, 4
H), 1.498 (s, 9H; tbutyl), 1.477-1.242 ppm (m, total 24H). Elemental
analysis caled (%) for C,;H;0,: C 71.15, H 10.80; found: C 71.03, H
10.93.

tert-Butyl 1-isocyanatocyclohenicosanecarboxylate (9A): A solution of 1-
(tert-butoxycarbonyl)cyclohenicosane carboxylic acid (8A; 1.2402 g,
2.83 mmol), DPPA (1.0423 g, 3.79 mmol, 1.3 equiv), and triethylamine
(293.1 mg, 2.90 mmol, 1.0 equiv) in benzene (15 mL) was heated at reflux
under an argon atmosphere for 2 h. After evaporation of the solvent, the
residue was flash chromatographed (silica gel; EtOAc/nhexane (1:25)) to
give the product 9A (1.1827 g, 96 % yield) as a colorless oil. IR (neat):
7#=2250 cm™' (N=C=0). 'H NMR: 6 =1.761-1.608 (m, 4H), 1.497 (s, 9H;
tert-butyl), 1.469-1.205 ppm (m, total 36 H).

tert-Butyl I-isocyanatocyclooctadecanecarboxylate (9B): A solution of 1-
(tert-butoxycarbonyl)cyclooctadecane carboxylic acid (8B; 1.2158 g,
3.07 mmol), DPPA (1.1067 g, 4.02 mmol, 1.3 equiv), and triethylamine
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(319.8 mg, 3.17 mmol, 1.0 equiv) in benzene (15 mL) was heated at reflux
under an argon atmosphere for 3 h. After evaporation of the solvent, the
residue was flash chromatographed (silica gel; EtOAc/nhexane (1:25)) to
give the product 9B (1.1813 g, 98 % yield) as a colorless oil. IR (neat):
7=2250 cm~' (N=C=0). 'H NMR: 6=1.698 (m, 4H), 1.498 (s, 9H; tert-
butyl), 1.477-1.242 ppm (m, total 30 H).

tert-Butyl 1-isocyanatocyclopentadecanecarboxylate (9C): A solution of
1-(tert-butoxycarbonyl)cyclooctadecane carboxylic acid (8C; 641.0 mg,
1.81 mmol), DPPA (645.5 mg, 2.35 mmol, 1.3 equiv), and triethylamine
(188.1 mg, 1.86 mmol, 1.0 equiv) in benzene (10 mL) was heated at reflux
under an argon atmosphere for 2 h. After evaporation of the solvent, the
residue was flash chromatographed (silica gel; EtOAc/nhexane (1:20)) to
give the product 9C (570.5 mg, 90% yield) as a colorless oil. IR (neat):
#=2250 cm™" (N=C=0). '"H NMR: 6 =1.819-1.653 (m, 4H), 1.496 (s, 9H;
tert-butyl), 1.420-1.317 ppm (m, total 24 H).

tert-Butyl I-(Fmoc-amino)cyclohenicosanecarboxylate (10A): A solution
of tert-butyl 1-isocyanatocyclohenicosanecarboxylate (9A; 1.1748 g,
2.70 mmol) and 9-fluorenylmethanol (689.3 mg, 3.51 mmol, 1.3 equiv) in
dry toluene (10 mL) was heated at 130°C under an argon atmosphere for
42 h. Flash chromatography (EtOAc/nhexane (1:20)) of the mixture led
to the recovery of 9A (185.6 mg, 16 %) and gave the N-Fmoc ester 10A
(1.4204 g, 73% yield) as a colorless oil. 'HNMR: 6=7.757 (d, J=
7.51 Hz, 2H; H,, Hs), 7.598 (d, J=7.14 Hz, 2H; H,, Hy), 7.389 (d, d, /=
7.51, 7.51 Hz, 2H; H;, Hy), 7.303 (d, d, d, J=7.51, 7.51, 1.10 Hz, 2H; H,,
H,), 5.568 (brs, 1H; NH), 4.344 (brd, J=6.05 Hz, 2H; H,), 4.213 (t, J=
6.59 Hz, 1H; H,), 2.076 (brm, 2H), 1.817 (brm, 2H), 1.292 (s, 9H; rBu),
1.509-1.088 ppm (m, total 36 H).

tert-Butyl 1-(Fmoc-amino)cyclooctadecanecarboxylate (10B): A solution
of tert-butyl 1-isocyanatocyclooctadecanecarboxylate (9B; 1.1703 g,
2.98 mmol) and 9-fluorenylmethanol (757.9 mg, 3.86 mmol, 1.3 equiv) in
dry toluene (3 mL) was heated at 130°C under an argon atmosphere for
12 h. The mixture was flash chromatographed (EtOAc/nhexane (1:12—
1:10)) to give N-Fmoc ester 10B (1.4454 g, 82% yield) as a colorless
amorphous solid. "H NMR: 6=7.759 (d, J=7.51 Hz, 2H; H,, H;), 7.598
(d, J=7.51Hz, 2H; H,, Hy), 7.392 (d.d, /=7.33, 7.33 Hz, 2H; H;, H),
7.303 (d, d, d J=7.51, 7.51, 1.10 Hz, 2H; H,, H;), 5.217 (brs, 1H; NH),
4.353 (brm, 2H; H,), 4.216 (t,J=6.78 Hz, 1H; H,), 1.882 (m, 4H), 1.453
(s, 9H; Bu), 1.310-1.242 ppm (m, total 30H).

tert-Butyl 1-(Fmoc-amino)cyclopentadecanecarboxylate (10C): A solu-
tion of fert-butyl 1l-isocyanatocyclopentadecanecarboxylate (9C;
561.2 mg, 1.60 mmol) and 9-fluorenylmethanol (413.4 mg, 2.11 mmol,
1.3 equiv) in dry toluene (2 mL) was heated at 130°C under an argon at-
mosphere for 20 h. The mixture was flash chromatographed (EtOAc/
nhexane (1:8)) to give N-Fmoc ester 10C (859.1 mg, 98 % yield) as a col-
orless amorphous solid. '"H NMR: 6=7.759 (d, J=7.51 Hz, 2H; H,, H;),
7.598 (d, J=7.51 Hz, 2H; H,, Hy), 7.393 (d, d, J=7.33, 7.33 Hz, 2H; H;,
Hy), 7.304 (d, d, d, J=7.51, 7.51, 128 Hz, 2H; H,, H;), 4.888 (brs, 1H;
NH), 4.368 (brm, 2H; H,), 4220 (t, J=6.76 Hz, 1H; H,), 1.889-1.739
(brm, 3H), 1.425 (s, 9H; rBu), 1.366-1.241 ppm (m, total 25H).

1-(Fmoc-amino)cyclohenicosanecarboxylic acid (11A): TFA (3 mL) was
added to a solution of fert-butyl 1-(Fmoc-amino)cyclohenicosanecarboxy-
late (10A; 1.2376 g, 1.96 mmol) in dichloromethane (4 mL) at 0°C. The
mixture was stirred at room temperature for 27 h then poured into ice-
water (50 mL). The solution was extracted with dichloromethane (4 x
50 mL) and the organic layer was washed with brine and dried over
Na,SO,. The residue (1.0358 g) obtained by evaporation of the solvent
was flash chromatographed (CHCl/MeOH (40:1) to give the acid 11A
as a colorless solid. M.p.: 146.2-147.5°C (colorless needles, recrystallized
from methanol). IR (KBr suspension): #=1709 cm™' (C=0). 'H NMR:
0="7.732 (d, J=7.51 Hz, 2H; H,, Hs), 7.581 (d, J=7.33 Hz, 2H; H,, Hy),
7.396 (d, d, J=7.14, 7.14 Hz, 2H; H;, Hy), 7.308 (d, d, d, J=7.51, 7.51,
1.10 Hz, 2H; H,, H;), 5.249 (brs, 1H; NH), 4.412 (brm, 2H; H,,), 4.214
(t, J=6.41 Hz, 1H; H,), 2.007-1.888 (m, 4H), 1.371-1.285 ppm (m, total
36H). Elemental analysis caled (%) for C;HssNO,: C 77.18, H 9.28; N
2.43; found: C 77.05, H 9.43, N 2.41.

1-(Fmoc-amino)cyclooctadecanecarboxylic acid (11B): TFA (2 mL) was
added to a solution of tert-butyl 1-(Fmoc-amino)cyclooctadecanecarboxy-
late (10B; 409.4 mg, 0.757 mmol) in dichloromethane (2 mL) at 0°C. The
mixture was stirred at room temperature for 27 h then poured into ice-
water (50 mL). The solution was extracted with chloroform (4 x50 mL)
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and the organic layer was washed with brine and dried over Na,SO,. The
residue obtained by evaporation of the solvent was flash chromatograph-
ed (CHCly/MeOH (30:1)) to give the acid 11B (361.8 mg, 98 % yield) as
a colorless solid. M.p.: 184.0-185.1°C (colorless needles, recrystallized
from nhexane/CH,Cl,). IR (KBr suspension) #=1723cm™! (C=0).
'"HNMR: 6=7.762 (d, J=7.51 Hz, 2H; H,, H;), 7.577 (d, /=733 Hz, 2
H; H,, Hy), 7.398 (d, d, J=7.33, 7.33 Hz, 2H; H;, Hy), 7.310 (d, d, d, /=
7.51, 7.51, 1.10 Hz, 2H; H,, H;), 5.006 (brs, 1H; NH), 4.442 (brm, 2H;
H,), 4212 (t, J=6.96 Hz, 1H; Hy), 1.876 (m, 4H), 1.295-1.209 ppm (m,
total 30 H). Elemental analysis calced (%) for C3,H,;NO,: C 76.51, H 8.88,
N 2.62; found: C 76.33, H 9.09, N 2.62.

1-(Fmoc-amino)cyclopentadecanecarboxylic acid (11 C): TFA (1 mL) was
added to a solution of tert-butyl 1-(Fmoc-amino)cyclopentadecanecarbox-
ylate (10C; 256.3 mg, 0.469 mmol) in dichloromethane (2 mL) at 0°C.
The mixture was stirred at room temperature for 4 h then poured into
ice-water (40 mL). The solution was extracted with chloroform (3x
40 mL) and the organic layer was washed with brine and dried over
Na,SO,. The residue obtained by evaporation of the solvent was flash
chromatographed (CHCly/MeOH (30:1)) to give the acid 11C (222.5 mg,
97 % yield)) as a colorless solid. M.p.: 198.5-199.8°C (colorless needles,
recrystallized from nhexane/CH,Cl,). '"H NMR: 6 =7.755 (d, J=7.51 Hz,
2H; H,, Hs), 7.573 (d, J=7.14Hz, 2H; H,, Hy), 7.392 (d, d, J=7.33,
7.33 Hz, 2H; H,;, Hy) 7.304 (d, d, d, J=7.51, 7.51, 1.28 Hz, 2H; H2, H7),
4.906 (brs, 1H; NH), 4.434 (brm, 2H; H,,), 4.209 (m, 1H; Hy), 1.820 (m,
3H), 1.344-1.295 ppm (m, total 25H). Elemental analysis calcd (%) for
C;H,NO,: C 75.73, H 8.41, N 2.85; found: C 75.54, H 8.45, N 2.82.

1-(Fmoc-amino)cyclohenicosanecarboxylic acid fluoride (12A): A solu-
tion of DAST (133.7 mg, 0.829 mmol, 1.8 equiv) in dichloromethane
(2mL) was added to a solution of 1-(Fmoc-amino)cyclohenicosanecar-
boxylic acid (11A; 268.1 mg, 0.466 mmol) in dry dichloromethane (2 mL)
at 0°C. The mixture was stirred at room temperature for 20 min then
poured into ice-water (20 mL). The solution was extracted with dichloro-
methane (2x20 mL) and the organic layer washed with brine and dried
over Na,SO,. The organic solvent was evaporated and the residue was
flash chromatographed (EtOAc/nhexane (1:12)) to give colorless solid 12
A (228.5mg, 85% yield). IR (KBr suspension): #=1838 cm™' (C=0).
'"HNMR: 6=7.763 (d, J=7.51 Hz, 2H; H,, H;), 7.568 (d, J=7.69 Hz, 2
H; H,, Hy), 7.402 (d, d, J=7.51, 7.51 Hz, 2H; H;, Hy), 7.314 (d, d, d, J=
7.51, 7.51, 1.10 Hz, 2H; H,, H;), 4.961 (brs, 1H; NH), 4.477 (brm, 2H;
Hy), 4212 (t, J=6.41 Hz, 1H; H,), 1.880 (m, 4H), 1.374-1.241 ppm (m,
total 36 H).

1-(Fmoc-amino)cyclooctadecanecarboxylic acid fluoride (12B): A solu-
tion of DAST (101.5mg, 0.630 mmol, 1.3 equiv) in dichloromethane
(1 mL) was added to a solution of 1-(Fmoc-amino)cyclooctadecanecar-
boxylic acid (11B; 250.9 mg, 0.471 mmol) in dry dichloromethane (1 mL)
at 0°C. The mixture was stirred at room temperature for 45 min then
poured into ice-water (20 mL). The solution was extracted with dichloro-
methane (2x20 mL) and the organic layer washed with brine and dried
over Na,SO,. The organic solvent was evaporated and the residue was
flash chromatographed (EtOAc/nhexane (1:12)) to give colorless solid 12
B (208.8 mg, 83% yield). IR (KBr suspension): #=1838 cm™' (C=0).
'HNMR: 6=7.762 (d, J=7.51 Hz, 2H; H,, H;), 7.568 (d, J=7.51 Hz, 2
H; H,, Hy), 7.402 (d, d, J=7.51, 7.51 Hz, 2H; H;, Hy), 7.314 (d, d, d, J=
7.33, 7.33, 1.28 Hz, 2H; H,, H;), 4.878 (brs, 1H; NH), 4.500 (brm, 2H;
H,), 4210 (t, J=623Hz, 1H; Hy), 1.929-1.790 (m, 4H), 1.426-
1.209 ppm (m, total 30 H).

1-(Fmoc-amino)cyclopentadecanecarboxylic acid fluoride (12C): A solu-
tion of DAST (96.1 mg, 0.596 mmol, 1.6 equiv) in dichloromethane
(1 mL) was added to a solution of 1-(Fmoc-amino)cyclopentadecanecar-
boxylic acid (11C; 188.2 mg, 0.383 mmol) in dry dichloromethane (2 mL)
at 0°C. The mixture was stirred at room temperature for 30 min then
poured into ice-water (20 mL). The solution was extracted with dichloro-
methane (3x20mL) and the organic layer was washed with brine and
dried over Na,SO,. The organic solvent was evaporated and the residue
was flash chromatographed (EtOAc/nhexane (1:9)) to give colorless solid
12C (138.0 mg, 73% yield). IR (KBr suspension): #=1839 cm™' (C=0).
'HNMR: 0=7.755 (d, J=7.51 Hz, 2H; H,, Hs), 7.573 (d, J=7.14 Hz, 2
H; H,, Hy), 7.392 (d, d, J=7.33, 7.33 Hz, 2H; H;, Hy), 7.304 (d, d, d, J=
7.51, 7.51, 1.28 Hz, 2H; H,, H;), 4.906 (brs, 1H; NH), 4.434 (brm, 2H;
H,y), 4209 (m, 1H; Hy), 1.820 (m, 3H), 1.344-1.295 ppm (m, total 25H).
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Curtius rearrangement of o,0-disubstituted monoethyl malonates!'!

a) Monoethyl a,o-dipropylmalonate (13 a; R;=R,=propyl in ref. [11]): A
solution of monoethyl a,a-dipropylmalonate (13a; 216.9 mg, 1.00 mmol),
DPPA (284.4mg, 1.03 mmol, 1.0 equiv), and triethylamine (112.5 mg,
1.11 mmol, 1.1 equiv) in benzene (5 mL) was heated under reflux in an
argon atmosphere for 1.25h. A solution of benzylalcohol (120.6 mg,
1.12 mmol, 1.1 equiv) in benzene (1 mL) was then added. The mixture
was heated under reflux for 47 h. After evaporation of the solvent, the
residue was dissolved in ethyl actetate (30 mL) and the organic layer was
washed sequentially with 5% aqueous HCI, water, 2N aqueous NaHCOs;,
and brine, then dried over Na,SO,. After evaporation of the solvent, the
residue was flash chromatographed (silica gel; EtOAc/nhexane (1:12)) to
give N-Z-dipropylglycine ethyl ester (14a; 219.2 mg, 68 % yield) as a col-
orless oil. '"HNMR: 6=7.353 (m, SH; Ph), 5.869 (s, 1H; NH), 5.071 (s, 2
H; PhCH,), 4.214 (q, J=7.15Hz, 2H; CO,CH,CHj;), 2292 (m, 2H;
CH,CH,CHs;), 1.695 (m, 2H; CH,CH,CH,), 1.293 (m, 2H; CH,CH,CH,),
1.275 (t, J=6.97 Hz, 3H; CO,CH,CHj;), 1.009 (m, 2H; CH,CH,CH,;),
0.865 ppm (t, J=7.33Hz, 6H; CH,CH,CH;). HRMS: calcd for
C;sH;NO,: 321.1941; found: 321.1934. A trace amount of the isocyanate
15a was detected.

Preparation of peptides I-IV: Peptides were synthesized by the Fmoc
solid-phase method"! on Rink amide resin."®! The Fmoc amino acid fluo-
ride method® was employed to introduce the C18 amino acid and the
successive amino acids to the peptide chain. The peptide resin was treat-
ed with 10 equivalents 12B (for the introduction of C18), Fmoc-Ala-F
(for the introduction of Ala in position 10 of peptides II and III), and
Fmoc-Glu(OrBu)-F (for the introduction of Glu in position 2 of peptides
II and IV), respectively, in dimethylformamide (DMF) for 12 h. Other
amino acids were introduced to the peptide resin by using a Shimadzu
PSSM-8 synthesizer. The standard protocol with a PyBOP-HOBt-NMM
coupling system was employed.'”” N-terminal acetylation was achieved
by treatment with acetic anhydride and NMM (10 equiv each) in DMF at
room temperature for 30 min. The obtained protected peptide resin was
treated with TFA/1,2-ethanedithiol (95:5) at 20°C for 2 h. HPLC purifi-
cation yielded the pure peptides. Total yields of the peptides calculated
with respect to the initial amount of resin were as follows: peptide I, 48
%; peptide II, 10 %; peptide III, 16 %; peptide IV, 32%. The fidelity of
the products was ascertained by MALDI-TOF MS: [M+H]* found
(caled): peptide I: 1614.5 (1613.8); peptide II: 2060.1 (2059.6); peptide
III: 1836.8 (1836.2); peptide IV: 1836.9 (1836.3).

Single-crystal X-ray diffraction structural analysis: A Bruker Smart 1000
CCD diffractometer employing graphite-monochromated Moy, radiation
was used. The structure was solved by direct methods with the program
SIR97 and was refined by full-matrix least-squares techniques. All calcu-
lations were performed with the teXsan crystal structure solution soft-
ware package.

Analytical ultracentrifugation: Sedimentation equilibrium studies were
performed in a Beckman—Coulter Optima XL-I analytical ultracentrifuge
with a double-sector centerpiece and sapphire windows, at rotor speeds
of 30000 and 40000 rpm and at 20°C. Absorbance scans were carried out
at 230 nm in the radial step mode at 0.001-cm intervals and the data were
collected as the average of 16 measurements at each radial distance.
Equilibrium was considered to have been reached when replicate scans
separated by 6 h were indistinguishable. The weight-average molecular

weight (M,,,) was estimated from Equation (1),?"! where r is the radius, ¢

My, = 2RT/[(r;—r})(1=7p)0’|In(cs /¢) (1)

is the concentration of the peptide, 7 is the partial specific volume of the
peptide, p is the density of the solvent, w is the angular velocity of the
rotor (in radianss™'), R is the universal gas constant, T is the absolute
temperature, and M,,, is the apparent molecular weight.

The value of 7 was estimated from two sets of data obtained from sedi-
mentation equilibrium experiments. We assumed that M,,, does not
depend on the density of the solution, in which case, Equation (2) ap-
plies.

(ry=ri)(1=vp)n(cy/¢;) = (r—r)(1-vp)In(c)/c}) ©)

From the results of sedimentation equilibrium experiments in H,O (o=
1.00 gem ™) and in D,0O/H,0 (60:40; o' =1.06 gcm ), we determined 7 to
be 0.760 cm®g .
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Ti,: Accurate Determination of the Dissociation Energy from Matrix
Resonance Raman Spectra and Chemical Interaction With Noble Gases

Hans-Jorg Himmel* and Angela Bihlmeier!®!

Abstract: UV-visible and resonance
Raman spectra of Ti, isolated in Ar,
Kr, and Xe matrices at temperatures of
10 K were measured by using the
514 nm line of an Ar ion laser. The
data show that the Ti, molecule inter-
acts strongly with Xe, leading to a sig-
nificant weakening of the Ti—Ti bond
strength. The f(Ti—Ti) force constant
decreases in the series Ar>Kr> Xe,

in Kr to 199.7 Nm™' in Xe. Additional
experiments in an Ar matrix containing
2% of Xe indicate the formation of a
molecule of the formula Ti,Xe. Our
spectra for Ti, in an Ar matrix give evi-
dence for several previously not ob-

Keywords: dissociation energy
matrix isolation - noble gases
Raman spectroscopy - titanium

served members of the Stokes progres-
sion. The sum of experimental data
allows for an improved estimation of
the dissociation energy on the basis of
a LeRoy-Bernstein-Lam analysis. A
dissociation energy of 1.18 eV was de-
rived from this analysis. The UV-visible
data give evidence of the vibrational
levels of an excited state of Ti,.

from 232.8 Nm™' in Ar and 225.5 Nm™!

Introduction

The precise description of weak multiple d—d bonding for el-
ements in the first transition row still remains a challenge
for theoreticians. Consensus seems now to be reached with
respect to the question of the ground state of Ti,, which is in
all certainty A, However, the energy differences be-
tween this ground state and three electronic states (e.g., lZg*,
’SF and '=Y) are very small. Accurate calculations of the rel-
ative energies of all these four states are made difficult due
to the large effect of inner-shell (3s and 3p) correlation,
which especially affects the '=] and °A, electronic states.
Surprisingly, there were, up to now, almost no calculations
carried out for a quintet electronic state. MR-CI and ACPF
calculations, with additional coupled-pair functional
(MCPF) and contracted CI (CCI) calculations to estimate
inner-core correlation, might be the most accurate calcula-
tions at hand to date. Some DFT calculations are also
known.”! However, these calculations have difficulties in
yielding reliable values, for example, for the dissociation en-
ergies.

Experiments have shown that metal dimers generally are
more reactive than metal atoms. Thus for example, Ga, has

[a] Dr. H.-J. Himmel, A. Bihlmeier
Institut fiir Anorganische Chemie
Universitit Karlsruhe
Engesserstrasse, Geb. 30.45
76180 Karlsruhe (Germany)
E-mail: himmel@chemie.uni-karlsruhe.de

Chem. Eur. J. 2004, 10, 627-633 DOI: 10.1002/chem.200305382

been shown to react spontaneously with H,, while reaction
of Ga atoms with H, requires photolytically induced excita-
tion of the atom (?S«2P or *D P transition).[),® This in-
creased reactivity is caused by the presence of several excit-
ed electronic states with energies close to the electronic
ground state; this allows a facile change of the electronic
state. This change is often required for the reaction to pro-
ceed with a low activation barrier. In this respect a metal
dimer can be used as a model for a cluster, the unusual reac-
tivity of which can also be explained in this frame. There-
fore, we have set out to study in more detail the differences
in reactivity between dimers and atoms. Herein we report
on the properties of a Ti, dimer, isolated at 10 K in different
rare gas matrices (Ar, Kr, and Xe). It will be shown that Ti,
interacts strongly with Xe, which has a significant effect on
the Ti—Ti bond strength. In addition, our resonance Raman
spectra allowed an accurate determination of the dissocia-
tion energy based on the method introduced by LeRoy,
Bernstein, and Lam. The determination of the dissociation
energy from resonance Raman data has the advantage over
the third law (absolute entropy) method that the knowledge
of the internuclear distance is not required. In other works,
we are currently studying the reactivity of Ti atoms and Ti,
dimers toward small model compounds like SiH, and
SnH4.% Finally, our vibrationally resolved UV-visible spec-
tra allow us to estimate the f(Ti—Ti) force constant in one of
the excited states of Ti,.
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Experimental Section

Details about the matrix isolation method can be found elsewhere.”
Very briefly, Ti metal was evaporated from a pure Ti filament with a di-
ameter of 0.5 mm and a total length of the wire of 60 cm. The filament
was connected to two water-cooled electrodes. A current between
4.2-5.6 A and a voltage between 7.0-10.0 V produced a relatively stable
power of 35-45 W running through the wire during the 2 h of deposition.
Hence the Ti vapor was deposited together with an excess of Ar or Xe
onto a freshly polished Cu block kept at 10 K by means of a closed-cycle
refrigerator (Leybold LB510). The Ar:Ti ratio was controlled by using a
microbalance.

Resonance Raman spectra were recorded with the aid of a Jobin
Yvon XY spectrometer with two pre-monochromators and a spectro-
graph (measurements in the subtractive mode) and equipped with a
CCD camera (Wright Instruments, England). The 514 nm line of an Ar
ion laser (Coherent, Innova 90) was used as excitation line. A resolution
of 0.5 cm™" was used in all measurements.

UV-visible spectra were recorded with a Xe arc lamp (from Oriel), an
Oriel multispec spectrograph and a photodiode array detector. The spec-
tra were taken with 0.2 and 0.5 nm resolution.

Results

UV-visible spectra: Figure 1 shows a UV-visible spectrum of
Ti atoms isolated in an Ar matrix. In this experiment, the Ti
filament was heated with 35 W (relatively low temperature),
resulting in a matrix with a Ti:Ar ratio of approximately
1:10°, as estimated with a microbalance. The spectrum re-
sembles that obtained previously by Gruen and Carstens.
All bands can be assigned to transitions of Ti atoms; there is
no sign of any band due to Ti,.

absorbance

T T T T T T T T 1
350 400 450 500 550
wavelength/nm

Figure 1. UV-visible spectra of Ti atoms isolated in a solid Ar matrix.

In Figure 2, a spectrum with increased Ti concentration is
shown, achieved with a Ti filament operating at 40-45 W.
Under these conditions, the concentration of Ti in the
matrix is substantially higher (Ar:Ti ratio of ca. 1: 10*). As
consequence, the bands due to Ti atoms gained in intensity.
Two additional and broad absorptions, centered at 634 and
553 nm, were also detected; these were not present for low
concentrations of Ti in the matrix. These two extra bands
were assigned previously to Ti,.’! Our spectra give, however,

628 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. UV-visible sepctra of Ti atoms and Ti, isolated in a solid Ar
matrix. Bands due to Ti, are marked by an arrow.

for the first time evidence of a fine structure for the band
centered at 553 nm. The area around this band was meas-
ured again with a better resolution (0.2 nm); the obtained
spectrum is shwon in the inset in Figure 2. Maxima can be
located at 17597, 17750, 17944, 18017, 18182, 18348, 18525,
18696, and 18880 cm™!. The two maxima at 17944 and
18017 cm™" are separated by not more than 73 cm™’. It will
be shown that two components of Ti, are present in the Ar
matrix (see Raman spectra). Presumably, the doublet pat-
tern arises from these two components. The separations be-
tween the maxima of the fine structure on the high energy
side of this doublet amount to 166, 166, 178, 170, and
184 cm™L.

The experiments were repeated, but this time in Xe as
matrix host. Figure 3 shows the UV-visible spectra obtained
at high Ti concentrations in Xe and Ar matrices. It can be
seen that the two broad absorptions due to Ti, in Ar have

absorbance

T T T T T 1
400 450 500 550 600 650 700
wavelength/nm

Figure 3. UV-visible spectra of Ti and Ti, isolated in a) a solid Ar and
b) a solid Xe matrix. Bands due to Ti, are marked by an arrow.

www.chemeurj.org Chem. Eur. J. 2004, 10, 627 -633



www.chemeurj.org



Titanium—Xenon Complexes

627-633

disappeared. Instead, sharper bands show at 517 and
463 nm. If these bands belong to Ti,, the Xe environment
should interact strongly with the Ti, molecule. In the follow-
ing, the Raman spectra taken for these matrices are shown,
which give further insight.

Resonance Raman spectra: Figure 4 shows the resonance

Raman spectra of Ti, isolated in a solid Ar matrix at 10 K.
The conditions were the same as the ones used in the UV-
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Figure 4. Resonance Raman spectra of Ti, isolated in an Ar matrix at

10 K. The spectra were measured with the 514 nm line of an Ar ion laser

using a laser power of 10 mW. The resolution was 0.5 cm™".

visible experiments with high concentrations of Ti in the
matrix. All members of the progression showed a complex
band splitting with at least six clearly visible maxima of in-
tensity. The distances between these maxima increased for
the higher members of the progression. The fundamental
mode was detected at 399.54, 401.62, 403.71, 405.79, 407.87,
and 409.96 cm™!, with the maxima at 405.79 and 403.71 cm™"
being the most intense ones. These values are in good agree-
ment with those calculated previously for the 3Ag electronic
state of Ti,.! The first overtone showed at 794.92, 799.40,
802.88, 807.35, 811.82, and 815.79 cm™'. The two bands at
807.35 and 802.88 cm™' carried most of the intensity. Our
measurements gave also evidence for signals at 1186.55,
1193,19, 1198.87, 1205.50, 1211.65, and 1217.79 cm™! due to
the second overtone, the most intense bands being the ones
at 1205.50 and 1198.87 cm™’. It followed a family of bands
located at 1575.73, 1584.31, 1591.53, 1600.09, 1608.64, and
1617.17cm™', of which the bands at 1600.09 and
1591.53 cm ™' were the most intense. This family can be as-
signed in all certainty to the third overtone. The forth over-
tone was most likely responsible for the features at 1961.40,
1972.14, 1981.15, 1992.28, 2002.55, and 2013.22 cm™ detect-
ed in our spectra. Again two signals (the ones at 1992.28
and 1981.15cm™) governed the scene. The fifth overtone
can be assigned to the sharp Raman signals at 2380.54 and
2367.94 cm™!, with clearly traceable satellites at 2344.70,
2357.35, 2393.12, and 2405.68 cm™~'. Number six in the series
of overtones showed at 2724.63, 2739.35, 2751.71, 2766.37,

Chem. Eur. J. 2004, 10, 627—-633 www.chemeurj.org

2780.60, and 2795.19 cm™!, the maxima at 2766.37 and
2751.71 cm™! being the most intense. Unfortunately, large
fluorescence bands made it impossible to detect the follow-
ing two overtones. However, the region between 3800 and
3900 cm™' proved to be free of any strong fluorescence fea-
tures and allowed the detection of the ninth overtone, which
had maxima of intensity at 3847.52, 3867.54, 3905.43,
3884.89, 3924.93, and 3945.65 cm™', with those at 3905.43
and 3884.89 cm™' carrying most of the intensity (see
Table 1).

Table 1. Observed signals [v in cm™'] of the v(*Ti—*Ti) stretching mode
and the members of the Stokes progression for Ti, isolated in Ar, Kr and
Xe matrices at 10 K.

v [em™] Vibrational quantum index

Ar matrix host
403.71/405.79
802.88/807.35

1198.87/1205.50
1591.53/1600.09
1981.15/1992.28
2367.94/2380.54
2751.71/2766.37
3884.89/3905.43

O NN AW = O

Kr matrix host

399.43

796.10
1190.02
1579.65
1968.08
2351.78
2733.38

NN RN = O

Xe matrix host
375.9/368.3 0
748.2/733.7 1

Additional experiments were performed with Kr as
matrix gas. Most interestingly, the splitting of the Raman
signals differed for Ti, in Kr to that observed in Ar matrices
(see Figure 5a and b). Only one band of the v (Ti—Ti)
stretching fundamental dominated in intensity for Ti, isolat-
ed in Kr at 10 K. This band was located at 399.43 cm™'. Sat-
ellites of the fundamental mode were traced at 395.26,
396.82, 401.0, and 403.08 cm™' (see Figure 5b). In addition,
weaker features at 796.10, 1090.02, 1579.65, 1968.08,
2351.78, and 2733.38 cm™! appeared in the Raman spectra
and can be assigned to overtones.'”’ Also noteworthy is the
small, but significant shift of the wavenumber to lower
values in Kr.

To obtain more information, the experiment was repeat-
ed, but this time in a solid Xe matrix. The wavenumber of
the »(Ti—Ti) stretching fundamental now showed a pro-
nounced shift toward smaller values (see Figure 5c). The
fundamental and the first overtone exhibited, like the ones
measured in an Ar matrix, a clear splitting into two compo-
nents. These were located at 375.9 and 368.3 cm™, respec-
tively, with shoulders on both sides of each component. The
bands were somewhat broader than in the case of the Ar

matrix. The first overtone was observed at 748.2/733.7 cm™".
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a)

b)

c)

T

d)
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wavenumber/cm!
Figure 5. Comparison between the fundamental #(Ti-Ti) stretching mode
of Ti, isolated in a) Ar, b) Kr, ¢) Xe, and d) 2% Xe in Ar. The very small
and sharp features in a) in the region around 360 cm ' are due to spikes

(“cosmic events”) in the spectrum rather than Raman scattering from the
matrix.

Unfortunately, because of the increased half-width of the
signals, no further member of the Stokes progression could
be traced for Ti, isolated in a Xe matrix.!""

Finally, experiments were conducted for Ti, in an Ar
matrix that contained 2% Xe. In these experiments, a
strong feature due to Ti, appeared at 400.84 and
404.49 cm™!, with shoulders and weaker satellites at 396.68,
398.76, 402.93, 406.57, and 409.17 cm™'. The splitting thus
differs to the one in pure Ar, but the wavenumbers are simi-
lar. However, in contrast to the experiment in pure Ar, a
second weaker band showed at 375.30 cm™', which can most
likely be assigned to the same species as that responsible for
the bands at 375.9 and 368.3 cm™! in the experiments in pure
Xe. Overtones of the v(Ti—Ti) stretch of Ti, were also ob-
served in these experiments. Members of the Stokes pro-
gression were detected at the following wavenumbers (in
cm™): 806.27 (793.87, 797.84, 802.30, 810.23) for the first,
1204.55 (1191.80, 1198.41, 1211.15, 1217.27) for the second,
1599.02 (1566.17, 1574.28, 1581.94, 1590.48, 1607.09,
1616.06) for the third, 1990.18 (1957.61, 1967.91, 1979.48,
1986.33 (shoulder), 2000.43, 2010.66) for the forth, 2378.93
(2355.34, 2366.33, 2374.87 (shoulder), 2391.09, 2404.04) for
the fifth, 2764.63 (2721.79, 2737.26, 2750.39, 2759.63 (should-
er), 2778.85, 2793.41) for the sixth, 3509.33, 3526.91 (and
3521.40) for the eighth (which was not observed in pure Ar
because of the stronger fluorescence signals), and 3903.25,
3884.03 (3924.02, 3864.42) for the ninth overtone.
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Discussion

UV-visible spectra: Our results are in good agreement with
earlier accounts and indicate that the bands at 634 and
553 nm in the experiments carried out in Ar matrices are
due to Ti,. The observed intensities of the Raman signals
are also in agreement with this assignment. Our spectra give
for the first time evidence for a fine structure. This fine
structure is most likely caused by Franck—Condon transi-
tions into several vibrational levels of the excited state. Sim-
ilar fine structures were observed, for example, in the case
of Ni, isolated also in an Ar matrix. The separation of the
maxima is approximately 170 cm™'. Thus the excited state
responsible for the band should have a v(Ti—Ti) stretching
mode of about 170 cm™'. The Raman spectra show that the
wavenumber of the v(Ti—Ti) stretch for Ti, in its ground
electronic state is approximately 404cm™'. As a conse-
quence the force constant of the Ti—Ti bond drops from
232.8 Nm™' in the ground electronic state to not more than
around 41 Nm™' in the excited state responsible for the
band in the UV-visible spectra.

It might come as surprise that the two bands completely
disappear when the experiments are performed in Xe in-
stead of Ar. The new bands at 517 and 463 nm are likely
candidates for Ti, in Xe. The differences of approximately
100 nm between the absorptions in Ar and Xe are very
large. For example, shifts of about 20 nm were reported for
CN radicals isolated in Ar and Xe matrices."?! The large
shift for Ti, implies a substantial change of the electronic
properties. Because of the small energy differences between
the different electronic states of Ti,, it is plausible that the
electronic state of Ti, changes in the course of the interac-
tion with Xe. It will be shown that the results of the Raman
experiments point to a relatively strong chemical interaction
between Xe and Ti,.

Resonance Raman spectra: The Raman spectra were re-
corded under resonance conditions. This implies that the
laser line used in the experiments (514 nm) is close in
energy to an electronic transition of Ti,. The band around
553 nm detected in the UV-visible spectra is in all certainty
this electronic transition. Because of the fine structure visi-
ble in the UV-visible spectra, we have also some informa-
tion in hand of the excited state. In the experiments several
fluorescence lines were detected and some of these signals
can be attributed to Ti,. The energy of the laser line is
slightly higher than the energy required to electronically
excite the Ti, molecules. Nevertheless, it is close enough to
provide resonance conditions, the effect of which is an im-
mense increase of the intensity of the Raman lines. This in-
crease enabled the detection of several overtones.

As already mentioned, the signals show a complex struc-
ture with several maxima of intensity. This structure can par-
tially be explained with the presence of the isotopes of Ti in
their natural abundance. Figure 6 shows a simulation of the
isotopic pattern for a Ti, molecule with the five Ti isotopes
(**Ti, “Ti, ®*Ti, “Ti, and °Ti) in their natural abundances. In
this simulation, the (*Ti), isotopomer was centered at
405.79 cm™' and the positions of all other 14 possible iso-
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Figure 6. Expected isotopic pattern for Ti, (one component) with the five
Ti isotopes in their natural abundance.

topomers were calculated on the basis of a harmonic poten-
tial. The half-widths of all Lorentzian-type functions were
set to 0.5cm " It is evident that the experimentally ob-
served pattern for Ti, in an Ar or Xe matrix (see Figure 2a
and c) deviates from the expected one, while that observed
for Ti, in Kr is in good agreement with the simulation. How-
ever, if one assumes the presence of two components of the
v(*Ti—*Ti) stretching mode (in the case of Ti, in Ar cen-
tered at 405.79 and 403.71 cm™), the observed pattern
meets the expectation. The experiments in different matrix
environments were informative concerning the nature of
these two components. They indicate that the two compo-
nents most likely arise from a splitting of the *A electronic
state of Ti, in the presence of the matrix environment. A
previous suggestion to explain the two components can defi-
nitely be ruled out.™® This previous line of argumentation
includes the “accidental overlap of the most intense isotopic
line of the 2”«+1" set and one of the less intense ones be-
longing to 1”«<0"”. However, this does not hold true for the
following reasons:

1) The sum of the two components of the fundamental in
Ar (403.71 and 405.79 cm™') does not coincide with the
wavenumber of the first overtone (802.88 or
807.35cm™"); also, in the same vein, the sum of the
wavenumbers of the two components of the fundamental
mode in Xe amounts to 744.2 cm™', a value significantly
smaller than the 7482 cm™' measured for one of the
components of the first overtone.

2) The band splitting is completely absent in the case of Ti,
in Kr and much larger for Ti, in Xe.

3) Most convincingly, the degree of splitting of the two
components in an Ar matrix is affected by small quanti-
ties (2% ) of Xe in the matrix.

The v(Ti—Ti) stretching fundamental experienced a 7%
reduction of its wavenumber by changing from Ar to Xe as
the matrix host. It has been shown previously that the
matrix environment can affect the position of the signal.
This can be explained in some cases by a “solvation effect”.

Chem. Eur. J. 2004, 10, 627—-633 www.chemeurj.org

For example, it has been shown that the difference of
23.5cm™' between the signal observed for InCl in the gas-
phase and in a solid Ar matrix can be rationalized on the
basis of a simple Onsager model.™¥ However, in the case of
Ti,, the shift between the wavenumber in Ar and in Xe evi-
dently cannot be explained on this basis. Therefore, one has
to assume that the Xe atoms interact significantly with the
Ti, molecule and this interaction leads to a reduction of the
Ti—Ti bond strength. It is evident that Xe is more capable of
interacting with Ti, than Ar or Kr. As a consequence, the
force constant f(Ti—Ti) decreases from 232.8 Nm™' in Ar to
199.7 Nm™ in Xe. The clear inference is that this species is
a molecule of the form Ti,Xe or Ti,Xe, (n being a small
number). Experiments with different concentrations of Xe
in the matrix indeed argue for the formula Ti,Xe. Quantum
chemical calculations are currently being undertaken to get
more information about a possible structure and the bond
properties in such compounds. However, the variety of dif-
ferent electronic states in proximity to the ground state and
the necessary inclusion of relativistic effects for Xe make re-
liable calculations very difficult.

It has been shown impressively in the last years that the
reactivity of Xe is surprisingly high. Well-known examples
featuring interactions between Xe and a transition-metal
atom include the carbonyls [XeM(CO)s] (M=Cr, Mo, or
W), for which a dissociation energy of approximately
0.63 eV was derived.™ Very recently, complexes in which
Xe interacts with a noble metal atom were discovered.
Among these new compounds which were structurally char-
acterized are the Au—Xe complexes [AuXe,]|[SboFy ], cis-
[AuXe,(Sb,Fy),], trans-[ AuXe,(SbFy),], [Au,Xe,(p-
F)(SbFy),], and trans-[AuXe,F(SbFs."" [AuXe]™ and
[XeAuXe]t were detected in the gas-phase by using mass-
spectrometry!™® and theoretical calculations predict in the
case of [AuXe]* a bond energy of as much as 1.30 eV and a
bond length of 257.4 pm.') As to matrix work, the com-
pounds HXeCCH, HXeCC (open shell species), and
HXeCCXeH were generated and characterized lately in Xe
matrices by UV-photolysis of acetylene and subsequent an-
nealing at 40-45 K. In the light of these recent discoveries
it is reasonable that Xe interacts strongly with Ti,. Future
quantum chemical calculations will hopefully shed more
light on the possible geometry of such a species. These cal-
culations are a challenge for theoreticians, since they have
to take account for inner-core correlation and relativistic ef-
fects.

Determination of the dissociation energy D,: Figure 7 illus-
trates the increasing differences between the multiple of the
wavenumber of the fundamental mode (harmonic potential
approximation) and the observed values for the members of
the Stokes progression of Ti, in Ar. Thus the anharmonicity
is already substantial, especially for the ninth overtone. This
experimentally observed anharmonicity is essential for the
determination of the dissociation energy on the basis of the
experimental results (see below).

Our determination of the dissociation energy relied on
the formalism introduced by LeRoy, Bernstein, and Lam.?!!
The actual potential near the dissociation can be approxi-
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Figure 7. Differences between the multiples of the wavenumber meas-
ured for the v(Ti—Ti) stretching fundamental and the wavenumbers meas-
ured for the members of the Stokes progression. The plot illustrates the
anharmonicity of the Ti, potential.

mately described by Equation (1), in which R is the atomic
separation and n is determined by the nature of the long-
range interaction.

V(R) ~ De—% (1)

The power n is equal to six if induced-dipole-induced-
dipole interactions dominate, and equal to five for quadru-
pole—quadrupole interactions. Thus n can be more or less
readily obtained from the knowledge of the electronic states
of the atomic dissociation products and (sometimes also)
the identity of the molecular electronic state. Ti atoms ex-
hibit a °F electronic ground state and Ti, dimers most likely
have a 3Ag electronic ground state, and quadrupole—quadru-
pole interactions are expected to govern the scene near the
dissociation limit. The parameter Cs can be derived with the
aid of interaction integrals tabulated by Chang (Cs=
4.15810° cm ' A%).2 1 We have applied the method sug-
gested by LeRoy and Lam (“N, expansion”) to interpolate
between the formulas derived for the vibrational level ener-
gies near the dissociation limit (which result from a WKB
treatment) and those that are closer to the bottom of the
potential-energy curve. The vibrational level energies G(v)
can be approximately expressed in dependence of four pa-
rameters, which are the dissociation energy D,, the nonin-
teger effective vibrational index at the dissociation limit vp,
and the two expansion coefficients a, and a, [Eq. (2)]. Xo(n)
was previously calculated to be 0.1776 cm™ for Ti,.[*!

G(v) = D= X, (n)(vp—v)7 {1 + a, (vp—v) + @y (vp—v)*}
2)

In Figure 8 the experimentally derived G(v) and v data
points are fitted by using Equation (2). It can be seen that
the fitted curve runs through all observed data points. A
chi-square value of not more than 1.3 indicates that the “N,
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the behavior in the harmonic potential approximation, for which the
wavenumbers of the overtones are multiples of the one measured for the
fundamental; however, this not harmonically corrected.

expansion” reproduces nicely the observed trend. The
values of the four parameters are: D,=9470.7+£178.9 cm !,
vp=39.99£0.52, a,=0.0293+0.00007, and a,=(2.5+0.013)
107*. Thus, according to our results, the dissociation energy
of Ti, amounts to 1.18 eV (113.9 kImol™"). This result is in
agreement to the previous estimate of D.>1.05eV (al-
though this estimate is, as shown above, partially based on a
false assignment of the Raman signals).”® Thus the Ti-Ti
bond is comparably weak, somewhat weaker than the F—F
bond (D°(298 K)=158.78 kJmol™") in F," and also weaker
than the Sn—Sn bond of Sn, (D°(298 K)=187.1 kImol!).®
It is on the other hand stronger than the Na—Na bond in
Na,, for which a D°(298 K) value of 73.6040.25kJ mol™!
was derived.?! With 133+6 kJmol ™!, the third-law estimate
for D°(298 K) of Al,, based on resonant two-photon ioniza-
tion spectroscopy,”® comes close to the dissociation energy
obtained for Ti,.

Conclusion

Ti, was studied in Ar, Kr, Xe, and Xe/Ar matrices by means
of UV-visible and resonance Raman spectroscopy. UV-visi-
ble spectra give evidence for two electronic transitions of Ti,
and the detection of a vibrational fine structure, which al-
lowed us to estimate the f(Ti—Ti) force constant in one of
the excited states of Ti,. Resonance Raman spectra were
measured yielding the fundamental v(Ti—Ti) mode and sev-
eral overtones. On the basis of these results it was possible
to determine the dissociation energy more accurately than
in earlier accounts. An analysis following the method sug-
gested by LeRoy, Bernstein, and Lam yielded a D, value of
113.9 kJmol ™' for Ti, in Ar.

Our experimental data clearly show that Ti, forms a rela-
tively strongly bound complex Ti,Xe with Xe. In this com-
plex the Ti—Ti bond is significantly weakened with respect
to free Ti,. The UV-visible spectra are also strongly affected
by the complexation. Future calculations should provide es-
timates of the geometry of this complex. These calculations
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are, however, a challenge for theoreticians. Ti, on its own
has proved to be very difficult to calculate, owing to the
presence of several energetically low-lying excited states.
Calculations on Ti,Xe have to take care of inner-core corre-
lation and relativistic effects. Nevertheless we are optimistic
that reliable calculations on this new interesting noble gas
complex will be possible in the future.
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Synthesis and Growth Mechanism of Bi,S; Nanoribbons

Zhaoping Liu, Jianbo Liang, Shu Li, Sheng Peng, and Yitai Qian**!

Abstract: This article describes a facile
solvothermal method by using mixed
solvents for the large-scale synthesis of
Bi,S; nanoribbons with lengths of up to
several millimeters. These nanoribbons
were formed by a solvothermal reac-
tion between Bi™-glycerol complexes
and various sulfur sources in a mixed

nanoribbons had predominately grown
along the [001] direction. The Bi,S;
nanoribbons prepared by the use of
different sulfur sources have a common
formation process: the initial formation
of NaBiS, polycrystals, which serve as
the precursors to Bi,S;, the decomposi-
tion of NaBiS,, and the formation of

Bi,S; seeds in the solution through a
homogeneous nucleation process; the
growth of Bi,S; nanoribbons occurs at
the expense of NaBiS, materials. The
growth mechanism of millimeter-scale
nanoribbons involves a special solid-
solution—solid transformation as well as
an Ostwald ripening process. Some cru-

solution of aqueous NaOH and glycer-
ol. HRTEM (high-resolution transmis-
sion electron microscopy) and SAED
(selective-area  electron  diffraction)
studies show that the as-synthesized

Introduction

One-dimensional (1D) nanostructures (wires, rods, tubes,
and ribbons) are expected to play an important role in fabri-
cating nanoscale devices. As a result, the synthesis and char-
acterization of 1D nanostructures have recently attracted ex-
tensive attention from a broad range of researchers.) In
particular, much effort has been devoted to the controlled
synthesis of 1D nanostructures from chalcogenides semicon-
ductors due to their interesting physical properties, and their
potential applications in fabricating optoelectric and ther-
moelectric nanoscale devices.”) Main-group metals chalcoge-
nides such as AY,B"Y'; (A=As, Sb, Bi; B=S, Se, Te) group
compounds are semiconductors and have applications in tele-
vision cameras with photoconducting targets, thermoelectric
devices, optoelectronic devices, and in IR spectroscopy.”
Bismuth sulfide (Bi,S;) is a direct band-gap material with E,
of 1.3 eV, which makes it a useful material for photodiode
arrays and photovoltaic converters.” It also belongs to a
family of solid-state materials with applications in thermo-
electric cooling technologies based on the Peltier effect.”!

[a] Dr. Z. Liu, J. Liang, S. Li, S. Peng, Prof. Y. Qian
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Technology of China, Hefei, Anhui 230026 (P. R. China)
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cial factors affect nanoribbon growth,
such as, solvothermal temperature,
volume ratio of glycerol to water, and
the concentration of NaOH; these
have also been discussed.

. crystal

The availability of Bi,S; nanostructures with well-controlled
morphology and dimension should be able to bring in new
types of applications or enhance the performance of the cur-
rently existing device as a result of quantum-sized effects.
So the synthesis of 1D nanostructures of Bi,S; should be of
great significance.

1D nanostructures of single-crystalline Bi,S; have been
prepared by various approaches, such as, a solvothermal (in-
cluding hydrothermal) process,® template-directed proce-
dure,” and a high-temperature evaporation method.®! How-
ever, the quality of the as-synthesized 1D nanostructures of
Bi,S; from the previously reported solvothermal process in
a single solvent (including water) was still unsatisfactory, be-
cause they were usually characteristic of nanorods with very
small lengths (less than 5 um) and low aspect ratios.!’ Some
recent work of our group showed that solvothermal synthe-
sis of some 1D nanostructures in mixed solvents, which were
composed of two or more components (including water
acting as one of the components), in some cases, were much
more effective than that in a single solvent.”’) The as-pre-
pared 1D nanostructures in the mixed solvents usually dis-
played uniform sizes, or high aspect ratios, and or, novel
morphologies. Comparatively, the properties of the mixed
solvents have a much larger scope, that can be adjusted by
varying the components and their ratios, thus some optimum
synthetic conditions may be achieved for the growth of
high-quality 1D nanostructures. Recently, we have reported
a very effective solvothermal synthetic method by using
mixed solvents for the preparation of Bi,S; nanoribbons
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with millimeter-scale lengths.'”! The growth of Bi,S; nano-
ribbons was undergone in a mixed solution of aqueous
NaOH and glycerol. In the previous study, we only used
sodium thiosulfate (Na,S,0;) as the sulfur source for the
synthesis of Bi,S; nanoribbons. After a series of experi-
ments, we found that the sulfur sources for this synthesis are
based on a wide range of sulfur materials, besides Na,S,0;,
such as elemental sulfur (S) powders, sodium sulfide (Na,S),
sodium dithionite (Na,S,0,), carbon disulfide (CS,), and so
on. According to the features of these sulfur sources, they
can be rationally divided into three groups: 1) sulfur com-
pounds (e.g., Na,S,05) with good solubility in the aqueous
NaOH-glycerol system, and releasing the S*~ ions only
during the solvothermal process; 2) sulfur compounds (e.g.,
Na,S and CS,) that can directly give the S*~ ions or rapidly
release the S*~ ions through the reaction with NaOH; and
3) elemental S in the form of solid powders. The studies on
the synthesis of Bi,S; nanoribbons by using sulfur sources
with different features may provide more comprehensive in-
sights for the formation mechanism of the nanoribbons. In
this work, we present the synthesis of Bi,S; nanoribbons by
using three kinds of characteristic sulfur sources, and we pay
more attention to understanding the formation process and
growth mechanism of the nanoribbons, as well as, some cru-
cial factors that affect nanoribbon growth.

Results

Synthesis of Bi,S; nanoribbons by using thiosulfate as the
sulfur source: In our previous report, Bi,S; nanoribbons
with millimeter-scale length have been successfully synthe-
sized by using sodium thiosulfate (Na,S,0;) as the sulfur
source.'”? However, the formation process and growth
mechanism of the nanoribbons have not been understood
clearly. Therefore, here, we mainly investigate the evolution
process of the nanoribbons by the use of representative
sulfur sources. In the present studies, the intermediates are
characterized in more detail by various techniques. Figure 1a
and b shows the SEM and TEM image of a sample prepared
after solvothermal treating for 3 h, respectively. As seen
from these images, long nanoribbons and micro-sized sheet-
like particles coexist in this sample. These nanoribbons have
lengths of several hundreds of micrometers and widths of
50-300 nm. In a magnified view (inset of Figure 1a), one can
see that these sheets are petaloid, and only several nanome-
ters in thickness. SAED (selective-area electron diffraction)
was used to characterize the phases of the two forms of the
products. The upper right inset of Figure 1b shows the
SAED pattern of a nanoribbon, while the lower left inset
displays that of a sheet. The two SAED patterns identify the
nanoribbons and the sheets as Bi,S; single crystals, and
NaBiS, polycrystals, respectively.

An increase in the growth time only led to the formation
of more and longer nanoribbons (at the expense of the
NaBiS, sheets). As shown in Figure 1c, the sample prepared
after heating the solution for 12 h included a notable pres-
ence of uniform nanoribbons with lengths up to the scale of
a millimeter. The inset in Figure 1c shows a typical image of

Chem. Eur. J. 2004, 10, 634—640 www.chemeurj.org
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Figure 1. a) and c) SEM images of the samples prepared after heating for
3 and 12 h, respectively. The insets in Figure 1a and c give a high-magnifi-
cation view of a petaloid sheet and a nanoribbon, respectively; b) TEM
image of the same sample as shown in a. The upper right and lower left
inset show the SAED of a nanoribbon and a petaloid sheet, respectively;
d) TEM image of the NaBiS, sheets taken from products after 48 h. The
inset displays the SAED pattern for the sheets.

a highly curved nanoribbon, which indicates that the as-syn-
thesized nanoribbons have an excellent bending strength.
Figure 1c also indicates that a few sheets were still present
in the nanoribbons layers after a growth period of 12 h. In
fact, the polycrystalline sheets of NaBiS, could also convert
into single crystals, which were difficult to decompose Bi,S;,
and these well-crystallized NaBiS, would deposit onto the
bottom of the reaction container. It usually took about 48 h
to completely convert all the polycrystalline sheets into
Bi,S; nanoribbons and NaBiS, single crystals. Figure 1d
shows a typical TEM image of the sample taken from the
deposit of products obtained after 48 h. The inset in Fig-
ure 1d shows an SAED pattern, which confirms these
NaBiS, sheets are single crystalline.

Synthesis of Bi,S; nanoribbons by using elemental S pow-
ders as the sulfur source: By using elemental sulfur powders
as the sulfur source, we found that the morphology of the
precursor (NaBiS,) was very distinct from that of using the
above-mentioned water-soluble sulfur sources. In the fist
1h, nearly all the yellowish sulfur powders reacted, and
were converted to black solids. A typical SEM image of this
sample shows that the products consisted of quasi-spherical
and uniform particles with diameters of 1-2 um. Closer in-
spection reveals that these spheroids had innumerable pits
on their surfaces, which looked like etched spheroids (see
the inset of Figure 2a). Figure 3a shows the corresponding
XRD (X-ray diffraction) pattern of this sample. All the
peaks can be indexed to cubic structures of NaBiS, phase
(JCPDS card, 8-406). However, judging from the weak and
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Figure 2. SEM images of the samples produced by the use of sulfur pow-
ders as the sulfur sources, and images taken after heating for various pe-
riods: a) 1 h, most of the particles are micrometer-sized spheroids, and
sizes are relatively uniform; the inset in a) is the high-magnification view
of an individual spheroids; c¢)2h, a few short nanoribbons can be ob-
served; d) 3 h, considerable nanoribbons can be seen; b) a typical TEM
image of the spheroids and SAED pattern (inset) for the spheroids.

=1 d—BisS,

¢ - Bi,8, + NaBiS,
b -~ NaBiS, + Bi,S,
a - NaBis,

Intensity/a. u.

10 20 30 40 50 80 70
26/degree

Figure 3. XRD patterns of the samples taken after heating for different
reaction time: a) 1 h, b) 2 h, ¢) 3 h, and d) 24 h.

extensive broadening of the diffraction peaks in this XRD
pattern, the etched spheroids of NaBiS, were poorly crystal-
line. A TEM image (Figure 2b) also depicts the structure of
the particular etched spheroids. The inset shows an SAED
pattern recorded from a spheroid, which indicates that it
was polycrystalline; this agrees well with XRD results.
Based on the above investigations, the formation of
etched spheroids of NaBiS, can be rationally interpreted as
follows. Under solvothermal conditions, elemental S parti-
cles could immediately react with NaOH to give S*~ ions for
the formation of a NaBiS, phase. The reaction initiated on
the surface of the S particles, and seemed to be an erosion
process. The released S*~ ions only occupy %4 of the total
S source, and some S*~ ions may have got into the solution.

636 ——— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

This may lead to the formation of NaBiS, polycrystals with
special morphology, and much shrunk dimensions relative
with those of the original S particles (usually 4-8 um in
sizes).

Once the polycrystalline NaBiS, particles had formed, the
nucleation and growth of Bi,S; 1D nanostructures may have
proceeded during the next solvothermal process. When the
solvothermal process was extended to 2 h, a few short nano-
ribbons with lengths of several micrometers could be ob-
served (see Figure 2c). We also found that some characteris-
tic peaks of Bi,S; phase, with weak intensity, appeared on
the XRD pattern (Figure 3b). Therefore, it is possible that
these nascent ribbonlike nanostructures were Bi,S; crystals.
After 3 h, substantial nanoribbons were generated, while the
quantity of the etched spheroids was largely decreased, and
many spheroids shrunk. This means the growth of Bi,S;
nanoribbons continuously proceeded through consuming the
NaBiS, spheroids. In principle, extending the heating time
elongated the nanoribbons and consumed NaBiS, spheroids.
This tendency could also be interpreted by a contrast in the
variation of peak intensity in the XRD patterns (Figure 3a—
d), in which the characteristic peaks of Bi,S; were largely in-
tensified, and those of NaBiS, were weakened as the heating
time was increased; the peaks of NaBiS, eventually disap-
peared after a 24 h heating process.

After a 24 h solvothermal process, a large amount of
nanoribbons were produced, of which, floated on the top of
the reaction container. A typical SEM image (Figure 4a)
shows that these nanoribbons are usually 100-250 nm wide,
20-60 nm thick, and up to several millimeters long. No

Figure 4. a) SEM image of the final product produced after a 24 h heating
process, which revealed the high-purity and uniform morphology of the
nanoribbons; b) and c) display the characteristic features of nanoribbons
and nanowires, respectively; d) SEM image of some wide nanoribbons
with widths of up to 10 um; e) shows the side surface of a wide nanorib-
bon.

www.chemeurj.org Chem. Eur. J. 2004, 10, 634—640



www.chemeurj.org



Bi,S; Nanoribbons

634-640

etched spheroids or other particles can be observed in the
Bi,S; layers. A SEM image in high-magnification view (Fig-
ure 4b) clearly depicts a ribbon with a typical rectangular
cross-section. Some nanowires were also observed (see Fig-
ure 4¢). In addition, we also noticed that a few very wide
ribbons were generated, and they floated on the upside of
the Bi,S; layers. The widths of these wide ribbons were usu-
ally several micrometers (see Figure 4d), and thicknesses of
only 40-60 nm (see Figure 4¢). Since some short and wide
ribbonlike structures were also observed in the initial prod-
ucts (indicated by arrows in Figure 2a), it is possible that nu-
cleation of wide nanoribbons starts in the initial stage of the
solvothermal process.

Synthesis of Bi,S; nanoribbons by using sulfides as the
sulfur source: Differing from the Na,S,0; and elemental S,
Na,S can directly give S?~ ions. Once it was added into the
reaction solution, a black turbid suspension formed immedi-
ately. To identify the solid particles that formed in the re-
sulted suspension, the suspension was centrifuged to collect
a solid sample, and then characterized by XRD. The XRD
pattern (Figure 5a(I)) indicates that the initial product

a T2} — BiS,
I G24h) —BLS + MBS
30— MBS,
ORI — HaBeS,

3

o

i i

g ’\!-J'\JJ'-...{!;LJJ'M'S-.,_.AJ_-’“

w’“‘vuLMM;

Figure 5. XRD patterns a) of the samples prepared by using sulfides as
the sulfur source at different periods of heating time: I) 0, II) 3, III) 24,
and IV) 72 h. SEM images of the samples taken after heating for various
time: b) 3, ¢) 24, and d) 72 h.

seemed to be an amorphous NaBiS, phase. After solvother-
mally treating the resulted suspension for 3 h, polycrystalline
NaBiS, was obtained (see Figure 5a(Il)). The SEM image
(Figure 5b) shows a sample, that consisted of aggregated
particles with sizes of several hundred of nanometers. It
could be anticipated that Bi,S; nanoribbons would grow
from this mixture. However, we found the evolution process
of the nanoribbons was much slower than that of using
Na,S,0; or elemental S as the sulfur sources. The XRD pat-

Chem. Eur. J. 2004, 10, 634—640 www.chemeurj.org

tern (Figure 5a(1II)) of a sample taken after a 24 h solvo-
thermal process depicts the NaBiS, phase, that still coexists
with the Bi,S; phase. The SEM image (Figure 5¢) also shows
that the sample consisted of a certain amount of aggregated
particles. In this case, it took over 72 h to form pure nano-
ribbons and consume the mass of NaBiS, particles. As
shown in Figure 5d, bulk, pure nanoribbons were formed.
The XRD pattern (Figure 5a(IV)) also indicates the pure
Bi,S; phase.

da S - e~

[[H”I
o

{120

250 nm

Figure 6. a) The TEM image and SAED pattern obtained from an indi-
vidual nanoribbon; b) HRTEM image recorded near the edge of the par-
ticular Bi,S; nanoribbon along the direction perpendicular to the wide
surface of the nanoribbon.

Structural characterization of as-synthesized Bi,S; nanorib-
bons: The structural information of as-synthesized Bi,S;
nanoribbons has been characterized by using SAED and
HRTEM (high-resolution transmission electron microsco-
py). Figure 6a shows a representative TEM image of an indi-
vidual nanoribbon with a width of about 65 nm. The inset
displays a typical SAED pattern that was recorded from this
nanoribbon, and all diffraction spots were indexed to the or-
thorhombic phase of Bi,S;. This SAED pattern also reveals
that the nanoribbon grew along the [001] direction. An
HRTEM image taken near the edge along the length of this
nanoribbon is shown in Figure 6b. As seen from the image,
this particular nanoribbon is a structurally uniform single-
crystal. The observed interplanar spacing is about 0.5 nm,
which corresponds to the separation between the {120} lat-
tice planes of the Bi,S; phase. Diffraction patterns taken
from different parts of this ribbon show exactly the same
pattern without further tilting the sample; this indicates the
single crystallinity of the whole ribbon. More individual
nanoribbbons have also been examined by this method, and
the resulting diffraction patterns suggest that most of rib-
bons grow along the [001] direction, although, we have ob-
served some nanoribbons that may have a growth along the
[210] direction in our previous report.” In addition, the
usually strong reflection peaks (hk0), and weak peaks (hkl)
(I#£0) were seen in the XRD pattern (Figure 3d), which sug-
gests that the as-synthesized Bi,S; nanoribbons might lie on
the surface of the silicon wafer, and have a preferential orig-
ination of the [001] direction. This further confirms the re-
sults of both HRTEM and SAED studies.
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Discussion

Formation process and growth mechanism of Bi,S; nanorib-
bons: From the above experimental results, although the
sulfur sources are different, the formation of Bi,S; nanorib-
bons has been observed to follow in a similar growth proc-
ess. This common process can be reasonably elucidated as
the following three stages: i) the formation of NaBiS, poly-
crystals by the reaction between the sulfur sources and the
Bi""glycerol complexes at the beginning of the solvother-
mal process; ii) the decomposition of NaBiS,, and the suc-
cessive nucleation of Bi,S; nanocrystals; and iii) the continu-
ous growth of Bi,S; nanoribbons at the expense of NaBiS,
materials. Since all these sulfur sources can give S*~ ions di-
rectly, or under the solvothermal conditions, the chemical
reaction involved in the entire synthesis of Bi,S; nanorib-
bons can be formulated, as shown in Equations (1)-(3).

Bi(C;0,H;) + 28> + Na* + 3H,0 —
NaBiSZ =+ C3O3H8 + 3 OH7

2NaBiS, < 2Na' + Bi** + 28" (2)
2Bi*" +3S$ < BiL,S; (3)

The Bi(C;03;Hs) complexes are first formed before the
solvothermal process through the reaction between Bi**,
OH", and glycerol (C;0;Hy).""! It can be concluded that the
whole process involves a special solid—solution—solid trans-
formation, in which the decomposition of the NaBiS, poly-
crystals gives Bi,S; units for the nucleation and growth of
Bi,S; nanoribbons. Therefore, the NaBiS, polycrystals can
be regarded as a crucial precursor for the formation of Bi,S;
nanoribbons. However, the morphologies of the precursors
by using different sulfur sources are very different. The ex-
perimental observations have revealed they display mor-
phologies in the form of petaloid sheets for Na,S,0;, etched
spheroids for S powders, and aggregated particles for Na,S.
These precursors may have different free-energies due to
the difference in their forms. For instance, the aggregated
particles of NaBiS, may have a lower free-energy relative to
the petaloid sheets and the etched spheroids. This leads to
decomposition of the precursors at a lower rate. As a result,
by using sulfides as the sulfur sources, a longer solvothermal
time is needed for the bulk formation of nanoribbons.

Although our previous observations showed some Bi,S;
seeds were generated on petaloid sheets,'” our present
SEM, TEM, and SAED studies suggest that the majority of
Bi,S; seeds are possibly formed in solution through a homo-
genous nucleation-process. Based on the observations of the
initial products, we find that the initially formed ribbons are
not attached on the surfaces of both the petaloid sheets (see
Figure 1a and b and the etched spheroids (see Figure 2c and
d). The nucleation of nanoribbons does not seem to initiate
on the surface of these etched spheroids, but is more likely
to occur in homogenous solution. Under solvothermal con-
ditions the Bi,S; units are generated in solution through the
decomposition of NaBiS, polycrystals, and then through a
condensation process they will form small sheets of Bi,S;,

638 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

which will be used as the seeds for the growth of 1D nano-
structures with ribbonlike morphology.

It is known that Bi,S; has a lamellar structure with linked
Bi,S; units, which form infinite chains parallel to the ¢ axis
([001] direction)." This anisotropic structure suggests that
Bi,S; has a strong tendency toward 1D growth along the
[001] direction, which may lead to the formation of 1D
nanostructures (such as nanowires and nanorods). Our
SAED and HRTEM studies also confirm the as-prepared
nanoribbons had predominately grown along the [001] direc-
tion. In previous reports, 1D nanostructures of Bi,S; have
been synthesized through a solvothermal method by using
various solvents, such as water,* ethanol,® ethylene gly-
col,’® diethylene glycol,* and so forth. However, these 1D
nanostructures prepared in a single solvent had very short
lengths (usually lower than 5 um), and they could be classed
as nanorods. In our present synthesis, the as-obtained Bi,S;
nanoribbons have a millimeter-scale length. What is the
driving force for the formation of the ultra-long nanorib-
bons? It is believed that the as-used mixed solvents should
be responsible for this. In the mixture of aqueous NaOH
and glycerol, a stable complex Bi(C;0;Hs) is formed," so
the solubility of Bi,S; can be largely increased in this partic-
ular solution system under solvothermal conditions. This will
ensure a relatively higher concentration of Bi,S; units, and
higher chemical potential in the solution; this is believed to
be favorable for the growth of 1D nanostructures.™ As a
result, the growth of Bi,S; 1D nanostructures along the [001]
direction should be at a high rate. During a continuous sol-
vothermal process, some shorter nanoribons may redissolve
and contribute to the growth of longer ones through a proc-
ess known as Ostwald ripening."¥! This allows us to obtain
nanoribbons with lengths of up to several millimeters.

Crucial factors affecting nanoribbon growth: In principle,
the growth process of Bi,S; nanoribbons would not continue
until all the NaBiS, polycrystals were completely consumed,
and only long nanoribbons survived. Nevertheless, our pre-
vious investigations have also revealed that the transforma-
tion of NaBiS, polycrystals mainly took place in two ways:
decomposition and crystallization."! The decomposition of
NaBiS, could give Bi,S; units, whereas the crystallization
generated single crystals of NaBiS,. Therefore, it was impos-
sible to convert all NaBiS, material into Bi,S; nanoribbons.
In general, the yield of Bi,S; nanoribbons was up to 90 %
(according to the amount of Bi(NO;);5H,O input). The
longer nanoribbons that were formed would automatically
float on the upside of the reaction container, and conven-
iently self-separate from the NaBiS, deposit, and thus the
unconverted NaBiS, could not lead to impurities in the
nanoribbon products. Further investigations found that the
solvothermal temperature had a great influence on the crys-
tallization of NaBiS,. At 200°C, the reaction only gave
NaBiS, single crystals. When the reaction was processed
under certain reflux conditions (at 118°C), all the NaBiS,
could be converted to Bi,S;, and the final products only con-
sisted of Bi,S; nanoribbons. Theses results suggest that the
crystallization of NaBiS, was accelerated as the temperature
increased. However, the Bi,S; nanoribbons prepared under

www.chemeurj.org Chem. Eur. J. 2004, 10, 634—640



www.chemeurj.org



Bi,S; Nanoribbons

634-640

the reflux conditions had lengths of only 10-20 pm. This
could ascribe to the relatively lower concentration of Bi,S;
units at a lower solvothermal-temperature. Therefore, it is
important to select an optimum temperature for the forma-
tion of millimeter-scale nanoribbons in high yield. We found
that the suitable temperatures ranged from 140 to 180°C.
By running the solvothermal reaction in this temperature
range, bulk Bi,S; nanoribbons with lengths of up to several
millimeters could be successfully produced.

It is believed that the physical and chemical properties of
the solvent can influence the solubility, reactivity, and diffu-
sion behavior of the regents and the intermediate. In our
synthesis system, the properties of the mixed solvent can be
easily adjusted by varying the ratios of the two components
(glycerol and water). Therefore, it is supposed that the
volume ratio of glycerol to water has a great influence on
the growth of Bi,S; nanoribbons. We thus investigated this
synthesis parameter in detail, and found that a high yield of
Bi,S; nanoribbons was formed only in a suitable volume
ratio range of between 1:1 and 2:1. As the ratio was in-
creased beyond 3:1 or decreased to 1:3, only a few Bi,S;
nanoribbons could be formed, and NaBiS, particles were ob-
tained as the major product. This may be because a lower
volume ratio of glycerol to water led to a lower concentra-
tion of Bi,S; units in the solvothermal reaction system, and
also an overhigh ratio resulted in a very low-diffusion coeffi-
cient of the Bi,S; units due to high viscosity. The two cases
(both the low concentration and the low diffusion coefficient
of Bi,S; units) were unfavorable for the growth of Bi,S;
nanoribbons.

We also investigated the influence of NaOH concentra-
tion on the growth of Bi,S; nanoribbons. The studies were
focused on synthesis by using thiosulfate as the sulfur
source. In these studies, the solvothermal reaction was car-
ried out in a volume ratio of glycerol/water 2:1 at a temper-
ature of 160°C for 24 h. We found that the concentration of
NaOH in the range of 1.5-3.0m was favorable for the forma-
tion of ultra-long Bi,S; nanoribbons with a high yield. At
0.5m of NaOH solution, the product was dominated by Bi,S;
particles with irregular morphologies, and no NaBiS, phase
could be detected. As the concentration of NaOH was in-
creased beyond 3m, NaBiS, particles were obtained as the
major product, and only the NaBiS, phase could be formed
at 45M of NaOH solution. These results may be rationally
explained in Equation (2), in which the concentration of
Na*t had a great influence on the decomposition rate of
NaBiS,. Apparently, at a higher concentration of Na*, the
decomposition of NaBiS, was more difficult, and this led to
more NaBiS, polycrystalline particles crystallized as single
crystals. At a very low concentration of Na*, the NaBiS,
could decompose very rapidly, and this would lead to a very
high supersaturation of Bi,S; units in the reaction system;
this was unfavorable for the growth of Bi,S; nanoribbons.

Conclusion

We have demonstrated a facile and versatile solvothermal
method for large-scale synthesis of Bi,S; nanoribbons in
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mixed solvents of glycerol and water. These nanoribbons
were characterized as having millimeter-scale lengths and
high purity. Although the sulfur sources are different, Bi,S;
nanoribbons have undergone a similar formation process,
which is characteristic of the formation of NaBiS, precursor
polycrystals, and the growth of Bi,S; nanoribbons through a
solid-solution—solid transformation, as well as, an Ostwald-
ripening process. The suggested growth mechanism is in
good agreement with our experimental results. Compared
with solvothermal synthesis in a single solvent, the advan-
tages of our method for the preparation of chalcogenide
nanoribbons lies in its simplicity, high yield, high purity, and
low processing temperature. Therefore, it offers a more at-
tractive and convenient approach for large-scale synthesis of
chalcogenide nanoribbons. The present results show that the
solvothermal synthetic route, by using mixed solvents, may
provide a more promising approach for rationally designing
1D nanostructural materials. Since we have detected that
Bi,S; nanoribbons had signal photovoltaic spectrum in the
red-light region,'” the as-synthesized nanoribbons may have
a promising application in photovoltaic converters or other
photoelectronic nanodevices.

Experimental Section

Chemicals and materials: All the chemicals were of analytical grade and
used without further purification. Deionized water was used throughout.
Bismuth nitrate (Bi(NO3);:5H,0), sodium hydroxide (NaOH), glycerol
(C;0;Hy), sodium thiosulfate (Na,S,05:5H,0), elemental sulfur powders
(S), and sodium sulfides (Na,S-5H,0), which were all purchased from
Shanghai Chemical Regents Company.

Synthesis of Bi,S; nanoribbons: In a typical procedure, Bi(NO;);-5H,0,
NaOH, and the sulfur compound were introduced into a mixture of distil-
led water and glycerol to give the final concentration of 50 mm Bi ', 2m
NaOH, and 100 mm sulfur compound; the volume of glycerol to water
was in the ratio of 2:1. Then the mixture (45 mL) was transferred into a
Teflon-lined autoclave (55 mL capacity). The autoclave was maintained
at 160°C for 24 h (or 72 h for Na,S), and then cooled to room tempera-
ture naturally. It was found that a large quantity of dark gray wirelike
particles floated on the top of the solution, and a small quantity of black-
brown particles deposited on the bottom of the autoclave. The two prod-
ucts with different forms were carefully collected and washed with distil-
led water. The two products were then dried in a vacuum oven at 60°C
for 4 h.

Characterization: The X-ray diffraction (XRD) analysis was performed
by using a Rigaku (Japan) D/max-yA X-ray diffractionmeter equipped
with graphite monochromatized Cuy, radiation (1=1.54178 A). The
SEM images were taken with a scanning electron microscope (Hitachi X-
650) and a field-emission-scanning electron microscope (JEOL-6300F,
15 kV). The TEM images and SAED patterns were recorded on a Hita-
chi 800 TEM, and were performed at 200 kV. The HRTEM images and
the corresponding SAED patterns were taken on a JEOL 2010 high-reso-
lution TEM performed at 200 kV.
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Abstract: The formation of adducts of
the square-planar 16-electron com-
plexes trans-[M(tropp™),]* and cis-
[M(tropp™),]* (M =Rh, Ir; tropp™ =5-
diphenylphosphanyldibenzo[a,d]cyclo-
heptene) with acetonitrile (acn) and
Cl™, and the redox chemistry of these
complexes was investigated by various
physical methods (NMR and UV-visi-
ble spectroscopy, square-wave voltam-
metry), in order to obtain some funda-
mental thermodynamic and kinetic
data for these systems. A trans/cis
isomerization cannot be detected for
[M(tropp™),]* in non-coordinating sol-
vents. However, both isomers are con-
nected through equilibria of the type
trans-[M(tropp™),]* + L=
ML(tropp®™),]"=cis-[M(tropp™),] *
involving five-coordinate intermediates

[ML(tropp™),]" (L=acn, n=+1; L=
Cl~, n=0). Values for K, (K;), that is,
the dissociation (formation) equilibri-
um constant, and k, (k;), that is, the
dissociation (formation) rate constant,
were obtained. The formation reactions
are fast, especially with the trans iso-
mers (k;>1x10°m™'s™"). The reaction
with the sterically more hindered cis
isomers is at least one order of magni-
tude slower. The stability of the five-
coordinate complexes [ML(tropp™),]"
increases with Ir>Rh and CI”>acn.
The dissociation reaction has a pro-
nounced influence on the square-wave

Keywords: cyclic voltammetry
iridium - mechanisms - phosphanes -
rhodium
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(SW) voltammograms of trans/cis-[Ir(-
tropp™),]T. With the help of the ther-
modynamic and kinetic data independ-
ently determined by other physical
means, these reactions could be simu-
lated and allowed the setting up of a
reaction sequence. Examination of the
data obtained showed that the trans/cis
isomerization is a process with a low
activation barrier for the four-coordi-
nate 17-electron complexes
[M(tropp™),]° and especially that a dis-
proportionation reaction 2trans/cis-
[M(tropp™),]"—[M(tropp™),]* +
[M(tropp™),]” may be sufficiently fast
to mask the true reactivity of the para-
magnetic species, which are probably
less reactive than their diamagnetic
equilibrium partners.
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The syntheses of stable paramagnetic rhodium and iridium
complexes in their formal oxidation state (0) have been re-
ported recently.™ Such d° valence-electron-configured
complexes were not explored in depth previously. In addi-
tion, much of the chemistry of d'°-configured rhodate and
iridate complexes remains to be investigated, even though
these electron-rich compounds have been known for about
35 years.[*'? These four-coordinate 17-electron and 18-elec-
tron complexes merit attention, because they have promis-
ing potential in bond activation chemistry> ! and have
been discussed in the context of the photocatalytic H,O"”!
and HBr!" splitting.
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The ligand systems used to date for the preparation and
isolation of stable M° complexes are 1) 5-diphenylphosphan-
yl-dibenzo[a,d]cycloheptene  (dibenzotropylidene  phos-
phines = tropp®),?! 2) 1,1'-bis(diphenylphosphino)ferrocene
(dppf),*¥  and 3)  3,3'4,4-tetramethylbiphosphinine
(tmbp).Fl. Although electronically quite different, they have
a rigid bidentate metal binding site in common.

Ph,P L2>—PPh,
A== Fe A=

tropp™” dppf tmbp

In previous work!">"! we showed that the 16-electron
[M(tropp™),]* complexes 1-M (M=Rh, Ir) are reversibly
reduced at remarkable low negative potentials in two con-
secutive one-electron transfer steps, to give the neutral para-
magnetic 17-electron [M(tropp™),]® 2-M (M =Rh, Ir), and
the 18-electron ate-complexes [M(tropp™),]~ 3-M (M=Rh,
Ir). For M=1Ir, we investigated various reactions of the com-
plexes 1-Ir, 2-Ir, and 3-Ir, which have different valence elec-
tron configurations, with protic reagents or dihydrogen.”*”

As a result, we obtained the simplified reaction diagram
shown in Scheme 1, in which two electrons (steps a and b)

[Intropp®™)I" === [Irtropp®™)l" === [i(tropp""),I
1-Ir (a) 2-Ir (b) 3-Ir

H H*
-~ © " @)
[IrH,(tropp™),]" (IrH(tropp™™),]

5 (d) 4

Scheme 1. Simplified cycle for H, production with iridium tropp com-
plexes.

and subsequently two protons (stepsc and d) are added
“dropwise”, to finally produce dihydrogen (step e).?!! Reac-
tion e proceeds at room temperature and is remarkable
clean. This cycle includes all chemical steps that are neces-
sary to produce dihydrogen from proton sources by using a
single site catalyst. Note that all complexes shown in
Scheme 1 were isolated and fully structurally characterized.

A key-point for the rational design of such cycles is a
better knowledge of the thermodynamic and kinetic param-
eters which interconnect the participating species. At this
point, an evaluation of the reactivity of the 17-electron com-
plex [Ir(tropp™),]° (2-Ir) was of special interest. We investi-
gated the reaction of 2-Ir with H, or protons and observed,
in both cases, the quantitative formation of the very stable
18-electron monohydride complex [IrH(tropp™),] (4). How-
ever, the 16-electron complexes trans/cis-[Ir(tropp™),]*
(trans/cis-1-Ir) and the 18-electron iridate [Ir(tropp®™),]” (3-
Ir) also react rapidly and exothermically with H, to yield
either the octahedral cationic iridium(m) dihydride [IrH,-
(tropp™),]* (5), which is stable under an atmosphere of H,,
or the monhydride 4, respectively.” Thus it is possible that
the “reactivity” of the 17-electron complexes trans/cis-[Ir-

642
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(tropp™),]° (2-Ir) is evoked in reality by the diamagnetic
closed-shell species trans/cis-1-Ir and 3-Ir, which may be
present in the equilibrium given in Equation (1), which is
characterized by the disproportionation constant K .

2 trans / cis-[Ir(tropp™),]* = a

trans /cis-[Ir(tropp™),] " + [Ir(tropp™),]~

We show in this paper that a satisfactory answer to this
question can be found by digital simulation of electrochemi-
cal data of a redox system that also includes non-redox equi-
libria. Some of these data were determined independently
by other physical means. The paper is divided into two
parts. In the first part, we investigate the structures and
simple addition reactions of the four-coordinate 16-electron
complexes [M(tropp™),]" (M=Rh, Ir) with donor ligands
such as tetrahydrofuran (thf), acetonitrile (acn), or chloride
by NMR techniques. In the second part we discuss the elec-
trochemistry of the iridium complex [Ir(tropp™),] = (1-Ir).

Results

Molecular structures of [Rh(acn)(tropp™),]"PF,~ (6-Rh)
and [IrCl(tropp™™),] (7-Ir). As this study is concerned with
the formation and dynamics of five-coordinate rhodium-—
and iridum-bis(tropp) complexes, we first discuss briefly the
structures of [Rh(acn)(tropp™),]* (6-Rh) (acn = acetonitrile)
and [IrCl(tropp™),] (7-Ir). Crystallization of the four-coordi-
nate complex trans/cis-[Rh(tropp™),]*PF;~ (1-Rh) from a
concentrated solution in acetonitrile gave a mixture of red
and a few yellow crystals. The red ones contain the trans
isomer of 1-Rh.["! The yellow crystals contain the five-coor-
dinate complex [Rh(acn)(tropp™),]*PF,~ (6-Rh); the result
of the X-ray structure analysis is shown in Figure 1. These
yellow crystals easily decompose, with loss of acetonitrile, to
give a red powder, as soon as they are separated from the
mother liquor. The very high lability of 6-Rh also prevents
its detection by NMR spectroscopy as a stable species in so-
lution (vide infra). Slightly yellow crystals of the iridium
chloro complex 7-Ir were grown from a concentrated solu-
tion in methylene chloride layered with n-hexane. The result
of the X-ray structure analysis of 7-Ir is shown in Figure 2.
Selected bond lengths and angles of both complexes are
given in the figure captions. Details concerning the data col-
lection and refinement for 6-Rh and 7-Ir are compiled in
Table 1.

Both compounds show the expected trigonal-bipyramidal
structure with the two phosphorus atoms occupying the
axial positions and the olefinic units, C=C,,, occupying two
of the equatorial positions. The bond lengths fall mostly
within the typical range observed in comparable five-coordi-
nate Rh! and Ir' complexes™ and compare well with those
in the hydride complex 4.7 The M—C and M—P distances
are similar for both 6-Rh and 7-Ir. The acetonitrile ligand in
6-Rh deviates by about 5.8° from linearity, pointing towards
Pla, and the Rh—N bond is slightly longer than usual Rh—N
single bonds.””! For steric reasons, the C4a=C5a,,, unit
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Figure 1. Top: Molecular structure and numbering scheme of the cation
of [Rh(acn)(tropp™),]* PF,~ (6-Rh). Thermal ellipsoids are drawn at the
40% probability level. The hydrogen atoms and the counter ion (PFg")
are omitted for clarity. Bottom: View along the Pla-Rh-P1b vector. The
connections between the Rh atom and the centroids Ctl and Ct2 of the
coordinated olefins C4a=C5a and C4b=C5b, respectively, and the Rh—N
bond, are shown as solid lines. All atoms are drawn with arbitrary radii.
Selected bond lengths [A] and angles [°] for 6-Rh: Rh—N 2.136(6), Rh—
Pla 2.353(2), Rh—C4a 2.340(6), Rh—C5a 2.283(6), C4a—C5a 1.397(8),
Pla—Cla 1.864(6), Rh—P1b 2.312(2), Rh—C4b 2.141(6), Rh—C5b 2.202(6),
C4b—C5b 1.434(8), P1b—Clb 1.849(6), Rh—Ctl 2.203, Rh—Ct2 2.050,
C4b—C5a 3.138; P1b-Rh-Pla 176.89(7), N-Rh-Pla 91.4(2), N-Rh-P1lb
87.5(2), N-Rh-C4a 79.1(2), N-Rh-C5b 117.0(2), C4b-Rh-C5a 90.3(2);
;(N-Rh-Ctl) 96.4, w,(N-Rh-Ct2) 136.0, Ct1-Rh-Ct2 127.6.

forms a smaller angle with the Rh—N bond (w,;(N—Rh—Ct1)

= 96.4°, Ctl =centroid of the C4a=C5a bond) and has a
longer distance to the rhodium center (Rh—Ctl = 2.203 A),
when compared to the other coordinated olefin bond C4b=
C5by, (Rh—Ct2 = 2.050 A, Ct2=centroid of the C4b=C5b
bond). Correspondingly, the C4a=C5a distance (1.397(8) A)
is shorter than that of C4b=C5b (1.434(8) A). In 7-Ir, both
C=C,,, units are close to the iridium center (Ir—Ctl =
2.041 A, Ir—Ct2 = 2.085 A) and the C=C bonds are elongat-
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Figure 2. Top: Molecular structure and numbering scheme of [IrCl-
(tropp™),] (7-Ir). Thermal ellipsoids are drawn at the 40% probability
level. The hydrogen atoms are omitted for clarity. Bottom: View along
the P1-Ir-P2 vector. The connections between the Ir atom and the cen-
troids Ctl and Ct2 of the coordinated olefins C4=C5 and C31=C32, re-
spectively, and the Ir-Cl bond, are shown as solid lines. All atoms are
drawn with arbitrary radii. Selected bond lengths [A] and angles [°] for
7-Ir: Ir—CI1 2.497(2), Ir—P1 2.321(2), Ir1-C4 2.198(6), Ir1—-C5 2.134(6),
C5—C4 1.454(9), Ir—P2 2.337(2), Ir—C31 2.190(6), Ir—C32 2.217(6), C31—
C32 1.425(9); P1-Ir-P2 177.99(5), P1-Ir-ClI1 87.60(6), P2-Ir-Cl1 92.63(6),
C4-Ir-Cl1 110.6(2), C32-Ir-Cl1 81.7(2), C5-Ir-C31 90.9(2), Ir-Ctl 2.041,
Ir-Ct2 2.085; w,(Cl-Ir-Ct2) 100.4, w,(Cl-Ir-Ct1) 129.9, Ct1-Ir-Ct2 129.6.

ed to >1.42A by metal-to-ligand backbonding. A view
along the P-M-P axis reveals a rather strong deviation from
an ideal trigonal arrangement (i.e., L-M-L angles of 120°) of
the ligands in the equatorial plane towards a so called “Y/
T”-shaped structure.”?! The nitrogen atom in 6-Rh devi-
ates by 14.8°, and the chloride atom in 7-Ir by 19.8°, from
the bisection of the Ct1-M-Ct2 angle (M=Rh, Ir; Ctl2=
centroids of the C=C,,, bonds). In the 18-electron com-
plexes 6-Rh and 7-Ir this distortion certainly has exclusively
steric reasons® and is only detected in the solid state. In
solution, only two sets of signals are observed for the pair-
wise equivalent olefinic protons (see black and white circles
in Scheme 2 below), even at low temperatures.
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Table 1. Crystallographic and refinement details of 6-Rh and 7-Ir. dinate complexes [M(acn)(troppph)2]+ (M=Rh: 6-Rh; M=
compound 6-Rh 71r Ir: 6-Ir) and [MCl(tropp™),] (M=Rh: 7-Rh; M=Ir: 7-Ir)
formula CyHyFNP;Rh  CyyrsH o CIP,Ir (Scheme 2). With the exception of [Rh(acn)(tropp™),]*
crystal size [mm] 0.40x0.06x0.06  0.20x0.10x0.02 (6-Rh), the formation can be easily followed by 'H, *C, *'P,
crystal system monoclinic monoclinic and '"Rh NMR spectroscopy and selected NMR data are
Sp[aAC;’ group 5213{; 5G3) ;)3%/; 6(1) listed in Table 2. The formation of 6-Rh is only indicated in-
a B . . .
b [A] 16.638(4) 9.800(5) directly, as the 'J('®Rh,}P) coupling constant, and the
c[A] 25.905(5) 19.72(1) chemical shift of the olefinic CH=CH,,,,, protons of the trans
Bl 96.59(2) 94.09(1) isomer depend on the acetonitrile concentration and the
A3 . . .
;[A 1 3879(2) 3600(4) temperature (that is, at T=223 K, 6(‘H) is shifted from
s Mgm] 1418 1.490 5.66 ppm in pure CD,Cl, to 436 ppm in a 1:1 mixture of
caled . . .
4 [mm-"] 0510 7102 CD,CL,/CD;CN). Note that the cis-[Rh(tropp™),]* complex
index range 0<h<10 —23<h<23 is not affected either by a variation of the temperature or by
0<k<16 0<k<9 the concentration of acetonitrile. Similiar observations were
26, ] ;023 8§l§24 2 9391 f 19 made when the iridium complexes trans/cis-[Ir(tropp™),]*
T Ei?] 293 293 (trans/cis-1-Ir) were dissolved in THF at T=298 K. Only the
reflections 4572 4561 3P resonance of the trans isomer is broadened, while that of
parameters 609 573 the cis isomer remains sharp.””
;_3081;1 8.32(3)0 (1)'8226 In solution, the olefinic protons and *C nuclei in the four-
ina X . . ohy 1+ 3 ) .
final wR2 (all data) 0.0681 0.1083 coordinate [M(tropp™),]* complexes, 1-Rh and 1-Ir, are iso

max/min residual el. density [eA]  0.587/—0.502 2.293/-0.764 chronous (gray circles in Scheme 2), indicating square-
planar structures on the on average over time. The 'H and

BC resonances of the coordinated olefins in the cis isomers
of 1-Rh and 1-Ir appear at higher frequencies, relative to
the trans isomers; this may be taken as an indication of
weaker M—L backbonding, probably as a result of the
higher trans influence of a P donor relative to an olefin.

Steric congestion may also play a role.?%?)
ky In comparison to the four-coordinate species, the *'P and,
o especially, the 'H and *C NMR resonances, of the five-coor-
by dinate complexes are significantly shifted to lower frequen-
cies, indicating enhanced M —L backbonding. In accordance
L_= vl L_= MeCN with the structures of the five-coordinate complexes (vide
: e -gjﬂﬁh r_;fi:h e supra), .th.e 'H and ®C NMR resonances qf the olefinic C=
ir [ransdoir 6-Ir  7-Ir cis1- Ir Cyop unit in 6-Ir, 7-Rh, and 7-Ir are inequivalent (see black
and white circles in Scheme 2). The protons appear as two
Scheme 2. Formation of five-coordinate tropp complexes 6-M and 7-M multiplets, corresponding to the AA’ and BB’ parts of an
from trans-1-M or cis-1-M (M =R, Ir). Gray circles indicate magnetical- AA'BB’XX’ spin system (XX’ =phosphorus nuclei). Accord-

ly equivalent olefin protons in trans/cis-1-M and black or white circles in-

. . .. 13 .
dicate the non-equivalent protons in 6-M and 7-M. ingly, two multiplets for the olefinic ~C nuclei are observed.

A comparison between the iridium complexes [Ir(L)-
(tropp™),]" (6-Ir: L=acn, n=+1; 7-Ir: L=Cl", n=0; 4-Ir:
L=H", n=0;* 8 L=CO, n=+1:) is instructive: The

NMR studies: In a non-coordi-

nating solvent like methylene

chloride (CH,CL,), the cationic Table 2. Selected '“Rh, *'P, BC, and '"H NMR data. For the rhodium complexes trans/cis-1-Rh and 7-Rh, the
’ 'J("®Rh,*'P) couplings [Hz] are given in parentheses.

four-coordinate complexes

[M(tropp™),]* (M=Rh: 1-Rh solvent T [K] o'P 8"C(olefin) 6'H(olefin) ¢'“Rh

and M=Ir: 1-Ir) with weakly four-coordinate 16-electron complexes

coordinating counteranions like tr'ans-l-Rh CD,Cl, 248 85.8 (131) 85.7 5.66 210

PF.—. BF, CE.SO. ist cis-1-Rh CD,Cl, 248 83.7 (178) 106.1 6.50 —253

6 > Bla, OF LE5U5 -, eXISUppps1i1e CD,Cl, 298 72.8 71.0 5.41

as mixtures of trans and cis iSO-  (is-1-Ir CD,Cl, 298 68.8 87.0 5.86

mers that do not interconvert five-coordinate 18-electron complexes

on the NMR timescale.?! ITn a 61" CD;CN 233 534 48.9,46.5 4.17,3.89

coordinatine solvent like aceto- 7-Rh CD,Cl, 213 81.3 (117) 67.1, 64.9 4.56, 3.90 381
o0 '8 7-Ir CcDCl, 298 48.1 48.7,43.9 4.10, 3.45

nitrile, or in the presence of a  4b) CD,CL, 298 733 36.8, 34.7 3.06,2.73

coordinating anion like Cl™, the 8P CDCl, 298 53.9 61.3, 61.0 4.54,3.62

four-coordinate complexes 1- [a] The synthesis and isolation of 6-Ir was reported in ref. [20], where the exchange-broadened NMR data at
Rh and 1-Ir give the five-coor- 298 K were given. [b] 4=[IrH(tropp™),].*” 8 =[Ir(CO)(tropp™),] *PF, .*"!
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strongly o-donating hydride exptl
ligand in [IrH(tropp™),] (4)
shifts the 'H and >C NMR res-
onances to the lowest frequency
values in this series of iridium
complexes, while the strongly
m-accepting CO does the oppo-
site. The values for the com-
plexes 6-Ir and 7-Ir fall in be-
tween the two extremes marked
by 4 and 8. The data for both 6-
Ir and 7-Ir are very similar and
thus imply similar electronic

properties. 233 K

Dynamic NMR studies: We in-
vestigated the formation and
dissociation of the five-coordi-
nate complexes
[RhCl(tropp™),] (7-Rh), 223K
[Ir(acn)(tropp™),]* (6-Ir), and

[IrCl(tropp™),] (7-Ir) in more

T SRS JMHJ\LJUUL

sim. exptl sim.

S Y S| |

L

V|
detail, by performing line-shape . . y . . . ‘ g
[30] o 85 80 85 80 85 80
analyses (LSA)"" or spin-inver- SC'P)/ppm SC'P)/ppm 5C"P)/ppm 5¢"P)fppm

sion experiments according to
the Forsén-Hoffman magneti-
zation-transfer technique
(FHMT).B®"! We begin our dis-
cussion with the dissociation of
the 18-electron [RhCl(tropp™),]
complex (7-Rh) into the four-
coordinate 16-electron com-
plexes trans-1-Rh [Eq. (2)] and cis-1-Rh [Eq. (3)].At ambi-
ent temperature in CD,Cl,, only one broadened doublet is
observed in the *'P NMR spectrum for 7-Rh. On cooling to
about 253 K this broadens further, then starts to sharpen. At
the same time, two additional doublets appear with low in-
tensity at higher frequencies; these are characteristic of cis-
1-Rh and trans-1-Rh (see Table 2). In order to enhance the
concentration of the cationic species cis-1-Rh and trans-1-
Rh, to allow for a more accurate determination of their con-
centration by integration of the NMR signals, the equilibria
in Equations (2) and (3) were studied in CD,Cl, containing
different amounts of (nBu,N)PF as electrolyte (0.031m,
0.067wm, 0.103M). These experiments also give qualitative in-
formation about the influence of the polarity of the reaction
medium. All species, 7-Rh, trans-1-Rh, and cis-1-Rh are ob-
served directly by NMR spectroscopy and therefore the
data for both equilibria could be obtained.”

[RhCl(tropp™),] = trans-[Rh(tropp™),]* + CI~

(2)
7-Rh trans-1-Rh

[RhCl(tropp™),] = cis-[Rh(tropp™),]" + CI~

A 3)
7-Rh cis-1-Rh

In Figure 3, selected *'P spectra at four different tempera-
tures and two different salt concentrations (0.031m and

Chem. Eur. J. 2004, 10, 641 -653 www.chemeurj.org
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Figure 3. The first and third column shows the experimental 202 MHz *'P{'H} NMR spectra for
[RhCI(tropp™),] in CD,Cl, at four different temperatures. [Rh],,, was 0.10m to which (nBu,N)PF, had been
added in concentrations of 0.031m (left side) and 0.067m (right side), respectively. The second and fourth col-
umns represent the simulations of the experimental spectra to their left using the MEXICO program pack-
age,™ which were used to obtain the thermodynamic and kinetic parameters for the exchange reactions
shown in Equations (2) and (3).

0.067m (nBu,N)PF;) are shown. Beside each experimental
spectrum, the simulated spectrum is displayed, demonstrat-
ing the high quality of the simulation. The effect of the tem-
perature and electrolyte concentration is immediately evi-
dent: raising the temperature and/or salt concentration leads
to increasing amounts of the ionic products. Furthermore,
line broadening, especially for frans-1-Rh and 7-Rh, is ob-
served with increasing temperatures. The equilibrium con-
stant, Ky, and thermodynamic parameters for the dissocia-
tion reactions in equilibria in Equations (2) and (3) are
listed in Table 3.

The dissociation reactions in Equations (2) and (3) are en-
dogonic. Although activation enthalpies and entropies deter-

Table 3. Thermodynamic parameters for the equilibria in Equations (2)
and (3) at T=298 K.

(nBu,N)PE, K2 AGS AH® AS°

[m] [m] [kJmol™] [kImol™] [Imol ' K™
[RhCI(tropp™),]—trans-[Rh(tropp™),]* + Cl~

0.031 1.1x1072 11.2 6.1 -17.0

0.067 22x1072 9.5 59 -12.0

0.103 1.4x107! 4.8 2.6 -7.6

[RhCI(tropp™),]—cis-[Rh(tropp™),]* + CI~

0.031 33x107° 14.1 6.8 —24.4
0.067 7.5%107° 12.1 6.3 —194
0.103 4.4x107* 7.8 2.3 —18.4

—— 645
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mined by NMR methods must be regarded with great
care,¥ our data indicate that the enthalpies (AH°) are
mainly influenced by the polarity of the reaction medium.
As expected for a process in which a neutral compound dis-
sociates into charged species, AH° becomes smaller (less
positive) with increasing polarity of the medium and the dis-
sociation entropies are negative, indicating higher order sol-
vation spheres for the ionic products.

Because the first-order dissociation rate constants (ky),
that is, the forward reactions in Equations (2) and (3), are
better suited for comparison, these were calculated and used
in classical Eyring plots (RIn(kh/k,T) vs. 1/T) to obtain the
activation energy AG*(T) [kImol™'] (see Experimental Sec-
tion for details). As an example, the graph for the dissocia-
tion of the five-coordinate chloro complex 7-Rh into trans-
1-Rh is shown in Figure 4. Note that, in agreement with the

-160
¢ dataset
linear curve fit

170
1804

1901

Rin(khik,T) /
Jmol 'kt ]
2104
-220

-230

-240

T T T T T T T T T T 1
32 34 36 38 40 42 44 46 48 50 52 54
T'710°K™

Figure 4. Eyring plot, RIn(kh/kyT) versus the inverse temperature 7',
giving AG"=50.3kImol™"' for the dissociation of [RhCl(tropp™),] to
trans-[Rh(tropp™),]* [Eq. (2)].

assumption that this process obeys a first-order rate law
and, hence, k, is independent of the concentration of [7-
Rh], the data for the three different electrolyte concentra-
tions fall onto one line.

The dissociation of 7-Rh to the cis-configured cation is
more strongly endogonic than that to the trans isomer. An
evaluation of the data shows that 7-Rh dissociates about
40 times slower to the cis complex than to the trans complex
(see entries 1 and 2 in Table 4). Hence, the finding that the
NMR signals for cis-1-Rh remain significantly sharper at all
temperatures and electrolyte concentrations is due to the
fact that the equilibrium reactions in Equation (3) are one
order of magnitude slower than those in Equation (2).

The higher activation barrier for cis-1-Rh [A(AG® . _uns) =
7.8 kJmol '] is probably due to the fact that, apart from
Rh—CI bond rupture, a considerable rearrangement of the
ligand sphere, that is, a type of Turnstile rotation, must also
occur. On the other hand, the formation of trans-1-Rh is
pre-organized in the structure of 7-Rh.

Within experimental error, the same rate constants k; and
activation energies AG* as discussed before were obtained
from the resonances of the benzylic protons at the 5-position

646 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 4. Dissociation rate constants k; and activation energies AG*(T)
for equilibria (2)—(6).

Eq. T kq AG* Method
K] [s™] [kJ mol ]t
1 2) 295 ~8640 50.3 LSAM
2 3) 295 ~238 58.1 LSADI
3 (4) 298 5lel 69.8 SI (FHMT)!
4 5) 298 8 67.7 LSAM
5 (6) 298 3700 53.1 LSAl

[a] The activation energies were obtained from Eyring plots [RIn(kh/
kgT) vs. 1/T] (see Figure 4 for an example). [b] The *'P NMR resonances
(Figure 3) were used in line shape analyses (LSA) using the MEXICO
program package for the determination of k, at different temperatures.
[c] Spin inversion (SI) *'P NMR experiments [Forsén-Hoffman type mag-
netization transfer (FHMT)] were performed, and the resulting points
fitted with the CIFIT program package to determine the rate constant
for the ligand exchange reaction in Equation (4) (Figure 5). [d] The ole-
finic CH=CH,,,, 'H NMR resonances (Figure 6) were used in line shape
analyses (LSA) using the MEXICO program package for the determina-
tion of k, at different temperatures.

of the dibenzo[a,d]cycloheptene instead of the *'P resonan-
ces in an LSA. As the resonances of the olefinic protons in
the CH=CH,,, units are very broad and overlap, they
cannot be used in a simulation. However, a qualitative in-
spection of the line shape reveals that a process with a rate
constant approximately ten times larger (i.e., the AG* for
this process is about 6 kImol™' lower in energy) leads to an
equilibration of these signals. This finding is incompatible
with the assumption that the exchange between the olefinic
protons occurs solely by a simple unimolecular dissociation
process in which the dissociated solvated chloride ion adds
rapidly either from the front or back side of the four-coordi-
nate product complexes trans/cis-1-Rh. A second process
(process A), including complete dissociation of one C=C,,
unit in 7-Rh and flipping of one tropp ligand from one side
to the other, may be responsible for this phenomenon. Al-
ternatively, a close ion pair {[Rh(tropp’™),]*Cl"} may be
formed in a pre-equilibrium (process B)
[RhCl(tropp™),]={[Rh(tropp™™),]*Cl"} before the dissocia-
tion of the chloro ligand is completely accomplished.
Since the “chloride” in such an ion pair should be very
mobile, positional exchange of the olefin protons with a
smaller barrier than that for dissociation may occur. Our
data do not allow us to distinguish between these two possi-
bilities with certainty. However, in view of the considerable
steric crowding (see Figures 1 and 2) and the finding that
the dissociation giving cis-1-Rh requires a comparable reor-
ganization of the ligand sphere that actually has a higher ac-
tivation barrier, leads us to favor the close-ion-pair forma-
tion, that is, process B.

A solution of the five-coordinate iridium complex [IrCl-
(tropp™),] (7-Ir) in CD,Cl, shows sharp *'P and 'H NMR
signals at all temperatures between T=223 K and 318 K
and no dynamic phenomenon is observed. Hence, the disso-
ciation into the four-coordinate ions trans- and cis-[Ir-
(tropp™),]* (trans/cis-1-Ir) and Cl~ cannot be observed di-
rectly by NMR spectroscopy. Therefore the ligand exchange
reaction [Eq. (4)] between the chloro complex 7-Ir and ace-
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tonitrile complex 6-Ir was investigated in CH,Cl, containing
various amounts of acetonitrile.

[IrCl(tropp™),] + acn = [Ir(acn)(tropp™),]* + CI

7-Ir 6-Ir @

It is assumed that this reaction proceeds stepwise through
the dissociation of the chloro complex 7-Ir into the cationic
complexes trans/cis-[Ir(tropp™),]T [Eq. (5)], which subse-
quently react with acetonitrile to give 6-Ir. The equilibrium
constant K, of the ligand exchange reaction [Eq. (4)] was
measured at various temperatures and a van’t-Hoff plot
(—RInK,® vs. 1/T) gave AH°=-26.1kImol™" and AS°=
—116.8 Jmol'K~'. Although the data must again be inter-
preted with care,”” they indicate that the cationic acetoni-
trile complex 6-Ir may be enthalpically favored, but a nega-
tive entropy makes the substitution in Equation (4) endo-
gonic (AG°=8.7kJmol™! at T=298 K) and stabilizes the
chloro-complex 7-Ir.

[IrCl(tropp™),] = trans/cis-[Ir(tropp™),]" + CI~ )

7-Ir trans /cis-1-Ir

A UV-visible titration of a solution of the four-coordinate
complexes trans/cis-[Ir(tropp™),]* (transicis-1-Ir) in CH,Cl,
with acetonitrile furnishes the formation equilibrium con-
stant, K®=626m", for the reaction given in Equation (6).
The equilibrium constant, K%, and the free reaction energy
AGj for the dissociation reaction [Eq.(5)] of the iridium
chloro complex can then be calculated according to K,®=
KWIK®=0.0337/626=58x10"M at T=298K (AGS=
24 kJmol™"). These data show that the five-coordinate iridi-
um complex 7-Ir is considerably more stable than the analo-
gous rhodium complex 7-Rh (c.f. AGS ~4.8-14.1 kImol™' in
Table 3).

trans /cis-[Ir(tropp™),]" + acn = [Ir(acn)(tropp™),]"

(6)

trans /cis-1-Ir 6-Ir

The exchange rate for the ligand exchange reaction in
Equation (4) is comparable with the spin-lattice relaxation
time 7). As a consequence, the line broadening is too small
to allow a LSA to give sufficiently exact data. Therefore, a
spin-inversion experiment was performed in which the
*'P NMR signal of the chloro complex 7-Ir was inverted by
a selective 180° pulse. Because 7-Ir and 6-Ir are exchange-
coupled, the inversion affects the *'P NMR signal intensity
of 6-Ir. The time to recover to the equilibrium state is de-
pendent on T; and the exchange rate k. This process was fol-
lowed by measuring the magnetization of the sample after
spin inversion at various time intervals (Forsén—Hoffman
magnetization transfer technique (FHMT)F'). Two typical
curves at temperatures 7=293 K and T=313 K are shown
in Figure 5. The rate constants (k.), as a function of tem-
perature, for the forward reaction [IrCl(tropp™),] (7-Ir) +
acn—[Ir(acn)(tropp™),]* (6-Ir)+Cl~ were obtained by
curve fitting with the CIFIT program package and used to
determine (Eyring plot) the free activation energy AG*=
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Figure 5. Monitored experimental intensities, open and filled circles for
the resonances of [IrCl(tropp™),] (inverted) and [Ir(acn)(tropp™),]", re-
spectively, from the 202 MHz *'P {'H} magnetization transfer experiments
for the ligand exchange process described in Equation (4) at 293 K (left)
and 313 K (right). The biexponential curves drawn represent the fits as
obtained from the CIFIT program package,” giving exchange rates of
2.6s"and 15.2 57" at 293 K and 313 K, respectively.

69.8 kJmol™" (Table 4). It is assumed that the dissociation of
the chloro complex 7-Ir is the rate-determining step in
Equation (4) and that the observed rate constant (k)
equals the rate constant k), of the dissociation to the four-co-
ordinate complexes trans/cis-[Ir(tropp™),]* (trans/cis-1-Ir).
The dissociation into both isomers cannot be separately ob-
served, but we assume that k,=ky(trans) + ky(cis) =~
kqy(trans), as kq(cis) <kq(trans) (see the discussion of the
analogous rhodium complexes and of the [Ir(thf)(tropp™),]
complex above and in the footnotes).””) That these square-
planar complexes are very likely the intermediates in the
ligand displacement reactions, indeed, is indirectly indicated
by the exchange of the diastereotopic olefinic proton reso-
nances in 7-Ir and 6-Ir (see the white and black circles in
Scheme 2) that is observed in the '"H NMR spectra. This ob-
servation requires either an intermediate with a mirror
plane to participate in the equilibrium in Equation (4) or a
highly fluxional behavior of the five-coordinate species
[IrL(tropp™),]. While the latter possibility could not be
ruled out for the rhodium complexes discussed above, we
exclude this possibility for the iridium complexes, because,
as mentioned above, [IrCl(tropp™),] (as well as [IrH-
(tropp™),]™®) shows sharp and well-resolved NMR signals
in the absence of a coordinating solvent, indicating the in-
tegrity and non-fluxional behavior of these compounds.

In Figure 6, the signals for the CH=CH,,,, protons in the
'"H NMR spectra for the chloro (7-Ir) and acetonitrile (6-Ir)
complexes are displayed at various temperatures. On the
right hand side the simulated spectra are shown, again dem-
onstrating the excellent fit with the experimental data.
While separated multiplets are observed for 7-Ir up to
318 K, those for the acetonitrile complex are observed as an
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Figure 6. Experimental and simulated (using the MEXICO program
package”!) 500 MHz variable temperature "H NMR spectra of a mixture
of [IrCl(tropp™),] and [Ir(acn)(tropp™),]*. Three dynamic process are
distinguishable: i) slow exchange, on the NMR timescale, of the diaster-
eotopic olefinic protons in [IrCl(tropp™),] (7-Ir); ii) fast exchange of the
same type of protons in [Ir(acn)(tropp™),]* (6-Ir); and iii) exchange be-
tween these two complexes according to Equation (4).

averaged signal (broadened resonance at 6=4.4 ppm) due
to more rapid exchange. Quantitative kinetic data for the re-
action 7-Ir —trans/cis-1-Ir+ C1~ [forward reaction in Eq. (5)]
and 6-Ir —trans/cis-1-Ir+acn [backward reaction in Eq. (6)]
were obtained by line shape analyses and Eyring plots, and
these are listed in Table 4. Clearly, the activation energies
for the processes in Equations (4) (AG*=69.8 kImol ') and
(5) (AG*=67.7kIJmol™") are very similar. The dissociation
barrier for the acetonitrile complex in Equation (6) is much
lower (AG*=53.1 kJmol™"). With the dissociation rate con-
stant (3.7x10°s7!, see Table 4, entry 5) and the equilibrium
constant, K(®=626M"", the rate constant for the formation
of the iridium acetonitrile complex 6-Ir is calculated accord-
ing to k;=K{® xk;=2.3x10°M's™". This rate constant is six
orders of magnitude larger than the rate constant for the
dissociation of the chloro complex, which is the rate-deter-
mining step in the ligand exchange reaction [Eq. (4)], as we
assumed.

Electrochemical Investigations

With these thermodynamic and kinetic data at hand, we
looked in more detail at the electrochemistry of the
[M(tropp™),]* complexes (M=Rh, Ir). Orsini and Geiger
showed recently, on a related system, that electrochemical
techniques are a powerful tool for the determination of fun-
damental thermodynamic and kinetic data in ligand dis-
placement reactions, provided that one of the species partic-

648 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ipating in the equilibrium is electroactive.® Under our con-
ditions, we find that donor solvents like THF or acetonitrile
have no measurable effect on the electrochemical response
in cyclic voltammograms (CVs) of [Rh(tropp®™),]* (trans/
cis-1-Rh). In all cases the already known!!! two quasi-reversi-
ble redox waves were observed. However, the CVs of the
analogous iridium complexes [Ir(tropp™),]* (trans/cis-1-Ir)
are solvent dependent.?

We used square-wave voltammetry to benefit from the
high immunity of this method towards charging currents
when fitting a large number of experimental voltammo-
grams to simulated ones without the need to correct the
background currents in the experimental data. One of us
(M.R.) especially extended the available DIGISIM program
suite® to allow the digital data simulation of SW voltam-
mograms and the theoretical background is given in refer-
ence [37]. In Scheme 3, the possible pathways [Egs. (6)-
(11)] that interconnect the iridium—tropp complexes d°
transicis-1-Ir, d° transicis-2-Ir, and d'° 3-Ir with various
formal metal oxidation states are presented. The predomi-
nant reactions [Egs. (6), (7), (8), (9") and (10)] are highlight-
ed by black arrows. The thermodynamic and kinetic data as
determined by the methods discussed above are also includ-
ed. The rate and equilibrium constants for the reaction of
trans/cis-1-Ir with acetonitrile [Eq. (6)] were estimated as
described above in this work. The equilibrium constant K
for the trans=cis isomerization [Eq. (8)] of the paramagnetic
d&’-[Ir(tropp™),] complexes stems from temperature-depend-
ent recorded EPR spectra.['”) Importantly, the equilibrium in
Equation (10) was included in the mechanism which was
used for the simulation. The thermodynamic data for this
process, that is, the equilibrium constants for the sympropor-
tionation, K, =e "RDAE—-37%x10% and disproportiona-

ymp —
tion reactions, K :1/Ksymp:2.7><10’5, are easily deduced

dis
from the potentiallj difference AE=E*>—E°'=-027V for
the two redox processes given by Equations (7) (E°'=
—0.65 V) and (9) (E°*=-0.92 V).

Figure 7 compares experimental (solid lines) square-wave
(SW) voltammograms of trans/cis-[Ir(tropp™),]|* (trans/cis-1-
Ir) with simulated ones (open circles) computed on the basis
of the set of reactions depicted in Scheme 3 by using the
simulation algorithm described in reference [37]. The meas-
urements were taken either in CH,Cl, (A) or CH,CI, con-
taining different amounts of acetonitrile [(B) 0.0375m, (C)
0.17m, (D) 0.73M]. In the absence of acetonitrile, the volt-
ammograms of trans/cis-[Ir(tropp™),|* (transicis-1-Ir) in
CH,CI, solution exhibit two one-electron reduction steps
(Figure 7A). The first one is almost diffusion controlled and
the rate constant of the charge-transfer reaction amounts to
about 0.2 cms™'. The second charge-transfer reaction is not
diffusion controlled at high square frequencies and the
height of the second square-wave peak decreases with in-
creasingly high square-wave frequencies. The dependence of
the peak height on the square-wave frequency is in agree-
ment with the assumption that the first wave originates from
the reduction of trans-[Ir(tropp™),]*, the major component
of the 16-electron complexes trans/cis-1-Ir [Eq.(7) in
Scheme 3], while the second one results from the reduction
of the 17-electron complex cis-[Ir(tropp™),]® (cis-2-Ir)

www.chemeurj.org Chem. Eur. J. 2004, 10, 641 -653



www.chemeurj.org



Thermodynamic and kinetic studies of reactions of ML, complexes

641-653

P

tropp™ = K:_/U

6-Ir
+ MeCN
(B) ky » 3.7x10° s K» 630 M

Ko+ 23%10° s'm?!

O
i) *

=]

trans-1-1r cis-1-1r

DE'=-085V & | &

p P
il -—— F,
1 (&)
trans-2- Ir cis-2- Ir
e & DE*?=pozV || e (9

P -

3-Ir

e

[Irttropp™)]" + [Inftropp™),l” " 2 [Iritropp™);]  (10)

transfcis-1-Ir 3-Ir transfois-2-Ir

[Irn{acnj{!r{bpp""}!}' + 2 [Irtacnj[tr{:pp""::]
6-Ir 9-Ir

——= [Ir(tropp™),] + acn

trans/cis-2-Ir (11}

Scheme 3. Reaction diagram indicating the equilibria and redox reactions
that connect the four- and five-coordinate iridium complexes in various
formal oxidation states. The major reaction pathways are indicated by
black arrows.

[Eq. (9') in Scheme 3]. The finite speed of the trans—cis con-
version [Eq. (8) in Scheme 3] at the stage of the 17-electron
complexes, that is, from trans-[Ir(tropp™),]° (formed in the
reduction step from trans-[Ir(tropp™),]*) to cis-[Ir-
(tropp®™),]°, causes the second peak to become smaller with
increasing square-wave frequency. This picture is completely
reversed in the presence of acetonitrile. As can be seen in
Figure 7B-D, the first peak becomes increasingly small with
increasing acetonitrile concentration and/or increasing
square-wave frequency. This behavior can be explained by
the formation of the adduct [Ir(acn)(tropp™),]* (6-Ir),
which is not reducible in the potential range shown in
Figure 7 and is only formed by the cationic [Ir(tropp®™),]*
complexes. The reduced, neutral [Ir(tropp™),]° species do
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not form stable adducts (vide infra). At high acetonitrile
concentrations (Figure 7D) the current of the first wave is
mostly governed by the rate of the dissociation reaction
[Eq. (6)] of the acetonitrile adduct and therefore almost in-
dependent of the square-wave frequency.

It is noteworthy that the shoulder that appears in the
square-wave voltammograms at high acetonitrile concentra-
tions (see Figure 7D) and low square-wave frequencies at
about —0.85 V is not related to the formation of an addition-
al species. However, the observation of such a shoulder is in
perfect agreement with the simulated curves if a homoge-
neous electron transfer [Eq. (10)] is assumed to proceed be-
tween the fully reduced 18-electron anionic species 3-Ir dif-
fusing away from the electrode and the cationic 16-electron
species trans/cis-1-Ir diffusing to the electrode surface. The
computed equilibrium and rate constants for the reactions
in Equations (6), (8), and (10) are compiled in Table 5.

Table 5. Simulated thermodynamic and kinetic data from square-wave
voltammograms of trans/cis-[Ir(tropp™),]* (transicis-1-Ir) at T=298 K.
“f” indicates the forward and “b” the backward reaction of the given
equilibria in Equations (6), (8), and (10) in Scheme 3.

Equation K k¢ k;,

6) 620-520 M']  (3.6-2.5)x10° [M's7!]  (5.8-4.8)x10° [s]
8) ~1 ~1x10* [s7] ~1x10* [s7]

(10) ~3.7x10* ~5x10° [m's] ~1.4x10* [m s

For the reaction in Equation (6), K corresponds to the
equilibrium constant for the formation, k; to the rate con-
stant for the formation, and k,=k, to the rate constant for
dissociation of the five-coordinate acetonitrile complex
[Ir(acn)(tropp™),]* (6-Ir). These data agree very satisfacto-
rily with the values independently determined by the UV-
visible and NMR experiments (see Scheme 3). With the
equilibrium constant K;~1 (EPR measurements)!"] for the
trans/cis isomerization [Eq. (8)] of the 17-electron complexes
[Ir(tropp™),]" (2-Ir), the simulation gives the rate constant
ke=k,=k,~1x10*s7". This rather fast process indicates that
the energy difference between the distorted square-planar
and a more tetrahedral transition-state structure is small for
four-coordinate rhodium(o) and iridium(o) complexes.

Due to the good agreement between the equilibrium and
rate constants determined by different physical methods, the
data for the symproportionation/disproportionation reaction
[Eq. (10)] can also be regarded with some confidence. A
rate constant k= ky,mo=5x10°M's™! is obtained. With the
equilibrium constant K, =2.7x 1075, the rate constant k, =
Kaisp = (Knomo X Kaisp) =1.4x10*m's™! for the reverse dispro-
portionation reaction is calculated. Although this reaction is
four orders of magnitude slower than ki, it is sufficiently
fast to support the idea that the paramagnetic 17-electron
complexes [Ir(tropp™),]° are not directly involved in the re-
actions with hydrogen or protons, as is shown in Scheme 1.
Instead the closed-shell species participating in the redox
equilibrium in Equation (10) are the truly reactive species.
A similar conclusion, that is, that d>-[ML,]° complexes (M =
Rh, L=Ph,P(CH,),PPh,=dppe) might be quite unreactive,
has indeed been drawn by Eisenberg et al. some time ago.F"!
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Figure 7. Comparison of measured (—) and calculated (0 0 0 0 0)
square-wave (SW) voltammograms of trans/cis-[Ir(tropp™),]* (trans/cis-
1-Ir): A) SW voltammograms in CH,Cl, showing forward and backward
scans at square-wave frequencies of 12, 50, 100, 200, 400, 800, 1500, 3000
and 4800 Hz; B)SW voltammograms in CH,Cl, containing
0.0375 mol L™ acetonitrile; C) SW voltammograms in CH,Cl, containing
0.17 molL ™! acetonitrile; and D) SW voltammograms in CH,Cl, contain-
ing 0.73 molL™" acetonitrile. The square-wave frequencies in B)-D) were
25, 100, 200, 350 and 700 Hz. The curve obtained with the lowest fre-
quency is indicated as (e @ ® ®).

Finally, we refer briefly to the irreversible process (EC
mechanism) given in Equation (11) in Scheme 3. Although
our experiments do not allow the determination of any
exact data, the good fit of the square-wave simulations indi-
cate that any 19-electron neutral complex [Ir(acn)-
(tropp™),]° (9-Ir) eventually formed must be very unstable,
that is, the interaction of the paramagnetic complexes trans/
cis-[Ir(tropp™),]” (2-Ir) with acn is very slow or the dissocia-
tion of 9-Ir is fast (k4>10*s™").

Conclusion

The tropp ligand system is very rigid®? (the only flexible
groups are the P-bonded phenyl rings) and, in particular,
the rotation of the coordinated olefinic units is blocked. The
olefinic NMR resonances can thus be used to readily distin-
guish between organometallic species in which these protons
are related by mirror symmetry and those in which this
mirror symmetry is broken. In this work, we used this prop-
erty to investigate the formation of 18-electron five-coordi-
nate [ML(tropp™),] complexes by reaction of small simple
donors (ClI™ or acetonitrile) with four-coordinate 16-electron
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complexes trans/cis-[M(tropp™),]*. These results were help-
ful in elucidating some important thermodynamic and kinet-
ic relationships between iridium tropp complexes with 16-,
17-, and 18-valence-electron configurations. The following
conclusions can be drawn:

1) Small donors react rapidly with the four-coordinate 16-
electron complexes trans/cis-[M(tropp™),]* (1-M; M=
Rh, Ir) to give five-coordinate 18-electron complexes.
The second-order rate constants for the formation of the
chloro complexes [MCl(tropp™),] (7-M; M=Rh, Ir)
from the trans isomers of the [M(tropp™),]* ions are
slightly faster for rhodium (k;~8x10°mM's™') than for
iridium (1x10°m~'s™)." The formation of the acetoni-
trile complexes [M(acn)(tropp™),]* is even faster and
could only be estimated for 6-Ir (k;~3x10°m~'s™!). The
significantly larger rates for the formation and dissocia-
tion of the corresponding rhodium complexes impeded
their observation by electrochemical methods under our
conditions. The cis-[M(tropp®™),]* complexes react sig-
nificantly slower than the trans isomers; this was demon-
strated for the rhodium-tropp complexes. This finding is
in agreement with our previous assumption that the cis
isomers are sterically more congested, which also causes
stronger structural distortions. As expected, the five-co-
ordinate iridium complexes are considerably more stable
than the rhodium analogues, that is, the first-order disso-
ciation rate constant k, is at least two orders of magni-
tude smaller for the chloro complexes [MCl(tropp™),]
for M=Ir (kg~8s™') than for M=Rh (k;>2x10?s").
The acetonitrile complexes [M(acn)(tropp™),]* are sig-
nificantly more labile; this was specifically shown for
[Ir(acn)(tropp®™),]* (6-Ir), which dissociates three orders
of magnitude faster (ky>3.7x10°s™") than the corre-
sponding chloro complex 7-Ir. The analyses of the
DNMR of the compounds [MCl(tropp™),] hints at the
formation of close ion pairs as first intermediates on the
dissociation pathways. Ion pairs are increasingly recog-
nized as being important intermediates in many organo-
metallic transformations.”!! Although our findings are
very preliminary and certainly must await substantiation,
they indicate that these are more stable for rhodium
than for iridium complexes.”

2) The 16-electron complexes trans/cis-[M(tropp™),]" (1-
M) do not isomerize in a weakly coordinating solvent.
The isomerization of the 17-electron species
[M(tropp™),]° (2-M), however, turns out to be quite fast
(=~ 1x10*s™"), as was demonstrated for M=Ir. This be-
havior is expected for four-coordinate d’-configured
complexes;[43] however, to our knowledge has been genu-
inely demonstrated here for the first time. Interestingly,
the four-coordinate anionic 18-electron complexes
[M(tropp™),]~, with a d'° configuration at the metal
center, are rigid on the NMR timescale and, in solution,
adopt a distorted tetrahedral structure, which is observed
in the solid state (see the formula for 3-Ir in
Scheme 3).[11%1]

3) Most importantly with respect to the reactivity of 17-
electron [ML,] complexes, the homogeneous electron
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transfer between the 16-electron complexes trans/cis-[Ir-
(tropp™),]* (1-Ir) and 18-electron complexes [Ir-
(tropp™),]” (3-Ir) is fast (=5x10°m~'s™!). It is likely that
the close structural resemblance between the [Ir-
(tropp®™),]" complexes in their various oxidation states is
the reason for this. Furthermore, the first and second
redox potential is only separated by about 270 mV in
CH,(l, as solvent. Consequently the disproportionation
of the paramagnetic species [M(tropp™),]° (2-M) into
the diamagnetic complexes 1-M and 3-M (M =Rh, Ir)
proceeds rapidly; this supports the idea that the last are
actually involved in the reactions investigated so far. Al-
though this could only be demonstrated for M=Ir
(kgip~1x10"M""'s™"), we assume that the properties of
the rhodium complexes are not much different. As a
consequence of these findings, one must either search
for systems where the two redox potentials are widely
separated (i.e., E°>—E°'>-500mV) or the homoge-
neous electron-transfer rate constant kg, is small, in
order to unambiguously investigate the reactivity of para-
magnetic 17-electron [ML,]° complexes. Not unexpected-
ly, simple donors like acetonitrile are reluctant to inter-
act with [M(tropp™),]°, that is, the resulting 19-electron
complexes are unstable.

4) Except for the cis/trans equilibrium constant for the par-
amagnetic iridium(o) complexes, which could not be ob-
tained with sufficient accuracy by the simulations and
was determined by EPR spectroscopy, the given equilib-
rium and rate constants reported in this paper have
been found by fitting the experimental square-wave volt-
ammograms. The independently determined data from
NMR and UV-visible techniques were obtained in order
to attach further confidence to the values found by the
electrochemical methods. As such, the results presented
here give another example of how electrochemical tech-
niques may be applied as a very valuable tool for study-
ing fundamental problems in the reactivity of organome-
tallic complexes.*"

Experimental Section

Materials and solutions: All complexes reported in this work were pre-
pared according to already published procedures."*?" Temperature-de-
pendent NMR spectroscopic investigations on the five-coordinate com-
plex [RhCl(tropp™),] (7-Rh) were performed with a 0.1m solution of 7-
Rh (57.0 mg, 0.051 mmol) in CD,Cl, (0.5 mL, microsyringe). Three inde-
pendent datasets A-C (temperature range: 313-203 K; 7 increment:
10 K) were recorded, each with a different amount of (nBu,N)PF, elec-
trolyte (A: 6.0mg, 0.031m; B: 13.0 mg, 0.067m; C: 20.0 mg, 0.103m),
which was added in solid form to the solution of 7-Rh in CD,Cl,. For the
NMR spectroscopic investigations of the corresponding iridium system
(7-Ir/6-Ir) a 0.026M solution of 7-Ir (16.0 mg, 0.013 mmol) in CD,Cl,/
CD;CN (0.25 mL each, microsyringe) was prepared. NMR spectra were
recorded in a temperature range of 323-255 K (7 increment: 5 K)

NMR measurements: NMR spectra were recorded using Bruker Avance
instruments operating at '"H Larmor frequencies of 500, 400, 300, and
250 MHz, and are referenced to £=3.16 MHz, 85% H;PO,, and TMS
for '®Rh, *'P and "C and 'H, respectively. The temperature was control-
led by a Bruker BVT 3000 digital unit and temperatures read from the
unit were corrected by substituting the sample tube for one containing a
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platinum Pt-100 resistor. Magnetization transfer experiments were per-
formed by using the selective inversion-exchange/recovery monitoring
scheme according to the literature.*”! Selective inversion of one reso-
nance in the *'P {'"H} NMR spectrum was achieved using Gaussian-
shaped pulses of 10 ms duration.

Simulation programs: Line-shape simulations were performed with the
MEXICO program package,*” while the CIFIT program package® was
used for fitting the monitored data of the magnetization transfer experi-
ments. Within experimental error, a constant value was found for the dis-
sociation rate constant, k4, independent of the concentration of the five-
coordinate complexes. This shows that the dissociation was a first-order
kinetic process. The second-order formation rate constants, k;, were cal-
culated using the appropriate equilibrium constants. Eyring plots were
analyzed using the Microsoft Excel program. The different kinds of infor-
mation which are discussed in the main body of the text above were de-
duced from activation parameters, in particular from the activation ener-
gies AG*(T). In order to allow a meaningful mechanistic discussion it was
necessary to make correct assessments of the error limits of the respec-
tive parameters. These limits depended on the errors in the primary data,
that is, the rate constants and temperatures. We obtained the variance
and relative error in AG" as a function of the errors in k and T by apply-
ing the following equation [Eq. (12)]** to our data:

1

2 A
ks 2
AAG (12)
AG

kg T
In{ 3¢

Insertion of reasonable values for AT and Ak show that AG* was not ex-
cessively sensitive to errors in the primary variables. Assuming the maxi-
mum error in the temperature measurement to be about A7=~1 K and an
error in the simulations to determine the individual rate constants to be
approximately Ak2210 to 20 %, the AG” values for a given dataset were
more or less invariant and a significant change occured only in the
second fractional part. Therefore all AG* values are given with the first
decimal place.

Electrochemical measurements: Square-wave voltammetric measure-
ments were conducted by a three-electrode technique by means of a
home-built computer-controlled instrument based on the PCI MIO-16E1
data acquisition board (National Instruments). The experiments were
performed in methylene chloride containing 0.5M tetra-n-butylammoni-
um perchlorate under a blanket of solvent-saturated argon. The ohmic
resistance, which had to be compensated for, was determined by measur-
ing the impedance of the system at potentials where the faradaic current
was negligibly small. A square-wave signal with an amplitude of 25 mV
and potential steps of 5mV were used in all experiments. The square-
wave frequency was varied between 10 and 5000 Hz. Because of the high
immunity of the square-wave method towards charging currents, a cor-
rection for background currents was not necessary for the frequency
range mentioned above.

The reference electrode was an aqueous Ag/AgCl electrode connected to
the cell through a Luggin-capillary filled with acetone containing 0.5M
tetra-n-butylammonium perchlorate. The potential of this reference
system was calibrated by measuring the potential of the ferrocenium/fer-
rocene couple at the end of each experiment. The working electrode was
a hanging mercury drop (myg.q0p~3.9 mg) produced by the CGME in-
strument (Bioanalytical Systems, West Lafayette, USA) and a platinum
wire served as auxiliary electrode.

The evaluation of thermodynamic and kinetic parameters was done by
fitting square-wave voltammograms simulated on the basis of the reac-
tions depicted in Scheme 3 to the experimental ones, assuming that the
charge-transfer coefficients a were equal to 0.5 for each charge-transfer
reaction. The details of the square-wave simulations have been described
in reference [36]. The algorithm was implemented in a particular version
of the DigiSim simulation program.®’!

Crystal structure determination: CCDC-215523 (6-Rh) and CCDC-
154346 (7-Ir) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
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Aqueous-Solution Growth of GaP and InP Nanowires: A General Route to
Phosphide, Oxide, Sulfide, and Tungstate Nanowires

Yujie Xiong,'™" Yi Xie,*!*"! Zhengquan Li,"”! Xiaoxu Li,”! and Shanmin Gao"’

Abstract: A general synthetic route has
been developed for the growth of
metal phosphide, oxide, sulfide, and
tungstate nanowires in aqueous solu-
tion. In detail, cetyltrimethylammoni-
um cations (CTA*) can be combined
with anionic inorganic species along a
co-condensation mechanism to form la-

growth of nanowires. For example,
GaP, InP, y-MnO,, ZnO, SnS,, ZnS,
CdWO,, and ZnWO, nanowires have
been grown by this route. To the best
of our knowledge, this is the first time

Keywords: cetyltrimethylammoni-
um bromide - gallium - indium -

that the synthesis of GaP and InP
nanowires in aqueous solution has
been achieved. This strategy is expect-
ed to extend to grow nanowires of
other materials in solution or by vapor
transport routes, since the nanowire
growth of any inorganic materials can
be realized by selecting an appropriate

mellar inorganic-surfactant intercalat-
ed mesostructures, which serve as both
microreactors and reactants for the

nanostructures
surfactants

Introduction

Controlling the shape of nanostructures at the mesoscopic
level is one of the most challenging issues presently faced by
synthetic inorganic chemists, since dimensionality plays a
critical role in determining the physical properties of materi-
als."! One-dimensional (1D) nanostructures such as wires,
rods, belts, and tubes, whose lateral dimensions fall any-
where in the range of 1 to 100 nm, have become the focus of
intensive research, owing to their unique applications in
mesoscopic physics and fabrication of nanoscale devices. In
the past decade, significant progress of nanowire growth has
been made, with respect to improved uniformity, fine mono-
dispersion, and high yield of products. In detail, nanowires
have been grown by many methods, such as electrochemis-
try,”! templates (mesoporous silica, carbon nanotubes,
etc.),”) emulsion or polymetric systems,!! arc discharge,"
laser-assisted catalyic growth,® solution,”! vapor transport,®
and organometallic and coordination chemistry methods.”)
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reaction and its corresponding lamellar

phosphorus - ) )
inorganic—surfactant precursors.

Generally, nanowires of the most important inorganic mate-
rials have unique growth mechanisms as well as synthetic
routes (chemical or physical approach).l’l Despite these ex-
citing developments, a general synthetic strategy to grow
nanowires is still significant to both nanotechnology and
fundamental research.

Among these important inorganic materials, group IITA
phosphide nanocrystalline semiconductors have been of in-
terest, because of their fundamental physical properties with
large direct energy gaps, as well as their potential applica-
tions in high-speed digital circuits, microwave devices, and
optoelectronics.''! Compared to the I-VII and II-VI semi-
conductors, the IITA phosphides have a greater degree of
covalent bonding, a less ionic lattice, and larger exciton di-
ameters. Recently, there have been considerable efforts to
explore new routes to synthesize IIIA phosphide nanowires
or nanorods, including laser catalytic growth,'?! vapor depo-
sition,” sublimation,™ and carbon nanotube template!
methods. The solution route is also an effective way to pre-
pare nanowires; Buhro et al. have pioneered the solution-
liquid-solid (SLS) model for InP nanowhiskers with diame-
ters ranging from 20 to 200 nm.'® Cheon et al.'"! also suc-
cessfully grew GaP nanorods by means of thermal decompo-
sition of a single molecular precursor tris(di-fers-butylphos-
phino)gallane (Ga(P'Bu,);) in a hot mixture of amine stabil-
izers (liquid phase) at 330°C. Banin et al.'® reported the
synthesis of InP nanorods from the reaction between tris(tri-
methylsilyl)phosphine ((TMS);P) and InCl; in trioctylphos-
phine oxide (TOPO) with gold nanoparticles as catalysts at
360°C. From the green chemistry point of view, water is an
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ideal media for the solution route to IIIA phosphide nano-
wires, driving us to explore the possibility of growing IIIA
phosphide nanowires in aqueous solution under mild condi-
tions.

Herein, GaP and InP nanowires have been synthesized in
aqueous solution for the first time. This route has also been
extended for the growth of y-MnO,, ZnO, SnS,, ZnS,
CdWO,, and ZnWO, nanowires.

Results and Discussion

Before we discuss our experimental results, we will intro-
duce our general strategy for the synthesis of metal phos-
phide, oxide, sulfide, and tungstate nanowires in aqueous
solution.

General route for metal phosphide, oxide, sulfide, and tung-
state nanowires: Our present work was enlightened by the
“step-edge decoration”"”) model of growing nanowires, in
which nanowires form at step edges of substrate surface
when removed from the em-

bedding polymer film. Analo-

gously, nanowires should also !
be grown on the edge of lamel- i i
lar inorganic—surfactant interca- other TANSPOI Do
lated mesostructures, since their e i
interlayer interaction can be di- SOLUTION
minished from the edges under 1)
appropriate conditions and la-
mellar sheets will be rolled into
separate scrolls to serve as mi-
croreactors. These lamellar
mesostructures can form by means of a co-condensation
mechanism of inorganic species with ionic surfactant mole-
cules, in the presence of appropriate ratio of surfactant,
water, oil, and co-surfactant.

A recent work®” of Li group confirms the above idea:
they showed that [CTAL>*[WO,]*~ (CTA* =cetyltrimethyl-
ammonium cation) lamellar compounds can serve as single
precursors for the growth of tungsten and its oxide nano-
wires by pyrolysis (above 700°C) in a tube furnace. Howev-
er, a single-precursor pyrolysis technique is only appropriate
for the nanowire growth of few materials. Herein, a general
strategy was put forward for the growth of nanowires: a
one-pot aqueous solution reaction is established that can
produce the target products, in which one of reactants can
be combined with ionic surfactant molecules to form lamel-
lar inorganic-surfactant intercalated compounds in aqueous
solution. The lamellar compounds can act as both micro-
reactors and reactants in the designed reaction. Hence, the
nanowire growth of any material will be realized, as long as
an appropriate reaction and its corresponding lamellar inor-
ganic-surfactant precursors can be found. This strategy can
also be extended to the vapor transport technique, if it is
more to synthesize the appropriate the target materials by
means of vapor-phase reactions, in which the lamellar inor-
ganic—surfactant compounds also act as both microreactors
and reactants.

to the CTA™ ions.

Chem. Eur. J. 2004, 10, 654—660 www.chemeurj.org

The growth model for nanowires by means of the present
solution route can be proposed as follows (Scheme 1).

1) Lamellar inorganic-surfactant intercalated mesostruc-
tures form through a co-condensation mechanism of in-
organic with ionic surfactant molecules. In this work, the
cationic surfactant cetyltrimethylammonium bromide
(CTAB) and anionic inorganic species were chosen as
units to form lamellar inorganic—surfactant intercalated
compounds. The lamellar mesostructures, which form
before the subsequent reactions, can be characterized by
low-angle X-ray diffraction (LA-XRD) patterns.

2) Along with the reactions with other reactants in solution,
the lamellar sheets began to loose at the edges and then
rolled into separate scrolls.

3) Since the reactant of inorganic species was fixed in la-
mellar mesostructures, other reactants would be trans-
ported from the solution into the scrolls with heat move-
ment of molecules. The scrolls should serve as micro-
reactors, in which the solution reactions took place and
produced the final nanowires of target products.

= rolling _ growth
-, — Jm—— [
other g s

reactants T

2} 3)

Scheme 1. Schematic formation illustration for the nanowire growth from lamellar inorganic—surfactant meso-
structures. The dark dots in lamellar mesostructures represent inorganic species, and the light dots correspond

Special case of each as-desired material

Metal phosphide: Our previous research® indicates that
GaP and InP nanoparticles can be synthesized in aqueous
system, taking advantage of the reaction of M(OH),~ (M=
Ga, In) with PH;, which was produced from the white phos-
phorus dismutation in alkali solutions. Based on the above
general strategy, M(OH),” should be a good candidate of
anionic inorganic species that will most probably participate
in constructing lamellar inorganic—surfactant intercalated
mesostructures. By selecting the appropriate ratio of CTAB,
water, oil, and n-hexanol, CTA™ can be combined with
M(OH),” ions to give [CTA]*[M(OH),]” lamellar meso-
structures. Thus a novel aqueous solution route was put for-
ward to grow GaP and InP nanowires. The main reaction
process are given in Equations (1)-(3).

CTA* + M(OH); — [CTAJ*[M(OH),]- 1)
P, +30H™ +3H,0 — PH, + 3H,PO; 2)

[CTAJ*[M(OH),|” + PH, — MP + 3H,0 + OH™ + CTA*
3)

The [CTA]*[M(OH),]” lamellar inorganic-surfactant
mesostructures have been characterized by low-angle X-ray
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diffraction (LA-XRD) patterns. The inset of Figure 1A
shows a typical low-angle XRD pattern of the lamellar
mesostructures, which were obtained by maintaining the solu-
tion of CTAB, Ga(OH),”, water, n-hexanol, and n-heptane
in an autoclave at 160°C for 24 h without adding other reac-
tants. The peaks in the low-angle XRD pattern can be in-
dexed as the (001) and (002) reflections of a lamellar meso-
phase, indicating that the intermediate of lamellar inorgan-
ic—surfactant mesostructures forms in the formation process
of GaP or InP nanowires.

The phase and purity of as-obtained nanowires were de-
termined from the X-ray diffraction (XRD) pattern, shown
in Figure 1A and B. All the reflection peaks can be indexed
to the pure zinc blende (cubic) structure of GaP (JCPDS
card 12-191, a=5.448 A) and InP (32452, a=5.869 A), re-
spectively. No characteristic peaks were observed for other
impurities, such as Ga,0; and In,0;. Compared with that of
bulk materials, the intensity of the (111) diffraction peak de-
creases to 80 % of standard data and its width is slightly nar-
rower than that of the others. This most probably results
from the fact that most of nanowires lie on a silicon slice,
that the crystal planes perpendicular to nanowire growth
axis have a small diffraction probability, and that the dimen-
sion along growth axis has large scale. The other six equiva-

Intensity
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20 (degree) —»

Intensity —-

20 30 40 50 60
20 (degree) —»=

lent crystal planes of {111} in the cubic structure also partici-
pate in diffraction, but are not influenced by growth orienta-
tion. These two features indicate the nanowire growth orien-
tation along one plane of {111}.

The panoramic morphologies of as-obtained GaP (Fig-
ure 2A) and InP (Figure 2B) were examined by field emis-
sion scanning electron microscopy (FE-SEM), in which the
solid samples were mounted on a copper mesh without any
dispersion treatment; this indicates that the products consist
of nanowires with diameters of 10 nm in average and lengths
up to 6 um. It is worth noting that the yield of InP nano-
wires (22 %) is much lower than that of the GaP nanowires
(56 %), most probably a result of the difficulty in producing
In(OH),”. More details about the structures of the nano-
wires were investigated by the electron diffraction (ED) pat-
terns and high-resolution transmission electron microscopy
(HRTEM). The HRTEM images and ED patterns of GaP
(Figure 2C) and InP (Figure 2D) nanowires show that the
as-obtained GaP and InP nanowires are structurally uniform
and monocrystalline, growing along [111] and [111] direc-
tion, respectively.

The room-temperature (RT) photoluminescence spectra
of the as-synthesized GaP and InP nanowires have also
been measured. The experiments show the emission of InP

Intensity —»

100

20 30 40 50
20 (degree) —»

Intensity —

26 (degree) —»

Figure 1. XRD patterns of the as-obtained A) GaP (the inset shows a low-angle XRD pattern of the [CTA]*[Ga(OH),]” lamellar inorganic-surfactant
mesostructures), B) InP, C) y-MnO, (the inset shows a low-angle XRD pattern of the [CTA]*[MnO, | lamellar inorganic-surfactant mesostructures),
D) ZnO, E) ZnS (the inset shows a low-angle XRD pattern of the [CTA],**[Zn(OH),]*" lamellar inorganic-surfactant mesostructures), F) SnS,,
G) CdWO, (the inset shows a low-angle XRD pattern of the [CTA],>*[WO,]*~ lamellar inorganic—surfactant mesostructures), and H) ZnWO, nanowires.
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Figure 2. FE-SEM images of the as-grown A) GaP and B) InP nanowires.
HRTEM images of the as-grown C) GaP and D) InP nanowires (insets
are their ED patterns). Room-temperature photoluminescence spectra of
E) GaP and F) InP nanowires.

nanowires (Figure 2E) at 1.55eV, with a blue-shift of
0.15 eV from the bandgap of bulk InP, resulting from the di-
ameter of 10 nm, which is within the exciton Bohr diameter
of InP (19 nm). This is also consistent with the reported
data of 10 nm InP nanowires by Lieber et al.'*! The emis-
sion of as-obtained GaP nanowires (Figure 2F) is at 2.79 eV
and close to the bandgap of bulk GaP, since their diameters
are out of exciton Bohr diameter of GaP (5.5 nm).!"”

The size control of as-obtained nanowires in a certain
range can be realized by adjusting some experimental pa-
rameters (e.g., amount of M(OH),, reaction temperature,
and time). For example, wirelike assemblies of InP nanopar-
ticles with diameter of approximately 8 nm (Figure 3A)

Figure 3. A) TEM image of the as-prepared wire-like assemblies of InP
nanoparticles with diameter of approximately 8 nm by decreasing the
adding amount of In(OH), . B) and C): FE-SEM images of the as-pre-
pared InP nanowires with diameters of approximately 15 nm and 20 nm
at 160°C for 48 h and 200°C for 24 h, respectively.

were obtained by decreasing the amount of In(OH),~, while
other experimental parameters were kept constant; InP
nanowires with diameters of approximately 15nm (Fig-
ure 3B) or 20 nm (Figure 3C) were prepared by means of
the above designed route at 160°C for 48 h or 200°C for
24 h, respectively. Since the diameters of as-obtained InP
nanowires are within their exciton Bohr diameter
(19 nm),i”*! their size-dependent effects will be evident.
From the room-temperature photoluminescence spectra
(Figure 4 A), one can see that a systematic shift to higher
energy exists as the nanowire diameters are reduced below

Chem. Eur. J. 2004, 10, 654—660 www.chemeurj.org
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Figure 4. A) Room-temperature photoluminescence spectra of InP nano-
wires with diameters of 20, 15, 10, and 8 nm. B) Emission energy maxima
versus nanowire diameter. The experimental data are fit with EMM
(solid line).

20 nm, in agreement with the concept of quantum confine-
ment. The emission energy of InP nanowires with diameters
of 20, 15, 10 and 8 nm shifts from 1.42 to 1.59 eV, displaying
a size-dependent relationship that is in accordance with the
results of Lieber etal.l'”! The size-dependent relationship
(Figure 4B) can be fit well with an effective mass model
(EMM). The diameters of GaP nanowires are also controlla-
ble, but out of exciton Bohr diameter of GaP (5.5 nm), no
size-dependent properties can be observed.

Metal oxide: The selected anionic inorganic species to con-
struct lamellar inorganic-surfactant intercalated mesostruc-
tures were MnO,~ and Zn(OH),>". The following reactions
are designed to grow y-MnO, and ZnO nanowires [Egs. (4)
and (5)].

2[CTAJ*[MnO,]” + 3H,0, — 2y-MnO, + 2 H,O

4
+30, +20H" +2CTA* )

[CTAJ3"[Zn(OH),]*” — ZnO + H,0 +20H™ +2CTA"
(5)
The inset in Figure 1C shows the low-angle XRD pattern
of the [CTA]*[MnO,] lamellar mesostructures, which were

obtained by maintaining the solution of CTAB, KMnO,,
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water, n-hexanol, and n-heptane in an autoclave at 160°C
for 24 h without adding other reactants. The peaks in the
low-angle XRD pattern can be indexed as the (001) and
(002) reflections of a lamellar mesophase.

The phase and purity of as-obtained product by the pres-
ent route was determined by the XRD pattern (Figure 1C
and D). All the reflection peaks can be indexed to pure or-
thorhombic y-MnO, (JCPDS card 14-644, a=6.36, b=
10.15, ¢=4.09 A) and wurtzite ZnO (JCPDS card 36-1451,
a=3.249, c=5206 A), respectively. No characteristic peaks
were observed for other impurities, such as a-, 5-MnO,,
Mn(OH),, and Zn(OH),.

The panoramic morphologies of the as-grown y-MnO,
and ZnO nanowires were examined by FE-SEM. From Fig-
ure SA, one can see that the diameters of y-MnO, nanowires
are 20nm on average and that their lengths range from
1 um to 2 um. Figure 5B shows a typical FE-SEM image of
as-grown ZnO nanowires, with diameters of 15nm and
lengths up to 2 um.

/_;9‘ 20 nm

500, nm

\
20 nm
>, 320 o

b

500 nn 400 nm

Figure 5. FE-SEM images of the as-grown A) y-MnO,, B) ZnO, C) ZnS,
D) SnS,, E) CdWO,, and F) ZnWO, nanowires.

Metal sulfide: As for the growth of metal sulfide nanowires,
we selected Zn(OH),>~ and Sn(OH)¢>~ as the anionic inor-
ganic species to construct lamellar inorganic—surfactant in-
tercalated mesostructures. The reaction can be formulated
as follows, taking ZnS as the example [Eq. (6)].

[CTAJ*[Zn(OH),*~ + CH,CSNH, — Zn$

6
+CH;COONH, +20H™ +2CTA* (©)

The inset in Figure 1E shows the low-angle XRD pattern
of the [CTA],>*[Zn(OH),]* lamellar mesostructures, which
were obtained by maintaining the solution of CTAB,
Zn(OH)/>, water, n-hexanol, and n-heptane in an autoclave
at 160°C for 48 h without adding other reactants. The peaks
in the low-angle XRD pattern can be indexed as the (001)
and (002) reflections of a lamellar mesophase.

The phase and purity of as-obtained product by the pres-
ent route was determined from the XRD pattern (Figure 1E
and F). All the reflection peaks can be indexed to pure
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wurtzite ZnS (JCPDS card 36-1450, a=3.820, ¢=6.257 A)
and hexagonal SnS, (JCPDS card 23-677, a=3.648, c=
5.899 A), respectively. No characteristic peaks were ob-
served for other impurities, such as ZnO and SnO.,.

The panoramic morphologies of as-grown ZnS and SnS,
samples were examined by the FE-SEM. From Figure 5C,
we can see that the ZnS samples contain some nanowires
with diameters of 10 nm and lengths of approximately 2 um.
Figure 5D shows a typical FE-SEM image of the SnS, sam-
ples; they show the formation of SnS, nanowires with aver-
age diameters of 20 nm and lengths ranging from 2 um to

3 pm.

Metal tungstate: In the above cases, the lamellar compounds
provided the metal source for the growth of target nano-
wires. Further studies reveal that lamellar inorganic—surfac-
tant intercalated mesostructures can also provide anions for
the synthesis of oxysalt nanowires. As examples, CAWO,
and ZnWO, nanowires were grown from lamellar [CTA],>*
[WO.J.

The inset in Figure 1G shows the low-angle XRD pattern
of the [CTAL?*[WO,]*" lamellar mesostructures, which
were obtained by maintaining the solution of CTAB, WO,*,
water, n-hexanol, and n-heptane in autoclave at 160°C for
48 h without adding other reactants. The peaks in the low-
angle XRD pattern can be indexed as the (001) and (002)
reflections of a lamellar mesophase.

The phase and purity of as-obtained product from the
present route was determined by the XRD (Figure 1G and
H) pattern. All the reflection peaks can be indexed to pure
monoclinic CdAWO, (JCPDS card 14-676, a=5.029, b=
5.859, c=5.074 A) and monoclinic ZnWO, (JCPDS card 15—
774, a=3.648, ¢=5.899 A), respectively. No characteristic
peaks were observed for the other impurities.

The panoramic morphologies of the as-grown CdWO, and
ZnWO, samples were examined by the FE-SEM. Figure SE
shows a typical FE-SEM image of the CdWO, samples,
showing their rod-like morphologies with an average diame-
ter of 15 nm and lengths of approximately 1.5 pm. From Fig-
ure SF, we can see that the ZnWO, samples form nanowires
with diameters of about 20 nm and lengths up to 2 pm.

The differences in diameter and length of these as-synthe-
sized nanowires should result from the different nature of
their corresponding lamellar inorganic—surfactant meso-
structures.

Conclusion

In summary, a general synthetic route has been developed
for the growth of metal phosphide, oxide, sulfide, and tung-
state nanowires in aqueous solution. To the best of our
knowledge, this is the first time the synthesis of GaP and
InP nanowires in aqueous solution has been achieved. The
diameters of as-obtained nanowires are controllable. In par-
ticular, the size-dependent properties of InP nanowires are
observed. The simple process, general strategy, excellent re-
producibility, clean reactions, high yield, and fine quality of
products in this work make the present route attractive and
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significant. This strategy is expected to extend to the growth
of nanowires of other materials by means of solution or
vapor transport routes, since the nanowire growth of any in-
organic materials can be realized by selecting an appropriate
reaction and its corresponding lamellar inorganic—surfactant
compounds.

Experimental Section

GaP and InP nanowires: In a typical synthesis, Ga,0; (0.28 g, 1.5 mmol)
or In,0; (0.42 g, 1.5 mmol) and NaOH (0.48 g, 12 mmol) were dissolved
in distilled water (25 mL). Subsequently, CTAB (1.09 g, 3 mmol), n-hexa-
nol (3 mL), and n-heptane (10 mL) were added into the solution, which
was stirred for 20 min and loaded into a 50 mL Teflon-lined autoclave. Fi-
nally, white phosphorus (1.00 g) and I, (0.75 g; I, was used to transport
the produced H,PO,™ and accelerate the reactions; this has been descri-
bed in our previous work?l) were added into the autoclave, which was
then filled with the distilled water up to 90% of the total volume. The
autoclave was sealed, warmed up at a speed of 0.5°Cmin~' and main-
tained at 160°C for 24 h. It was then allowed to cool naturally to room
temperature. The precipitate was filtered off, washed with benzene, abso-
lute ethanol, dilute HCI, and distilled water several times, and then dried
in vacuum at 60°C for 4 h.

y-MnO, nanowires: KMnO, (0.47 g, 3 mmol), CTAB (1.09 g, 3 mmol), n-
hexanol (3 mL), and n-heptane (10 mL) were dissolved in distilled water
(25 mL); this solution was stirred for 20 min. Subsequently, 3% H,O, sol-
ution was slowly introduced, while magnetic stirring was continued at
50°C. After completion of the reaction, the solution was loaded into a
50 mL Teflon-lined autoclave, which was then filled with the distilled
water up to 90 % of the total volume. The autoclave was sealed, warmed
up at a speed of 0.5°Cmin~' and maintained at 160°C for 24 h. It was
then allowed to cool naturally to room temperature. The precipitate was
filtered off, washed with absolute ethanol and distilled water several
times, and then dried in vacuum at 60°C for 4 h.

ZnO nanowires: Zn(CH;COO), (0.33 g, 1.5 mmol) was dissolved in distil-
led water (25 mL), and then solid NaOH slowly was added and the solu-
tion stirred till the pH was about 13. Then the solution was loaded into a
S50 mL Teflon-lined autoclave, which was filled with CTAB (1.09 g,
3 mmol), n-hexanol (3 mL), n-heptane (10 mL), and distilled water up to
90% of the total volume. The autoclave was sealed, warmed up at a
speed of 0.5°Cmin~' and maintained at 160°C for 24 h. It was then al-
lowed to cool naturally to room temperature. The precipitate was filtered
off, washed with absolute ethanol and distilled water several times, and
then dried in vacuum at 60°C for 4 h.

ZnS and SnS, nanowires: Zn(CH;COO), (0.33g, 1.5mmol) or
SnCL5SH,0 (0.53 g, 1.5 mmol) was dissolved in distilled water (25 mL),
and then solid NaOH slowly was added and the solution was stirred till
the pH was about 13. Subsequently, CTAB (1.09 g, 3 mmol), n-hexanol
(3mL), and n-heptane (10 mL) were introduced into the solution, which
was stirred for 30 min and then loaded into a 50 mL Teflon-lined auto-
clave. Finally, CH;CSNH, (0.225g, 3 mmol or 0.375g, 5mmol) was
added into the autoclave, which was then filled with distilled water up to
90% of the total volume. The autoclave was sealed, warmed up at a
speed of 0.5°Cmin~' and maintained at 160°C for 48 or 24 h . It was then
allowed to cool naturally to room temperature. The precipitate was fil-
tered off, washed with absolute ethanol and distilled water several times,
and then dried in vacuum at 60°C for 4 h.

CdWO, and ZnWO, nanowires: Na,WO, (0.99 g, 1.5 mmol), CTAB
(1.09 g, 3 mmol), n-hexanol (3 mL), and n-heptane (10 mL) were dis-
solved in distilled water (25 mL); this solution was stirred for 30 min and
then loaded into a 50mL Teflon-lined autoclave. Subsequently,
CdCL,-2.5H,0 (0.35 g, 1.5 mmol) or ZnCl, (0.21 g, 1.5 mmol) was added
into the autoclave, which was then filled with the distilled water up to
90% of the total volume. The autoclave was sealed, warmed up at a
speed of 0.5°Cmin~' and maintained at 160°C for 48 or 24 h. It was then
allowed to cool naturally to room temperature. The precipitate was fil-
tered off, washed with absolute ethanol and distilled water several times,
and then dried in vacuum at 60°C for 4 h.

Chem. Eur. J. 2004, 10, 654—660 www.chemeurj.org

Characterization: X-ray diffraction (XRD) patterns were performed with
a Japan Rigaku D/max yA X-ray diffractometer equipped with graphite
monochromatized high-intensity Cuy, radiation (A=1.54178 A), in which
the sample of small amount was not ground, but fully dispersed with eth-
anol. Field emission scanning electron microscopy (FE-SEM) images
were recorded on a JEOL JSM-6700F SEM. High-resolution transmis-
sion electron microscopy (HRTEM) images and electronic diffraction
(ED) patterns were carried out on a JEOL-2010 TEM at an acceleration
voltage of 200 KV. UV/Vis spectra were recorded on a JGNA Specord
200 PC UV/Vis spectrophotometer. The room-temperature photolumi-
nescence spectra were collected on a Jobin Yvon-Labram spectrometer
with an He-Cd laser.
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Stereodivergent and Reiterative Synthesis of Bistetrahydrofuran Ring Cores

of Annonaceous Acetogenins

Naoto Kojima, Naoyoshi Maezaki,* Hiroaki Tominaga, Minori Yanai, Daisuke Urabe, and

Tetsuaki Tanaka*®!

Abstract: Eight diastereoisomers of the bistetrahydrofuran ring cores of annona-

ceous acetogenins have been synthesized by asymmetric alkynylation of a-tetrahy-
drofuranic aldehydes and stereodivergent one-pot tetrahydrofuran (THF) ring for-
mation. In all cases, the asymmetric alkynylation proceeded with very high diaster-
eoselectivity to give eight kinds of optically pure THF cores. We also describe a

Keywords: annonaceous

acetogenins . asymmetric
alkynylation - cyclization - stereodi-
vergent synthesis - synthetic meth-

comparison of the 'H and *C NMR spectral data of the eight isomers and give full ods

details of the THF ring construction.

Introduction

Over 350 natural polyketides called annonaceous acetoge-
nins have been isolated from various Annonaceae plants.
These compounds have attracted worldwide attention owing
to their broad spectrum of biological activity such as cyto-
toxic, antitumor, immunosuppressive, antimalarial, and anti-
feedant effects (Figure 1)."¥ Some are promising candidates
for new types of antitumor drugs that possess potent inhibi-
tory activity against NADH-ubiquinone oxidoreductase of
the respiratory chain (mitochondrial complex I), which is
the main gate of energy production in the cell.”! Further-
more, some acetogenins inhibit multidrug-resistant cancer
cells with an ATP-driven transporter system.”l Most aceto-
genins are characterized by one to three THF ring(s) with
various stereochemistries in the center of a long hydrocar-
bon chain containing an a,f-unsaturated y-lactone moiety at
the end. The number and stereochemistry of the THF rings
affect the kind of effective tumor cell lines for growth inhib-
ition."! In particular, adjacent bis-THF acetogenins have
potent biological activity. Therefore, systematic synthesis of
the bis-THF ring cores would be important to help establish-
ing the structure-activity relationship of acetogenins."*
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Figure 1. Representative structure of annonaceous acetogenins. n=1-3,
R, R’=hydrocarbon chain having oxygenated moieties and/or double
bonds.

During the course of our synthetic study of annonaceous
acetogenins,” we planned a systematic synthesis of the poly-
THF ring cores based on asymmetric alkynylation of alde-
hydes with a 3-butyne-1,2-diol derivative by using chiral li-
gands. In a preliminary paper,’™ we demonstrated a highly
stereodivergent and stereoselective synthesis of the bis-THF
ring cores based on the asymmetric alkynylation of (2R)-a-
tetrahydrofuranic aldehyde with (2S5)-3-butyne-1,2-diol de-
rivatives. Herein, we describe the asymmetric alkynylation
of (25)-aldehydes with (25)-alkynes, that is, the combination
of a mismatched pair based on our preliminary study of the
synthesis of the mono-THF ring cores.” We found that the
asymmetric alkynylation was perfectly controlled by the
chiral ligands even in the mismatched pair. Moreover, we
report full details of the systematic construction of eight iso-
mers of the adjacent bis-THF ring cores and a comparison
of their "H and “C NMR spectral data.

Results and Discussion

Our strategy for stereodivergent and reiterative synthesis of
the poly-THF ring cores is summarized in Scheme 1. A key
step is the asymmetric alkynylation of aldehyde 2 with a
chiral C,-unit 3, both enantiomers of which are readily pre-
pared from natural products in enantiomerically pure form.

DOI: 10.1002/chem.200305459 Chem. Eur. J. 2004, 10, 672680
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The substrate-controlled addition® of the 3,4-(isopropylide-
nedioxy)butyl anion to oa-tetrahydrofuranic aldehydes has
been reported by Koert and co-workers.”) They described
the combination of (25,55)-a-tetrahydrofuranic aldehyde
with the (35)-3,4-(isopropylidenedioxy)butyl anion as a mis-
matched pair in their substrate-controlled addition; the se-
lectivity was lower than for the matched pair.™® To over-
come these problems, we planned the reagent-controlled
asymmetric alkynylation of a-tetrahydrofuranic aldehyde by
using a chiral ligand. We expected high diastereoselectivity
based on the prominent stereodifferentiating ability of Car-
reira’s method, and also convenient stereocontrol by chang-
ing the chiral ligand."”! Alkynylation is advantageous since
the unreacted acetylide can be reused even if the reaction
required excess reagent. Such reuse is impossible in the case
of an organometallic reagent generated by halogen—metal
exchange reaction. Another key step is the stereodivergent
THF-ring formation, by which four kinds of THF ring cores
can be synthesized from two common precursors by chang-
ing the protocol of the THF ring formation (pathways a and
b). Moreover, the terminal alcohol in the resulting THF ring
core 1 would become a junction with the next C,-unit 3 by
oxidation to the corresponding aldehyde. Therefore, our
strategy can potentially be applied to the synthesis of the
poly-THF ring cores.

Ph

o~

O Asymmetric

X

alkynylation pathway b Ph
o~
(m=n) NP
Rls o R Rl o SR 4
TBSO " o
> BSO OH
;: EZ = g:zé)H (m = n+1) 4 pathway a
T Stereodivergent
THF-ring formation

Scheme 1. Strategy for systematic construction of poly-THF ring cores.

We examined the asymmetric alkynylation of trans/threo-
aldehyde 5a,™ since this structure is frequently found in
natural adjacent bis-THF acetogenins (e.g., asimicin-type
and squamocin-I-type acetogenins).'Yl In the reagent-con-
trolled asymmetric alkynylation, it is very important that the
diastereoselectivity is high in all combinations of substrates
and chiral ligands. In our previous study,” we found that
the asymmetric alkynylation of a-oxyaldehyde with the
chiral C,-unit 6 proceeds with high diastereoselectivity even
for the mismatched pair. In this reaction, the substrates pos-
sess one stereogenic center. To establish a reiterative proce-
dure, it is very important that the methodology can be ap-
plied to substrates with three stereogenic centers. Asymmet-
ric alkynylation of aldehyde 5a (1.0 equiv) with alkyne 6
(1.2 equiv) by using (1R,2S)-N-methylephedrine (NME,
1.4 equiv), Zn(OTf), (1.3 equiv), and Et;N (1.4 equiv) in tol-
uene proceeded sluggishly to give only a trace amount of
the adduct (Table 1, entry 1). Fortunately, the yield was dra-
matically improved by using excess reagents to give threo-
adduct 7a with high diastereoselectivity; the unreacted
alkyne 6 was quantitatively recovered (entry 2).''l' More-
over, the yield reached 97 % when the chiral reagent was

Chem. Eur. J. 2004, 10, 672 —680 www.chemeurj.org

prepared at high concentration (entry 3). The erythro-adduct
7b can also be obtained in good yield with high diastereose-
lectivity by using the antipode of NME.

Table 1. Asymmetric alkynylation of trans/threo-aldehyde 5a."

o~
0
. 1R,2S)-NME
R\/C\CHO ( ) M

T 0O " R .
TBSO EN)
5a TBSO OH
__|Zn(OTY) 7a: R =nC,H
* Ph Et;N, tolzuene a i O%Ph
o~ P
0 AL\~
R
z (18,2R)-NME Y0 Y
6 TBSO OH
7b: R = nCy,Hys
Entry c [m]™ NME Yield [%] 7a:7bl!
1 0.110 1R2S trace -
2 0.25 1R2S 73 >97:3
3 0.45 1R2S 97 >97:3
4 0.44 1S,2R 87 3:>97

[a] Unless otherwise noted, the reactions were carried out under the fol-
lowing conditions: 5a (1.0 equiv), 6 (2.0 equiv), Zn(OTf), (2.2 equiv),
NME (2.4 equiv), Et;N (2.4 equiv). [b] The value is the concentration of
Zn(OTf), in toluene. [c] Determined by 'HNMR spectroscopy
(500 MHz). [d] The reaction was carried out under the following condi-
tions: Sa (1.0equiv), 6 (1.2equiv), Zn(OTf), (1.3 equiv), NME
(1.4 equiv), Et;N (1.4 equiv).

Results for the asymmetric alkynylation of trans/erythro-
aldehyde 5b with alkyne 6 are given in Table 2. Even the
(25,55)-aldehyde 5b underwent asymmetric alkynylation
with chiral alkyne 6 to give the erythro-adduct 7¢ in good
yield and with very high diastereoselectivity by using
(1R,25)-NME as a chiral ligand (entry 1). Moreover, the
threo-adduct 7d was also obtained in good yield and with
high diastereoselectivity (entry 2) by using the antipode of
NME. Thus, the yield and selectivity of the asymmetric alky-
nylation were not affected by the internal chirality of the a-
tetrahydrofuranic aldehyde, and the sole reaction product
was produced with predictable diastereoselectivity. To our
knowledge, this is the first example of perfect control in ad-
ditions to a-tetrahydrofuranic aldehydes by the chiral li-
gands.

Table 2. Asymmetric alkynylation of trans/erythro-aldehyde 5b.[!

0
R\/}CHO (1R,2S)-NME RM
TBSO 0
5b TBSO OH
__|Zn(OTf), 7¢: R =nC,H
+ Et;N, toluene 12 Ph

b _
. Z
z (1S2R-NME 707
6 TBSO OH
7d: R = nCy,Has
Entry NME Yield [%] 7e:7d"
1 1R2S 91 >97:3
2 15,2R 94 3:>97

[a] The reactions were carried out under the following conditions: 5b
(1.0 equiv), 6 (2.0 equiv), Zn(OTf), (2.2 equiv), NME (2.4 equiv), Et;N
(2.4 equiv). [b] Determined by '"H NMR spectroscopy (500 MHz).
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The stereochemistry of the adducts 7a-d was determined
by Fujimoto’s method.!'” Fujimoto and co-workers reported
that the stereochemistry of the mono-THF ring moiety with
two flanking hydroxyl groups could be determined by com-
parison of the carbon chemical shifts around the THF ring
in the *C NMR spectra of their synthetic model compounds.
The adducts 7a-d were transformed into diols 9a—d by the
following sequence: 1) alkyne hydrogenation and deprotec-
tion of the benzylidene acetal; 2) acetalization of the 1,2-
diol; 3) deprotection of the TBS ether (Scheme 2).

Table 3 summarizes the differences between our samples
9a-d and Fujimoto’s model compounds 10a-d. The
'*C NMR spectral data around the THF ring of 9a are con-
sistent with those of the model compound 10a with threo/
trans/threo-stereochemistry. The data of 9b and 9d were
also consistent with those of the threo/trans/erythro-model
10b. The chemical shift for the erythro/trans/erythro-isomer
9¢ not included in Fujimoto’s model compounds did not
match with those of any model compounds. Thus, the stereo-
chemistry of the propargylic position of the adducts 7a-d
was confirmed.

We then examined the stereodivergent THF ring forma-
tion of the four adducts 7a—d. The results of the stereodiver-
gent synthesis of eight kinds of bis-THF ring cores by two
kinds of one-pot THF formation are summarized in
Scheme 3.

Hydrogenation of the triple
bond accompanied by deprotec-
tion of the benzylidene acetal
in 7a afforded a saturated triol
8a in 76 % yield. Selective sul-
fonylation of the primary alco-

a CH
7a,7Tb —— nC,Hys O\\“ - OH

TBSO
8a: R = 3-OH (76% from 7a)
8b: R = a-OH (91% from 7b)

(0]

b,c 8 0O
nCizHas - o)
HO R
9a: R = B-OH (72% from 8a)
9b: R = a-OH (78% from 8b)

a oH

7¢, 7d —— nCy,Hs 5 - OH
TBSO

8c: R = B-OH (83% from 7c¢)

8d: R = a-OH (90% from 7d)
o~
be NC1aHys o O
HO R

9c¢: R = B-OH (96% from 8c)
9d: R = a-OH (88% from 8d)

Scheme 2. Preparation of diols 9a—d for use in the determination of THF
stereochemistries. a) H,, 10% Pd/C, EtOAc, RT; b)Me,C(OMe),,
Dowex 50W, CH,Cl,, RT; c) TBAF, THF, RT.

ducts 7b—d, respectively. Thus, stereodivergent synthesis of
eight kinds of bis-THF ring cores was accomplished starting
from two intermediates Sa and Sb. Since 5a and Sb were
synthesized by the same series of reactions (i.e., asymmetric

Table 3. Differences between the characteristic chemical shifts of the carbon atoms of 9a-d and those of Fuji-
moto’s model compounds 10a-d. The values represent A (99, q—Omoset)» Tespectively. !

o}

nCioasd 5 po8 P

HO OH

hol with 2.4,6-triisopropylben-
zenesulfonyl chloride (TrisCl)
gave the sulfonate 11a in 71 %
yield. On treatment of 11a with
K,CO; in MeOH, the THF ring

nCeHi;

\//\—\/ nCeHys ”Cusa\/C\/ nCeHis

formation via an epoxide 12a nCsH“ "C6H13 ”CSH”\/OY”%H'S

proceedeq smoothly in a one- 10¢

pot reaction to give the trans/

threoltrans/threo-bis-THF  ring Position

core 13a in 79% yield."™ a b ¢ d
The translerythroltransithreo- 92 thitlth™ (10a) 0 +0.1 -0.1 -0.1

isomer 13b was also obtained ;Z;z//el;::ij((ll(:)bc)) 78; 73'5 +g; +§i

C) —U. —U. —U.

from adduct 7a. Tosylate 15a thicler (10d) —02 105 02 18

was obtained in two steps by se-

lective reduction of the triple b t%’;th +8'3 +8'i ‘g'(l’ ‘éi

. thitler =0. —0. +0.2

bopd [K]lth Et;N as catal.yst hiclth 0 0.4 o7 o4

poison"* followed by tosylation hicler +0.1 +0.9 07 02

of the secondary alcohol. Final-

ly, one-pot reductive deacetali- 9¢ ;Z;Zm 7;1 +g§ igg ;32
. . er —Z. —U. R K

zation and subsequent intramo- thiclth o4 0 102 3

lecular Williamson reaction thicler 23 +0.5 +0.2 —0.1

with NaH in THF led to THF od i o 04 04 -

thitlt +0. —0. -2.

r?ther thgn tetr.ahydropyran hitler _03 “02 401 0

ring formation to give 13b. thiclth 03 +03 05 27
Six other isomers 13c-h of thicler -0.2 +0.8 -0.5 -0.5

the bis-THF ring cores were

similarly synthesized from ad- [d]c = cis.

674 —
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[a] ®C NMR spectra were recorded in CDCl; solution at 75 MHz. [b]th = threo, t = trans. [c] er = erythro.
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) B ¢ nCi,H —  nCyH .
nCi,Hys o OR — =~ 12H250 . 12H2s o
= 79% z -
/ TBSG OH ° TBSO OH TBSO OH
8a:R=H
76%
° B 71% ( 11a: R = Tris 12a 13a
7a
g O’<Ph OH
nC12H25\[\/\/’~\/0 f nCiHys y - OH | —»  nCypHys o
1856 ) I 77% 8BS0 OTs TBSO OH
e, 87% 14a: (R=H) 16 13b
in two steps C 15a: (R =Ts) 2
OH
= c 20 E—
nC12H25\/Cs\/\/‘VOR - . ”szst\/C-’\/\/\l
a FEAS I 83% : O
TBSO OH TBSO OH
91% 8b:R=H
7b b, 72% ( 11b: R = Tris 12b 13¢
d Ph
OH
\ Q/< —f> nCQst\/C«\/\/TVOH ——  nCyHy
nCizHys - O o i (0) i : 0
; (0) ; 93% H H :
TBSG oR TBSO OTs TBSO OH
e, 75% 14b: R=H 16b
in two steps »15b: R =Ts 13d
OH 0
”C12H25\JDY\/'\/OR _° . nCizHys 7 N nCyzHys oy O\\"
: 99Y - B
/ TBSG OH % TBSO OH TBSO OH
8c:R=H
83%
° b. 7% ( 11¢: R = Tris 12e 13e
7c
g o’<Ph OH
nCiH Mo ! MCraHas N OH | e PGl g
12M25 ‘ —_— B B
8BSt o I 72% TBSO oTs 880 OH
e, 99% 14c:R=H 16¢ 13f
in two steps »15¢: R=Ts
OH
> .0
nC12H25MOR 4(:, nC12H25\J3\/\/'\1
a T 0 Y 88% A
TBSO OH TBSO OH
90% 8d:R=H
74 b, 70% ( 114: R = Tris 12d 139
d Ph
OH
O’< 4>f M
¢ 5 ————  nCpH
\ nC12H25\JD\/\/\/O 84% ACreMes 0 i OH e e (e)
TBSG 6R TBSO OTs TBSO OH
e, 99% 14d:R=H 16d
in two stoeps 15d:R=Ts 13h

Scheme 3. Systematic synthesis of bis-THF ring cores. a) H,, 10% Pd/C, EtOAc, RT; b) TrisCl, pyridine, CH,Cl,, 0°C to RT; ¢) K,CO;, MeOH, 0°C to
RT; d) H,, 10% Pd/C, Et;N, EtOAc, RT; e) pTsCl, pyridine, 0°C to RT; f) H,, 10% Pd/C, THF, RT then NaH, 0 to 40°C.

alkynylation with the C,-unit 6 followed by the THF ring
formation), reiterative synthesis of the bis-THF ring cores
was accomplished.

Representative chemical shifts in the 'H and "“C NMR
spectral data of 13a-h are summarized in Tables4 and 5.
The difference in stereochemistry affects the chemical shifts
and thereby allows differentiation of the diastereomers. One
of the proton chemical shifts of the C1 position in the 2,5-
trans-isomers and the 2,5-cis-isomers was about 6 3.67 and
3.76 ppm, respectively. The proton chemical shift of the C10
position in the 9,10-threo-isomers was more upfield than in
the 9,10-erythro-isomers.™> The same differences in chemical
shifts were also observed in "C NMR spectra. The “C
chemical shift of the C1 position in the 2,5-trans-isomers

Chem. Eur. J. 2004, 10, 672 —680 www.chemeurj.org
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and the 2,5-cis-isomers was about 0 64.7 and 65.9 ppm, re-
spectively. The >C NMR chemical shift of the C10 position
in the 9,10-threo-isomers was more downfield than that of
the 9,10-erythro-isomers.'”) In 5,6-erythro-isomers, the chem-
ical shifts of the CS5 position and that of the C6 position had
different values; however, those in the 5,6-threo-isomers had
almost the same value. The chemical shift of the C2 position
was not affected by the difference in stereochemistry. Our
eight synthetic compounds thus exhibited a characteristic
signal pattern and their signals are distinguishable. Almost
no signal from other diastereomeric isomers was observed
in each spectra, thereby indicating the high purity of these
products.

—— 675



www.chemeurj.org



FULL PAPER

N. Maezaki, T. Tanaka et al.

Table 4. Representative '"H NMR spectroscopic data for 13a-h.1*]

nC'2H25M1 ”012H25M - nCixHzs - o
TBSO OH TB8SO OH TBSO OH TBSO OH
13a 13b 13c 13d
"szst\/D_g\ ”C12H25M - nCiHys - o o
TBSO OH TBSO OH TBSO OH TBSO OH
13e 13f 139 13h
Compounds Position
1 2 5 6 9 10
13a 3.48,3.71 412 3.85-3.92 3.85-3.92 3.97 3.66
13b 3.48, 3.65 4.11 3.870! 3.89-3.941 3.89-3.940 3.56
13¢ 3.46, 3.75 4.08 3.910 4.03¢ 3.95 3.57
13d 3.46,3.77 412 3.89-3.931 3.89-3.93( 4.01 3.62
13e 3.48,3.65 4.11 3.870 3.94l 3.90 3.76
13f 3.47,3.67 4.08 3.8411 3.8711 3.91 3.80
13g 3.44,3.76 412 3.88-3.94 3.88-3.94 3.88-3.94 3.81
13h 342,374 4.07-4.13 4,07-4.131¢! 3.96 3.87 3.76

[a] NMR spectra were recorded in CDCl; solution at 500 MHz. [b]-[g] Values are interchangeable in each row.

Table 5. Representative >*C NMR spectra data of 13a-h."

fuse reflectance spectroscopy) were re-

corded with KBr powder by using an

Compounds 1 ) 5 Position 6 9 10 Horiba FT-210 IR spectrophotometer,

and only noteworthy absorptions
13a 64.6 79.8 81.91 82.00°! 82.2 746 (cm™') are listed. Mass spectra were
13b 64.8 79.9 8121 815 82,5 751 obtained with a JEOL JMS-600H and
13¢ 65.7 79.8 81.11 82214 82.4 748 3 JEOL JMS-700 mass spectrometer.
13d 65.7 80.0 81.5[ 81.611 82.3 745 Column chromatography was carried
13e 64.9 79.9 81.410 82.411 81.5 734 out by using Kanto Chemical silica gel
13f 64.6 79.7 81.8l 82.0e! 82.3 734 GON (spherical, neutral, 63-210 um).
13g 66.1 80.0 81~4[_h] 815[?‘] 82.8M" 73.0 " All air- or moisture-sensitive reactions
13h 66.0 79.9 81.0M 82.21 82.9 73.1

were carried out in flame-dried glass-

[a] NMR spectra were recorded in CDCI; solution at 75 MHz. [b]-[i] Values are interchangeable in each row.

Conclusion

We have developed a highly stereoselective and stereodiver-
gent synthesis of the THF ring cores of bis-THF acetogenins
based on asymmetric alkynylation of a-tetrahydrofuranic al-
dehydes with C,-units. We also demonstrated the stereodi-
vergent synthesis of eight diastereomeric isomers. The asym-
metric alkynylation proceeded almost exclusively to give
threo- and erythro-adducts with predictable selectivity by
changing the chiral ligand. Since the reiterative strategy
could be extended to tris-THF ring cores, our methodology
might be widely used for the synthesis of various annona-
ceous acetogenins. Application of our strategy to the synthe-
sis of biologically active acetogenins is under way. These re-
sults will be reported elsewhere.

Experimental Section

General: Melting points are uncorrected. Optical rotations were meas-
ured by using a JASCO DIP-360 digital polarimeter. "H NMR spectra
were recorded in CDCI, solution with a JEOL JNM-GXS500 spectrometer
(500 MHz). "C NMR spectra were recorded in CDCI; solution with a
JEOL JNM-AL300 spectrometer (75 MHz) or a JEOL JNM-EX270
spectrometer (67.8 MHz). All signals are expressed as 0 values in ppm
downfield from the internal standard tetramethylsilane. The following ab-
breviations are used: singlet (s), doublet (d), triplet (t), quartet (q), quin-
tet (qn), septet (sep), and multiplet (m). IR absorption spectra (FT: dif-
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ware under an atmosphere of Ar or
N,. All solvents were dried and distil-
led according to standard procedures.
All organic extracts were dried over
anhydrous MgSO,, filtered, and concentrated under reduced pressure
with a rotary evaporator. Known compounds 5a, 5b, and 6 were synthe-
sized according to the literature methods."” "H and *C NMR spectra of
13a-h are included in the Supporting Information.

(2RS,4S5)-4-[ (3R 4 R,7 R,8 R)-8'-(tert-Butyldimethylsilyloxy)-3'-hydroxy-

4,7-epoxy-1'-icosynyl]-2-phenyl-1,3-dioxolane (7a): A flask was charged
with Zn(OTf), (277 mg, 0.763 mmol). Vacuum (5 mmHg) was applied
and the flask was heated to 120°C for 12 h. The flask was then cooled to
room temperature, and the vacuum was released. (1R,2S)-N-Methylephe-
drine (149 mg, 0.833 mmol), toluene (0.7mL), and Et;N (0.116 mL,
0.833 mmol) were added successively to the flask with stirring at room
temperature. After 3 h, a solution of 6 (121 mg, 0.694 mmol) in toluene
(0.5 mL) was added to the mixture at room temperature. After 0.25h, a
solution of 5a (143 mg, 0.347 mmol) in toluene (0.5 mL) was added to
the mixture with stirring at room temperature. The reaction mixture was
stirred for 19 h. The reaction was then quenched with saturated NH,Cl
and the mixture was extracted with EtOAc. The combined organic layers
were washed with brine, dried, and the solvent was evaporated. Purifica-
tion by column chromatography over silica gel with hexane/EtOAc (10:1
to 3:1) as eluant yielded 7a (198 mg, 97%) as a colorless oil. [a])=
+27.2 (¢=0.96 in CHCly); '"HNMR: §=0.06 (s, 1.5H), 0.07 (s, 1.5H),
0.08 (s, 1.5H), 0.09 (s, 1.5H), 0.88 (t, J=7.3 Hz, 3H), 0.89 (s, 9H), 1.26—
1.64 (m, 22H), 1.66-1.84 (m, 2H), 1.89-2.00 (m, 1H), 2.01-2.12 (m, 1H),
2.54 (br, 0.5H), 2.58 (br, 0.5H), 3.57 (ddd, J=9.8, 6.7, 3.7 Hz, 1 H), 3.90-
3.96 (m, 1H), 4.00 (dd, J=7.9, 6.1 Hz, 0.5H), 4.05 (dt, J=7.3, 6.4 Hz,
0.5H), 4.07-4.15 (m, 1H), 4.18 (t, J=7.0Hz, 0.5H), 423 (dd, J=6.4,
0.9 Hz, 0.5H), 4.27 (dd, /=6.1, 0.9 Hz, 0.5H), 4.37 (dd, /=17.9, 6.7 Hz,
0.5H), 4.89 (ddd, /=7.0, 5.5, 0.9 Hz, 0.5H), 4.94 (ddd, /=6.7, 6.1, 0.9 Hz,
0.5H), 5.87 (s, 0.5H), 5.96 (s, 0.5H), 7.38-7.39 (m, 3H), 7.47-7.49 (m,
1H), 7.52-7.54 ppm (m, 1H); "CNMR (75 MHz): 6=-4.7, —4.2, 14.0,
18.2, 22.6, 25.4, 25.9 (3C), 27.57 (0.5C), 27.63 (0.5C), 28.15 (0.5C), 28.19
(0.5C), 29.3, 29.5 (2C), 29.55 (2C), 29.59, 29.7, 31.8, 32.9, 65.08 (0.5C),
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65.15 (0.5C), 65.7 (0.5C), 66.2 (0.5C), 70.7 (0.5C), 71.1 (0.5C), 74.8
(0.5C), 749 (0.5C), 81.7, 82.3 (0.5C), 82.4 (0.5C), 82.75 (0.5C), 82.84
(0.5C), 84.4 (0.5C), 85.0 (0.5C), 103.6 (0.5C), 104.9 (0.5C), 126.5, 126.8,
128.2, 128.3, 129.3 (0.5C), 129.4 (0.5C), 136.5 (0.5C), 137.1 ppm (0.5C);
IR (KBr): #=3448 cm™'; MS (FAB): m/z: 609 [M+Na]*; HRMS (FAB):
mlz: caled for C3sHsgNaOsSi: 609.3951; found: 609.3950 [M+Na]*.
(2RS,45)-4-[(3'S,4' R,7 R 8 R)-8'-(tert-Butyldimethylsilyloxy)-3'-hydroxy-
4,7 -epoxy-1'-icosynyl]-2-phenyl-1,3-dioxolane (7b): The procedure was
the same as that used for preparation of 7a and gave 7b as a colorless
oil. [a]Z=+44.1 (c=1.34 in CHCL;); '"H NMR: 6=0.055 (s, 1.2H), 0.063
(s, 3H), 0.08 (s, 1.8H), 0.88 (t, J=7.3 Hz, 3H), 0.89 (s, 9H), 1.26-1.46 (m,
23H), 1.63-1.75 (m, 1H), 1.90-2.07 (m, 2H), 2.43 (br, 0.4H), 2.48 (br,
0.6H), 3.53-3.58 (m, 1H), 3.98 (dd, /=7.9, 6.1 Hz, 0.6H), 4.00-4.06 (m,
1H), 4.08 (dd, /=17.9, 5.5 Hz, 0.4H), 4.10-4.16 (m, 1H), 4.19 (dd, /=7.9,
6.7 Hz, 0.4H), 4.37 (dd, J=17.9, 6.7 Hz, 0.6H), 4.47 (br, 0.4H), 4.49 (br,
0.6H), 4.90 (ddd, /=6.7, 5.5, 1.8 Hz, 0.4H), 4.95 (ddd, /=6.7, 6.1, 1.2 Hz,
0.6H), 5.87 (s, 0.4H), 5.96 (s, 0.6H), 7.38-7.39 (m, 3H), 7.47-7.54 ppm
(m, 2H); "C NMR (75 MHz): 6 =—-4.6, —4.2, 14.1, 182, 22.6, 25.5, 25.9
(3C), 26.7 (0.4C), 26.8 (0.6C), 27.6 (0.4C), 27.7 (0.6 C), 29.3, 29.53, 29.55,
29.57 (2C), 29.61, 29.8, 31.9, 32.96 (0.4C), 32.98 (0.6C), 64.4 (0.4C), 64.5
(0.6C), 65.8 (0.6C), 66.3 (0.4C), 70.7 (0.4C), 71.1 (0.6C), 74.96 (0.4C),
74.99 (0.6C), 81.17 (0.4C), 81.23 (0.6C), 82.6 (0.4C), 82.7 (0.6C), 83.4
(0.4C), 83.5 (0.6C), 84.3 (0.4C), 84.8 (0.6C), 103.6 (0.6C), 104.9 (0.4C),
126.5, 126.8, 128.2, 128.3, 129.3 (0.4C), 1294 (0.6C), 136.5 (0.6C),
137.1 ppm (0.4C); IR (KBr): #=3431cm™'; MS (FAB): m/z: 609
[M+Na]*; HRMS (FAB): m/z: calcd for C;5HssNaOsSi: 609.3951; found:
609.3945 [M+Na]*.

(2RS,45)-4-[ (3R 4'S,7'S,8 R)-8 - (tert-Butyldimethylsilyloxy)-3'-hydroxy-
4,7 -epoxy-1'-icosynyl]-2-phenyl-1,3-dioxolane (7c¢): The procedure was
the same as that used for preparation of 7a and gave 7¢ as a colorless
oil. [a]5=+0.77 (¢=1.03 in CHCL;); '"H NMR: 6=0.047 (s, 1.8H), 0.053
(s, 1.8H), 0.055 (s, 1.2H), 0.058 (s, 1.2H), 0.88 (t, J=6.7 Hz, 3H), 0.89 (s,
9H), 1.25-1.36 (m, 22H), 1.88-2.06 (m, 4H), 2.33 (d, /=6.4 Hz, 0.6H),
2.38 (d, J=6.1Hz, 0.4H), 3.76-3.81 (m, 1H), 4.00 (dd, J=7.9, 5.8 Hz,
0.4H), 3.98-4.05 (m, 1H), 4.10 (dd, /=7.9, 5.5 Hz, 0.6H), 4.09-4.15 (m,
1H), 4.18 (dd, J=7.9, 6.7 Hz, 0.6 H), 437 (dd, /=7.9, 6.7 Hz, 0.4H), 4.44
(ddd, /=6.4,3.7, 1.2 Hz, 0.6 H), 4.47 (ddd, /=6.1, 3.7, 1.2 Hz, 0.4H), 4.90
(ddd, J=6.7,5.5,12 Hz, 0.6H), 4.95 (ddd, J=6.7, 5.8, 1.2 Hz, 0.4H), 5.87
(s, 0.6H), 5.96 (s, 0.4H), 7.37-7.39 (m, 3H), 7.46-7.53 ppm (m, 2H);
BCNMR (75 MHz): 6 =—4.6, —4.3, 14.0, 18.1, 22.6, 25.36 (0.4C), 25.41
(0.6C), 25.43,25.9 (3C), 26.8 (0.6C), 26.9 (0.4C), 29.3, 29.49, 29.52, 29.56
(2C), 29.59, 29.8, 31.8, 34.56 (0.6C), 34.58 (0.4C), 64.6 (0.6C), 64.7
(0.4C), 65.8 (0.4C), 66.2 (0.6C), 70.7 (0.6C), 71.1 (0.4C), 72.95 (0.6C),
72.99 (0.4C), 81.2 (0.6C), 81.3 (0.4C), 82.6 (0.6C), 82.7 (0.4C), 83.6, 84.4
(0.6C), 84.9 (0.4C), 103.6 (0.4C), 104.9 (0.6C), 126.5, 126.8, 128.2, 128.3,
129.3 (0.6C), 129.4 (0.4C), 136.5 (0.4C), 137.1 ppm (0.6C); IR (KBr):
7#=3425 cm™'; MS (FAB): m/z: 609 [M+Na]"; HRMS (FAB): m/z: calcd
for CysHsgNaOsSi: 609.3951; found: 609.3926 [M+Na]*.
(2RS,45)-4-[(3'S,4'S,7'S,8 R)-8 -(tert-Butyldimethylsilyloxy)-3'-hydroxy-
4,7-epoxy-1"-icosynyl]-2-phenyl-1,3-dioxolane (7d): The procedure was
the same as that used for preparation of 7a and gave 7d as a colorless
oil. [a]ly=+14.8 (c=1.43 in CHCl;); '"H NMR: 6=0.05 (s, 3H), 0.06 (s,
1.8H), 0.07 (s, 1.2H), 0.87-0.89 (m, 12H), 1.26-1.36 (m, 22H), 1.73-2.11
(m, 4H), 2.46 (d, J=4.3 Hz, 0.6H), 2.51 (d, J=4.6 Hz, 0.4H), 3.77-3.82
(m, 1H), 3.90-3.95 (m, 1H), 3.99 (dd, /=7.9, 6.1 Hz, 0.4H), 4.00-4.06
(m, 1H), 4.08 (dd, /=7.9, 5.5 Hz, 0.6H), 4.18 (dd, /=7.9, 6.7 Hz, 0.6H),
4.23 (ddd, J=6.7, 4.3, 1.2 Hz, 0.6 H), 4.26 (ddd, J=6.7, 4.6, 1.2 Hz, 0.4H),
4.37 (dd, J=7.9, 6.7 Hz, 0.4H), 4.90 (ddd, J=6.7, 5.5, 1.2 Hz, 0.6 H), 4.95
(ddd, J=6.7, 6.1, 1.2 Hz, 0.4H), 5.87 (s, 0.6H), 5.96 (s, 0.4H), 7.37-7.41
(m, 3H), 7.47-7.54 ppm (m, 2H); BCNMR (75 MHz): 6=—4.6, —4.2,
14.1, 18.1, 22.6, 25.17 (0.6 C), 25.20 (0.4C), 25.4, 25.9 (3C), 28.09 (0.6C),
28.14 (0.4C), 29.3, 29.50, 29.52, 29.57 (2C), 29.61, 29.8, 31.9, 34.7, 64.99
(0.4C), 65.03 (0.6C), 65.8 (0.4C), 66.3 (0.6C), 70.7 (0.6C), 71.1 (0.4C),
72.9, 81.8, 82.3 (0.6C), 82.5 (0.4C), 82.6 (0.6C), 82.7 (0.4C), 84.5 (0.6C),
85.1 (0.4C), 103.6 (0.4C), 104.9 (0.6C), 126.5, 126.8, 128.2, 128.3, 129.35
(0.6C), 129.40 (0.4C), 136.5 (0.4C), 137.0 ppm (0.6C); IR (KBr): 7=
3423 cm™'; MS (FAB): m/z: 609 [M+Na]*; HRMS (FAB): m/z: calcd for
C3sHssNaOsSi: 609.3951; found: 609.3950 [M+Na]*.
(28,5R,6R,9R,10R)-10-(tert-Butyldimethylsilyloxy)-6,9-epoxydocosane-
1,2,5-triol (8a): A solution of 7a (181 mg, 0.309 mmol) in EtOAc
(3.1 mL) was hydrogenated over 10% Pd/C (9.1 mg) with stirring at
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room temperature for 19 h. Pd/C was filtered off and the filtrate was con-
centrated under reduced pressure. The residue was purified by chroma-
tography over silica gel with EtOAc as eluant to give 8a (117 mg, 76 %)
as a colorless oil. [a]¥=+8.0 (c=1.28 in CHCL;); 'H NMR: 6=0.06 (s,
3H), 0.07 (s, 3H), 0.87-0.90 (m, 12H), 1.26-1.70 (m, 26 H), 1.90-2.01 (m,
4H), 2.76-2.78 (m, 1H), 2.95-2.98 (m, 1H), 3.41-3.49 (m, 2H), 3.53-3.57
(m, 1H), 3.61-3.65 (m, 1H), 3.75-3.77 (m, 1H), 3.79 (td, /=7.3, 6.7 Hz,
1H), 3.87 ppm (dt, J=8.5, 6.1 Hz, 1H); "CNMR (75 MHz): 6=—4.6,
—42,14.1, 18.2, 22.6, 25.4, 25.9 (3C), 28.2, 28.5, 29.0, 29.29, 29.33, 29.55
(2C), 29.58 (2C), 29.62, 29.8, 31.9, 33.1, 66.5, 72.0, 74.3, 75.1, 82.1,
82.4 ppm; IR (KBr): #=3346cm™'; MS (FAB): m/z: 503 [M+H]*;
HRMS (FAB): m/z: caled for CyHs5OsSi: 503.4132; found: 503.4117
[M+H]*.

(28,58,6R,9R,10R)-10- (tert-Butyldimethylsilyloxy)-6,9-epoxydocosane-
1,2,5-triol (8b): The procedure was the same as that used for preparation
of 8a and gave 8b as colorless oil. [a]?=410.2 (¢=0.74 in CHCL);
'"HNMR: 6§=0.05 (s, 3H), 0.06 (s, 3H), 0.87-0.91 (m, 12H), 1.23-1.48
(m, 23H), 1.56-1.70 (m, 4H), 1.80-1.84 (m, 2H), 1.91-1.97 (m, 1H), 2.05
(br, 1H), 2.68 (br, 1H), 3.47 (ddd, /=104, 7.3, 4.3 Hz, 1H), 3.53 (td, /=
6.1, 3.7 Hz, 1H), 3.63 (ddd, /=10.4, 6.1, 3.7 Hz, 1H), 3.70-3.74 (m, 1H),
3.79-3.82 (m, 1H), 3.84 (td, /=7.6, 3.7Hz, 1H), 3.92 ppm (dt, J=8.5,
6.1 Hz, 1H); "CNMR (75 MHz): 0=-4.6, —4.2, 14.1, 18.2, 22.6, 25.5,
25.9 (3C), 27.9, 29.3, 29.5, 29.58 (2C), 29.59 (2C), 29.64 (2C), 29.8, 30.3,
31.9, 33.0, 66.8, 72.4, 72.6, 75.2, 82.1, 82.4 ppm; IR (KBr): "=3363 cm™};
MS (FAB): m/z: 503 [M+H]*; HRMS (FAB): m/z: calcd for CysHyyO5Si:
503.4132; found: 503.4113 [M+H]".
(28,5R,6R,9R,10R)-1,2-O-Isopropylidene-6,9-epoxydocosane-1,2,5,10-
tetrol (9a): Dowex 50W X8-200 (4.1 mg) was added to a mixture of 8a
(40.5mg, 0.0805mmol) and  2,2-dimethoxypropane  (0.099 mL,
0.805 mmol) in CH,Cl, (0.4 mL) at room temperature. After 2 h at the
same temperature, the catalyst was filtered off and the filtrate was con-
centrated under reduced pressure to give a crude acetal. Tetrabutylam-
monium fluoride (TBAF, 1.0m in THF, 0.161 mL, 0.161 mmol) was added
to the solution of crude acetal in THF (0.8 mL) at room temperature.
The mixture was heated at reflux for 14 h. Water was added, and the mix-
ture was extracted with Et,O. The combined organic layers were washed
with brine, dried, and the solvent was evaporated. The residue was puri-
fied by chromatography over silica gel with hexane/EtOAc (1:1) as
eluant to give 9a (24.8 mg, 72% in 2 steps) as a white waxy solid. M.p.
38.5-39.5°C; [a]d=+20.7 (c=0.51 in CHCl;); 'HNMR: 6=0.88 (t, J=
7.0 Hz, 3H), 1.26-1.53 (m, 23H), 1.35 (s, 3H), 1.41 (s, 3H), 1.57-1.73 (m,
4H), 1.79-1.86 (m, 1H), 1.97-2.01 (m, 2H), 2.51 (br, 1H), 2.67 (br, 1H),
3.38-3.45 (m, 2H), 3.53 (t, J=7.3 Hz, 1H), 3.80 (q, /=6.7 Hz, 1H), 3.81
(q,J=6.7Hz, 1H), 4.05 (dd, /=7.3, 6.1 Hz, 1H), 4.07-4.12 ppm (m, 1H);
BCNMR (75 MHz): 6=14.1, 22.7, 25.6, 25.7, 26.9, 28.70, 28.73, 29.3,
29.56, 29.61 (2C), 29.63 (2C), 29.7, 29.86, 29.93, 31.9, 33.4, 69.5, 73.9,
74.0, 76.3, 82.6, 82.8, 108.8 ppm; IR (KBr): #=3462 cm™'; MS (FAB): m/
z: 429 [M+H]*; HRMS (FAB): m/z: caled for Cy;H,Os: 429.3580;
found: 429.3576 [M+H]*.
(28,55,6R,9R,10R)-1,2-O-Isopropylidene-6,9-epoxydocosane-1,2,5,10-
tetrol (9b): The procedure was the same as that used for preparation of
9a and gave 9b as a white waxy solid. M.p. 46.5-47.5°C; [a]y=+12.8
(c=0.97 in CHCL,); 'HNMR: 6=0.87 (t, 3H, J=6.7 Hz), 1.34 (s, 3H),
1.40 (s, 3H), 1.25-1.67 (m, 26H), 1.74-1.81 (m, 1H), 1.87-1.91 (m, 2H),
1.96-2.02 (m, 1H), 2.43 (br, 1H), 2.72 (br, 1H), 3.38 (td, /=6.4, 5.5 Hz,
1H), 3.52 (dd, J=7.9, 7.3 Hz, 1H), 3.75 (dt, J=9.2, 4.0 Hz, 1 H), 3.81 (dt,
J=173, 64Hz, 1H), 3.82-3.87 (m, 1H), 4.04 (dd, /=79, 6.7 Hz, 1H),
4.10-4.15ppm (m, 1H); "CNMR (75 MHz): 6=14.1, 22.7, 25.6, 25.7,
26.0, 26.9, 28.5, 29.1, 29.3, 29.57 (2C), 29.62 (3C), 29.7, 30.2, 31.9, 33.2,
69.4, 71.9, 74.3, 75.9, 82.1, 83.2, 108.9 ppm; IR (KBr): #=3462 cm™'; MS
(FAB): miz: 429 [M+H]*; HRMS (FAB): m/z: caled for C,sHyOs:
429.3580; found: 429.3563 [M+H]*.
(2S,5R,65,9S,10R)-10-(tert-Butyldimethylsilyloxy)-6,9-epoxydocosane-
1,2,5-triol (8¢): The procedure was the same as that used for preparation
of 8a and gave 8¢ as a colorless oil. [a]5=-13.5 (c=0.63 in CHCL);
'HNMR: 6=0.03 (s, 3H), 0.04 (s, 3H), 0.84-0.87 (m, 12H), 1.24-1.42
(m, 23H), 1.48-1.68 (m, 3H), 1.73-1.93 (m, 4H), 3.21 (br, 1H), 3.44 (dd,
J=10.4, 8.5 Hz, 1H), 3.58-3.59 (m, 1H), 3.68-3.75 (m, 3H), 3.78-3.82 (m,
1H), 3.88 ppm (dt, J=7.9, 43 Hz, 1H); "CNMR (75 MHz): 6=-4.5,
—4.3, 141, 18.1, 22.6, 25.4, 25.9 (3C), 28.5, 29.3, 29.56 (2C), 29.58 (2C),
29.61 (2C), 29.64 (2C), 29.9, 31.9, 34.6, 66.4, 71.9, 72.4, 73.4, 82.3,
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82.5ppm; IR (KBr): #=3356cm™'; MS (FAB): m/z: 503 [M+H]*;
HRMS (FAB): m/z: caled for CyxHsO;Si: 503.4132; found: 503.4144
[M+H]™".

(28,58,65,95,10R)-10- (tert-Butyldimethylsilyloxy)-6,9-epoxydocosane-
1,2,5-triol (8d): The procedure was the same as that used for preparation
of 8a and gave 8d as a colorless oil. [a]}=-10.2 (¢=0.91 in CHCL);
'"HNMR: §=0.04 (s, 3H), 0.05 (s, 3H), 0.87-0.90 (m, 12H), 1.23-1.37
(m, 21H), 1.46-1.70 (m, 7H), 1.83-2.00 (m, 3H), 2.02-2.04 (m, 1H), 3.41
(ddd, /=92, 6.7, 1.8 Hz, 1H), 3.47 (ddd, J=11.0, 7.3, 4.3 Hz, 1H), 3.62
(ddd, J=11.0, 6.7, 3.7 Hz, 1H), 3.65-3.70 (m, 1H), 3.70-3.74 (m, 1H),
3.75-3.80 (m, 2H), 3.86 ppm (ddd, J=7.9, 6.1, 3.7 Hz, 1H); "C NMR
(67.8 MHz): 6=-4.4, —4.1, 14.2, 182, 22.7, 25.5, 26.0 (3C), 26.1, 28.5,
29.4, 29.6, 29.65, 29.68, 29.69, 29.72, 29.8, 29.9, 30.0, 32.0, 34.8, 66.8, 72.2,
73.1, 74.3, 82.0, 82.4 ppm; IR (KBr): #=3340 cm™'; MS (FAB): m/z: 503
[M+H]*; HRMS (FAB): m/z: caled for C,HsOsSi: 503.4132; found:
503.4159 [M+H]*.
(28,5R,6S,95,10R)-1,2-O-Isopropylidene-6,9-epoxydocosane-1,2,5,10-
tetrol (9¢): The procedure was the same as that used for preparation of
9a and gave 9¢ as a white waxy solid. M.p. 54.0-55.0°C; [a]5=—5.5 (c=
0.54 in CHCL); 'H NMR: 6=0.87 (t, J=7.0 Hz, 3H), 1.34 (s, 3H), 1.40
(s, 3H), 1.24-1.66 (m, 25H), 1.75-1.89 (m, 5H), 2.08 (br, 1H), 2.36 (br,
1H), 3.52 (dd, J=7.9, 7.0 Hz, 1H), 3.76-3.81 (m, 2H), 3.89-3.92 (m, 2H),
4.04 (t, J=7.0 Hz, 1H), 4.06-4.11 ppm (m, 1H); "C NMR (75 MHz): 6 =
14.1, 22.6, 25.1, 25.6, 25.7, 26.0, 26.9, 29.0, 29.3, 29.5, 29.58, 29.61 (2C),
29.64,29.7, 30.1, 31.9, 32.4, 69.5, 71.9, 72.0, 76.2, 82.8, 83.0, 108.9 ppm; IR
(KBr): #=3456 cm™'; MS (FAB): m/z: 429 [M+H]*; HRMS (FAB): m/z:
caled for C,sH,4Os5: 429.3580; found: 429.3589 [M+H] ™.
(25,55,68,98,10R)-1,2-O-Isopropylidene-6,9-epoxydocosane-1,2,5,10-tetrol
(9d): The procedure was the same as that used for preparation of 9a and
gave 9d as a white waxy solid. M.p. 47.5-48.5°C; [a]5=—8.2 (c=0.64 in
CHCL,); '"HNMR: 6=0.87 (t, J=7.0 Hz, 3H), 1.34 (s, 3H), 1.40 (s, 3H),
1.25-1.57 (m, 24H), 1.61-2.02 (m, 6H), 2.77 (br, 1H), 3.43 (dt, J=6.7,
6.1 Hz, 1H), 3.53 (dd, /=7.6, 7.3 Hz, 1H), 3.78-3.82 (m, 1H), 3.84 (dt,
J=179, 6.1 Hz, 1H), 3.88 (ddd, /=9.2, 5.5, 3.1 Hz, 1H), 4.04 (dd, /J=7.6,
6.1 Hz, 1H), 4.10-4.15 ppm (m, 1H); *CNMR (75 MHz): 6=14.1, 22.7,
25.1,25.7, 26.0, 26.9, 28.6, 29.26, 29.33, 29.5, 29.56, 29.59, 29.63 (2C), 29.7
(2C), 31.9, 325, 69.3, 71.4, 74.0, 75.8, 82.3, 83.1, 108.9 ppm; IR (KBr):
7#=3454 cm™'; MS (FAB): m/z: 429 [M+H]"; HRMS (FAB): m/z: calcd
for C,sH,9Os5: 429.3580; found: 429.3561 [M+H]™*.

(28,5R,6R 9R,10R)-10-(tert-Butyldimethylsilyloxy)-2,5-dihydroxy-6,9-ep-
oxydocosanyl 2,4,6-triisopropylbenzenesulfonate (11a): 2.4,6-Triisopro-
pylbenzenesulfonyl chloride (239 mg, 0.263 mmol) was added to a solu-
tion of 8a (132 mg, 0.263 mmol) in pyridine (0.79 mL) and CH,Cl,
(1.3 mL) with stirring at 0°C. After 21 h at room temperature, water was
added and the mixture was extracted with EtOAc. The combined organic
layers were washed with brine, dried, and the solvent was evaporated.
The residue was purified by chromatography over silica gel with hexane/
EtOAc (4:1) as eluant to give 11a (144 mg, 71%) as a colorless oil.
[a]Z=+47.3 (c=1.28 in CHCl,); '"H NMR: 6=0.05 (s, 3H), 0.06 (s, 3H),
0.87-0.88 (m, 12H), 1.26-1.70 (m, 45H), 1.72-1.77 (m, 1 H), 1.84-1.98 (m,
2H), 2.70 (br, 1H), 2.91 (sep, J=6.7 Hz, 1H), 2.97 (br, 1H), 3.36-3.40
(m, 1H), 3.53-3.56 (m, 1H), 3.76 (dt, J=7.9, 6.7 Hz, 1H), 3.84 (dt, J=
8.5, 6.1 Hz, 1H), 3.93-3.95 (m, 1H), 3.95 (dd, J=12.5, 6.7 Hz, 1H), 4.02
(dd, J=12.5, 6.7 Hz, 1H), 4.14 (sep, J=6.7 Hz, 2H), 7.19 ppm (s, 2H);
BCNMR (75 MHz): 6=-4.6, —4.2, 14.1, 182, 22.6, 23.5 (2C), 24.67
(2C), 24.69 (2C), 25.3, 25.9 (3C), 28.3, 28.5, 28.7, 29.3, 29.4, 29.5 (2C),
29.58 (3C), 29.6 (2C), 29.8, 31.9, 33.2, 34.2, 69.3, 72.5, 74.3, 75.1, 82.2,
82.3, 123.8 (2C), 129.1, 150.8 (2C), 153.8 ppm; IR (KBr): #=3545cm™;
MS (FAB): m/z: 769 [M+H]*; HRMS (FAB): m/z: caled for
C3Hg, O,SSi: 769.5472; found: 769.5491 [M+H]*.
(2R,5R,6R,9R,10R)-10-(tert-Butyldimethylsilyloxy)-2,5;6,9-diepoxy-1-do-
cosanol (13a): K,CO; (122 mg, 0.880 mmol) was added to a solution of
11a (135 mg, 0.176 mmol) in MeOH (1.8 mL) with stirring at 0°C. After
2 h, the ice bath was removed and the mixture was stirred for 19 h at
room temperature. Water was added and the mixture was extracted with
EtOAc. The combined organic layers were washed with brine, dried, and
the solvent was evaporated. The residue was purified by chromatography
over silica gel with hexane/EtOAc (5:1) as eluant to give 13a (67.1 mg,
79%) as a colorless oil. [a]¥=+10.3 (c=1.21 in CHCL); 'HNMR: 6=
0.05 (s, 3H), 0.06 (s, 3H), 0.85-0.91 (m, 12H), 1.26-1.51 (m, 22H), 1.61—
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1.75 (m, 4H), 1.84-1.99 (m, 5H), 3.48 (ddd, /J=11.0, 6.1, 5.5 Hz, 1H),
3.66 (ddd, /=8.5, 5.5, 3.7 Hz, 1H), 3.69-3.72 (m, 1H), 3.85-3.92 (m, 2H),
3.97 (ddd, /=79, 6.1, 55Hz, 1H), 410-4.14 ppm (m, 1H); *C NMR
(75 MHz): 6=-4.7, —4.3, 14.1, 18.2, 22.6, 25.9 (3C), 27.0, 27.4, 28.5, 28.6,
29.3, 29.60 (4C), 29.64 (2C), 29.8, 31.9, 32.1, 64.6, 74.6, 79.8, 81.9, 82.0,
82.2ppm; IR (KBr): #=3452cm™; MS (FAB): m/z: 485 [M+H]*;
HRMS (FAB): m/z: caled for CyxHsO,Si: 485.4026; found: 485.4034
[M+H]*.

(2RS,45)-4-[ (3R, 4 R,7 R,8 R)-8 - (tert-Butyldimethylsilyloxy)-3'- (p-tolu-
enesulfonyloxy)-4',7'-epoxyicosanyl]-2-phenyl-1,3-dioxolane  (15a): A
mixture of 7a (180 mg, 0.306 mmol) and Et;N (0.021 mL, 0.153 mmol) in
EtOAc (3.1 mL) was hydrogenated over 10% Pd/C (9.0 mg) with stirring
at room temperature for 6 h. The Pd/C was filtered off and the filtrate
was concentrated under reduced pressure to give a crude alcohol 14a.
pTsCl (292 mg, 1.53 mmol) was added to a solution of the crude 14a in
pyridine (1.2 mL) with stirring at 0°C. The stirring was continued at
room temperature for 15h. The reaction was quenched with saturated
NH,CI, and the mixture was extracted with EtOAc. The combined organ-
ic layers were washed with saturated NH,Cl, water, and brine, dried, and
the solvent was evaporated. The residue was purified by chromatography
over silica gel with hexane/EtOAc (20:1 to 5:1) as eluant to give 15a
(197 mg, 87%) as a colorless oil. [a]y=+9.5 (c=1.32 in CHCL);
'HNMR: §=0.01 (s, 3H), 0.02 (s, 3H), 0.86 (s, 9H), 0.88 (t, J=6.7 Hz,
3H), 1.25-1.37 (m, 22H), 1.58-1.76 (m, 5H), 1.80-1.98 (m, 3H), 2.41 (s,
1.5H), 2.42 (s, 1.5H), 3.43-3.47 (m, 1H), 3.52 (dd, J=7.9, 6.7 Hz, 0.5H),
3.58 (dd, J=7.9, 6.7 Hz, 0.5H), 3.83-3.87 (m, 1H), 4.00-4.05 (m, 1H),
4.03 (dd, J=179, 6.7Hz, 0.5H), 4.10-4.16 (m, 1H), 4.19 (dd, J=7.9,
6.1 Hz, 0.5H), 4.58 (dt, J=6.7, 43 Hz, 0.5H), 4.62 (dt, J=7.3, 43 Hz,
0.5H), 5.76 (s, 0.5H), 5.84 (s, 0.5H), 7.26-7.31 (m, 3H), 7.36-7.47 (m,
4H), 7.78-7.81 ppm (m, 2H); *C NMR (75 MHz): 6 =—4.6, —4.4, 14.0,
18.1, 21.5, 22.6, 25.6, 259 (3C), 27.0 (0.5C), 27.1, 272 (0.5C), 27.5
(0.5C), 27.6 (0.5C), 29.2, 29.3, 29.5 (2C), 29.55 (2C), 29.59, 29.8, 31.8,
32.6, 69.7 (0.5C), 70.4 (0.5C), 74.6, 76.0 (0.5C), 76.7 (0.5C), 78.8 (0.5C),
78.9 (0.5C), 82.0, 84.3 (0.5C), 84.5 (0.5C), 102.9 (0.5C), 104.0 (0.5C),
126.3, 126.6, 127.7 (2C), 1282 (2C), 129.0 (0.5C), 129.2 (0.5C), 129.5
(2C), 1345 (0.5C), 134.6 (0.5C), 137.6 (0.5C), 1382 (0.5C), 144.3 ppm;
IR (KBr): #=1599, 1460 cm™'; MS (FAB): m/z: 767 [M+Na]"; HRMS
(FAB): m/z: caled for C,HNaO,SSi: 767.4353; found: 767.4373
[M+Na]*.
(25,55,6R,9R,10R)-10-(tert-Butyldimethylsilyloxy)-2,5;6,9-diepoxy-1-do-
cosanol (13b): A solution of 15a (190 mg, 0.257 mmol) in THF (3.1 mL)
was hydrogenated over 10 % Pd/C (9.5 mg) with stirring at room temper-
ature for 22h. THF (20mL) and NaH (62.6% in oil, 39.4 mg,
1.03 mmol) were added to the reaction mixture at 0°C. After 3h at
40°C, the reaction mixture was quenched with water at 0°C, and the mix-
ture was extracted with EtOAc. The combined organic layers were
washed with brine, dried, and the solvent was evaporated. The residue
was purified by chromatography over silica gel with hexane/EtOAc (4:1)
to give 13b (96.2 mg, 77%) as a colorless oil. [a]7=+15.4 (¢=0.71 in
CHCL;); 'HNMR: 6=0.05 (s, 3H), 0.07 (s, 3H), 0.86-0.91 (m, 12H),
1.23-1.47 (m, 22H), 1.62-1.82 (m, 3H), 1.88-2.08 (m, 5H), 3.48 (ddd, J=
11.3, 54, 49 Hz, 1H), 3.56 (ddd, J=6.7, 6.1, 3.7 Hz, 1H), 3.63-3.67 (m,
1H), 3.87 (dt, J=7.3, 6.1 Hz, 1H), 3.89-3.94 (m, 2H), 4.11 ppm (ddt, /=
11.3, 6.7, 3.1 Hz, 1H); *CNMR (75 MHz): 6=-4.7, —4.2, 14.1, 182,
22.6, 25.6, 25.9 (3C), 27.3, 27.5, 28.9, 29.0, 29.3, 29.56 (2C), 29.60 (2C),
29.64, 29.8, 31.9, 32.8, 64.8, 75.1, 79.9, 81.2, 81.5, 82.5 ppm; IR (KBr): 7=
3446 cm™'; MS (FAB): m/z: 485 [M+H]"; HRMS (FAB): m/z: calcd for
CsH5,0,Si: 485.4026; found: 485.4041 [M+H]*.
(25,55,6R,9R,10R)-10-(tert-Butyldimethylsilyloxy)-2,5-dihydroxy-6,9-ep-
oxydocosanyl 2,4,6-triisopropylbenzenesulfonate (11b): The procedure
was the same as that used for preparation of 11a and gave 11b as a color-
less oil. [a]3=+8.9 (c=0.91 in CHCl;); 'HNMR: 6=0.04 (s, 3H), 0.05
(s, 3H), 0.86-0.88 (m, 12H), 1.25-1.45 (m, 42H), 1.55-1.68 (m, 2H),
1.73-1.82 (m, 3H), 1.89-1.94 (m, 1H), 2.59 (br, 1H), 2.91 (sep, J=6.7 Hz,
1H), 3.44-3.58 (m, 2H), 3.74-3.76 (m, 1H), 3.79-3.83 (m, 1H), 3.88-3.92
(m, 2H), 3.96-4.02 (m, 2H), 4.14 (sep, /=6.7 Hz, 2H), 7.18 ppm (s, 2H);
BCNMR (75MHz): 0=-4.6, —4.2, 14.1, 18.3, 22.7, 23.5 (2C), 24.70
(2C), 2472 (2C), 25.4, 25.5, 26.0 (3C), 28.0, 28.8, 29.3, 29.58 (2C), 29.61
(3C), 29.64 (2C), 29.8, 30.5, 31.9, 33.0, 34.2, 69.7, 72.0, 72.7, 75.3, 81.9,
82.6, 123.8 (2C), 129.1, 150.8 (2C), 153.8 ppm; IR (KBr): #=3354 cm™';
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MS (FAB): m/z: 769 [M+H]*; HRMS (FAB): m/z: caled for
C3Hg,O,SSi: 769.5472; found: 769.5484 [M+H]*.

(2R,58,6R 9R,10R)-10-(tert-Butyldimethylsilyloxy)-2,5:6,9-diepoxy-1-do-
cosanol (13¢): The procedure was the same as that used for preparation
of 13a and gave 13c¢ as a colorless oil. [a]y =+0.055 (c=0.91 in CHCL);
'HNMR: 6=0.05 (s, 3H), 0.07 (s, 3H), 0.86-0.88 (m, 12H), 1.26-1.50
(m, 22H), 1.59-1.76 (m, 2H), 1.82-2.04 (m, 6H), 2.69 (br, 1H), 3.46 (dd,
J=11.6, 43 Hz, 1H), 3.57 (ddd, /=6.7, 5.2, 43 Hz, 1H), 3.75 (dd, J=
11.6, 3.1 Hz, 1H), 3.91 (dt, J=6.7, 5.8 Hz, 1H), 3.91-3.97 (m, 1H), 4.03
(dt, J=7.9, 58 Hz, 1H), 4.06-4.10 ppm (m, 1H); *C NMR (75 MHz):
0=-4.6, —4.3,14.1,18.2,22.7,25.6, 25.9 (3C), 27.3, 27.4, 29.0, 29.4, 29.59
(2C), 29.63 (2C), 29.7 (2C), 29.9, 31.9, 32.8, 65.7, 74.8, 79.8, 81.1, 82.2,
82.4ppm; IR (KBr): #=3442cm™'; MS (FAB): m/z: 507 [M+Na]*;
HRMS (FAB): m/z: caled for C,sHsNaO,Si: 507.3846; found: 507.3828
[M+Na]*.
(2RS,45)-4-[(3'S.4' R,T'R,8 R)-8'-(tert-Butyldimethylsilyloxy)-3'- (p-tolu-
enesulfonyloxy)-4',7'-epoxyicosanyl]-2-phenyl-1,3-dioxolane (15b): The
procedure was the same as that used for preparation of 15a and gave
15b as a colorless oil. [a]j =+8.2 (¢=1.09 in CHCL;); 'H NMR: 6=0.01
(s, 3H), 0.02 (s, 3H), 0.86 (s, 9H), 0.88 (t, J=7.0 Hz, 3H), 1.25-1.43 (m,
22H), 1.57-1.94 (m, 8H), 2.41 (s, 1.2H), 2.43 (s, 1.8H), 3.43 (dt, J=5.5,
49 Hz, 1H), 3.55 (dd, /=79, 6.1 Hz, 0.4H), 3.59-3.63 (m, 1.6H), 3.95
(dt, J=7.3, 6.1 Hz, 1H), 4.05 (dd, /J=7.9, 6.7 Hz, 0.4H), 4.17-4.22 (m,
1.6H), 4.67-4.71 (m, 1H), 5.77 (s, 0.4H), 5.84 (s, 0.6H), 7.28-7.33 (m,
2H), 7.35-7.39 (m, 3H), 7.44-7.47 (m, 2H), 7.78-7.81 ppm (m, 2H);
BCNMR (75 MHz): 6=—4.7, —43, 14.1, 18.1, 21.5, 22.6, 25.4, 25.9 (3C),
27.3,27.7,27.88 (0.4C), 27.95 (0.6 C), 28.2 (0.6C), 28.4 (0.4C), 29.3, 29.56
(2C), 29.58 (2C), 29.6, 29.8, 31.9, 32.97 (0.4C), 33.01 (0.6C), 69.8 (0.4C),
70.4 (0.6C), 74.9, 75.7 (0.6C), 76.3 (0.4C), 79.3 (0.6C), 79.4 (0.4C), 82.1,
84.0 (0.4C), 84.1 (0.6C), 103.0 (0.6C), 104.0 (0.4C), 126.3, 126.6, 127.72,
127.74, 128.2, 128.3, 129.0 (0.6C), 129.2 (0.4C), 129.5 (2C), 134.7, 137.7
(0.4C), 1382 (0.6C), 1443 ppm; IR (KBr): #=1599, 1460 cm™'; MS
(FAB): m/z: 767 [M+Na]*; HRMS (FAB): m/z: caled for C,HgNaO,S-
Si: 767.4353; found: 767.4373 [M+Na] ™.
(28,5R,6R,9R,10R)-10-(tert-Butyldimethylsilyloxy)-2,5;6,9-diepoxy-1-do-
cosanol (13d): The procedure was the same as that used for preparation
of 13b and gave 15d as a colorless oil. [a]¥=+14.6 (c=0.82 in CHCL);
"HNMR: 6=0.05 (s, 3H), 0.07 (s, 3H), 0.87 (t, J=6.1 Hz, 3H), 0.88 (s,
9H), 1.26-1.52 (m, 22H), 1.69-1.81 (m, 2H), 1.84-1.96 (m, 6H), 2.73—
2.77 (m, 1H), 3.45-3.47 (m, 1H), 3.62 (ddd, /=17.6, 4.9, 4.3 Hz, 1H), 3.77
(dd, J=11.6, 2.7 Hz, 1H), 3.89-3.93 (m, 2H), 4.01 (dt, /J=7.6, 5.8 Hz,
1H), 4.10-4.13 ppm (m, 1H); ®*C NMR (75 MHz): 6=—4.6, —4.3, 14.1,
18.1, 22.7, 25.6, 25.9 (3C), 27.1, 27.3, 28.7, 28.9, 29.3, 29.59 (2C), 29.61
(20C), 29.7, 29.9, 31.9, 32.6, 65.7, 74.5, 80.0, 81.5, 81.6, 82.3 ppm; IR
(KBr): #=3446 cm™'; MS (FAB): m/z: 507 [M+Na]*; HRMS (FAB): m/
z: caled for CyHy;0,Si: 485.4026; found: 485.4032 [M+Na]*.
(28,5R,6S,98,10R)-10-(tert-Butyldimethylsilyloxy)-2,5-dihydroxy-6,9-ep-
oxydocosanyl 2,4,6-triisopropylbenzenesulfonate (11c): The procedure
was the same as that used for preparation of 11a and gave 11c¢ as a color-
less oil. [a]y=-4.9 (c=1.71 in CHCL); 'HNMR: 6=0.03 (s, 3H), 0.05
(s, 3H), 0.86-0.89 (m, 12H), 1.25-1.63 (m, 43H), 1.70-1.93 (m, 5H), 2.29
(br, 1H), 2.83 (br, 1H), 291 (sep, /J=6.7 Hz, 1H), 3.72-3.76 (m, 2H),
3.82 (ddd, /=92, 5.5, 3.7Hz, 1H), 3.89 (ddd, /=92, 5.5, 3.7 Hz, 1H),
3.93-3.97 (m, 2H), 4.02-4.05 (m, 1H), 4.13 (sep, J=6.7Hz, 2H),
7.19 ppm (s, 2H); "CNMR (75 MHz): 0=-4.5, —4.3, 14.1, 18.1, 22.6,
23.5(2C), 24.66 (2C), 24.68 (2C), 25.4, 25.5,25.9 (3C), 27.9, 29.3, 29.50,
29.53 (2C), 29.57 (3C), 29.61 (2C), 29.7, 29.8, 31.9, 34.2, 34.5, 69.1, 72.0,
72.5,73.4,82.2, 82.5, 123.8 (2C), 129.0, 150.8 (2C), 153.8 ppm; IR (KBr):
7#=3431 cm™'; MS (FAB): m/z: 769 [M+H]*; HRMS (FAB): m/z: calcd
for C3Hg,O,SSi: 769.5472; found: 769.5511 [M+H]*.
(2R,5R,6S,95,10R)-10-(tert-Butyldimethylsilyloxy)-2,5;6,9-diepoxy-1-do-
cosanol (13e): The procedure was the same as that used for preparation
of 13a and gave 13e as a colorless oil. [a]5=-10.5 (c=1.12 in CHCL);
"H NMR: 6=0.05 (s, 6H), 0.86-0.88 (m, 12H), 1.25-1.36 (m, 22H), 1.65-
2.07 (m, 9H), 3.48 (ddd, /=11.6, 6.1, 5.5 Hz, 1H), 3.65 (ddd, /=11.6, 6.7,
3.1 Hz, 1H), 3.75-3.78 (m, 1H), 3.87 (dt, /J=8.5, 6.1 Hz, 1H), 3.90 (ddd,
J=85,6.7,3.7Hz, 1H), 3.94 (dt, /=6.7, 6.1 Hz, 1H), 4.08-4.13 ppm (m,
1H); "CNMR (75 MHz): 6=-4.5, —4.3, 14.1, 18.1, 22.7, 25.4, 25.6, 25.9
(3C), 27.3, 28.7, 28.8, 29.3, 29.5, 29.56, 29.61 (2C), 29.64, 29.8, 31.9, 34.7,
64.9, 73.4, 79.9, 81.4, 81.5, 82.4 ppm; IR (KBr): #=3460 cm™'; MS (FAB):
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mlz: 507 [M+Na]*; HRMS (FAB): m/z: caled for CyxHsNaO,Si:
507.3846; found: 507.3842 [M+Na]*.

(2RS,45)-4-[ (3R 4'S,7'S,8 R)-8'-(tert-Butyldimethylsilyloxy)-3'-(p-toluene-
sulfonyloxy)-4',7-epoxyicosanyl]-2-phenyl-1,3-dioxolane (15¢): The pro-
cedure was the same as that used for preparation of 15a and gave 15¢ as
a colorless oil. [a]5=-5.8 (c=1.19 in CHCL;); 'HNMR: 6=—-0.04 (s,
1.8H), —0.03 (s, 1.2H), —0.003 (s, 1.8H), 0.002 (s, 1.2H), 0.84-0.85 (m,
9H), 0.88 (t, /=6.7 Hz, 3H), 1.26-1.30 (m, 22H), 1.65-1.91 (m, 8H), 2.41
(s, 1.8H), 2.42 (s, 1.2H), 3.36 (ddd, J=11.6, 5.5, 3.1 Hz, 1H), 3.47-3.50
(m, 1H), 3.58 (dd, /=7.9, 6.7 Hz, 0.4H), 3.65 (dd, J=7.3, 6.7 Hz, 0.6H),
3.90 (ddd, J=11.6, 7.3, 4.9 Hz, 1H), 4.07 (dd, J=7.3, 6.7 Hz, 0.6 H), 4.12—
4.18 (m, 1H), 423 (dd, /=79, 6.7Hz, 0.4H), 4.66 (ddd, /=73, 43,
3.7Hz, 0.6H), 4.70 (ddd, /=7.3, 4.3, 3.7 Hz, 0.4H), 5.77 (s, 0.6 H), 5.86 (s,
0.4H), 7.25-7.30 (m, 2H), 7.37-7.41 (m, 3H), 7.45-7.48 (m, 2H), 7.77-
7.81 ppm (m, 2H); *CNMR (75 MHz): 6=—-4.7, —4.3, 14.1, 18.1, 21.5,
22.6,25.0,25.5,25.9 (3C), 27.3,27.9 (0.6C), 28.0 (0.4C), 29.0 (0.4C), 29.1
(0.6C), 29.3, 29.51, 29.54, 29.58 (2C), 29.61, 29.8, 31.9, 34.6, 69.9 (0.6C),
70.5 (0.4C), 72.8, 76.2 (0.4C), 76.9 (0.6C), 79.2 (0.6C), 79.3 (0.4C), 82.5,
84.7 (0.6C), 84.8 (0.4C), 103.0 (0.4C), 104.0 (0.6C), 126.3, 126.6, 127.8
(20), 128.3 (2C), 129.0 (0.4C), 129.2 (0.6C), 129.4 (2C), 134.7 (04C),
134.8 (0.6C), 137.7 (0.6), 138.1 (0.4C), 144.1 ppm; IR (KBr): 7=1599,
1460 cm™'; MS (FAB): m/z: 767 [M+Na]*; HRMS (FAB): m/z: calcd for
C,,HNaO;SSi: 767.4353; found: 767.4344 [M+Na]*.
(25,55,68,95,10R)-10-(tert-Butyldimethylsilyloxy)-2,5;6,9-diepoxy-1-doco-
sanol (13f): The procedure was the same as that used for preparation of
13b and gave 13f as a colorless oil. [a]3=-0.59 (c=1.18 in CHCL);
'"H NMR: 6=0.035 (s, 3H), 0.044 (s, 3H), 0.85-0.87 (m, 12H), 1.23-1.34
(m, 22H), 1.55-1.73 (m, 3H), 1.78-1.97 (m, 5H), 2.21 (br, 1H), 3.47 (dd,
J=11.6, 5.5 Hz, 1H), 3.67 (dt, J=11.6, 2.4 Hz, 1H), 3.79-3.80 (m, 1H),
3.81-3.89 (m, 2H), 3.89-3.93 (m, 1H), 4.06-4.10 ppm (m, 1H); *C NMR
(75 MHz): 6=—-4.6, —4.3, 14.1, 18.1, 22.6, 25.4 (2C), 25.9 (3C), 27.4, 28.6
(20), 29.3, 29.5, 29.55, 29.59 (2C), 29.62, 29.8, 31.9, 34.8, 64.6, 73.4, 79.7,
81.8, 82.0, 82.3 ppm; IR (KBr): #=3344cm™'; MS (FAB): m/z: 507
[M+Na]*; HRMS (FAB): m/z: caled for C,sHscNaO,Si: 507.3846; found:
507.3852 [M+Na]*.

(25,58,68,95,10R)-10- (tert-Butyldimethylsilyloxy)-2,5-dihydroxy-6,9-epoxy-
docosanyl 2,4,6-triisopropylbenzenesulfonate (11d): The procedure was
the same as that used for preparation of 11a and gave 11d as a colorless
oil. [a]¥*=-6.5 (¢=1.13 in CHCL); '"HNMR: 6=0.03 (s, 3H), 0.04 (s,
3H), 0.86-0.88 (m, 12H), 1.25-1.63 (m, 44H), 1.76-1.98 (m, 4H), 2.77
(br, 1H), 2.91 (sep, J=6.7 Hz, 1H), 3.37 (ddd, /=92, 6.7, 2.1 Hz, 1H),
3.47 (br, 1H), 3.73-3.77 (m, 2H), 3.84 (ddd, /=7.9, 6.1, 3.7 Hz, 1H),
3.88-3.93 (m, 1H), 3.97 (dd, J=9.8, 6.4 Hz, 1H), 4.00 (dd, /=9.8, 4.9 Hz,
1H), 4.14 (sep, J=6.7 Hz, 2H), 7.18 ppm (s, 2H); *C NMR (67.8 MHz):
0=—-44, —4.1, 142, 182, 22.7, 23.6 (2C), 24.78 (2C), 24.80 (2C), 25.5,
26.0 (3C), 26.2, 28.5, 29.4, 29.5, 29.61, 29.63, 29.68 (4C), 29.72, 29.9, 30.0,
32.0, 34.3, 34.8, 69.4, 72.7, 73.1, 74.1, 82.0, 82.3, 123.7 (2C), 129.0, 150.7
(2C), 153.6 ppm; IR (KBr): #=3417 cm™'; MS (FAB): m/z: 769 [M+H]*
; HRMS (FAB): m/z: calcd for C,;3Hg O,SSi: 769.5472; found: 769.5488
[M+H]*.
(2R,58,65,95,10R)-10-(tert-Butyldimethylsilyloxy)-2,5;6,9-diepoxy-1-doco-
sanol (13g): The procedure was the same as that used for preparation of
13a and gave 13g as a colorless oil. [a]3=-104 (c=1.03 in CHCL);
"H NMR: 6=0.038 (s, 3H), 0.044 (s, 3H), 0.85-0.87 (m, 12H), 1.24-1.34
(m, 22H), 1.75-2.03 (m, 8H), 3.09 (br, 1H), 3.44 (dd, J=11.6, 3.1 Hz,
1H), 3.76 (dd, J=11.6, 2.4 Hz, 1H), 3.80-3.83 (m, 1H), 3.88-3.94 (m,
3H), 4.10-4.14 ppm (m, 1H); "CNMR (75 MHz): 0=—4.6, —4.3, 14.1,
18.1, 22.7, 25.3, 25.6, 25.9 (3C), 27.6, 28.9, 29.2, 29.3, 29.53, 29.55, 29.60
(2C), 29.64, 29.8, 31.9, 34.7, 66.1, 73.0, 79.9, 81.4, 81.5, 82.8 ppm; IR
(KBr): #=3421 cm™'; MS (FAB): m/z: 485 [M+H]"; HRMS (FAB): m/z:
caled for C,3Hs;0,Si: 485.4026; found: 485.4027 [M+H]*.
(2RS,45)-4-[(3'S,4'S,7'S,8' R)-8 -(tert-Butyldimethylsilyloxy)-3'-(p-toluene-
sulfonyloxy)-4',7'-epoxyicosanyl]-2-phenyl-1,3-dioxolane (15d): The pro-
cedure was the same as that used for preparation of 15a and gave 15d as
a colorless oil. [a]Z=-1.1 (c=1.39 in CHCl;); '"HNMR: 6=-0.07 (s,
1.8H), —0.06 (s, 1.2H), —0.011 (s, 1.8H), —0.007 (s, 1.2H), 0.84-0.85 (m,
9H), 0.88 (t, /=7.0Hz, 3H), 1.26-1.30 (m, 22H), 1.61-1.94 (m, 8H),
2.415 (s, 1.8H), 2.423 (s, 1.2H), 3.55-3.58 (m, 1.4H), 3.64 (dd, J=7.9,
6.7 Hz, 0.6H), 3.67-3.71 (m, 1H), 3.95-4.00 (m, 1H), 4.06 (dd, J=7.9,
6.7Hz, 0.6H), 4.17-4.23 (m, 1H), 422 (dd, /=6.7, 6.1 Hz, 0.4H), 4.58
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(ddd, J=6.7,5.5, 49 Hz, 1H), 5.77 (s, 0.6 H), 5.85 (s, 0.4H), 7.26-7.30 (m,
2H), 7.37-7.38 (m, 3H), 7.44-7.46 (m, 2H), 7.79-7.81 ppm (m, 2H);
BCNMR (75 MHz): 6 =—4.7, —4.3, 14.1, 18.1, 21.5, 22.6, 25.2, 25.5, 25.9
(3C), 27.1 (0.6C), 27.4 (0.4C), 27.9 (0.6C), 28.0 (0.4C), 28.6 (0.4C), 28.8
(0.6C), 29.3, 29.52, 29.55, 29.59 (2C), 29.62, 29.8, 31.9, 34.6, 69.8 (0.6C),
70.5 (0.4C), 72.8, 75.7 (0.4C), 76.3 (0.6C), 78.6 (0.6C), 78.7 (0.4C), 82.5,
84.4,103.0 (0.4C), 104.0 (0.6C), 126.3, 126.6, 127.86, 127.88, 128.2, 128.3,
129.0 (0.4C), 129.2 (0.6C), 129.4 (2C), 134.6, 137.6 (0.6C), 138.2 (0.4C),
144.20 (0.6C), 144.22 ppm (0.4C); IR (KBr): #=1599, 1460 cm™'; MS
(FAB): m/z: 767 [M+Na]*; HRMS (FAB): m/z: calcd for C,,HNaO,S-
Si: 767.4353; found: 767.4354 [M+Na]*.

(28,5R,6S,95,10R)-10- (tert-Butyldimethylsilyloxy)-2,5;6,9-diepoxy-1-doco-
sanol (13h): The procedure was the same as that used for preparation of
13b and gave 13h as a colorless oil. [a]Z=+3.0 (c=1.10 in CHCL);
'"HNMR: 6=0.03 (s, 3H), 0.05 (s, 3H), 0.85-0.87 (m, 12H), 1.23-1.34
(m, 22H), 1.50-1.58 (m, 1H), 1.79-2.01 (m, 7H), 3.09 (br, 1H), 3.41-3.43
(m, 1H), 3.73-3.74 (m, 1H), 3.76-3.77 (m, 1H), 3.87 (ddd, /=179, 5.8,
3.1Hz, 1H), 3.96 (ddd, J=7.3, 6.7, 43 Hz, 1H), 4.07-4.13 ppm (m, 2H);
BCNMR (75 MHz): 6 =-4.6, —4.3, 14.1, 18.1, 22.7, 25.4, 25.5, 26.0 (3C),
26.7, 27.6, 28.8, 29.3, 29.52, 29.55, 29.61 (2C), 29.64, 29.8, 31.9, 34.7, 66.0,
73.1,79.9, 81.0, 82.2, 82.9 ppm; IR (KBr): #=3442 cm™'; MS (FAB): m/z:
485 [M+H]*; HRMS (FAB): m/z: calcd for C,sHs;,0,Si: 485.4026; found:
485.4033 [M+H]*.
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First Investigation of Non-Classical Dihydrogen Bonding between an Early
Transition-Metal Hydride and Alcohols: IR, NMR, and DFT Approach

Ekaterina V. Bakhmutova,”™ Vladimir I. Bakhmutov,**! Natalia V. Belkova,*"!
Maria Besora,! Lina M. Epstein,” Agusti Lledés,*! Georgii I. Nikonov,*!

Elena S. Shubina,”” Jaume Tomas,'! and Eugenii V. Vorontsov

Abstract: The interaction of [NbCp,H;]
with fluorinated alcohols to give dihy-
drogen-bonded complexes was studied
by a combination of IR, NMR and
DFT methods. IR spectra were exam-
ined in the range from 200-295 K, af-
fording a clear picture of dihydrogen-
bond formation when [NbCp,H,]/
HOR; mixtures (HOR; = hexafluoro-
isopropanol (HFIP) or perfluoro-tert-
butanol (PFTB)) were quickly cooled
to 200 K. Through examination of the
OH region, the dihydrogen-bond ener-
getics were determined to be 4.5+
0.3 kcalmol™ for TFE (TFE = tri-
fluoroethanol) and 5.7+0.3 kcalmol ™
for HFIP. 'H NMR studies of solutions
of [NbCp,HPH*] and HFIP in [Dy]tolu-
ene revealed high-field shifts of the hy-
drides H* and HB, characteristic of di-
hydrogen-bond formation, upon addi-
tion of alcohol. The magnitude of
signal shifts and 7, relaxation time
measurements show preferential coor-
dination of the alcohol to the central

Introduction

The basicity of transition-metal hydrides is a well document-
ed phenomenon, manifesting in, for example, various hy-

hydride H”, but are also consistent
with a bifurcated character of the dihy-
drogen bonding. Estimations of hy-
dride-proton distances based on T
data are in good accord with the results
of DFT calculations. DFT calculations
for the interaction of [NbCp,H;] with a
series of non-fluorinated (MeOH,
CH;COOH) and fluorinated (CF;OH,
TFE, HFIP, PFTB and CF;COOH)
proton donors of different strengths
showed dihydrogen-bond formation,
with binding energies ranging from
—5.7 to —12.3 kcalmol ™', depending on
the proton donor strength. Coordina-
tion of proton donors occurs both to
the central and to the lateral hydrides
of [NbCp,H;], the former interaction
being of bifurcated type and energeti-
cally slightly more favourable. In the

Keywords: ab initio calculations -
hydrides - hydrogen bonds - IR
spectroscopy « NMR spectroscopy

[b]

case of the strong acid H;O%, the
proton transfer occurs without any bar-
rier, and no dihydrogen-bonded inter-
mediates are found. Proton transfer to

[NbCp,H;]  gives  bis(dihydrogen)
[NbCp,(W*-H,),]* and dihydride(dihy-
drogen) complexes [NbCp,(H),(n*

H,)]* (with lateral hydrides and central
dihydrogen), the former product being
slightly more stable. When two mole-
cules of TFA were included in the cal-
culations, in addition to the dihydro-
gen-bonded adduct, an ionic pair
formed by the cationic bis(dihydrogen)
complex [NbCp,(n’-H,),]* and the ho-
moconjugated anion pair (CF;COO-
H--OOCCF;)” was found as a mini-
mum. It is very likely that these ionic
pairs may be intermediates in the H/D
exchange between the hydride ligands
and the OD group observed with the
more acidic alcohols in the NMR stud-
ies.

dride-transfer processes and in hydride-bridged structure
formation.! One major recent achievement in this area was

the discovery of non-classical hydrogen bonds between tran-
sition-metal hydrides and proton donors, also called a “dihy-
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drogen bond”.**! Having small interaction enthalpy, hydro-
gen bonding usually results only in small perturbations of
the electronic structures of participating molecules. Never-
theless, it modifies their properties, giving the opportunity
to fine-tune the properties of an organometallic complex.[
For example, the alteration of quantum exchange cou-
plings”! in polyhydride compounds upon dihydrogen-bond
formation has been observed.®! All these studies have been
performed for metals from the late and middle parts of the
transition series, but no example for early transition-metal
complexes has been reported. This is surprising in view of

Abstract in Catalan: La interaccié del [NbCp,H;] amb alco-
hols fluorats per donar complexos amb enllacos de dihidro-
gen ha estat estudiada combinant els metodes IR, RMN i
DFT. S’ha examinat l'espectre IR en [linterval 200-295 K.
S’hi observen senyals clars de formacio d’enllag de dihidro-
gen quan les barreges [NbCp,H;]/HOR; (HOR; = hexafluo-
roisopropanol (HFIP) o perfluoro-tert-butanol (PFTB)) son
rapidament refredades fins a 200 K. A partir de lestudi de la
regi6 OH s’ha determinat que les energies de 'enlla¢ de dihi-
drogen soén 4.5+0.3 kcalmol™ per al TFE (TFE = trifluo-
roetanol) i 5.7+£0.3 kcalmol™ per al HFIP. Els estudis mit-
jancant métodes "H RMN de solucions de [NbCp,HSH"] i
HFIP en dgtolué revelen uns desplacaments cap a camp alt
dels hidrurs H* i H® després de I'addicié de I'alcohol, signe
caracteristic de la formacié d’enllag¢ d’hidrogen. La magnitud
dels desplacaments quimics i dels temps de relaxacio T,
mostra una preferéncia per la coordinacio de I'alcohol a 'hi-
drur central H®, que és consistent amb un cardcter bifurcat
de lenlla¢ de dihidrogen. Les estimacions de les distdancies
hidrur—proté a partir de dades T, estan en concordanca amb
els resultats dels calculs DFT. Aquests cdlculs mostren la for-
macio de Uenllag de dihidrogen entre el [NbCp,H;] i series
de donadors de protons de diferent forca, no fluorats
(MeOH, CH;COOH) i fluorats (CF;OH, TFE, HFIP, PFTB
i CF;COOH). Aquests enllacos tenen energies entre 5.7 i
12.3 kcalmol™, segons la forca del donador. El donador de
protons es pot coordinar tant a [Uhidrur central del
[NbCp,H;] com als laterals, la interaccié sobre I’hidrogen
central és de tipus bifurcat i és energéticament una mica més
favorable que la lateral. En el cas d’un acid fort H;O%, la
tranferéncia protonica es dona sense barrera, i no es troben
intermedis amb enllacos dihidrogen. De la transferéncia pro-
tonica al [NbCp,H;] en resulten els complexos bis(di-
hidrogen) [NbCp,(W-H,),]* i dihidrur(dihidrogen)
[NbCp,(H),(W-H,)]* (amb els hidrurs laterals i el dihidro-
gen central). Dels dos productes, el bis(dihidrogen) és una
mica més estable que el dihidrur(dihidrogen). Quan s’inclou-
en dues molécules de TFA en els calculs, a més a més de 'ad-
ducte amb enllag dihidrogen es troba el minim parell ionic,
format pel complex cationic bis(dihidrogen) [NbCp,(n/’-
H,),]* i el parell anionic homoconjugat (CF;COO--
H-OOCCF;)~. Aquests parells ionics poden ser intermedis
en Uintercanvi H/D entre els lligands hidrur i el grup OD ob-
servat en els estudis de RMN amb els alcohols més acids.
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the fact that in a comparable ligand environment, the more
electropositive early transition metal renders the hydride
more basic and, hence, a stronger dihydrogen bond would
be expected.

Some of us have previously showed that basic metal-hy-
dride bonds of 18-electron Group 5 metallocene trihydrides
undergo direct reactions with Group 14 and 15 Lewis
acids.”)’ Analogous coordination of Group 13 Lewis acids to
the same system was studied by quantum mechanical calcu-
lations."”) [NbCp,H,]"!! appears to be a perfect candidate
with which to study the phenomenon of dihydrogen bonding
in the early transition-metal hydrides, because this com-
pound has basic hydrides, but no coordination vacancy or
lone pairs on the metal or any other site of the complex,
thus providing a very clear “picture” of the hydride and
proton interactions. In addition, the structural and spectro-
scopic properties of this compound have previously been
thoroughly studied experimentally by X-ray!' and NMR re-
laxation techniques,! and computationally by DFT calcula-
tions."¥

Here we report a comprehensive investigation of the in-
teraction of [NbCp,H;] with proton donors by a combina-
tion of IR, NMR and DFT methods.

Results and Discussion

IR studies: Infrared spectroscopy has proved itself to be the
most informative and useful method by which to investigate
hydrogen-bond phenomena in solutions and solids.'”! Study
of the M—H stretching region provides identification and as-
signment of the dihydrogen-bond formation, whereas the
OH stretching region in the IR spectrum provides strong
evidence of hydrogen bonding and allows one to obtain
quantitative information about the energetics of interaction.
Given our previous experience in this field,”**! we set out
to study the hydrogen bonding of [NbCp,H;] with several
proton donors of different strengths: perfluoro-fert-butanol
(PFTB), hexafluoroisopropanol (HFIP) and trifluoroethanol
(TFE).

IR spectra of the [NbCp,H;]/ROH systems in the voy
region show a typical picture of hydrogen-bond formation
(Scheme 1), exhibited by proton donors in the presence of

& »

Nb—H

Q\H

HOR¢ @ S HOR,
P m— Nb—H"

P m—
NS S
HOR¢ = fluorinated alcohols

Scheme 1. Hydrogen-bond formation in [NbCp,H;]/ROH systems.

hydrides. We carried out the IR measurements at low ROH
concentrations to avoid self association at room tempera-

ture. The intensities of free voy bands decrease and new,

broad, low-frequency bands of the bonded group (vioe

appear. The voy band shift (Avey = vs—viR®!) depends
on the strength of proton donors (Table 1).
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Table 1. IR spectral characteristics of the hydrogen-bonded adducts of
[NbCp,Hj;] (1) with alcohols.

VOH free VOH bonded Avoy —AH Ej[al
[em™] [em™] [em™] [kcalmol ]
TFE 3628 3380 248 4.6 0.91
HFIP 3621 3270 33300 5.7 0.95
3585

[a] The basicity factor as defined in Equation (2). [b] Medium value of
tWO Vou ree Dands was used for Avgy calculation.

It is known that a new low-frequency ligand stretching vi-
bration band (such as v¢o, Vno» VM1, Vmn) indicates that this
ligand is a proton-accepting site. The bands of the ligands
not participating in the hydrogen bonding shift upwards.”"
IR study of [NbCp,Hj] is straightforward in that only hy-

Abstract in Russian: BsaumopneiictBue [NbCp,H;] co
(GTOpHpOBaHHBIMHM ~ CHHMPTaMHM, TNpuUBOJsALlEe K 0Opa3oBaHHIO
KOMILJIEKCOB C «IAHBOJOPOJHOI» CBA3bIO, OBIIO U3yYEHO METOJAMH
UK, AMP u T®II (DFT). UK cnekTpbl, H3MepeHHbIe B AUANa30He
200-295 K, yeTko noka3bIBaloT 06pa3oBaHie AUBOAOPOAHON CBA3H
B ciy4ae 6sicTpo oxnaxaeHHo# cMecu [NbCp,H;/HORy (HOR; =
rexcaprop-2-nponanon  (HFIP) wnu  nepdrop-Tper-GyTaHon
(PFTB)). OHrtanbnuu o0pa3oBaHUs AUBOJOPOAHOH cBsA3u (AH)
onpeneneHsl Mo o6jacTd BaNeHTHbIX Kojebanuit OH-rpynn u
cocrapmsior  —4.580.3 kkan wmoms” mis  TFE  (TFE=
TpudTopaTaHon) u —5.7+0.3 kkan mons ans HFIP. 'H SIMP
uccnenosanus pactBopoB [NbCp,H®,H”] u HFIP B Tonyone-ds
nokasbiBatoT cMeleHde H® 1 H” ruapuaHbix CMrHaNOB B CHIBHOE
niojie npy J00aBJIEHHH CIIMUPTA, YTO SBJSETCS XapaKTEpHOW 4epToi
o0pa3oBaHus AUBOAOPOAHOH cBA3H. OTHOCHTENbHAs BeJNHYHHA
CHBHIa CUTHAJIOB M M3MepeHHe BpeMeH penakcaiuu T yka3siBaloT
Ha MPEANOYTUTENIBHYI0 KOOPAHWHALMIO CIMPTA MO LEHTPAIBHOMY
ruapuny H®, onmako Takke cormacylotcs M ¢ 6ubYypKaTHBIM
XapaKTepoM AMBOJOPOAHOM cBsi3H. OLeEHKa pacCTOSHHUS THAPHI-
MPOTOH, OCHOBaHHAas Ha [JaHHBIX T|, XOpOLIO corjacyercs c
pesynbTatamu pacyetoB TOPII. Pacuetsi T®PII B3aumomeHcTBUSA
[NbCp,H;] ¢ cepueit HedropupoBanHeix (MeOH, CH;COOH) u
¢ropuposannbix (CF;OH, TFE, HFIP, PFTB u CF;COOH)
NPOTOHOJOHOPOB pa3IMYHOM CHJIBI MOKa3bIBAlOT 00pa3oBaHHE
JIMBOLOPOJHOM CBA3UM C JHepruei B3auMoneicTBus ot —5.7 mo
~12.3 kkan MOJb' B 3aBHCHMOCTH OT CHJIBI MpPOTOHOJOHOPA.
KoopauHauus  NOPOTOHOAOHOPOB  MPOHUCXOOMT  Kak MO
LIEHTpaJIbHOMY, TaK 1 no 6okoBoMy ruapuaam [NbCp,H;], mpuuem
niepBoe B3auMoeHcTBHe ABNsAeTcA 6HdypKaTHBIM H SHEPreTHYECKU
HEMHOTo Gonee BHITOAHBIM. B ciywae cunmbHoit kucnots H;O'
MepeHoc MPOTOHA MNpOMCXoAUT 6e3 OGapbepa, M AHNBOJOPOAHO-
CBsi3aHHbIE MHTEepMeauaTsl He obpasytorcs. [IpoToHHpoBaHHe
[NbCp,H;] npuBoaut k GHC-IHBOXOPOAHOMY [Nbsz(nz-Hz)z]+ u
JIMBOJIOPOJ-AUTHAPHAHOMY KOMILIEKCaM [Nbsz(H)z(nz-Hz)]+ (c
GOKOBBIMH THIPHUIAMH M MOJIEKYJIOH THUBOAOPOJA B LEHTPAIBHOM
MOJIOXKEHUH), NPUYEM MePBbIi MPOAYKT HEMHOro Gosiee cTabuIIeH.
Korna mse monekynsi CF;COOH 6buti BKIIOYEHBI B pacueT, B
JIOTIONIHEHHE K IHMBOAOPOJHO-CBA3aHHOMY ajAyKTy Obul HalineH
MHHAMYM, TpHHQJUIeKAllWi MOHHOH mape, o0Opa3oBaHHOH
KaTHOHHBIM OUC-TUBOAOPOAHBIM KOMILJIEKCOM [Nbsz(nz-Hz)zT u

romoconpspkeHHbIM aHuoHOM (CF3;COO:----H:**OOCCF3)". Takue
HOHHBIE Mapbl, BECbMa BEpPOSTHO, MOTYT OBITH MHTEpPMEJHaTaMH
H/D obmena mexnay ruapuaHbiMu aurangamu u OD-rpynmno#,
KOTOpBIi Habmopancs B sxkMnepumenTax SIMP ¢ ucnonp3zoBanuem
GoJiee KUCIBIX CIIUPTOB.

Chem. Eur. J. 2004, 10, 661 —671 www.chemeurj.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

dride ligands can be the site of proton attack. Two types of
nonequivalent hydrides—one central (H*) and two lateral
(H®)—in the bisecting plane of the niobocene moiety are
present in the molecule of [NbCp,Hj;]. Since the symmetry
of the molecule is C,,, three fundamental M—H stretching vi-
brations (2a,+b,) should, in principle, be observed in the IR
spectra.l'®! Being very close to each other,' however, in
methylcyclohexane they give only an average band vy, of
medium intensity at 1724 cm™'. A decrease in the tempera-
ture leads to a steady decrease in the intensity of this band,
due to a fall in solubility.

Addition of HFIP and PFTB to a saturated solution of
[NbCp,H;] in methylcyclohexane at room temperature re-
sults in an approximately twofold decrease in the vy, band
intensity (Figure 1). The band broadens and its half-width

0.4
A S '[NbszHa]
- - - [NbCp,Hs] + HFIP
0.3 —— [NbCp;Hs] + PFTB

1800 1700

. 1600
Vv/iem™

Figure 1. Room temperature IR spectra of [NbCp,Hj;] (1) in the presence
of HFIP and PFTB.

(Avy\p) increases to 45 and 60cm™' in the presence of

HFIP and PFTB, correspondingly (the initial Awi gy is
32cm™!). The appearance of high- and low-frequency
shoulders on the vy, y band (band broadening) indicates
H--H complex formation. A steady decrease in the tempera-
ture to 200 K leads to a drastic decrease and broadening of
the band. This trend is opposite to what would be expected
on the basis of an equilibrium between the hydrogen-
bonded and the free hydride, which should favour the for-
mation of the complexed species at low temperature. The
most likely cause of this trend is the precipitation of the ini-
tial hydride due to a drastic fall in solubility.

In contrast, rapid cooling of mixtures of [NbCp,H;] with
PFTB and HFIP in methylcyclohexane to 200 K results in a
dramatically different picture. IR spectra recorded immedi-
ately after preparation of the mixtures show a sharp increase
in the integral intensity and the formation of two new bands
(Figure 2). The intensity of the vy,y band of the starting tri-
hydride decreases in the presence of HFIP (¢ = 0.05Mm) and
practically disappears in the presence of PFTB (¢ = 0.05m),
while new, low- and high-frequency bands appear. The low-
frequency shifted band (Av = —30-35 cm™!) can be assigned
to a vy stretching mode of the hydride ligand bonded to
alcohol. The high-frequency bands at 1751-1746 cm™' (Av =
+22-27 cm™") are attributable to vy of the terminal NbH
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1900 1800 1700 , 1600
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Figure 2. IR spectra of [NbCp,H;] (1) in the presence of HFIP or PFTB
at 200 K.

group of complexes with dihydrogen bonding. Comparison
of the IR spectra of [NbCp,Hj;] in the presence of HFIP and
PFTB shows that the equilibrium between the dihydrogen-
bonded complexes and starting trihydride shifts further to
the right in the case of a stronger proton donor. IR spectra
taken after rapid cooling to 230-270 K show formation of
only one broad band of high intensity, while repeated re-
cording of spectra from the same sample at any temperature
between 200 and 270 K shows a steady decrease in this
band. Further heating to room temperature restores the in-
tensity of the band to the values obtained when the reac-
tants are mixed at room temperature. These observations
suggest that rapid cooling of the sample and immediate re-
cording of the low-temperature IR spectra allow us to over-
come the problem of the low solubility of [NbCp,H;] at low
temperatures and to show the shift of the equilibrium to the
dihydrogen-bond formation on cooling.

Strength of the NbH--HO hydrogen bond: The hydrogen-
bonding enthalpy (—~AH’) of the NbH--HO bond was deter-
mined from the empirical correlation —AH’ versus Avgy
[Eq. (1)] proposed by Iogansen for organic systems!" and
employed by some of us?** for dihydrogen bonds.

18Avon

— 0 —_— =
AR = 3730 (1)

So far this has been used as a very simple and convenient
method to determine the hydrogen-bond strength. Here it
turned out to be the only method available, because we
could not exactly determine the concentration of the trihy-
dride [NbCp,H;] due to its partial precipitation from the so-
lution at low temperatures.

Calculations performed with Equation (1) showed that
the dihydrogen bonds NbH--HOR in the [NbCp,H;]/HOR
system are of medium strength, namely —AH’ = 45+
0.3 kcalmol ™ for TFE and 5.7+0.3 kcalmol™ for HFIP.
The E; basicity factor™ value [Eq. (2)] of 0.93 shows that

AH
E = xm,P, 2)
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this hydride is indeed quite basic and that its proton-accept-
ing properties are comparable with those of hydride ligands
in [ReH{CH;C(CH,PPh,);}(CO),] (0.97)" and [WH(CO),-
(NO)(PMe;),] (0.91).5%

NMR studies: The formation of intermolecular dihydrogen
bonds between transition-metal hydride complexes and
Brgnsted acids can be readily identified by '"H NMR techni-
ques.'’l Tt has been shown that dihydrogen bonding affects
two NMR parameters: the hydride chemical shift and the T}
relaxation time. Upon complexation with a proton donor
the hydride signal shifts to high field, which is typical for a
hydride occupying a bridging position, whereas the 7| relax-
ation time diminishes because a proton in the vicinity of a
hydride provides an additional source of relaxation.

'H NMR and 'H T, relaxation studies of dihydrogen
bonding between [NbCp,H*H?] (1) and HFIP have been
performed in [Dg]toluene. In full accord with previous re-
sults,® the variable-temperature 'H NMR spectra of free 1
show that the chemical shifts of the hydride ligands are only
slightly dependent on the temperature. Both hydride reso-
nances undergo insignificant low-field shifts (H* and H® by
0.10 and 0.05 ppm, respectively) on cooling in the 295-230 K
temperature region. Also in agreement with related stud-
ies, ™ the hydride ligands in 1 show 'H Ty times of 0.109
and 0.133 s for the H* (central) and H® (lateral) protons, re-
spectively (190 K, 400 MHz). In addition, the T, time of
the Cp protons is measured as 1.024 s. The addition of an
equivalent of HFIP to the solution of 1 results in a high-
field shift of the H* hydride resonance from —2.38 to
—3.67 ppm at 230 K. On cooling to 180 K this resonance ap-
pears at —4.03 ppm (Figure 3). The effect of the presence of

N

220K

210K

190K

DANE

180 K

26 28 30 32 34 36 -38 40 42 44 46
S /ppm
Figure 3. '"H NMR spectra for the interaction of 1 with HFIP.

HFIP on the chemical shift of H® is less pronounced
(Figure 3). Nevertheless, the H® resonance also undergoes a
high-field shift on addition of HFIP, from -3.40 to
—3.81 ppm at 230 K. As a result, both signals overlap at
about 210 K. An increase in the concentration of HFIP mag-
nifies this trend and at a ratio of 1 to HFIP of 1:2 the over-
lap is already observed at 250 K. These data can be inter-
preted well in terms of the formation of dihydrogen bonds
with the participation of both hydride ligands, with the pref-
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erential formation of a dihydrogen bond to the central
ligand (H*). These results are also consistent with a bifur-
cated character of this dihydrogen bonding (see DFT calcu-
lations). In support of the occurrence of dihydrogen bond-
ing, we have measured the variable-temperature 'H T, times
from the solution containing an equivalent of HFIP. The
main feature of the data collected is the fact that the T,
time of the CH proton of the alcohol goes through a mini-
mum (0.136s) at 210 K, very close to the temperature of
minimal relaxation times for all the resonances of
[NbCp,H;] (200 K). Taking the small inertia moment of the
free alcohol into account, such behaviour provides good evi-
dence for intermolecular interactions between 1 and HFIP.
Unfortunately, the 7, times of the hydride ligands, measured
in the presence of an equivalent of HFIP, show minimum
values when the two hydride resonances overlap, whereas
the addition of 5-10 equivalents of HFIP to 1 results in
rapid decomposition into unidentified products, apparently
because of complete proton transfer. The overlapped hy-
dride signals show a 'H Tyminy time of 0.106s (200 K).
Taking into account the twofold difference in the integral in-
tensities of H* and HBE, this relaxation time characterises the
HP resonance. In the absence of HFIP, the 7y, (H") time
was determined as 0.133s. Thus HFIP causes a shortening
of Tl(mm)(HB), usually attributed to additional dipole—dipole
interactions due to hydride—proton contacts.'”) This pro-
ton-hydride relaxation contribution is calculated as 1.91 5!
(0.1067'-0.1337") and translates into a H®--HO distance of
1.92 A by a standard treatment.'”? The overlap of resonan-
ces H* and H® does not provide a direct measurement of
Ty miny(H*). At higher temperatures (higher than the temper-
ature of the recording of the minimal relaxation time by 20,
30 and 40 K), however, resonances H”* and H® are observed
separately, providing the relaxation measurements (Table 2).

Table 2. The 'H T, relaxation times (in [Dg]toluene) of 1, I/HFIP (1:1) and 1/[D,JHFIP (1:1), measured for li-
gands H* and H® at temperatures higher than the temperatures of observations of minimal times (min) by 10,

20, 30 and 40 K.

are based on the assumption of a complete shift of the equi-
librium towards the hydrogen-bonded complexes. In spite of
this, the HA-HO and H®-HO distances correspond well to
the results of DFT calculations, discussed in the next sec-
tion.

To verify the above conclusions experimentally, we at-
tempted the Ty, measurements for a Nb—H--DOR dihy-
drogen-bond complex. The low-temperature addition of an
equivalent of [D;]JHFIP to a solution of 1 in toluene showed
the expected high-field shifts of hydride resonances H* and
H® with decreasing temperature. Unfortunately, the NMR
spectra also revealed a very fast isotopic exchange between
1 and [D,]HFIP, resulting in the formation of a mixture of
isotopomers [NbCp,H;], [NbCp,DPHPH*] and
[NbCp,HPHED?]. In good agreement with the high-field iso-
tope shifts,'¥ the H* ligands in [NbCp,H’H”] and
[NbCp,DPHPH”] give the resonances at —3.78 and
—3.82 ppm with an integral intensity ratio of 3:1 at 240 K.
Poorly resolved H® signals of the isotopomers are observed
at —3.86 ppm. It is evident that the H/D exchange reduces
the probability of the formation of Nb—H*-~DOR bonds in
relation to Nb—H"--HOR complexes. Nevertheless, taking
account of the 3:1 ratio described above, the probability of
the Nb—H*-~-DOR formation is significantly higher. Table 2
provides data from the '"H T, measurements for this isotopo-
meric mixture, leading to the following conclusions. Firstly,
the T, times practically do not differ from those previously
reported for the same isotopomeric mixture except in the
absence of [D,JHFIP."® According to reference [13] the in-
crease in T; on going from [NbCp,H®HPH?%] to the D iso-
mers is explained in terms of reduction of HA-H® dipole-
dipole interactions. Secondly, the T;(H*) times in the pres-
ence of [D,JHFIP are remarkably elongated with respect to
those measured for 1:HFIP. This effect clearly demonstrates
the decrease in the hydride—
proton dipole—dipole interac-
tions in the Nb-H"-DOR
pairs. Thirdly, the Ty (H)
times in free 1 and in the Nb—

H”~DOR complex are practi-

OT [K] 1 VHFIP = 1:1 1/[D,JHFIP = 1:1

T,(H*) T,(H®) T,(H*) T,(H®) T,(H*) T,(HMM T,(H®)  cally identical. This strongly
min 0.109 0.132 0.086k! 0.106 0.108 14l 0.142 supports the above estimation
10 0.116 0.146 fe] 0.120 0.147 0.182 0.211 of the relaxation contribution
20 0.167 0221 0.125 0.167 0.190 0.239 0.291 due to the HA~HO contacts.
30 0.253 0.345 0.149 0.222 0.272 0.311 0.401 Finally it is very likely that
40 0.367 0.500 0.221 0.333 >

[a] Estimated value. [b] Data for isotopomer [NbCp,H®DPH*]. [c] Data for the composite resonance of the H®
ligands in the isotopic mixture. [d] The H” signals of [NbCp,H®*HPH"] and [NbCp,HP®D®H?"] overlap. [e] The

signals of H* and H® overlap.

Comparison of these data with the 7; times, collected in a
solution of 1 in [Dg]toluene, shows that HFIP shortens the
T, times of both hydride resonances. On the basis of the
trend in Table 2 one can estimate T, (H*) as 0.086s. In
turn, the proton-hydride dipolar contribution is calculated
as 2.46 57!, corresponding to a H*-+HO distance of 1.84 A.
The distance estimations are semiquantitative, because they

Chem. Eur. J. 2004, 10, 661 —671 www.chemeurj.org

this H/D exchange between
the hydride ligands and OD
group of the alcohol may pro-
ceed through the dihydrogen
complexes found in the DFT
calculations described below.

DFT study of the dihydrogen bonding

Structure and binding energy of the NbH--HOR complexes:
The interaction of [NbCp,H;] (1) with a series of proton
donors of weak and medium strengths [CH;OH (MeOH),
CH,COOH (AcH), CF,OH (TFM), CF;CH,0H (TFE),
(CF;),HCOH (HFIP), (CF,);COH (PFTB) and CF;COOH
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(TFA)] was studied by DFT calculations. In all cases the for-
mation of a dihydrogen-bonded adduct was observed. Be-
cause 1 has two basic sites, the central H* and lateral H® hy-
drides, two coordination isomers are possible and for each
of the proton donors considered; both forms, labelled as ¢
(central) and s (side), were found as true minima on the po-
tential-energy surface. The optimised structures with the
non-fluorinated proton donors are shown in Figure 4 and
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Figure 4. Optimised structures for the lateral (s) and central (¢) adducts
of 1 with MeOH and AcH.

those with the fluorinated ones in Figure 5. The main struc-
tural parameters and the interaction energies are collected
in Table 3. The formation of the dihydrogen bond is reflect-
ed in the lengthening of the Nb—H and O—H bond lengths
from their values in the isolated compounds. The hydrogen-
bond energies span a range between 5 and 12 kcalmol ™.
After correction of the basis set superposition error (BSSE)
the adducts are still stable, with interaction energies be-
tween 3 and 8 kcalmol™! (Table 3). These values compare
well with the calculated values reported in the literature for
this kind of interaction,®!¥! although it has been shown that
theoretical values obtained in the gas phase overestimate
the strength of the H--H interaction.'”) From the structural
and energetic values the hydrogen bonds in this series of
[NbCp,H;]-HOR adducts can be classified as moderate.!

In agreement with the experimentally obtained results,
the formation of the central adduct to the hydride H* is fav-
oured in almost all the systems, although for a given proton
donor the energy differences between adducts of the central
(H*) and lateral (H®) hydrides are small (less than 1.5 kcal -
mol™). This behaviour can be attributed to the higher
hydridic character of H*. In [NbCp,H;] the Nb—H* bond is
significantly longer (0.014 A) than the two Nb—HP® bonds,
suggesting less efficient electron donation in this site and
thus a more hydridic character for H*. However, a fast ex-
change of the ROH molecule between the A and B sites
can be expected from the low energy difference found be-
tween the two isomers. At high concentrations of the acid
both positions could be occupied. The magnitude of the
H---H interaction, reflected both in the H---H distance and in
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Figure 5. Optimised structures for the lateral (s) and central (¢) adducts
of 1 with TFM, TFE, HFIP, PFTB and TFA.

the AE of interaction correlates with the proton donor
strength. Although the trihydride—alcohol interaction is
stronger in the central adducts, for a given proton donor the
H--H distance is shorter in the lateral adduct than in the
central one. This apparent contradiction is explained by the
bifurcated nature of the central dihydrogen-bond complexes.
The proton is further away from H* in ¢ than from H® in s,
but in ¢ there is an additional short proton--Hjy distance
(see Table 3). As a result, the Nb—Hj bond length corre-
sponding to the hydride H® closest to the proton is slightly
elongated. The (Nb)H-H-O and Nb-H-H(O) angles also
confirm the bifurcated nature of these hydrogen bonds.
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Table 3. Main geometrical parameters [distances in A and angles in degrees] and binding energies AE [kcalmol '] of the lateral (s) and central (c) dihy-

drogen-bonded complexes 1:-HOR.

Nb-H* Nb—HEE Nb-H® H-OR! H--HOR (Nb)H-H-O Nb-H-H(O) AEY

[NbCp,H;] (1) 1.751 1.737 1.737

(1-MeOH)s 1.752 1.749 1.733 0.972(0.965) 1.781 159.7 150.4 —-5.7(-3.3)
(1-MeOH)c 1.759 1.738 1.736 0.972 1.792/2.59312! 160.6 133.4 —6.7(—4.1)
(1-AcH)s 1.752 1.752 1732 0.988(0.972) 1.668 164.0 128.8 —8.3(—4.8)
(1-AcH)e 1.759 1.741 1.734 0.986 1.7071/2.1911! 60.1 130.6 —8.6(—5.8)
(1-TFE)s 1.752 1753 1.731 0.979(0.967) 1.677 163.6 147.4 —~8.7(—4.8)
(1-TFE)c 1.763 1.737 1.734 0.979 1.64611/2.8021°! 170.1 139.6 ~8.7(-5.9)
(1-HFIP)s 1.751 1753 1.730 0.986(0.969) 1.583 164.1 152.8 —-10.2(-3.8)
(1-HFIP)c 1.750 1.741 1.730 0.985 1.6351/2.0741 164.3 126.0 —9.5(—4.5)
(1-PFTB)s 1.751 1.755 1.728 0.992(0.969) 1.510 165.7 155.9 —10.9(-5.1)
(1-PFTB)c 1.755 1.740 1731 0.990 158912, 0541! 165.3 125.6 —11.1(-6.4)
(1-TFA)s 1.750 1.756 1.729 1.001(0.973) 1.467 170.9 148.7 —~10.0(-7.5)
(1-TFA)c 1.764 1.742 1.733 0.996 1.587¢/2.0861"! 161.4 128.6 —11.3(-8.7)
(1-TFM)s 1.751 1.762 1.728 0.997(0.968) 1.503 174.5 134.0 —11.9(-6.7)
(1-TFM)e 1.764 1.741 1.734 0.990 1.670/1.9611! 159.0 121.9 —~12.3(-8.0)

[a] Hydride H® closest to the proton. [b] Values in brackets are O—H bond lengths in free alcohols ROH. [c] Hydride H*. [d] BSSE-corrected binding en-

ergies in brackets.

While the former angle has similar values in the central and
lateral adducts (between 160 and 170°), the latter is much
more closed in the central complexes. The values of the Nb-
H”-H(O) angle (about 125°) place the proton not very far
from the hydride H® (at about 2 A) in the central adducts.
Additional interactions between the fluorine substituents
and the H atoms of the Cp rings (in TFM, TFE, HFIP and
PFTB) or between the carbonyl oxygen and the H atoms of
the Cp rings (in AcH and TFA) further contribute to the
stabilisation of the adducts. The shortest distances between
the hydrogen atoms of the Cp rings and the F or O atoms
are about 2.3-2.4 A.

The binding energies of the fluorinated proton donors are
higher than those of the non-fluorinated ones. The weakest
dihydrogen bond is formed with MeOH, and the strongest
with TFA and TFM. The order of the [NbCp,H;]-HOR in-
teractions is: MeOH < AcH~TFE < HFIP < PFTB ~TFA <
TFM. When the BSSE is corrected the binding energies are
considerably reduced, but the order is little affected. The
only exception occurs with the HFIP adducts. Without con-
sideration of the HFIP adducts, the mean percentage of the
BSSE in the calculated binding energy is 42.4 % for the side
adducts and 34.3% for the central ones. Correction for the
larger BSSE found in the HFIP adducts [62.6% in (1-
HFIP), and 52.3% in (1-HFIP)/] places HFIP between
MeOH and AcH in the ordering of the proton donors by
their binding energies.

The presence of the proton donor breaks the pseudo C,,
symmetry of the trihydride niobocene. Now the two lateral
hydrides Hy are no longer equivalent. The Nb—H bond
lengths already show this nonequivalence, but the main con-
sequences are to be found in the H*--H® distances. Because
of the C,, symmetry of the isolated [NbCp,H;], its two later-
al hydrides H® are equidistant from H* (H*--H®
1.776 A). In the central adducts with proton donors the cen-
tral hydride H” interacting with the proton moves away
from the H® closest to the proton and approaches the
second noninteracting hydride H® (H®). For instance, in
([NbCp,H;]' TFA), the HA--HP separation is 1.901 A and the
HA--H® distance is 1.738 A. Similarly, in the lateral adducts

Chem. Eur. J. 2004, 10, 661 —671 www.chemeurj.org

the HB—proton interaction induces a remarkable shortening
of the H*-H® distance. For instance, in ([NbCp,H;]-TFA),
the H”--H® separation is 1.808 A, whereas the H*--H® dis-
tance is 1.722 A. These structural changes can be understood
by regarding these hydrogen bonds as incipient proton-
transfer reactions.”” At the limit, increasing dihydrogen
bonds should lead to a complete transfer of the proton on
the hydride and result in the formation of a n>dihydrogen
ligand. Indeed, there is mounting evidence that the H---H di-
hydrogen-bond complexes constitute important intermedi-
ates of transition-metal hydride protonation.’'”! Protona-
tion at H* should give a H*~H dihydrogen ligand and so
the central adducts could be intermediates in the formation
of a dihydrogen—dihydride product. Protonation at H® pro-
duces a HB—H dihydrogen ligand. The formation of this 7-
acceptor ligand in the coordination sphere of niobium could
induce the formation of a second dihydrogen ligand through
the approach of H* to H®. The decrease in the H*-H® dis-
tances in the lateral adducts indicates that these dihydrogen-
bonded complexes could be intermediates in the formation
of a bis(dihydrogen) product. The same behaviour was
found in a theoretical study of the trihydride niobocene with
Lewis acids.'”! The decrease in the electron density around
the metal caused by the interaction between the lateral hy-
dride H® and the proton induces the incipient formation of
a H*--H® bond.

We have tried to obtain the proton-transfer products—
namely, the ion pairs composed of the Nb-dihydrogen
cation and the RO anion—but all attempts to optimise such
structures have ended up in the initial hydride—proton ad-
ducts. The protonation of a transition-metal hydride in the
gas phase appears to be a difficult process with the weak or
moderate proton donors considered above. The reaction en-
ergies AE (+168.4, +131.5, +105.4, +144.7, +125.4, +107.4
and +103.8 kcalmol ') were calculated in the gas phase for
the proton-transfer reactions with MeOH, AcH, TFM, TFE,
HFIP, PFTB and TFA, respectively. Looking at the thermo-
dynamics of the proton transfer from R—OH to [NbCp,H;],
it is clear that this reaction in the gas phase is highly unfav-
ourable. This is an expected result, in view of the fact that
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this process entails the creation of two net charges (+ and
—) from two initially neutral species. The final products
could only be obtained if a polar solvent were to assist the
charge-separation process by solvolysis of the ions. The en-
thalpies of protonation in solution must be much lower. For
technical reasons relating to the size of the systems it was
not possible to calculate the solution values of these ener-
gies. However, we think that the obtained AE values should
be usable to classify this series of RO—H proton donors ac-
cording to their tendency to protonate [NbCp,H;]. It is
worth mentioning that the protonation energies follow the
same trend as the magnitude of the H--H interactions, rein-
forcing the assumption of dihydrogen-bond formation as in-
cipient proton-transfer reactions.

Proton transfer from H;0% to [NbCp,H;]: We have also
studied the interaction of a strong acid, modelled as H;O*,
with [NbCp,H;]. In this case no dihydrogen-bonded species
was obtained as a minimum. With this strong acid a proton
transfer to the hydride occurs without any barrier, leading
to dihydrogen complexes (Figure 6). The process (1+H;O0"
—[NbCp,(37*-H,),] T + H,0) is very exothermic in the gas
phase (AE = —58.9 kcalmol ™).
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Figure 6. The optimised structures of 1 and the protonation products [NbCp,(n>-H,),]* (2) and [NbCp,H,(n?*

H)[* (3).

As for the other proton donors, two isomers correspond-
ing to the protonation of H* and H® result. The protonation
at the lateral hydride H® gives the compound 2 shown in
Figure 6. Compound 2 is a bis(dihydrogen) complex
[NbCp,(n*H,),]". In this compound, as a result of the for-
mation of the H®H dihydrogen ligand, the two remaining
hydrogen atoms approach in such a way that another dihy-
drogen ligand H*H® is formed. In 2 there are some differ-
ences in the bonding parameters of the two M—H, units and
the two M—H distances of each coordinated H, are slightly
different.

The formation of the bis(dihydrogen) complex 2 can be
compared with what happens when a m-acceptor ligand is
present in a [MCp,H,L]* system:*") namely, the m-acceptor
ligand stabilises the dihydrogen form. The d* [MCp,LH]
complexes behave as Lewis bases and they can therefore be
protonated by acids at room temperature to give the corre-
sponding cationic complexes. When L is a m-acceptor ligand,
the dihydrogen complex can be prepared.” Compounds
such as [NbCp',(n*-H,)(CO)]™ and [NbCp',(n*-H,)(CNR)]*
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have been thoroughly studied both experimentally and com-
putationally. In 2, one of the dihydrogen ligands can be re-
garded as playing the role of a m-acceptor ligand L, and
such behaviour has previously been observed in other sys-
tems.”!

In [MCp,H,L]" there is a possibility of finding two stereo-
isomers, depending on whether the two hydrides are cis
(cisoid) or whether L is placed between them (transoid). In
addition to the cisoid-isomer 2, in which the two cis-hydrides
approach to form a dihydrogen molecule, we have also
found the transoid-isomer, actually a dihydrogen—dihydride
structure (3) (Figure 6), the product of protonation of the
central hydride H* in 1. Structure 3 lies only 1.7 kcalmol™
above the bis(dihydrogen) form 2. The short H-H distance
(0.817 A) and long M—H distances (1.963 A) in the Nb-1’-
H, unit of 3 suggest that a very easy H, release can take
place in this compound.

These results clearly show that the dihydrogen species are
formed from the interaction of 1 with strong acids. Previous-
ly, protonation of metallocene hydrides had been experi-
mentally addressed in the case of [MCp,H,] (M = Mo, W).
It was shown that protonation by HCI occurs through dihy-
drogen intermediates.”*"

Influence of homoconjugated
anionic species [RO--H--OR]~
on the protonation: The impor-
tance of the homoconjugate
pairs formed by the acid and
its conjugate base in the proto-
0 L nation processes of transition-
o - metal hydrides is becoming
o2 recognised.”™ The production
a of such species has been re-
3 garded as the driving force of
the protonation reaction with
not very strong acids. The in-
volvement of two alcohol mol-
ecules and the formation of a
homoconjugate pair in the protonation of [RuCp(H)-
(CO)(PCy);]™***! and [FeCp*(dppe)H]™* has been demon-
strated recently. It has also been reported that treatment of
[TaCp’,H;] (Cp’ = n*-tBuCsH,) with excess trifluoroacetic
acid leads to the formation of the dicarboxylate tantalum(v)
complex [TaCp',(H)(OCOCF;),], with evolution of H,.*
Protonation of the trihydride by TFA has been proposed as
the first step of the reaction. We have theoretically ad-
dressed this possibility in the niobocene trihydride complex,
by considering the participation of two molecules of TFA.
There are multiple possibilities for hydrogen bonding in a
system composed of the trihydride 1 and two molecules of
TFA. As we are interested in the formation of [ROHOR]™
ion, we did not perform a systematic search of all the
minima, but have taken as a starting point the optimised ge-
ometry of 1-TFA (vide supra) and placed a new molecule of
the acid so that it would form a hydrogen bond with the car-
bonyl oxygen of the former. In this way we found the dihy-
drogen-bonded complex 1-2TFA, in which both the H---H
and the O--H hydrogen bonds are present (Figure 7). In this
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Figure 7. The optimised structures of the adducts of 1 with two molecules
of TFA: [NbCp,H;](TFA), (1-2TFA) and [NbCp,(n*-H,),]*-
(OOCCF;+HOOCCF;)” (2-2TFA).

structure a bifurcated dihydrogen bond is found, with the
proton interacting both with the central and with one of the
lateral hydrides. The dihydrogen-bonded complex is found
24.2 kcalmol™"' below the reactants. The extra stabilisation,
of more than 10 kcalmol™' with respect to the monomer
case, is mainly due to the hydrogen bond between the two
TFA molecules. If the sum of the energies of 1 and of the
(CF;COOH), dimer is taken as the origin of the energy, the
interaction energy is only 5.3 kcalmol™'. This low value is
the result of the destabilisation introduced for the rupture
of one strong O—H---O interaction present in the bifurcated
(TFA), dimer, partly compensated for by the new Nb—
H---H-O interaction.

The most important point in consideration of the dimeric
acid species is that the ion pair 2-2TFA formed by the cat-
ionic bis(dihydrogen) complex [NbCp,(1>-H,),]" and the di-
meric counteranion is now found as a minimum, even in the
gas phase. Starting from 2 and (CF;COO--H--OOCCF;)~,
optimisation does not return to the dihydrogen-bonded
complex 1-2TFA, but ends up in the ion pair 2-2TFA
(Figure 7). In this intermediate, one n*-H, ligand acts as a
proton donor to one of the oxygen atoms of the incoming
base CF;COO™, while the hydroxy proton of the second
TFA molecule forms a strong hydrogen bond with the
second oxygen of the carboxylate group. Such an ionic pair
intermediate has been already found in the protonation of a
Ru—H hydride with TFA.'! As a consequence of the hydro-
gen-bond formation, the Nb—H distances in the dihydrogen
ligand interacting with OR™ are not equivalent and the dihy-
drogen is tilted.

Two effects account for the influence of the [ROHOR]~
homoconjugated ion on stabilizing the dihydrogen complex.
On one hand, the reduced basicity of [ROHOR]™ relative to
RO prevents abstraction of the proton from the dihydrogen
complex and allows it to be a stable species. On the other
hand, the presence of a strong [RO:--H--OR]~ hydrogen
bond introduces an additional factor at work, which stabilis-
es the proton-transfer product through the delocalisation of
the negative charge. As a result of the two effects, the bis-
(dihydrogen) complex 2-2TFA is found only 9.1 kcalmol™!
above the dihydrogen-bonded complex 1-2TFA. However,
even with the introduction of an additional TFA molecule,
the charge-separation process leading from the ion pair to
the solvent-separated ions is extremely energy-consuming.
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The gas-phase AE for the hydride protonation with TFA is
reduced from 103.8 kcalmol™ to 66.5 kcalmol™ when the
participation of the second TFA molecule is taken into ac-
count, but this value is still too much higher to justify the
existence of 2 as a product of the protonation with ROH
acids. It has been shown in a study of the protonation of
[RuCp(H)(CO)(PCy);] that solvent plays a major role in as-
sisting the charge-separation step.!"”!

The finding of energetically accessible [NbCp,(1’-H,),]*
[RO--H--OR]~ ion pairs strongly supports our proposal of
the participation of dihydrogen complexes in the observed
H/D exchange between the hydride ligands of [NbCp,Hs;]
and the OD groups of the more acidic alcohols and also ac-
counts for decomposition of [NbCp,Hj;] in the presence of
excess proton donors, such as HFIP, in nonpolar solvents.

Conclusions

Although early transition-metal hydrides are usually formed
by metals in high oxidation states, thanks to the highly elec-
tropositive nature of the early metals they can exhibit a dis-
tinctive hydridic character. In this work the basic nature of
an early transition-metal hydride such as [NbCp,H;] has
been demonstrated by study of the phenomenon of dihydro-
gen-bond formation with perfluorinated alcohols by IR,
NMR and DFT studies. In spite of the formal oxidation
state (v) of the niobium in this complex, the energetics of
the dihydrogen bonds NbH---HOR determined by IR spec-
troscopy are medium in strength, being 4.5(3) kcalmol ™ for
trifluoroethanol and 5.7(3) kcalmol ' for hexafluoroisopro-
panol. The DFT study provides important details on the di-
hydrogen bonding: namely, 1) both nonequivalent hydride
sites of [NbCp,H;] form dihydrogen bonds, the central hy-
dride being the preferential position and 2) coordination of
the protons to the lateral hydride is normal, whereas bond-
ing to the central hydride is bifurcated. From the DFT study
the strength of the [NbCp,H;]-*HOR dihydrogen bond fol-
lows the trend: MeOH < AcH~TFE <HFIP <PFTB~
TFA <TFM. Proton transfer on [NbCp,H;] occurs with
excess alcohol or when stronger acids are used. DFT calcu-
lations showed that the proton transfer products are bis(di-
hydrogen) and dihydride(dihydrogen) complexes, the
former being slightly more stable. Acids as strong as H;O%
afford proton transfer without intermediate formation of di-
hydrogen bonds. According to the DFT study, medium
strength acids such as trifluoroacetic acid can give proton-
transfer products as a consequence of the stabilizing effect
of the homoconjugate anions [RO--H--OR]".

Experimental Section

All operations were carried out under dry argon with use of standard
Schlenk techniques. Methylcyclohexane was dried over Na/K alloy and
distilled before use. The [NbCp,H;] complex was prepared by the litera-
ture method?” and recrystallised from diethyl ether. HFIP, TFE and
PFTB were purchased from commercial sources. O-Deuterated HFIP
was prepared by deprotonation of HFIP by BuLi with subsequent addi-

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 669



www.chemeurj.org



FULL PAPER

V. 1. Bakhmutov, N. V. Belkova, A. Lledés, G. 1. Nikonov et al.

tion of weak D,SO, in D,0O, followed by separation and distillation. IR
studies were carried out as described previously.F!

NMR studies: All NMR studies were carried out by standard techniques
in NMR tubes sealed under vacuum. [Dg]Toluene was dried and deoxy-
genated by conventional procedures. NMR data were collected on
Bruker AC200 and AMX 400 spectrometers. The conventional inver-
sion-recovery method (180-7-90)® was used to determine T,. T\, and
T, relaxation times were measured by application of selective 180°
pulses provided by the decoupler systems of the spectrometers. The dura-
tion and power of the 180° selective pulses (180 ,,~7-90) were regulated
to excite only one or two NMR resonances. The calculation of relaxation
times was made by use of the nonlinear three-parameter fitting routine
of spectrometers. In each experiment, the waiting period was 5 times
longer than the expected relaxation time and 16-20 variable delays were
employed. The duration of pulses was controlled at every temperature.
The errors in 7, determinations were lower than 4 %. The details of re-
laxation theory are given in reference [13].

Computational details: Calculations were performed by use of the Gaus-
sian 98 series of programs.””! Density functional theory (DFT) was ap-
plied with the B3LYP functional.*™® An effective core potential (ECP)C!
and its associated double-£ LANL2DZ basis set® were used for the
niobium atom. The C, O and hydride and hydroxyl H atoms were repre-
sented by use of the 6-31G(d,p) basis set, whereas the 6-31G basis set
was employed for the F and the rest of the H atoms.”? All the geometry
optimisations were full, with no restrictions. The basis set superposition
error (BSSE) was computed by the counterpoise method,* through the
use of the MASSAGE keyword in the Gaussian program.®”!
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Quadricyclane Radical Cation Rearrangements: A Computational Study of
the Transformations to 1,3,5-Cycloheptatriene and Norbornadiene
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Abstract: An alternative skeletal rear-
rangement of the quadricyclane radical
cation (Q'*) explains the side products
formed in the one-electron oxidation
to norbornadiene. First, the bicy-
clo[2.2.1]hepta-2-ene-5-yl-7-ylium radi-
cal cation, with an activation energy of

clo[3.2.0]hepta-2,6-diene radical cation
is an intermediate. The multistep rear-
rangement has a rate-limiting step with
an estimated activation energy of
16.5 kcalmol™!, which is 2.8 kcalmol™
lower in energy than the stepwise
mechanism. However, the lowest acti-

vation energy is found for the Q"% cy-
cloreversion to norbornadiene that has
a transition structure, in close corre-
spondence with earlier studies, and an
activation energy of 10.1 kcalmol™,
which agrees well with the experimen-
tal estimate of 9.3 kcalmol'. The com-

14.9 kcalmol ™', is formed. Second, this
species can further rearrange to 1,3,5-
cycloheptatriene through two plausible
paths, that is, a multistep mechanism
with two shallow intermediates and a
stepwise path in which the bicy-

calculations -

rearrangement

Introduction

Hydrocarbon radical cations are becoming increasingly im-
portant as reactive intermediates in chemistry. This is re-
flected, for example, in the increased use of one-electron ox-
idations in organic chemistry and may lead to enormous
rate accelerations.!! Yet, the understanding of electronic
structure and stability is still rather limited for these reactive
species. The major reason for this is the fast rearrangement
or fragmentation that makes experimental measurements
difficult. An unexpected rearrangement can also lead to
novel structures, not present in the closed-shell equivalent,
that potentially can produce novel chemical transformations.

In the isomerization reactions of quadricyclanes, a facile
conversion from the quadricyclane radical cation (Q'*) to
the norbornadiene radical cation (N**) has become a proto-
type for one-electron oxidation reactions. Because of its ex-
tremely facile conversion the Q/N system has been suggest-
ed as a potential solar-energy storage system.””) Actually, it
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putational estimates of activation ener-
gies were done using the CCSD(T)/6-
311+ G(d,p) method with geometries
optimized on the B3LYP/6-311+
G(d,p) level, combined with B3LYP/6—
311+ G(d,p) frequencies.

functional

was not until 1994 that a direct observation of Q'+ was re-
ported by using electron spin resonance (ESR) spectrosco-
py.”4 The signal disappears after ~1.5us at room tempera-
ture;! all prior experimental studies gave only indications
of its existencel or was characterized as N'*. The computa-
tional studies performed on this cycloreversion agree with
the experimental observations that Q'* is an unstable spe-
cies. Moreover, it is found that the cycloreversion takes
place through a concerted mechanism with a pseudo-Jahn-
Teller distorted transition structure and an estimated activa-
tion energy in the range 5-12 kcalmol .1

However, in several studies, additional radical cation spe-
cies have been observed when starting from Q*+.*™'% From
ESR studies in a CF;CCl; matrix it was concluded that these
additional species were the bicyclo[3.2.0]hepta-2,6-diene
(BHD'*) and the 1,3,5-cycloheptatriene (CHT*) radical
cations.”” The 'H hyperfine coupling constants (hfcc) were
later confirmed by ESR measurements in zeolites, and the
conversion was measured to always be less than 3% of con-
centration.® Interestingly, if Q is substituted with isopro-
pylidene the one-electron oxidation reaction gives only
BHD as product, in quantitative yield.!"") In a recent compu-
tational study, we investigated the mechanism for this alter-
native rearrangement and found that it follows a stepwise
rearrangement path with an intermediate—the bicy-
clo[2.2.1]hepta-2-ene-5-yl-7-ylium radical cation (BHE-")—
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that is ~2.5kcalmol' more stable than BHD'* for
CCSD(T)/6-311+G(d,p)//B3LYP/6-311+G(d,p)  calcula-
tions."? Moreover, we found that the hfcc previously as-
signed to BHD'" agree much better with BHE'*. Thus, we
concluded that the two rearrangements paths Q' can take
is to the major product N'* and to the alternative rearrange-
ment that produces BHE't (Scheme 1).

— oyt H oyt
N H
S
BHE* Q-+ N+

Scheme 1. Rearrangement channels from Q-*.

This other C;Hg'* rearrangement chemistry has attracted
less attention than the Q'*/N-* system, but it could give val-
uable information of the different side products that can be
expected upon substitution and environmental changes. For
instance, CHT"" is observed together with BHE'* and sever-
al deprotonated neutral radicals in ESR studies of Q'* and
Nt in different matrices. Moreover, ESR studies of BHD in
a CFCl; matrix give, after y-irradiation, the hfcc assigned to
BHE " together with a hfcc assigned to CHT*."*! This ob-
servation of CHT'* was ascribed to an electrocyclic ring-
opening reaction of BHD't, but in view of the reinterpreta-
tion of the BHD'" spectra just described, other rearrange-
ment channels that transform BHE-" directly into CHT-*
should be explored (Scheme 2).

H H
—-+ -+
H H
SaH
BHE* N+
[ H
HH —-+ HE -+
BHD* CHT+

Scheme 2. Rearrangement channels from BHE'*.

In this paper we report results from a quantum chemical
study, including estimations of activation energies, for alter-
native rearrangements of the C;Hg'" species Q**. In particu-
lar, we characterize two reaction paths for how BHE'" can
rearrange to CHT'", that is, a multistep rearrangement with
two shallow minima, on the one hand, and a stepwise rear-
rangement through BHD'* with the electrocyclic ring open-
ing, on the other. Furthermore, we also report results for
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the transformation of BHE'* to Nt (Scheme 2) and from
Q" to BHE'" and N'*, respectively (Scheme 1).

Results and Discussion

The optimized structures from B3LYP/6-311+ G(d,p) calcu-
lations of the local minima Q*, N**, BHE'", BHD'" and
CHT:* are displayed in Figure 1 with selected atomic distan-
ces. A comparison of the geometric parameters obtained
from the B3LYP calculations with the MP2/6-311+ G(d,p)
results shows that these are very similar in most cases. The
largest deviation is found for BHD'* (C4—C6 distance
0.096 A, C4-C5-C6 angle 5.46°, and C7-C1-C5-C6 dihedral
angle 5.09°), for which the MP2 optimization predicts a
more open structure than B3LYP; this may be due to the
spin contamination of the MP2 wave function. For N** (C2—
C6 distance 0.030 A and C6-C1-C2 angle 1.24°) B3LYP pre-
dicts a more open structure. All other differences are less
than 0.013 A for distances, 0.80° for angles and 0.76° for di-
hedral angles. That these structures are indeed accurately
computed can be confirmed by comparison of the B3LYP
hfcc with the experimental ones. Very good agreement is
found for the Q'*, N'*, BHE'", and CHT'" structures; see
Table 1 for the hfcc values of particular importance for this
work [B47.13.14]

Table 1. 'H hyperfine coupling constants in Gauss for BHE'*, BHD*,
and CHT'* computed with B3LYP/6-311+ G(d,p), and compared to ex-
perimental values observed in Freon matrices.

BHE"" BHD* Exptl® CHT'* Exptl*®!
41.0 (H6a) 25.6 (H2a) 415 51.2 (H7a) 51.5
30.7 (H6b) 17.6 (H1) 316 51.2 (H7b) 515

—22.7 (H5) 16.8 (H2b) 225 —6.9 (H1) 5.7

4.9 (H4) —3.7 (H3) 45 —6.9 (H6) 5.7
3.3 (H3) —3.0 (H4) 45 —4.7 (H3) 5.7
0.6 (H2) —3.0 (H5) - —4.7 (H4) 5.7
0.4 (H7) 1.1 (H7) - —0.7 (H2) -
—0.3 (H1) —0.1 (H6) - —0.7 (H5) -

[a] Reference [7]. [b] Reference [14a].

From the local minima on the C;Hg* potential-energy
surface we located plausible reaction paths corresponding to
Schemes 1 and 2, using the B3LYP/6-31G(d) method. The
refined structures for the saddle points and local minima
calculated with B3LYP/6-311+G(d,p) are shown in Fig-
ures 2 and 3. They show in general larger structural devia-
tions between B3LYP and MP2 than the stationary points in
Figure 1; for the TS4 structure we were not able to locate a
MP2 transition structure, probably because of the severe
spin contamination in the UMP2 wave function. The largest
deviations are for TS1, TS3, TS5 and TS6, that is, for TS1
(C3—-C5=0.042 A and C3-C5-C6=14.86°) the MP2 saddle
point on the cycloreversion path are more pseudo-Jahn—
Teller distorted away from the C,, conical intersection;® for
TS3 (C4-C5=0.220 A, C4-C7-C5=11.82° and C6-C1-C7-
C4=6.85°) the MP2 result indicates a later transition state
on the isomerization from BHE'* to BHD'*; for TS5 (C3—
C6=0.294 A, and C4-C5-C6=8.06°) B3LYP predicts a later
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q..|. Nt
#(6,1,47)=128.4

o(6,1,4,7)=144.3

BHD*

$(7.1,54)=101.7
#(6,5,1,2)=112.0

Figure 1. B3LYP/6-311+ G(d,p) optimized stable structures of C;Hg'*.

transition state, more ring opened; and for TS6 (C2—C7=
0.163 A, C2-C1-C7=9.69°, and C2-C1-C6-C5=9.19°) MP2
again gives a more open structure. Since these parameters
are involved in the reaction path they will affect our later
analysis and calculation of activation barriers. For the con-
tinuing analysis we will mainly use the B3LYP optimized
stationary points and their frequencies, since many of the
MP?2 results are too spin contaminated to be regarded as re-
liable. The other stationary points in Figures 2 and 3 have
differences that are less than 0.068 A for distances, 5.63° for
angles, and 4.92° for dihedral angles.

Quadricyclane rearrangements: An energy profile for the
activation energies at 100 K for the cycloreversion (Q'7,
TS1, N't) and the skeletal rearrangement (Q'*, TS2, BHE"*
) is shown in Figure 4. This relative energy profile contains
the zero-point energy correction and the free-energy ther-
mal correction calculated from the B3LYP/6-311+ G(d,p)
frequencies, and the electronic energy taken from
CCSD(T)/6-3114+G(d,p)//B3LYP/6-311+G(d,p)  calcula-
tions.

Calculations for the cycloreversion reaction path have
been reported previously at several theoretical levels, in-
cluding B3LYP with both the 6-31G* and 6-311+G(d,p)
basis sets.[%!?l As we have reported earlier, the geometries of
TS1 agree well between these different theoretical levels,
and show a pseudo-Jahn-Teller distorted transition structure

Chem. Eur. J. 2004, 10, 681 —688 www.chemeurj.org

BHE+

@{2,1.4.7)=B1.4
@(6,1.4,71=150.0°

CHT+
#(7.1,5.4)=180.0

with elongated C2—C6 and C3—CS5 bonds in the four-mem-
bered ring,['”! but the relative electronic energies have larger
variations (see Table 2 for some examples). Our best esti-
mate for the activation free energy for the cycloreversion

Table 2. Relative electronic energies in kcalmol™ for all located station-
ary points on the reaction paths investigated: first, the electrocyclic iso-
merization of QF to N'*; and second, the rearrangements from Q% to
CHT*.

B3LYP! CCSD(T)//B3LYP! ump2l PMP2L
Q+ 0.00 0.00 0.00 0.00
N+ -10.73 -825 -6.15 —5.64
BHE+ 4.16 3.67 5.58 5.55
BHD+ —-1.84 6.18 14.65 11.33
CHT-* -39.62 —22.49 —6.86 -13.76
TS1 12.08 11.63 15.48 13.73
TS2 13.41 16.49 21.70 20.24
TS3 9.51 11.72 17.74 14.49
TS4 18.49 21.96 33.390! 29.48!°
TS5 12.19 21.96 27.94 26.72
TS6 9.80 12.49 17.63 14.75
n 421 11.30 15.98 13.81
TS7 8.58 18.53 27.93 23.66
TS$ 22.10 28.58 36.25 35.19
2 3.79 13.15 20.08 19.09
TS9 7.58 17.82 23.17 22.85

[a] The energies are computed with B3LYP/6-311+ G(d,p), CCSD(T)/6—
311+ G(d,p)//B3LYP/6-311+G(d,p), UMP2/6-311+ G(d,p), and project-
ed MP2 (PMP2/6-311+G(d,p)). [b] Energies taken from an U(P)MP2/6-
311+ G(d,p)//B3LYP/6-311+ G(d,p) calculation.
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d(2,3)=1.47

d(4,5)=1.53
TS1 TS3
#(2,1,47)=1329 #(6,1,7.4)=82.1"
B(3,41,7)=144 3 6(5,7,1,2)=03.0

TS4 TS5
6(73.2,1)=16.8 ©(5,6,3,2)=128.1°
#(4,3,67)=118.1

Figure 2. B3LYP/6-311+ G(d,p) optimized transition structures for the cycloreversion (TS1), skeletal (TS2), stepwise (TS3 and TSS5), and concerted
(TS4) rearrangements.

di1,7)=1.48
d(5.6)=1.52

d(4,5)=1.53 d(1,7)=1.63
u d(5,7)=1.52 d{4,5)=1.53
d(5,7)=1.48
TS6 H TS7
$#(6,5,2,7)=71.8 #(4,5,1,2)=-16.00 #(5,6,2,3)=-15.7
¢{(4,5,2,7)=154.0 @IHT, 7.5, 8)=127.7 @#(H7,7.6,1)=-170.9"

d(1,2)=1.51 ) d(1.2)=1.40

d{6,7)=1.57 d(4,5)=1.49
d(6.7)=1.41
TS8 12 (&:7) TS9
$(4.5,1,2)=16.9 #(1,2,5,4)=157.4 d(4.5)=1.48  9(1,254)=156.5
@{H7.7,6.1)=140.0 B{H7,7 6,1)=-122.4 di6.7)=1.41 6(H7.76,1)=177.3

Figure 3. B3LYP/6-311+ G(d,p) optimized stationary points for the multistep rearrangement.
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Figure 4. Free-energy profiles for the two Q'* isomerizations, a cyclore-
version (TS1) to N'* and a skeletal rearrangement (TS2) to BHE'* in
kcalmol ™.

becomes 10.1 kcalmol ™' (cf. Table 3), agreeing well with the
earlier estimations of theoretical activation energies in the
range 5-12 kcalmol™'”® and the experimental estimation of
9.3 kcalmol "

The skeletal rearrangement to BHE'" has a transition
state (TS2) in which one of the four lateral bonds (C1-C6,
C1-C7, C3-C4, C3—C5) in the cyclopropane units in Q'*
has opened. Breaking this bond costs more energy than for
the pericyclic cycloreversion, since the estimated free energy
of activation is 14.9 kcalmol™, see Table 3 and Figure 4.
Hence, the skeletal rearrangement has 4.8 kcalmol ™! higher
activation energy than the cycloreversion.

Table 3. Zero-point vibrational energies and free energies in kcalmol ™
for the stationary points on the investigated reaction paths.

ZPVE E G, M
Qt 79.63 0.00 0.00
N+ 80.11 —7.78 -7.79
BHE+ 78.94 2.98 2.95
BHD+ 78.44 4.99 4.93
CHT-* 79.83 —22.29 —22.47
TS1 78.16 10.15 10.13
TS2 78.10 14.95 14.94
TS3 78.12 10.21 10.18
TS4 77.67 20.00 19.96
TS5 77.09 19.41 19.32
TS6 77.69 11.53 11.50
n 78.59 10.26 10.21
TS7 77.69 16.58 16.52
TS8 77.00 25.95 25.88
12 78.09 11.60 11.52
TS9 76.81 15.00 14.89

[a] The E, values include unscaled zero-point vibrational energy correc-
tions taken from a B3LYP/6-311+G(d,p) calculation, and electronic
energy from a CCSD(T)/6-311+ G(d,p)//B3LYP/6-311+G(d,p) calcula-
tion. [b] The G, values include the free-energy thermal correction calcu-
lated at 100 K from unscaled B3LYP/6-311+ G(d,p) vibrational frequen-
cies.

Multistep rearrangement: The multistep rearrangement
transforms BHE'* into CHT'* through two routes: BHE*
—TS6—11-TS7T—-12—TS9—CHT'"* and BHE'"—-TS6—

Chem. Eur. J. 2004, 10, 681 —688 www.chemeurj.org

I1-TS8 —CHT"", for which the B3LYP/6-311+G(d,p) sta-
tionary points are shown in Figure 3. In addition, Figure 5
displays the free-energy profile at 100 K for this multistep
rearrangement together with the two other possible isomeri-
zation reaction paths that BHE'* can take (see later). It

-20

a0 =

Figure 5. Comparison of the multistep, stepwise and concerted rearrange-
ment free-energy profiles in kcalmol™'.

should be noted that the most favorable energy profile is for
the multistep rearrangement path passing through the rate-
limiting step TS7, with an activation barrier of 16.5 kcal-
mol~! above Q'*.

The first step in this rearrangement is an almost complete
bond breakage of the C4—C7 bond from 1.54 A in BHE'* to
1.93 A for the C2—C7 distance in TS6. At the same time, the
three-center two-electron bond lengths (C2—C7=1.74 A,
C3-C7=1.73 A) transform into distances in TS6 that reflect
more ordinary C—C single bonds (C1-C7=1.58 A, C6-C7=
1.52 A). In the first intermediate, I1, this process has contin-
ued, and this distance (C2—C7 for I1) is 2.44 A, but the Cl1—
C7 bond also becomes elongated to 1.63 A. This intermedi-
ate forms a very shallow minimum, with TS6 being structur-
ally similar to I1; there is only a 1.3 kcalmol ™' free energy
barrier for the reversion to BHE'*. The small imaginary fre-
quency of —391.2 cm™" for TS6 and the lowest frequency for
I1 of 217.4 cm ™' both reflect the shallow well on the reaction
path, since these normal modes closely mimic the reaction
path.

From I1 this isomerization path splits into two routes with
transition states TS7 and TS8; these routes both have a simi-
lar mechanism, but break bonds on opposite sides. In TS7,
the C1—C7 bond of I1 is opened to 2.11 A, and in TS8 the
C5-C7 bond of I is opened to 2.17 A. Although the major
coordinates involved in the respective mechanisms show
strong similarities, the difference in reaction barrier of
9.36 kcalmol™! (see Figure 5 and Table 3) implies that the
differences in mechanism give rise to a large energy differ-
ence. For instance, the C1—-C7 bond in I1 is elongated rela-
tive to the normal C—C single bond length in the C5—-C7
bond, and between I1 and TS8 the six-membered ring has to
invert; this is reflected in ¢(4,5,1,2)=-16.0° for I1 and
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$(4,5,1,2)=16.9° for TS8. Both TS7 and TS8 have small
imaginary frequencies, —309.9 cm™ and —259.5cm™!, with
normal modes that closely follow the reaction coordinates.

The TS8 route leads directly to CHT'*, while the TS7
route isomerizes to another shallow intermediate, 12. The
distance for the bond broken from I1 to TS7 becomes even
longer, 2.49 A; this is due to the rearrangement of the
carbon skeleton and a partly broken C1-C6 bond. Thus, in
I2 the six-membered ring is slightly folded, ¢(1,2,5,4)=
157.4°, and the C1—C6 bond is opened to 1.74 A. Moreover,
I2 has several very low vibrational frequencies (180.8, 223.8,
319.9, and 3782cm™') and their corresponding normal
modes indicate that the floppy directions include both
carbon skeletal motions and H7 motions.

The last step in this rearrangement is the complete open-
ing of the C1—-C6 bond and flattening of the carbon frame-
work into the CHT'" C,, geometry. In this mechanistic step
TS9 is a very early transition state. The dominating change
on the reaction path up to TS9 is a hybridization change of
C7 from being pyramidalized in 12 to sp® in TS9. This is, fur-
thermore, reflected in the normal mode with imaginary fre-
quency (—607.7 cm ™), which has a dominating contribution
for this pyramidalization movement and a very minor com-
ponent of opening and flattening of the carbon skeleton.

Stepwise rearrangement through BHD'® to CHT'*: The
other conversion to CHT'* follows a stepwise rearrange-
ment path that goes through BHD'*: BHE'* —TS3—
BHD't —TS5—CHT"". The rate-limiting step in this isom-
erization is the electrocyclic ring opening of BHD** that has
a free-energy barrier of 19.3 kcalmol ' above Q'*; this is
2.8 kcalmol ™' higher than the multistep path (see Figure 5).
In the first step, the reaction path changes its character
around TS3. Before the transition state, the main reaction
coordinate is the formation of a cyclopropane unit of the
atoms C3, C4, and C7 in BHE'*; after TS3 the major reac-
tion coordinate is the breaking of the C4—C5 bond (1.69 A)
in TS3, which increases to 2.28 A in BHD"*. This implies an
early transition structure in which most of the C4—C5 bond
breaking takes place after TS3. For the MP2 optimized path
a much later transition structure is found, suggesting that
most of the bond breaking is complete. The imaginary fre-
quency for TS3 of —405.2 cm™ corresponds to a normal
mode that closely mimics the C4—C5 bond breaking process.
Because of this variation in transition structure along a reac-
tion path that is similar for both B3LYP and MP2, the acti-
vation energy estimate is probably too low. Yet, our predic-
tion, based on the B3LYP geometries, gives a barrier that is
10.2 kcalmol™" above Q"7

The transition state for the electrocyclic ring-opening step
(TSS5) again indicates a change in major reaction coordinate
along the reaction path. On this reaction path it is first a
breakage of the bridge bond, that is, the C1—-C5 bond in
BHD'* is 1.58 A and gets elongated to 2.05 A in TSS5; there-
after the strain release flattens the structure into CHT'*.
The normal mode of the imaginary frequency (—332.3 cm™)
shows a continued opening of the C3—C6 distance. Also for
this step there is a substantial difference between B3LYP
and MP2 in the localization of the transition structure along
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the reaction path, but here MP2 predicts a less complete
ring opening (1.75 A); therefore, this again should result in
an underestimated barrier height.

Since BHE'* is 2.0 kcalmol™' more stable than BHD"*,
and the computed barrier for isomerization of BHD'* to
BHE'* is 53kcalmol™!, which should be compared
to the electrocyclic ring opening that has a barrier of
14.4 kcalmol ', it is plausible that BHE'* is found in experi-
ments starting from BHD*.8l The fact that the calculated
BHE:* hfcc values agree well with those from ESR mea-
surements on irradiated BHD is, therefore, entirely consis-
tent with the expectations from our calculations. Yet, if our
predictions are correct, the stability of BHD"* indicates that
it may be possible to experimentally characterize this radical
cation intermediate.

Concerted rearrangement to N'*: The third reaction path
from BHE'" is a concerted path to N'*. This reaction path
(BHE'* —TS4—N*) has an activation energy of 20.0 kcal -
mol™! above Q'*, which is 3.4 kcalmol™ higher than the
multistep rearrangement and 0.6 kcalmol ™' higher than the
stepwise rearrangement (see Figure 5). The geometric con-
version that this reaction path follows is complex. Before
the transition state (TS4) the three-center two-electron
bond is broken, that is, the C2—C7 distance in BHE'" elon-
gates from 1.73 A to 2.21 in TS4. After TS4, a C2—C6 bond
begins to form and, somewhat delayed, the C1-C2 bond
breaks until eventually N'* is formed. In the imaginary fre-
quency of TS4 (—312.2 cm™) the major part of the normal
mode reflects the closing of the C2—C6 bond and a minor
part the closing of the three-center bond.

Comparison of rearrangements: The activation energies for
all studied rearrangements are presented in Figures 4 and 5,
and in Table 3. The calculated reaction paths and activation
energies are compatible with the experimental findings that
CHT'* can be found in studies of Q'* and N**.*7 Since
the estimated barrier difference is 4.8 kcalmol ', it is likely
that the matrix used in the experiment stabilizes the skeletal
rearrangement path to BHE'" over that of the cyclorever-
sion.*” Moreover, the continued rearrangement should pre-
dominately proceed through the multistep mechanism,
which has an activation energy 2.8 kcalmol ' lower than the
stepwise mechanism. Yet, the reversion to Q' is 1.6 kcal
mol ™! lower than this multistep mechanism; this indicates
that most BHE " formed should react to Q" if not matrix
or solution effects, or substituent changes affect the activa-
tion energies in a judicious direction for BHE"*.

Rearrangement energies: The activation energies presented
in the discussion of rearrangement mechanisms represent
the best available estimate, that is, zero-point energy correc-
tion and the free-energy thermal correction calculated from
B3LYP/6-311+4+G(d,p) frequencies, and the electronic
energy taken from CCSD(T)/6-311+ G(d,p)//B3LYP/6—
311+ G(d,p) calculations. In Table 2, relative electronic en-
ergies are reported for the B3LYP/6-311+G(d,p),
CCSD(T)/6-311+G(d,p)//B3LYP/6-311+ G(d,p), UMP2/6—
3114+ G(d,p) and PMP2/6-311+ G(d,p) methods. From this
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table it can be noted that the relative energies show large
discrepancies depending on the quantum chemical method
used. In general, reaction barriers are bracketed by B3LYP,
which has the lowest, and UMP2, with the highest calculated
barriers; the smallest difference of ~3 kcalmol™ found for
TS1 and the largest one of ~19kcalmol™' for TS7.
CCSD(T) and PMP2 are in between with the CCSD(T) bar-
rier being lower than PMP2. The large difference for TS7 is
probably due to a severely spin contaminated UMP2
wave function, since the PMP2 relative energy is
~4 kcalmol™! lower than the UMP2. The CCSD(T) energy
is ~10 kcalmol™" higher than the B3LYP result, which indi-
cates that the B3LYP barrier probably is underestimated.
This may be the reason for the change in rate-limiting step
for the multistep rearrangement, because B3LYP predicts
TS6 to be rate-limiting while CCSD(T), UMP2 and PMP2
predict TS7.

The local minima have the same type of bracketing, but
with two exceptions. First, Nt is predicted to be less stable
with PMP2 than with UMP2, which is due to a more spin
contaminated Q'*, that is, by projection the PMP2 energy is
lowered more in Q" than in N't. Second, for BHE'*
CCSD(T) gives the lowest relative energy, but it is only ~
0.5 kcalmol™ and ~2kcalmol™ lower than B3LYP and
UMP2, respectively. In general, B3LYP seems to overesti-
mate the stability of the local minima, with the important
exception of BHE'*, for which all methods give similar en-
ergies. Moreover, the largest discrepancy is found in CHT"*,
for which the relative energy differs by ~33 kcalmol ™. This
discrepancy is probably due to a combination of spin con-
tamination and an overestimated stability in the B3LYP cal-
culation.

Hence, B3LYP/6-311+ (d,p), relative to CCSD(T), shows
an imbalanced description of relative energies that gives the
wrong ordering of stability for BHD'* and BHE'*, predicts
CHT'* to be ~17 kcalmol™ more stable, and gives an acti-
vation energy that is ~10kcalmol™' lower than the
CCSD(T) result for the multistep mechanism. With such
large discrepancies in relative energies it may be necessary
to explore if other functionals could give better agreement
with high-level ab initio energetics and achieve the same ac-
curacy of hfcc in radical cation studies.

Conclusion

In conclusion, we have located two plausible reaction paths
that show how CHT'' can be formed from Q'*, see Fig-
ures 4 and 5. The most advantageous is the multistep rear-
rangement that has a rate-limiting step with an estimated ac-
tivation energy of 16.5 kcalmol™', which is 2.8 kcalmol™
lower than for the stepwise mechanism. Yet, the lowest acti-
vation energy is found for the reverse skeletal rearrange-
ment to form Q'*, which is 1.6 kcalmol™' lower than the
multistep mechanism. For the two Q'* rearrangements, the
cycloreversion path has a transition structure that is in close
correspondence with earlier studies and an estimated activa-
tion energy of 10.1 kcalmol !, which agrees well with the ex-
perimental estimate of 9.3 kcalmol™.P! The activation
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energy of 14.9 kcalmol™' for the skeletal rearrangement is
plausible, recalling that at no time in the zeolite study the
conversion rate is higher than 3 %.“

Computational Methods

All calculations were performed with Gaussian 98, and the abbrevia-
tions used throughout this paper are taken from this program package.
First a preliminary investigation of the C;Hg't potential-energy surface
was carried out with the B3LYP functional' with the 6-31G(d) basis
set. In this first step we located and optimized all minima and transition
states. This was done with the standard algorithm in Gaussian for optimi-
zation, and with the synchronous transit-guided quasi-Newton method,!"”
which we used to force a mapping of more directions on the potential-
energy surface than those directly obvious from the optimized minima.
All stationary points were characterized to have the correct type of vibra-
tional eigenvalues, and saddle points were verified to connect to the cor-
rect minima by means of a combination of the internal reaction coordi-
nate (IRC) method," around the transition state region, and then a
steepest descent optimization for continuing the reaction path to the min-
imum. In a second step, the stationary points located with B3LYP/
6-31G(d) were reoptimized with both B3LYP/6-311+G(d,p) and MP2/
6-3114G(d,p), and characterized as minima or transition structures. This
extra confirmation of the optimized structures was carried out because
we noticed that B3LYP3-21G gives spurious structures and energetics for
the BHE'* and BHD'* minima, which are artifacts of this small basis set.
In hydrocarbon ring-systems it is necessary to use basis sets that include
polarization functions to get a reliable description.'” Finally, the B3LYP/
6-311+G(d,p) geometries were used in coupled cluster single-point cal-
culations of the energy including singles, doubles, and perturbative triples
(CCSD(T)/6-3114+G(d,p)); the zero-point vibrational energy and the
free-energy correction at 100 K were taken from unscaled B3LYP/
6-311+G(d,p) frequencies. All molecular pictures, and visualization of
vibrational modes, were constructed with Molekel.*"!

The stationary point wavefunctions were checked for spin contamination
by evaluation of the spin operator expectation value, (S?). A pure dou-
blet has (S?)=0.75. Before spin projection all B3LYP results had (S?)
ranging between 0.75 and 0.77. The UHF reference wave functions used
for the MP2 stationary points were in general found to be more spin con-
taminated, ($?)=0.76-1.02. Moreover, the MP2 computed transition
structures were more contaminated ((5? =0.77-0.91) than N'*, Q"* and
BHE* (0.76, 0.77, 0.77); while BHD*", CHT"*, I1 and 12 were as conta-
minated or more (with ($?) =0.88, 1.02, 0.83 and 0.81). By spin projection
the MP2 wave functions were improved, (S?)=0.75-0.79, for all station-
ary points. In the CCSD(T)/6-311 + G(d,p) calculations the spin contami-
nation was a less severe problem, since the principal spin contaminant is
annihilated from the CCSD wavefunction.”!
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Synthesis, Fluorescence and Photoisomerization Studies of Azobenzene-
Functionalized Poly(alkyl aryl ether) Dendrimers
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Abstract: A series of azobenzene-func-
tionalized poly(alkyl aryl ether) den-
drimers have been synthesized and
their photochemical and photophysical

ly, very similar to the constituent mon-
omer azobenzene unit, the properties
of thin solid films of the dendrimers
were distinctly different. The azoden-

drimers, AzoG1, AzoG2, and AzoG3
were observed to form stable super-
cooled glasses, which showed long-
wavelength absorption and red emis-

properties in solution and as thin films
have been investigated. Although the
photochemical behavior of the azoden-
drimers in solution indicated that the

- y photochemistry
azobenzene units behave independent-

Introduction

In the domain of macromolecules, the dendritic architecture
occupies a unique place because it possesses highly regular
branching units and the ability to incorporate exponentially
increasing number of functional moieties in each subsequent
generation.'!l' Moreover, unlike conventional macromole-
cules, the spatially uniform distribution of chain ends can
provide a highly dense distribution of relatively disentangled
functional moieties, which can extend up to nanometric
structural dimensions. Recently, there has been a growing
interest in the design of dendrimeric systems in which the
structural features and thereby the properties, such as self-
assembly, liquid crystallinity, and encapsulation, can be con-
trolled by light.”! In view of this, the study of dendrimers in
which photochromic molecules such as azobenzene form an
integral part of the structural unit has been attracting in-
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sion characteristics of J-aggregates of
the azobenzene chromophores. Rever-
sible photoinduced isomerization of the
azodendrimers in the glassy state is de-
scribed.

creasing attention. With few exceptions, in most of the re-
ported studies, the photoresponsive behavior of the azo
chromophores is not perturbed by incorporation into the
dendrimer structure and they behave essentially as decou-
pled units. A comparative study of the isomerization behav-
ior of azobenzene units, reported recently by Caminade,
Majoral, and co-workers,®! had shown that the locations of
azobenzene in a dendritic structure affect the isomerization
rates, with the peripheral azobenzene units undergoing
faster cis-trans isomerization than those located at the interi-
or of the dendrimer structure. In a recent study, De Schryver
and co-workers*! have observed that azobenzene-functional-
ized poly(propyleneimine) dendrimers undergo structural
inversion in aqueous acidic media, resulting in the formation
of micrometer-sized vesicles. The formation of these vesicles
leads to an ordered arrangement of the azobenzene chromo-
phores resulting in changes in their emission properties. Ir-
radiation of the vesicles with 420 nm light resulted in signifi-
cant changes in the ordering and the emission behavior of
the azo chromophores. Studies by Vogtle and Balzani
et al.! have shown that dendrimers functionalized with cis-
azobenzenes act as better hosts for guest molecules than do
the corresponding dendrimers containing the trans isomers.
The use of such azodendrimers in holographic optical data
storage has also been explored.™ A further important de-
velopment is the demonstration by Advincula and co-work-
ers,®l that azobenzene-functionalized PAMAM dendrimers
not only phase segregate between the dendrimer region and
the peripheral azobenzene region within a molecule, but
also form aggregates interdigitized with azobenzene units.
With the above and more reports!” on azobenzene-function-
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alized dendrimers, it is fairly clear that high density and uni-
form distributions of an azobenzene chromophore on a den-
dritic structure provide an ideal framework for the evalua-
tion of the macroscopic properties in relation to the cluster-
ing of the chromophores within each molecule.

In the present work, we report a study of the behavior of
azobenzene-terminated poly(alkyl aryl ether) dendrimers of
0-3 generations, containing 3, 6, 12, and 24 azobenzene
units, respectively, in both solution and in the solid state.
These studies provide clear evidence for the importance of
dendritic structure in endowing anomalous material proper-
ties emanating from the chromophoric unit. The major find-
ings herein include the observation that while all of the den-
drimers exist as monomers in solution, they exist as aggre-
gates and, as a consequence, exhibit fluorescence in thin
solid films. We also find that while the azobenzene mono-
mer is a thermotropic LC in its trans form, the dendrimers
are nonmesogenic. We present a detailed study of the ab-
sorption, emission, and isomerization properties of these
azobenzene-functionalized poly(alkyl aryl ether) dendrimers
in the solution and in the solid state.

Results

Synthesis and characterization: We previously reported!
the synthesis of phloroglucinol-based poly(alkyl aryl ether)
dendrimers of up to four generations with either O-benzyl
protected or free hydroxyl group functionalities at their pe-
ripheries. Successful synthesis of these dendrimers involved
repetitive reactions of O-alkylation and O-benzyl group de-
protection of the phloroglucinol moieties in a divergent syn-
thetic fashion. Free hydroxyl group containing dendrimers
were used as pre-formed cores for further modification with
the azobenzene groups. 4-Bromopentyloxy-4'-n-butylazo-
benzene (AzoM) (Scheme 1) served as the monomer azo-

o %
N-ON\ N=N

AzoM

benzene unit for the functionalization of the dendrimers.
The monomer AzoM was synthesized by first coupling 4-bu-
tylaniline with phenol in the presence of HNO, at 0°C, fol-
lowed by reacting the resulting 4-butyl-4'-hydroxyazoben-
zene with 1,5-dibromopentane in the presence of K,CO;.
Hydroxyl group terminated 0 (G0), 1 (G1), 2 (G2), and 3
(G3) generation dendrimers, possessing 3, 6, 12, and 24 pe-
ripheral hydroxyl groups, respectively, were O-alkylated
with AzoM. Multifold O-alkylation of these dendrimers was
performed with a slight excess of AzoM (1.1 molar equiva-
lents for each hydroxy group), in the presence of either
K,CO; or Cs,CO;. Upon completion of the O-alkylation,
the azobenzene-functionalized dendrimers AzoG0, AzoG1
(Scheme 1), AzoG2 (Scheme?2), and AzoG3 (Scheme 3)
were purified by routine column chromatography (SiO,)
and product identification was possible by TLC analysis for
all the dendrimers. While the O-alkylation yields were good
for zero (AzoG0) and first (AzoG1) generation dendrimers,
only moderate yields could be obtained in for the second
(AzoG2) and third (AzoG3) generation dendrimers. The
constituent monomer AzoM and the zero generation den-
drimer AzoGO0 exist as solids, whereas the dendrimers
Az0G1, AzoG2, and AzoG3 are either low-melting solids or
gummy substances at room temperature. All of these com-
pounds are freely soluble in most organic solvents.

The structural characterization of the azobenzene-func-
tionalized dendrimers AzoG0-AzoG3 was carried out by 'H
and *C NMR spectroscopy, mass spectrometry, and elemen-
tal composition analysis. General patterns of the "H NMR
resonances in CDCl; for all of the dendrimers were: i) sharp
singlets for the inner and peripheral phloroglucinol units; ii)
a set of double doublets of AB type spin system for the azo-
benzene units, and iii) doublets and triplets in the case of
pentamethylene and n-butyl segments. The 'H NMR reso-
nances of AzoG1, AzoG2, and AzoG3 were found to be rel-
atively broad, when compared with AzoG0 in CDCl;. The

'H NMR spectrum of third-gen-
eration dendrimer AzoG3 is
shown in Figure 1. Similarly, °C
NMR spectra of the dendrimers

N=N Az0G0-AzoG3 exhibited dis-

tinct resonances corresponding

Q P to the C(quat) and CH(me-

\_\_\'O@OJJJ thine) of phloroglucinol and

% Q those of the azobenzene units,
N § as well as resonances for the
EN>, E% pentamethylene and n-butyl
N linkers. The C chemical shifts

% V\@—NN-@'O’\—H Or’_/_ ° O’\_\‘\O OO O for the azobenzene unit in
g g ol AzoM and in the dendrimers

AzoGO

Scheme 1. Molecular structures of the monomer (AzoM), zero (AzoG0) and first (AzoG1) generation den-

drimers.
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o were nearly identical, implying
3 the absence of any influence on
q the C resonances owing to the
@N dendritic architecture as the
N generations advance. Complete
QH AzoG1 functionalization of the periph-

eries of dendrimers AzoG0-
AzoG2 was checked by
MALDI-TOF mass spectrome-
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Scheme 2. Molecular structure of the second (Azo G2) generation dendrimer.
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Scheme 3. Molecular structures of the third (AzoG3) generation dendrimer.
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try, in which the calculated mo-
lecular ion peaks were observed
for each dendrimer. However,
the MALDI-TOF mass spec-
trum of AzoG3 could not be
obtained, despite repeated at-
tempts. Elemental composition
analysis could be performed so
as to confirm the purities of all
the azobenzene functionalized
dendrimers AzoG0-AzoG3.

UV/Vis spectrocopic charac-
terization was performed with
the monomer AzoM and the
dendrimers AzoG0-AzoG3, in
order to evaluate the effect of
clustering azobenzene units
within the dendrimer molecule.
Both the m—rt* and n-mt* transi-
tions, at 350 and 450 nm, re-
spectively, originating from the
azobenzene units”! were found
to remain nearly identical for
all the dendrimers, except that
the molar extinction coefficient
(¢) values increase incremental-
ly with each advancing genera-
tion. However, when calculated
per azobenzene unit, the ¢
values were nearly the same for
all of the dendrimers. This indi-
cates that the trans-azobenzene
chromophores in PhMe solution
are not severely affected by
their attachment at the periph-
eries of the dendrimers. Also, in
the absence of any concentra-
tion-dependent chemical shift
changes in the '"H NMR spectra
in CDCl;, there is no intermo-
lecular association and the den-
drimers remain in their mono-
meric state in solution.

Material properties: Optical po-
larizing microscope studies of
the azobenzene derivatives re-
vealed that only the monomer
AzoM exhibited liquid crystal-
line (LC) properties, which
were characterized by the tex-
tures and sharp phase transi-
tions observed in the heating
and cooling cycles. The azoben-
zene monomer, AzoM exhibit-
ed a smectic A (S,) phase con-
firmed by its focal conic texture
with homeotropic areas (vide
infra). This was confirmed fur-
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Azobenzene protons

——

Phloroglucinol

|_protons

Tetra and pentamethylene protons

ppm 7.5 5.0
Figure 1. '"H NMR spectrum of trans-AzoG3 in CDCl, (300 MHz).

ther using differential scanning calorimetry (DSC)
(Figure 2). Table 1 summarizes the phase transition tempera-
tures and thermodynamic parameters of AzoM.

Exo

Endo

40 50 60 70 80
Temperature/ °C

Figure 2. DSC trace of AzoM with the phase transitions indicated.

Table 1. Phase transition temperatures and thermodynamic parameters
of AzoM.

Compound Phase transition temperatures AH AS
[cC]™ [kImol!] [JK'mol™]
AzoM K 53.3 S, 72.2 1 (heating) 20.1,4.9 61.5,14.2
169.5 S, 42.3 K (cooling) 34,187 9.9,59.3

[a] K = crystalline, S, = smectic A, I = isotropic.

In contrast, none of the dendrimers were found to be
liquid crystalline. Upon heating, dendrimers AzoGl,
Az0G2, and AzoG3 melt to their isotropic states, which do
not crystallize upon cooling, but rather solidify to form su-
percooled, transparent glassy films that were stable at room
temperature for long periods (>6 months). AzoG0, howev-
er, crystallizes upon cooling from its isotropic state. Junge
and McGrath have also reported formation of glasses in
higher order azobenzene-functionalized dendrimers./”®!

692 — © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Solid-state absorption and emission: The absorption spec-
trum of a thin solid film of AzoM, formed between quartz
plates by cooling from its LC state, possesses a weak absorp-
tion in the 400-500 nm region and a flat, more intense ab-
sorption at A <400 nm.

The absorption spectral features of the azodendrimers
were distinctly different from that of AzoM. The glassy
films of AzoG1, AzoG2, and AzoG3, had absorption spectra
with two clear bands with maxima centered on 355 and
440 nm (Figure 3). The relative intensity of the long-wave-
length band is higher for the azodendrimers than that of
AzoM. The absorption spectrum of AzoG0 was found to be
temperature dependent. Its absorption spectral changes
were monitored as a function of time as it cooled from its
freshly obtained melt (Figure 4). AzoGO solidifies into a
glassy state from its melt and the absorption spectrum of
this state is shown in Figure 4, curve a. On cooling to room
temperature, the film crystallizes and the absorption spec-
trum of this film is shown in Figure 4, curve b. The ratio of
the absorbance at 350 nm to that at 450 nm increases from
1.2 to 1.8 on going from curve a to curve b.

The absorption spectra of azobenzene derivatives in solu-
tion are known to have two bands with maxima centered

Absorbance
[ %]

o

0 = " 1 . 1 i 1
200 300 400 500
Wavelength/ nm

Figure 3. Absorption spectra of thin films of the azobenzene derivatives;
a) AzoGl, b) AzoG3, c) AzoG2 and d) AzoM.
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Absorbance

0.0
200 250 300 350 400 450 500 550

Wavelength/ nm

Figure 4. Absorption spectra of thin films of AzG0 a) recorded immedi-
ately after melting, b) after 2 min.

around 350 and 450 nm, attributed respectively to m—n* and
n—7t* transitions. In the present study, the absorption of the
glassy films has a broad band centered on 350 nm and the
relative intensity of the absorption band in the 450 nm
region is much higher than in solution. In bulk materials,
the tendency to form aggregates is very high. Interaction be-
tween chromophores in their ground state on aggregation
has been fairly well explained by McRae and Kasha in
terms of exciton coupling theory.'”) The excited state of ag-
gregates is split into two energy levels (Davydov splitting).
The transition to the upper state is allowed in the case of H-
aggregates, and is characterized by a hypsochromically shift-
ed absorption band, the transition to the lower state is al-
lowed for J-aggregates, and is marked by a bathochromically
shifted absorption band compared with the isolated mono-
mer. The higher intensity of the 450 nm band in the absorp-
tion spectra of the solid films of AzoGl, AzoG2, and
AzoG3, compared with that in solution indicates that there
could be a significant contribution to the absorption in this
region by the red-shifted band associated with J-type aggre-
gates. In AzoGO, the relative intensity of the 450 nm band
compared with that of the 350 nm band is higher in the
glassy state obtained from its melt than in that observed for
its stable crystalline state, indicating that J-aggregate forma-
tion is enhanced in the glassy state. The broadening of the
350 nm band in the glassy films is also indicative of the for-
mation of H-type aggregates.

Formation of H- and J-type aggregates has been reported
in some azobenzene-containing bilayers,'! lipids and vesi-
cles,*!?! Langmuir Blodgett (LB) films,**! and liquid crystal-
line phases.'¥ Whereas the monomeric form of azobenzenes
is known to be nonfluorescent, their J-aggregates are report-
ed to fluoresce in the 600 nm region.*! The solid state fluo-
rescence of these dendrimers was recorded at room temper-
ature. Whereas the solid film of AzoM was nonfluorescent,
the azodendrimers AzoG1-AzoG3 were found to be fluo-
rescent with fluorescence maxima centered at 650 nm.
Figure 5 shows the fluorescence spectra of AzoG2 upon ex-
citation using 450 nm light. Azobenzene derivatives are
known to be nonfluorescent in solutions owing to their abili-
ty to undergo trans—cis photoisomerization from the excited
state and also because of the n—m* character of the first ex-
cited singlet state.

Chem. Eur. J. 2004, 10, 689 —698 www.chemeurj.org

Flu. Intensity

500 550 600 650 700 750 800
Wavelength/ nm

Figure 5. Solid state fluorescence spectra of a glassy film of AzoG2 upon
excitation using 450 nm light.

The excitation spectrum of a glassy film of AzoG2, re-
corded while monitoring emission intensity at 650 nm, has
two maxima at about 410 nm and about 470 nm (see Sup-
porting Information). The presence of two peaks (420 and
525 nm) in the excitation spectra of azobenzene-containing
bilayer membranes reported by Shimomura and Kunita-
ke, has been attributed to m—n* and n—st* transitions of
the J-aggregates, respectively.

Solid films of AzoG0 were found to be weakly fluorescent
at room temperature in comparison to their higher order
azodendrimers. As mentioned earlier, the absorption spec-
trum of AzoG0 showed that the formation of J-aggregates is
more pronounced at temperatures close to its melting point.
The fluorescence intensity of AzoG0 when maintained at
temperatures close to its melting point (97°C) or in its iso-
tropic state was found to be about four times higher than
that at room temperature. Figure 6 shows the fluorescence
spectra of AzoG0 at room temperature and at 150°C. The

Flu. Intensity

500 525 550 575 600 625 650
Wavelength/ nm

Figure 6. Solid state fluorescence spectra of AzoG0 a) solid film at room
temperature, b) isotropic state maintained at 150°C; excitation: 450 nm.

fluorescence maximum of the J-aggregate of AzoGO (A, =
~550 nm) was hypsochromically shifted compared with that
of the higher-order dendrimers. AzoM also shows a higher
fluorescence in its isotropic and liquid crystalline phases
than at room temperature in its crystalline state.
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Photochemical properties:

Photoisomerization in solution: The facile trans—cis photo-
isomerization and the reverse cis—trans thermal or photoiso-
merization are attractive features of the azobenzene chro-
mophore in general. Isomerization of the azobenzene deriv-
atives was followed by UV/Vis spectroscopy. Upon irradia-
tion (300-360 nm) of a solution of each dendrimer in PhMe
(1.76-39.0mwm), a drastic decrease in the absorbance of the
n—m* transition and a slight increase in the absorbance of
the n—n* transition of the azobenzene unit were observed.
A photostationary state (PSS) equilibrium mixture was at-
tained within about 5 min of the irradiations. On the basis
of the absorbance changes, the PSS mixture was calculated
to contain 85-92% of the cis isomer for each dendrimer.
The thermal reversal of cis—trans isomeric form of the azo-
benzene unit was followed in the dark, so as to evaluate the
rate constants and the activation energies associated with
the isomerization process. The kinetics of thermal cis—trans
isomerization were followed by time-course measurement of
the absorbance changes at 350 nm for the photoirradiated
solutions of the azobenzene derivatives at different tempera-
tures. The isomerization followed first order kinetics in all
cases as is commonly observed for azobenzene derivatives.
The rate constants and the activation energies determined
for this isomerization process are provided in Table 2. The

Table 2. Rate constants (k) and activation energies (E,) for thermal cis—
trans isomerization.?!

Compound Rate constant k [s7'] E,

at 40°C 50°C 60°C 70°C
AzoM 9.68x107° 2.72x107* 7.17x107* 1.98x107° 21.84
AzoG0 9.56x107° 2.54x10™* 7.56x10™* 1.64x107° 2098
AzoG1 8.03x10° 250x10™* 7.30x10™* 1.83x107 2259
Az0G2 822x107° 253x107*  6.93x10* 1.73x107°  21.66
AzoG3 7.92x107°  2.54x107*  7.52x107*  1.57x107°  21.97

1

[a] k is expressed in s™' and E, in kcalmol™'. E, values were obtained

from the Arrhenius plot.

rate constants at different temperatures for the dendrimers
were nearly the same as that of AzoM. Similarly, the activa-
tion energies (E,) for the dendrimer series compared well
with AzoM. The pre-exponential factors (A), entropy and
free energy changes associated with the cis-trans isomeriza-
tion, and the values thus obtained from the Arrhenius plots
are shown in Table 3. The log A value of 10-11 for the den-
drimers and the monomer implies a single mechanism for
the isomerization in all cases. This, in combination with the

Table 3. Activation parameters for the cis—trans isomerization in PhMe at
40°C.

E, values, which lie in the range of 20-22 kcalmol ™', sug-
gests an inversion mechanism for the cis—trans isomeriza-
tion. Further, the activation entropies for the dendrimers
are within the range close to AzoM, and these entropic
values indicate that the local environments and the transi-
tion state geometries are similar for the azobenzene chro-
mophores, regardless of their attachment to the dendritic
core.

The above observations agree well with reports on various
other non-push-pull type azobenzene derivatives.” These
solution studies also further substantiate previous observa-
tions® that the azobenzene units of azobenzene-functional-
ized dendrimers behave very similarly to the corresponding
monomer with no steric or topological constraints.

Photoisomerization of AzoM in its liquid crystalline phase:
The trans—cis photoisomerizations of chromophores have
been extensively utilized in bringing about photoinduced
isothermal phase transitions in liquid crystals."® In liquid
crystalline materials containing azobenzene chromophores
as dopants or as an inherent part of the molecular structure,
photoisomerization of the linear trans isomers to the bent
cis isomers is known to disrupt long-range ordering, which
leads to a breakdown of the liquid crystalline phases.'®
Photolysis (using 360 nm band-pass filtered output of a
200 W high-pressure mercury lamp) of thin liquid crystalline
films (S,) of AzoM, obtained by slow cooling of its isotropic
state, maintained at 60°C, resulted in an isothermal liquid
crystalline to isotropic phase transition. These changes were
thermally reversible. Complete thermal recovery of the ini-
tial S, phase from the isotropic state was observed at 60°C
within 8 minutes. Within about 3 min of photolysis, domains
showing the S, texture begin to appear. The optical micro-
graphs recorded at the various stages of the isothermal
phase transitions of AzoM are shown in Figure 7.

Compound E, log AG AS AH
A
[kcalmol™] [s™"! [kcalmol™'] [calmol'K™'] [kcalmol™]

AzoM 21.84 11.24 1833 -9.21 21.22

AzoGO0 20.98 10.63 16.61 ~11.99 20.36 Figure 7. Polarized optical micrographs (400 x ) depicting the photochemi-
AzoG1 22.59 11.67 19.72 ~719 21.97 cal phase transition of AzoM: a)S, phase at 60°C before photolysis,
AzoG2 21.66 11.04 17.87 ~10.12 21.04 b) isotropic phase at 60°C upon photolysis using 360 nm light, ¢) homeo-
AzoG3 21.97 1124 1847 ~9.20 ~9.20 tropic S, texture formed in 3 min after formation of the isotropic phase,

d) focal conic S, texture formed in 8 minutes.
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Photoisomerization of azodendrimers in their glassy state:
Photolysis of glassy films of the azodendrimers using 360 nm
band-pass filtered output of a 200 W high-pressure mercury
lamp did not bring about any transformation in their absorp-
tion spectra. However significant changes in their absorption
spectra were observed on photolysis using the third harmon-
ic (355 nm) of a Nd:YAG pulsed laser (5 mJ per pulse, 10 ns
pulse width). Figure 8 A shows the effect of 355 nm laser

Absorbance
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Figure 8. Absorption spectra of thin films of AzG2; A) a) glassy form;
b) after photolysis using 355 nm laser 5 mJ per pulse for 30 s, B) temporal
change cis—trans isomerization; c) 1.6 h; d) 3.3 h; e) 5.0h; f) 82h; g)
18.2 h; h) 74.4 h.

photolysis of a glassy film of AzoG2 for 30 s. A decrease in
absorbance of the 350 nm band and an increase in intensity
of the absorption band centered at 450 nm are clearly ob-
servable. The final spectrum obtained (Figure 8 A, curve b)
has an absorption maximum that is blue-shifted in compari-
son to that of the unphotolyzed film. At room temperature
(27°C), the absorption spectrum of the photolyzed film
shows a slow increase in its absorbance at 350 nm and a con-
comitant decrease in the absorbance at 450 nm; this trans-
formation is marked by the presence of isosbestic points at
320 and 420 nm. The changes in the absorption spectra on
photolysis of the glassy films can be attributed to trans—cis
photoisomerization of the azobenzene moieties followed by
a slow, thermal cis—trans isomerization. The thermal cis—
trans isomerization occurs at a very slow rate and complete
recovery is not observed even after 74h (curve h, Fig-
ure 8 B). The presence of isosbestic points is indicative of a
single process cis—trans photoisomerization of azobenzene
groups in thin glassy films.

In solution, photolysis of the azo dendrimers using 350 nm
light results in a decrease in intensity of the 350 nm band

Chem. Eur. J. 2004, 10, 689 —698 www.chemeurj.org

and an increase in intensity of the band around 450 nm,
which is attributable to trans—cis photoisomerization. In the
glassy film however the decrease in the 350 nm band is ac-
companied by a shift in the absorption maximum to 320 nm.
A similar shift in absorption maximum was observed on
photolysis of azobenzene-containing dendritic
layers.!'¢!

Heating the photolyzed sample above its glass transition
temperature (T,) results in rapid cis—trans isomerization.
This process of generating the cis azobenzene photochemi-
cally and thermal conversion to its trans isomer could be
carried out over several cycles. Similar behavior was ob-
served in the glassy films of AzoG1 and AzoG3.

mono-

Discussion

Azobenzene-functionalized dendrimers have been previous-
ly synthesized and studied in several instances. The most
studied dendritic structures functionalized with azobenzene
units at their peripheries were those derived from
1) PAMAM, 2) poly(propylene imine),** and 3) polysi-
lane dendrimers.”* Apart from these, azobenzene units
were also incorporated at the interiors of dendritic structure
such as poly(benzyl aryl ether),” polyphosphinated,” and
polyphenylene dendrimers.’®! Solution-phase studies reveal
that the properties of the azobenzene unit, especially relat-
ing to isomerization, are highly dependent on the constitu-
ent dendrimer and the location of the azobenzene unit
within the dendrimer. For example, the photoresponsive be-
havior of azobenzene-cored polyphenylene dendrimers is
highly dependent on the dendritic structures,’® whereas
such a dependence is negligible in the case of poly(benzyl
aryl ether) dendrimers containing the azobenzene unit at
the core.”” One of our initial goals in preparing the poly-
(alkyl aryl ether) dendrimers described herein was to study
the role of dendritic structure, which changes periodically as
a result of consecutive growth of the so-called generations,
on the properties of azobenzene in the solid state and in the
solution phase. Relatively little is known about the photo-
physical and photochemical properties azobenzene-function-
alized dendrimers in the solid state. Recently Vogtle, Balza-
ni and co-workers have shown that holographic gratings
with a diffraction efficiency of 20% could be optically re-
corded in thin films of azobenzene-functionalized dendri-
mers.”® The existence of dendritic molecules as aggregates
in the solid state, as evidenced from the pronounced hypso-
chromic shift of 1,,, was previously shown by Advincula
and co-workers!®! in the case of azobenzene functionalized
PAMAM dendrimers. Similar observations were also report-
ed by Shibaev and co-workers*! for a azobenzene-function-
alized first generation carbosilane dendrimer. In the present
study a systematic investigation of poly(alkyl aryl ether)
dendrimers AzoG1-AzoG3 show that thin solid films of
these dendrimers exhibit enhanced absorption in the 450 nm
region when compared with AzoM and AzoGO. This is indi-
cative of the presence of J-type aggregates in the glassy
films of the dendrimers. Additionally, AzoG0 exhibits en-
hanced absorption in the 450 nm region in its glassy state,
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which is formed at temperatures near its melting point, indi-
cating the formation of J-type aggregates. The correspond-
ing solution-phase studies clearly indicate that all the com-
pounds behave as monomers and the azobenzene units are
essentially decoupled from each other. A consequence of
the formation of the J-aggregate is the observed fluores-
cence in the glassy films of the dendrimers. Such a fluores-
cence property of the J-aggregate of azobenzene is reported
for aqueous bilayer membranes!"'** and azobenzene liquid
crystals.'™*®! Thus, the fluorescence emission centered at
650 nm observed upon excitation of the thin solid films of
Az0G1-AzoG3 at 450 nm is attributed to the m—m* transi-
tion of the lower S, level, as rationalized by Kunitake and
Shimomura for their bilayer membranes.'" With reference
to azobenzene-containing dendrimers, the only known
report on fluorescence involves the azobenzene-functional-
ized poly(propylene imine) dendrimer-derived vesicles.*! In
contrast to these reports, the present study describes the
first observation of azobenzene fluorescence exhibited by
virgin solid samples of the azobenzene-functionalized den-
drimers. In addtion to the room-temperature fluorescence of
the dendrimers, we observe that AzoM can also be consider-
ably fluorescent at temperatures closer to its melting point.
While AzoM exhibits S, A phase at elevated temperatures,
this smectic phase is also fluorescent, as long as the trans ge-
ometry of the azobenzene unit is retained. Upon photoiso-
merization, conversion to the cis geometry disrupts the chro-
mophore orientation, resulting in the loss of mesogenicity.
While the fluorescence emission of AzoG1-AzoG3 at
room temperature and AzoG0 at elevated temperature is a
consequence of the J-aggregate formation, the photoisome-
rization studies in thin solid films indicate that there also
exist aggregates of the H-type, as evidenced from the ap-
pearance of the 320 nm main absorption band in the photo-
lyzed films, as opposed to the 350 nm band in the unphoto-
lyzed films. These H-type aggregates do not undergo facile
trans—cis photoisomerization in the glassy state and thus the
absorption becomes more pronounced as a result of deple-
tion of the trans isomers of the monomer and J-aggregate
on photolysis. Weener and Meijer™® have observed that
photoisomerization of azobenzene is restricted in dendritic
monolayers with a strong tendency to form H-aggregates.

Conclusion

The synthesis and study of azobenzene-functionalized poly(-
alkyl aryl ether) dendrimers is an interesting extension of a
number of previous studies on azobenzene-containing den-
drimers. The major findings from our detailed studies are:

1) the dendritic architecture influences and promotes prop-
erties of azobenzene that are normally associated only
with aggregates of azobenzene; 2) the anomalous solid-
state fluorescence emission of the dendrimers AzoGl1--
AzoG3 at room temperature are characteristic, reflecting
the optimum levels of inherent structural features that
facilitate aggregate formation; and 3) the liquid crystal-
line AzoM is also fluorescent in its liquid crystalline and

696 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

isotropic phases, provided it is maintained in its trans
geometry.

In line with a number of previous reports, the solution-
phase properties are unexceptional in that the azobenzene
units are independent of one another in spite of their clus-
tering at the peripheries of dendrimers.

Experimental Section

General methods: Chemicals were purchased from commercial sources
and were used without further purification. K,CO; (AR grade) was dried
at 120°C for 24 h before being used. Solvents were dried and distilled ac-
cording to literature procedures.'”! Analytical TLC was performed on
commercial Merck plates coated with silica gel GF,s, (0.25 mm). Silica
gel (100200 mesh) was used for column chromatography. Melting points
are uncorrected. Gel permeation chromatography (GPC) was carried out
on a Phenogel (500 A) semipreparative column (300x7.80 mm) attached
to a high-performance liquid chromatography system fitted with a differ-
ential refractive index (RI) detector; THF was used as the eluent.
Matrix-assisted laser desorption ionization-time-of-flight mass spectrome-
try (MALDI-TOF MS) was performed using either gentisic acid or trans-
indole acrylic acid as the matrix on a Kratos instrument. Microanalyses
were performed on an automated Carlo-Erba C, H, N analyzer. 'H and
3C NMR spectral analyses were performed on a 300 MHz and 75 MHz
Jeol spectrometer, respectively, with residual solvent signal acting as the
internal standard. The following abbreviations were used to explain the
multiplicities: s, singlet; d, doublet; t, triplet; m, multiplet; band, several
overlapping signals; br, broad.

AzoM: K,CO; (0.54 g, 3.94 mmol) and 18-C-6 (cat.) were added to a stir-
red solution of 1,5-dibromopentane (2.71g, 11.8 mmol) in Me,CO
(20 mL), 4-[(4-butylphenyl)azo]phenol (1.0 g, 3.94 mmol), and the mix-
ture was refluxed for 7 h. The solvents were removed in vacuo and the
resulting residue was dissolved in CH,Cl, washed with water and brine,
and dried (Na,SO,), concentrated, and purified (SiO,, hexane/EtOAc
95:5) to afford AzoM as an orange solid (143 g, 90%). R; = 043
(hexane/EtOAc 95:5); m.p. 68-70°C; 'H NMR (300 MHz, CDCl): 6 =
0.94 (t, J = 7.8Hz, 3H), 1.38 (m, J = 7.5Hz, 2H), 1.64 (m, 4H), 1.85
(m, 2H), 1.95 (m, 2H), 2.68 (t, J = 7.5Hz, 2H), 3.46 (t, /] = 6.6 Hz,
2H), 4.05 (t, /] = 6.6 Hz, 2H), 6.99 (d, / = 8.7Hz, 2H), 7.30 (d, J =
8.2 Hz, 2H), 7.80 (d,J = 8.2 Hz, 2H), 7.89 ppm (d, J = 8.7 Hz, 2H); °C
NMR (75.5 MHz, CDCl,): 6 = 13.9, 22.3, 24.8, 28.4, 32.4, 33.5, 33.6, 35.5,
67.8, 114.6, 122.5, 124.5, 129.0, 145.8, 147.0, 151.0, 161.2 ppm; UV/Vis
(PhMe): Apa = 352 nm; EI-MS: m/z: 403 [M], 405 [M +2]7; elemental
analysis caled for C, H,,BrN,O: C 62.66, H 6.76, N 6.96; found: C 62.34,
H 6.75, N 6.64.

AzoG0O: A mixture of tris-5-bromopentyl phloroglucinol® (0.10 g,
0.17 mmol), 4-[(4-butylphenyl)azo]phenol (0.22 g, 0.87 mmol), K,CO;
(0.10 g, 0.72 mmol), and 18-C-6 (cat.) in MeCN (20 mL) was refluxed for
17 h, filtered, and the solvents were removed in vacuo. Flash chromatog-
raphy of the resulting residue (SiO,, PhMe/EtOAc 98:2) afforded AzoG0
as an orange solid (0.162 g, 85%). R; = 0.80 (PhMe/EtOAc 98:2); m.p.
70-73°C; 'H NMR (300 MHz, CDCL): § = 0.94 (t, J = 7.5 Hz, 9H),
1.38 (m, J = 7.2 Hz, 6H), 1.63 (m, 12H), 1.86 (m, 12H), 2.67 (t, J =
7.2 Hz, 6H), 3.96 (t, J = 6.3 Hz, 6H), 4.06 (t, /] = 6.3 Hz, 6H), 6.08 (s,
3H), 6.99 (d, J = 9.0Hz, 6H), 7.30 (d, / = 8.1Hz, 6H), 7.79 (d, J =
8.1Hz, 6H), 7.89ppm (d, / = 9.0Hz, 6H); *C NMR (75.5 MHz,
CDCly): 6 = 13.9,22.3,22.7, 289, 33.5, 35.5, 67.8, 68.1, 93.9, 114.7, 122.5,
124.6, 129.0, 145.8, 147.0, 151.0, 160.9, 161.4 ppm; UV/Vis (PhMe): 4.y

= 350 nm; MALDI-TOF MS: m/z: 1094.4 [M+H]*; elemental analysis
caled for CeHgNgOg: C 75.79, H 7.74, N 7.68; found: C 75.73, H 8.22, N
6.86.

Az0G1: A mixture of G1-(OH)® (0.040 g, 0.06 mmol), 4-[(4-butylphenyl)-
azo]phenol (0.228 g, 0.56 mmol), K,CO; (0.080¢g, 0.56 mmol), and
[18]crown-6 (cat.) in MeCN (12 mL) was refluxed for 42 h, filtered, and
the solvents were removed in vacuo. Flash chromatography of the crude
residue (SiO,, PhMe/EtOAc 98:2) afforded AZoG1 as an orange, low-
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melting solid (0.12 g, 80%). R; = 0.53 (PhMe/EtOAc 98:2); m.p. 40—
42°C; 'H NMR (300 MHz, CDCL): 6 = 0.93 (t,J = 7.2 Hz, 18H), 1.37
(m,J = 7.5 Hz, 12H), 1.61 (br, 30H), 1.83 (br, 36 H), 2.66 (t, /] = 7.5 Hz,
12H), 3.93 (br, 24H), 4.03 (t, /] = 6.0 Hz, 12H), 6.06 (s, 12H), 6.97 (d, J
= 7.8 Hz, 12H), 7.28 (d, J = 7.5Hz, 12H), 7.78 (d, / = 7.5Hz, 12H),
7.87 ppm (d,J = 7.8 Hz, 12H); *C NMR (75.5 MHz, CDCl,): 6 = 13.9,
223,227, 289, 29.0, 33.5, 35.5, 67.7, 67.8, 68.1, 93.9, 114.7, 122.5, 124.5,
129.0, 145.8, 147.0, 151.0, 160.9, 161.3 ppm; UV/Vis (PhMe): Ay, =
352 nm; MALDI-TOF MS: m/z: 2643.1 [M]*; elemental analysis calcd
for Cy4sHy0N 1,050 C 74.97, H 7.78, N 6.36; found: C 75.16, H 8.02, N
6.11.

Az0G2: A mixture of G2-(OH),® (0.14 g, 0.075 mmol), 4-[(4-butylphe-
nyl)azo]phenol (0.47 g, 1.17 mmol), and Cs,CO; (0.38 g, 1.17 mmol) in
DMF (8 mL) was stirred over a period of nine days. The reaction mixture
was then filtered, the filtrate diluted in CH,Cl,, washed with water and
brine, dried, and concentrated. Flash chromatographic purification (SiO,,
PhMe/EtOAc 99:1) of the resulting product afforded AzoG2 as an
orange, glassy solid (0.26 g, 61%). R; = 0.33 (PhMe/EtOAc 98:2); 'H
NMR (300 MHz, CDCL;): 6 = 093 (t,/ = 72 Hz, 36H), 1.34 (m, J =
7.2 Hz, 24H), 1.61 (br, 66H), 1.83 (br, 84H), 2.66 (t, ] = 7.2 Hz, 24H),
3.92 (br, 60H), 4.02 (brt, / = 6.3 Hz, 24H), 6.06 (s, 30H), 6.97 (d, J =
9.0 Hz, 24H), 728 (d, / = 8.4Hz, 24H), 7.79 (d, / = 8.4 Hz, 24H),
7.87 ppm (d, J = 9.0 Hz, 24H); *C NMR (75.5 MHz, CDCL,): 6 = 13.9,
22.3,22.7,28.9, 29.0, 33.4, 35.5, 67.7, 68.0, 93.8, 114.6, 122.5, 124.5, 129.0,
145.7, 147.0, 151.0, 160.9, 161.3 ppm; UV/Vis (PhMe): A,,, = 352 nm;
MALDI-TOF MS: m/z: 57389 [M]*; elemental analysis cacld for
Ci57HuuN», Oy C 74.66, H 7.79, N 5.85; found: C 75.24., H 8.07, N 5.70.

Az0G3: A mixture of G3-(OH),,* (0.07 g, 0.017 mmol), 4-[(4-butylphe-
nyl)azo]phenol (0.23 g, 0.56 mmol), and Cs,CO; (0.18 g, 0.56 mmol) in
DMF (5 mL) was stirred over a period of nine days. The reaction mixture
was then filtered, the was filtrate diluted in CH,Cl, and washed with
water and brine, dried, and concentrated. Flash chromatographic purifi-
cation (SiO,, PhMe/EtOAc 98:2) of the resulting product afforded
AZoG3 as an orange, glassy solid (0.08 g, 40%). R; = 0.58 (PhMe/
EtOAc 95:5); 'H NMR (300 MHz, CDCL): 6 = 093 (t, / = 7.2 Hz,
72H), 1.36 (m, J = 7.5 Hz, 48H), 1.62 (br, 138H), 1.81(br, 180H), 2.65
(t, J = 7.2Hz, 48H), 3.90 (br, 132H), 4.01 (br, 48H), 6.04 (br, 66H),
6.96 (d, J = 84Hz, 48H), 728 (d, / = 8.0Hz, 48H), 7.78 (d, J =
8.0 Hz, 48H), 7.87 ppm (d, / = 8.4 Hz, 48H); *C NMR (75.5 MHz,
CDCLy): 6 = 13.9,22.3,22.7, 289, 33.4, 35.5, 67.7, 68.0, 93.8, 114.6, 122.5,
124.5, 129.0, 145.7, 146.9, 150.9, 160.8, 161.3 ppm; UV/Vis (PhMe): 4.,
= 352 nm; elemental analysis calcd for C;4HgyNyOgp: C 74.52, H 7.80,
N 5.63; found: C 73.90, H 7.75, N 5.23.

Instrumentation: Phase transitions were observed using a Nikon HFX
35A Optiphot-2 polarized light optical microscope, equipped with a
Linkam THMS 600 heating and freezing stage connected to a Linkam
TP92 temperature programmer. DSC analyses were preformed under air,
using a DuPont DSC 2010 differential scanning calorimeter attached to a
Thermal Analyst 2100 data station. Absorption spectra were recorded on
a Shimadzu 3101PC UV/Vis-NIR spectrophotometer. Steady-state pho-
tolysis was carried out using a 200 W high-pressure mercury lamp, in
combination with a 360 nm Oriel bandpass filter. Laser photolysis was
carried out using the third harmonic (355 nm, 5 mJ per pulse, pulse width
10 ns) of a Quanta Ray GCR-12 Nd:YAG laser. The excitation and emis-
sion spectra were measured on a SPEX Fluorolog F112X spectrofluorim-
eter.
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Heteronuclear Rhodium, Palladium, Platinum, and Gold Organoimido
Complexes from Dinuclear Organoamido Rhodium Precursors
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Claudia Graiff,™ and Antonio Tiripicchio™

Dedicated to Professor José Vicente on the occasion of his 65th birthday

Abstract: Treatment of the organo- ed the homo-
amido complexes [Rhy(u-4-  complexes

HNC¢H Me),(L,),] (L, = 1,5-cyclooc- (CO)] (5;
tadiene (cod), L = CO) with nBulLi  phine)iminium),
gave solutions of the organoimido spe- NCsH,Me),M(cod)]
cies [Li,Rhy(u-4-NC¢H Me),(L,),]. Fur-  Pt(7)) and

ther reaction of [Li,Rh,(p-4-
NC¢H Me),(cod),] with [Rh,(p-
Cl),y(cod),] afforded the neutral tetra-  the
nuclear complex [Rh,(u-4-NCH,Me),-
(cod),] (2), which rationalizes the direct
syntheses of 2 from [Rh,(u-Cl),(cod),]
and Li,NCiH,;Me. Reactions of
[Li,Rh,(u-4-NCH,Me),(CO),]  with
chloro complexes such as [Rh,(p-
C1),(CO),], [MCl,(cod)] M = Pd, Pt),
and [Ru,(p-Cl),Cly(p-cymene),] afford-

Keywords: gold

rhodium

Introduction

Transition-metal organoimido (nitrene, RN?") chemistry has
experienced a remarkable growth in recent years, with these
hard nitrogen donor ligands exhibiting diverse reactivities.!"
Terminal organoimido ligands are far more prevalent in
complexes of high-valent, early and mid transition metals
than in complexes of late transition elements.”’ Metal orga-
noimido complexes have been used as catalysts for the
metathesis of olefins®! and imines,*! and in C—H activation
reactions.”! In contrast, transition-metal organoimido com-
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and heterotrinuclear
PPN[Rh;(p-4-NC.H,Me),-
PPN =bis(triphenylphos-

NC¢H,Me),Ru(p-cymene)]
the reaction with [AuCl(PPh;)] gave
tetranuclear
[(CO),Rhy(u-4-NCsH,Me),{ Au(PPhs)},]
(9). The structures of complexes 6, 8,

complexes - palladium - platinum -

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and 9 were determined by X-ray dif-
fraction studies. The anion of 5 reacts
with [AuCl(PPh;)] to give the butterfly

[(CO)Rhy(pu-4-  cluster  [{Rhy(u-4-NC¢H Me),(CO),}-
M = Pd (6), Au(PPhy)] (10), in which the Au atom
[(CO)Rh,(pu-4-  is bonded to two rhodium atoms. Reac-

(8), while tion of the anion of 5 with
[Rh(cod)(NCMe),](BF,) gave the tet-
ranuclear complex [Rhy(p-4-
NCHMe),(CO)¢(cod)] (11) in which
the Rh(cod) fragment is m-bonded to
one of the arene rings, while the reac-
tion of the anion of 5 with [PdCl,(cod)]
afforded the heterotrinuclear complex
6 through a metal exchange process.

compound

organoimido

plexes of the late transition metals are rare. For some time,
the d°® iridium, ruthenium,”’ and osmium® organoimido
complexes [Cp*II=NR)] and [(arene)M=NR] (M = Ru, Os;
R = alkyl, aryl) stood as the only examples of terminal or-
ganoimido complexes with d-electron counts greater than
four, until the recent report of the d® nickel® and cobalt!"”!
compounds [(dtbpe)Ni=NR] and [(PhBP;)Co=NR][(R =
aryl, dtbpe = (rBu,P),C,H,, PhBP; = [PhB(CH,PPh,);]").
This scarcity has been attributed to a m-electron conflict be-
tween filled metal dm orbitals and lone electron pairs resid-
ing on the m-donating ligands, which increases the reactivity
of the metal-N moieties.""! Low-valent late transition metal
organoimido complexes with electron counts greater than
six, although unusual, are represented by the dinuclear com-
plexes [Rh,(u-NR)(p-dppm),(CO),],['” some ruthenium and
osmium clusters,”® the sole neutral palladium(i) complex
[Pd;(u-NR),(u-NHR)(PEt;);]CLM and the tetranuclear rho-
dium(1) compounds [Rh,(u-NR),(diolefin),].™>) In these
complexes the m-electron conflict is overcome by coordina-
tion of the hard nitrogen donor to several metal atoms. In
fact, the noticeable stability of the Rh—N bonds in the tetra-
nuclear complexes provides new reactivity patterns, which
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allow unusual transformations.® Furthermore, organoimi-
do-bridged heterometallic complexes are almost unknown.
The only examples include the reactive early-late complex
[Cp,Zr(p-BuN)IrCp*]"” and related compounds.!®

In the search of new types of heterometallic imido com-
pounds of the platinum metals group, we report here the
use of a general synthetic strategy for the formation of trian-
gular heterometallic organoimido compounds starting from
dinuclear organoamido rhodium complexes.'” This ap-
proach has allowed the preparation of new organoimido
complexes of the late transition metals in a low oxidation
state, as well as providing a rationalization of the chemical
pathway leading to previously reported tetranuclear rhodi-
um organoimido complexes.

Results and Discussion

A typical approach to the synthesis of organoimido com-
plexes of late transition metals such as ruthenium(i), osmi-
um(1), and iridium(i) involves the reaction of a dichloro
metal complex with an alkali amide (LiNHR) in a 1:2 molar
ratio. Although this methodology seems more appropriate
for the preparation of bis(organoamido) complexes, these
undergo an internal acid-base disproportionation to give or-
ganoimido compounds and free amine. This disproportiona-
tion described for d® metal compounds is not observed for
diolefin rhodium(i) complexes, allowing the preparation of
organoamido rhodium(i) compounds. Thus, the reaction of
[Rhy(u-Cl),(cod),] with LiNH(4-MeC¢H,) in a 1:2 molar
ratio gives the dinuclear'"” organoamido complex [Rh,(u-4-
HNCH Me),(cod),] (1) (Scheme 1), which does not prog-

[Rhz{u-Cl}a{cod)z]

LiNH{4-MeCyH,} | | LM 4-MeCH,)

v

H n-R ]2

H +8
V-N=g — ;ﬁ"-—:‘

N\ lcod)Rh Rhi{cod
{co-d]Rh“:,”"“Rh;cou} R cod)

1 A

;.V
@ah{m,

(cod) th Niﬁhmﬂ
co
Nl

|lq'-— Rhicod)
R

2

Scheme 1. Formation of organoamido and organoimido rhodium com-
pounds. a) nBuLi; b) [Rh,(u-Cl),(cod),].

ress further to an organoimido complex and free amine,
even on prolonged heating and with excess lithium amide.
Nevertheless, the deprotonation of complex 1 could produce
anionic organoimido compounds, as recently reported for
some organoamido platinum, palladium, and iridium com-
plexes with d® electron counts, derived from primary

Chem. Eur. J. 2004, 10, 708—-715 www.chemeurj.org
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amines.® Thus, the treatment of 1 with nBuLi gave air- and
thermally sensitive dark red solutions at low temperature.
These solutions contain the organoimido species [Li,Rh,(u-
4-NCsH Me),(cod),] (A, Scheme 1), whose presence is con-
firmed by treatment with [Rh,(p-Cl),(cod),] (Scheme 1) to
afford the neutral organoimido tetranuclear compound
[Rhy(p-4-NCsH Me),(cod),] (2) in moderate yield. Complex
2 was straightforwardly prepared by the one-pot reaction of
[Rh,(p-Cl),(cod),] with Li,N(4-MeC,H,Me) in a 1:1 molar
ratio (Scheme 1). The previously communicated™ X-ray
molecular structure of complex 2 shows two p-tolyl imido li-
gands capping either side of a trirhodium triangle through
the nitrogen atoms, while the phenyl ring of one of these li-
gands coordinates an isolated Rh(cod) fragment in a ’ fash-
ion.

The above described stepwise synthesis of 2 rationalizes
the one-pot preparation of tetranuclear organoimido rhodi-
um compounds,™ which involves the intermediacy of depro-
tonated amido compounds such as A (Scheme 1), their reac-
tion with the rhodium choro complex to incorporate one
Rh(cod) fragment into the trimetallic core, and the binding
of a second Rh(cod) fragment to the arene ring. Moreover,
this explanation of the preparative approach strongly sug-
gests that dinuclear organoamido complexes of rhodium(1)
could be appropriate precursors for the synthesis of homo-
metallic and heterometallic organoimido complexes of the
late transition metals in low oxidation states. To extend this
protocol to other metals, [Rh,(u-4-HNCH,Me),(cod),]
could be a candidate, but the analogous complex with m-acid
carbonyl ligands would provide a more stable deprotonated
amido species because of the decreased basicity of the rho-
dium centers. Indeed, thermally stable dark red solutions
containing [Li,Rh,(u-4-NC¢H,Me),(CO),] (4) were prepared
by reacting the tetracarbonyl compound [Rh,(p-4-
HNC¢H,Me),(CO),] (3) with nBuLi in diethyl ether at low
temperature (Scheme 2). Indirect evidence for the existence

W
1Y N\—R
::Rh"}"“"ﬂh——.
\ ¥ 5 g
[ 7 )
M

Eh
I“ -R lll\ /R
‘ﬂ‘l\Rh—-—. +b1 +a "‘Rh‘iﬂ-ﬂ:ﬂh
R N W TN
5
gt e M = Pd (6), Pt (7)
;;Rhﬂ, “Rh—e
4
5 e T
\ R &
_,-f,':.'”i (PhsPIAU, _\ —Au(PPhg)
*—Rh"," Rh—s —Rh“N—Rh—s
« R"‘ ~» ~ n’ ~
8 9

Scheme 2. Homo- and heteronuclear complexes derived from [Rh,-
(1-4-NCgH,;Me),(CO),)*". a) nBuLi; b) H,0; c) [Rhy(u-Cl),(CO),]; d)
[MCl,y(cod)]; e) [Ru,(p-Cl),Cly(p-cymene),]; f) [AuCl(PPh;)]. Carbonyl
ligands are denoted by e.
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of such species was obtained from the addition of a stoichio-
metric amount of water to the dark red solutions, which re-
generated the yellow starting material 3 almost immediately.
Moreover, the high solubility of this species in diethyl ether
seems to indicate the coordination of the lithium ions to the
nitrogen atoms, as suggested for the related [Li,Ir,(pu-4-
NC¢H,Me),(CO),] compound.”™ The ionic trinuclear com-
pound PPN[Rh;(p-4-NCH,Me),(CO),] (5) was isolated by
successive additions of 0.5 molar equivalents of [Rh,(u-
C1),(CO),] to 4, and the salt of a bulky cation such as
PPNCI (Scheme 2). The formation of 5 involves the bonding
of the Rh(CO), moiety to 4 through both nitrogen atoms to
give the trimetallic core Rh;(u-4-NCsH,Me),. Complex §
was characterized by elemental analyses and spectroscopic
data (see Experimental Section).

With experimental evidence for the presence of
[Li,Rh,(p-4-NC,H,Me),(CO),] in the dark red solutions
coming from the deprotonation of 3 and confirmation of its
behavior as a good synthon for polynuclear compounds, our
attention was focused on the preparation of heterometallic
organoimido complexes. Thus, addition of one molar equiva-
lent of [MCl,(cod)] (M = Pd, Pt) to solutions of 4 afforded
the neutral trinuclear complexes [(CO),Rhy(pu-4-
NC¢H,Me),M(cod)] (M = Pd (6), Pt (7)) (Scheme 2). The
new compounds 6 and 7 were isolated as red (6) and green
(7) crystalline solids in good yields, and were characterized
by analytical and spectroscopic methods as well as by a X-
ray diffraction study on complex 6. An ORTEP view of the
molecular structure of 6 is shown in Figure 1, and selected

Figure 1. Structure of 6 (thermal ellipsoids are drawn at 30 % probability
level).

bond lengths and angles are given in Table 1. Complex 6 has
an imposed crystallographic C, symmetry, with the twofold
axis passing through the Pd atom and the midpoint of the
Rh1--Rh1’ line. In the open triangular Rh,Pd core the
Pd1--Rh1 and Rhi1--Rhl’ separations are 2.885(1) and
2.836(1) A, respectively. The triangle is capped on both
sides by two p-tolylimido ligands, bound through the N
atoms, the Rh1-N1, Rh1'-N1, and Pd1-N1 bond lengths
being 2.077(7), 2.075(7,) and 2.055(7) A, respectively. The

710
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Table 1. Selected bond lengths [A] and angles [°] of complex 6.1

Pdl--Rh1’ 2.885(1) Rh1-C1 1.847(12)
Pdl--Rh1 2.885(1) Rh1-C2 1.854(11)
Rh1--Rh1’ 2.8361(15) Rh1-N1 2.077(7)
PdI-N1’ 2.055(7) Rh1-NT' 2.075(7)
Pd1-N1 2.055(7) N1-C3 1.402(11)
Pd1-M1 2.144(5) N1-Rh1’ 2.075(7)
N1-Pd1-M1 100.2(3) N1-Rh1-N1’ 733(3)
N1-Pd1-M1’ 1743(3) C3-N1-Pdl 120.2(6)
M1-Pd1-M1’ 85.4(3) C3-N1-Rhl 130.1(6)
N1'-Pd1-N1 74.2(4) Pd1-N1-Rhl 88.6(3)
C1-Rh1-C2 87.8(5) C3-N1-Rhl’ 130.0(6)
C1-Rh1-N1 99.3(4) Pd1-N1-Rh1’ 88.6(3)
C2-Rh1-N1’ 99.5(4) Rh1-N1-Rh1’ 86.2(3)

[a] M1 is the midpoint of the C11-C12 bond. Symmetry transformation
used to generate equivalent atoms: —x+1, y, —z+41/2.

carbon atoms of the two terminal carbonyl ligands complete
a slightly distorted square plane around each Rh atom, indi-
cating that metal-metal interactions are weak, even if the
metal-metal separations are rather short. The cycloocta-
diene molecule is coordinated to the Pd atom in the usual
manner through the two double bonds. Taking into account
the midpoints of the two double bonds, the coordination
around the Pd atom is square planar as well.

Complexes 6 and 7 were found to be single species in so-
lution, and their structures corresponded to that described
for 6 in the solid state. Thus, they show three v(CO) bands
in the IR spectra (see Experimental Section). These absorp-
tions were found to be shifted to lower frequencies by about
25cm™ relative to [Rhy(p-4-HNC,H,Me),(CO),] (3), sug-
gesting an enhancement of the backbonding to the CO li-
gands owing to the incorporation of the M(cod) moiety into
the core. In accordance with the C,, symmetry of the com-
plexes the p-tolyl rings were found to be equivalent and the
"H NMR spectra of both complexes showed one signal each
for the olefinic, methylenic endo, and methylenic exo cod
protons. Coordination of cod to platinum was clearly detect-
able by the platinum satellites (*J(H,Pt) = 58.2 Hz) of the
signal for the olefinic protons in complex 7.

The related compound [(CO),Rh,(u-4-NC,H,Me),Ru(p-
cymene)] (8) (Scheme 2) was prepared by adding [Ru,(p-
Cl),Cl,(p-cymene),] to 4 at low temperature. Complex 8 was
obtained as a red crystalline solid, and an X-ray diffraction
study confirmed the formation of the heterometallic
Rh,Ru(p-4-NC¢H,Me), core, even if the poor quality of the
crystals prevented us from obtaining accurate structural pa-
rameters. This structure is also maintained in solution ac-
cording to the NMR and IR data (see Experimental Sec-
tion). An ORTEP view of the molecular structure of 8 is
shown in Figure 2, and selected bond lengths and angles are
given in Table 2. The structure of 8 is strictly comparable to
that of complex 6, if the Pd(cod) fragment is replaced by
Ru(arene). In the open triangular Rh,Ru core, the
Rul--Rh1, Rul---Rh2, and Rh1:--Rh2 separations are short
(2.853(3), 2.869(4), and 2.802(7) A, respectively). Two p-tol-
ylimido ligands cap the metal triangular core, bonded
through the N atoms. Two terminal carbonyl groups bonded
to each Rh atom complete a slightly distorted square planar
coordination, while the p-cymene molecule is coordinated to
the Rul atom in a n° fashion.

www.chemeurj.org  Chem. Eur. J. 2004, 10, 708-715
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Figure 2. Strcture of 8 (thermal ellipsoids are drawn at 30% probability
level).

Table 2. Selected bond lengths [A] and angles [°] of complex 8.1

Rul-Rhl 2.853(3) Rh2-C4 1.92(4)
Rul--Rh2 2.869(4) Rh2-N2 1.98(2)
Rh2--Rhl 2.802(4) Rh2-N1 2.05(2)
Rul-CE 1.66(6) Rh1-C2 1.83(3)
Rul-N2 1.99(2) Rh1-C1 1.98(4)
Rul-N1 2.03(3) Rh1-N2 2.04(2)
Rh2-C3 1.83(4) Rh1-N1 2.12(3)
N1-Rul-CE 140.76 C5-N1-Rul 119.2(16)
N2-Rul-CE 145.76 Rh2-N1-Rul 89.5(9)
N2-Rul-N1 73.5(9) C5-N1-Rhl 128.8(16)
C3-Rh2-C4 81.4(16) Rh2-N1-Rhl 84.6(9)
C4-Rh2-N2 104.6(14) Rul-N1-Rh1 87.0(10)
C3-Rh2-N1 100.8(13) C12-N2-Rul 113.2(16)
N2-Rh2-N1 73.1(10) C12-N2-Rh2 132.2(16)
C2-Rh1-Cl 89.4(14) Rul-N2-Rh2 92.6(9)
C2-Rh1-N2 102.0(12) C12-N2-Rh1 128.9(15)
CI1-Rh1-N1 97.8(12) Rul-N2-Rhl 90.1(9)
N2-Rh1-N1 70.5(9) Rh2-N2-Rh1 88.1(9)
C5-N1-Rh2 133.7(18)

[a] CE is the centroid of the C19—C24 ring

Reaction of 4 with two molar equivalents of [AuCI(PPhj;)]
gave the heterotetranuclear rhodium/gold imido-bridged
complex [(CO) Rh,(pu-4-NCsH,Me),{Au(PPh;)},] (9). Com-
plex 9 was isolated as an orange crystalline solid that was
found to be thermally unstable in solution. Solutions of 9 in
[D¢]benzene decompose to a mixture of unidentified com-
pounds with a half-life of 2 h at room temperature under an
argon atmosphere. The incorporation of two gold atoms to 4
was evident from the 1:1 molar ratio between the signals of
the equivalent p-tolyl rings and the multiplet corresponding
to the PPh, ligands in the 'H NMR spectrum. Moreover, an
interaction between the rhodium and phosphorus nuclei was
detected because of the coupling of the phosphorus with
two equivalent thodium nuclei to give a triplet (3/(P,Rh) =
1.3 Hz) in the *'P{'H} NMR spectrum. The presence of only
two strong v(CO) bands (2031, 1969 cm™") in the IR spec-
trum of 9 indicated that the species has a different symmetry
from that shown by complexes 6-8. Complex 9 has been
fully characterized as a tetranuclear complex by an X-ray
study. An ORTEP view of the structure of 9 is shown in
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Figure 3, and selected bond lengths and angles are given in
Table 3. Complex 9 has an imposed crystallographic C; sym-
metry so that the Au,Rh, metal core has a perfectly planar

Figure 3. Structure of 9 (thermal ellipsoids are drawn at 30 % probability
level).

Table 3. Selected bond lengths [A] and angles [°] of complex 9.1

Rhl--Aul’ 3.1102(16) RhI1-NT' 2.103(8)
Rhl-Aul 3.1151(17) Aul-N1 2.072(8)
Rh1--Rhl’ 3.198(2) Aul—P1 2.245(3)
Rh1-C2 1.839(12) N1-C3 1.392(12)
Rh1-C1 1.856(13) N1-Rh1’ 2.103(8)
Rh1-N1 2.058(8)

C2-Rh1-Cl 87.9(5) C3-N1-Aul 118.2(7)
C1-Rh1-N1 95.8(5) Rh1-N1-Aul 97.9(3)
C2-Rh1-N1’ 96.7(4) C3-NI-Rhl’ 120.9(7)
N1-Rh1-N1’ 79.6(4) Rh1-N1-Rh1’ 100.4(4)
N1-Aul-P1 174.2(3) Aul-N1-Rhl’ 96.3(3)
C3-N1-Rhl 118.4(6)

[a] Symmetry transformation used to generate equivalent atoms: —x+1,
=Y~z

raftlike structure with the two open Rh,Au triangles sharing
a common Rh-Rh’ side. The Rh1:-Rh1’, Rhl--Aul, and
Rhl-+Aul’ separations are 3.198(2), 3.115(2), and
3.110(2) A, respectively. The two Rh,Au triangles are
capped on opposite sides by an N atom from the p-tolylimi-
do ligand with Rh1-N1, Rh1'-NI1, and Aul-N1 bond
lengths of 2.058(8), 2.103(8), and 2.072(8) A respectively.
Two carbonyl groups are bonded to each Rh atom, while a
triphenylphosphane ligand is coordinated to the Au atom.
The coordination around each Rh atom, involving the two
carbon atoms of the carbonyl groups and the two N atoms
of the p-tolylimido ligands, is nearly square planar. The Au
atom is nearly linearly bonded to the P atom of the PPh,
ligand (N1-Aul-P1 174.2(3)°), indicating that metal-metal
interactions are weak, even if the metal-metal separations
are rather short. It is notable that the Au(PPh;) fragments
are located at the anti positions of the four-membered
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Rh,N, metallacycle, whereas complexes 5-8 could be consid-
ered as derived from the syn configuration.

We have also investigated the reactions of the ionic com-
pound PPN[Rh;(p-4-NC¢H Me),(CO);] (5) with electrophil-
ic metal complexes, which gave distinct results depending on
the nature of metal complex added. Thus, the reaction of §
with [AuCl(PPh;)] gave the complex [{Rh;(p-4-NCsH,Me),-
(CO)¢}Au(PPh;)] (10) (Scheme 3), in which the Au(PPhs)
fragment was found to be bonded to two rhodium atoms,
forming a planar butterfly heterometallic cluster. This bond-

SN
\] i/ \[ T
rh—Rh +b Rh +c
LI —_—
V2 /A I
—RIEN=Rn_, ".—_-th;N-"Rh“‘*
- ~ R Y
B
| :
éﬁh[md}
T e
el 2
X /e
« i\Rh_ R
R
11 10

Scheme 3. Some reactions of the anion [Rhs(u-4-NC¢H Me),(CO)¢]~ with chlorocomplexes. a) [AuCl(PPh;)];
Carbonyl ligands are denoted by e.

b) [Rh(cod)(NCMe),|(BF,); c) [PdCl,(cod)].

ing scheme, with the Au atom acting as a wing of the butter-
fly, was supported by the observation of a large coupling be-
tween the phosphorus and two equivalent rhodium nuclei
(*J(PRh) = 17 Hz) and a small coupling *J(P,Rh) = 5 Hz)
with the third '®Rh active nucleus to give a triplet of dou-
blets in the *'P{'H} NMR spectrum of 10. Moreover, the two
equivalent rhodium atoms involved in the bonding with the
gold atom were detected at 6 = —125 ppm, while the third
rhodium atom resonated at & = 50 ppm in the *'P,'”Rh{'H}
hetcorr spectrum.

The formation of 10 from 5 can be rationalized by assum-
ing that a Rh—Rh edge in the anion 5 is able to engage a
new metal fragment through two unsupported metal-metal
bonds. Alternatively, the Rh—Rh edge can be considered as
an anionic two-electron donor ligand that binds the gold
atom.

Quite surprisingly, the reaction of 5 with [PdCl,(cod)]
gave the above described complex [(CO),Rh,(p-4-
NC¢H,Me),Pd(cod)] (6), while the addition of
[Rh(cod)(NCMe),](BF,) to 5 afforded the tetranuclear com-
plex [Rhy(u-4-NC,HMe),(CO)¢(cod)] (11) (Scheme 3). Al-
though no intermediates were detected in these reactions,
the rationalization of the bonding in the gold compound 10
suggests these reactions start by the coordination of the
metals to the active rhodium—rhodium edge in 5 to give the
intermediates A and B (Scheme 3). At this stage, these spe-
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cies transform following different pathways. The heteronu-
clear palladium complex (A) undergoes a metal exchange of
the Rh(CO), moiety, which is extruded as [Rh,(u-
Cl),(CO),], by Pd(cod), which is incorporated into the trinu-
clear core (Scheme 3). Most probably, the transfer of the
chloride ligand from the Pd to the Rh atom in the inter-
mediate A initiates the metal exchange process, with coordi-
nation of the Pd center to the nitrogen atoms. It is interest-
ing to note the preference of the imido ligand for the
Pd(cod) moiety over the Rh(CO), fragment. In contrast, the
formation of 11 from the pro-
posed species B (Scheme 3) is
accomplished by the migration
of the electron-poor fragment

/,' I%H Rh(cod) from the active edge
—prp= =g\ —, to the arene ring without
R S changes in the trinuclear core.
A
l Conclusion
L= Homo- and hetero-nuclear or-
}.ﬂ ganoimido complexes of late
I \ LR transition metals in low oxida-
N . .
.;Rh‘-.fhla-..Rh_‘ tion states are accessible from

appropriate organoamido rho-
dium(i) compounds. The new
complexes reported here were
found to be reasonably stable
in spite of the unfavorable pre-
dictions about the stability of
this type of complex. In our
case, the possible m-conflict be-
tween filled metal drt orbitals and lone electron pairs resid-
ing on the organoimido ligand™! was avoided by removing
the cause, that is, by using all the electrons of the organoimi-
do moiety for coordination to three metal atoms. This de-
creases the reactivity of the nitrogen moiety,™ which re-
mains as a triply bridging ligand. Moreover, we have found
an unpredictable preference of the imido ligand for the
Pd(cod) moiety over the Rh(CO), fragment in metal ex-
change reactions. The engagement of Pt(cod) and Pd(cod)
moieties in bonding with the organoimido ligand in the het-
erometallic complexes suggests that unknown imido com-
plexes of these metals could be stable and possible to iso-
late.

Experimental Section

Starting materials and physical methods: All reactions were carried out
under argon using standard Schlenk techniques. The complexes [Rh,(u-4-
HNC¢H,Me),(cod),]"" [PACl,(cod)],?! [PtCly(cod)],*" and
[AuCI(PPh;)]*! were prepared according to literature methods. Solvents
were dried and distilled under argon before use by standard methods.
Carbon, hydrogen, and nitrogen analyses were performed by using a Per-
kin-Elmer 2400 microanalyzer. IR spectra were recorded with a Nicolet
550 spectrophotometer. Mass spectra were recorded with a VG Autospec
double-focusing mass spectrometer operating in the FAB™ mode. Ions
were produced with the standard Cs™ gun at about 30 KV, 3-nitrobenzyl
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alcohol (NBA) was used as matrix. 'H, *'P{'H}, and *C{'H} NMR spectra
were recorded on a Bruker ARX 300 and on a Varian UNITY 300 spec-
trometers operating at 300.13 and 299.95MHz for 'H, respectively.
Chemical shifts are reported in parts per million relative to SiMe,, using
the signal of the deuterated solvent as reference and H;PO, as external
reference (for *'P).

[Rh,(n-4-HNC¢H Me),(CO),] (3): Carbon monoxide was slowly bubbled
through a suspension of [Rh,(u-4-HNC.HMe),(cod),] (1) (635.0 mg,
1.00 mmol) in diethyl ether (20 mL) to give a yellow solution in about
30 min. The solution was concentrated to a volume of about 3 mL.
Hexane (10 mL) was added and the CO bubbling was continued for a
further 30 min. The resulting solution was left under a carbon monoxide
atmosphere in a freezer at —30°C for two days to render yellow crystals
of 3. The solid was separated by filtration, washed with cold pentane, and
dried under vacuum (yield: 371.1 mg; 70%). '"HNMR ([D]benzene,
25°C): 6 = 7.05 (65, 4H), 6.85 (0, J(A,B) = 8.4Hz, 4H; p-MeC(H,),
2.07 (s, 6H; p-MeC¢H,), 1.73 ppm (s, 2H; NH); *C{'H} NMR ([D¢]ben-
zene, 25°C): ¢ = 185.1 (d, 'J(C,Rh) = 69 Hz; CO), 157.5 (C), 131.5(C"),
129.2 (C™), and 120.4 (C°) (p-MeC¢H,), 20.4 ppm (p-MeC¢H,); IR (dieth-
yl ether): # = 2077 (s), 2058 (s), 2004 cm™" (s) (CO); MS: m/z (%): 530
(35) [M]*, 474 (100) [M—2CO]*; elemental analysis calcd (%) for
CisHsN,ORh, (530.1): C 40.78, H 3.04, N 5.28; found: C 40.75, H 2.94,
N 5.21.

PPN[Rh;(n-4-NCiH,Me),(CO)4] (5): The addition of nBuLi (200.0 pL;
1.6m, 0.32 mmol) to a yellow solution of [Rh,(p-4-HNC¢H,Me),(CO),]
(3) (84.8 mg, 0.16 mmol) in diethyl ether (8 mL) at —78°C immediately
produced a dark red solution. After stirring for 15 min, solid [Rh,(u-
Cl),(CO),] (31.1 mg; 0.08 mmol) was added and the reaction mixture was
allowed to reach room temperature for 1 h. The solution was evaporated
to dryness and the residue was dissolved in dichloromethane (10 mL) and
treated with solid PPNCI (92.0 mg, 0.16 mmol). The resulting suspension
was filtered over kieselgiihr and the filtrate was concentrated to about
3 mL and layered with diethyl ether (15 mL) to render yellow microcrys-
tals in two days. The mother liquor was decanted and the crystals were
dried under vacuum (yield: 147.1 mg; 75%). "H NMR (CDCls, 25°C): 6
= 7.59 (m, 6H; PPN), 7.39 (m, 28H; PPN +9,), 6.72 (0p, J(AB) =
7.8 Hz, 4H; p-MeC4H,), 2.14 ppm (s, 6H; p-MeC¢H,); “C{'H} NMR
(CDCl,;, 25°C): 6 = 190.5 (d, 'J(C,Rh) = 68 Hz; CO), 167.6 (C), 129.4
(Cr), 127.3 (C™), and 123.3 (C°) (p-MeCH,), 134.0 (C*), 132.0 (d, *J(C,P)
= 11 Hz; C™), 129.5 (d, ¥/(C,P) = 28 Hz; C°), and 126.8 (d, 'J(C,P) =
110 Hz; C) (PPN), 20.3 ppm (p-MeC4H,); IR (dichloromethane): 7 =
2015 (s), 1960 cm™" (s) (CO); MS: m/z (%): 687 (100) [M]~, 659 (55)
[M—CO]"; elemental analysis calcd (%) for CssH,yN;O¢P,Rh; (1225.6): C
54.88, H 3.62, N 3.43; found: C 55.12, H 3.71, N 3.28.
[(CO),Rh,(u-4-NC,H,Me),Pd(cod)] (6): Solid [PdCly(cod)] (42.8 mg,
0.15 mmol) was added to a solution of [Li,Rh,(p-4-NCsH,Me),(CO),] in
diethyl ether, prepared as described for 5 starting from 3 (80.6 mg,
0.15 mmol), and nBuLi (187.4 uL; 1.6m, 0.30 mmol) at —78°C. The re-
sulting suspension was stirred for 2 h at low temperature and then for
12 h more at room temperature to give a red suspension. This was evapo-
rated to dryness to give a red microcrystalline solid, which was washed
with methanol (2x10mL at —80°C), and pentane (5mL), and dried
under vacuum (yield: 85.8 mg; 71 %). Crystals suitable for X-ray diffrac-
tion studies were obtained from the slow diffusion of hexane into a di-
chloromethane solution of 6. 'HNMR (CDCl;, 25°C): 6 = 7.22 (04
4H), 6.92 (05, J(A,B) = 8.1 Hz, 4H; p-MeCH,), 4.33 (s, 4H; =CH), 2.60
(m, 4H; CH,*°), 2.25 (m, 4H; CH,"%), 2.19 ppm (s, 6H; p-MeCH,);
BC{'H} NMR (CDCl;, 25°C): 6 = 189.3 (d, J(C,Rh) = 68 Hz; CO),
159.6 (C), 133.4 (C7), 128.7 (C™), and 125.6 (C°) (p-MeC¢H,), 111.9 (=
CH), 29.1 (CH,), 20.5 ppm (p-MeCsH,); IR (dichloromethane): # = 2050
(s), 2031 (s), 1977cm™" (s) (CO); elemental analysis caled (%) for
CyHyN,O.Rh,Pd (742.7): C 42.04, H 3.53, N 3.77; found: C 41.60, H
3.71, N 3.60.

[(CO),Rh,(n-4-NCsH Me),Pt(cod)] (7): Compound 7 was prepared and
isolated as described for 6 starting from 3 (80.6 mg, 0.15 mmol), nBuLi
(187.4 uL; 1.6M, 0.30 mmol), and [PtCly(cod)] (56.2 mg, 0.15 mmol) to
give green microcrystals of 7. Yield: 87.8 mg (70%). '"H NMR (CDCl,,
25°C): 0 = 7.04 (0. 4H), 6.94 (03, J(A,B) = 7.5Hz, 4H; p-MeCsH,),
3.99 (m, *J(H,Pt) = 582 Hz, 4H; =CH), 2.51 (m, 4H; CH,™), 2.28 (s,
6H; p-MeCH,), 2.16 ppm (m, 4H; CH,"%*); “C{'H} NMR (CDCl,,
25°C): 0 = 188.6 (d, 'J(C,Rh) = 70 Hz; CO), 157.3 (C), 133.3 (C),

Chem. Eur. J. 2004, 10, 708—-715 www.chemeurj.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1283 (C™), and 1253 (t, J(C,Rh) = 1.5Hz; C°) (p-MeC¢H,), 922 (=
CH), 29.9 (CH,), 20.3 ppm (p-MeC,H,); IR (dichloromethane): # = 2052
(s), 2033 (s), 1981 cm™" (s) (CO); elemental analysis calcd (%) for
CyH,sN,O,Rh,Pt (831.4): C 37.56, H 3.15, N 3.37; found: C 36.93, H
3.61, N 3.12.

[(CO),Rh,(n-4-NC,H,Me),Ru(p-cymene)] (8): Compound 8 was pre-
pared and isolated as described for 6 starting from 3 (80.6 mg,
0.15 mmol), nBuLi (187.4 uL; 1.6M, 0.30 mmol), and [Ru,(u-Cl),(Cl),(p-
cymene),] (49.1 mg, 0.08 mmol) to give red microcrystals of 8. Yield:
68.7mg (60%). '"HNMR (CD,Cl,, 25°C): 6 = 7.27 (34 4H), 6.99 (Jp,
J(A.B) = 84Hz, 4H; p-MeC4H,), 479 (05 2H), 476 (o5, J(AB) =
6.1 Hz, 2H; p-MeC4H,-CHMe,), 2.33 (s, 6H; p-MeC¢H,), 2.30 (hp,
SJHH) = 6.6Hz, 1H; p-MeCH,-CHMe,), 2.17 (s, 3H; p-MeC¢H,-
CHMe,), 1.31ppm (d, *J(H,H) = 6.6Hz, 6H; p-MeCH,-CHMe,);
BC{'H} NMR (CD,Cl,, 25°C): 6 = 190.4 (d, J(C,Rh) = 71 Hz; CO),
167.5 (C), 132.9 (C?), 128.4 (C™), and 122.1 (C°) (p-MeC¢H,), 101.9, 90.6,
83.3, and 80.3 (p-MeCiH,-CHMe,), 31.9 (p-MeCH,-CHMe,), 24.0 (p-
MeC¢H,-CHMe,), 21.1 (p-MeCH,-CHMe,), 20.8 ppm (p-MeC:H,); IR
(dichloromethane): # = 2048 (s), 2029 (s), 1979 cm™' (s) (CO); MS: m/z
(%): 763 (35) [M]*, 650 (100) [M—4CO]*; elemental analysis caled (%)
for CxsHN,O,Rh,Ru (763.4): C 44.05, H 3.70, N 3.67; found: C 43.50, H
3.60, N 3.53.

[(CO),Rh,(n-4-NC,HMe),{Au(PPh;)},] (9): Solid [AuCl(PPh,)]
(148.4 mg, 0.30 mmol) was added to a solution of [Li,Rh,(u-4-
NCH,Me),(CO),] (4) (0.15mmol) prepared as described for 6. After
stirring for a few seconds, just to dissolve the gold compound, the yellow
solution was maintained undisturbed in the dry ice/acetone bath over-
night to give orange-yellow microcrystals suitable for X-ray diffraction
studies. The mother liquor was decanted and the crystals were washed
with cold methanol and dried under vacuum (yield: 141.0 mg; 65%).
'"HNMR ([Dg]benzene, 25°C): 6 = 8.15 (0, 4H), 6.68 (dg, J(AB) =
8.1Hz, 4H; p-MeC,H,), 7.75 (m, 12H; H°PPh;), 7.02 (m, 18H; H"*
PPPh;), 2.08 ppm (s, 6 H; p-MeC¢H,); *'P{'H} NMR ([D4]benzene, 25°C):
0 = 32.5ppm (t, J(PRh) = 1.3 Hz); IR (THF): # = 2031 (s), 1969 cm™!
(s) (CO); MS: miz (%): 1418 (5) [M—CO]*, 459 (100) [AuPPhs]; ele-
mental analysis calcd (%) for Cs,HuN,O,P,Rh,Au, (1446.6): C 44.83, H
3.06, N 1.93; found: C 45.20, H 3.19, N 2.08.

[{Rh;(u-4-NCsH,Me),(CO)}Au(PPh;)]  (10):  Solid  [AuCI(PPh;)]
(39.6 mg 0.08 mmol) was added to a dichloromethane (10 mL) solution of
PPN[Rh;(p-4-NC¢H,Me),(CO)4] (5) (98.0 mg, 0.08 mmol) at room tem-
perature. After stirring for 1h, the solution was evaporated to dryness,
the residue extracted with diethyl ether (2x10 mL) and filtered through
Celite. The resulting yellow solution was concentrated to about 5mL,
layered with hexane (5 mL), and kept undisturbed in the fridge for two
days. The mother liquor was decanted and the yellow crystals were dried
under vacuum (yield: 73.4 mg; 75%). 'HNMR (CD,Cl,, 25°C): 6 =
7.67-7.49 (m, 15H; PPh;), 7.26 (55, 4H), 6.85 (05, J(A,B) = 8.0 Hz, 4H;
p-MeC¢H,), 2.27 ppm (s, 6H; p-MeC¢H,); *'P{'"H} NMR (CD,Cl,, 25°C):
6 = 35.7ppm (td, J(P,Rh) = 17 Hz, *J(PRh) = 5 Hz); “C{'H} NMR
(CD,CL,, 25°C): 6 = 188.8 (d, 'J(C,Rh) = 70 Hz, 2C; CO), 187.3 (d,
'J(CRh) = 65Hz, 4C; CO), 165.4 (q, J(C,Rh) = “J(C,P) = 1Hz; C),
133.1 (C), 128.2 (C™), and 123.1 (q, *J(C,Rh) = *J(C,P) = 1 Hz; C°) (p-
MeC¢H,), 134.3 (d, *J(C,P) = 14 Hz; C°), 132.2 (d, ¥/(C,P) = 3 Hz; C7),
130.6 (d, J(CP) = 54Hz; C), and 129.7 (d, J(C,P) = 12Hz; C")
(PPh;), 20.6 ppm (p-MeC¢H,); IR (CH,CL): # = 2044 (s), 2000 (s),
1983 cm™ (w) (CO); MS(FAB*): m/z (%): 1146 (33) [M]*, 1118 (100)
[M—CO]*; elemental analysis caled (%) for C3;HyN,OPRh;Au
(1146.3): C 39.82, H 2.55, N 2.44; found: C 40.13, H 2.92, N 2.18.

[Rhy(n-4-NCsH;Me),(CO)¢(cod)] (11): Compound 11 was prepared as
described for 10 starting from 5 (98.0 mg, 0.08 mmol) and [Rh(cod)(NC-
Me),](BF,) (30.4 mg, 0.08 mmol) to render 57.5 mg of dark microcrystals
(80%). "H NMR (CD,CL, 25°C): 8 = 7.27 (5, 4H), 6.85 (dy, J(A,B) =
8.5 Hz, 4H; p-MeCsH,), 2.27 (s, 6H; p-MeCsH,); 6.52 (0, 4H), 6.18 (05,
J(AB) = 7.0 Hz, 4H; p-MeC(H,), 429 (brs, 4H; =CH), 2.44 (m, 4H;
CH,*?), 2.13 (m, 4H; CH,"%*), 2.25 (s, 6H; p-MeCgH,), 2.13 ppm (s, 6 H;
p-MeCH,); BC|{'H} NMR (CD,CL, 25°C): & = 189.4 (d, 'J(C,Rh) =
66 Hz; CO), 189.1 (d, 'J(C,Rh) = 73 Hz; CO), 1665 (q, (Rh,C) =
1 Hz; C), 1314 (C?), 127.9 (C”), and 123.1 (q, ¥(Rh,C) = 1 Hz; C°) (p-
MeC,H,), 156.6 (C), 111.3 (d, 'J(Rh,C) = 3 Hz; C7), 103.8 (d, 'J(Rh,C)
= 3 Hz; C"), and 99.2 (dgq, J(Rh,C) = 3 Hz, *J(Rh,C) = 1Hz; C°) (p-
MeCH,), 81.3 (d, J(Rh,C) = 13Hz; =CH), 31.8 (CH,), 20.5 (p-
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MeCgH,), 20.5 ppm (p-MeCH,'); MS(FAB*): m/z (%): 898 (50) [M]™,
870 (75) [M—2CO]*; elemental analysis caled (%) for CyH,N,O¢Rh,
(898.15): C 37.44, H 2.92, N 3.12; found: C 37.28, H 2.85, N 3.18.

X-ray data collection, structure solution, and refinement for compounds
6, 8, and 9: The intensity data of compounds 6, 8, and 9 were collected at
room temperature on ENRAF Nonius CAD 4 (6) and a Philips PW 1100
(8 and 9) diffractometers. All crystals of 8 were of poor quality so that
the structural data that resulted were not particularly accurate. Crystallo-
graphic and experimental details for the structures are summarized in
Table 4.

The structures were solved by Patterson and Fourier methods and refined
by full-matrix least-squares procedures (based on F?)*! with anisotropic
thermal parameters for all the non-hydrogen atoms, except the carbon
atoms in 8. In the last cycles of the refinement the phenyl rings of 8 were
treated as rigid groups. When necessary the data were corrected by ab-
sorption effect.”!

Table 4. Crystal data and structure refinement for compounds 6, 8, and 9.
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Lanthanum Endohedral Metallofulleropyrrolidines:
Synthesis, Isolation, and EPR Characterization

Baopeng Cao,™ Takatsugu Wakahara,” Yutaka Maeda,™ Aihong Han,"!
Takeshi Akasaka,*!! Tatsuhisa Kato,"”' Kaoru Kobayashi,” and Shigeru Nagase™

Abstract: Lanthanum endohedral met-
allofulleropyrrolidines have been syn-
thesized for the first time through addi-
tion of an azomethine ylide to La@
Cg-A in toluene. It was found that the
addition reaction is very efficient and,
to some extent, regioselective. Two
major endohedral metallofulleropyrro-

Keywords:
endohedral

Introduction

Endohedral metallofullerenes—molecules with a positively
charged metal core surrounded by a negatively charged
carbon cage—present unique structures and novel properties
together with considerable potential application perspectives
which arise from the incarcerated metal and are not expect-
ed for empty fullerenes.!! Driven by their novel structures
and properties, organic functionalization of metallofuller-
enes, though only limited cases have been reported,*'" has
generated some applicable materials such as new therapeu-
tic radiopharmaceuticals,”’ and MRI contrasting and X-ray
imaging agents.'” Relative to metallofullerenes, organic de-
rivatization of empty fullerenes has been extensively investi-
gated."? Among the successful functionalization method-
ologies, the 1,3-dipolar cycloaddition of azomethine ylides
to Cq via a decarboxylation route has been broadly accept-
ed and referred to as the Prato reaction.'! The fulleropyr-
rolidines thus formed present novel properties that are
absent for the pristine Cg.'5%1 Addition of azomethine
ylides to Cg, and carbon nanotubes has generated some ap-
plicable materials such as Cg-modified HPLC stationary
phases,['! C¢,-functionalized unnatural peptides with antimi-
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lidines, a monoadduct and a bisadduct
of La@Cy,-A with abundance ratio of
~1:0.4, have been isolated by HPLC

cycloaddition .
metallofullerenes
fullerenes - fulleropyrrolidines
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chromatography and characterized by
mass spectrometry, UV/Vis-NIR ab-
sorption, and EPR spectroscopy. The
electronic structure of La@Cg,-A has
been modified slightly upon monoaddi-
tion and significantly upon bisaddition
of the pyrrolidines.

crobial activity against two representative bacteria,'® and
soluble carbon nanotubes suitable for preparation of nano-
composites.'”?" Yet to the best of our knowledge, the Prato
reaction has never been exploited for functionalization of
metallofullerenes; endohedral fulleropyrrolidines have not
been reported yet. Whether the successful addition reaction
of azomethine ylides to the neutral cages of Cg and carbon
nanotubes could be working on the negatively charged
carbon-cage of metallofullerene is still an unsolved problem.
Here, we clear up this problem and present the first synthe-
sis, isolation, and characterization of endohedral fulleropyr-
rolidines.

Results and Discussion

Illustrated in Figure 1 are the integrated tracing EPR spec-
tra. As seen in Figure 1, after heating for one minute, the
EPR intensity of the starting material La@Cg,-A decreased
and some new signals from products were detected, suggest-
ing that La@Cg,-A is very reactive toward the azomethine
ylide for endohedral fulleropyrrolidines. As the reaction
progressed and the starting materials were consumed, how-
ever, the new signals did not increase as expected; this indi-
cates that the concentrations of adducts in solution were not
raised. An HPLC analysis on the solution of reaction mix-
ture showed the same results as well (Figure2). In fact,
some black precipitates were observed during the reaction,
implying the lanthanum endohedral metallofulleropyrroli-
dines have low solubility in toluene. After reaction for
30 minutes, almost all of the La@Cg,-A was consumed. The
reaction was then terminated, and the precipitates were
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Figure 1. Integrated tracing EPR spectra of the reaction mixture in tolu-
ene recorded under the same conditions but different heating time. After
heating for 1 min, the EPR intensity of La@Cg,-A decreased and some
new signals from products were detected; as the reaction was going, how-
ever, the new signals didn’t increase as expected.
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Figure 2. HPLC chromatograms of the reaction mixture in toluene re-
corded under the same conditions but different heating time (Buckyprep
column). The concentrations of products did not increase with the con-
sumption of La@Cg,-A.

taken out and washed completely with toluene and hexane
to remove the unreacted reagents. It was found that the pre-
cipitates are soluble in CS,, chlorobenzene, o-dichloroben-
zene, and 1,24-trichlorobenzene and the solutions are
brown.

The precipitates were dissolved in chlorobenzene for
multi-step HPLC separation. As shown in Figure 3, five
components were resolved by HPLC. Mass spectroscopic
analyses demonstrated the first three fractions consist of bis-
adducts and the last two monoadducts. Because of overlap-
ping with each other, the two major fractions, bisadduct
(IIT) and monoadduct (I), were collected, respectively, in
the first stage and re-injected into HPLC for complete isola-
tion in the second stage. By two HPLC processes, they were
isolated in isomer-free form that was further confirmed by
HPLC (Figure 3, insets a) and b)) and EPR (Figure 6) anal-
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Figure 3. HPLC chromatograms for separation and purity measurement
of lanthanum metallofulleropyrrolidines with a Buckyprep column. Insets
a) and b) are the isolated bisadduct (III) and monoadduct (I), respective-
ly. The HPLC retention times for bisadduct (III) and monoadduct (I) are
10.6 and 12.4 min, respectively.

yses and present a brown color in chlorobenzene or CS,. As
expected, their HPLC behaviors toward the Buckyprep
column are different from each other and from that of their
pristine La@Cy,-A. With respect to the Buckyprep column
under the same conditions, for example, the retention times
of La@Cy,-A, monoadduct (I), and bisadduct (III) decrease
as the number of cycloaddition of pyrrolidine increases.
Since HPLC retention time depends strongly on the geome-
tric and electronic structures of the eluted molecule, the
phenomena mentioned above suggest that the molecular ge-
ometry and electronic structure of La@Cg-A have been
modified by addition of the pyrrolidine group, which is fur-
ther substantiated by EPR and UV/Vis-NIR absorption
spectroscopic analyses.

The mass spectra of isolated endohedral metallofullero-
pyrrolidines are depicted in Figure 4. The parent peaks at
m/z 1180 in Figure 4a and 1237 in Figure 4b unambiguously
demonstrated that they are from the monoadduct and bisad-
duct of La@Cqg,-A, respectively. As seen in Figure 4a, the
monoadduct (I) was clearly free of bisadduct (III). In addi-
tion, several fragments, where the mass peaks correspond to
La@Cq,(CH,),N, La@Cg,(CH,),, La@C,,CH,, and La@Cs,,
were formed by loss of CH; NCH; CH,NCH;, and
(CH,),NCH;, respectively, from the metallofulleropyrroli-
dine La@Cg,(CH,),NCHj; during the laser desorption pro-
cess for mass spectrum. This clearly demonstrates that the
azomethine ylide has been added by cycloaddition to La@
Cg-A affording the metallofulleropyrrolidine by the Prato
reaction (Scheme 1). In the mass spectrum of bisadduct (I11I)
(Figure 4b), some fragments were observed as well. Since
EPR and HPLC analyses had verified that the metallofuller-
opyrrolidine was in a pure and isomer-free form, the peaks
at m/z 1194 and 1180 are unambiguously the fragments of
bisadduct (III) by loss of CH,NCHj; and (CH,),NCHj, re-
spectively.
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Figure 4. LD TOF mass spectra of isolated lanthanum metallofulleropyr-
rolidines: a) Monoadduct (I); b) bisadduct (III).

A CH, e
CHy-NH-CH,~COOH + CH,0 —» La@CeA ! ,»"O{CN_CH
o N $UAANAN
O [ch” ey W n=t,2

Scheme 1. Prato reaction of La@Cg,-A.

Figure 5a and b show the UV/Vis-NIR absorption spectra
of the lanthanum endohedral metallofulleropyrrolidines to-
gether with that of La@Cg,-A for comparison. It is found
that the absorption features of monoadduct (I) are very sim-
ilar to, but not the same with, those of its pristine La@
Cs-A. For comparison, the absorption spectra of monoad-
duct (I) and La@Csy,-A were normalized to have the absorb-
ance at 400 nm at unit intensity (Figure 5b). With respect to
La@Cq,-A, the typical absorption peaks of monoadduct (I)
are flattened, and the corresponding absorption centers are
blue-shifted by ~3 nm for the absorption around 637 nm
and by 7nm for that around 1430 nm while that around
1010 nm remains unmoved. Substantial changes relative to
their pristine La@Cg,-A were observed in the absorption of
bisadducts. Featureless absorption, for example, was seen
for bisadducts (I) and (II). Relative to La@Cg,-A, the only
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Figure 5. UV/Vis-NIR absorption spectra: a) Isolated monoadduct (I)
and bisadduct (III); b) La@Cg,-A and monoadduct (I) (normalized to
have the absorbance at 400 nm at unit intensity for comparison).

typical absorption peak of bisadduct (III) (around 1021 nm)
is flattened and its center is red-shifted by 11 nm (Fig-
ure 5a). The phenomena mentioned above suggest that the
electronic structure of La@Cg,-A has been modified slightly
upon monoaddition and significantly upon bisaddition of the
pyrrolidines.

The EPR spectra of monoadduct (I) and bisadduct (IIT)
of La@Cg,-A are shown in Figure 6a and b, respectively. An
EPR spectrum with an equally spaced octet hyperfine struc-
ture was observed for all the two endohedral metallofullero-
pyrrolidines, indicating isolation of the species is complete.
The endohedral and octet EPR characters of the encased
metal survived the reaction. The hyperfine coupling con-
stants (HFCC), gvalues, and peak-to-peak linewidths
(AH,,) of the EPR spectra for the metallofulleropyrrolidines
are listed in Figure 6. In terms of the three parameters and
compared with that of bisadduct (III), the EPR spectrum of
monoadduct (I) is closer to that of the pristine La@Cg,-A
(HFCC=1.15207 G, gvalue=2.00110, AH,,=0.36046 G),
suggesting that modification on the electronic structure of
La@Cg,-A upon monocycloaddition of the pyrrolidine is less
than that upon biscycloaddition. This is in good agreement
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Figure 6. EPR spectra of isolated lanthanum metallofulleropyrrolidines:
a) Monoadduct (I); b) bisadduct (III).

with the conclusion reached on the basis of absorption spec-
troscopic analysis. In addition, with respect to La@Cgy-A,
the octet EPR peaks of monoadduct (I) are a bit narrower
in linewidth with a slightly smaller HFCC while those of bis-
adduct (III) behave oppositely. This also suggests impacts
on the magnetic and electronic properties of La@Cg,-A
upon monoaddition of the pyrrolidine are different from
those upon bisaddition.

Based on HPLC and EPR analyses, the total conversion
yield of La@Cy,-A to its metallofulleropyrrolidines in the re-
action is up to 99%; the relative content of two major ad-
ducts—monoadduct (I) together with bisadduct (III)—is
more than 95% in product. These clearly suggest that the
Prato reaction of La@Cq,-A is very efficient and, to some
extent, regioselective; the addition reaction of azomethine
ylide to the negatively charged carbon-cage of metallofuller-
ene is successful. Furthermore, by use of different aldehydes
(R*CHO) and various N-functionalized glycines (R'-NH-
CH,-COOH), and by replacement of La with other atoms
or clusters, varied endohedral 2-R?>-N-R!-3 4-metallofullero-
pyrrolidines with diversity of functions could be generated.
Consequently, the scope of the Prato reaction of endohedral
metallofullerenes could be very broad. The successful syn-
thesis and isolation of lanthanum endohedral metallofullero-
pyrrolidines might open the way to new functionalized met-
allofullerenes with diversity of functions.

Chem. Eur. J. 2004, 10, 716—720 www.chemeurj.org

Conclusion

Two lanthanum endohedral fulleropyrrolidines have been
produced, isolated, and spectroscopically characterized. Ad-
dition of the azomethine ylides to La@Csg,-A is very efficient
and, to some extent, regioselective. Introduction of pyrroli-
dines to the endohedral metallofullerene La@Cs,-A cannot
alter the octet EPR and endohedral characters of the en-
cased metal atom but varies the electronic structure of the
metallofullerene. The Prato reaction is also a valuable and
versatile functionalization methodology for endohedral met-
allofullerenes, which could afford various endohedral metal-
lofulleropyrrolidines with diversity of functions.

Experimental Section

La@Cy,-A was prepared by arc discharge method and isolated by HPLC
chromatography as reported previously.”!! On the basis of mass spectro-
scopic, HPLC, and EPR analyses, the purity of La@Cg,-A was more than
99.9%. A toluene solution containing La@Cg,-A (~1 mg) was sealed in
an EPR quartz tube with excess N-methylglycine (extra pure, Wako, used
as received) and paraformaldehyde (extra pure, Merck, Germany, used
as received) and heated at 100°C (a Prato reaction of La@Cg,-A,
Scheme 1). The reaction process was traced with EPR and HPLC analy-
ses, respectively. EPR spectra were recorded on a Bruker EMX-T EPR
spectrometer (toluene or CS, solution, room temperature). Multi-step
HPLC separation processes with a Buckyprep column were employed to
isolate the lanthanum endohedral metallofulleropyrrolidines (Nacalai
Tesque, i.d. 4.6x250 mm; eluant: chlorobenzene; flow rate: 1 mLmin};
room temperature). Mass spectroscopic measurements were carried out
on a MALDI Biflex III spectrometer, BRUKER (LD TOF MS, negative
ion mode, with 9-nitroanthracene as matrix). UV/Vis-NIR absorption
spectra were measured on a UV-3150 spectrometer (SHIMADZU) in
CS, solution at room temperature.
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New Dihydroxy Bis(Oxazoline) Ligands for the Palladium-Catalyzed
Asymmetric Allylic Alkylation: Experimental Investigations of the Origin of
the Reversal of the Enantioselectivity

Hassan Ait-Haddou,*'*! Olivier Hoarau, Dimitri Cramailére,™ Frédéric Pezet,” Jean-
Claude Daran,” and Gilbert G. A. Balavoine'"!

Abstract: The origin of the reversal of
the enantioselectivity in the palladium-
catalyzed allylic alkylation of rac-1,3-
diphenyl-2-propenyl acetate with di-
methyl malonate anion using chiral di-
hydroxy bis(oxazoline) “BO” ligands

from L-threonine and L-serine and
were assessed in the transformation.
The results obtained with these novel
BO ligands, compared with the one ob-
tained by using the dihydroxy BO li-
gands derived from (1S.25)-(+)-2-

amino-1-phenyl-1,3-propanediol, reveal
that the reversal in the enantioselectivi-
ty observed with the dihydroxy BO
ligand depends on the structure of the
ligand. The effect of different bases
used to generate the dimethyl malo-

derived from (I§,25)-(+4)-2-amino-1-
phenyl-1,3-propanediol was investigat-
ed. To determine the structural effects
of the dihydroxy BO ligand on this
unique phenomenon, new homochiral
dihydroxy BO ligands were prepared

Introduction

We have recently been interested in the use of a new set of
chiral bis(oxazoline)!"? “BO” 1 in the asymmetric transi-
tion-metal-catalyzed reactions. We have reported that a high
level of enantioselectivity (up to 92% ee) was obtained in
the palladium-catalyzed allylic alkylation of rac-1,3-diphen-
yl-2-propenyl acetate with dimethyl malonate anion. We
have shown that the ligand structure has a dramatic impact
on both the sense of the chiral induction and the level of
enantioselectivity. Although ligands 1a and 1b possess iden-
tical chiral scaffolds, they produce opposite enantiomers of
the alkylated product. The dibenzoyl BO 1a gave the R
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nate anion was also examined. The re-
sults are discussed in terms of the inter-
action of one hydroxy group in the in-
termediate m-allyl palladium complex
with the dimethyl malonate anion.

product with a 90 % ee, while the dihydroxy BO 1b led un-
expectedly to the S product with a 92% ee (Scheme 1).

Based on X-ray analysis of the palladium st-allyl complex-
es®™ we assumed that an interaction of the nucleophile with
one of the hydroxy groups located on the side chain of the
oxazoline ring of ligand 1b could reverse the enantioselec-
tion. However, this reversal of the enantioselectivity could
also be explained by the presence of the o-protecting group.
To ascertain whether this reversal of enantioselectivity is due
to steric hindrance or to the interaction between the OH
group and the nucleophile, we decided to design new BOs
with benzoyl or hydroxy groups on their side chains. Herein,
we describe the synthesis of new BO ligands derived from L-
threonine and L-serine (Scheme 2), with hydroxy or benzoyl
groups on the side chain, and report their behavior in the Pd-
catalyzed enantioselective allylic alkylation of rac-1,3-diphen-
yl-2-propenyl acetate with dimethyl malonate (DMM). The
role of the base was also studied to determine its impact on
the observed shift of the enantioselectivity.

Results and Discussion
Ligands 2 and 3 (Scheme 2) were synthesized because we

believed that they would impart good information on the
role played by steric hindrance in influencing enantioselec-
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1 through the monoprotected

HO._,Ph HCLH,N o—{h {Oﬁ,><\(o aminodiol intermediate from

I OH _\s\'_< % —— N N\{ (1S8,25)-(+)-2-amino-1-phenyl-
HN™ HO Ph Ph"gR ey 1,3-propanediol  (Scheme 1)
Sgéfg&(%)l%ammm-Pheny|-1v3- ;nrg%oopcajri%tlected 1R~ COPh and use.d the same app.roach to
1bR=H synthesize (R,R)-BO ligands 2
and (R,S)-BO ligands 3 from L-
threonine and (R)-BO ligands 4
MeO.C.-COMe Ohc MeO,C.COMe and 5 from L-serine. For the
Phl/\Ph L'(R=H) Ph/\jiph L' (R=COPh) o A\Iph synthe§is of BO 2 and 3, -
2 c0(S Pl NaCH(COMe), pq' 00 eo () threonine methyl ester was

Scheme 1. Synthesis of BO ligand 1 and stereochemistry of the sodium dimethyl malonate (Nu™) attack on the

nt-allyl palladium complex using BO 1a (R=COPh) and BO 1b (R=H).

/
5] o} 0\|>< 0
{__ l 1 \\ .‘_NH;:- (__ il \]\'Ilf }
—MN M- \ % — -N MN—;
= S HO  COMe —{ -
OR RO OR RO
2 (25, 3R}-(-hreonine 3
Q. -0 HO o U
= s
N —MN -
] 5 — HEN /\COEME — 1.\ N
. s
OR RO L-serine OR OR
4 5

Scheme 2. BO ligands 2 and 3 derived from L-threonine and BO 4 and 5
derived from L-serine.

tivity in the palladium-catalyzed allylic alkylation. As can be
seen from Scheme 2, ligands 2 and 3 are diastereomers of
each other and differ from ligands 1 in that they posses
methyl, rather than phenyl substituents at the stereocenter
on the side chain. Thus, the results obtained by the use of
BO ligands 2 and 3 in the palladium-catalyzed allylic alkyla-
tion of rac-1,3-diphenyl-2-propenyl acetate with dimethyl
malonate compared to the BO 1 ones (Scheme 1) will be
very informative on the role of the steric hindrance and the
effect of the relative stereo-

chemistry of the stereogenic

center located on the side

chain. On the other hand, li- ;NHZ a
gands 4 and 5 contain no ste- HO COMe 95%
reocenter on the side chain and 6

were synthesized so that we 95% | d

could determine whether a ste-

reocenter at this position was HO.. o

necessary for the control of the . )J\ e

chiral induction sense. MeOC™ N "Ph  gg%
(H,S)ﬂo

Synthesis of BO ligands 2 and
3: We had previously reported
the synthesis of (S,5)-BO ligand

700 ——

b O c
Ph—( l e P j»
N"NcoMe 82% N OH 99%
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transformed to monoprotected
aminodiols (2R, 3R)-9  and
(2R,35)-13 by using two differ-
ent pathways (Scheme 3). Con-
densation of L-threonine with
ethyl benzimidate hydrochlo-
ride led to the (S,R)-oxazoline
7 in excellent yield."

Treatment of 7 with LiAlH,
in diethyl ether,” followed by
selective hydrolysis of the oxazoline ring with HCl in THF®
gave the monoprotected aminodiol (R,R)-9 in 81 % yield in
two steps and an overall yield of 77 %. Compound (2R,3S)-
13 was prepared in four steps with 83 % overall yield from
L-threonine. Reaction of rL-threonine methyl ester with the
benzoyl chloride yielded the amide 10, which underwent
cyclization in the presence of thionyl chloride to form the
oxazoline product 11 with inversion of configuration at
carbon C3." Treatment of 11 with LiAlH, in diethyl ether
followed by a selective cleavage of the oxazoline ring under
acidic conditions afforded (2R,3S)-13 in a high yield. Com-
pounds 9 and 13 were then independently used to synthesize
2 and 3, respectively (Scheme 4). The coupling of the mo-
noprotected aminodiols (R,R)-9 and (R,S)-13 with 2,2"-dime-
thylpropane-1,3-dioyl chloride®™ gave the dihydroxy dia-
mides 14a and 15a in high yields (95 and 94 %, respective-
ly).”"! These dihydroxy diamides were transformed to their
corresponding dichloro diamides 14b and 15b by treatment
with SOCI,. Refluxing 14b and 15b in toluene in the pres-
ence of triethylamine produced 2a in 85% yield and 3a in
90% vyield, respectively.”! Saponification of the dibenzoyl
derivatives 2a and 3a with sodium hydroxide in methanol
gave the dihydroxy BOs 2b in 88 % and 3b in 95 % yield.

o

0 s
» Ph/l(o {

HCIHN  OH
4 8 (RRY9
o
0 b o c Ph/l(o
Ph‘<\ —_— Ph‘—<\ —
N™Nco,Me 90% N OH 99%  HCIH,N  OH
(551 (SAA12 (RS-13

Scheme 3. Synthesis of the monoprotected aminodiols 9 and 13: a) Ethyl benzimidate hydrochloride, Et;N,
CH,Cl,, room temperature, 48 h; b) LiAlH,, Et,0, reflux; ¢c) THF, 2m HCI, room temperature; d) benzoyl
chloride, Et;N, CH,Cl,; e) thionyl chloride, 0°C, 16 h.
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pane-1,3-dioyl chloride provid-

o o ° x©° ° X OM‘{ ed the diamide 19a in 90%
Ph/[k ¢, d NH HN_ c }/N N\ yield, and 19b in 89% yield.
© a0% 80% "NoR RG 19a and 19b were then convert-
HCLHN - OH OR RO ed to 4 and 5 through separate

9 14a X = OH d 2aR =COPh K |
b E IoX ol E sbR=H synthetic routes. The dihydroxy

diamide 19a was then trans-

O%o X o§><fo X o\’><ro\ formed to the bis(oxazoline) 4a
O al. ol NHHN. {\l ,\} N by the cyclization of its corre-

/[k a o Cc . . . . .
Ph o/g‘\ — = j _— sponding dichloride diamide
HCLH,N  OH 4% ORRO™ ™ W% OR RO 19a (Cl) in toluene in the pres-

-2
15aX=0H 3aR=COPh ence of triethylamine.®’! BO 4a
13 b ,—_>15bX:CI d ’:3bR:H :

Scheme 4. Synthesis of BO (R,R)-2 and (R,S)-3 from the monoprotected aminodiols 9 and 13: a) Et;N,
CH,Cl,; b) thionyl chloride, reflux, 6 h; c) toluene, Et;N, reflux 6 or 16 h; d) 1% sodium hydroxide in metha-

nol, room temperature.

BO ligands from vL-serine:""! The key intermediates for the
synthesis of 4 and 5, monoprotected aminodiols 18a and
18b, were obtained in four steps from L-serine methyl ester
(Scheme 5). Condensation of L-serine methyl ester and ethyl
benzimidate in dichloromethane in the presence of triethyla-
mine at room temperature resulted in the formation of 2-
phenyloxazoline 16."! This oxazoline ester was then trans-
formed to its corresponding hydroxyl oxazoline, either by
treatment with diisobutylaluminum hydride (DIBAH)®
giving 17a in 91 % yield, or by reaction with methyl magne-
sium iodide'? leading to 17b in 78% yield. The selective
cleavage of the oxazoline ring by HCI in THF led to the mo-
noprotected aminodiols 18a and 18b in quasi-quantitative
yields. Condensation of 18a and 18b with 2,2’-dimethyl pro-

was then saponified with
sodium hydroxide in methanol
to give 4b in good yield. The
cyclization of the diamide 19b
under acidic conditions!'™ led
to the bis(oxazoline) 5a, which
was in turn saponified to give the dihydroxy BO 5b.

Asymmetric allylic alkylation: Allylic alkylation of rac-1,3-
diphenyl-2-propenyl acetate 20 was performed in dichloro-
methane at 36°C in the presence of a (m-allyl)-palladium—
ligand complex generated in situ from 1 mol% of bis[(st-al-
lyl)palladium chloride] and 4 mol % of the appropriate BO
ligand. The nucleophile was generated from dimethyl malo-
nate (DMM) in the presence of sodium hydride [Eq.
(1)].1' The data collected is summarized in Table 1.

Our attention was focused on comparing the sense of the
chiral induction produced by different BO ligands possess-
ing the same chiral scaffold to extract the structural futures
that affect the regiochemistry of the nucleophilic attack on
the palladium allyl intermediate. We had previously report-
ed that with sodium hydride as the base, (S,5)-BO 1a led to

o 0
0 HOLHAN PhOCO OCOPh
Pr—( l aorb Ph—QNjYR ¢ ’ L_NHHN
N™ comMe 7891% R 97599% HO 0OCPh 9004% _ : .
16 HO R R H OHHO g
17a R=H 18a R=H 19a R=H
17b R=Me 18b R=Me 19b R=Me
PhOCO §><~( OCOPh f j><(
(_NH HN } /
: = PhOCO *—0COPh
“OH HO E
oo 19a (OH) 4b (OH)
19a (Cl)
phoco © © ocorn o \,><(
L_NHHN _ \
: 78% PhOCO—" OCOPh

/T\OH HO

19

g I::Sb(OH

Scheme 5. Synthesis of BO 4 and 5 from L-serine: a) DIBAH, 17a; b) MeMgl, Et,0, reflux, 17b; c¢) 2m HCI, room temperature, 18a and 18b; d) Et;N,
CICOC(Me),COCI, CH,Cl,, 0°C to room temperature, 19a and 19b; e) SOCL, reflux, 6 h; f) toluene, E;N, reflux; g) 1% NaOH in methanol, room tem-

perature; h) methanesulfonic acid, CH,Cl,, reflux, see reference [10b].
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Table 1. Palladium-catalyzed enantioselective allylic alkylation of rac-20 using BO 1-5 and sodium hydride

procedure.”!
MeO,C._COMe

Ph/\z Ph M

OAc
Ph/\/é\ Ph

20

[(®-C3Hg)PACIL, Ligand

(MeOCO),CH,, NaH, CHCly, 36 °C

21
/oﬁ><(o o%o\ o%ro\ o%ro o\,><ro
20 7 X R R X; i
"N N N Ney N Ny N N N N
Ph—( =P e L 3 ' /N
R RO OR RO OR RO

Ol OR RO OR RO
1aR=COPh 2aR=GCOPh 3aR=COPh 4aR=COPh 5aR=COPh
1bR=H 2bR=H 3bR=H 4bR=H 5bR=H
Run L t[h] e [%] Config¥ Yield“/[%]
1 (5.5)-1a 24 90 R 98
2 (5.5)-1b 2 92 s 98
3 (R.R)-2a 24 68 s 90
4 (R,R)-2b 24 63 R 90
5 (R.S)-3a 16 97 s 95
6 (R.S)-3b 24 72 s 90
7 (R)-4a 15 80 s 100
8 (R)-4b 24 80 s 100
9 (R)-5a 144 85 s 80
10 (R)-5b 72 77 s 88

[a] rac-20 (1 equiv), DMM (3 equiv), NaH (3 equiv), [{Pd(C;H;)Cl},] (1% mol), L=Ligand (4 % mol), CH,Cl,,
36°C. [b] The ee values were determined by HPLC using a chiral column (Pharmacir 7C, flow rate 0.7
mLmin~', n-BuOH/n-hexane 1:9). [c] The absolute stereochemistry of the product was determined by compar-
ison of the optical rotation with the literature values."” [d] Yields refer to purified product after column chro-

ring in BO 4. The same result
was obtained with the BO li-
gands 5a/5b (Table 1, entries 9
and 10). The levels of the enan-
siolectivity obtained by BO 4
and BO 5 are similar to each
other showing that the increase
of the steric hindrance at the C-
5 position of the oxazoline ring
has no significant impact on the
asymmetric induction.'”? More
importantly, these results ob-
tained with BO 4 and 5 prove
clearly that a specific structure
of the dihydroxy BO ligand is
required to induce a reversal of
the sense of the chiral induc-
tion. Hence, the presence of a
stereogenic center on the side
chain indeed has a crucial
impact on the selectivity. We
further investigated the effect
that the base [Eq.(2)] had on
the enantioselectivity and the

matography.

(R)-21, whereas (S,5)-BO 1b gave (5)-21, with high degrees
of enantioselectivity in both cases (Table 1, entries 1 and
2).'% The level of enantioselectivity was lower with (R,R)-
BO 2a and 2b, but we observed parallel behavior concern-
ing the chiral induction sense, since BO ligand 2a gave (S)-
21, whereas BO 2b led to (R)-21 (Table 1, entries 3 and 4).
The difference in the level of induction between (S,5)-BO 1
and (R,R)-BO 2 is presumably to be due to the difference in
the steric environment of BO 1 and BO 2 (Ph versus Me).
In stark contrast, dihydroxy (R,S)-BO 3b, a diastereoisomer
of dihydroxy BO 2b, did not reverse the chiral induction of
21, and produce the same enantiomer of 21 as ligand 3a,
albeit with lower ee (Table 1, entries 4 and 5). The results
obtained with (R,S)-BO 3 point out the huge impact of the
relative stereochemistry of the stereogenic center located on
the side chain on both the sense of the chiral induction and
the regioselectivity of the nucleophilic attack on the palladi-
um m-allyl intermediate. The behavior of BO 2 and BO 3 in
this transformation clearly demonstrates that the reversal of
the enantioselectivity occurs when the two stereogenic cen-
ters (the one on the oxazoline ring and the one on the side
chain) of the dihydroxy BO ligand have the same absolute
configuration. This phenomena is presumably due to a more
pronounced steric interaction between the oxazoline sub-
stituents and one of the phenyl substituents on the allyl
moiety. No reversal of the enantioselectivity occurred upon
employing BO ligands 4a/4b, with the S product being ob-
tained with 80 % ee in both cases (Table 1, entries 7 and 8).
The lower enantioselectivities obtained with 4 with respect
to 3 could be explained by the lack of a stereocenter with a
defined stereochemistry on the side chain of the oxazoline

702 ——
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reactivity. First, a soft anionic

nucleophile was produced by

using DMM in the presence of

N,O-bis(trimethylsilyl)aceta-
mide (BSA) and a catalytic amount of potassium acetate
(KOAC)."®] To our surprise, by switching from sodium di-
methyl malonate (Table 1, entry 2) to BSA/KOAc (Table 2,
entry 2) with ligand 1b, the chirality of the reaction product
is inverted ((R) instead of (S)). The same trend was also ob-
served with BO 2b, but with a lower level of enantiomeric
excess under these conditions (Table 1, entry 4, and Table 2,
entry 4). Additionally, very high levels of enantioselectivity
(up to >99%) were obtained with BO 3a and 3b (Table 2,
entries 5 and 6), although the sense of asymmetric induction
did not reverse. A similar trend was also observed with BO
4 (Table 2, entries 7 and 8).

In our previous study,” we demonstrated that the use of
BO 1b under NaH conditions proceed via a change in the
stereochemical attack of the nucleophile on the palladium
n-allyl complex in direct contrast with BO 1a (Scheme 1).
An interaction between one of the hydroxy groups located
on the side chain of the oxazoline ring was assumed to
govern the regioselectivity of the attack of the nucleophile
on the palladium m-allyl intermediate.”” Using the BSA
procedure suggests that such an interaction was suppressed
under these reactions conditions. We propose that BSA
works not only as a base, but also as a silylating agent for
the dimethyl malonate salt to produce a ketene silyl acetal
[Eq. (3)].”" To confirm this hypothesis we decided to use a
pre-formed ketene silyl acetal as a masked nucleophile in
this reaction. Silyl ketene acetals have been successfully
used in the allylic alkylations as alternative nucleophiles to
the “harder” anionic species.[zz] Thus, the use of ketene silyl
acetal of dimethyl malonate gave, under our conditions, the
R product with both BO ligands 1a and 1b in 80 and 78 %

www.chemeurj.org Chem. Eur. J. 2004, 10, 699 -707
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Table 2. Results of enantioselective allylic alkylation of rac-20 using BO 1-4 and BSA procedure.

oA MeO,C._CO:Me
A}\ [03-C3Hs)PdCl, Ligand /\X
PR "ppy Ph Ph @
2 (MeOCO),CHj, base, CH;Cly, 36°C "
Run Base L t[h] ee®[%] Config ! Yield! [%]
1 KOAc (5,9)-1a 72 90 R 75
2 KOAc (S5,5)-1b 72 91 R 70
3 KOAc (R,R)-2a 72 55 S 70
4 KOAc (R,R)-2b 72 50 S 81
5 KOAc (R,S)-3a 44 98 S 98
6 KOAc (R,S)-3b 44 >99 S 95
7 KOAc (R)-4a 124 78 S 75
8 KOAc (R)-4b 124 81 S 72
9 NBu,F (5,5)-1a 36 65 R 80
10 NBu,F (5,5)-1b 36 52 S 75

[a] rac-20 (1 equiv), DMM (2 equiv), BSA (2 equiv), KOAc (3% mol), NBu,F (2 equiv), [{Pd(C;H;)Cl},] (1% mol), L=Ligand (4 % mol), CH,Cl,, 36°C.
[b] The ee values were determined by HPLC using a chiral column (Pharmacir 7C, flow rate 0.7 mLmin~', nBuOH/n-hexane 1:9). [c] The absolute ster-
eochemistry of the product was determined by comparison of the optical rotation with the literature values.™ [d] Yields refer to purified product after

column chromatography.

ee confirming that BSA is probably acting as a silylating re-
agent of the nucleophile.

The stereochemistry of the nucleophilic attack observed
when BO 1b was used with ketene silyl acetal or employing
the BSA/KOAc procedure is may be due to the reaction
mode of the silylated nucleophile with the palladium m-allyl
intermediate. It was proposed that this reaction probably
proceeds by the nucleophilic attack of ketene silyl acetal on
the m-allyl complex through an interaction of m-orbital be-
tween the m-allyl and the carbon-carbon double bond of
ketene silyl acetal.”™™ This reaction pathway prevents any
interaction between the nucleophile and the side chain of
the dihydroxy BO ligand in the m-allyl intermediate. Inter-
estingly, the opposite trend was observed when BSA was
employed with an equimolar amount of tetrabulylammoniun
fluoride (TBAF), in which the fluorine trapped the trimethyl
silyl group (Table 2, entries 7 and 8).”* These results clearly

KOAc MesSiOAc MeO OMe
i OSiM
OSiMe3 iMe3 o o MeO S OMe
NSiMe; NK R OSiMe,a o o
A NH ®
MeO. OMe MeO OMe
T+ MegSiOA A + KOAc
0O OK O OSiMey
Silyl ketene acetal
MeO,C

Nu'= O| \ o
Meo)\/kOMe

confirm the impact that the interaction of the nucleophile
with one of the hydroxy groups plays on the regioselection
of the nucleophilic attack on the m-allyl intermediate. Thus,
with the sodium dimethyl malonate salt, the selectivity ob-
served with the dihydroxy BO 1b and BO 2b ligands origi-
nates from a hydrogen bond interaction between the hy-
droxy group and the nucleophile. As shown in Scheme 6,
two different pathways are suggested to rationalize the nu-
cleophilic attack of the sodium malonate on the m-allylpalla-
dium intermediate including BO ligand 1b. The attack of
the nucleophile on C3 yielding the S product is likely fa-
vored by the hydrogen bond involving either the hydroxy
group close to C3, which could drags the nucleophile to
attack this carbon on the side opposite the palladium, or by
the H bond of the nucleophile with the hydroxy group close
to Cl1, which prevents the attack on Cl1 by increasing the
steric hindrance at this position which in turn will favor the
attack of the nucleophile on C3 from the opposite side to
the palladium. However, at this stage, we have no experi-
mental evidence to favor any of these two pathways.

In summary, this study provides a clear explanation of the
shift of the enantioselectivity observed in the Pd-catalyzed
allylic alkylation of rac-1,3-diphenyl-2-propenyl acetate with
the sodium dimethyl malonate anion in the presence of BO
ligands 1b and 2b. The comparison of the behavior of the
dihydroxy BO ligands obtained from L-serine and L-threo-
nine and BO 1b revealed the importance of the structure of

\/07/50
s N/@ ———;
Ph \ i
< Pd” Ph
PN/ HO
—
H &

Nu

Zs

\

Scheme 6. Change of the stereochemistry of the nucleophilic attack caused by the OH—-Nu hydrogen bonding.

Chem. Eur. J. 2004, 10, 699707 www.chemeurj.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

— 703



www.chemeurj.org



FULL PAPER

H. Ait-Haddou et al.

the ligand in the selectivity of this reaction. We have deter-
mined that the presence of a hydroxyl group on the side
chain of the oxazoline ring is not in itself sufficient to
change the stereochemistry of the nucleophilic attack on the
palladium m-allyl intermediate. A defined structure of the
dihydroxy BO ligand is needed to orient the nucleophilic
attack. Both stereogenic centers (the one on the oxazoline
ring and the one on the side chain bearing the hydroxyl
group) must have the same absolute configuration for true
influence on the sense of the chiral induction. The investiga-
tion of the effect of the base used to generate the nucleo-
phile was very revealing. The reversal of the enantioselectiv-
ity observed using 1b and 2b employing NaH as the base
was suppressed when BSA/KOAc was used as the base
system. We have also confirmed that BSA acts as silylating
agent for the dimethyl malonate anion under the reaction
conditions. These results demonstrate the impact exerted by
the H bond interaction between the hydroxyl group and the
nucleophile on the chiral sense of induction, which confirms
our previously postulated hypothesis concerning the origin
of the shift of the enantioselectivity observed with BO 1b
ligand. This study prompted us to develop a series of BO li-
gands, which are able to impart very high levels of asymmet-
ric induction. We are currently exploring the possibility of
employing these ligands in other asymmetric catalytic pro-
cesses.

Experimental Section

All reactions were carried out under an inert argon atmosphere. Melting
points were taken on a Stuart scientific apparatus and are uncorrected.
Nuclear magnetic resonance spectra were recorded on Bruker AM-250
(250 MHz) and AC-200 (200 MHz) spectrometers for '"H and “C, and
chemical shifts are reported in ppm downfield from Me,Si. Optical rota-
tions were measured on Perkin-Elmer 241 MC. DCI mass spectra were
recorded with a quadripolar Nermag R 10-10H instrument. Elemental
analyses were performed by LCC (Laboratoire de Chimie de Coordina-
tion) Microanalytical Service. Column chromatography was performed
using Merck alumina (70-230 mesh ASTM), deactivated with 8% of
water or Merck silica gel (230-400 mesh). High pressure liquid chroma-
tography (HPLC) analyses were performed with an analytical chiral
chromatography column (Pharmacir 7C, 4.6 mmx 250 mm) eluted with
nBuOH/n-hexane (10 : 90); flow rate 0.7 mLmin™" using a Waters 600
pump and a Waters 486 detector operating at 254 nm.

(45,5 R)-4-carbomethoxy-5-methyl-2-phenyloxazoline (7): L-Threonine
methyl ester (33.46 g, 197.0 mmol) and ethyl benzimidate hydrochloride
(36.52 g, 197 mmol) were mixed in CH,Cl, (200 mL). Triethylamine (27.6
mL, 197.0 mmol) was added and the mixture was stirred for 24 h. The in-
soluble salts were filtered off and the filtrate was washed with an
NaHCO; saturated aqueous solution, dried over MgSO, and filtered.
Evaporation of the solvent afforded 7 (39.98 g, 182.0 mmol) as a clear oil.
Yield=92%. [a]y=+96.7 (c=1.6 in CHCL); '"H NMR (CDClL): 6=1.50
(d, J=6.3 Hz, 3H; CH;), 3.80 (s, 3H; O—CH;), 4.50 (d, /=7.4Hz, 1H;
CH-COOCH;), 5.00 (dq, J=7.4 Hz and 6.3 Hz, 1H; CH-CH};), 7.45 (m,
3H; Ar—H), 8.00 ppm (m, 2H; Ar—H); "C NMR (CDCl,): §=20.7, 52.3,
74.8, 78.5, 126.6, 126.9, 128.0, 129.2, 130.9, 131.5, 165.2, 171.3 ppm; ele-
mental analysis caled (%) for C,,H;;NO; (219.25): C 65.74, H 598, N
6.39; found: C 65.85, H 5.80, N 6.25.

(4R,5 R)-4-hydroxymethyl-5-methyl-2-phenyloxazoline (8):A solution of
oxazoline ester 7 (19.7 g, 90 mmol) in diethyl ether (200 mL) was added
dropwise to a cold suspension of LiAIH, (3.54 g, 90.0 mmol) in diethyl
ether (250 mL). The mixture was stirred for 4 h at 0°C. The reaction was
quenched with water and the insoluble salts were filtered off. The organic

704 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

layer was dried over MgSO,, filtered and evaporated to dryness. The
product was purified by chromatography on silica gel (ethyl acetate) to
give 8 (14.13 g, 74 mmol) as a white solid. Yield=85%. M.p. 97-98°C;
[a]¥=+80.7 (c=1.2 in CHClL); 'H NMR (CDCly): 6=1.55 (d, /=63
Hz, 3H; CH;), 3.75 (dd, J=4.0 Hz and 11.4 Hz, 1H; N-CH), 4.05 (m,
2H; CH,~OH), 4.90 (m, 3H; O—CH;), 7.50 (m, 3H; Ar—H), 8.00 ppm
(m, 2H; Ar-H); "C NMR (CDCl): 6=20.5, 63.2, 74.8, 78.0, 127.1,
128.0, 128.2, 131.0, 131.2, 164.7 ppm; elemental analysis calcd (%) for
C,H;;NO, (191.23): C 69.09, H 6.85, N 7.32; found: C 68.80, H 6.85, N
7.30.

(2R,3 R)-2-amino-3-benzoyloxybutan-1-0l (9): To a solution of the hy-
droxy oxazoline 8 (11.7 g, 61.4 mmol) in THF (400 mL) a 2M aqueous
solution of HCI (45.0 mL) was added. The mixture was stirred for 24 h at
room temperature. Evaporation of the solvent and drying under reduced
pressure left the monoprotected aminodiol 9 (14.8 g, 60.0 mmol) as a
white solid, which was used without further purification in the next step.
Yield=99%. M.p. 144-145°C; [a]y=-35.7 (c=1.7 in CH,OH); 'H
NMR (CDCly): 6=1.55 (d, /J=6.3 Hz, 3H; CH;), 3.60 (m, 1H; CH—
NH,), 3.90 (m, 2H; CH,—OH), 5.50 (dq, J=6.3 Hz and 7.4 Hz, 1H; CH—
CH;), 7.55 (m, 2H; Ar—H), 7.75 (m, 1H; Ar—H), 8.20 ppm (m, 2H; Ar—
H); "C NMR (CDClL,): 6 =16.6, 56.4, 58.7, 68.6, 128.0, 128.9, 129.8, 133.0,
165.5 ppm; MS (CI, NH;): m/z (%): 210 (100) [M + H].

Methyl (2R,3S)-N-2-benzoylamide-3-hydroxybutanoate (10): A solution
of benzoyl chloride (11.2 mL, 96.6 mmol) in CH,Cl, (100 mL) was added
dropwise to a mixture of L-threonine methyl ester (18.0 g, 106.0 mmol)
and triethylamine (27.1 mL, 212.0 mmol) in CH,Cl, (200 mL) at 0°C. The
reaction was stirred for 12h at 0°C and quenched with water. After
warming to room temperature, the organic layer was separated, dried
over MgSO,, filtered and concentrated in vacuum to give the amide 10
(23.6 g, 99.5 mmol) as a white solid. Yield=95%. M.p. 95-96°C; [a]¥ =
+22.6 (¢c=1.0 in CHCL;); '"H NMR (CDCl;) 6=1.30 (d, J=6.4 Hz, 3H;
CH-CHj;), 2.74 (s, 1H; OH),=3.75 (s, 3H; COOCHj), 4.45 (dq, J=6.4
Hz and 4.0 Hz, 1H; CH-OH), 4.80 (dd, /=3.5Hz and 6.3 Hz, 1H; CH—
NH), 7.05 (d, /=8.7Hz, 1H; NH), 7.45 (m, 3H; Ar—H), 7.80 ppm (m,
2H; Ar-H); *C NMR (CDCL): 6=19.7, 52.1, 57.9, 67.4, 126.9, 127.9,
129.5, 131.6, 132.7, 133.1, 168.2, 171.0 ppm; elemental analysis calcd (%)
for C;,H;sNO, (237.25): C 60.75, H 6.37, N 5.90; found: C 60.80, H 6.05,
N 5.70.

(48,5 5)-4-carboxymethoxy-5-methyl-2-phenyloxazoline (11): A large
excess of thionyl chloride (56.0 mL) was added to a solution of amide 10
(19.8 g, 83.0 mmol) in CH,Cl, (200 mL) at 0°C. The resulting mixture
was stirred at the same temperature overnight. Excess thionyl chloride
was removed by distillation under reduced pressure. The residue was dis-
solved in CH,Cl, (100 mL), washed with a 10 % Na,CO; aqueous solution
(100 mL) and water (3x100mL). The organic layer was dried over
MgSO,, filtered and concentrated under reduced pressure. The crude
mixture was purified by chromatography on silica gel (ethyl acetate/pen-
tane; 3:2) to afford the oxazoline 11 (17.8 g, 81.0 mmol) as a clear oil.
Yield=98%. [a]¥=+69.4 (c=8.5 in EtOH). 'H NMR (CDCl,): 6=1.35
(d, J=6 Hz, 3H; CH-CHj;), 3.75 (s, 3H; COOCHj;), 5.00 (m, 2H; CH—
CH), 7.50 (m, 3H; Ar—H), 7.95 (m, 2H; Ar—H); elemental analysis calcd
(%) for C;H;3sNO; (219.24): C 65.74, H 5.98, N 6.39; found: C 65.50, H
6.25, N 6.43.

(4R,5S)-4-hydroxymethyl-5-methyl-2-phenyloxazoline (12): Following
the procedure used for the synthesis of alcohol 8, ester 11 (14.0 g, 64.1
mmol) in of diethyl ether (200 mL) was reacted with LiAIH, (2.5 g, 64.1
mmol) in diethyl ether (150 mL) to give, after purification by chromatog-
raphy on silica gel (ethyl acetate), 12 (11.0 g, 57.7 mmol) as a white solid.
Yield=90%. M.p. 98-99°C; [a]3=+105.5 (c=1.0 in CHCL); 'H NMR
(CDCl,): 6=1.45 (d, J=6.6 Hz, 3H; CH-CHj;), 3.65 (s, 1H; OH), 3.75
(dd, J=5.6 Hz and 6.3 Hz, 2H; CH,-OH), 4.30 (ddd, J=5.1 Hz, 4.7 Hz
and 3.9 Hz, 1H; CH-N), 490 (dq, /=6.6 Hz and 3.9Hz, 1H; CH-O),
7.40 (m, 3H; Ar—H), 7.80 ppm (m, 2H; Ar—H); *C NMR (CDCL;): 6=
14.7, 61.1, 69.1, 78.2, 127.3, 128.0, 131.2, 164.4 ppm; MS (CL, NH,;): m/z
(%): 192 [100, M + H]; elemental analysis caled (%) for C;;H;;NO,
(191.23): C 69.09, H 6.85, N 7.32; found: C 68.85, H 6.60, N 7.10.
(2R,35)-2-amino-3-benzoyloxybutan-1-ol (13): Following the procedure
used for the preparation of 9, the oxazoline 12 (11.7 g, 61.4 mmol) was al-
lowed to react with aqueous HCI2M (45.0 mL, 90.0 mmol) in THF (400
mL) to give 13 (14.9g, 60.85 mmol) as a colorless oil. Yield=99%. M.p.
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125-127°C; [a]3d=-45.5 (¢=1.25 in CH;0H); 'H NMR (CDCL): 6=
1.55 (d, J=6.4 Hz, 3H; CH-CH;), 3.70 (m, 1H; CH-NH,), 3.90 (dd, /=
42 Hz and 7.5 Hz, 1H; CH,—OH), 4.10 (dd, /=4.2Hz and 7.2 Hz, 1H;
CH,—OH), 5.50 (dq, /=6.4Hz and 7.5 Hz, 1H; CH-0), 7.70 (m, 3H;
Ar—H), 8.15 ppm (m, 2H; Ar—H); °C NMR (CDCl,): 6=15.5, 56.6, 58.3,
69.3, 128.7, 129.9, 133.7, 166.1 ppm; elemental analysis caled (%) for
C1H;\NO;Cl (245.70): C 53.77, H 6.56, N 5.70; found: C 53.50, H 6.80, N
5.45.

(2R3 R)-N,N -Bis-[ (3-phenylcarboxy-3-methyl-1-hydroxypropyl)]-2,2-1,3-
propanamide (14a): Triethylamine (16.2mL, 115.6 mmol) was added
dropwise to a solution of dimethyl malonic chloride (4.85 g, 29.0 mmol)
in CH,Cl, (50 mL) at 0°C. The mixture was then added to a suspension
of 9 (9.5¢g, 30.8 mmol) in CH,Cl, (150 mL). The reaction mixture was
stirred at room temperature for 3 h. The solution was then concentrated
under reduced pressure. The crude product was triturated in acetone
(200 mL) and the insoluble salts were filtered off and the filtrate was
concentrated. The residue was purified by chromatography on silica gel
(ethyl acetate) to afford the bis-amide 14a (14.18 g, 27.6 mmol) as a col-
orless oil. Yield=95%. [a]¥=+40.0 (c=1.0 in CHCL); 'H NMR
(CDCL): 6=3.0 (d, /J=6.2 Hz, 6H; CH-CH;), 1.35 (s, 6H; C—CHj;), 3.60
(m, 4H; CH,~OH), 420 (m, 2H; N—CH), 5.40 (m, 2H; CH-OCOPh),
6.90 (d, J=9.1Hz, 1H; NH), 740 (m, 6H; Ar—H), 8.00 ppm (m, 4H;
Ar—H); C NMR (CDClL): 6=17.3, 23.3, 49.8, 55.4, 61.9, 69.8, 128.3,
129.5, 129.6, 133.1, 166.0, 174.0 ppm; elemental analysis caled (%) for
C,;H3,N, Oy (514.58): C 63.02, H 6.66, N 5.44; found: C 63.60, H 6.62, N
5.40.

(2R,35)-N,N'-Bis-[ (3-phenylcarboxy-3-methyl-1-hydroxypropyl) ]-2,2-1,3-
propanamide (15a): Following the procedure used for the synthesis of
the bisamide 14a, a solution of triethylamine (16.2 mL, 115.6 mmol) and
dimethyl malonic chloride (4.8 g, 29.0 mmol) in CH,Cl, was reacted with
a suspension of amino ester 13 (9.5 g, 30.8 mmol) in CH,Cl, to give, after
work up and purification by chromatography on silica gel (ethyl acetate),
the bisamide 15a (14.0 g, 27.26 mmol) as a white solid. Yield=94%. M.p.
85-86°C; [a]¥=+3.0 (c=1.0 in CHCL); 'H NMR (CDCl,): 6=1.40 (d,
J=175Hz, 6H; CH-CH;), 1.55 (s, 6H; C-CH};), 2.95 (s, 2H; OH), 3.70
(m, 4H; CH,~OH), 425 (m, 2H; CH-NH), 5.20 (m, 2H; CH-OCOPh),
7.10 (d, J=7.5Hz, 2H; NH), 7.40-7.65 (m, 6H; Ar—H), 8.05 ppm (m,
4H; Ar-H); C NMR (CDCly): 6=17.1, 23.6, 50.1, 54.8, 60.9, 70.3,
128.4, 129.6, 133.2, 166.3, 174.1 ppm; elemental analysis calcd (%) for
CyH3N,Og (514.58): C 63.02, H 6.66, N 5.44; found: C 63.50, H 6.40, N
5.40.

(2R,3 R)-N,N'-Bis-[ (3-phenylcarboxy-3-methyl-1-chloropropyl)]-2,2-1,3-
propanamide (14b): To a suspension of bisamide 14a (9.65 g, 19.2 mmol)
in 1,2-dichloroethane (180 mL), freshly distilled thionyl chloride (13.9
mL, 192 mmol) was added. The resulting mixture was kept at reflux for
3 h. The solvent and the excess of thionyl chloride were removed by dis-
tillation under reduced pressure. The residue was dissolved in CH,Cl,
(30 mL), washed with 2m K,CO; (20 mL), with water (20 mL), with brine
(20 mL), and dried over sodium sulfate. After filtration, the organic layer
was concentrated under reduced pressure to afford the dichloride bis-
amide 14b (10.3 g, 18.6 mmol) as a white solid. Yield=97%. M.p. 115—
116°C; [a]y=+24.2 (c=1.3 in CHCL); 'H NMR (CDCL): 6=1.30 (d,
J=6.4Hz, 6H; CH-CH;), 1.40 (s, 6H; C—CHj;), 3.60 (m, 4H; CH,—Cl),
440 (m, 2H; CH-NH), 550 (dq, /J=6.4Hz and 48Hz, 2H; CH-
OCOPh), 7.20 (d, /J=8.7Hz, 2H; NH), 7.40 (m, 4H; Ar-H), 7.60 (m,
2H; Ar-H) , 8.00 ppm (m, 4H; Ar—H); "C NMR (CDCly): 6=17.3,
23.8,43.9, 49.4, 54.0, 69.6, 128.4, 129.4, 129.5, 133.3, 165.7, 174.0 ppm; ele-
mental analysis caled (%) for C,;H3,N,0O4Cl, (551.47): C 58.81, H 5.85, N
5.08; found: C 58.40, H 5.52, N 5.05.

(2R,35)-N,N -Bis-[ (3-phenylcarboxy-3-methyl-1-chloropropyl) ]-2,2-1,3-
propanamide (15b): Following the procedure used for the synthesis of bis-
amide 14b, reaction of bisamide 15a (9.65 g, 19.2 mmol) and thionyl
chloride (13.9mL, 192 mmol) afforded the bis-amide 15b (9.8 g, 18.2
mmol) as a white solid. Yield=95%. This compound was used in the
next step without any further purification. 'H NMR (CDCl,): 6 =1.35 (d,
J=6.5Hz, 6H; CH-CH;), 1.50 (s, 6H; C—CHj;), 3.75 (m, 4H; CH,—Cl),
4.50 (ddd, J=4.3 Hz, 4.5 Hz and 7.0 Hz, 2H; CH-NH), 5.25 (dq, /=6.5
Hz and 7 Hz, 2H; CH-OCOPh), 7.10 (d, /=9 Hz, 2H; NH), 7.25-7.60
(m, 6H; Ar—H), 8.00 ppm (m, 4H; Ar-H); *C NMR (CDCl;): 6=17.0,
23.8,44.0, 49.6, 53.1, 70.0, 128.4, 129.5, 133.2, 165.5, 173.2 ppm.
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(R,R)-2,2-Bis-[2(-1-phenylcarboxy-1-ethyl)-1,3-oxazolinyl) J]propane (2a):
A solution of bisamide 14b (7.76 g, 14.40 mmol) and dry triethylamine
(10.6 mL, 140.0 mmol) in dry toluene (120 mL) was heated to reflux for
4 h. The solution mixture was allowed to cool to room temperature and
was diluted with ethyl acetate (100 mL). The resulting mixture was
washed with saturated NaHCOj; (2x50 mL) and the aqueous phase was
extracted with ethyl acetate (3x50 mL). The organic layers were com-
bined and washed with brine (100 mL), dried over Na,SO, and concen-
trated under reduced pressure. Purification of the residue by column
chromatography on deactivated alumina (ethyl acetate/pentane; 3:7) af-
forded the bis(oxazoline) 2a ( 5.80 g, 12.1 mmol) as a colorless viscous
oil. Yield=85%. [a]¥=—64.1 (c=1.5 in CHCL); '"H NMR (CDCL): 6=
1.40 (d, J=6.0Hz, 6H; CH-CH;), 1.60 (s, 6H; C—CH;), 430 (m, 4H;
O—-CH,;), 445 (m, 2H; CH-N), 530 (m, 2H; CH-OCOPh), 7.50 (m, 6H;
Ar—H), 8.05 ppm (m, 4H; Ar—H); *C NMR (CDCL): 6=15.2, 24.4, 38.8,
68.7, 68.9, 71.3, 165.8, 170.5 ppm; elemental analysis caled (%) for
Cy;H3N, O (478.55): C 67.77, H 6.32, N 5.85; found: C 67.60, H 6.20, N
6.05.

(2R,3 R)-2,2-Bis-[2(1-hydroxy-1-ethyl)-1,3-oxazolinyl) Jpropane (2b): A
solution of NaOH (200 mg, 3.09 mmol) in methanol (1 mL) and THF (7
mL) was added to a solution of bis(oxazoline) 2a (500 mg, 1.05 mmol) in
THF (5 mL). After the mixture had been stirred for 2 h at room tempera-
ture, the solvents were removed under reduced pressure. The crude resi-
due was dissolved in CH,Cl, (10 mL) and washed with water (2x5 mL).
The organic layer was dried over Na,SO,, filtered and concentrated
under reduced pressure. The residue was dissolved in ether (10 mL) and
pentane was added slowly to induce precipitation of the desired product.
The white precipitate was recovered by filtration to yield bis(oxazoline)
2b (248 mg, 0.92 mmol). Yield=88%. M.p. 115-116°C; [a]3=—18.3 (c=
1.5 in CH;0H); 'H NMR (CDCl,): 6=1.30 (d, J=6 Hz, 6H; CH-CHj),
1.50 (s, 6H; C—CH;), 3.60 (m, 2H; CH-N), 4.10 (m, 2H; CH-0), 4.30
ppm (m, 4H; CH,~0); "C NMR (CDCl,): 6=19.1, 23.3, 39.1, 69.5, 70.1,
70.6, 171.1 ppm; elemental analysis calcd (%) for C,3H,,N,0, (270.33): C
57.76, H 8.20, N 10.36; found: C 57.50, H 8.30, N 10.70.
(2R,35)-2,2-Bis-[2(-1-phenylcarboxy-1-ethyl)-1,3-oxazolinyl) J]propane
(3a): Following the procedure used for the synthesis of 2a, reaction bis-
amide 15b (7.76 g, 14.4 mmol) with dry triethylamine (10.6 mL, 140.0
mmol) in toluene at reflux gave after purification by chromatography on
alumina (ethyl acetate/pentane; 3:7) the bis(oxazoline) 3a (6.14 g, 12.8
mmol) as a white powder. Yield=90%. M.p. 144-145°C; [a]d=-43.8
(c=1.0 in CHCL); '"H NMR (CDCl,) 6 1.35 (m, 12H; C-CH;; CH-CH),
4.20 (m, 6H; CH,~O; CH-N), 5.20 (m, 2H; CH—OCOPh), 7.25-7.60 (m,
6H; Ar—H), 8.00 ppm (m, 4H; Ar—H); ®C NMR (CDCl;): 6=17.2, 24.2,
38.5, 69.0, 69.9, 72.0, 128.2, 129.5, 130.2, 132.9, 165.5, 170.5 ppm; elemen-
tal analysis caled (%) for C,;H3N,Oq (478.55): C 67.77, H 6.32, N 5.85;
found: C 68.00, H 6.30, N 5.80.
(2R,35)-2,2-Bis-[2(1-hydroxy-1-ethyl)-1,3-o0xazolinyl) [propane (3b): The
bis(oxazoline) 3a (500 mg, 1.05 mmol) was added in one portion to a solu-
tion of NaOH (10 mg, 0.16 mmol) in methanol (5 mL). The reaction mix-
ture was stirred at room temperature for 2h and the methanol was re-
moved under reduced pressure. The crude residue was dissolved in
CH,Cl, (10 mL) and washed with water (2x5 mL). The organic layer was
dried over Na,SO,, filtered and concentrated under reduced pressure.
The residue was dissolved in ether (10 mL) and pentane was added
slowly to induce precipitation of the desired product. The white precipi-
tate was recovered by filtration to yield bis(oxazoline) 3b (270 mg, 0.99
mmol) as white solid. Yield=95%. M.p. 141-143°C; [a]3=-75.0 (c=1.0
in CHClL,); '"H NMR (CDCly): 6=1.05 (d, J=6 Hz, 6H; CH-CHj;), 1.60
(s, 6H; CH;—C), 4.10 (m, 4H; CH,—0), 435 (m, 2H; CH-N), 4.60 ppm
(m, 2H; CH-OCOPh); *C NMR (CDCl,): 6=18.6, 23.4, 39.2, 67.8, 68.2,
71.3, 171.4 ppm; elemental analysis calcd (%) for C,3H,,N,0, (270.33): C
57.76, H 8.20, N 10.36; found: C 57.29, H 7.90, N 10.10.

(S)-4-carbomethoxy-2-phenyloxazoline (16): Triecthylamine (10.9 mL,
62.8 mmol) was added slowly (15 minutes) to a solution of ethyl benzimi-
date hydrochloride (11.6 g, 62.8 mmol) in CH,Cl, (150 mL). The reaction
mixture was stirred at room temperature for 30 min and L-serine methyl
ester hydrochloride (13.5 g, 79.6 mmol) was added by portion. The result-
ing mixture was stirred for 48 h at room temperature. The solution was
concentrated under reduced pressure. The residue was dissolved in ace-
tone (250 mL), the insoluble salts were filtered off, and the filtrate was
concentrated. Recrystallization of the crude material from diethyl ether
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gave the oxazoline 16 (11.0g, 53.6 mmol). Yield=86%. 'H NMR
(CDCl;): 6=4.60 (dd, J=10.7 Hz and 8.7 Hz, 1H; OCH), 4,70 (dd, J=8.7
Hz and 8.0 Hz, 1H; OCH), 4.93 (dd, J=10.5 Hz and 8.0 Hz, 1H; OCH ),
7.56-7.38 (m, 3H; Ar—H), 8.00 ppm (d, 2H; J=7.2Hz); “C NMR
(CDCly): 6=53.0, 68.3, 69.8, 127.3, 129.3, 129.6, 131.5, 167.0, 171.5 ppm.
(R)-4-hydroxymethyl-2-phenyloxazoline (17a): A solution of diisobutyl-
aluminum hydride (142 mL, 1™ in THF) was added over a period of 2 h
to a cold (0°C) solution of the oxazoline 16 (9.70 g, 47.3 mmol) in THF
(200 mL). The resulting mixture was stirred continuously for an addition-
al 2 h. The mixture was quenched with a saturated sodium tartrate aque-
ous solution (300 mL) and stirred vigorously for 4 h at room temperature.
The reaction mixture was extracted with ethyl acetate (4x50 mL). The
combined organic layers were dried over Na,SO, filtered and concentrat-
ed under reduced pressure. The residue was purified by column chroma-
tography on silica gel (ethyl acetate) to afford the hydroxy oxazoline 17a
(7.65 g, 43.70 mmol). Yield=91%. 'H NMR (CDCl;): 6=3.60-3.80 (m,
1H), 3.80-3.93 (m, 2H), 4.47-4.60 (m, 2H), 7.50 (m, 2H), 7.65 (m, 1H),
8.10 ppm (dd, J=8.3 Hz and 1.2 Hz, 2H); "C NMR (CDCl): 6=55.9,
62.7,65.9,132.2,133.5, 137.2, 170.0 ppm.
(R)-2-amino-3-benzoyloxy-propan-1-ol (18a): Following the procedure
described for the synthesis of 9, the reaction of the oxazoline 17 (12.0 g,
472 mmol) in THF (400 mL) and aqueous HCl (45 mL, 2M) gave the
monoprotected aminodiol 18a (9.22 g, 47.20 mmol) as a white solid. yield
>99%. This material was used in the next step without any farther puri-
fication. '"H NMR (CDCly): 0=3.80-3.60 (m, 1H), 3.93-3.80 (m, 2H),
4.60-4.47 (m, 2H), 7.65 (m, 1H), 7.50 (m, 2H), 8.30 ppm (dd, /=83 Hz
and 1.2 Hz, 2H); MS (CI, NH;): m/z (%): 195 (100) [M + H].

(2R)-N,N -Bis-[ 3-phenylcarboxy-1-hydroxypropyl]-2,2-dimethyl-1,3-pro-
panediamide (19a(OH)): Following the procedure described for the syn-
thesis of the bisamide 14a, triethylamine (7.0 mL, 50.0 mmol), dimethyl
malonic chloride (4.85¢g, 29.0 mmol) and amino ester 18a (4.8 g, 25.0
mmol) were reacted to give, after purification by column chromatogra-
phy on silica gel (ethyl acetate/methanol; 95:5), the bisamide 19a(OH)
(5.4 ¢, 11.3 mmol) as a white solid. Yield=90%. M.p. 85-87°C; [a]d =
+16,6 (c=1.1 in CH,CL); '"H NMR (CDCl): §=1.40 (s, 6H; CH;), 3.34
(s,2H; OH ), 3.66 (dd, J=12.1 Hz and 4.8 Hz, 2H), 3.75 (dd, J=12.1 Hz
and 3.9 Hz, 2H), 4.34 (m, 2H; CHN), 4.40 (m, 4H; CHOH), 7.00 (d, /=
7.7 Hz, NH), 7.20-7.40 ppm (m, 10H; Ar—H); C NMR (CDCL): 6=
23.5, 49.8, 51.0, 61.5, 63.3, 128.4, 129.5, 130.0, 133.7, 166.8 , 174.2 ppm;
MS (CI, NH;): m/z (%): 540 (25) [M + NH,*], 487 (100) [M + H]; ele-
mental analysis caled (%) for C,sH3;N,O5 (486.52): C 61.72, H 6.22, N
5.76; found: C 61.85, H 6.02, N 5.74.
(2R)-N,N'-Bis-[3-phenylcarboxy-1-chloropropyl]-2,2-dimethyl-1,3-pro-
panediamide (19a(Cl)): Following the procedure used for the synthesis
of the bisamide 14b, the bisamide 19a(OH) (5.0 g, 10.3 mmol) was al-
lowed to react with thionyl chloride (13.9 mL, 192.0 mmol) to yield the
bisamide 19a(Cl) (5.0 g, 9.6 mmol) as a white solid. The residue was puri-
fied by flash chromatography on silica gel (ethyl acetate). Yield=94%.
[a]¥=+46,1 (c=0.5 in CH,CL,); '"H NMR (CDCl,): 6=1.47 (s, 6H; CHj,
3.66 (dd, /=11.2Hz and 6.0 Hz, 2H; CHCI), 3,72 (dd, /=112 Hz and
6.0 Hz, 2H; CHCI), 439 (m, 2H; CHN), 4.53 (m, 4H; CH,0), 7.18 (d,
J=63Hz, 2H; NH), 748 (m, 4H; Ar—H ), 7.57 (m, 2H; Ar-H ), 7.99
ppm (m, 4H; Ar—H ); "C NMR (CDCly): 6=23.8, 43.6, 49.5, 49.5, 63.1,
128.5, 129.3, 129.7, 133.4, 166.4, 173.4 ppm; elemental analysis calcd (%)
for C,sH,sCLN,O¢ (523.41): C 57.37, H 5.39, N 5.35; found: C 57.43, H
5.68, N 5.92.

(4 R)-2,2-Bis-[2-(phenylcarboxymethyl-1,3-oxazolinyl) Jpropane (4a): A
solution of bisamide 19a(Cl) (0.48 g, 0.90 mmol) and dry triethylamine
(3.0 mL, 21.6 mmol) in toluene (30 mL) was refluxed for 4 h. The mixture
was diluted with saturated NaHCO; (50 mL) and extracted with ethyl
acetate (3x50mL). The combined organic layers were washed with
brine, dried over Na,SO,, filtered and concentrated. The residue was pu-
rified by chromatography on deactivated alumina (ethyl acetate) to
afford the bis(oxazoline) 4a (0.30 g, 0.66 mmol) as colorless viscous oil.
Yield=73%. [a]¥=-91.2 (c=1.8 in CH,CL); 'H NMR (CDCl): §=
1.52 (s, 6H; CH;), 4.20-4.60 (m, 10H), 7.30-7.60 (m, 6H; Ar—H), 7.95
ppm (m, 4H; Ar-H); *C NMR (CDCl,): 6=24.4, 38.6, 64.8 , 65.5, 70.0,
128.3, 129.6, 129.7, 133.0, 166.1, 170.7 ppm; MS (CIL, NH;); m/z (%): 451
(100) [M + H]; elemental analysis calcd (%) for C,sH,N,O (450.49): C
66.660, H 5.82, N 6.22, found: C 66.86, H 5.62, N 6.02.
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(4R)-2,2-Bis-[2-(hydroxymethyl-1,3-oxazolinyl) |propane (4b): Bis(oxazo-
line) 4a (0.36 g, 0.83 mmol) was added in one portion to a solution of
NaOH (1% wt) in methanol (10 mL). The reaction mixture was stirred
for 30 min at room temperature, then quenched with water (2 mL) and
concentrated. The residue was then purified by column chromatography
on silica gel (ethyl acetate) to afford the dihydroxy bis(oxazoline) 4b
(0.19 g, 0.81 mmol) as colorless oil. Yield=97%. [a]¥=-70.5 (c=12 in
CH,CL); '"H NMR (CDCly): 6=1.46 (s, 6H; CH;), 3.43 (dd, J=2.8 Hz
and 11.7 Hz, 2H), 3.69 (dd, /=2.8 Hz and 2.8 Hz, 2H), 4.15 ppm (m,
6H); "C NMR (CDCly): 6=23.5, 39.4, 63.8, 70.0, 70.1, 170.7 ppm; MS
(CI, NH;): m/z (%): 243 (100) [M + H]; elemental analysis calcd (%)
for C;;HN,O, (242.27): C 54.53, H 7.49, N 11.56; found: C 54.05, H
7.54, N 8.24.

(45)-[(2-hydroxyethyl-2-methyl]-2 phenyloxazoline (17b): A solution of
methyl magnesium iodide (32.5 mL, 3™ in diethyl ether) was added drop-
wise by canula to a refluxed and vigorously stirred solution of 16 (8.0 g,
38.0 mmol) in diethyl ether (250 mL). The reaction mixture was stirred at
reflux for further 3 h and then quenched carefully with saturated NH,Cl
aqueous solution (200 mL). The organic layer was separated, and the
aqueous layer was extracted with diethyl ether (2x100 mL). The com-
bined organic layers were dried over MgSO,, filtered, and concentrated
under reduced pressure to afford 17b (6.22 g, 29.6 mmol). Yield=78%.
[a]¥=+64.4 (¢c=1.0 in CH,CL); '"H NMR (CDCL): 6=1.17 (s, 3H;
CH;), 1.34 (s, 3H; CHj;), 2.02 (s, 1H; OH), 4.20 (dd, /=102 Hz and 8
Hz, 1H), 434 (dd, /=8.0 Hz and 8.3 Hz, 1H), 4.43 (dd, /=8,3 Hz and
10.2 Hz, 1H), 7.24-7.48 (m, 3H; Ar—H ), 7.94 ppm (m, 2H; Ar-H ); °C
NMR (CDClL): 6=26.0, 68.7, 71.5, 75.6, 122.8, 128.2, 128.3, 131.4, 164.5
ppm; MS (CI, NH;): m/z (%): 206 (100) [M + H]; elemental analysis
caled (%) for C,,H;sNO, (205.25): C 70.22, H 7.37, N 6.82; found: C
70.64, H 7.02, N 6.25.

($)-4-phenylcarboxy-3-amino-2-methylbutan-1-ol (18b): Following the
procedure described for the synthesis of 13, the oxazoline 17b (4.8 g,
23.4 mmol) was stirred in a mixture of THF (400 mL) and aqueous HCI
(45 mL, 2m) to yield 18b (6.0 g, 23.0 mmol). This product was used in the
next step without further purification. Yield=97%. 'H NMR (CDCl,):
0=1.27 (s, 3H; CH;), 1.36 (s, 3H; CH;), 3.71 (s, 1H; OH), 443 (m, 2H;
CH,), 4.54 (m, 1H; CH), 7.34 (dd, J=7.3 Hz and 7.5 Hz, 2H; Ar—H,,.,),
7.48 (dd, /=7.5Hz and 7.3 Hz, 1H; Ar-H,,,), 8.12 ppm (d, J=7.5 Hz,
2H; Ar-H,,,,); "C NMR (CDCl,): 6=23.8, 28.1, 59.7, 62.0, 70.2, 128.4,
130.2, 133.5, 166.1 ppm; MS (CI, NH;): m/z (%): 224 (100) [M + H].
(35)-2,2-Bis-[4-phenylcarboxy-2-methyl-2-hydroxybutyl]-2,2-dimethyl-
1,3-propanediamide (19b): Following the procedure described for the
synthesis of bisamide 14a, the addition of a solution of triethylamine
(7.0 mL, 50.0 mmol) and dimethyl malonic chloride (4.85 g, 29.0 mmol) in
CH,Cl, to the amino ester 18b (6.5 g, 25.0 mmol) led, after purification
by column chromatography on silica gel (ethyl acetate/methanol; 95:5),
to 19b (6.0 g, 11.0 mmol) as a white solid. Yield=89%. M.p. 75-77°C;
[a]¥=+24,6 (c=1.1 in CH,CL); '"H NMR (CDCL): 6=1.22 (s, 6H;
CH;), 1.28 (s, 6H; CH;), 1.34 (s, 6H; CH;), 2.95 (s, 2H; OH), 4.10 (ddd,
J=9.0Hz, 54Hz and 63 Hz, 2H; CHN), 446 (d, /J=54Hz, 1H;
CH,0), 447 (d, /=63 Hz, 1H; CH,0), 7.08 (d, /=9 Hz,2H; NH ), 7.38
(m, 4H; Ar—H ), 7.41 (m, 2H; Ar—H ), 7.94 ppm (m, 4H; Ar—H); *C
NMR (CDCl): 6=23.6, 26.5, 27.5, 49.6, 56.6, 63.5, 71.7, 128.3, 129.5,
133.1, 166.5, 173.4 ppm; MS (CL, NH;): m/z (%): 543 (100) [M + H]; ele-
mental analysis calcd (%) for C,yH3sN,Og (542.62): C 64.19, H 7.06, N
5.16; found: C 64.57, H 6.84, N 5.52.
(4R)-2,2-Bis-[2-(3,3-dimethyl-4-phenylcarboxymethyl-1,3-oxazolinyl) ]-
propane (5a): In a 500 mL one-neck round bottom flask bisamide
19a(OH) (0.86 g, 1.59 mmol) was dissolved in CH,Cl, (150 mL). The
flask was then fitted with a Soxhlet apparatus containing a cartridge with
3 g of CaH,. Methane sulfonic acid (0.52 mL, 7.95 mmol) was added to
the solution and the mixture was refluxed for 5 h. After cooling to room
temperature, the reaction mixture was washed with saturated NaHCO;
(2x50 mL). The organic layer was separated, dried over MgSO,, filtered
and concentrated under reduced pressure. The residue was purified by
column chromatography on silica gel (ethyl acetate) to afford 5a (0.62 g,
1.22 mmol) as colorless viscous oil. Yield=78%. [a]¥=—61.0 (c=1.35 in
CH,CL); 'H NMR (CDCL): 6=1.36 (s, 6H; CH;), 1.42 (s, 6H; CH;),
1.45 (s, 6H; CH;), 4.00 (dd, J=4.5 Hz and 7.4 Hz, 2H), 4.34 (dd, J=11.6
Hz and 7.4 Hz, 2H), 4.46 (dd, J=11.6 Hz and 4.5 Hz, 2H), 7.40 (m, 4H;
Ar-H ), 7.53 (m, 2H; Ar—H), 7.98 ppm (m, 4H; Ar—H ); *C NMR
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(CDCL): 6=21.3, 23.7, 28.7, 35.6, 63.6, 71.6, 85.9, 128.3, 129.5, 129.8,
133.1, 166.0, 169.3 ppm; MS (CL, NH,): m/z (%): 507 (100) [M + H]; ele-
mental analysis caled (%) for C,yH3N,Oq4 (506.59): C 68.76, H 6.76, N
5.53; found: C 68.35, H 6.90, N 5.65.
(4R)-2,2-Bis-[2-(3,3-dimethyl-4-hydroxymethyl-1,3-oxazolinyl) []propane
(5b): Following the procedure described for the synthesis of bis(oxazo-
line) 4b, the reaction of bis(oxazoline) Sa (0.35g, 0.71 mmol) with
NaOH (1% wt) in methanol (10 mL) yielded 5b (0.20 g, 0.69 mmol).
Yield=96%. [a]y=-79.2 (c=1.0 in CH,CL); 'H NMR (CDCL): 6=
1.34 (s, 6H; CH;), 1.44 (s, 6H; CH;), 1.47 (s, 6H; CHj;), 3.70 ppm (m,
8H); °C NMR (CD;0D): 6 =21.6, 24.3, 29.4, 62.5, 75.5, 88.4, 171.3 ppm;
MS (CI, NH;): m/z (%): 299 (100) [M + H]; elemental analysis calcd
(%) for C,;sHyN,0, (298.38): C 60.38, H 8.78, N 9.39; found: C 60.25, H
8.75, N 9.10.

Alkylation of (E)-1,3-diphenyl-2-propenyl acetate with dimethyl malo-
nate: general procedure: Dimethyl malonate (0.170 mL, 1.5 mmol) and
two equivalents of the appropriate base system were mixed in dichloro-
methane (3 mL) under argon. In a separate flask, the chiral BO ligand
(0.02 mmol), [{Pd(5*-CsH;5)Cl},] (1.80 mg, 0.005 mmol) and racemic (E)-
1,3-diphenyl-2-propenyl-1-acetate 20 (126 mg, 0.5 mmol) in dichlorome-
thane (2 mL) were stirred for 20 minutes, and then added dropwise to
the above mixture. The resulting mixture was refluxed and the reaction
was monitored by thin layer chromatography on silica plate (ethyl ace-
tate/pentane; 15:85). After consumption of (E)-1,3-diphenyl-2-propenyl-
1-acetate 20, the reaction mixture was diluted with a NH,Cl saturated
aqueous solution (10 mL) and washed with dichloromethane (2x 10 mL).
The organic layers were assembled, dried over MgSO,, filtered and con-
centrated under reduced pressure. The crude was purified by flash chro-
matography (ethyl acetate/pentane; 15:85) to yield 21. The enantiomeric
excess was determined by HPLC analysis with a chiral analytical column.
'H NMR (CDCl;, for 21): 6=3.53 (s, 3H), 3.70 (s, 3H), 3.95 (d, /=11
Hz, 1H), 427 (dd, J=11 Hz, 8Hz, 1H), 632 (dd, J=15Hz, 8 Hz, 1H),
6.48 (d, J=15 Hz, 8 Hz, 1H), 7.15-7.44 ppm (m, 10H). [a]*=+19.2 (c=
1.30 in CHCL;) (+)-(R). HPLC Pharmacir 7C (nBuOH/n-hexane; 10:90;
0.7 mLmin™"): tg (S) 10.66 min. and tg (R) 11.88 min.

Acknowlegment

The authors are grateful to the CNRS for financial support of this work
and to the “Ministere de I'Enseignement Superieur et de la Recherche”
for doctoral fellowships (H.O.).

[1] For the recent use of bis(oxazoline) ligands in asymmetric catalysis
see, for example: a) A. K. Ghosh, P. Mathivanan, J. Cappiello, 7etra-
hedron: Asymmetry 1998, 9, 1; b) J. S. Johnson, D. A. Evans, Acc.
Chem. Res. 2000, 33, 325; c¢) D. W. McMillan, N. Varga, B. A Redd,
C. King, J. Org. Chem. 2000, 65, 2532; d) S. E. Denmark, C. M. Stiff,
J. Org. Chem. 2000, 65, 5875; e) S. Nakamura, R. Nakagawa, Y. Wa-
tanabe, T. Toru, J. Am. Chem. Soc. 2000, 122, 11340; f) K. R. Knud-
sen, T. Risgaard, N. Nishiwaki, K. V. Gothelf, K. A. Jgrgensen, J.
Am. Chem. Soc. 2001, 123, 5843; g) D. L. Davies, J. Fawcett, S. A.
Garratt, D. R. Russell, Organometallics 2001, 20, 3029.

a) O. Hoarau, H. Ait-Haddou, M. Castro, G. G. A. Balavoine, Tetra-
hedron: Asymmetry 1997, 8, 3755; b) O. Hoarau, H. Ait-Haddou, J.-
C. Daran, D. Cramailere, G. G. A. Balavoine, Organometallics 1999,
18, 4718; c¢)S. Iwasa, F. Takezawa, Y. Tsuchiya, H. Nishiyama,
Chem. Commun. 2001, 59; d) S. Iwasa, S. Tsushima, T. Shimada, H.
Nishiyama, Tetrahedron Lett. 2001, 42, 6715; e) M. Schinnerl, M.
Seitz, A. Kaiser, O. Reiser, Org. Lett. 2001, 3, 4259.

For the reversal in enantioselectivity with bis(oxazoline)-metal cata-
lysts depending on the oxazoline ring substituent see: a)D. A.
Evans, J. S. Johnson, C.S. Burgey, K. R. Campos, Tetrahedron Lett.
1999, 40, 2879; b) M. Johannsen, K. A. Jgrgensen, J. Org. Chem.
1995, 60, 5757; c) M. Johannsen, S. Yao, K. A. Jgrgensen, Chem.
Commun. 1997, 2169; d) M. Johannsen, S. Yao, A. Graven, K. A.
Jgrgensen, Pure Appl. Chem. 1998, 70, 1117.

2

—

[3

—_

Chem. Eur. J. 2004, 10, 699707 www.chemeurj.org

[4] S. Cossu, G. Giancomelli, S. Conti, M. Falorni, Tetrahedron 1994, 50,
5083.

[5] H. Lévéque, C. Malhiac, D. Speybrouck, Y. Combret, V. Guerpin, J.-
C. Combret, Bull. Soc. Fr. 1995, 132, 801.

[6] A.I Meyers, W. Schmidt, M. J. McKennon, Synthesis 1993, 250.

[7] D.E Elliot, J. Chem. Soc. 1950, 62.

[8] C.C. Price, E. L. Eliel, R. J. Convery, J. Org. Chem. 1957, 347.

[9] S.E. Denmark, N. Nakajima, O.J. C. Nicaise, A. M. Faucher, J. P.
Edwards, J. Org. Chem. 1995, 60, 4884.

[10] For previous use of L-serine in the preparation of chiral bis(oxazo-
line) ligands see: a) D. Muller, G. Umbricht, B. Weber, A. Pfaltz,
Helv. Chim. Acta 1991, 74, 232; b) E. J. Corey, K. Ishihara, Tetrahe-
dron Lett. 1992, 33, 6807; c) R. Tokunoh, H. Tomiyama, M. Sodeo-
ka, M. Shibasaki, Tetrahedron Lett. 1996, 37, 2449.

[11] J. E. Hansen, C. S. Cooper, J. Org. Chem. 1976, 41, 3219.

[12] D. Muller, G. Umbricht, B. Weber, A. Pfaltz, Helv. Chim. Acta 1991,
74,232.

[13] For reviews, see: a) C. G. Frost, J. Howarth, J. M. J. Williams, Tetra-
hedron: Asymmetry 1992, 3, 1089; b) J. Tsuji, Palladium Reagents
and Catalysis: Innovations in Organic Synthesis, Wiley, New York,
1995; c) B. M. Trost, Acc. Chem. Res. 1996, 29, 355; d) T. Hayashi in
Catalytic Asymmetric Synthesis, (Ed.: 1. Ojima), Weinheim, 1993,
pp- 325; e) O. Reiser, Angew. Chem. 1993, 105, 576; Angew. Chem.
Int. Ed. Engl. 1993, 32, 547; f) B.M. Trost, D.L. van Vranken,
Chem. Rev. 1996, 96, 395; g) R. Noyori, Asymmetric Catalysis in Or-
ganic Synthesis, Wiley, New York, 1994; g) A. Pfaltz, M. Lautens, in
Comprehensive Asymmetric Catalysis, Vol. 2 (Eds.: E. N. Jacobson,
A. Pfaltz, H. Yamamoto), Springer, Berlin, 1999, Chapter 24.

[14] For previous use of chiral bis(oxazoline) ligands in the palladium-
catalyzed asymmetric allylic alkylation, see: a) D. Muller, G. Um-
bricht, B. Weber, A. Pfaltz, Helv. Chim. Acta 1991, 74, 232; b) P.
von Matt, G. C. Lloyd-Jones, A.B. E. Minidis, A. Pfaltz, L. Macko,
M. Neuburger, M. Zehnder, H. Ruegger, P. S. Pregosin, Helv. Chim.
Acta 1995, 78, 265; c) W. Zhang, T. Kida, Y. Nakatsuji, I. Ikeda, Tet-
rahedron Lett. 1996, 37, 7995; d) M. Gomez, S. Jansat, G. Muller,
M. A. Maestro, J. Mahia, M. Font-Bardia, X. Solans, J. Chem. Soc
Dalton Trans. 2001, 1432; e) M. Gomez, S. Jansat, G. Muller, M. A.
Maestro, J. Mahia, Organometallics 2002, 21, 1077.

[15] a) T. Hayashi, A. Yamamoto, T. Hagihara, Y. Ito, Tetrahedron Lett.
1986, 27, 191; b) T. Hayashi, A. Yamamoto, Y. Ito, E. Nishioka, H.
Miura, K. Yanagi, J. Am. Chem. Soc. 1989, 111, 6301; d) P. von Matt,
A. Pfaltz, Angew. Chem. 1993, 105, 614; Angew. Chem. Int. Ed.
Engl. 1993, 32, 566.

[16] No solvent effect on this shift in the enantioselectivity was observed.

[17] For the effect of substituents at the C5 of the oxazoline ring in the
palladium-catalyzed allylic alkylation, see: M. A. Pericas, C. Puigja-
ner, A. Riera, A. Vidal-Ferran, M. Gémez, F. Jeminéz, G. Muller,
M. Rocamora, Chem. Eur. J. 2002, 8, 4164.

[18] B. M. Trost, D. J. Murphy, Organometallics 1985, 4, 1143.

[19] The verification of other bases such as nBuLi, HK, and BuMgCl
did not show any effect on the direction of chiral induction, but af-
fected the level of enantioselectivity. For example, in the presence
of nBuLi as a base BO 1a afforded the R product in 53 % ee and 1b
led to the S product in 28 % ee.

[20] a) M. Sawamura, Y. Ito, Chem. Rev. 1992, 92, 857; b) T. Hayashi, K.
Kenhira, T. Hagihara, M. Kumada, J. Org. Chem. 1988, 53, 113;¢) T.
Hayashi, A. Yamamoto, Y. Ito, E. Nishioka, H. Miura, K. Yanagi, J.
Am. Chem. Soc. 1989, 111, 6301.

[21] The silylation of the dihydroxy BO was ruled out because it is un-
likely that this reaction could occurs under the BSA/KOAc proce-
dure. Efforts were made for the preparation of this disylilated BO
ligand. This disilylated BO was found to be very instable under the
BSA/KOAC conditions.

[22] a) J. Tsuji, K. Takahashi, I. Minami, I. Shimazu, Tetrahedron Lett.
1984, 25, 4783; b) C. Carfagna, R. Galarini, A. Musco, R. Santi, J.
Org. Chem. 1991, 56, 3924; c) A. Saitoh, K. Achiwa, K. Tanaka, T.
Morimoto, J. Org. Chem. 2000, 65, 4227.

[23] S. R. Gilbertson, C.-W. T. Chang, J. Org. Chem. 1998, 63, 8424.

Received: December 6, 2002
Revised: June 16, 2003 [F4649]

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 707



www.chemeurj.org




FULL PAPER

Polytopal Rearrangement of [Ni(acac),(py)]: A New Square
Pyramid=Trigonal Bipyramid Twist Mechanism

Claude Daul,” Svetozar Niketic,*™"! Cédrick Rauzy,” and Carl-Wilhelm Schlipfer™’

Abstract: The interconversion mecha-
nisms between three idealized polyto-
pal forms (a square pyramid and two
trigonal bipyramids) of [M(bidenta-
te),(unidentate)] were investigated by
an original combination of molecular
mechanics (MM) and density function-
al theory (DFT) approaches. MM was
used to model the mechanistic rear-
rangement path, and DFT to study se-
lected points along this path. The test
case was a five-coordinate [Ni(acac),-

and by DFT) that the three polytopal
forms do indeed represent shallow
local minima, of which the square pyra-
mid (SQP) is more stable than the
other two. Small energy barriers that
separate the three minima prevent
spontaneous rearrangement among the
polytopal forms in geometry-optimiza-

Keywords: density functional
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tion simulations. The driving force for
MM simulation of the polytopal rear-
rangements was supplied through the
L-M-L angle bending terms. MM re-
sults for relative energies and geome-
tries are fully supported by DFT. Final-
ly, the implication of the present results
to explain some racemization mecha-
nisms of octahedral complexes
(namely, the intramolecular bond rup-
ture of tris(chelate) species, and inter-
molecular dissociation of bis(bidentate)

(py)] species. In the case of [Ni(acac),-
(py)] it was confirmed (both by MM

Introduction

Polytopal rearrangements of pentacoordinate structures
have been much studied in the past. Most detailed mecha-
nistic descriptions of intramolecular rearrangements are to
be found among the papers of Muetterties et al.l" as well as
others.” More recently, a full ab initio molecular dynamics
study of the polytopal rearrangement was described for the
PF5 molecule.

Coordination number five in metal complexes has been
systematically investigated by Kepert™ who treated, among
other structural types, the [M(bidentate),(unidentate)] spe-
cies.’! However, Kepert did not comment on the possibility
for the existence of a trigonal bipyramid (TBP) with a uni-
dentate ligand in the axial position, and possible mecha-
nisms for the interconversion between the square pyramid
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species) is briefly discussed.

(SQP) and two distinct TBP structures (with unidentate in
the axial as well as in the equatorial position of a TBP). In
the following discussion we shall label the last two possibili-
ties as TBP,, and TBP,,, respectively (see Figure 1).

It is reasonable to assume that a SQP=TBP,, interconver-
sion proceeds by the Berry twist mechanism.®! However, for
the SQP=TBP,, interconversion, an equally simple mecha-
nistic path could not be defined. Moreover, it seems that it
is not possible to convert SQP into a TBP,, structure, and at
the same time to preserve the bite angles of two bidentate
ligands, without substantial deformations of other valence
angles on the metal center.”

In this work we use the molecular mechanics (MM) ap-
proach to study the interconversion paths between SQP,
TBP,,, and TBP,, structures for a [M(bidentate),(uniden-
tate)] type of compound exemplified by the [Ni(acac),(py)]
complex. We succeeded at simulating the transformation of
all three structures into each other. In addition, we propose
an unrecognized mechanism, up to this time, for accessing
the TBP,, structure from the other two, which involves the
least possible distortion of valence angles on the central
atom. MM results are complemented with DFT calculations
on selected intermediate configurations along each of the
three interconversion paths, as well as with full geometry
optimization of SQP, TBP,,, and TBP,, structures.
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Figure 1. Three polytopal forms of [Ni(acac),(py)]: square pyramid
(SQP) with the atom numbering scheme, trigonal bipyramid with axial
unidentate py (TBP,,), and trigonal bipyramid with equatorial unidentate
py (TBP,,). The structures fully depict optimized geometries by the DFT
method.

Computational Methods

MM calculations: All MM calculations described in this study were per-
formed with the CFF program package!® with essentially the same proto-
cols (unless otherwise noted); these were recently used by us in the stud-
ies of other coordination chemistry structures.!”!

The aim of MM investigations carried out in this work was not to opti-
mize a force field on the [Ni(acac),(py)] structure. Therefore, we used
previously developed MM parameters!”’ with a few necessary additions
required for structures that contain pyridine (extrapolated from the
widely used force fields AMBER! or SYBIL!")), as well as with addi-
tions necessary for acac chelates, drawn from our previous work.!"?!

In order to be able to compare the relative energies for all three forms of
the [Ni(acac),(py)] structure, namely SQP, TBP,,, and TBP,, (Figure 1),
we introduced the “double-well” functions for the treatment of angle-
bending on the Ni atom, as shown in Equation (1) below,

o)~ 1A BD)

B2

in which parameters A and B define positions of the minima, and param-
eter i the barrier between the minima (¢ is used to denote any L-M-L
angle throughout this paper). A typical example of this “double-well”
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Figure 2. Double-well function with minima at 90° and 120°. With A=
500, it was possible to approximate the curvature in the vicinity of the
minima comparable to that obtained with normal harmonic functions for
L-M-L angle bending.

2000.02).!°1 We used the spin-unrestricted formalism with an overall
charge of zero for the species, and a difference of two between spin
alpha and spin beta configuration. Both the local density approximation
(LDA) and the generalized gradient approximation (GGA) for ex-
change-correlation functionals were used, but for all plot and data dis-
played in this article, we refer to the GGA approximation. The LDA was
applied with the a functional for exchange («=0.7),"" and the Vosko,
Wilk, and Nusair functional for correlation.”! The GGA was applied by
using the Becke88!' exchange and the Perdew86!'! correlation (BP).
The frozen-core approximation for the inner core electrons was used for
all non-hydrogen atoms. The orbitals up to 2p for nickel and 1s for nitro-
gen, oxygen, and carbon were kept frozen. The valence shells were de-
scribed by a triple-{ STO (slater-type orbital) set, plus one polarization
function.

Geometry optimizations were performed by using the Broyden—Fletcher/
Goldfarb-Shanno algorithm to update the Hessian matrix."® The energy
convergence criteria for ADF was 107° au, and the numerical integration
used was a default.

Results and Discussion

MM results: MM results for the SQP, TBP,, and TBP,
forms of [Ni(acac),(py)] are shown in Table 1. They show
that there are no significant differences in strain energy be-
tween the three structures. Therefore, it was not practical to
simulate the intramolecular rearrangement within this force
field. To provide for a driving force, which would bring
about the interconversion, we attempted to modify the L-M-
L angle bending potential by decreasing the barrier, A, be-
tween the two minima in the double-well functions. Eventu-
ally, the simulation of interconversions was accomplished by
completely removing the barrier 4, that is, by using func-
tions with single minima adjusted to desired values.

Therefore, MM calculations were performed starting from
the previously optimized regular structures, by supplying in
each case, the target values of L-M-L angles for the desired
form (SQP, TBP,,, or TBP,,), and by allowing for the full re-
laxation of all internal coordinates.

Table 1. MM total energies and energy contributions [kJmol™'] for the
equilibrium structures of SQP, TBP,,, and TBP,, forms of [Ni(acac),-
(py)]- The difference between E(total), and the sum of the terms is due
to the Coulomb contribution.

sQp TBP,, TBP,,
function, shown in Figure 2, exhibits minima at 90° and 120°. This func-
tion is applied, for example, in describing the bending of a particular N- Total energy —102.72 —9527 —97.46
Ni-O angle with an equilibrium value of 90° for SQP or 120° for TBP,, E(bonds) 3.66 4.42 5.95
configuration. E(angles) 8.32 28.58 2?.00
E i 4 2. 1
DFT calculations: The DFT calculations were performed by using the EE;(ZSLOJIS(;G d4) 712 2; 1 2;2 1 1;
Amsterdam Density Functional (ADF) program package (Release ’ ’ ’
722 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim  www.chemeurj.org  Chem. Eur. J. 2004, 10, 721-727
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SQP=TBP,, rearrangement: The SQP=TBP,, rearrange-
ment proceeds in a straightforward way. Starting from the
“ideal” SQP form (with the metal in the basal plane of four
oxygen ligators), a simultaneous symmetric angular-bending
of two trans oxygens of SQP (N-Ni-O angle: 90°—120°) pro-
duces the TBP,,. This interconversion path is similar to the
corresponding segment of the well known Berry twist mech-
anism.®)

However, if we start from the SQP form of [Ni(acac),-
(py)] with the Ni atom displaced from the basal plane to-
wards the pyridine apex (which is more likely to be the
equilibrium configuration of this compound), the rearrange-
ment reduces essentially to the opening of one of the trans
O-Ni-O angles to 180°.

Both paths are relatively short (in the configurational
space), which is consistent with the small energy difference
between SQP and TBP,,, and are easily followed in a direc-
tion determined by the choice of the target values for L-M-
L angles. Ligator atom labeling convention and the choice
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Figure 3. A sketch showing the changes in L-M-L angles in the course of
the SQP="TBP,, rearrangement. The curves were obtained by a polyno-
mial fit to the angle values at each geometry-optimization step. Angles ¢
are defined in Table 2.

of target L-M-L angles is shown in Table 2. Figure 3 depicts 8 N & 2 N
. P - Y I a —
the changes of all angles around the central metal atom in ( - ‘l"o” | [ >—0s
the course of the SQP=TBP,, rearrangement. "Ow e Ow g
3
final
s N
Table 2. Target L-M-L angles for the SQP=TBP,, rearrangement. "0 Og ]
N On TU,' E']R'
OB == "’OB /_,/,I\‘] == T
h > Ni - \ Oa % Ni_ % Figure 4. A sketch of the SQP=TBP,, interconversion path. It shows that
();\‘ f.--> dA ‘T‘\O'B, both acac rings undergo specific concerted angular-distortions at the Ni
~— o 4 atom, and maintain approximate bilateral symmetry if the chelate rings
B are neglected (see text for further description of the interconversion
SQP TBP (equatorial py) mechanism).
Angle Description Ideal SQP TBP,, DFT
value value SQP TBP,,
o 0,-Ni-O,, 90 90 92.484 91.148
o 0,-Ni-Oy 90 90 85.680 87.510 Table 3. Target L-M-L ar}gles for the SQP=TBP,, rearrangement.
s 0,-Ni-Oy 180 120 165615 138516 N N
b O,-Ni-N 90 120 97.340  109.257 Ow -\-1—-/— Os
b5 0,-Ni-Oy 180 180 165.615  175.174 Do
e 0,-Ni-Op 90 90 85.680 87.410 On 706,
s O,-Ni-N 90 90 97.340 93.127
b 04-Ni-Oy, 90 90 92.484 90.525
by Op-Ni-N 90 90 97.340 91.692 SQP )
b0 Og-Ni-N 90 120 97340 112220 TBP (axial py)
Angle Description Ideal SQP TBP,, DFT
value value SQP TBP,,
o O4-Ni-O,. 90 90 92.437 95.811
SQP=TBP,, rearrangement: The SQP=TBP,, rearrange- 2 0,-Ni-Og 90 135 85.711 130.009
ment was much more difficult to attain. It proceeds through $3 0,-Ni-Og 180 90 165.407 92.017
the following intricate mechanism (see Figure 4), which to i‘s‘ 8A'Ni'fg 90 92 22297 189-676
. . +-Ni-Op 180 13 165.407 30.044
our knowlgdge, has not been described before now. Ligand 46 Ou-Ni-On %0 9% 85711 90713
atom la}bellng and the values of target L-M-L angles are 7 0,-Ni-N 9 9 97297 89.193
shown in Table 3, and the changes of all angles around the $8 03-Ni-Op 90 90 92.437 90.935
central metal atom is shown in Figure 5. 9 Op-Ni-N 90 90 97.297 87.916
$10 Og-Ni-N 90 180 97.297 178.306

One of the oxygen atoms of the basal plane in SQP un-
dergoes an angular bending displacement (N-Ni-O angle
¢d10: 90°—180°) in the plane that contains nickel, nitrogen,
and oxygen atoms that was initially trans to it. Simultane-
ously, two other oxygen atoms (trans to each other in the in-
itial SQP structure) start to spin around their M-L axes in a
remarkably concerted way, following a semi-spiral path.
Their movement causes two of the O-Ni-O angles (¢s and

Chem. Eur. J. 2004, 10, 721-727 www.chemeurj.org

¢g), as well as the O-Ni-N angle, ¢,, to close first slightly
below 90°, and then to open up back to 90°. The O-Ni-N
angles (¢, and ¢,) behave in exactly the opposite way: they
open first and then close back to 90°.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 723
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Figure 5. Changes in L-M-L angles in the course of the SQP=TBP,, rear-
rangement. The curves were obtained by a polynomial fit to the angle
values at each geometry-optimization step. Angles ¢ are defined in
Table 3.

The point corresponding approximately to the simultane-
ous extrema of L-M-L angles ¢,, ¢g, ¢7, ¢g, and ¢y (cf. the
notation defined in Table 3) represents the transition state
for the SQP=TBP,, interconversion.

From the correlations between the pairs of ¢ angles in the
SQP=TBP,, rearrangement it may be concluded that this
mechanism is essentially a two-step process.

There are two subtle variants of the foregoing mechanism.
If we allow the chelate angles to open easily, so that the O-
Ni-O angle of the equatorial acac could approach a value of
120° (corresponding to a “regular” TBP value), then the
above mentioned concerted movement of the oxygen atoms
(trans in SQP) is preserved. However, if we constrain the
chelate angles to approximtely 90°, the movement of the
pair of oxygen atoms become decoupled (oxygen belonging
to the acac ring of the equatorial plane becomes much less
mobile), and the whole mechanism loses some “symmetry”.
It is most probable that the true rearrangement path exists
between these two extrema, and therefore retain a clearly
discernible pattern in the concurrent movement of oxygen
ligators, as described above.

TBP,~TBP,, rearrangement: The interconversion between
two TBP forms of [M(bidentate),(unidentate)] structures
also seems to follow an intricate mechanism (see Table 4
and Figure 6). It is characterized by a concerted movement
of both chelate rings. In the present simulation, driven
solely by the choice of the target L-M-L angles, the two
forms rearranged into each other by a mechanism that did
not involve a passage through the SQP geometry.

DFT results: Initially we attempted to use DFT to calculate
the three paths, defined above, by the linear transit proce-
dure (calculation in which a motion of one atom is defined,
in general, by changing the value of one angle, and perform-
ing a full optimization of the molecule, except for the fixed

724 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 4. Target L-M-L angles for the TBP*+=TBP,, rearrangement.

N Op
o _,,,—Jj’/'(){\‘ J/N
B“‘\Ni \ (>|3\,\_N1\¥ \\
Op' ‘ “0a
O Oon—"
TBP (axial py) TBP (equatorial py)
Angle Description TBP™ TBP DFT
value value TBP™ TBP
¢1 O,-Ni-O,’ 90 90 91.647 92.412
P2 O,-Ni-Og 90 120 91.894 140.676
03 0O,-Ni-Oy 90 90 90.358 88.197
4 O,-Ni-N 180 120 177.678 104.899
'8 O,~Ni-Og 135 90 119.500 87.841
$6 O,~-Ni-Og 135 180 144.195 178.745
@7 O,~Ni-N 90 90 88.978 85.574
$8 Og-Ni-Ogp 90 90 96.143 92.384
$9 Og-Ni-N 90 120 90.389 114.424
¢10 Op-Ni-N 90 90 87.593 89.208
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Figure 6. A sketch showing the changes in L-M-L angles in the course of
the TBP,,=TBP,, rearrangement. The curves were obtained by a polyno-
mial fit to the angle values at each geometry-optimization step. Angles
(¢) are defined in Table 4.

angle value at each point of the displacement path). Howev-
er, this approach turned out not to be feasible, because the
transitions are not easily defined due to the pentacoordina-
tion of nickel. In addition, the linear transit approach is very
time consuming due to the lack of symmetry of most of the
intermediate geometries along the path. Finally, difficulties
in reaching the convergence criteria for the intermediate
conformations should be beared in mind.

This prompted us to use the path defined by MM calcula-
tion to perform the single-point DFT calculations, and to
perform geometry optimization and frequency calculations
on the terminal geometries only.

However, before doing any simulation on the path, we
took interest in the pyridine rotation energy on the SQP
form. For this particular displacement, which is easy to
define (depending only on one dihedral angle), we adopted
the linear transit approach.

Pyridine rotation simulation on the SQP: The purpose of
the calculations was to see if pyridine was able to rotate
freely about the metal-nitrogen bond. We made a full geom-

www.chemeurj.org  Chem. Eur. J. 2004, 10, 721-727
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etry optimization on the SQP form to get the most stable
angle between the Ni—N bond and the Ni—O bonds. The full
optimization showed that the pyridine plane is perpendicu-
lar to the C,-Ni-C, axis (cf. Figure 1). To examine the
energy profile of pyridine rotation, we did a linear transit
calculation by changing the value of the dihedral angle C,-
N-Ni-C,; from 0 to 90°. The full rotational energy profile is
displayed in Figure 7.

AE (kJ/mol™)

0 . ) i
0 py torsional angle (deg) 90

Figure 7. DFT energy profile for the rotation of pyridine about the Ni—-N
bond in the SQP structure optimized by DFT. Reference torsional angle
is C,-Ni-N-C, (see the numbering scheme in Figure 1) The relative
energy scale is in kJ mol .

We can see that the maximum of the curve is at about
30 degrees, which could be due to the steric repulsion be-
tween the oxygen and the pyridine hydrogen. We can also
observe that the rotation of the pyridine costs less than
10 kJmol™" for one quarter of a rotation, and the difference
between the two limiting position are less than 7 kJmol™.
Therefore, we conclude that the pyridine can rotate freely,
and that a change in the value of a dihedral angle along
Ni—N is not really expensive in energy.

Geometry optimization: Next we attempted to verify our
hypothesis that the three structures SQP, TBP,,, and TBP,,
are three (local) minima on the potential surface. For this,
we took the geometries corresponding to the final structures
of each path (that is, two structures per path) defined by
MM calculations, and we performed a full optimization cal-
culation on each of them to see if any of them could reach
the other corresponding terminal geometry. Since it was
never the case, the DFT results confirmed our hypothesis
that the SQP, TBP,,, and TBP,, are indeed three minima.
The DFT results are shown in Figure 8 in which double
arrows are used to emphasize that each interconversion

0.000 <
15.260 / \ 9.621
—
> —

TBPeq
14A056 7.732

Figure 8. Energies (in kJmol™) of fully optimized structures by DFT in
relation to the interconversion path through which they have been ob-
tained. Two values for each of the three polytopal forms refer to the
structures obtained from each of the other two forms (on the same edge
of the triangle).

Chem. Eur. J. 2004, 10, 721-727 www.chemeurj.org

path was investigated in both directions. The number at the
end of each path represents the relative energy (in kJmol™')
of the minimum with respect to the lowest energy SQP
structure, which is reached starting from the structure indi-
cated on the same side of the triangle in this scheme. The
difference between the pairs of numbers that correspond to
any of the three structures is due to the cut-off during geom-
etry optimization procedure, and the fact that the energy
surface is almost flat. To obtain the true convergence (the
same or closer energy value for the same structure) we
should extend the integration grid, but for geometry optimi-
zation this would be extremely time consuming. Neverthe-
less, cartesian coordinates for each pair of DFT optimized
structures are very close to each other. The values of L-M-L
angles for both structures of each pair are given in Tables 2,
3, and 4.

Single-point calculation: Next we modeled the energy sur-
face of each path between the three minima in three sets of
calculations. The MM calculations for each path afforded a
succession of 100 to 200 sets of coordinates (points on the
path for which we have sets of coordinates). To do DFT cal-
culations on all the intermediate geometries is neither feasi-
ble nor necessary. We have instead carefully selected about
ten points for each interconversion path. The chosen points
are assumed to fairly continuously represent the key inter-
mediate structures, in the sense that their succession pro-
vides a good description of the interconversion mechanism.
Since the geometry optimization in MM does not generally
proceed in a smooth way (for example, there are many
moves in “false” directions in the vicinity of strong curva-
tures on the potential energy surface) we thus had a possi-
bility to discard a number of points along the MM path,
which corresponded to the intermediate structures with
small energy gradients.

The results obtained for the three paths (SQP=TBP,,,
SQP=TBP,, and TBP,~TBP,,) are presented in Figure 9.
To ascertain that maxima along these paths do indeed origi-

200 |

100 _—/\/—/\
TBP ]

ax TBP,

eq

100

SQP TBP,,

Relative energy (kJ/mol~1)

100 |

QP
Q TBP

eq

Interconversion coordinate

Figure 9. DFT energy profiles for the interconversion between SQP,
TBP,,, and TBP,, configurations of [Ni(acac),(py)]. The TBP,=TBP,,
(top), SQP=TBP,, (middle), and SQP=TBP,, path (bottom) were ob-
tained with the optimization of bond lengths. The vertical axes represent
relative energy (in kJmol ') with arbitrary offset.
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nate from polytopal rearrangement, we also relaxed the re-
striction of a single-point DFT calculation by allowing for
geometry optimization of all internals except L-M-L angles.
In two cases (TBP,=TBP,, and SQP=TBP,, paths) lower-
ing of barriers (Figure 9) was obtained, the difference being
solely due to the adjustment of the Ni—N bond. All other
geometry parameters remained essentially the same as in
single-point DFT calculations.

Frequencies: The normal modes and vibrational frequencies
were evaluated at the computed C,, equilibrium geometry
for the SQP and asymmetrical TBP forms.

Under C,, symmetry the 114 fundamental vibrational
modes of the SQP [Ni(acac),(py)] span the following irredu-
cible representations, as shown in Equation (2).

33A, +23A, +28B, + 30B, (2)

The DFT computed infra-red spectrum of the SQP form
appears essentially as a superposition of the features (ob-
served or calculated by others) in acetylacetonato chelates
and pyridine-N complexes. The assignment is therefore
more easy than for the calculated spectra of TBP forms.
Due to the lack of symmetry, the latter exhibit a considera-
ble mixing of acac and py vibrations. Complete tables of cal-
culated vibrational frequencies (12 pages), and a discussion
of their assignment relative to published data are available
from authors upon request.

Conclusion

In this work we investigated possible interconversion mech-
anisms between three idealized polytopal forms of [M(bi-
dentate),(unidentate)] pentacoordinate structure: SQP,
TBP,,, and TBP,,. The test case was a five-coordinate [Ni(a-
cac),(py)] species, which is assumed to be an intermediate in
the formation of the corresponding octahedral bis(pyridine)
complex. This complex was experimentally investigated in
the course of the study on [Ni(tmhd),(py),] (x=1,2) struc-
tures (tmhd =2,2,6,6-tetramethyl-3,5-heptanedionate).!'”)
The general method was an original QM/MM approach in
which the MM and QM methods were applied in a consecu-
tive way. In other words, MM was used to model the mecha-
nistic rearrangement path, and QM to study selected points
along this path. In this way, with MM we were able to pro-
pose a possible rearrangement mechanism circumventing
the time-consuming QM geometry optimizations and linear-
transit calculations. Subsequently, single-point QM calcula-
tions were performed on a carefully chosen sequence of
structures, which defined the MM rearrangement model.

In the case of [Ni(acac),(py)] it was shown that the three
polytopal forms (SQP, TBP,,, and TBP,,) do represent shal-
low local minima on the potential-energy surface. The SQP
structure is the global minimum, which is more clearly de-
fined than the other two. Shallow local minima are separat-
ed from each other by low-energy barriers, that do permit
easy interconversion, but prevent spontaneous transforma-

tion among SQP, TBP,,, and TBP,, forms in our geometry-

726 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

optimization simulation experiments. In MM calculations
the polytopal rearrangement could be achieved only by sup-
plying a specific driving force to the bending of L-M-L
angles. DFT calculations support the assumption of three
minima, in that, the minima are sufficiently shallow to
impede exact convergence among the points close to the
minima. In a previous ab initio (DFT) study of the Berry
pseudo-rotation of PFs from this laboratory® a low activa-
tion energy and a rapid interconversion were predicted for
this compound, however; the compound is quite different
from the present nickel complex (apart from its coordina-
tion number).

The results of this investigation may provide a rationale
for some racemization mechanisms of six-coordinate chelate
complexes that involve SQP or TBP intermediates.”” For
example, both racemization and isomerization of chiral cis-
bis(bidentate) octahedral species may proceed by a dissocia-
tive (Sx1) process via SQP or TBP intermediates,® which
are shown in this work to be readily interconvertible. Simi-
larly, the facility of the bond rupture racemization mecha-
nism of tris(bidentate) species, proposed already by
Werner™™! to be intramolecular, appears to be feasible ac-
cording to the present investigation; this is mostly due to
the ease of interconversion between SQP or TBP intermedi-
ates, as has been hypothesized by Muetterties™ some time
ago.

Finally, please note, we do not claim that [Ni(acac),(py)]
species does exist in three distinct polytopal forms (SQP,
TBP,,, and TBP,,). They merely reflect the initial conceptu-
al confines of this study,” which is based on the fact that
SQP and TBP geometries were indeed established in numer-
ous previous studies of coordination number five in general,
and that such taxonomy also offers a convenient framework
for the analysis of highly fluxional structures, as may pre-
sumably be the case with [Ni(acac),(py)]. The three minima
modeled by MM are the consequence of the force field em-
ployed in this work, which is not optimized on [Ni(acac),-
(py)] for obvious reasons, and which articulates the above
mentioned conceptual framework through the choice of pa-
rameters in metal-ligand angle-bending functions. DFT
modeling, which is less dependent on the kind of premise in-
itially adopted in this work, still corroborates the concept of
three minima, and even if any of our particularly shallow
minima turn out to be a “transient minimum”, the main
conclusions and consequences of this research would remain
valid.
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A Practical Oxidative Method for the Cleavage of Hydrazide N—N Bonds

Rosario Fernindez,™ Ana Ferrete,” José M. Llera,'! Antonio Magriz,"!
Eloisa Martin-Zamora,™ Elena Diez,” and José M. Lassaletta*?!

Abstract: The selective N-oxidation of
the most nucleophilic amino nitrogen
atom in hydrazides is central to the de-
velopment of an unprecedented meth-
odology for the cleavage of their N-N
bonds under oxidative conditions.
Treatment of a series of hydrazides
1-9 with peracids such as magnesi-
um monoperoxyphtalate hexahydrate
(MMPP-6H,0) or meta-chloroperben-
zoic acid (m-CPBA) afforded the cor-
responding amides 10-16 in good-to-
excellent yields (80-92%). The exten-
sion of the methodology to carbamate-

like substrates such as 17 and 18 was
also investigated, but in this case the
process is synthetically useless in view
of the low yields observed of carba-
mates 19 and 20 (=15 %). Experiments
carried out with equivalent amounts of
oxidant produced nitrones, such as 26,
proceeding from the dialkylamino
moiety, and '"H NMR experiments indi-

Keywords: cleavage reactions
hydrazides - oxidation - pericyclic
reactions - synthetic methods

cated that this product is formed by
fast conversion of the parent hydrazide,
without detection of the expected hy-
drazide N-oxides. In addition, the over
oxidation of 26 into nitronate 25 pro-
ceeds through an unknown intermedi-
ate. This oxidative N—N bond cleavage
by peracids is an alternative method
for the deamination of hydrazides, and
constitutes the only solution compati-
ble with substrates carrying functionali-
ties sensitive to reducing conditions.

Introduction

Hydrazines or their acyl-protected forms are common inter-
mediates obtained in a growing number of synthetic routes.
Remarkable recent examples of such methods are the anion-
icl" or radical” additions to the C=N bond of hydrazones,
the electroreductive coupling of ketones with hydrazones,”!
the addition of carbon nucleophiles to acylhydrazonium
salts, the addition of N-aminolactams to Michael accept-
ors,P! the aza-Michael addition of hydrazines to electrophilic
alkenes,® the radical cyclisation of N-allyl-a-perchlorohy-
drazides,"! and the 1,3-dipolar cycloaddition of azomethine
imines to dipolarophiles (see Scheme 1).®

In most cases, obtaining the corresponding free amines or
acyl-protected derivatives is the main application for these
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routes and therefore, the cleavage of the N—N bond appears
as a key transformation. Several reductive methods have
been used for this cleavage. The most widely used are 1)
Zn/H* 1 2) catalytic hydrogenation by Raney-Ni,'” PtO,,"!
or Pd-based catalysts,"” 3) Na(Li)/NH,,"* 4) SmI,,"¥ and 5)
BH,-THE.!"” Though these methods give satisfactory results
in general, there are limitations and difficulties in many
cases, mainly related with the harsh acidic or basic condi-
tions required, the lack of reactivity, and/or the partial race-
mization of neighboring stereogenic centers. Finally, it
should be noted that all available methods require strong re-
ducing conditions that are incompatible with a number of
functionalities or protecting groups.

In fact, it was during our previous work on the Stauding-
er-like [242] cycloaddition of N,N-dialkylhydrazones with
functionalized ketenes (Scheme 2) that we faced serious dif-
ficulties with the reductive deamination of the resulting 1-di-
alkylamino azetidin-2-ones;!'! from the above-mentioned
variety of methods, only large excesses of Sml, in the pres-
ence of hexamethylphosphoramide (HMPA) as co-solvent
afforded the desired products. Moreover, these inconvenient
conditions gave only low to moderate yields (42-65%).
Therefore, we were forced to study alternative methodolo-
gies suitable for the cleavage of the N—N bond. In this
paper, we report in full on the unprecedented oxidative
cleavage of N,N-dialkylhydrazides by peracids.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 737





FULL PAPER

N‘NH1R2 - F’G~N,NF§1R2
+ R —_—
L o W
R H R

Enders, Denmark, Ref. [1]

OH

o .NR'R? H

- R

H R'

Shono, Ref. [3]

Bn. /\)\ Bn. X
P

A"OC,NYOAC AIIoc/N
CoMe CO,Me

Hiemstra/Speckamp, Refs. [4d.e]

'\LNFﬂFi2 o)

IN,NR‘RZ PG., -NR'R?

C‘_//X - . @,vY

)n ) m

X =Br,|,CHO Y =H,OH

Fallis, Ret. [2]
® ER’RQ | osie Sitle, ERW
O T T T e
R = vinyl, COAr
Kibayashi, Refs. [4a,b]
o} R O

1R2 1”2
éN/NRR s SNEWE EWG\%N’NRR

Enders, Ref. [5]

cl, R a
cl
PG., NR'R? 0§)<R z—{
1”2 EWG - (6]
R'R°“NNH, + R/\/ H%\/EWG /\/N\N/ N
R | N
Enders, Ref. [6] Ghelfi, Ref. 7]
Ph.,
Ph., ~¢ R N(\ /CJ>\\
+ RCHO + ~ . Ru¢ NTYo
HN‘H’&O MeO,C 3/15

Bonin/MicouinHusson, Ref. [8]

Scheme 1. Hydrazide intermediates in organic synthesis: selected examples.

Abstract in Spanish: La N-oxidacion selectiva del nitrégeno
aminico de hidrazidas constituye la estrategia clave para el
desarrollo de una nueva metodologia para la rotura del
enlace N—N en estos compuestos en condiciones oxidantes.
El tratamiento de una serie de hidrazidas 1-9 con perdcidos
como MMPP-6 H,O 6 m-CPBA conduce a las correspon-
dientes amidas 10-16 con rendimientos de buenos a excelen-
tes (80-92 %). Se investigé ademads la extension de la metodo-
logia a sustratos de tipo carbamato como 17 6 18, pero los
rendimientos, muy inferiores (=15 %) en este caso, hacen el
procedimiento inadecuado en sintesis. En experimentos lleva-
dos a cabo sin exceso de oxidante se obtuvieron nitronas
como 26 como el producto procedente del fragmento dialqui-
lamino, y en experimentos de 'H RMN se pudo comprobar
que este producto se forma rdpidamente a partir de la hidra-
zida de partida, sin que se detecten N-oxidos de hidrazida
como intermedios. Se pudo establecer ademds que la oxida-
cion de 26 a 25 transcurre a través de una especie intermedia
no identificada. Este procedimiento de rotura oxidativa de
enlaces N—N por perdcidos representa una metodologia alter-
nativa para la desaminacion de hidrazidas, y constituye la
tinica solucion disponible para sustratos sensibles a condicio-
nes reductoras.
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Scheme 2. [242] cycloaddition of N,N-dialkylhydrazones with ketenes.

The quaternization of a nitrogen atom is a central strategy
used to weaken a C—N bond. Classic applications of this are
the Cope elimination of tertiary amine oxides,'” the Hof-
mann degradation of quaternary ammonium salts,'®! the Ste-
vens rearrangement,'” the Sommelet-Hauser rearrange-
ment,” the [2,3]-sigmatropic rearrangement of allylic nitro-
gen ylides,” and the Meisenheimer rearrangement of terti-
ary amine oxides.”” There are also known reactions in
which the quaternization of one of the nitrogen atoms of an
N-N bond results in its cleavage. The Benzidine rearrange-
ment,® the Fischer indole synthesis,*! the aza-Cope elimi-
nation from hydrazones to nitriles,” the acid-promoted re-
arrangement of aryl triazenes,” and the rearrangement of
N-nitroso aryl amines (Fisher-Hepp)®”! belong to this group.
Surprisingly, and in spite of the many known precedents,
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there are no reports on the application of a related strategy
for the deamination of hydrazides.

Results and Discussion

The selective quaternization of the most nucleophilic amino
nitrogen of hydrazide A can be achieved by reaction with
several types of electrophilic reagents to afford compounds
of general structure B, according to the reaction depicted in
Scheme 3.

20 e 2 T
-R
PN N
X N r * E X N@\E
R R
A B

Scheme 3. Quaternization of hydrazide amino nitrogens.

Among other possibilities (N-alkylation, N-acylation, N-
nitrosation, etc.) the N-oxidation of the amino nitrogen was
considered the most promising approach for our purposes
on the basis of the following considerations: 1) Mild condi-
tions and available reagents such as peracids are used. 2)
Neutral, easy to handle and easily characterized intermedi-
ates are expected. 3) The cleavage of the expected hydra-
zide N-oxides could proceed by thermal activation like the
closely related Meisenheimer rearrangement.

Considering the experimental simplicity and based on our
previous experience®,®! with these types of reagents, we
decided to start the experiments using magnesium mono-
peroxyphtalate hexahydrate (MMPP-6 H,0O) or meta-chloro-
perbenzoic acid (m-CPBA) as the N-oxidation agents. It was
a pleasant surprise to observe that the reaction of several
substrates 1-9, 1! with these reagents proceeded smoothly
at room temperature to afford the desired deamination
products 10-16 directly, without detection of any intermedi-
ates (Scheme 4). Comparison of this behavior with that of
amine oxides suggests a lower thermal stability for hydra-
zide amine oxides, which are assumed to be the primary in-
termediates formed.

Q )
J _NR'R2 MMPP-6H,0 or m-CPBA
XN XJLNH
R R
19 10-16

Scheme 4. Deamination of hydrazides by peracids.

The results in Table 1 show the efficiency of this sponta-
neous process. The procedure is effectively applied to the
deamination of a variety of hydrazides 1-9 carrying diverse
N-dialkylamino moieties including dimethylamino (en-
tries 6-8), pyrrolidin-1-yl (entry 5), pyperidin-1-yl (entry 9),
and more complex structures like the chiral derivatives of
prolinol (entry 1), mannitol (entry 2), or 2,5-dimethylpyrroli-
dine (entries 3 and 4).

Chem. Eur. J. 2004, 10, 737745 www.chemeurj.org

The extension of the method to the deamination of carba-
mate-like derivatives 17 and 18" was also studied. Unfortu-
nately, the N-oxidation of this kind of substrate afforded the
desired products 19-20 in low yields, along with ketones 21—
22 as the major products of the reactions. The formation of
the latter can be explained by aza-Cope elimination reac-
tions from N-oxide intermediates to imine derivatives, such
as 23, which easily hydrolyze to the corresponding ketone
under the reaction conditions. Supporting this hypothesis,
imine 23 (n=1) was detected as an intermediate in the oxi-
dation of 17 when m-CPBA was used in the presence of
NaHCO; (Scheme 5).

The presence of sensitive functionalities in the chlorinated
substrates 6-9 made cleavage under reductive conditions un-
successful. In addition, these oxidative conditions, reported
in our earlier work,'® have been applied by Enders and co-
workersP”! as the only suitable procedure for the deamina-
tion of optically pure 1-dialkylaminoisoindolones.

Due to the novelty of the reaction, we were also interest-
ed in its mechanism, therefore experiments were carried out
to gain useful information about the reaction course. Firstly,
the isolation and characterization of the product(s) derived
from the amine fragment were required. In the initial ex-
periments using excess oxidant and proline-derived hydra-
zides like 1 (entry 1, Scheme 6), nitrone 24 was obtained as
a byproduct, but the isolated yields of this compound were
repeatedly lower than 50 %. Therefore, the question above
was not fully answered.

Attempts to isolate or detect any other reaction products
were unsuccessful. In addition, the over oxidation of 24 to
afford highly polar, low-molecular-weight byproducts was
considered, but this was ruled out after proving the stability
of 24 against excess of MMPP under the reaction conditions.
In the case of the mannitol-derived hydrazide 2, any frag-
ment proceeding from the dialkylamino moiety was lost
during workup. Finally, the cleavage of hydrazides 3 and 4
afforded cyclic nitronate 25 in low yields (13-26%) as the
only isolable byproduct. Though an excess of reagent was
necessary for the deamination of hindered substrates such as
1 or 2 (entries 1 and 2), in the case of 2,5-dimethylpyrroli-
dine derivatives, such as 3 or 4, the use of stoichiometric
amounts of MMPP or m-CPBA sufficed to achieve clean
and high-yielding transformations. In this case however, a
different byproduct, nitrone 26, was isolated from the amino
moiety in a yield of 75-80%, which was for the first time
high enough to understand the mass balance in the reaction
(Scheme 7).

Taken together, the above results and considerations sug-
gest that the reaction proceeds through the spontaneous
cleavage of intermediate hydrazide N-oxides into the deami-
nated amide fragment (10-16) and a nitrone formed from
the dialkylamino moiety, which is then further oxidized by
an excess of oxidant. This last hypothesis was independently
confirmed by the controlled transformation of 26 into 25 by
addition of equivalent amounts of MMPP-6H,O or m-
CPBA under the reaction conditions. Additionally, "H NMR
monitoring was conducted for the oxidation reactions of 4
by using 1 or 2equivalents of dried m-CPBA in CDCl,
(Figure 1). Due to the simplicity of spectra of the chosen

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 739
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Table 1. Oxidative deamination of hydrazides

Entry Hydrazide MMPP [equiv] t [h] Product Yield® [%]
OMe
Et
Et>l¢"'(> ° NH
o) N
) N 6 4 BnO 88
BnO
10
1
X
O O
O,

0 N Ph
2 \]jl "—o>_ 12 6 e’ N 82
<o
Ph/\L BnO
1
BnO o
2
; o
o. N NH
N
3 1.1 2 BnO 91
BnO
10
3
o}
o. N NH
JEN
4 1.1 05 B0 82
BnO 12
4
: H
N N
5 N~ 3 05 I 82
0
13
5
o 0
6 N 3 05 N 80
/N\
6 14
cl
cl cl Cz‘l{m
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Table 1. (Continued)

Entry Hydrazide MMPP [equiv] t [h] Product Yield® [%]
Cl
Cl
Cl
Cl cl
(0] N Cl
9 3 0.5 89
N 0™y
(J "
16
9
X
:H N Hf;l OMe
10 i 6 24 ) 150!
07 “oMe OMe
17 19
N\ il
~nN HN™ “OMe
11 6 24 2 15l
O)\OMe OMe
18 20

[a] Isolated yield. [b] Ketone 21 was isolated as major product in 60 % yield. See text and Scheme 5. [c] Ketone 22 was isolated as major product in 65 %

yield. See text and Scheme 5.

N MMPP

19:n=1;15%
20: n=2,15%

18:n=2

Aza-Cope elimination

Scheme 5. Oxidation of methoxycarbonyl derivatives 17 and 18.

Et OMe
D °
o N MMPP, 6 equiv NH O\ﬁom
N N Et
MeOH BnO ] Et
BnO °
10 (88%) 24 (43%)

Scheme 6. Cleavage of proline derivative 1 by excess of MMPP.

substrate and the clean reaction achieved under these condi-
tions, the spectra recorded at different reaction times could
be easily analyzed. The reaction performed with equivalent
amounts of oxidant indicated a fast and clean transforma-

Chem. Eur. J. 2004, 10, 737745 www.chemeurj.org

(0]
HNJ\OMe 0
: + M
oM ~OMe W

NJ\OMe
Ho N +
n
OMe
23

tion of the starting material
into the products 12 and 26; no
signals assignable to the pro-
posed hydrazide N-oxide inter-

mediate could be identified

21:n=1;60% (F 1 ¢ 1) Wh
22: =2 65% igure . spectrum 1). en
the reactions were performed
with a twofold excess of oxi-
H:0 dant, a complex mixture was
o observed after a short reaction

time (spectrum 2). In this spec-
trum, it was also possible to
identify peaks corresponding to
the deaminated product 12 and
the nitrone 26, but other signals
corresponding to the nitronate
25 and an unknown intermedi-
ate were also identified. The
spectra recorded at longer reac-
tion times (spectrum 3) indicated a smooth evolution of 26
into 25 through the mentioned intermediate, which was
completed after 1.5 h at room temperature (spectrum 4). In
the case of substrate 1, it seems reasonable to assume that
the corresponding over oxidation of 24 is strongly hindered
for steric reasons.

Assuming that the N-oxidation of the amine is the first
step of the reaction, it follows that the resulting hydrazide
N-oxides are unstable compounds that spontaneously react
to afford the final products. According to this hypothesis, a
search in literature databases reveals that these products are
not known.

The collected information made us consider two possible
reaction mechanisms:
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Scheme 7. Cleavage of trans (R,R)-2,5-dimethylpyrrolidin-1-yl derivatives.
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Figure 1. '"H NMR experiments for the oxidation of 4 by m-CPBA.
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1) Homolytic N—N bond cleav-

age in the intermediate hy-
drazide N-oxides to afford
relatively stable amidyl and
nitroxide  free  radicals,
which give final products
after an intermolecular radi-
cal quench (Scheme 8).

2) A pericyclic process that
can be viewed as the con-
certed retro-1,2-addition of
the enolic form of the
amide to the nitrone
(Scheme 9).

We tentatively propose this
second mechanism on the basis
of three considerations.

The first consideration is that
bicyclic substrates 27 and 28!
were transformed into the cor-
responding N-oxides 29 and 30
(Scheme 10), which were isolat-
ed as crystalline, stable com-
pounds. Attempts to promote
the thermal rearrangement of
29 or 30 into compounds 31 or
32 were unsuccessful. The un-
usual stability of these com-
pounds can be explained if, ac-
cording to the proposed pericy-
clic mechanism, they are
unable to reach the conforma-
tion required for the N—N bond
cleavage, while their relative
stability would be difficult to
explain if the homolytic N-N
bond cleavage mechanism is as-
sumed.

The second consideration is
that if a radical mechanism op-
erates, it would constitute a
kind of aza-Meisenheimer® re-
action and, accordingly, similar
radical recombinations and side
reactions would be expected.
Moreover, a partial dispropor-
tion of nitroxide radicals into
nitrone and hydroxylamine is
well established.”! However,
no traces of hydroxylamines
were detected in the reaction
mixtures.

Finally the different behavior
of amide-like (1-9) and carba-
mate-like substrates (17, 18)
suggests that the nature of the
carbonyl strongly influences the
course of the reaction, a fact
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Scheme 9. N—N bond cleavage through a pericyclic mechanism.

which is easier to understand assuming the proposed mecha-
nism.

Conclusion

In summary, the unprecedented strategy outlined for the ox-
idative N—N bond cleavage of hydrazides by peracids could
be successfully applied for the deamination of a variety of
substrates under mild conditions. In practice, this methodol-
ogy provides not only an efficient solution for particular sys-
tems where other methods fail'® or produce undesired race-
mizations,™"! but appears as the only solution compatible for
substrates carrying functionalities sensitive to reducing con-
ditions.

Experimental Section

General methods: Melting points were determined by means of a metal
block and are uncorrected. Optical rotations were measured at room
temperature. FT-IR spectra were recorded for KBr pellets or films. EI-
mass spectra were recorded at 70 eV, by using an ionizing current of

100 mA, an accelerating voltage of 4 kV, and a resolution of 1000 or
10000 (10% valley definition). The reactions were monitored by TLC.
Purification of the products was carried out by chromatography (silica
gel). The boiling range of the light petroleum ether was 40-65°C.
General procedure for N—N bond cleavage of hydrazides: MMPP-6 H,0O
(0.55-6 mmol) was added to a solution of hydrazide 1-9, 17, or 18
(1 mmol) in methanol (5 mL); this mixture was stirred at room tempera-
ture until TLC indicated total consumption of the starting material. The
mixture was then diluted with H,O (10 mL) and extracted with CH,Cl,
(4x10 mL). The organic layer was washed with saturated NaHCOj; solu-
tion, dried (MgSO,), and concentrated, and the residue purified by flash
chromatography. Eluants, yields, and spectral and analytical data for
compounds 10-16, 19, and 20 are as follows.

(3R 4S5)-3-Benzyloxy-4-isopropylazetidin-2-one (10) and 5-(1-ethyl-1-me-
thoxypropyl)-3,4-dihydro-2H-pyrrole 1-oxide (24): From 1, flash chroma-
tography (3:1 toluene/AcOELt) gave 193 mg (88 %) of crystalline 10. M.p.
85-86°C; [a]¥=+120.4 (c=1.1 in CH,CL,); '"H NMR (300 MHz, CDCl,):
0=0.94 (d, J=6.6 Hz, 3H), 0.95 (d, /=6.6 Hz, 3H), 1.9-2.1 (m, 1H),
3.35 (dd, /=49, 92 Hz, 1H), 4.67 (dd, /=29, 49 Hz, 1H), 472 (d, J=
11.9 Hz, 1H), 494 (d, J=11.9 Hz, 1H), 6.41 (brs, 1 H), 7.2-7.4 ppm (m, 5
H); “C NMR (75 MHz, CDCL): 6=18.8, 18.9, 28.0, 60.8, 72.5, 81.9,
127.5, 127.6, 128.3, 137.3, 169.3 ppm; IR (film): #=3262, 1760 cm'; MS
(CI): miz (%): 220 (60) [M*+1], 192 (21), 91 (100); elemental analysis
caled (%) for C;3H;NO,: C 71.20, H 7.81, N 6.39; found: C 71.16, H
8.00, N 6.46.

Further elution with 20:1 CH,Cl,/MeOH afforded 24 mg (43 %) of ni-
trone 24. '"H NMR (300 MHz, CDCl,): 6=0.75 (t, J=7.4 Hz, 6H), 1.68
(dq, /=74, 148 Hz, 2H), 1.97-2.08 (m, 2H), 2.49 (dq, J=7.4, 148 Hz, 2
H), 2.79-2.84 (m, 2H), 3.11 (s, 3H), 4.01-4.08 ppm (m, 2H); *C NMR
(75 MHz, CDCL): 6=1.9, 16.7, 22.8, 32.9, 47.4, 64.4, 81.9, 150.9 ppm; IR
(KBr): #=2966, 1739, 1647 cm™'; MS (EI): m/z (%): 185 (5) [M™*], 168
(32), 156 (100); HRMS calcd for C;(H;(NO,: 185.1416; found: 185.1413.
Benzyl ester of (S)-benzyl-(2-oxoazetidin-3-yl)carbamic acid (11): From 2
(0.3 mmol), flash chromatography (7:1 toluene/acetone) gave 76 mg (82
%) of 12. [a]?=—8.8 (c=1 in CH,CL,); 'H NMR (500 MHz, [D4]DMSO,
90°C): 0=3.14 (dd, /=29, 5.5 Hz, 1H), 3.31 (t, /=5.5Hz, 1H), 449 (d,
J=15.9 Hz, 1H), 4.61 (d, J=15.9 Hz, 1H), 4.90 (dd, J=2.9, 3.5 Hz, 1H),
5.12 (d, J=12.6 Hz, 1H), 5.16 (d, J=12.6 Hz, 1H), 7.40 (brs, 1H), 7.22—
7.34ppm (m, 10H); *C NMR (125 MHz, [D¢]DMSO, 90°C): 6§ =47.0,
55.6, 70.2, 722, 132.2, 132.3, 132.7, 132.9, 133.4, 141.0, 143.5, 160.5,
172.0 ppm; IR (KBr): #=3299, 1771, 1708 cm™'; MS (CI): m/z (%): 311
(68) [M++1], 283 (6), 239 (7), 221 (5), 91 (100); elemental analysis calcd
(%) for CigH;sN,0;: C 69.66, H 5.85, N 9.03; found: C 69.59, H 6.19, N
9.11.

3,6-Dimethyl-5,6-dihydro-4H-[1,2]oxazine 2-oxide (25): From 3 and
MMPP (3 mmol), flash chromatography (3:1 toluene/AcOEt) gave
193 mg (88%) of crystalline 10 and 17 mg (13%) of nitronate 25. 'H
NMR (300 MHz, CDCl;): 6=1.32 (d, J=6.6 Hz, 3H), 1.94-2.01 (m, 1H),
2.08-2.14 (m, 1H), 2.14 (s, 3H), 2.46-2.48 (m, 2H), 5.28-5.31 ppm (m, 1
H); C NMR (75MHz, CDCL): 6=16.7, 26.7, 29.7, 39.4, 623,
206.7 ppm; IR (KBr): 7=2928, 2856, 1641 cm™'; MS (CI): m/z (%): 130
(100) [M*+1], 114 (72), 112 (98); HRMS calcd for C4H,,NO,: 130.0868;
found: 130.0867.

(R)-3-Benzyloxyazetidin-2-one (12) and (R)-2,5-dimethyl-3,4-dihydro-
2H-pyrrole 1-oxide (26): From 4 (0.3 mmol), flash chromatography (3:2
toluene/AcOEt) gave 146 mg (82%) of crystalline 12. M.p. 80-82°C;
[a]Z=+54.9 (c=1 in CH,ClL,); '"H NMR (500 MHz, CDCl,): 6=3.28 (dd,
J=22, 49Hz, 1H), 347 (t, J=49 Hz, 1H), 467 (d, J=11.6 Hz, 1H),

CO,Me CO,Me
|:17”> ol o R }-’> 2 R :COZMe R :COQMe
Ph IN\N “COMe MMPPor  Ph N, /COMe _A x O\N>/\“002Me o Oy ~COMe
JY m-CPBA \[ JY /k NH ph—& NH
Ph
0~ ~o 0" Yo
0 Yy O/QO

27:R=Ph 29:R=Ph 31 32

28:R=rPr 30:R = nPr
Scheme 10. Oxidation of bicyclic substrates 27 and 28.
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4.81-4.84 (m, 1H), 4.86 (d, J=11.6 Hz, 1H), 5.93 (brs, 1H), 7.3-7.4 ppm
(m, SH); °C NMR (125 MHz, CDCl,): 6=44.1, 72.2, 82.5, 128.1, 128.5,
136.9, 168.3 ppm; IR (KBr): #=3311, 1731, 1461 cm™'; MS (CI): m/z (%):
178 (100) [M*+1], 150 (31), 91 (84); elemental analysis caled (%) for
CoH;,0,N: C 67.78, H 6.23, N 7.90; found: C 67.45, H 6.25, N 7.90.

Further elution with 20:1 CH,Cl,/MeOH afforded 41 mg (72%) of ni-
trone 26. [a]5=+13.7 (c=1.1 in CH,CL); '"H NMR (300 MHz, CDCl,):
0=1.46 (d, J=6.7Hz, 3H), 1.67-1.79 (m, 1H), 2.06 (dd, /=3.1, 1,5Hz, 3
H), 2.27-2.39 (m, 1H), 2.65-2.71 (m, 2H), 4.09-4.19 ppm (m, 1H); “C
NMR (75 MHz, CDCL): 6=12.9, 18.5, 25.0, 30.9, 67.9, 143.5 ppm; IR
(KBr): #=2983, 1683, 1381 cm™'; MS (EI): m/z (%): 113 (100) [M'], 98
(62), 71 (19); HRMS calcd for C;H;;NO: 113.0841; found: 113.0843.
3-Chloro-3-methyl-4-chloromethyl-2-pyrrolid-2-one ~ (14): From 6
(1 mmol), flash chromatography (diethyl ether/petroleum ether 9:1) gave
146 mg (80%) of crystalline 14. M.p. 89-90°C; 'H NMR (300 MHz,
CDCl;): major diasteroisomer: 6=1.77 (s, 3H), 2.60-2.70 (m, 1H), 3.19
(dd, /=9, 10 Hz, 1H), 3.55-3.61 (m, 1H), 3.71 (dd, /=9, 11 Hz, 1H),
3.84 (dd, /=5, 11 Hz, 1H), 6.91 ppm (brs, 1H); minor diasteroisomer:
0=1.63 (s, 3H), 3.01-3.07 (m, 1H), 3.25-3.30 (m, 1H); 3.48 (m, 1H),
3.71 (m, 1H), 3.77 (m, 1H); 6.99 ppm (br, 1H); *C NMR (75 MHz,
CDCl;): major diasteroisomer: 6 =24.6, 42.1, 43.5, 49.7, 67.8, 174.4 ppm;
minor diasteroisomer: 6=21.1, 41.9, 43.0, 50.5, 67.0, 174.6 ppm; IR
(KBr): #=3410, 3327, 1710 cm™"; MS (EI): m/z (%):185 (8) [M*], 183
(43) [M*], 181 (59) [M*], 91 (55), 89 (100); HRMS caled for
CsHyCLLNO: 181.0061; found: 181.0067.
3,3-Dichloro-4-chloromethylpyrrolid-2-one (15): From 7 (1 mmol), flash
chromatography (diethyl ether/petroleum ether 9:1) gave 164 mg (82 %)
of crystalline 15. M.p. 95-96°C; 'H NMR (300 MHz, CDCl;): 6 =3.13—
3.23 (m, 1H), 3.28 (dd, /=83, 10 Hz, 1H), 3.61-3.74 (m, 1H), 3.75 (dd,
J=10, 11.4 Hz, 1H), 4.00 (dd, J=4.2, 11.4 Hz, 1H), 6.91 ppm (br, 1H);
BC NMR (75 MHz, CDClLy): §=40.8, 43.5, 53.5, 82.9, 169.0 ppm; IR
(KBr): 7=3423, 1729 cm™'; MS (EI): m/z (%): 205 (9) [M*], 203 (29)
[M*], 201 (31) [M*], 162 (14) [M*], 160 (42), 158 (45), 113 (10), 111
(65), 109 (100); HRMS calced for CsH;CL,NO: 200.9515; found: 200.9516.
3,3-Dichloro-4-(1-chlorobutyl)pyrrolid-2-one (16): From 8 (1 mmol), flash
chromatography (diethyl ether/petroleum ether 3:1) gave 223 mg (92%)
of crystalline 16. M.p. 83-84°C; 'H NMR (300 MHz, CDCl,, 25°C): 6 =
0.99 (t, /=73 Hz, 3H), 1.52-1.57 (m, 1H), 1.70-1.89 (m, 2H), 2.22-2.38
(m, 1H), 3.04-3.13 (m, 1H), 3.25 (dd, /=9.0, 10.5 Hz, 1H), 3.68-3.75 (m,
1H), 4.25-4.33 (m, 1H), 7.58 ppm (br, 1H); “C NMR (75 MHz, CDCl,,
TMS): 6=13.2, 18.9, 37.3, 44.3, 56.4, 61.6, 82.8, 169.1 ppm; IR (KBr): 7=
3420, 1715 cm™'; MS (70 eV, EI): m/z (%): 245 (8) [M™], 243 (11) [M*],
208 (14), 104 (75) , 55 (100); HRMS caled for CgH,,CI;NO: 242.9984;
found: 242.9977. Starting from 9, the same product was obtained in 89 %
yield, and had identical characterization data.

Methyl ester of (S)-(1-cyclopropyl-3-phenylpropyl)carbamic acid (19)
and 1-cyclopropyl-3-phenylpropan-1-one (21): From 17 (0.5 mmol), flash
chromatography (10:1 hexane/AcOEt) gave 52mg (60%) of 21. 'H
NMR (300 MHz, CDCLy): 6=0.7-0.9 (m, 2H), 0.9-1.0 (m, 2H), 1.8-2.0
(m, 3H), 2.8-3.0 (m, 4H), 7.1-7.4 ppm (m, 5H); *C NMR (75 MHz,
CDCly): 6=10.9, 20,8, 30.9, 45.3, 126.1, 128.6, 128.8, 141.1, 210.5 ppm;
HRMS calcd for C,H,O: 174.1045; found: 174.1048.

Eluted second crystalline 19 (17.5 mg, 15%). M.p. 73-75°C; [a]5 =-0.9
(c=1.1 in CHCL); 'H NMR (400 MHz, CDCL): 6=0.15-0.7 (m, 4H),
0.7-0.9 (m, 1H), 1.7-2.0 (m, 2H), 2.68 (t, J=7.0 Hz, 2H), 3.1 (brs, 1H),
3.65 (s, 3H), 4.65 (brs, 1H), 7.1-7.4 ppm (m, SH); C NMR (100 MHz,
CDClL): 6=2.6, 3.8, 16.6, 32.3, 37.6, 52.0, 55.6, 125.8, 128.3, 128.4, 141.9,
155.7 ppm; elemental analysis caled (%) for C,;H;(NO,: C 72.07, H 8.21,
N 6.00; found: C 71.78, H 8.21, N 6.11.

Methyl ester of (S)-(1-cyclopropyl-4-phenylbutyl)carbamic acid (20) and
1-cyclopropyl-4-phenylbutan-1-one (22): From 18 (0.5 mmol), flash chro-
matography (10:1 hexane/AcOEt) gave 61 mg (65%) of 22 as an oil. 'H
NMR (300 MHz, CDCl;): 6=0.7-0.9 (m, 2H), 0.9-1.0 (m, 2H), 1.8-2.0
(m, 3H), 2.55 (t, J=8.5Hz, 2H), 2.65 (t, J=8.2 Hz, 2H), 7.1-7.4 ppm (m,
5H); ®C NMR (75 MHz, CDCL): 6=10.9, 11.1, 20.7, 25.7, 35.4, 42.9,
126.1, 128.6, 128.7, 142.0, 211.0 ppm; HRMS calcd for C;;H;40: 188.1201;
found: 188.1196.

Eluted second crystalline 20 (19 mg, 15%). M.p. 73-75°C; [a]5 =—44.7
(¢=1.0 in CHCL); 'H NMR (300 MHz, CDCl;): 6=0.15-0.55 (m, 4H),
0.7-0.8 (m, 1H), 1.5-1.7 (m, 4H), 2.5-2.7 (m, 2H), 2.99 (brs, 1H), 3.63 (s,

744 ——— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

3H), 4.51 (brs, 1H), 7.0-7.4 ppm (m, SH); *C NMR (75 MHz, CDCL,):
0=238, 4.1, 16.8, 28.0, 35.8, 36.1, 52.2, 55.9, 126.0, 128.5, 128.6, 142.5,
157.0 ppm; HRMS caled for C;sH,NO,: 248.1650; found: 248.1648.
Dimethyl ester of (4R,6R,7R,8R)-1-0x0-5-0xy-4,6-diphenyltetrahydropyr-
azolo[1,2-c][1,3,4]oxadiazine-7,8-dicarboxylic acid (29): From 27
(0.1 mmol), flash chromatography (4:1 toluene/AcOEt) afforded 40 mg
(94%) of 29. [a]5=-82.2 (¢=0.96 in CH,CL); 'H NMR (500 MHz,
CDCly): 6=0.42 (t, 3H, J=7.2 Hz), 0.6-1.4 (m, 6H), 3.71 (s, 3H), 3.74 (s,
3H), 3.87 (dd, /=10.8, 9.4 Hz, 1H), 4.18 (ddd, /=10.8, 9.2, 2.6 Hz, 1H),
4.36 (dd, J=11.7, 3.5 Hz, 1H), 4.93 (d, J=9.4 Hz, 1H), 5.13 (dd, J=3.5,
11.8 Hz, 1H) 5.58 (t, J=11.8, 1H), 7.8-7.3 ppm (m, 10H); “*C NMR
(75 MHz, CDCl;): 6=48.4, 51.9, 52.3, 58.2, 67.5, 79.0, 84.4, 129.1, 129.4,
130.1, 130.4, 131.3, 132.0, 132.4, 133.3, 151.9, 171.3, 172.1 ppm; MS (CI):
mlz (%): 427 (88) [M++1], 411 (100), 397 (62); elemental analysis calcd
(%) for C,,H,,N,0,: C 61.97, H 5.20, N 6.57; found: C 61.88, H 5.32, N
6.47.

Dimethyl ester of (4R,6S,7R,8R)-(1-0x0-5-0xy-4-phenyl-6-propyltetrahy-
dropyrazolo[1,2-c][1,3,4]oxadiazine-7,8-dicarboxylic acid (30): From 28
(0.1 mmol), flash chromatography (6:1 toluene/AcOEt) afforded 35 mg
(90%) of 30. [a]5=-32.6 (c=0.6 in CH,CL); 'H NMR (500 MHz,
CDCl;): 6=0.49 (t, J=7.3 Hz, 3H), 0.5-1.0 (m, 4H), 3.71 (s, 3H), 3.75 (s,
3H), 3.87 (dd, /=9.4, 10.8 Hz, 1H), 4.18 (ddd, /=2.6, 9.2, 10.8 Hz, 1H),
4.36 (dd, J=3.5, 11.7 Hz, 1H), 4.93 (d, J=9.4 Hz, 1H), 5.13 (dd, J=3.5,
11.8 Hz, 1H), 5.58 (t, J=11.8 Hz, 1H), 7.3-8.0 ppm (m, 5H); “C NMR
(75 MHz, CDClLy): 6=13.7, 18.6, 29.5, 31.0, 49.3, 52.9, 23.0, 59.1, 66.9,
78.8, 81.3, 128.1, 128.4, 128.9, 131.0, 149.1, 168.2, 168.7 ppm; MS (CI):
mlz (%): 393 (16) [M*+1], 375 (20), 216 (100); elemental analysis calcd
(%) for: C;oH,,N,O, C 58,16, H 6,16, N 7,14; found: C 57.94, H 6.22, N
7.00.
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A New Family of Dinuclear Rhodium Complexes Containing Tertiary
Phosphanes in a Semibridging or Doubly Bridging Bonding Mode

Thomas Pechmann, Carsten D. Brandt, and Helmut Werner*!*!

Dedicated to Professor Lord Lewis on the occasion of his 75th birthday

Abstract: The reactions of [Rh,Cl(x*-
acac)(p-CPh,),(p-SbiPr;)]  (3)  and
[Rhy(x*-acac),(i-CPhy),(-SbiPr;)] - (4)
with PMe; lead to exchange of the
bridging ligand and afford the novel
PMe;-bridged counterparts § and 6, in
which the phosphane occupies a semi-
bridging (5) or a doubly bridging (6)
position. In both cases, the bonding
mode was confirmed crystallographi-
cally. Treatment of 6 with CO causes a
shift of PMe; from a bridging to a ter-
minal position and gives the unsym-
metrical  complex  [(x*-acac)Rh(p-
CPh,),(u-CO)Rh(PMe;)(x*-acac)] (7).
Similarly to 5§ and 6, the related com-

acac-f; ligands were prepared. While
both PEt; and PnBu; react with 3 by
exchange of the bridging stibane for
phosphane to give compounds 12 and
13, the reactions of 4 with PMePh, and
PnBu, afford the mixed-valent Rh’Rh"
complexes  [(PR;)Rh(u-CPh,),Rh(i*
acac),] (17, 18) in high yields. In con-
trast, treatment of 4 with PEt; and
PMe,Ph generates the phosphane-
bridged compounds [Rh,(x*-acac),(p-

CPh,),(u-PR3)] (14, 15) exclusively.
Keywords: carbene ligands
mixed-valent compounds

O ligands - P ligands - rhodium

Stirring a solution of 14 (R=Et) in
benzene for 15 h at room temperature
leads to complete conversion to the
mixed-valent isomer 16. The reaction
of 6 with an equimolar amount of
CR,;CO,H (R=F, H) or phenol in the
molar ratio of 1:10 results in substitu-
tion of one acac by one trifluoracetate,
acetate, or phenolate ligand without
disturbing the [Rh,(u-CPh,),(u-PRj)]
core. From 6 and an excess of
CR;CO,H, the symmetrical bis(trifluor-
acetato) and bis(acetate) derivatives
[Rhy(x*-O,CCR;),(u-CPhy, ), (u-PMes)]
(21, 22) were obtained.

pounds 10 and 11 with one or two

Introduction

In the context of our studies on the reactivity of square-
planar carbenerhodium(i) complexes trans-[RhCI(=CRR')-
(L),] (L=PR;, AsR;, SbR;), we recently observed that the
bis(stibane) derivatives trans-[RhCI(=CRR’)(SbiPr;),] are
thermally labile and, on heating in benzene at 60°C, under-
go partial elimination of SbiPr; to generate dinuclear rho-
dium(1) complexes with a [Rh(u-SbiPr;)Rh] building block
in excellent yields.?! Since the bridging coordination mode
of trialkylstibanes was not only new but rather unexpect-
ed,’! we were surprised that these compounds with rhodiu-
m(1) in a distorted tetrahedral coordination environment are
remarkably stable and decompose at temperatures around
190°C or even higher. Moreover, in explorative studies we
found that the bridging SbiPr; ligand can be replaced by

[a] Dr. T. Pechmann, Dr. C. D. Brandt, Prof. Dr. H. Werner
Institut fiir Anorganische Chemie der Universitdt Wiirzburg
Am Hubland, 97074 Wiirzburg (Germany)
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CO, CN1Bu, or SbR; (R=Me, Et) without breaking the
[Rh(u-CRR'),Rh] core.? The terminal chloro ligands in 2,
prepared from 1 by thermolysis (Scheme 1), could also be
substituted stepwise by acetylacetonate (acac) to give the
unsymmetrically and symmetrically bridged complexes 3
and 4, respectively.*”]

Since 2 undergoes ligand exchange of SbR; for SbiPr;, we
hoped to replace SbiPr; by tertiary phosphanes PR;. Howev-
er, the initial attempts completely failed. Treatment of 2
with PiPr;, PiPr,Ph, PiPrPh,, PPh;, or PMePh, did not
afford [Rh,Cl,(u-CPh,),(u-PR;)] but gave the corresponding
mononuclear complexes trans-[RhCl(=CPh,)(PR;),] by dis-
placement of the stibane and cleavage of the carbene
bridges. Even when these reactions were monitored in an
NMR tube, no signals for a possible intermediate containing
a [Rh(p-PR;)Rh] moiety could be observed. Despite this
failure we continued our research and found most recently
that the use of the acac-substituted compounds 3 and 4 in-
stead of 2 as starting materials changes the reactivity of the
stibane-bridged dinuclear species significantly and allows
the isolation of transition metal complexes with various ter-
tiary phosphanes coordinated in a doubly bridging mode.

DOI: 10.1002/chem.200305419 Chem. Eur. J. 2004, 10, 728-736
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' irr _ plays a doublet of doublets at
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' T Sph -3 SbiPr R 81.4 Hz. Compared with 7 (see
iPr;Sb C below), these values clearly in-
1 P’ “Ph ) dicate that the PMe; ligand is
not linked to one of the metal
Na(acac) centers in a terminal fashion.
The proposed unsymmetrical
) irr ) _ iPr structure is supported by the
lPr\Sb/ iPr ’Pr\slb/ iPr BCNMR spectrum of 5, in
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Herein we report the preparation and characterization of
unsymmetrical and symmetrical dirhodium compounds with
PMe,, PEt;, PnBu;, and PMe,Ph as bridging ligands, the
conversion of some of them into mixed-valent Rh, isomers,
and the substitution of one or both acac moieties of [Rh,(x*-
acac),(u-CPh,),(u-PMe;)] by other mono- or bidentate li-
gands. A short communication on first steps of this study
has already appeared.

Results and Discussion

Preparation of complexes of the general formula
[Rh,XX'(u-CPhy),(u-PR3)]: In contrast to bulky PiPr;,
which not only reacts with 2 but also with 3 by bridge cleav-
age, the smaller PMe; behaves differently. Treating a solu-
tion of 3 in either pentane/diethyl ether or dichloromethane

—78°C with an equimolar amount of PMe;, followed by
warming to room temperature, leads to a gradual change of
color from dark red to red-brown and gives 5 in about 85 %
yield (Scheme 2). The *'P NMR spectrum of 5 (in C¢Dy) dis-

PMe;

Me
Me~_ }]) _Me

3

o CH, H,C
:Oj CO NG

CH, H,C
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Cl—

Rh ‘/;/1,,1,::]?\(:/.}_)\‘1?\\\\\\ Rh
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/ \Ph

Ph Ph
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H;C PMe,

Co
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Scheme 2. Synthesis of 7.
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and one small 2/(P,C) coupling
constant of 3.6 Hz. Not only the carbene but also the methyl
carbon atoms of the phosphane are equivalent on the NMR
timescale, giving rise to a sharp doublet at 6 =22.4 ppm with
'J(P,C)=40.7 Hz.

The X-ray crystal structure analysis of 5 (Figure 1) con-
firms that the PMe; ligand, similar to the SbiPr; ligand in
3,1 occupies a semibridging rather than a terminal posi-
tion.”” Apart from the different Rh1—P and Rh2—P distan-
ces, characteristic features are in particular the bond angles
in the Rh,P triangle, which are significantly smaller than
90°. In the case of a nonbridging arrangement, the angle
Rh1-Rh2-P should be considerately larger than 90°. Owing
to the higher coordination number of Rhl compared to
Rh2, not only the phosphane but also the two diphenylcar-
bene ligands are linked to the metal centers in an unsym-
metrical fashion. The distances Rh2—C1 and Rh2-C2 are
about 0.11 A shorter than those from Rhl to C1 and C2,
quite similar to the situation found for 3.°) However, in con-
trast to 3 the acac ligand in 5 is coordinated in a symmetri-
cal mode. The molecular fragment O1,02,Rh1,Rh2 is
almost planar, whereas the Rh1-Rh2-Cl axis is slightly bent
(172.30(4)°), the bending being
comparable to that in 3
(171.55(3)°). The three P—C dis-
tances are nearly the same and
lie in the range of rhodium(r)
compounds with a terminal
PMe; ligand.® The methyl
groups of the phosphane are in
a staggered conformation with
respect to Cl and the oxygen
atoms Ol and O2. The Rhl-
Rh2 bond length of 2.5318(8) A
in 5 is rather short, but similar
to those of other dinuclear rho-
dium(1) complexes, including 2,
with a metal-metal bond."*!

Compound 5 reacts not only
with Tl(acac) but also with
Na(acac) in a molar ratio of 1:4
in acetone at room temperature

PMe,

Me

CH,

o m\mRh j

CH,

e 6

CO
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Figure 1. Molecular structure of 5. Selected bond lengths [A] and
angles [°: Rh1-Rh2 2.5318(8), Rh1—P1 2.2406(15), Rh2—P1 2.8410(14),
Rh1-C1 2.060(5), Rh1-C2 2.057(5), Rh2—C1 1.939(5), Rh2—C2 1.949(5),
Rh1-0O1 2.115(3), Rh1-02 2.116(4), Rh2—Cl 2.3072(15); Rh1-P1-Rh2
58.34(4), P1-Rh1-Rh2 72.78(4), P1-Rh2-Rhl 48.88(4), Rh1-Rh2-Cl
172.30(4), Rh1-C1-Rh2 78.49(16), Rh1-C2-Rh2 78.36(18), C1-Rh1-C2
86.77(19), C1-Rh2-C2 93.3(2), O1-Rh1-O2 85.42(13).

by substitution of the chloro for the acetylacetonato ligand
to give dinuclear complex 6 (see Scheme 2). An alternative
procedure to obtain 6 consists of the substitution of SbiPr;
in 4 by PMe;; in both cases the yields are excellent. The
pale brown, moderately air sensitive 6 is readily soluble in
benzene, acetone, and dichloromethane, but less so in pen-
tane and diethyl ether. The symmetrical complex 6 is ther-
mally less stable than its unsymmetrical counterpart S, as
was also observed for 3 and 4. Regarding the spectroscopic
data of 6, we note that in contrast to 5 the P NMR spec-
trum does not display a doublet of doublets but a sharp trip-
let, which illustrates that the PMe; ligand is coordinated to
both rhodium centers in an identical mode. The 'J(Rh,P)
coupling constant is 110.6 Hz, which is about midway be-
tween the two coupling constants found for 5 (147.5 and
81.4 Hz). The *C NMR resonance for the bridging carbene
carbon atoms appears as a doublet of triplets at 6=
170.7 ppm, which is slightly upfield (by 4 ppm) compared
with 5.

The X-ray crystal structure of 6 is shown in Figure 2. Al-
though the two Rh—P bond lengths are not exactly the
same, the difference of about 0.3 A is only half of that in 5.
Since neither the *'P nor the "H NMR spectrum of 6 is tem-
perature-dependent, it is conceivable that the small devia-
tion from ideal symmetry of the sterically hindered molecule
in the crystal is due to steric reasons or packing effects. In
our opinion the more important fact is that the bond angles
Rh1-Rh2-P, Rh2-Rh1-P, and Rh1-P-Rh2 deviate by at most
7.1° from the value of 60° required for an isosceles triangle.
The coordination geometry of both rhodium centers corre-
sponds to a distorted square pyramid, with the difference
that for the polyhedron around Rh1 the P atom and for the
polyhedron around Rh2 the carbene C atom C40 is in the
apical position. The two planar six-membered rings formed
by the metal atoms and the acac ligands lie not in the same
plane but are twisted; the dihedral angle between the two
planes is 30.2°. In contrast to the distances Rh1-O1 and
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Figure 2. Molecular structure of 6. Selected bond lengths [A] and
angles [°]: Rh1-Rh2 2.5281(5), Rh1-P1 2.2707(7), Rh2-P1 2.5700(8),
Rh1-C20 2.069(3), Rh1-C40 2.038(2), Rh2—C20 1.995(2), Rh2-C40
1.974(3), Rh1-01 2.1138(18), Rh1-02 2.1596(19), Rh2—-O(3) 2.0760(19),
Rh2-0O(4) 2.2097(19); Rh1-P1-Rh2 62.61(2), P1-Rh1-Rh2 64.50(2), P1-
Rh2-Rh1 52.890(19), Rh1-C20-Rh2 76.90(9), Rh1-C40-Rh2 78.09(9),
C20-Rh1-C40 84.55(10), C20-Rh2-C40 88.23(10), O1-Rh1-O2 84.11(7),
0O(3)-Rh2-O(4) 83.67(7).

Rh1-02, which are nearly the same (difference: ca. 0.04 A),
the bond lengths Rh2—O3 and Rh2-0O4 differ by about
0.13 A, which may also reflect steric crowding in the mole-
cule.

Compound 6 is highly reactive toward carbon monoxide.
Passing a slow stream of CO through a solution of 6 in ben-
zene causes an almost instantaneous change of color from
red-brown to light red and affords, after evaporation of the
solvent, the dinuclear complex 7 in 95% yield (isolated
product). The IR spectrum of 7 displays a v(CO) band at
1829 cm™!, the position of which is characteristic for a
doubly bridging CO ligand. The presence of a terminal
PMe; ligand in 7 is confirmed by the splitting of the
3P NMR resonance, which appears as a doublet of doublets
with one large (129.7 Hz) and one small (7.6 Hz) *'P-'®Rh
coupling constant. For §, which contains a semibridging CO
group, the values are 147.5 and 81.4 Hz, respectively. The
BCNMR spectrum of 7 shows one doublet of doublets of
doublets at 0=203.8 ppm and one triplet at 6=159.8 ppm
for the C nuclei of the carbene carbon atoms; the splitting
pattern of the former, with %/(P,C) =77.3 Hz, indicates that
it belongs to the CPh, atom trans to the PMe; ligand.

Compounds 8 and 9, which contain acac-f; instead of acac
ligands, behave similarly to 3 and 4 and react with an equi-
molar amount of PMe; in hexane/diethyl ether or benzene
to give dinuclear complexes 10 and 11 in 72-78% yield
(Scheme 3). As already observed for 5 and 6, the unsymmet-
rical compound 10 is considerably more stable than its sym-
metrical counterpart. While the P NMR spectrum of 10
displays a doublet of doublets, that of 11 shows a sharp trip-
let with a 'J(Rh,P) coupling constant that is virtually identi-
cal to that of 6. Since the chemical shifts and the splitting
pattern of the signals in the 'H and *C NMR spectra of 10
and 11 are quite similar to those of 5 and 6, we assume that
there is also a strict analogy in the bonding mode of the
PMe; ligand in the two pairs of complexes.

www.chemeurj.org Chem. Eur. J. 2004, 10, 728736
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Scheme 3. Reactions of 8 and 9 with PMe; to give 10 and 11, respectively.

The different behavior of 3 and 4 toward PEt; and PrnBu;:
In contrast to PMe;, the more bulky PiPr; reacts with the
stibane precursor 3 to give a mixture of products, among
which the known complex trans-[RhCl(=CPh,)(PiPr;),], but
no species with a bridging PiPr;, could be detected. Follow-
ing this observation, we were prompted to study the reactiv-
ity toward 3 of phosphanes whose sizes, indicated by their
cone angles,'”! lie between those of PMe; and PiPr;. Thus,
treatment of 3 with PEt; under the same conditions as used
for the preparation of 5 gave the analogous dinuclear com-
pound 12 as a dark brown solid in 81 % yield (Scheme 4).
The somewhat larger PnBu; behaved analogously, although
in this case besides the desired complex 13 some by-prod-
ucts were also obtained. Attempts to separate these by-
products from 13 by fractional crystallization failed. Since
using more than one equivalent of PnBu; or performing the
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w
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reaction at lower temperatures did not improve the result,
compound 13 was characterized spectroscopically. Similarly
to 5 and 12, the *'P NMR spectrum of 13 displays the ex-
pected doublet of doublets at d=—9.9 ppm, which indicates
that most probably the PnBu; ligand occupies a semibridg-
ing position. The 'J(Rh,P) coupling constants are 139.8 and
73.7 Hz and differ only marginally from those found for §
and 12.
An interesting situation arises if the symmetrical complex
4 is treated with PEt; and PnBu;. The reaction of 4 with
PEt; in diethyl ether at —30 to 0°C gives, after low-tempera-
ture crystallization from OEt,, the symmetrical PEt;-bridged
compound 14 in 61 % yield of isolated product (Scheme 4).
The reaction of 4 with PnBu; under exactly the same condi-
tions afforded a mixture of products, among which [Rh,(x’*-
acac),(u-CPh,),(u-PnBus)] is the predominant species. How-
ever, this complex could not obtained in analytically pure
form by this route." If the reaction of 4 with PnBu, in C¢Dj
is monitored in an NMR tube and not stopped after
[Rh,(x*-acac),(pu-CPh,),(u-PrnBus)] has been generated, sub-
sequent slow rearrangement to isomer 18 can be observed.
On a preparative scale, the reaction of 4 with a twofold
excess of PnBu; in benzene gives, after two days at room
temperature, the mixed-valent complex 18 in 91 % yield of
isolated product. The PEt; counterpart 16 is accessible
either by the same route or can be obtained nearly quantita-
tively by stirring a solution of 14 in benzene for 15h at
25°C. Complexes 16 and 18 are brownish green or brown
air-stable solids, the chemical properties and spectroscopic
data of which are very similar to those of the analogues
[(PiPr;)Rh(u-CPh,),Rh(x*-acac),] and [(PPh;)Rh(u-
CPh,),Rh(x?*-acac),], respectively. These complexes were
prepared from 4 and PiPr; or PPh; in a similar way; the
PiPr; derivative was characterized by crystallography.!! The
*'P NMR spectra of 16 and 18 both display a typical doublet
of doublets with one large
(264.9 and 269.5 Hz, respective-
ly) and one small (4.8 and
5.1 Hz, respectively) *'P-'“Rh
coupling constant.

The dominant role of the size
of the reacting phosphane is
also evident in the reactions of

CH, 4 with PMe,Ph and PMePh,.
While the smaller ligand

PMe,Ph generates exclusively

Hs the phosphane-bridged com-
Ph pound 15 (see Scheme 4), the
larger ligand PMePh, produces

the unsymmetrical complex 17

in 86 % yield. In contrast to the

rearrangement of 14 to 16, at-

tempts to convert 15 to the

PR, mixed-valent isomer [(PMe,Ph)-

PR;

(R=Ep

12, 14, 16 PEt

16 - 18

13,18

Scheme 4. Behavior of 3 and 4 to PR.
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Rh(p-CPh,),Rh(x*-acac),]  re-
mained unsuccessful. We also
failed to detect the supposed in-
termediate [Rh,(x*-acac),-
(u-CPh,),(n-PMePh,)] in the re-

PMe,Ph
PMePhy
PnBu,
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action of 4 with PMePh,, which seems to be as labile as the
undetected species [Rh,(k?*acac),(u-CPh,),(u-PiPr;)] .

With regard to the mechanism for the isomerization of
the PR;-bridged compounds to the mixed-valent isomers, we
briefly investigated the kinetics of the conversion of 14 to
16. In C4Dg at 293.5 K the reaction is strictly first order with
k=9.41(5)x107s"! and AG*=94.5(5) kImol~'. We there-
fore assume that an intramolecular rearrangement occurs
and that the migration of the phosphane from a bridging to
a terminal position is accompanied by migration of an acac
ligand from one metal center to the other.

Substitution reactions of the acetylacetonato ligands: After
we found that the acac ligands of the stibane-bridged com-
plex 4 can be replaced by acetate and trifluoroacetate with-
out cleaving the Rh(p-SbiPr;)Rh bridge,! we were interest-
ed to find out whether a similar substitution can also take
place with the phosphane counterpart 6. Treatment of 6
with an equimolar amount of CF;CO,H in benzene at room
temperature leads to replacement of one acac ligand and af-
fords the mixed Rh,(acac)(O,CCF;) compound 19 as a red-
brown solid in pratically quantitative yield (Scheme 5).
Acetic acid behaves similarly to CF;CO,H toward 6 but
gives a mixture of products, among which the desired com-
plex 20 dominates (ca. 80 % ). Apart from the starting mate-
rial (ca. 10%), the bis(acetate) derivative 22 could also be
detected. Attempts to separate 20 from the by-products by
fractional crystallization or column chromatography failed.
Although the *'P NMR spectra of the substitution products
19 and 20 show in both cases the expected doublet of dou-

Me
Me~_ \ _Me

blets, the J(Rh,P) coupling constants are quite different.
For 20 the values of 117.0 and 106.8 Hz indicate that the
PMe; ligand probably occupies a doubly bridging position,
like in the precursor 6 (‘J(Rh,P)=110.6 Hz), while the
'J(Rh,P) values for 19 are 155.9 and 69.8 Hz. Comparing
these values with those of the unsymmetrical compound §
(‘J(Rh,P)=147.5, 81.4 Hz) suggests that the phosphane in
19 is semibridging and the CF;CO, unit behaves as a mono-
dentate ligand. The IR spectrum of 19 displays a relatively
broad band for the asymmetric v(OCO) mode at 1654 cm™!,
which is consistent with the proposed structure.?

The reactions of 6 with an excess of CF;CO,H or
CH;CO,H lead to the displacement of both acac ligands and
give the symmetrical complexes 21 and 22 in excellent
yields. The Rh,(O,CCF;), derivative contained traces of im-
purities which, owing to the high solubility of 21 in all
common organic solvents, could not be completely separat-
ed. The bis(acetate) counterpart 22, which was characterized
by a correct elemental analysis, is a brown, moderately air
stable solid, which is thermally more stable than its precur-
sor 6. Since the *'P NMR spectra of both 21 and 22 display a
sharp triplet with a 'J(Rh,P) coupling constant which is very
similar to that of 6, there is no doubt that the PMe; ligand
occupies a symmetrical bridging position.

Compound 6 reacts with a twofold excess of phenol to
afford the monosubstitution product 23 (see Scheme 5). Nei-
ther by using an even higher concentration of PhOH nor by
increasing the temperature could the second acac ligand be
displaced. As expected, the *'P NMR spectrum of 23 shows
a doublet of doublets, with 'J(Rh,P) coupling constants of

an

Me~_ | _Me

(exc.) /P h

CH,

H,C CH,
/ c N
Ph Ph

6

Scheme 5. Substitution reactions of 6.
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162.4 and 61.0 Hz. The similarity of these values to those of
19 equally supports the assumption that in the Rh,(acac)-
(O,CCF;) complex the trifluoroacetato ligand is x'-bonded.

Conclusion

The present investigations have shown that the members of
the new family of dinuclear rhodium complexes of the gen-
eral composition [Rh,X,(u-CRR’),(p-L)] exist not only for
L=SbR; but also for L=PR;. With regard to common
knowledge,”! we believe that this is a fundamental break-
through. Moreover, apart from the accessibility of phos-
phane-bridged complexes such as 5, 6, 10-15, and 19-23, it
is interesting that some of them are remarkably stable and,
at least for the smaller phosphanes PMe,;, PEt;, and
PMe,Ph, show no or only a minor tendency to form prod-
ucts with the phosphane in a terminal position. The unsym-
metrical compounds 5, 10, and 12 have significantly higher
thermal stability than their symmetrical counterparts 6, 11,
and 14, and this could be due to steric strain caused by the
presence of two acac ligands and two bulky CPh, units in
these molecules. We note that the total electron count for
the dinuclear phosphane-bridged complexes 5, 10, 12, and
13 is 28, while it is 30 for 6, 11, 14, 15 and their congeners.
Regarding the unique role of tertiary phosphanes PR; in
the symmetrical dinuclear compounds [Rh,X,(u-CPh,),(u-
PR;)], the question arises whether the five-coordinate phos-
phorus atom should be considered as P™ or PY. Molecules of
the general composition PR;X, mostly have a trigonal-bipyr-
amidal structure, but this is not found for complex 6. The C-
P-C angles of the bridging trimethylphosphane in this com-
pound are 103.60(16), 101.84(15), and 97.36(15)°, and the
average value of 100.93° is nearly the same as that of free
PMe; (98.9°).%! The other bond angles around phosphorus
in 6 lie in the range between 62.61(2)° (Rh-P-Rh) and
150.25(12)° (Rh-P-C), and thus are not consistent with a
trigonal-bipyramidal geometry. If we also take the P-C
bond lengths into consideration, which are 1.808(3), 1.832(3)
and 1.840(3) A (av 1.827 A) in 6 and 1.843 A in uncoordi-
nated PMe;, the conclusion is that the bonding of PMe; to
two transition-metal centers does not perturb its structure,
and thus the phosphorus atom presumably remains P™.
However, the novel phosphane-bridged dirhodium com-
plexes are not only exceptional from a structural point of
view but also in their reactivity. For example, the terminal
acac ligands of 6 can be replaced stepwise by acetate or tri-
fluoroacetate without changing the central [Rh,(u-CPh,),(u-
PMe;)] part of the molecule. A similar reaction occurs be-
tween 6 and Me;SiBr or Me;Sil to give the PMe;-bridged di-
bromo and diiodo counterparts of the parent stibane com-
plex 2. The replacement of a larger phosphane such as
PnBu; or PEt; by a smaller analogue such as PMe; or
PMe,Ph in the bridging position might equally by possible,
but upon treatment of [Rh,(x*acac),(u-CPh,),(u-PR;)] (R=
nBu, Et) with PMe,R’ (R"=Me, Ph) the preferred pathway
was rearrangement of the phosphane-bridged complexes to
the mixed-valent Rh®-Rh" isomers. With regard to future
studies, it would be interesting to determine whether dinu-
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clear complexes with [M(u-PR;)M] cores could be also pre-
pared for other transition-metals such as Ru, Pd, and Ir, and
whether besides tertiary phosphanes related P-donor ligands
such as PF;, PCl;, or PH; could be coordinated in a doubly-
bridging mode. In this context we note that in attempting to
obtain a dinuclear palladium compound with Pd(p-PF;)Pd
as the building block, Balch et al. previously reported the
preparation and structural characterization of a cationic Pd;
complex in which a nearly equilateral triangle of palladium
atoms is bridged at the edges by diphenylphosphinomethane
ligands and capped by the triply bridging phosphorus atom
of PF;.”l Moreover, the recent discovery by Reau et al. that
substituted phospholes can bridge two palladium centers
should encourage further work in this field.!'"!

Experimental Section

All experiments were carried out under an atmosphere of argon by
Schlenk techniques. The starting materials 3, 4, 8, and 9 were prepared as
described in the literature.!’ NMR spectra were recorded at room tem-
perature on Bruker AC 200, Bruker DRX 300, and Bruker AMX 400 in-
struments, and IR spectra on a Perkin-Elmer 1420 IR spectrophotometer.
Melting points were measured by differential thermal analysis (DTA)
with a Thermoanalyzer DuPont 9000.

[Rh,Cl(x*-acac)(u-CPh,),(u-PMe;)] (5): A solution of 3 (77 mg,
0.08 mmol) in pentane/diethyl ether (2/1, 30 mL) was treated at —78°C
with PMe; (9 pL, 0.08 mmol) and warmed to room temperature over
about 30 min. The color of the solution changed from dark red to yellow,
and a red-brown solid precipitated. The solution was separated, the solid
was washed with pentane/diethyl ether (3x5 mL) and dried; yield 51 mg
(82%); m.p. 204°C (decomp); IR (KBr): 7=1580, 1523 cm™" (CO,.,);
"H NMR (C¢Dy, 200 MHz): 6 =8.46, 8.33 (both m, 8H, ortho-H of C¢Hs),
7.03, 6.89, 6.62 (all m, 12H, meta- and para-H of C¢Hs), 5.45 (s, 1H, CH
of acac), 1.89 (s, 6H, CHj; of acac), 0.74 ppm (d, J(P,H)=10.6 Hz, 9H,
PCH;); "C NMR (CD,Cl,, 100.6 MHz): 6=189.3 (s, CO of acac), 174.8
(ddd, J(Rh,C)=30.5 Hz, J(Rh',C)=20.7 Hz, J(P,C) =3.6 Hz, CPh,), 153.6
(d, J(P,C)=2.1 Hz, ipso-C of C¢Hs), 153.5 (s, ipso-C of C¢Hs), 127.7,
127.1, 126.6, 125.7, 125.4, 124.5 (all s, C¢Hs), 100.9 (d, J(Rh,C)=1.5 Hz,
CH of acac), 28.2 (s, CHj; of acac), 22.4 ppm (d, J(P,C)=40.7 Hz, PCHj;);
'PNMR  (CDy, 81.0MHz): 6=-364ppm (dd, J(RhP)=1475,
J(RNW,P)=81.4 Hz); elemental analysis (%) for C;;H;ClO,PRh, (748.9):
calcd: C 54.53, H 4.85; found: C 54.52, H 4.98.

[Rh,(«*-acac),(n-CPh,),(n-PMe;)] (6): Method A: A solution of 5
(98 mg, 0.13mmol) in acetone (20mL) was treated with Na(acac)
(64 mg, 0.52 mmol) and stirred for 4 h at room temperature. After the
solvent was evaporated in vacuo, the residue was extracted with pentane/
diethyl ether (2/1, 3x50 mL). The combined extracts were brought to
dryness in vacuo, the pale brown residue was washed with pentane (3 x
3mL, 0°C) and dried; yield 104 mg (98 %). Method B: A solution of 4
(678 mg, 0.69 mmol) in benzene (30 mL) was treated dropwise with PMe;
(78 uL, 0.76 mmol) and stirred for 2 h at room temperature. After the
solvent was evaporated in vacuo, the pale brown residue was washed
with diethyl ether (3x5mL, 0°C) and dried; yield 452 mg (81 %); m.p.
62°C (decomp); IR (KBr): #=1579, 1518 cm™' (CO,.); 'HNMR
(300 MHz, CDg): 6=28.19, 7.40 (both m, 8H, ortho-H of C¢Hjs), 7.08 (m,
4H, meta-H of C¢Hs), 6.96 (m, 2H, para-H of C¢Hs), 6.76 (m, 4H, meta-
H of C¢Hjs), 6.68 (m, 2H, para-H of CsHjs), 5.54 (s, 2H, CH of acac), 1.96
(s, 12H, CH; of acac), 1.06 ppm (d, J(PH)=11.0Hz, 9H, PCHs;);
BCNMR (755MHz, CDy): 6=188.7 (s, CO of acac), 170.7 (dt,
J(Rh,C)=24.7, J(P.C)=4.4 Hz, CPh,), 157.3 (d, J(P,C) =3.3 Hz, ipso-C of
CsHs), 157.1 (s, ipso-C of C4Hs), 126.9, 126.8, 126.5, 125.4, 125.2, 124.8
(all s, C¢Hs), 100.8 (s, CH of acac), 28.4 (s, CH; of acac), 22.1 ppm (d,
J(P,C)=39.6 Hz, PCH;); *PNMR (81.0 MHz, CcDy): 6=-304 (t,
J(Rh,P)=110.6 Hz); elemental analysis (%) for C;H,;O,PRh, (812.6):
calcd: C 57.65, H 5.33; found: C 57.30, H 5.29.
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[(x*-acac)Rh(u-CPh,),(u-CO)Rh(i*-acac)(PMe;)] (7): A slow stream of
CO was passed for 5 s through a solution of 6 (57 mg, 0.07 mmol) in ben-
zene (15 mL) at room temperature. A quick change of color from red-
brown to light red occurred. After the solution was stirred for 5 min, the
solvent was evaporated in vacuo, and the red solid was washed with pen-
tane (2x3 mL) and dried; yield 56 mg (95%); m.p. 66°C (decomp); IR
(KBr): #=1829 (CO), 1584, 1516 cm™ (CO,..); 'HNMR (300 MHz,
C¢Dg): 0=1.55, 7.08 (both m, 8H, ortho-H of C¢Hs), 6.98, 6.83 (both m,
12H, meta- and para-C of C¢Hy), 5.44, 5.36 (both s, 2H, CH of acac),
1.86 (s, 3H, CHj; of acac), 1.76 (s, 6H, CH; of acac), 1.22 (s, 3H, CHj; of
acac), 0.70 ppm (dd, J(P.H)=9.5, J(RhH) =0.6 Hz, 9H, PCH;); *C NMR
(755 MHz, CgDg): 6=2149 (ddd, J(Rh,C)=47.8, J(Rh,C)=40.7,
J(PC)=2.0Hz, p-CO), 2038 (ddd, J(PC)=77.3, J(Rh,C)=214,
J(Rh,C)=12.2 Hz, CPh,), 189.8, 189.3, 186.5 (all s, CO of acac), 159.8 (t,
J(Rh,C)=20.3 Hz, CPh,), 157.6 (d, J(P,C)=3.0 Hz, ipso-C of CgHsy),
156.6, 156.5, 154.4 (all s, ipso-C of C¢Hs), 132.2, 131.4, 128.7, 127.9, 127.4,
127.3, 127.2, 127.1, 126.2, 126.1, 125.9, 125.7 (all s, C¢Hs), 100.8 (d,
J(Rh,C)=2.9 Hz, CH of acac), 99.0 (s, CH of acac), 28.3, 28.1, 27.1 (all s,
CH, of acac), 11.2 ppm (d, J(P,C) =20.3 Hz, PCH;); *'P NMR (81.0 MHz,
C¢Dg): 0=—-55ppm (dd, J(Rh,P)=129.1, J(Rh',P)=7.6 Hz); elemental
analysis (%) for C,H,;OsPRh, (840.6): caled: C 57.16, 5.16; found: C
57.59, H 5.55.

[Rh,Cl(i*-acac-f;) (u-CPh,),(u-PMe;)] (10): This compound was prepared
as described for 5, starting from 8 (154 mg, 0.16 mmol) and PMe; (16 uL,
0.16 mmol) in pentane/diethyl ether (2/1, 60 mL). Brown solid; yield
104 mg (82%); m.p. 150°C (decomp); IR (KBr): #=1614cm™
(COuuen); 'HNMR (CD,Cl,, 400 MHz): 6=7.85 (m, 4H, ortho-H of
C¢Hs), 7.22, 6.95, 6.73 (all m, 16H, C¢Hs), 6.18 (s, 1H, CH of acac-f;),
2.39 (s, 3H, CHj; of acac-f;), 0.94 ppm (d, J(PH)=10.9 Hz, 9H, PCH;);
BCNMR (CD,Cl,, 100.6 MHz): =197.5 (s, CO of acac-f;), 178.1 (ddd,
J(Rh,C)=29.5, J(RW,C)=21.4, J(P,C)=3.0 Hz, CPh,), 169.7 (q, J(FC)=
32.6 Hz, CO of acac-f;), 153.1, 153.0 (both s, ipso-C of C,Hs), 127.9,
1272, 127.0, 126.1, 125.2, 124.3 (all s, CsHs), 119.1 (q, J(F,C) =285.8 Hz,
CF;), 96.4 (s, CH of acac-f;), 29.6 (s, CH; of acac-f;), 22.5 ppm (d,
J(P,C)=40.7 Hz, PCH;); "YF NMR (CD,Cl,, 188.3 MHz): 6 =—75.5 ppm
(s); *PNMR (C,Dg, 162.0 MHz): 6=-36.8 ppm (dd, J(Rh,P)=144.1,
J(RW,P)=86.5 Hz); elemental analysis (%) for C;Hs;CIF;0,PRh,
(802.9): caled: C 50.86, H 4.14; found: C 50.20, H 4.34.
[Rh,(ic*-acac-f;),(n-CPh,),(n-PMe;)] (11): This compound was prepared
as described for 6, method B, starting from 9 (95 mg, 0.09 mmol) and
PMe; (10 uL, 0.10 mmol) in benzene (30 mL). Red-brown solid; yield
62 mg (78 %); m.p. 46°C (decomp); '"H NMR (C¢Ds, 400 MHz): 6=7.97,
7.21 (m, 8H, ortho-H of C¢Hs), 7.04, 6.70, 6.62 (all m, 12H, meta- and
para-H of CHs), 5.93 (s, 2H, CH of acac-f;), 1.72 (s, 6 H, CHj; of acac-f;),
0.85 ppm (d, J(P.H)=11.2 Hz, 9H, PCH;); *C NMR (C,D,, 100.6 MHz):
0=196.6 (s, CO of acac-f;), 176.4 (dt, J(Rh,C)=24.8, J(P,C)=3.8 Hz,
CPh,), 169.9 (q, J(FC)=324Hz, CO of acac-f;), 1559 (d, J(PC)=
2.9 Hz, ipso-C of C¢Hs), 155.6 (s, ipso-C of C¢Hs), 127.3, 127.2, 126.2,
126.1, 125.5, 124.6 (all s, C¢Hs), 119.8 (q, J(F,C)=285.1 Hz, CF3), 96.2 (s,
CH of acac-f;), 29.3 (s, CH; of acac-f;), 21.5 ppm (d, J(P,C)=39.1 Hz,
PCH,;); "F NMR (C¢Ds, 188.3 MHz): §=—75.0 ppm (s); *'P NMR (CD,
162.0 MHz): 6=-21.2ppm (t, J(Rh,P)=110.2 Hz); elemental analysis
(%) for C;HsF;O,PRh, (920.5): caled: C 50.89, H 4.05; found: C 50.20,
H 4.48.

[Rh,Cl(x*-acac) (u-CPh,),(u-PEt;)] (12): This compound was prepared as
described for 5, starting from 3 (91 mg, 0.10 mmol) and PEt; (14 uL,
0.10 mmol). Dark brown solid; yield 63mg (81%); m.p. 146°C
(decomp); IR (KBr): #=1579, 1517cm™' (CO,,.); 'HNMR (CD,
200 MHz): 6=8.30, 7.53 (both m, 8H, ortho-H of C¢Hs), 7.01, 6.87, 6.66
(all m, 12H, meta- and para-H of C¢Hs), 5.54 (s, 1H, CH of acac), 1.94 (s,
6H, CHj; of acac), 1.13 (m, 6H, PCH,), 0.69 ppm (m, 9H, PCH,CH,);
BCNMR (CD,Cl,, 75.5MHz): §=189.4 (s, CO of acac), 171.7 (ddd,
J(Rh,C)=31.6 Hz, J(RW,C)=21.5 Hz, J(P,C)=4.0 Hz, CPh,), 154.1 (m,
ipso-C of C4Hs), 127.8, 127.2, 126.7, 125.8, 125.7, 124.7 (all s, C4Hs), 101.2
(d, J(Rh,C)=1.8Hz, CH of acac), 28.6 (d, J(Rh,C)=1.1 Hz, CH; of
acac), 21.6 (d, J(PC)=34.5Hz, PCH,), 85ppm (d, J(P,C)=5.1 Hz,
PCH,CH,); 'PNMR (C,D,, 81.0 MHz): 6=-2.7 ppm (dd, J(Rh,P)=
144.9, J(Rh',P)=68.7 Hz); elemental analysis (%) for C;;H,,ClIO,PRh,
(791.0): caled: C 56.18, H 5.35; found: C 55.77, H 5.58.

[RhZCl(zcz-acac)(u-Cth)z(u-PnBus)] (13): A solution of 3 (50 mg,
0.05 mmol) in a pentane/diethyl ether (2/1) was treated at —78°C with
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PnBu; (13 pL, 0.05 mmol). The solution was warmed to room tempera-
ture over about 30 min, stirred for 10 min, and then the solvent was
evaporated in vacuo. The *P NMR spectrum of the residue revealed a
mixture of products with 13 as the dominant species. Attempts to sepa-
rate 13 from the by-products by fractional crystallization failed. Data for
13: *PNMR (CiDs, 81.0 MHz): 6=-99ppm (dd, J(Rh,P)=139.38,
J(Rh',P)=73.7 Hz).

[Rh,(*-acac),(u-CPh,),(u-PEt;)] (14): A solution of 4 (152mg,
0.15 mmol) in diethyl ether (50 mL) was treated at —30°C with PEt;
(67 uL, 0.46 mmol) and, after warming to 0°C, stirred for 4 h. A gradual
change of color from brown to red-brown occurred. The solution was
concentrated in vacuo to about 5 mL and then stored for 15 h at —60°C.
Red-brown crystals precipitated, which were separated from the mother
liquor, washed with pentane (2x3 mL), and dried; yield 80 mg (61%);
m.p. 48°C (decomp); IR (KBr): #=1582, 1518 cm™' (CO,..); 'H NMR
(C¢Dg, 200 MHz): 6=8.22, 7.38 (both m, 8H, ortho-H of C¢Hj), 7.10, 6.75
(both m, 12H, meta- and para-H of C¢Hs), 5.58 (s, 2H, CH of acac), 1.98
(s, 12H, CH; of acac), 1.56 (m, 6H, PCH,), 0.73ppm (m, 9H,
PCH,CH,); “CNMR (CD,Cl,, 100.6 MHz, 253 K): 6=187.7 (s, CO of
acac), 174.0 (t, J(Rh,C)=24.8 Hz, CPh,), 156.3 (d, J(P,C)=1.9 Hz, ipso-C
of C¢Hs), 156.0 (s, ipso-C of C¢Hs), 127.4, 126.2, 125.9, 124.9, 123.8, 123.7
(all s, C4Hs), 99.4 (s, CH of acac), 28.2 (s, CHj; of acac), 21.5 (d, J(P.C)=
32.4Hz, PCH,), 87ppm (d, J(P.C)=5.7Hz, PCH,CH;); *'P NMR
(CD,Cl,, 162.0 MHz, 253 K): 6=23.7 ppm (t, J(Rh,P)=102.5 Hz); ele-
mental analysis (%) for C,,HuO,PRh, (854.6): calcd: C 59.03, 5.78;
found: C 59.14, H 6.04.

[Rh,(«*-acac),(un-CPh,),(u-PMe,Ph)] (15): This compound was prepared
as described for 6, method B, starting from 4 (81 mg, 0.08 mmol) and
PMe,Ph (13 pL, 0.09 mmol) in benzene (10 mL). Red-brown solid; yield
51mg (71%); m.p. 106°C (decomp); IR (KBr): #=1582, 1520 cm™*
(CO4eac); 'HNMR (C¢Dg, 200 Hz): 6 =8.06, 7.31 (both m, 8H, ortho-H of
C¢Hs), 7.03, 6.91, 6.67 (all m, 17H, C¢Hs), 5.45 (s, 2H, CH of acac), 1.92
(s, 12H, CH; of acac), 1.58 ppm (d, J(PH)=10.6 Hz, 6H, PCHs;);
BCNMR (CD,Cl, 100.6 MHz): 0=188.3 (s, CO of acac), 170.2 (dt,
J(Rh,C)=24.8 Hz, J(P,C)=4.8 Hz, CPh,), 157.5 (s, ipso-C of CC¢Hj),
156.9 (d, J(P,C)=2.9 Hz, ipso-C of CC¢Hs), 140.3 (d, J(P,C)=52.4 Hz,
ipso-C of PC.Hs), 132.2 (d, J(P,C)=2.9 Hz, para-C of PCiHj;), 130.6 (d,
J(P,C)=9.5Hz, ortho- or meta-C of PC¢Hs), 128.3 (d, J(P,C)=10.5 Hz,
ortho- or meta-C of PC¢Hy), 127.1, 126.6, 125.8, 125.6, 125.4, 124.9 (all s,
CC¢Hs), 100.6 (s, CH of acac), 28.1 (s, CH; of acac), 20.4 ppm (d,
J(P,C)=42.9 Hz, PCH,;); *P NMR (CD,Cl,, 162.0 MHz): 6 =—35.9 ppm
(t, J(Rh,P)=109.0 Hz); elemental analysis (%) for C,,H,sO,PRh, (874.6):
caled: C 60.42, H 5.19; found: C 59.94, H 5.26.

[(PEt;)Rh(n-CPh,),Rh(x*-acac),] (16): Method A: A solution of 4
(469 mg, 0.47 mmol) in benzene (70 mL) was treated with PEt; (139 pL,
0.95 mmol) and stirred for two days at room temperature. The solvent
was evaporated in vacuo, the residue was suspended in hexane (10 mL),
and the suspension was subjected to chromatography on ALO; (neutral,
activity grade V, height of column 10 cm). With hexane a colorless frac-
tion was eluted which was withdrawn. Subsequently, with hexane/diethyl
ether (5/1) a brownish-green fraction was eluted, which was concentrated
in vacuo to about 20 mL. After the solution was stored for 15h at
—60°C, a brownish green solid precipitated, which was washed with
hexane (2x5 mL; 0°C) and dried; yield 351 mg (86 % ). Method B: A sol-
ution of 14 (43 mg, 0.05 mmol) in benzene (50 mL) was stirred for 15 h at
room temperature. After the solvent was evaporated in vacuo, the re-
maining solid was washed with pentane (2x2 mL; 0°C) and dried; yield
41mg (95%); m.p. 41°C (decomp); IR (KBr): #=1582, 1516 cm™’
(CO,eae); 'HNMR (C(D, 400 MHz): 6=8.04, 7.67 (both m, 8H, ortho-H
of C¢Hs), 7.29 (m, 6 H, meta- and para-H of CsHs), 6.96 (m, 2H, para-H
of C4Hs), 6.87 (m, 4H, meta-H of C,H;), 4.87 (s, 2H, CH of acac), 1.86,
1.44 (both s, 12H, CH; of acac), 1.24 (m, 6H, PCH,), 0.63 ppm (m, 9H,
PCH,CH,); "C NMR (C,D,, 100.6 MHz): 6 =186.5, 184.0 (both s, CO of
acac), 159.2 (ddd, J(Rh,C)=38.7, J(Rh',C)=29.5, J(P,C)=11.2 Hz, CPh,),
148.5, 145.2 (both s, ipso-C of C4Hs), 130.0, 129.9, 127.4, 126.7, 125.8,
125.5 (all s, C¢Hs), 98.8 (s, CH of acac), 27.9, 26.9 (both s, CH; of acac),
18.5 (dd, J(P,C)=21.4, J(Rh,C)=3.1 Hz, PCH,), 8.3 ppm (s, PCH,CHj;);
SPNMR  (CiDs, 1620MHz): 6=173ppm (dd, J(RhP)=2649,
J(RW,P)=4.8 Hz); elemental analysis (%) for C,,H,;O,PRh, (854.6): C
59.03, H 5.78; found: C 59.17, H 6.01.
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[(PMePh,)Rh(u-CPh,),Rh(i*-acac),] (17): A solution of 4 (475mg,
0.48 mmol) in benzene (30 mL) was treated with PMePh, (271 pL,
1.44 mmol) and stirred for 6 h at room temperature. The solvent was
evaporated in vacuo, the remaining residue was suspended in hexane
(20 mL), and the suspension was subjected to chromatography on Al,O;
(neutral, activity grade V, height of column 10 cm). With hexane a color-
less fraction was eluted which was withdrawn. Subsequently, with hexane/
diethyl ether (5/1) a brownish-green fraction was eluted, which was con-
centrated in vacuo to about 20 mL. After the solution was stored for 15 h
at —60°C, a brownish green solid precipitated, which was washed with
hexane (2x5mL, 0°C) and dried; yield 387 mg (86%); m.p. 79°C
(decomp); IR (KBr): #=1587, 1577, 1516 cm™' (CO,,c); 'H NMR (C,Dj,
400 MHz): 6=7.90, 7.54, 7.28, 7.13, 7.02, 6.93, 6.81 (all m, 30H, CHs),
4.87 (s, 2H, CH of acac), 1.85, 1.43 (both s, 12H, CH; of acac), 1.32 ppm
(dd, J(PH)=73, J(RhH)=1.8Hz, 3H, PCH;); “CNMR (C(Ds,
100.6 MHz): 6 =186.6, 184.2 (both s, CO of acac), 160.6 (m, CPh,), 148.0,
145.1 (both s, ipso-C of CC¢Hs), 136.5 (dd, J(P,C)=38.1, J(Rh,C)=
3.8 Hz, ipso-C of PCHs), 132.8 (d, J(P,C)=13.3 Hz, ortho- or meta-C of
PCH;), 1324 (d, J(P,C)=11.4 Hz, ortho- or meta-C of PC¢Hs), 129.7,
129.6, 127.7, 127.6, 126.8, 126.0, 125.7 (all s, para-C of PC,H;s and ortho-,
meta- and para-C of CC¢Hs), 98.8 (s, CH of acac), 27.8, 26.9 (both s, CH;
of acac), 14.4 ppm (dd, J(P,C)=25.8, J(Rh,C)=2.9 Hz, PCH;); *'P NMR
(C¢Dg, 162.0 MHz): 6=16.5 ppm (dd, J(Rh,P)=281.4, J(Rh',P)=5.1 Hz);
elemental analysis (%) for C,H,,O,PRh, (936.7): caled: C 62.83, H 5.06;
found: C 62.45, H 5.08.

[(PnBus) Rh(u-CPh,),Rh(x*-acac),] (18): This compound was prepared as
described for 16, method A, starting from 4 (146 mg, 0.15 mmol) and
PnBu; (73 pL, 0.30 mmol) in benzene (10 mL). Brown solid; yield 127 mg
(91%); m.p. 85°C (decomp); 'HNMR (C¢D;, 200 MHz): 6=8.10, 7.68
(both m, 8H, ortho-H of C.Hs), 7.33, 6.88, (m, 12H, C¢Hs), 4.88 (s, 2H,
CH of acac), 1.88, 1.44 (both s, 12H, CHj; of acac), 1.33-1.20 (m, 18H,
CH, of PnBus;), 0.81 ppm (m, 9H, CH; of PnBus); C NMR (CD,Cl,,
100.6 MHz, 253 K): 6=185.8, 183.5 (both s, CO of acac), 156.7 (m,
CPh,), 146.6, 144.1 (both s, ipso-C of C¢Hs), 128.8, 128.7, 127.4, 127.0,
126.1, 125.1 (all s, C4Hs), 97.9 (s, CH of acac), 27.4, 26.2 (both s, CH; of
acac), 25.1 (dd, J(PC)=21.0Hz, J(Rh,C)=19Hz, PCH,), 242 (d,
J(P,C)=2.8 Hz, CH, of PnBu;), 23.5 (d, J(P,C)=3.8 Hz, CH, of PnBu,),
13.4 ppm (s, CH; of PnBu,); *'P NMR (C,Ds, 81.0 MHz): 6=10.4 ppm
(dd, J(Rh,P)=269.5, J(Rh',P)=5.1Hz); elemental analysis (%) for
C,sHg O,PRh, (938.8): caled: C 61.41, H 6.55; found: C 61.04, H 6.13.
[ha(KI-OZCCFs)(KZ-acac)(M-Cth)z(u-PMe3)] 19): A solution of 6
(70 mg, 0.09 mmol) in benzene (5 mL) was treated with CF;CO,H (7 pL,
0.09 mmol) and stirred for 4 h at room temperature. The solvent was
evaporated in vacuo, the remaining red-brown solid was washed with
pentane (2x2mL; 0°C) and dried; yield 70 mg (98%); m.p. 77°C
(decomp); IR (KBr): #=1654 (OCO,,), 1582, 1521 cm™' (CO,e);
"H NMR (C¢D, 400 MHz): 6 =8.06, 7.30 (both m, 8H, ortho-H of C¢Hs),
7.05 (m, 4H, meta-H of C¢Hs), 6.90 (m, 2H, para-H of C¢Hs), 6.62 (m,
6H, meta-H and para-H of CHs), 5.44 (s, 1H, CH of acac), 1.86 (s, 6H,
CH, of acac), 0.76 ppm (d, J(P,H)=11.2 Hz, 9H, PMe,); *C NMR (C¢D,
100.6 MHz): 6=189.3 (s, CO of acac), 1754 (ddd, J(Rh,C)=31.5 Hz,
J(RNW,C)=21.5Hz, J(P,C)=3.8Hz, CPh,), 154.3 (s, ipso-C of CgHy),
128.1, 127.5, 127.1, 126.1, 124.9, 124.1 (all s, C¢Hs), 118.0 (q, J(FC)=
288.9 Hz, CF;), 101.2 (s, CH of acac), 28.1 (s, CHj; of acac), 20.9 ppm (d,
J(P,C)=41.0 Hz, PMe;,), signal of CO,CF; not exactly located; YF NMR
(C¢Ds, 188.3 MHz): 0=—73.6 ppm (5); *'P NMR (C¢Ds, 162.0 MHz): 6 =
—239 ppm (dd, J(Rh,P)=155.9, J(RW,P)=69.8 Hz); elemental analysis
(%) for C3H;F;0,PRh, (826.5): caled: C 52.32, H 4.39; found: C 52.71,
H 4.60.

[Rh,(*-0,CCH;)(x*-acac)(u-CPh,),(n-PMe;)] (20): A solution of 6
(62 mg (0.08 mmol) in toluene (10 mL) was treated at —78°C with acetic
acid (4 puL, 0.08 mmol) and, after its warming to room temperature, stir-
red for 2 h. The solvent was removed in vacuo to give a light brown
solid. The 'H and *'P NMR spectra of the solid revealed that apart from
compound 20 (ca. 80 %) both the starting material 6 (ca. 10%) and the
bis(acetate) complex 22 (ca. 10%) were present. Since attempts to sepa-
rate 20 from the by-products failed, the main component was character-
ized spectroscopically. Data for 20: IR (KBr): #=1582, 1518 cm™
(CO,eee); 'HNMR (C,Dg, 200 MHz): 6 =8.12, 7.45 (both m, 8H, ortho-H
of C¢Hs), 7.00, 6.70 (both m, 12H, meta- and para-H of C4Hjs), 5.49 (s,
1H, CH of acac), 2.24 (s, 3H, CO,CH;), 1.93 (s, 6H, CH; of acac),
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1.00 ppm (d, J(PH)=11.0 Hz, 9H, PMe;); *'P NMR (C,Ds, 81.0 MHz):
0=—43.6 ppm (dd, J(Rh,P)=117.0, J(Rh',P) =106.8 Hz).
[Rh,(i*-0,CCF;),(u-CPhy),(u-PMe;)] (21): A solution of 6 (123 mg,
0.15 mmol) in diethyl ether (5 mL) was treated with CF;CO,H (232 pL,
3.03 mmol) and stirred for 1h at room temperature. The solvent was
evaporated in vacuo to give a brownish yellow solid. The NMR spectra
showed that apart from compound 21 some by-products (ca. 10%) were
formed, which due the excellent solubility of all components in common
organic solvents, could not be separated. Data for 21: IR (KBr): 7=1657
v(OCOy,,), 1443 cm™' (OCO,ym); 'HNMR (C¢Dg, 200 MHz): 6=7.76,
7.25 (both m, 8H, ortho-H of C¢Hs), 6.80, 6.53 (both m, 12H, meta- and
para-H of C¢Hs), 0.64 ppm (d, J(PH)=11.3 Hz, 9H, PMe;); *C NMR
(CD,Cl,, 100.6 MHz, 253 K): 6=166.5 (m, CPh,), 152.3, 150.5 (both s,
ipso-C of C¢Hs), 129.8, 128.7, 128.1, 127.6, 122.8, 122.4 (both s, CHj),
116.0 (q, J(F,C)=287.0 Hz, CF;), 20.1 ppm (d, J(P,C)=40.0 Hz, PMe;),
signal of CO,CF; could not be exactly located; '"FNMR (CD,Cl,,
188.3 MHz, 253 K): 6=-74.5 ppm (s); *'P NMR (C¢D,, 81.0 MHz): 6=
—16.0 ppm (t, J(Rh,P) =110.6 Hz).

[Rh,(*>-0,CCH;),(u-CPh,),(u-PMe;)] (22): A solution of 6 (67 mg,
0.08 mmol) in benzene (10 mL) was treated with an excess of acetic acid
(300 pL, 5.25 mmol) and stirred for 2 h at room temperature. The solvent
was evaporated in vacuo, and the remaining brown solid was washed
with diethyl ether (2x3 mL) and dried; yield 57 mg (94%); m.p. 91°C
(decomp); IR (KBr): #=1449cm™' (OCO,,); 'HNMR (CiD,
400 MHz): 0=8.28, 7.46 (both m, 8H, ortho-H of CiHs), 7.07 (m, 4H,
meta-H of C¢Hs), 6.84 (m, 2H, para-H of C¢Hs), 6.67 (m, 4H, meta-H of
C¢Hs), 6.59 (m, 2H, para-H of C;Hs), 2.17 (s, 6H, CO,CHj;), 0.91 ppm (d,
J(PH)=10.9 Hz, 9H, PCH;); *C NMR (C,D;, 100.6 MHz): 6=187.2 (s,
CO,CH,), 182.7 (dt, J(Rh,C)=25.0 Hz, J(P,C)=4.3 Hz, CPh,), 155.8 (d,
J(P,C)=4.1 Hz, ipso-C of C¢Hs), 155.4 (s, ipso-C of C¢Hs), 128.1, 127.5,
126.7, 126.1, 124.4, 124.1 (all s, C¢Hs), 23.5 (s, CO,CH;), 22.6 ppm (d,
J(P,C)=39.7 Hz, PCH;); *P NMR (C;Dj, 162.0 MHz): 6 =—45.9 ppm (t,
J(Rh,P)=115.0 Hz); elemental analysis (%) for Cs;HsO,PRh, (732.4):
caled: C 54.12, H 4.82; found: C 53.90, H 4.59.

[Rh,(x'-OPh) (*-acac) (u-CPh,),(u-PMe;)] (23): A solution of 6 (80 mg,
0.10 mmol) in benzene (10 mL) was treated with phenol (93 mg,
0.98 mmol) and stirred for three days at room temperature. The solvent
and excess phenol were removed in vacuo, and the remaining brown
solid was washed with pentane (3x5 mL) and dried; yield 76 mg (96 %);
m.p. 55°C (decomp); IR (KBr): #=1580, 1519 cm™ (CO,.); 'H NMR
(CsDg, 400 MHz): 6=8.30, 7.21 (both m, 8H, ortho-H of C¢Hs), 7.09,
6.96, 6.60 (all m, 17H, C4Hs), 5.42 (s, 1H, CH of acac), 1.88 (s, 6H, CHj;
of acac), 0.73 ppm (d, J(PH)=10.8 Hz, 9H, PMe;); "CNMR (C,D,,
100.6 MHz): 0=189.0 (s, CO of acac), 170.7 (ddd, J(Rh,C)=29.6 Hz,
J(RN',C)=21.0 Hz, J(P,C)=3.8 Hz, CPh,), 154.7 (d, J(P,C)=2.9 Hz, ipso-
C of C¢Hs), 154.6 (s, ipso-C of C4Hs), 131.8, 129.8, 128.3, 127.9, 127.2,
126.8, 125.8, 125.5, 125.4 (all s, C¢Hs), 100.9 (s, CH of acac), 23.2 (s, CH;
of acac), 22.0 ppm (d, J(P,C)=40.7 Hz, PMe;); signal of ipso-C carbon
atom of OC¢Hs could not be exactly located; P NMR (CeDs,
162.0 MHz): 6 =—26.2 ppm (dd, J(Rh,P) =162.4, J(Rh',P) =61.0 Hz); ele-
mental analysis (%) for C,H, O;PRh, (806.6): caled: C 59.57, H 5.12;
found: C 58.98, H 5.24.

X-ray structure determinations of compounds 5 and 6: Single crystals of
5 and 6 were grown from acetone at 5°C (5) or at room temperature (6).
Crystal data collection parameters for the two structures are presented in
Table 1. Intensity data were corrected for Lorentzian and polarization ef-
fects, and a semiempirical absorption correction was applied. The struc-
tures were solved by direct methods with SHELXS-97.1""! Atomic coordi-
nates and anisotropic thermal parameters of the non-hydrogen atoms
were refined by the full-matrix least-squares method on F* with
SHELXL-97."! The positions of all hydrogen atoms were calculated ac-
cording to ideal geometry (d(C—H)=0.95 A) and refined by using the
riding method; they were used only in calculating structure factors."!
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Table 1. Crystal structure data of compounds 5 and 6.

5 6
formula Cy3H;3CIO,PRh, CyH,;;0,PRh,
molecular mass 748.87 812.52
crystal size 0.3x0.2x0.2 0.4%x0.4x0.4
crystal system monoclinic monoclinic

space group C2/c (no. 15) P2,/c (no. 14)

a[A] 33.925(7) 10.436(2)

b[A] 10.279(2) 21.5125(10)

c[A] 18.109(4) 16.678(4)

AN 98.15(3) 107.843(10)

VA7 6251(2) 3564.2(11)

V4 8 4

Ocaled [gem ™) 1.591 1.514

diffractometer Stoe IPDS Enraf Nonius
CAD4

radiation Moy, Moy, (0.71073 A)

(0.71073 A)

T [K] 173(2) 193(2)

u [mm™] 1.222 1.010

scan method @ scans /6 scans

26(max) [°] 50.00 53.92

total reflections 12940 9426

unique reflections 5450 7753

observed reflections [/>20()] 3183 6642

R, 0.0354 0.0291

WR, 0.0575 0.0662

GOF 0.780 1.072

reflection/parameter ratio 14.93 18.37

residual electron densi- +0.537/— 1.091 +0.355/-0.856

ty[eA7]
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Biologically Active Compounds through Catalysis: Efficient Synthesis of
N-(Heteroarylcarbonyl)-N'-(arylalkyl)piperazines

Kamal Kumar,™ Dirk Michalik,'* Ivette Garcia Castro,””’ Annegret Tillack,'!
Alexander Zapf,"”! Michael Arlt,™ Timo Heinrich,"” Henning Bottcher,™ and

Matthias Beller*!?!

Abstract: A practical route for the syn-
thesis of new biologically active 5-
HT, 4 receptor antagonists has been de-
veloped. In only three catalytic steps,
this class of central nervous system
(CNS) active compounds can be syn-

base-catalyzed hydroamination reac-
tions of styrenes with benzylated piper-
azine proceeded in high yield even at
room temperature. After catalytic de-
benzylation, the free amines were suc-
cessfully carbonylated with different ar-

omatic and heteroaromatic halides and
carbon monoxide to yield the desired
compounds in good to excellent yields.
The two key reactions, base-catalyzed
hydroamination of styrenes and palla-
dium-catalyzed aminocarbonylation of

thesized efficiently with high diversity.
As the initial step, an anti-Markovni-
kov addition of amines to styrenes pro-

. . carbonylation
vides an easy route to N-(arylalkyl)pi- catalysis
perazines, which constitute the core ]

palladium

structure of the active molecules. Here,

Introduction

The synthesis of new biologically active molecules is an im-
portant element in the development of innovative drugs for
human and animal disorders. In general, drug development
is dominated by the use of stoichiometric organic transfor-
mations. Although catalytic reactions, such as palladium-cat-
alyzed coupling reactions,!! have in recent years been re-
ceiving increasing attention from medicinal chemists, cataly-
sis is still somewhat underrated with regard to drug develop-
ment. This is rather surprising when one considers the over-
all importance of catalysis in chemistry; over 90% of all
chemicals produced worldwide are made with the aid of cat-
alysis. The reasons for the lesser use of catalytic technolo-
gies in drug development are various. Clearly, the commer-
cial availability of catalysts and ligands, which is often not
guaranteed for new catalysts or novel reactions, plays an im-
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hydroamination

haloarenes/heterocycles, showed toler-
ance towards various functional groups,
thereby demonstrating the potential to
synthesize a wide variety of new deriv-
atives of this promising class of phar-
maceuticals.

homogeneous

portant role.?! Catalytic reactions are also often significantly
influenced by small variations in reaction conditions or the
substrate structure, thus making it difficult for pharmaceuti-
cal chemists to use such reactions in a general manner. Opti-
mization of catalytic systems is most commonly carried out
on comparably simple model systems, so the results ob-
tained are often difficult to apply for more complicated lead
structures, often bearing a variety of functional groups. Im-
portantly, medicinal chemists also try to avoid the use of air-
and water-sensitive organometallic complexes. Nevertheless,
catalysis offers a number of possibilities for improved drug
development. Catalytic routes to a desired active compound
are often shorter in terms of reaction steps, providing the
product in a faster and more economic manner. More im-
portantly, catalytic reactions offer unusual modifications of
given lead structures, thereby allowing the synthesis of po-
tential drugs not easily accessed by stoichiometric organic
transformations. In addition, a short catalytic route might be
more easily scaled up than a longer traditional route if
larger scale production of a certain molecule is required.

To explore the opportunities of homogeneous catalysis for
drug development, we started a program on the synthesis of
potentially active amphetamine analogues using catalysis as
a tool box. As an interesting target we envisioned the sero-
tonin (5-HT)-receptor subtype 2A, for which phenethylpi-
perazines (Figure 1) can be strong ligands.""! Different deriv-
atives of this class of compounds are suitable for the treat-

DOI: 10.1002/chem.200305327 Chem. Eur. J. 2004, 10, 746 -757
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Figure 1. Target molecules and possible variations.
ment of a wide variety of dis- PG (\N/PG
i 1ZO- R’ N
eases,'such as ps'ychosm, SChlZ'O N " Base, THF N NJ
phrenia, depression, neural dis- K — /l P &
. R
orders, memory disorders, Par- . N R 3
kinson’s disease, amyotrophic 2 i) Deprotection
lateral sclerosis, Alzheimer’s R =H,F,CF3,0Me,Cl,Br

1
. . . R'=H,M
disease, Huntington’s disease, e

eating disorders such as nervous
bulimia and anorexia, premen-
strual syndromes, and for posi-
tive influencing of compulsive
behavior (obsessive-compulsive
disorder, OCD).1¥

In general, the synthesis of 5-
HT,, receptor antagonist mole-
cules as shown in Figure 1 and
similar molecules involves more than five reaction steps and
the use of rather expensive raw materials.>* Overall yields
of the desired products are in the range of <30-50%.
Clearly, derivatives of this class of molecules can be easily
synthesized if the corresponding (arylethyl)piperazines and
(hetero)arylcarboxylic acids are available. Unfortunately,
the known routes for the synthesis of (arylethyl)piperazines
involve several reaction steps”® and only a few of the desired
carboxylic acids of the heterocycles are commercially availa-
ble and so have to be synthesized by longer reaction sequen-
ces.

In the past, pharmacologically interesting N-(2-arylethyl)-
piperazines!”) were synthesized by treatment either of N-
benzylpiperazines with f-haloethylbenzenes or of substitut-
ed phenethylamines with N,N-bis(B-chloroethyl)amines.!®!
Thus, the described syntheses started with halogenated sub-
strates, producing a considerable amount of salt by-products.
Also, from a pharmacological point of view, the known syn-
theses have some limitations for variation of the overall
structures of these molecules. For example, the diversity of
heterocycles in the core structure is limited to commercially
available carboxylic acids. In addition, variations of the eth-
ylene spacer unit are not easily achieved.

We imagined a shorter and more flexible approach to 5-
HT,, receptor antagonists based on our expertise in amina-
tion reactions of olefins® and carbonylation of aryl halide
derivatives,"”! as shown in Scheme 1. We recently reported
on the base-catalyzed hydroamination (BCH) of aryl olefins

CNS active
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ii) Pd Catalyst,
CO, base, R%X

/\l\ N
AR = R!

R Target molecules

Scheme 1. Catalytic route to biologically active amphetamine analogues.

as a new synthetic route to amphetamines.'!! The presence
of the N-(2-arylalkyl)piperazine unit as a core part of 5-
HT,, receptor antagonists encouraged us to exploit the
BCH of substituted styrenes as a first step towards the
target molecules. The anti-Markovnikov addition of mono-
protected piperazine would provide the core structure for
these molecules in one step. Subsequent deprotection and
palladium-catalyzed carbonylation of the free amines with
different aryl or heteroaryl halides should give the desired
products in a short and efficient synthetic route (Scheme 1).

Results and Discussion

The first reaction step in the planned sequence is a catalytic
hydroamination™? of substituted styrenes with a monopro-
tected piperazine derivative. This reaction is 100% atom-
economic and much more elegant than the sometimes trou-
blesome nucleophilic substitution of B-(haloethyl)benzenes.
While base-catalyzed hydroamination of aliphatic olefins did
not proceed to any significant extent, the activating aryl sub-
stituent makes styrenes more suitable substrates for this re-
action.'¥ Pre-catalysts used for this reaction include metallic
sodium, CsOH, and alkali metal amides, which can be
formed in situ from nBuLi, Na,Np, or KOsBu. In general,
primary and secondary amines add to styrene to form the
corresponding secondary and tertiary amine products at
temperatures >100°C.
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Initially we attempted the reaction between styrene and
mono-N-tert-butoxycarbonyl-protected (Boc-protected) pi-
perazine (2a), due to the easy cleavage of the Boc group af-
terwards. In the presence of catalytic amounts of nBuli,
however, only low yields (<5%) of N-Boc-N'-2-phenethyl-
piperazine were obtained. As shown in Scheme 2, the use of

H (\N
N NaH (25 mol$%), THF
AN ’
-0 AN
¥
R ,}, 120°C, 45 h P
Boc

R 3

1 2a R = H, Yield 22%

Scheme 2. Base-catalyzed hydroamination of aryl olefins with N-Boc-pi-
perazine.

NaH as pre-catalyst gave a better yield of 3 (22%). How-
ever, no further improvement in the product yield could be
obtained with styrene or substituted styrenes such as 4-
chloro- and 3-(trifluoromethyl)styrene, despite significant
variations in the reaction conditions (temperature: room
temperature up to 120°C; catalyst: 5-20 mol%; amine/
olefin ratio 2:1 to 1:2).

To avoid side reactions of the Boc protecting group,
which is not stable under the basic conditions at high tem-
perature, we used N-benzylpiperazine for the hydroamina-
tion reaction. Here, use of a catalytic amount (0.1 equiv) of
nBuLi in THF was effective, yielding N-benzyl-N'-phene-
thylpiperazine (4a) in 94 % yield (Table 1, entry 1). In addi-
tion, different substituted styrenes with electron-donating
and -withdrawing functionalities—such as 3- and 4-chloro-
styrene, 3- and 4-methylstyrene, 4-methoxystyrene, 2- and 3-

Table 1. Base-catalyzed hydroamination of aryl olefins at high tempera-
ture.

g oy

@/\ . [ j nBulLi, THF, 24h | X NJ
P

R ! 2
la-j 2 4a-j
Entry R Olefin/ nBuLi T Conv.["! Product
amine  [mol%]| [°C] [%] (Yield™ [%])

1 H 1:1 10 120 94 4a (94)
2 4-Cl 1:1 10 65 92 4b (38)

3 4-Cl 1:1 20 120 92 4b (65)
4l 4-Me 1:1 10 65 91 4c (75)

5 4-Me 1:1 20 120 98 4c (95)
649 4-OMe 1:1 10 65 98 4d (71)

7 4-OMe 1:1 20 120 96 4d (92)
gldl 4-F 1:1 10 65 28 4e (15)
9lel 4-F 1:1 20 70 50 4e (11)
10 4-F 1:3 20 120 66 de (57)
11 3-Cl 1.5:1 10 120 96 4£(88)
12 3-Me 1:1 10 65 91 4g(75)
134 3-Br 1:1 10 65 89 4h (40)
14 3-CF, 1:1 10 120 80 4i (60)
154 2-Br 1:1 10 65 90 4j (30)

[a] Reaction conditions: 2 (2.2 mmol), olefin in THF (5 mL) in a pressure
tube. [b] Determined by GC with hexadecane as internal standard (based
on 2). [c] Yield of isolated product. [d] Automated parallel synthesis.
[e] 48 h.
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bromostyrene, and 3-(trifluoromethyl)styrene—were suc-
cessfully hydroaminated to the substituted N-benzyl-N'-(2-
arylethyl)piperazines (4a—j) (Table 1, entries 1-15).

Typically we applied 0.1 equivalents of base pre-catalyst
at 65-120°C, although in some cases better yields of the de-
sired products were obtained in the presence of 0.2 equiva-
lents of base.

To speed up synthesis, we considered automation a prom-
ising approach. Automated and parallel synthesis and
screenings of reaction parameters have become valuable
methods in drug development.'*!¥! Sample preparation (ad-
dition of reactant stock solutions), reaction processing (heat-
ing, mixing), and workup (cooling, dilution, analysis) steps
were performed in an ACT-Vantage system. We used 12-
and 48-well reactors and several modules providing the
liquid handling. In these reactions a GC/MS system was
used for analysis of the products. Both the automated and
the manual synthesis of the N-(2-arylethyl)piperazines (4)
gave similar yields.

With the exceptions of 2- and 3-bromostyrene and 4-fluo-
rostyrene (Table 1, entries 8-10, 13, 15), all other starting
materials gave the corresponding products in sufficient to
very good yields (60-95%). In some cases a difference be-
tween the degree of conversion and the isolated product
yield was observed. Here, base-catalyzed oligomerization
and polymerization of the olefin had mainly occurred. Be-
cause of its expected pharmacological properties, we were
especially interested in the corresponding N-(4-fluorophene-
thyl)piperazine (4e), and so we studied this reaction in
more detail. Increasing the amount of nBuLi to 0.2 equiv
could not enhance the yield of this product (Table 1,
entry 9). However, when the amine was used in excess
(olefin to amine in 1:3 ratio), 4e was obtained in 57 % yield
(Table 1, entry 10). Surprisingly, even better yields of 4de
(87 %) were observed when the reaction was performed in
the presence of 0.2 equiv of base pre-catalyst at room tem-
perature (Table 2, entry 5). This is one of the few examples
of efficient olefin hydroamination at room temperature.'®)
Because of the success of the lower reaction temperature we
performed a number of further experiments at room tem-
perature. As demonstrated in Table 2, in most cases similar
or even better yields were achieved.

In addition to the reactions shown in Table 2, 1,2-dihydro-
naphthalene (5) and allylbenzene (7) were also successfully
hydroaminated with N-benzylpiperazine and the use of
0.2 equivalents of pre-catalyst in THF solution at room tem-
perature. Previous studies had revealed that it is possible to
isomerize allylbenzene to give f-methylstyrene under the re-
action conditions required for base-catalyzed hydroamina-
tion.'” The reaction therefore generates branched ampheta-
mine derivatives, which considerably broadens the structural
diversity of our synthetic route. Here, hydroamination of al-
lylbenzene proceeded regioselectively (>99%) to yield N-
benzyl-N'-(2-phenylpropyl)piperazine (8) in good yield
(88 %; Scheme 3).

The next step in our reaction sequence was the deprotec-
tion of the N-benzyl-N'-(2-arylethyl)piperazines. Debenzyla-
tion was performed with 10 mol% of Pearlman’s catalyst
(Pd(OH),, 20 wt % on carbon) under hydrogen atmosphere
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Table 2. Base-catalyzed hydroamination reactions of aryl olefins at room
temperature. !

: 9
O/\+ [ j nBuLi (20 mol%) | N N\)
R/ “ N THF, 24h, RT R/ _
Bn
la-1 2 4a-1
Entry R Olefin/ Conv."! Product
amine [%] (Yield[%])
1 H 2:1 82 4a (80)
2 4-Cl 2:1 99 4b (60)
3 4-Me 2:1 99 4¢ (96)
4 4-OMe 2:1 100 4d (99)
5 4-F 2:1 98 4e (87)
6 3-Cl 2:1 94 41 (85)
7 3-Me 2:1 80 4.¢g (47)
8 3-Br 2:1 90 4h (41)
9 3-CF, 211 78 4i (69)
10 2-Br 11 88 4j (59)
11 ta 2:1 9% 4k (94)
12 4-Ph 211 98 41 (98)

[a] Reaction conditions: 2 (2.2 mmol), olefin in THF (5 mL) in a pressure
tube. [b] Determined by GC with hexadecane as internal standard (based
on 2). [c] Yield of isolated product. [d] 2-Vinylnaphthalene was used.

N/Bn
H
N nBuli (20 mol%) N\)
* [ j THF, 48 h
i
5 Bn 6
2 Yield 77%
H K\N/Bn
= .
nBuli (20 mol%)
. () N
N THF, 24 h
|
B
7 b 8
Yield 88%

o

Scheme 3. Base-catalyzed hydroamination of 1,2-dihydronaphthalene and
base-catalyzed isomerization/hydroamination of allylbenzene at room
temperature.

Table 3. Debenzylation of N-benzyl-N'-(2-arylethyl)piperazines.

~Bn

in the presence of 10mol% Et;N at 40°C."! On small
scales (2-4 mmol), deprotection proceeded with excellent
yields (>99%) under 1bar of hydrogen in 7 h. On larger
scales (>9 mmol; Table 3, entry 5), however, reactions had
to be run for 15h under 10 bar of H, to obtain complete
cleavage of the benzyl group. After filtration of the reaction
mixture over celite and evaporation of the solvent the ana-
lytically pure free amines were obtained (9a—f, Table 3).

Next, we studied the aminocarbonylation of aromatic hal-
ides with N-benzylpiperazine as a model system closely re-
sembling 9. On the basis of our recently reported alkoxycar-
bonylation of N-heteroaryl chlorides!™ we used 1 mol % of
Pd(PhCN),Cl, in the presence of 3 mol % 1,1’-bis(diphenyl-
phosphino)ferrocene (dppf) as catalyst system. 2-Bromo-
naphthalene and various haloheteroarenes were carbonylat-
ed in excellent yields at 10-25 bar of CO pressure in toluene
at 130°C (Table 4). When the CO pressure was reduced,
some quantities of directly aminated products were ob-
served in the reaction mixture.

Chloropyridines (Table 4, entries 2 and 3) and 1-chloroiso-
quinoline (Table 4, entry 4) yielded exclusively the amino-
carbonylated  product. 2,5-Dichloropyridine  (Table 4,
entry 3) reacted with N-benzylpiperazine selectively at the
2-position. Interestingly, 5-bromoindole (Table 4, entry 6)
gave the corresponding 5-piperazinylcarbonylindole in
>99% vyield. To the best of our knowledge, this is one of the
rare examples of a palladium-catalyzed coupling reaction in-
volving unprotected haloindoles. Clearly, this is an efficient
route to this class of molecules, which otherwise need pro-
tection and deprotection steps for their synthesis. It is inter-
esting to note that compounds 10a—f, apart from being
models for 5-HT,, receptor antagonists, are also interesting
building blocks for other drugs containing piperazinyl moiet-
ies.

Finally, we performed the carbonylation of different halo-
pyridines, halo(iso)quinolines, and haloindoles with N-(2-ar-
ylethyl)piperazines 9. Because of the biological activity ex-
pected of the products, most of the reactions were per-
formed with N-[2-(4-fluorophenyl)ethyl]piperazine and N-
(2-phenethyl)piperazine. Selected experiments are shown in
Table 5.

All tested heteroaryl halides and 4-(trifluoromethyl)bro-
mobenzene gave the desired product in practical, often very

Pearlman ~H
(\N/\© cat. (10 mol%) (\N
Hy;, 40°C \)
A , A
3 EtsN (10 mol%), 2
P AT~ R ’ EtOH b = R
R R
4a,c-a&8 9a-f
Entry R! R? Time [h] Conv. [%] Product (yield® [%])
10! H H 7.0 100 9a (95)
20! 3-Me H 7.0 100 9b (>99)
400] 4-Me H 7.0 100 9¢ (>99)
5lel 4-OMe H 15.0 100 9d (98)
6l 4-F H 7.0 100 9e (95)
7! H Me 6.5 100 91 (86)

[a] Yield of isolated product. [b] 1.0-3.0 mmol scale reactions, 2-4 bar H,. [c] 9.0 mmol scale reaction, 10 bar H,.
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Table 4. Aminocarbonylation of (hetero)aromatic halides with N-benzylpiperazine.

[Pd (PhCN) ,C1,]

1|3n
N
dppf, Et3N
(Hetero)aryl-X + PP 3
CO, 130°C, toluene
N
H

2
X = Cl, Br
(Hetero)aryl = naphthyl,pyridine,
(iso)quinoline, indole

yields. The developed strategy
is an interesting alternative to
previous routes to this class of
compounds and can be used to
synthesize new active agents,
which may otherwise be diffi-
cult to access. As the first reac-
tion step, base-catalyzed hydro-

®
A

0] (Hetero)aryl

10a-f

Entr Hetero)Aryl-X Time ar
y Aryl i h pCO [b

Conv."! [%]

amination of styrenes with N-
Product (yield® [%])

20 10

!
AN
o

7z
N

C

20 25

X

20 10

| =
N

Br
Cl
1
Cl
AN
4 ~N
Cl
Cl
5 AN
=
F3C N
Br
A\
6
N
H

20 25

20 25

20 25

100

100

100

100

100

100

benzylpiperazine provides the
core structure of the desired
compounds. Interestingly, hy-
droamination proceeds smooth-
ly even at room temperature,
thus minimizing side reactions
of reactive substituents. Subse-
quent removal of the benzyl
group and palladium-catalyzed
aminocarbonylation of different
haloarenes with the free (arylal-
kyl)piperazines gives the de-
sired target molecules in good
overall yields.

10a (96)

10b (99)

10¢ (95)

10d (99)

10e (85) Experimental Section

General: Starting materials were used
as received from commercial suppliers.
THF was dried over sodium. Toluene
(over molecular sieves) was used as re-
ceived from Fluka. Hydroamination

10£ (>99)

[a] Reaction conditions: (Hetero)aryl-X (1.2 equiv), N-benzylpiperazine (2-3 mmol), Et;N (1.2 equiv),
[PA(PhCN),Cl,] (1 mol %), dppf (3 mol%), toluene (10 mL), 130°C in an autoclave (25 mL). [b] Determined

by GC with hexadecane as internal standard.

good, yields. However, in contrast to the model system we
observed competitive amination of the heteroaryl halide in
some carbonylation reactions (especially of 1-chloroisoqui-
noline). As in the model system, 4-bromo- and 5-bromoin-
dole reacted well with amines to yield the carbonylated ad-
ducts exclusively, with no amination products observed. In
general, N-(2-arylalkyl)piperazines with an ethylene bridge
reacted with higher yields than the corresponding deriva-
tives with a propylene bridge.

It is important to note that a significant number of the
synthesized compounds showed strong binding to the 5-
HT,, receptor. In particular, 11g and 11h (Table 5; en-
tries 7, 8) proved to be very potent ligands. In binding ex-
periments, 11g showed a sub-nanomolar and 11h a single-
digit nanomolar affinity, respectively.”"!

Conclusion

A short and practical route to biologically interesting am-
phetamine analogues has been developed with catalysis as a
tool box. In three catalytic steps, different 5-HT,, receptor
antagonists have been synthesized in good to excellent

750 ——
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reactions were performed in threaded
ACE pressure tubes, and in a parallel
ACT-Vantage synthesizer, with 12-
and 48-well ARES reactors, respec-
tively. For aminocarbonylation reac-
tions, two types of autoclaves—
160 mL (with magnetic stirring) and 25 mL (with electromechanical stir-
ring)—were used.

NMR spectra were recorded on a Bruker ARX 400 instrument. Chemical
shifts (0) are given in ppm and were referenced to residual solvent
(CDCl,) as internal standard in the case of '*C NMR spectra and to tetra-
methylsilane as external standard in the case of '"H NMR spectra. EI
mass spectra were recorded on an AMD 402 spectrometer (70 eV, AMD
Intectra GmbH) and high-resolution mass spectra were recorded on an
AMD 402/3 spectrometer (70 eV, AMD Intectra GmbH). IR spectra
were recorded on a Nicolet Magna 550. GC was performed on a Hewlett
Packard HP 6890 chromatograph with a 30 m HP5 column.

Melting points are uncorrected, and no attempts were made to crystallize
the molecules, which resist crystallization after purification.

General procedure for NaH-catalyzed hydroamination of styrene with V-
Boc-piperazine: N-Boc-piperazine (413 mg, 2.22 mmol) in THF (4 mL)
was added slowly to a suspension of NaH (60 % in mineral oil, 22.2 mg,
0.55 mmol) in THF (3 mL), in a dry threaded tube. This was followed by
addition of styrene (0.5 mL, 4.44 mmol) and the mixture was stirred at
120°C. After 45 h the reaction mixture was allowed to come to rt. and
quenched with methanol (1 mL). The solvent was removed under
vacuum. The hydroamination product (3) was purified by column chro-
matography with AcOEt/hexane 4:1 as eluent.
N-Boc-N'-(2-phenethyl)piperazine (3): White amorphous solid; R, = 0.50
(AcOEt/hexane 4:1); 'H NMR (400 MHz, CDCl,, 25°C, TMS): ¢
7.36-7.28 (m, 2H; 9-H), 7.27-7.20 (m, 3H; 8-H, 10-H), 3.53 (t, *J(H,H)
= 4.8Hz, 4H; 2-H), 2.85 (m, 2H; 5-H), 2.52 (m, 2H; 6-H), 2.53 (t,
3J(H,H) 48Hz, 4H; 3-H), 1.34 (s, 9H; (Bu) ppm; “C NMR

www.chemeurj.org Chem. Eur. J. 2004, 10, 746-757
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Table 5. Aminocarbonylation of heteroaromatic halides with (arylethyl)piperazines.”!

Rl
X R
NH | N
[Pd (PhCN) 5C1,] Z | P
AN \) dppf, Et3N
| + (Hetero)aryl-Xx — . R? )
A co, 130°c, + R
R toluene N
A I
(e} (Hetero)aryl (Hetero)aryl
lla-k 12
Entry R! R? (Hetero)aryl-X Time [h] pCO [bar] Conv."[%] Product (yield®™[%])
F5C N
1 H Me | _ 24 25 92 11a (67)
N Cl
12a (<5)
F5C N
2 4-Fll H | _ 24 25 100 11b (97)
N c1
X
3 H Me ~N 20 25 100 11c (53)
c1
12¢ (< 10)
X
4 4-Fl H ZN 20 25 100 11d (66)
c1
12d (34)
c1
5 4-F H N 20 25 100 11e (68)
—
FsC N
12e (< 10)
N
N
6 4-Fll H [ /j\ 20 25 100 11 (99)
N Cl
Br
7 4F H ©j\> 2 25 08 11g (83)
N
H
Br
N\
8 4-Fll H 24 25 98 11h (77)
H
Br
9 4-OMe H ©j\> 24 25 85 11i (48)
N
H
10 4-OMe H Br‘@*Clﬁ 20 10 100 115 (99)
X
11 4-Me H ZN 20 25 93 11k (79)
c1 12k (11)

[a] Reaction conditions: N-(2-arylethyl)piperazine (1-3 mmol), (hetero)aryl-X (1.2 equiv), [Pd(PhCN),CL,] (1 mol %), dppf (3 mol %), Et;N (1.2 equiv),
toluene (10 mL), 130°C, autoclave (25 mL). [b] Determined by GC with hexadecane as internal standard. [c] Used as bis(hydrochloride salt), 3.5 equiva-

lents of Et;N were used.

Chem. Eur. J. 2004, 10, 746—-757
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(100 MHz, CDCl;, 25°C): 0 = 154.7 (CO), 139.9 (C-7), 128.6, 128.2,
126.1 (C-10), 80.0 (C(CHs)s), 60.3 (C-5), 52.8 (C-2, C-3), 33.3 (C-6), 28.2
(CCH;) ppm; IR (KBr): 7= 3026, 2977, 2927, 1687, 1415, 1172, 699 cm™';
MS (70 eV, CI): m/z (%): 291 (57) [M+1]*, 290 (2) [M]*, 277 (13), 235
(53), 217 (7) [M—OrBu]*, 199 (100) [M—Bn]™*, 143 (63); HRMS (70 eV,
EI) calcd for C,;H,;,N,0,: 291.20724; found 291.20752.

General procedure for nBuLi-catalyzed hydroamination of styrenes with
N-benzylpiperazine: nBuLi (1.6M in hexane, 10-20 mol %) was added
slowly at room temperature to a THF (5 mL) solution of N-benzylpipera-
zine (391 mg, 2.22 mmol), and the mixture was stirred for 10 min. Styrene
(1-2 equiv to amine) was then added, and the mixture was stirred at ele-
vated temperature (120°C, in a threaded tube; reflux conditions in
ARES reactors). After 24 h the reaction mixture was allowed to come to
rt. and quenched with methanol (1 mL), and the solvent was removed
under vacuum. The hydroaminated products were purified by column
chromatography with ethyl acetate/hexane 4:1 as eluent. A similar proce-
dure was adopted for the BCH reaction at room temperature.
N-Benzyl-N'-(2-phenethyl)piperazine (4a): Colorless oil; R, = 0.45
(AcOEt/hexane 4:1); '"H NMR (400 MHz, CDCl;, 25°C, TMS): 6 =
7.28-7.23 (m, 4H; Ar), 7.22-7.15 (m, 4H; Ar), 7.12 (d, J(HH) =
7.2 Hz, 2H; Ar), 3.45 (s, 2H; 11-H), 2.71 (m, 2H; 5-H), 2.52 (m, 2H;

2 11 13

:T/\N » 14
. 8 6 N\)
7 5

10

6-H), 2.55-2.35 (br, 8H; 2-H, 3-H) ppm; “C NMR (100 MHz, CDCl,,
25°C): 0 = 140.5, 138.3, 129.4, 1289, 128.5, 128.4, 127.2, 126.2, 63.2
(C-11), 60.7 (C-5), 53.4 and 53.3 (C-3, C-2), 33.8 (C-6) ppm; IR (neat):
7= 3026, 2938, 2808, 1602, 1495, 1156, 1133, 1009, 742, 698 cm™'; MS
(70eV, CI): m/z (%): 281 (35) [M+1]*, 280 (7) [M]*, 189 (100)
[M—Bn]*, 91 (17) [Bn]*; HRMS (70eV, EI) caled for CjoHpsN,:
281.20178; found 281.20304.
N-Benzyl-N'-[2-(4-chlorophenyl)ethyl]piperazine (4b): Yellowish oil; R,
= 0.48 (AcOEt/hexane 4:1); 'H NMR (400 MHz, CDCl;, 25°C, TMS): 6
= 7.29-7.21 (m, 5H; Ar), 7.16 (d, *J(H,H) = 8.3 Hz, 2H; Ar), 7.04 (d,
SJ(HH) = 8.3 Hz, 2H; Ar), 3.44 (s, 2H; 11-H), 2.68 (m, 2H; 5-H), 2.48
(m, 2H; 6-H), 2.36-2.55 (br, 8H; 2-H, 3-H) ppm; “C NMR (100 MHz,
CDCl;, 25°C): 139.0, 138.0, 131.9, 130.2, 129.4, 128.6, 128.4, 127.2, 63.2
(C-11), 60.5 (C-5), 53.3 and 53.2 (C-2, C-3), 33.1 (C-6) ppm; IR (neat):
7= 3027, 2808, 2769, 1492, 1133, 1092, 1011, 739, 698 cm™'; MS (70 eV,
EI): m/z (%): 314 (0.5) [M]*, 183 (100), 146 (12), 91 (43) [Bn]*; HRMS
(70 eV, EI) caled for C,yH,,CIN,: 315.16280; found 315.17688.
N-Benzyl-N'-[2-(4-methylphenyl)ethyl]piperazine (4c): Light yellow,
amorphous solid; R, = 0.50 (AcOEt/hexane 4:1); '"H NMR (400 MHz
CDCl, 25°C, TMS): 6 = 7.51-7.44 (m, 4H; Ar), 7.44-7.38 (m, 1H; Ar),
7.30 (br, 4H; Ar), 3.68 (s, 2H; 11-H), 2.92 (m, 2H; 5-H), 2.73 (m, 2H; 6-
H), 2.78-2.59 (br, 8H; 2-H, 3-H) ppm; “C NMR (100 MHz, CDCl,,
25°C): 6 = 138.2, 137.3, 135.4, 129.2, 129.1, 128.6, 128.2, 127.0, 63.1 (C-
11), 60.8 (C-5), 53.2 and 53.1 (C-3, C-2), 33.2 (C-6), 21.0 (CH;) ppm; IR
(neat): 7= 2939, 2807, 1515, 1453, 1156, 1134, 1010, 808, 739, 698 cm™';
MS (70 eV, CI): m/z (%): 295 (48) [M+1]*, 189 (100), 91 (12) [Bn]*;
HRMS (70 eV, EI) calcd for C,)H,;N,: 295.21744; found 295.21701.
N-Benzyl-N'-[2-(4-methoxyphenyl)ethyl]piperazine (4d): Yellow oil; R,
= 0.48 (AcOEt/hexane 4:1); 'H NMR (400 MHz, CDCl;, 25°C, TMS): 6
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= 7.29-720 (m, 4H; Ar), 7.19-7.12 (m, 1H; Ar), 7.04 (d, *J(HH) =
8.5 Hz, 2H; Ar), 6.74 (d, *J(H,H) = 8.7 Hz, 2H; Ar), 3.68 (s, 3H; OMe),
3.44 (s, 2H; 11-H), 2.67 (m, 2H; 5-H), 2.48 (m, 2H; 6-H), 2.92-2.66 (br,
8H; 2-H, 3-H) ppm; *C NMR (100 MHz, CDCl,, 25°C): 6 = 158.0 (C-
10), 138.2, 135.8, 129.7, 129.3, 128.3, 127.1, 113.9, 63.2 (C-11), 60.9 (C-5),
55.3 (OMe), 53.3, 53.2 (C-2, C-3), 33.8 (C-6) ppm; IR (neat): ¥= 2936,
2808, 1612, 1512, 1247, 1010, 699 cm™'; MS (70 eV, EI): m/z (%): 310
(4.5) [M]*, 190 (38), 189 (97) [M—OMeBn]*, 121 (16), 91 (100) [Bn]*,
70 (32 HRMS (70eV, EI) caled for C,HyN,O: 311.21234; found
311.21062.

N-Benzyl-N'-[2-(4-fluorophenyl)ethyl]piperazine (4e): White, amorphous
solid; R, = 0.46 (AcOEt/hexane 4:1); 'H NMR (400 MHz, CDCl,, 25°C,
TMS): 6 = 7.26-7.20 (m, 4H; Ar), 7.19-7.13 (m, 1H; Ar), 7.04 (dd,
*JHH) = 8.7Hz, Y(HF) = 5.6Hz, 2H; 8H], 6.85 (1, Y(HH) =
*J(H,F) = 8.7 Hz, 2H; 9-H), 3.43 (s, 2H; 11-H), 2.67 (m, 2H; 5-H), 2.48
(m, 2H; 6-H), 2.57-2.28 (br, 8H; 2-H, 3-H) ppm; *C NMR (100 MHz,
CDCl;, 25°C): 0 = 161.5 (d, 'J(C,F) = 241.1 Hz; C-10), 1382 (C-12),
136.1 (d, “/(C,F) = 3.8 Hz; C-7), 130.2 (d, *J(C,F) = 7.6 Hz; C-8), 129.4
and 128.4 (C-13, C-14), 127.2 (C-15), 115.3 (d, %J(C,F) = 20.9 Hz; C-9),
63.2 (C-11), 60.7 (C-5), 53.3 and 53.2 (C-3, C-2), 32.9 (C-6) ppm; IR
(KBr): 7= 2938, 2806, 2768, 1599, 1510, 1220, 1156, 1130, 823, 700, 548,
511 cm™; MS (70 eV, CI): m/z (%): 299 (58) [M+1]7, 297 (17) [M—1]*,
189 (100), 91 (18) [Bn]*; HRMS (70eV, EI) caled for C;H,,FN,:
299.19235; found 299.19147.
N-Benzyl-N'-[2-(3-chlorophenyl)ethyl]piperazine (4 f): Colorless oil; R
= 0.55 (AcOEt/hexane 4:1); '"H NMR (400 MHz CDCls, 25°C, TMS): 6
= 7.26-7.20 (m, 4H; Ar), 7.20-7.12 (m, 1H; Ar), 7.12-7.04 (m, 3H; Ar),
6.98 (dd, *J(H,H) = 7Hz, /(HH) = 1.8 Hz, 1H; Ar), 3.43 (s, 2H; 13-
H), 2.65 (m, 2H; 5-H), 2.49 (m, 2H; 6-H), 2.55-2.35 (br, 8H; 2-H, 3-
H) ppm; "C NMR (100 MHz, CDCl,, 25°C): 6 = 142.6 (C-7), 138.2,
134.2, 129.8, 129.4, 129.0, 128.4, 127.2, 127.0, 126.4, 63.2 (C-13), 60.2 (C-
5), 53.3 and 53.2 (C-2, C-3), 33.4 (C-6) ppm; IR (neat): 7= 2961, 2800,
1497, 1134, 1097, 1014, 738, 698 cm™'; MS (70 €V, EI): m/z (%): 314 (1)
[M]*, 189 (100) [M—CIBn]*, 146 (13), 91 (46) [Bn]*; HRMS (70 eV, EI)
calcd for C,oH,,CIN,: 315.16280; found 315.16688.
N-Benzyl-N'-[2-(3-methylphenyl)ethyl]piperazine (4 g): Yellowish oil; R,
= 0.61 (AcOEt/hexane 4:1); '"H NMR (400 MHz, CDCl,, 25°C, TMS): 6
= 7.28-7.20 (m, 4H; Ar), 7.19-7.14 (m, 1H; Ar), 7.09 (dt, *J(H,H) =
8.1, /(H,H) = 1.4 Hz, 1H; Ar), 691 (m, 3H; Ar), 3.62 (s, 2H; 13-H),
2.86 (m, 2H; 5-H), 2.69 (m, 2H; 6-H), 2.75-2.52 (br, 8H; 2-H, 3-H), 2.42
(s, 3H; Me) ppm; *C NMR (100 MHz, CDCl,, 25°C): 6 = 140.3 (C-7),
138.2, 138.0, 129.6, 129.3, 128.4, 128.3, 127.1, 126.9, 125.8, 63.2 (C-13),
60.7 (C-5), 53.3 and 532 (C-2, C-3), 33.6 (C-6), 21.5 (CH;) ppm; IR
(neat): 7= 3026, 2938, 2807, 1609, 1156, 1133, 1010, 779, 739, 699 cm™;
MS (70 eV, CI): miz (%): 295 (67) [M+1]*, 189 (100) [M—MeBn]*, 91
(12) [Bn]*; HRMS (70 eV, EI) caled for C,HyN,: 295.21744; found
295.21645.

N-Benzyl-N'-[2-(3-bromophenyl)ethyl]piperazine (4h): Yellow oil; R; =
0.53 (AcOEt/hexane 4:1); 'H NMR (400 MHz, CDCls, 25°C, TMS): 6 =
7.29-7.19 (m, 6H; ArH), 7.19-7.15 (m, 1H; Ar), 7.10-7.03 (m, 2H; Ar),
3.44 (s, 2H; 13-H), 2.68 (m, 2H; 5-H), 2.49 (m, 2H; 6-H), 2.55-2.30 (br,
8H; 2-H, 3-H) ppm; “C NMR (100 MHz, CDCl;, 25°C): § = 142.9 (C-
7), 1382 (C-14), 131.9, 130.1, 129.4, 129.3, 128.4, 127.5, 127.2, 122.5, 63.2
(C-13), 60.2 (C-5), 53.3 and 53.2 (C-2, C-3), 33.4 (C-6) ppm; IR (neat):
7= 2936, 2808, 2769, 1596, 1568, 1453, 1156, 1134, 1072, 1010, 740,
697cm™; MS (70eV, CI): miz (%): 359 (28) [M+1]*, 189 (100)
[M—BrBn]*; HRMS (70 eV, EI) calcd for C;sH,,BrN,: 359.11227; found
359.10879.

N-Benzyl-N'-{2-[3-(trifluoromethyl)phenyl]ethyl}piperazine (4i): Light
yellow oil; R; = 0.50 (AcOEt/hexane 4:1); '"H NMR (400 MHz, CDCl,,
25°C, TMS): 6 = 7.40-7.35 (m, 2H; Ar), 7.34-7.28 (m, 3H; Ar), 7.26—
7.23 (m, 3H; Ar), 7.23-7.15 (m, 2H; Ar), 3.44 (s, 2H; 13-H), 2.76 (m,
2H; 5-H), 2.53 (m, 2H; 6-H), 2.65-2.30 (br, 8H; 2-H, 3-H) ppm; *C
NMR (100 MHz, CDCl;, 25°C): 6 = 141.5 (C-7), 138.3 (C-14), 132.3,
130.7 (q, Y(CF) = 31.4Hz; C-9), 129.4, 1289, 1284, 127.2, 125.6 (q,
*J(CF) = 3.8Hz; C-8), 123.1 (q, YJ(CF) = 3.8 Hz; C-10), 63.3 (C-5),
60.2 (C-13), 53.4 and 53.3 (C-2, C-3), 33.6 (C-6) ppm; IR (neat): 7=
2936, 2809, 1332, 1164, 1126, 1073, 701 cm™'; MS (70 €V, CI): m/z (%):
349 (61) [M+1]7, 189 (100) [M—CF;Bn]*, 91 (13) [Bn]*; HRMS (70 eV,
EI) caled for C,Hy3F3N,: 348.18134; found 348.18070.
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N-Benzyl-N'-[2-(2-bromophenyl)ethyl]piperazine (4j): Yellow oil; R, =
0.55 (AcOEt/hexane 4:1); '"H NMR (400 MHz CDCl,, 25°C, TMS): 6 =
7.43 (dd, *J(H,H) = 82, /(H,H) = 1.0 Hz, 1H; Ar), 7.28-7.20 (m, 4H;
Ar), 7.20-7.12 (m, 3H; Ar), 6.97 (ddd, *J(H,H) = 7.2, *J(HH) = 7.1,
“J(H,H) = 2.7 Hz, 1H; Ar), 3.45 (s, 2H; 13-H), 2.86 (m, 2H; 5-H), 2.52
(m, 2H; 6-H), 2.52-2.35 (br, 8H; 2-H, 3-H) ppm; “*C NMR (100 MHz,
CDCl;, 25°C): 0 = 139.8, 138.3, 132.9, 130.9, 129.3, 128.3, 127.9, 127.6,
127.2,124.7, 63.2 (C-13), 60.5 (C-5), 53.2, 53.2 (C-2, C-3), 33.7 (C-6) ppm;
IR (neat): 7= 2936, 2808, 2769, 1471, 1454, 1349, 1156, 1137, 1030, 1010,
747, 698 cm™'; MS (70 eV, CI): miz (%): 359 (49) [M+1]*, 189 (100)
[M—BrBn]*; HRMS (70 eV, EI) caled for C,iH,,BrN,: 359.11227; found
359.11051.

N-Benzyl-N'-(2-naphthalen-2-yl-ethyl)piperazine (4k): White solid, m.p.
60.9°C, R; = 0.43 (AcOEt/hexane 3:1); '"H NMR (400 MHz, CDCl,,
25°C, TMS): 6 = 7.75-7.64 (m, 3H; Ar), 7.55 (s, 1H; Ar), 7.34 (d quin-
tet, J(H,H) = 7.1, /(H,H) = 1.6 Hz, 2H; Ar), 7.28-7.20 (m, 5H; Ar),
7.19-7.13 (m, 1H; Ar), 3.44 (s, 2H), 2.87 (m, 2H), 2.60 (m, 2H), 2.62—
2.25 (br, 8H) ppm; *C NMR (100 MHz, CDCl,, 25°C): 6 = 138.3, 138.0,
133.7, 132.2, 129.4, 128.3, 128.1, 127.8, 127.6, 127.5, 127.7, 126.9, 126.1,
125.4, 63.2, 60.6, 53.4, 53.2, 33.9; IR (KBr): 7= 2943, 2813, 1599, 1300,
1140, 1007, 835, 818, 744, 734 cm™; MS (70 eV, EI): m/z (%): 330 (1)
[M]*, 189 (100) [M—naph.CH,]*, 91 (36) [Bn]*; HRMS (70 eV, EI)
caled for C,;Hy,N,: 331.21744; found 331.21808.
N-Benzyl-N'-(2-biphenyl-2-yl-ethyl)piperazine (41): White solid, m.p.
75°C; Ry = 0.50 (AcOEt); 'H NMR (400 MHz, CDCl;, 25°C, TMS): 6
= 7.47 (d,*J(H,H) = 6.7 Hz, 2H; Ar), 7.41 (dd, *J(H,H) = 8.0, *J(H,H)
= 1.5Hz, 2H; Ar), 7.32 (t, *J(H,H) = 7.5Hz, 2H; Ar), 7.25-7.12 (m,
8H; Ar), 344 (s, 2H), 2.75 (m, 2H), 2.55 (m, 2H), 2.58-2.35 (br,
8H) ppm; “C NMR (100 MHz, CDCl;, 25°C): 6 = 141.2, 139.7, 139.2,
138.2, 129.4, 129.3, 128.9, 128.4, 127.3, 127.2, 127.2, 127.2, 63.3, 60.7, 53.4,
53.3, 33.5 ppm; IR (KBr): 7= 3028, 2938, 2874, 2806, 1600, 1487, 1300,
1140, 1008, 906, 825, 761, 740, 695 cm™'; MS (70 eV, EI): m/z (%): 356
(10) [M]*, 190 (44), 189 (100), 167 (18), 165 (17), 91 (92) [Bn]*, 70 (36);
HRMS (70 eV, EI) calcd for C,sHyxN,: 356.22525; found 356.22470
N-Benzyl-N'-(1,2,3,4-tetrahydronaphthalen-2-yl)piperazine (6): Colorless
oil; R; = 0.42 (AcOEt/hexane 4:1); '"H NMR (400 MHz, CDCl, 25°C,
TMS): 6 = 7.27-7.20 (m, 4H; Ar), 7.20-7.15 (m, 1H; Ar), 7.05-6.95 (m,
4H; Ar), 3.45 (s, 2H), 2.95-2.30 (m, 13H), 2.10-2.00 (m, 1H), 1.60-1.48
(m, 1H) ppm; “C NMR (100 MHz, CDCl;, 25°C): 6 = 1382, 136.5,
136.1, 129.6, 129.5, 128.7, 128.4, 127.2, 125.9, 125.8, 63.3, 60.6, 53.6, 49.2,
322, 29.6, 26.3 ppm; IR (neat): 7= 3025, 2928, 2809, 1494, 1453, 1153,
1138, 1012, 743, 698 cm™'; MS (70 eV, EI): m/z (%): 306 (100) [M]*, 215
(13) [M—Bn]™*, 176 (46), 175 (27), 160 (49), 148 (29), 146 (49), 131 (58),
91 (67) [Bn]*; HRMS (70 eV, EI) caled for C,H,;N,: 307.21744; found
307.21576.

General procedure for n-BuLi-catalyzed isomerization-hydroamination
of allyl benzene with N-benzylpiperazine: n-BuLi (0.5 mmol) was added
slowly at rt. to a THF solution (10 mL) of N-benzylpiperazine (441 mg,
2.5 mmol) in a dry threaded tube, and the mixture was stirred for 10 min.
Allyl benzene (0.66 mL, 5.0 mmol) was then added, and the mixture was
stirred at rt. After 24 h the reaction mixture was quenched with methanol
(1 mL). The solvent was removed under vacuum. The products were pu-
rified by column chromatography with ethyl acetate as eluent.
N-Benzyl-N'-(1-methyl-2-phenylethyl)piperazine (8): Colorless oil; R, =
0.43 (AcOEt/hexane 4:1); '"H NMR (400 MHz, CDCl;, 25°C, TMS): 6 =
7.28-723 (m, 4H; Ar), 7.22-7.14 (m, 6H; Ar), 3.44 (s, 2H; 11-H), 2.94
(dd, ¥(H,H) = 12.9, *J(H,H) = 4.0 Hz, 1H; 6-H), 2.72 (qdd, *J(H,H) =
10.1, *J(H,H) = 6.6, *J(H,H) = 4.0 Hz, 1H; 5-H), 2.57 (s, 4H; 3-H), 2.44
(s, 4H; 2-H), 2.31 (dd, Y(H,H) = 12.9, *J(H,H) = 10.1 Hz, 1H; 6-H),
0.86 (d, *J(H,H) = 6.6 Hz, 3H; Me) ppm; “C NMR (100 MHz, CDCl,,
25°C): 6 = 140.9 and 138.3 (C-7, C-12), 129.4, 129.4, 128.4, 128.3, 127.2,
126.0, 63.3 (C-11), 61.5 (C-5), 53.7 (C-2), 48.5 (C-3), 39.5 (C-6), 14.6
(Me) ppm; IR (neat): 7= 3025, 2932, 2809, 1494, 1453, 1157, 1136, 1012,
739, 699; MS (70 eV, EI): m/z (%): 294 (0.3) [M]*, 203 (100) [M—Bn]*,
146 (14), 91 (52) [Bn]*; HRMS (70eV, EI) caled for C,HyN,:
295.21744; found 295.21709.

General procedure for debenzylation of N-benzyl-N'-(arylethyl)pipera-
zines: 1-Benzyl-4-[2-(4-methoxyphenyl)ethyl|piperazine (4d, 2.87 g,
9.27 mmol) and Pearlman’s catalyst (649 mg, 0.927 mmol) were placed in
a 160 mL autoclave with a magnetic stirrer bar. After the autoclave had
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been flushed with argon, ethanol (60 mL) and triethylamine (130 pL,
0.93 mmol, 10 mol%) were added. The autoclave was clamped tightly
and hydrogen was flushed three times. The reaction mixture was kept at
10 bars of H, pressure at 40°C for 15 h with fast stirring. After cooling to
rt. and evacuation of all the hydrogen gas from the autoclave the reaction
mixture was filtered through a celite pad and washed with methanol
(10 mL). The solvents were evaporated under vacuum to yield the N-[2-
(4-methoxyphenyl)ethyl]piperazine (9d) as a yellow solid. For reactions
performed up to 3—4 mmol scale levels, only 7 h of heating was required,
with 30 mL of ethanolic solution.

N-(2-Phenylethyl)piperazine (9a): White solid; m.p. 156°C; 'H NMR
(400 MHz, CDCl,, 25°C, TMS): 6 = 7.36-7.29 (m, 2H; 5-H), 7.27-7.20
(m, 3H; 4-H, 6-H), 4.93 (s, 1H; NH), 3.00 (dt, (H,H) = *J(HH) =
5.0 Hz, 4H; 8-H), 2.83 (m, 2H; 2-H), 2.70-2.59 (m, 6H; 1-H, 7-H) ppm;
C NMR (100 MHz, CDCl;, 25°C): § = 140.1 (C-3), 128.7 and 128.4 (C-
4, C-5), 126.1 (C-6), 60.7 (C-1), 53.1 (C-7), 45.3 (C-8), 33.4 (C-2) ppm; IR

(nujol): v= 3421 (NH), 2957, 2850, 1589, 1460, 1377, 1141, 791, 725,
698 cm™'; MS (70 eV, EI): m/z (%): 190 (3) [M]*, 105 (20), 100 (18), 99
(100), 70 (38), 56 (70); HRMS (70 eV, EI) caled for C,HgN,: 190.1470;
found 190.14744.

N-[2-(3-Methylphenyl)ethyl]piperazine (9b): Off-yellow solid; m.p.
136.5°C; '"H NMR (400 MHz, CDCls, 25°C, TMS): 6 = 7.40 (dt, *J(H,H)
= 7.7Hz, Y(HH) = 1.1Hz, 1H; Ar), 725 (brs, 2H; Ar), 7.23 (d,
‘J(H,H) = 1.1 Hz, 1H; Ar), 3.15 (t, Y(H,H) = *J(HH) = 48 Hz, 4H;
10-H), 3.00 (m, 2H; 1-H), 2.80 (m, 2H; 2-H), 2.78-2.62 (br, 4H; 9-H),
2.55 (s, 3H; Me) ppm; *C NMR (100 MHz, CDCls, 25°C): 6 = 140.3 (C-
3), 137.9 (C-5), 129.6, 129.3, 126.8, 125.8, 61.3 (C-1), 54.6 (C-9), 46.2 (C-
10), 33.4 (C-2), 21.4 (Me) ppm; IR (neat): #= 3404 (NH), 2931, 2812,
1609, 1171, 1119, 1095, 999, 781, 700 cm™'; MS (70 eV, EI): m/z (%): 204
(2) [M]*, 99 (100), 70 (15), 56 (23); HRMS (70eV, EI) calcd for
Ci3Hy N, : 205.17047; found 205.16889.

N-[2-(4-Methylphenyl)ethyl) Jpiperazine (9¢): Off-yellow solid; m.p.
128.5°C; 'H NMR (400 MHz, CDCl;, 25°C, TMS): 6 = 7.10-7.03 (m,
4H; Ar), 6.10 (brs, 1H; NH), 3.08 (t, /(H,H) = *J(H,H) = 5.1 Hz, 4H;
8-H), 2.72 (m, 2H; 1-H), 2.66 (t, 2/(H,H) = *J(HH) = 4.7 Hz, 4H; 7-
H), 2.59 (m, 2H; 2-H), 2.29 (s, 3H; Me) ppm; “C NMR (100 MHz,
CDCl;, 25°C): 6 = 136.9, 135.8 (C-3, C-6), 129.3 and 128.7 (C-4, C-5),
60.6 (C-1), 51.8 (C-7), 44.7 (C-8), 33.1 (C-2), 21.2 (Me) ppm; IR (nujol):
7= 3415 (NH), 2925, 2853, 1514, 1459, 1377, 816 cm™'; MS (70 eV, EI):
miz (%): 204 (1) [M]*, 99 (100), 70 (14), 56 (26); HRMS (70 eV, EI)
calced for C3H,N,: 205.17047; found 205.16920.
N-[2-(4-Methoxyphenyl)ethyl) Ipiperazine (9d): Off-yellow solid; m.p.
160°C; '"H NMR (400 MHz, CDCl;, 25°C, TMS): 6 = 7.04 (d, *J(H,H)
= 8.7 Hz, 2H; 5-H), 6.76 (d, *J(H,H) = 8.7 Hz, 2H; 4-H), 4.51 (brs, 1 H;
NH), 3.70 (s, 3H; OMe), 2.92 (t, 2/(H,H) = *J(H,H) = 5 Hz, 4H; 8-H),
2,67 (m, 2H; 1-H), 2.542.46 (m, 6H; 2-H, 7-H) ppm; *C NMR
(100 MHz, CDCl,, 25°C): 6 = 157.9 (C-6), 132.1 (C-3), 129.6 (C-4), 113.8
(C-5), 61.0 (C-1), 55.2 (OMe), 53.4 (C-7), 45.4 (C-8), 32.4 (C-2) ppm; IR
(nujol): 7= 3462 (NH), 2953, 2844, 1610, 1512, 1455, 1246, 1177, 1028,
836, 820cm™'; MS (70eV, CI): m/z (%): 221 (1) [M+1]*, 99 (100)
[M—MeOBn]*; HRMS (70 eV, EI) caled for C;;H,N,O: 221.16539;
found 221.16442.

N-[2-(4-Fluorophenyl)ethyl]piperazine (9e): Colorless oil; 'H NMR
(400 MHz CDCl,, 25°C, TMS): 6 = 7.06 (dd, *J(H,H) = 8.7 Hz, *J(H,F)
= 5.5Hz, 2H; 4-H), 6.87 (t, Y(H,H) = YJ(HF) = 8.7Hz, 2H; 5-H),
2.83 (t, J(HH) = *J(H,H) = 5Hz, 4H; 8-H), 2.68 (m, 2H; 1-H), 2.45
(m, 2H; 2-H), 2.40-2.30 (br, 4H; 7-H) ppm; “C NMR (100 MHz, CDCl,,
25°C): 6 = 1614 (d, J(CF) = 242.7Hz; C-6), 136.0 (d, “J(CF) =
2.8 Hz; C-3), 130.0 (d, *J(CF) = 7.6Hz; C-4), 1151 (d, 2/(CF) =
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20.9 Hz; C-6), 61.6 (C-1), 54.5 (C-7), 46.1 (C-8), 32.6 (C-2) ppm; IR
(neat): 7= 3270 (NH), 2942, 2811, 1510, 1447, 1221, 826, 753 cm™'; MS
(70 eV, EI): m/z (%): 208 (3) [M]*, 123 (21), 109 (21), 103 (15), 100 (21),
99 (71), 70 (57), 56 (100); HRMS (70 eV, EI) caled for C,,H;;FN,:
208.13757; found 208.13420.

N-(1-Methyl-2-phenylethyl)piperazine (9f): White solid; 'H NMR
(400 MHz, CDCl;, 25°C, TMS): 0 = 7.35-7.29 (m, 2H; 5-H), 7.26-7.19
(m, 3H; 4-H, 6-H), 3.06 (dd, J(H,H) = 13.0, */(H,H) = 4.2 Hz, 1H; 2-
H), 3.10-2.92 (m, 4H; 8-H), 2.83 (qdd, *J(H,H) = 9.8, *J(H,H) = 6.4,
3J(HH) = 4.2 Hz, 1H; 1-H), 2.70-2.60 (m, 4H; 7-H), 2.44 (dd, */(H,H)
= 13, *J(H,H) = 9.8 Hz, 1H; 2-H), 1.00 (d, *J(H,H) = 6.4 Hz, 3H;
Me) ppm; “C NMR (100 MHz, CDCl,, 25°C): 6 = 140.8 (C-3), 129.4
and 128.3 (C-4, C-5), 125.9 (C-6), 62.0 (C-1), 49.7 (C-7), 46.5 (C-8), 39.3
(C-2), 144 (Me) ppm; IR (neat): 7= 3470 (NH), 2969, 2935, 2811, 1602,
1493, 1453, 743, 701, 649 cm™; MS (70eV, CI): miz (%): 205 (33)
[M+1]*, 141 (7), 113 (100) [M—Bn]*; HRMS (70 eV, EI) caled for
C3HyN,: 204.16264; found 204.16078.

General procedure for Pd-catalyzed aminocarbonylation of aromatic/het-
eroaromatic halides with N-benzylpiperazine: An oven-dried Schlenk
flask was evacuated and filled with argon (3 cycles), and then charged
with [Pd(PhCN),CL] (7.6 mg, 0.02 mmol, 1.0 mol%), DPPF (33 mg,
0.06 mmol, 3.0 mol %), N-benzylpiperazine (353 mg, 2.0 mmol), N-heter-
oaryl halide (2.2 mmol), and toluene (10 mL) to give an orange solution.
Et;N (2.4 mmol) was added to the autoclave. After evacuation and filling
of the autoclave with argon (3 cycles), the reaction mixture was transfer-
red from the Schlenk flask into the autoclave through a PVC tube. The
autoclave was closed, pressurized with CO, and heated to 130°C under
non-isobaric conditions. After 20 h the reaction mixture was cooled, the
solvent was evaporated from the resultant blackish reaction mixture
under vacuum and the products were purified by column chromatogra-
phy with ethyl acetate/methanol in 9:1 ratio as eluent.
N-Benzyl-N'-(2-naphthylcarbonyl)piperazine (10a): White solid; R, =
0.43 (AcOEt); m.p. 61°C; 'H NMR (400 MHz, CDCls, 25°C, TMS): 6 =
7.84 (s, 1H; Ar), 7.80-7.74 (m, 3H; Ar), 7.47-7.40 (m, 3H; Ar), 7.26-7.25
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(m, 4H; Ar), 7.25—7.15 (m, 1H; Ar), 3.78 (brs, 2H; pip.), 3.46 (s, 2H;
12-H), 3.40 (brs, 2H; pip.), 2.48 (brs, 2H; pip.), 2.31 (brs, 2H; pip.) ppm;
BC NMR (100 MHz, CDCl;, 25°C): 6 = 170.2 (C-9), 137.6, 133.6, 133.2,
132.7, 129.1, 128.4, 128.3 (C-15), 128.3, 127.8, 127.3, 127.2, 126.9, 126.7,
1243, 62.9 (C-12), 53.3, 52.8, 47.8, 42.3 ppm; IR (KBr): 7= 2923, 2446,
1633, 1624, 1422, 1288, 950 cm™'; MS (70 eV, CI): m/z (%): 331 (100)
[M+1]7, 330 (27) [M]*, 146 (15), 134 (16), 91 (20) [Bn]*; HRMS (70 eV,
EI) calcd for C,H,,N,O: 330.17322; found 330.17276.

N-Benzyl-N'-(2-pyridylcarbonyl)piperazine (10b): Brown solid; R; =
0.64 (AcOEt/MeOH 9:1); m.p. 97°C; 'H NMR (400 MHz, CDCl,, 25°C,
TMS): 6 = 8.45 (br, 1H; 6-H), 7.64 (dt, J(H,H) = 7.7 Hz, “J(H,H) =
1.5 Hz, 1H; 4-H), 7.51 (dd, *J(H,H) = 7.7 Hz, /(H,H) = 1Hz, 1H; 3-
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H), 7.24-7.10 (m, 6H; 5-, 12-, 13-, 14-H), 3.71 (br, 2H; pip.), 3.47 (br,
2H; pip.), 3.42 (s, 2H; 10-H), 2.45 (br, 2H; pip.), 2.33 (br, 2H; pip.) ppm;
5C NMR (100 MHz, CDCl;, 25°C): 6 = 167.3 (C-7), 154.0 (C-2), 148.2
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(C-6), 137.3, 136.9, 129.0, 128.2, 127.1, 124.3, 123.6, 62.6 (C-10), 53.1, 52.5,
47.0, 42.1 ppm; IR (KBr): 7= 2918, 2810, 1634, 1444, 1424, 1300, 1172,
1025, 999, 807, 745, 701 cm™'; MS (70eV, CI): m/z (%): 282 (100)
[M+1]%, 281 (11) [M]*, 146 (11), 132 (11), 91 (13) [Bn]*; HRMS (70 eV,
EI) calcd for C;;H,)N;O: 282.16064; found 282.16063.
N-Benzyl-N'-(5-chloropyrid-2-ylcarbonyl)piperazine (10¢): Brown solid;
R, = 043 (AcOEt); m.p. 77°C; 'H NMR (400 MHz, CDCl, 25°C,
TMS): 6 = 840 (d, /(H.H) = 2Hz, 1H; 6-H), 7.63 (dd, *J(H,H) =
8.3 Hz, “J(HH) = 2 Hz, 1H; 4-H), 7.51 (d, *(H,H) = 8.3 Hz, 1H; 3-H),
7.29-7.12 (m, SH; 12-, 13-, 14-H), 3.70 (brt, J(H,H) = J(HH) =
4.8 Hz, 2H; pip.), 3.49(brt, 2J(H,H) = *J(H,H) = 4.8 Hz, 2H; pip.),
3.42(s, 2H; 10-H), 2.44 (brt, /(H,H) = *J(H,H) = 4.8 Hz, 2H, pip.),
233 (brt, ¥(HH) = *J(HH) = 4.5Hz, 2H; pip.) ppm; *C NMR
(100 MHz, CDCl,, 25°C): 6 = 166.2 (C-7), 152.0 (C-2), 147.0 (C-6), 137.5
(C-11), 136.7, 132.8, 129.0 and 128.2 (C-12, C-13), 127.2, 125.0, 62.8 (C-
10), 53.2, 52.6, 47.2, 424 ppm; IR (KBr): 7= 2916, 2809, 1634, 1439,
1299, 1169, 1109, 1000, 743, 700 cm™"; MS (70 eV, CI): m/z (%): 316 (100)
[M+1]%, 315 (10) [M]*, 146 (17), 91 (15) [Bn]*; HRMS (70 eV, EI) caled
for C;;H ;CIN;O: 315.1183; found 315.11373.
N-Benzyl-N'-(1-isoquinolylcarbonyl)piperazine (10d): White solid; R, =
0.66 (AcOEt/MeOH 9:1); m.p. 117°C; '"H NMR (400 MHz, CDCl;, 25°C,
TMS): 6 = 839 (d, J(H,H) = 5.7Hz, 1H; Ar), 7.93 (d, J(HH) =
8.3 Hz, 1H; Ar), 7.74 (d, *J(H,H) = 8.1 Hz, 1H; Ar), 7.64-7.48 (m, 3H;
Ar), 721-7.12 (m, SH; Ar), 3.87 (t, J(H,H) = 2(HH) = 4.7 Hz, 2H;
pip.), 3.43 (s, 2H; 12-H), 3.13 (t, *J(H,H) = J(H,H) = 4.8 Hz, 2H; pip.),
253 (t, J(HH) = Y(HH) = 5.0Hz, 2H; pip.), 2.25 (t, Y(HH) =
*J(H,H) = 5.0 Hz, 2H; pip.) ppm; “C NMR (100 MHz, CDCl,, 25°C): 6
= 166.8 (C-9), 155.4 (C-1), 141.8 (C-3), 137.5, 136.4, 130.9, 129.2 (C-14),
128.4 (C-15), 128.2, 127.3, 127.1, 125.9, 125.5 (C-8a), 1214, 62.8 (C-12),
53.8, 52.3, 46.8, 41.8 ppm; IR (KBr): 7= 2921, 2807, 1640, 1440, 1280,
999, 828, 744, 699 cm™'; MS (70 eV, CI): m/z (%): 332 (100) [M+1]%, 331
(23) [M]*, 205 (19), 146 (20), 107 (37); HRMS (70 eV, EI) calcd for
C,H,N;0: 331.16846; found 331.17073.
N-Benzyl-N'-[7-(trifluoromethyl)quinol-4-ylcarbonyl]piperazine (10e):
Yellow oil; R; = 0.66 (AcOEt/MeOH 9:1); 'H NMR (400 MHz, CDCl,,
25°C, TMS): 6 = 8.96 (d, *J(H,H) = 4.4 Hz, 1H; 2-H), 8.37 (s, 1 H; 8-
H), 7.89 (d, *J(H,H) = 8.5Hz, 1H; 5-H), 7.69 (dd, *J(H,H) = 8.5Hz,
‘J(HH) = 1.6 Hz, 1H; 6-H), 7.34 (d, *J(HH) = 4.4 Hz, 1H; 3-H), 7.32-
7.14 (m, SH; Ar), 3.93 (br, 1H; pip.), 3.80 (br, 1H; pip.), 3.46 (s, 2H; 12-
H), 3.20-3.08 (m, 2H; pip.), 2.76-2.48 (m, 2H; pip.), 2.26 (br, 1H; pip.),
2.19 (br, 1H; pip.) ppm; *C NMR (100 MHz, CDCl,, 25°C): 6 = 166.1
(C-9), 151.6 (C-2), 147.6, 142.5, 137.5, 135.9, 132.1 (q, *J(C,F) = 33.2 Hz;
C-7), 129.2, 128.5 (C-14, C-15), 128.1 (q, *J(CF) = 3.8 Hz; C-8), 127.6,
126.4, 1235 (q, J(C,F) = 3.8 Hz; C-6), 119.8 (C-3), 60.2 (C-12), 53.7,
53.0, 47.3, 42.1, 32.8 (C-13) ppm; IR (KBr): 7= 2934, 2811, 1642, 1588,
1459, 1329, 1296, 1195, 1128, 1063, 836, 740, 700 cm™"; MS (70 eV, EI): m/
z (%): 400 (100) [M+1]*, 373 (23), 372 (90), 371 (27); HRMS (70 eV,
EI) caled for C,,H,,F5N;0: 399.15585; found 399.15428.
N-Benzyl-N'-(5-indolylcarbonyl)piperazine (10f): Brownish solid; R, =
0.63 (AcOEt/MeOH 9:1); m.p. 87.5°C; 'H NMR (400 MHz, CDCl,,
25°C, TMS): 6 = 9.28 (s, 1H; NH), 7.60 (br, 1H; Ar), 7.25-7.14 (m, 5H;
Ar), 7.12 (d, 3J(H,H) = 8.3 Hz, 1H; Ar), 7.08 (dd, *J(H,H) = 8.3 Hz,
*J(H,H) = 1.4Hz; Ar), 7.03 (t, J(HH) = 2.8 Hz, *J(H,H) = 2.6 Hz,
1H; 2-H), 6.40 (t, *J(H,H) = “(H,H) = 2.2 Hz, 1H; 3-H), 3.75-3.44 (br,
4H; pip.), 3.44 (s, 2H; 11-H), 2.55-2.27 (br, 4H; pip.) ppm; “C NMR
(100 MHz, CDCl;, 25°C): 6 = 172.3 (C-8), 137.7, 136.7, 129.3 (C-13),
128.5 (C-14), 127.4 (quat. and C-15), 126.8, 125.9, 121.2, 120.2, 111.4 (C-
7), 102.7 (C-3), 63.0 (C-11), 53.3 (br, C-9, C-10) ppm; IR (KBr): 7= 3414
(NH), 2918, 2808, 1603, 1519, 1454, 1435, 1299, 999, 896, 748, 699 cm™';
MS (70 eV, EI): m/z (%): 319 (33) [M]*, 159 (23), 146 (43), 144 (59), 134
(23), 132 (23), 116 (37), 91 (100); HRMS (70eV, EI) caled for
CyH,N;0: 320.17630; found 320.17460.

General procedure for Pd-catalyzed aminocarbonylation of aromatic/het-
eroaromatic halides with (arylethyl)piperazines: An oven-dried Schlenk
flask was evacuated and filled with argon (3 cycles), and was then charg-
ed with [Pd(PhCN),CL)] (7.6 mg, 0.02 mmol, 1.0 mol %), DPPF (33 mg,
0.06 mmol, 3.0 mol%), (arylethyl)piperazine (2.0 mmol), N-heteroaryl
halide (2.4 mmol), and toluene (10-15mL) to give an orange-red solu-
tion/suspension. Et;N (7 mmol) was then added to the autoclave. After
evacuation and filling of the autoclave with argon (3 cycles), the reaction
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mixture was transferred from the Schlenk flask into the autoclave
through a PVC tube. The autoclave was closed, pressurized with CO, and
heated to 130°C under non-isobaric conditions. After 20 h the reaction
mixture was cooled and the solvent was evaporated from the resultant
blackish reaction mixture under vacuum. The products were purified by
column chromatography with ethyl acetate/methanol in 9:1 ratio as
eluent.

N-[5-(Trifluoromethyl)pyrid-2-ylcarbonyl]-V'-(1-methyl-2-phenylethyl) pi-
perazine (11a): Brownish solid; R; = 0.59 (AcOEt/MeOH 9:1); m.p.
106°C; '"H NMR (400 MHz, CDCls, 25°C, TMS): 6 = 8.79 (d, “J(H,F) =

O
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0.6 Hz, 1H; Ar), 7.97 (dd, 3J(H,H) = 8.1 Hz, “/(H,H) = 2.2 Hz, 1H;
Ar), 7.70 (d, *J(H,H) = 8.1 Hz, 1H; Ar), 7.24-7.18 (m, 2H; Ar), 7.17-
7.06 (m, 3H; Ar), 3.76 (t, J(H,H) = *J(H,H) = 4.9 Hz, 2H; pip.), 3.49
(t, J(H,H) = YJ(H,H) = 4.9 Hz, 2H; pip.), 2.90 (dd, 2J(H,H) = 12.9 Hz,
3J(HH) = 4.6 Hz, 1H; 11-H), 2.84-2.79 (m, 1H; 10-H), 2.70-2.62 (m,
2H; pip.), 2.60-2.52 (m, 2H; pip.), 2.36 (dd, 2/(H,H) = 12.9 Hz, *J(H,H)
= 9.1 Hz, 1H; 11-H), 0.89 (d, *J(H,H) = 6.5 Hz, 3H; Me) ppm; “C
NMR (100 MHz, CDCl;, 25°C): 6 = 166.2 (C-7), 157.6 (C-2), 145.5 (q,
3J(C,F) = 3.8 Hz; C-6), 140.3 (C-12), 134.5 (q, *J(C,F) = 3.8 Hz; C4),
129.4 (C-14), 128.5 (C-13), 127.4 (q, J(CF) = 30.3 Hz; C-5), 126.2 and
124.0 (C-3, C-15), 61.7 (C-10), 49.1, 48.2, 47.8, 43.0, 39.6 (C-11), 14.5
(CH;) ppm; IR (KBr): 7= 2972, 2956, 1644, 1605, 1495, 1443, 1329, 1165,
1128, 1076, 1017, 738, 701 cm™; MS (70 eV, EI): m/z (%): 377 (0.1) [M]*,
287 (15), 286 (100) [M—Bn]*, 243 (10), 146 (18); HRMS (70 eV, EI)
caled for C,)Hy;F3N;0: 378.17932; found 378.17652.
N-[5-(Trifluoromethyl)pyrid-2-ylcarbonyl]-V'-[2-(4-fluorophenyl)ethyl ] pi-
perazine (11b): Off-white solid; R, = 0.57 (AcOEt/MeOH 9:1); m.p.
78°C; 'H NMR (400 MHz, CDCl;, 25°C, TMS): 6 = 8.75 (s, 1H; 6-H),
7.94 (d, *J(HH) = 79 Hz, 1H; 4-H), 7.69 (d, *J(H,H) = 7.9 Hz; 3-H),
7.05 (dd, J(HH) = 85Hz, “J(H,F) = 57Hz, 2H; 13-H), 6.85 (t,
J(HH) = J(H,F) = 85Hz, 2H; 14-H), 3.75 (br, 2H; pip.), 3.49 (br,
2H; pip.), 2.71-2.65 (m, 2H; 10-H), 2.55-2.49 (m, 4H; pip., 11-H), 2.42
(br, 2H; pip.) ppm; *C NMR (100 MHz, CDCl,, 25°C): 0 = 166.0 (C-7),
161.4 (d, J(C,F) = 242.6 Hz; C-15), 157.3 (C-2), 1453 (q, *J(CF) =
3.8 Hz; C-6), 135.6 (d, “J(CF) = 2.8Hz; C-12), 1344 (q, J(CF) =
3.8 Hz; C-4), 130.0 (d, *J(CF) = 6.6 Hz; C-13), 127.1 (q, 2/(CF) =
33.2 Hz; C-5), 123.8 (C-3), 115.1 (d, J(C,F) = 20.8 Hz; C-14), 60.1 (C-
10), 53.4, 52.6, 47.1, 42.4, 32.6 (C-11) ppm; IR (KBr): 7= 2946, 2825,
1634, 1605, 1506, 1465, 1435, 1329, 1300, 1278, 1151, 1128, 1075, 1000,
834cm™'; MS (70eV, EI): m/z (%): 382 (100) [M+1]*, 273 (10), 272
(66); HRMS (70¢eV, EI) caled for CH,F,N;O0: 382.15424; found
382.15206.
N-[1-Isoquinolylcarbonyl]-NV'-(1-methyl-2-phenylethyl)piperazine (11c):
Brown solid; R; = 0.50 (AcOEt/MeOH 9:1); m.p. 123°C; 'H NMR
(400 MHz, CDCl,, 25°C, TMS): 6 = 8.43 (d, *J(H,H) = 5.76 Hz, 1H; 3-
H), 7.96 (dd, *J(H,H) = 8.5Hz, *J(H,H) = 0.8 Hz, 1H; 8-H), 7.77 (d,
*J(HH) = 83 Hz, 1H; 5-H), 7.63 (ddd, *J(H,H) = 8.5Hz, *J(HH) =
75Hz, YJ(HH) = 12Hz, 1H; 7-H), 7.60 (dd, J(H,H) = 5.8Hz,
*J(HH) = 0.8 Hz, 1H; 4-H), 7.54 (ddd, *J(H,H) = 83 Hz, *J(HH) =
7.5Hz, “/(HH) = 1.2 Hz, 6-H), 7.18 (dt, *J(H,H) = 6.5 Hz, “/(HH) =
1.4 Hz, 2H; 16-H), 7.13-7.03 (m, 3H; 15-H, 17-H), 3.88 (t, /(H,H) =
*J(HH) = 5.1 Hz, 2H; pip.), 3.15 (t, J(H,H) = J(H,H) = 5.1 Hz, 2H;
pip.), 2.87 (dd, 2J(H,H) = 12.9 Hz, *J(H,H) = 4.8 Hz, 1H; 13-H), 2.82—
2.76 (m, 1H; 12-H), 2.74-2.65 (m, 2H; pip.), 2.47-2.37 (m, 2H; pip.), 2.33
(dd, J(H,H) = 12.9 Hz, *J(H,H) = 9.1 Hz, 1H; 13-H), 0.87 (d, *J(H,H)
= 6.6 Hz, 3H; Me) ppm; *C NMR (100 MHz, CDCl, 25°C): 6 = 166.8
(C-9), 155.5 (C-1), 141.9 (C-3), 140.3, 136.6, 131.0 (C-4), 129.3 and 128.4
(C-15, C-16), 128.2, 127.2, 126.1, 126.0, 125.6 (C-8a), 121.4 (C-17), 61.6
(C-12), 49.1, 48.4, 47.4, 42.3, 39.6 (C-13), 14.5 (CH;) ppm; IR (KBr): 7=
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2930, 2813, 1641, 1587, 1472, 1443, 1281, 1251, 999, 829, 737, 702 cm™};
MS (70 eV, EX): m/z (%): 359 (2) [M]™, 269 (25), 268 (100), 199 (25), 128
(62), 91 (18) [Bn]*; HRMS (70 eV, EI) caled for C3H,sN;0: 359.19977;
found 359.19580.
N-[1-Isoquinolylcarbonyl]-V'-[2-(4-luorophenyl)ethyl]piperazine  (11d):
White solid; R, = 0.41 (AcOEt/MeOH 9:1); m.p. 85°C; 'H NMR
(400 MHz, CDCl,, 25°C, TMS): 6 = 8.42 (d, *J(H,H) = 5.7Hz, 1H; 3-
H), 7.95 (d, *J(H,H) = 8.3 Hz, 1H; 8-H), 7.76 (d, *J(H,H) = 8.1 Hz, 1H;
5-H), 7.65-7.50 (m, 3H; 4-H, 6-H, 7-H), 7.04 (dd, *J(H,H) = 8.3 Hz,
*J(H,F) = 5.8 Hz, 2H; 15-H), 6.85 (t, *J(H,H) = *J(H,F) = 8.7 Hz, 2H;
16-H), 3.89 (t, >J(H,H) = *J(H,H) = 4.8 Hz, 2H; pip.), 3.17 (t, 2J(H,H)
= %J(HH) = 50Hz, 2H; pip.), 2.69-2.63 (m, 2H; 12-H), 2.60 (t,
%J(H,H) = *J(H,H) = 5.0 Hz, 2H; pip.), 2.53-2.46 (m, 2H; 13-H), 2.32
(t, Y(HH) = *J(H,H) = 4.9 Hz, 2H; pip.) ppm; “C NMR (100 MHz,
CDCl;, 25°C): 0 = 166.7 (C-9), 161.4 (d, 'J(CF) = 242.6 Hz; C-17),
155.3 (C-1), 141.8 (C-3), 136.5 (C-4a), 135.7 (d, *J(C,F) = 2.8 Hz; C-14),
130.9, 130.1 (d, *J(CF) = 7.6 Hz; C-15), 128.2, 127.1, 125.9, 125.6 (C-8a),
121.4, 1152 (d, 2J(CF) = 20.8 Hz; C-16), 60.2 (C-12), 53.6, 52.9, 46.8,
41.8, 32.7 (C-13) ppm; IR (KBr): 7= 2990, 2966, 2809, 2769, 1639, 1507,
1465, 1439, 1250, 1218, 1134, 997, 829 cm™'; MS (70 eV, EI): m/z (%): 364
(100) [M+1]%, 336 (23) [M+1—-CO]*, 254 (30), 191 (10); HRMS (70 eV,
EI) caled for C,,H,,FN;0: 363.17468; found 363.17201.
1-{4-[2-(4-Fluorophenyl)ethyl]piperazin-1-yl}isoquinoline (12d): White
solid; R, = 0.59 (AcOEt/MeOH 9:1); m.p. 80°C; 'H NMR (400 MHz,
CDCl,;, 25°C, TMS): 6 = 8.05 (d, *J(H,H) = 5.7 Hz, 1H; 3-H), 7.99 (d,
*J(H,H) = 8.3 Hz, 1H; 8-H), 7.64 (d, *J(H,H) = 8.1 Hz, 1H; 5-H), 7.49
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(ddd, J(H,H) = 8.1 Hz, *J(H,H) = 6.9 Hz, /(H,H) = 1.2 Hz, 1H; 6-H),
7.40 (ddd, J(H,H) = 8.3 Hz, *J(H,H) = 6.9 Hz, “/(H,H) = 1.2 Hz, 1H;
7-H), 7.14 (d, *J(H,H) = 5.7 Hz, 1H; 4-H), 7.10 (dd, *J(H,H) = 8.7 Hz,
*J(H,F) = 5.3 Hz, 2H; 14-H), 6.88 (t, *J(H,H) = *J(H,F) = 8.7 Hz, 2H;
15-H), 3.39 (br, 4H; pip.), 2.75 (m, 2H; 11-H), 2.71 (br, 4H; pip.), 2.61
(m, 2H; 12-H) ppm; *C NMR (100 MHz, CDCl;, 25°C): 6 = 161.5 (d,
YJ(C,F) = 241.7 Hz; C-16), 161.4 (C-1), 140.8 (C-3), 138.2 (C-4a), 136.0
(d, (CF) = 3.8Hz; C-13), 130.2 (d, *J(C,F) = 7.6 Hz; C-14), 129.8,
127.3, 125.7, 121.8 (C-8a), 116.0, 115.4 (d, 2J(C,F) = 21.8 Hz; C-15), 60.7
(C-11), 53.6 (C-9), 51.3 (C-10), 32.9 (C-12) ppm; IR (KBr): 7= 2947,
2931, 2819, 1557, 1509, 1403, 1215, 818, 684 cm'; MS (70 eV, EI): m/z
(%): 335 (8) [M]*, 226 (14) [M—FBn]*, 191 (46), 171 (38), 169 (17), 157
(100), 145 (23), 128 (23), 82 (30), 70 (19), 69 (19); HRMS (70 eV, EI)
caled for C,H,,N;F: 335.17978; found 335.17883.

N-[7-(Trifluoromethyl)quinol-4-ylcarbonyl]-N'-[2-(4-fluoro- phenyl)-
ethyl]piperazine (11e): Yellow, amorphous solid; R; = 0.46 (AcOEt/
MeOH 9:1); 'H NMR (400 MHz, CDCl;, 25°C, TMS): 6 = 8.98 (d,
*J(HH) = 42Hz, 1H; 2-H), 8.39 (brs, 1H; 8-H), 7.90 (d, *J(H,H) =
8.7 Hz, 1H; 5-H), 7.70 (dd, *J(H,H) = 8.7 Hz, “/(H,H) = 1.7 Hz, 1H; 6-
H), 7.36 (d, *J(H,H) = 4.2 Hz, 1H; 3-H), 7.06 (dd, *J(H,H) = 8.7 Hz,
‘J(H,F) = 5.6 Hz, 2H; 15-H), 6.88 (t, *J(H,H) = *J(H,F) = 8.7 Hz, 2H;
16-H), 3.96 (br, 1H; pip.), 3.82 (br, 1H; pip.), 3.20-3.08 (m, 2H, pip.),
2.80-2.50 (m, 6H, 13-H, 12-H, pip.), 2.34 (br, 1H, pip.), 2.24 (br, 1H;
pip.) ppm; *C NMR (100 MHz, CDCls, 25°C): 6 = 166.1 (C-9), 161.6 (d,
YJ(CF) = 242.6 Hz; C-17), 151.6 (C-2), 147.7 (C-8a), 142.5 (C-4), 135.9
(C-4a), 135.6 (d, “J(CF) = 2.8 Hz; C-14), 132.1 (q, 2/(C,F) = 33.2 Hz;
C-7), 130.2 (d, *J(C,F) = 7.6 Hz; C-15), 128.1 (d, *J(CF) = 3.8 Hz; C-8
or C-6), 126.4 (C-5), 123.5 (d, *J(C,F) = 3.8 Hz; C-6 or C-8), 119.8 (C-3),
115.4 (d, *J(C,F) = 20.8 Hz; C-16), 60.2 (C-12), 53.7, 53.0, 47.3, 42.1, 32.8
(C-13) ppm; IR (KBr): #= 2935, 2814, 1640, 1589, 1510, 1460, 1444,
1329, 1157, 1130, 836, 739 cm™'; MS (70 eV, EI): m/z (%): 432 (100)
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[M+1]*, 404 (53) [M+1-COJ*, 322 (50), 294 (33), 232 (57); HRMS
(70 eV, EI) calcd for C,;H,,F,N;0: 432.16989; found 432.16513.
N-(2-Pyrazylcarbonyl)-N'-[2-(4-fluorophenyl)ethyl|piperazine (11£):
White crystals; R, = 0.38 (AcOEt/MeOH 9:1); m.p. 96°C; 'H NMR
(400 MHz, CDCl;, 25°C, TMS): 6 = 8.84 (s, 1H; 3-H), 8.52 (s, 1 H; Ar),
8.44 (s, 1H; Ar), 7.04 (dd, *J(H,H) = 8.7 Hz, Y(H,F) = 5.5 Hz, 2H; 13-
H), 6.85 (t, Y(H,H) = YJ(H,F) = 8.7 Hz, 2H; 14-H), 3.75 (t, J(H,H) =
2J(H,H) = 4.9 Hz, 2H; pip.), 3.54 (t, Y(H,H) = (H,H) = 5Hz, 2H;
pip.), 2.68 (m, 2H; 10-H), 2.53-2.48 (m, 4H; 11-H, pip.), 2.43 (t, 2J(H,H)
= 3J(H,H) = 5.0 Hz, 2H; pip.) ppm; *C NMR (100 MHz, CDCl;, 25°C):
0 = 164.9 (C-7), 161.2 (d, 'J(C,F) = 241.7 Hz; C-15), 149.2 (C-2), 145.4,
1452, 142.5, 1355 (d, *J(CF) = 3.8 Hz; C-12), 1299 (d, YJ(CF) =
7.6 Hz; C-13), 115.0 (d, 2J(C,F) = 20.8 Hz; C-14), 60.0 (C-10), 53.3, 52.5,
47.0, 42.3, 32.5 (C-11) ppm; IR (KBr): 7= 2936, 2811, 1637, 1509, 1443,
1018, 733 cm™'; MS (70 €V, EI): m/z (%): 314 (5) [M]*, 206 (49), 205 (72)
[M—BnF]*, 177 (21), 150 (40), 123 (18), 107 (27), 98 (100), 79 (59), 56
(24); HRMS (70eV, EI) caled for C;;H;)FN,O: 314.15430; found
314.15607.

N-(4-Indolylcarbonyl)-N'-[2-(4-fluorophenyl)ethyl|piperazine (11g):
Yellow solid; R, = 0.62 (AcOEt/MeOH 9:1); m.p. 80°C; 'H NMR
(400 MHz, CDCl;, 25°C, TMS): 6 = 8.98 (s, 1 H; NH), 7.24 (dd, *J(H,H)
= 72, Y(HH) = 18Hz, 1H; Ar), 7.10-7.00 (m, 5H; Ar), 6.87 (t,
*J(MH,H) = *J(H,F) = 8.7 Hz, 2H; 15-H), 6.41 (t, *J(H,H) = Y(H,H) =
2.9 Hz, 3H; Ar), 3.82 (br, 2H; pip.), 3.32 (br, 2H; pip.), 2.68 (m, 2H; 11-
H), 2.55 (br, 2H; pip.), 2.51 (m, 2H; 12-H), 2.31 (br, 2H; pip.) ppm; *C
NMR (100 MHz, CDCl;, 25°C): 6 = 170.6 (C-8), 161.6 (d, 'J(C,F) =
242.6 Hz; C-16), 136.2 (C-7a), 135.8 (d, “J(C,F) = 3.8 Hz; C-13), 130.2
(d, *’J(CF) = 7.6 Hz; C-14), 127.7, 125.7, 125.3, 121.6, 118.5, 115.3 (d,
%J(C,F) = 20.8 Hz; C-15), 112.8 (C-7), 101.3 (C-3), 60.4 (C-11), 54.0, 53.2,
47.6, 42.2, 32.8 (C-12) ppm; IR (nujol): #= 3400 (NH), 2956, 2816, 1625,
1599, 1508, 1463, 999, 825, 758 cm™'; MS (70 €V, EI): m/z (% ): 352 (100)
[M+1]7%, 242 (40), 144 (23); HRMS (70 eV, EI) caled for C,;H,;FN;O:
352.18253; found 352.17824.
N-(5-Indolylcarbonyl)-N'-[2-(4-fluorophenyl)ethyl]piperazine (11h):
Yellow solid; R, = 0.60 (AcOEtMeOH 9:1); m.p. 97°C; 'H NMR
(400 MHz, CDCl;, 25°C, TMS): 6 = 9.73 (s, 1H; NH), 7.60 (s, 1H; Ar),
7.17-6.95 (m, SH; Ar), 6.84 (t, J(H,H) = *J(H,F) = 8.5 Hz, 2H; 15-H),
6.37 (br, 1H; 3-H), 3.76-3.32 (br, 4H; pip.), 2.63 (m, 2H; 11-H), 2.48 (m,
2H; 12-H), 2.50-2.30 (br, 4H; pip.) ppm; *C NMR (100 MHz, CDCl,,
25°C): 6 = 172.3 (C-8), 161.4 (d, 'J(C,F) = 241.7 Hz; C-16), 136.7 (C-
7a), 135.6 (d, *J(C,F) = 2.8 Hz; C-13), 130.0 (d, *J(C,F) = 7.6 Hz; C-14),
127.3, 126.3, 126.1, 120.9, 120.0, 115.2 (d, /(C,F) = 20.9 Hz; C-15), 111.5
(C-7), 1024 (C-3), 60.4 (C-11), 53.2, 47.9, 42.4, 32.5 (C-12) ppm; IR
(KBr): 7= 3417 (NH), 2923, 2854, 1625, 1603, 1509, 1436, 1024, 823,
750 cm™'; MS (70 eV, EI): m/z (%): 351 (0.4) [M]*, 242 (47), 144 (100),
116 (17); HRMS (70 eV, EI) caled for C,;H,;FN;O: 352.18253; found
352.18034.
N-(4-Indolylcarbonyl)-N'-[2-(4-methoxyphenyl)ethyl|piperazine (11i):
Yellow solid; R, = 0.58 (AcOEt/MeOH 9:1); m.p. 143°C; 'H NMR
(400 MHz, CDCl;, 25°C, TMS): 6 = 9.57 (s, 1 H; NH), 7.15 (dd, */(H,H)
= 6Hz, *J(H,H) = 32Hz 1H, Ar), 7.03-6.97 (m, 4H; Ar), 691 (t,
*J(HH) = “J(HH) = 2.6 Hz, 1H; Ar), 6.71 (d, *J(H,H) = 8.7 Hz, 2H;
14-H), 6.35 (br, 1H; 3-H), 3.92-3.74 (br, 2H; pip.), 3.65 (s, 3H; OMe),
3.38-3.22 (br, 2H; pip.), 2.63 (m, 2H; 11-H), 2.60-2.45 (br, 2H; pip.),
2.49 (m, 2H; 12-H), 2.40-2.22 (br, 2H; pip.) ppm; *C NMR (100 MHz,
CDCl;, 25°C): 0 = 170.7 (C-8), 158.0 (C-16), 136.1 and 132.0 (C-7a, C-
13), 129.6 (C-14), 127.3 and 125.9 (C-2, C-4), 125.1 (C-3a), 121.2 and
118.2 (C-5, C-6), 113.9 (C-15), 112.9 (C-7), 100.7 (C-3), 60.5 (C-11), 55.2
(OCHs;), 53.8, 53.0, 47.5, 42.1, 32.5 (C-12) ppm; IR (KBr): 7= 3247
(NH), 2934, 1653, 1608, 1512, 762, 735cm™'; MS (70 eV, EI): m/z (%):
364 (100) [M+1]*, 243 (12), 242 (76), 144 (31); HRMS (70 eV, EI) calcd
for C,,H,5sN;0,: 363.19467; found 363.19280.
N-[4-(Trifluoromethyl)phenylcarbonyl]-N'-[2-(4-methoxyphenyl)-ethyl]-
piperazine (11j): Colorless crystals; R, = 0.62 (AcOEt/MeOH 9:1); m.p.
100°C; '"H NMR (400 MHz, CDCl,, 25°C, TMS): 6 = 7.66 (d, *J(H,H)
= 8.1Hz, 2H; 2-H), 7.50 (d, *J(H,H) = 8.1 Hz, 2H; 3-H), 7.09 (d,
*J(HH) = 8.5Hz, 2H; 12-H), 6.81 (d, *J(H,H) = 8.5Hz, 2H; 11-H),

1, C-10), 131.8 (q, /(CF) = 322 Hz; C-4), 129.7 (C-11), 127.6 (C-2),
128.1 (q, *J(C,F) = 3.8 Hz; C-3), 114.0 (C-12), 60.6 (C-8), 55.4 (OMe),
53.6, 52.9, 47.8, 42.3, 32.7 (C-9) ppm; IR (KBr): 7= 2959, 2930, 2823,
1640, 1512, 1439, 1327, 1250, 1165, 1119, 1065, 847, 603 cm™'; MS (70 eV,
El): m/z (%): 392 (0.3) [M]*, 272 (20), 271 (100) [M—BnOMe]*, 216
(18), 173 (56), 145 (20); HRMS (70 eV, EI) caled for C,H,;F;N,0,:
392.17117; found 392.17041.
N-(1-Isoquinolylcarbonyl)-N'-[2-(4-tolyl)ethyl]piperazine ~(11k): Light
yellow solid; R, = 0.62 (AcOEt/MeOH 9:1); m.p. 110°C; 'H NMR
(400 MHz, CDCl,, 25°C, TMS): 6 = 8.43 (d, *J(H,H) = 5.8 Hz, 1H; 3-
H), 7.96 (dd, *J(H,H) = 8.4 Hz, *J(H,H) = 0.9 Hz, 1H; 8-H), 7.77 (d,
3J(H,H) = 83 Hz, 1H; 5-H), 7.64 (ddd, *J(H,H) = 8.4 Hz, 3J(HH) =
7 Hz, “/(H,H) = 1Hz, 1H; 7-H), 7.60 (d, *J(H,H) = 5.8 Hz, 1H; 4-H),
7.54 (ddd, J(HH) = 8.3 Hz, *J(H,H) = 6.9 Hz, “/(H,H) = 12 Hz, 1H;
6-H), 7.05-6.97 (m, 4H; 15-H, 16-H), 3.92 (t, *J(H,H) = Y(HH) =
5.1 Hz, 2H; pip.), 3.20 (t, *J(H,H) = 2J(H,H) = 5.2 Hz, 2H; pip.), 2.73—-
2.61 (m, 4H; 12-H, pip.), 2.55 (m, 2H; 13-H), 2.37 (t, ”/(H,H) = *J(H,H)
= 5.1 Hz, 2H; pip.), 2.22 (s, 3H; Me) ppm; *C NMR (100 MHz, CDCl,,
25°C): 0 = 166.8 (C-9), 1554 (C-1), 141.9 (C-3), 136.8, 136.6, 135.8,
131.0, 129.3 (C-16), 128.7 (C-15), 128.3, 127.2, 126.0, 125.7 and 121.5 (C-
8a, C-5), 60.4 (C-12), 53.5, 52.9, 46.8, 41.8, 33.0 (C-13), 21.1 (CH;) ppm;
IR (neat): 7= 2924, 2809, 1644, 1585, 1471, 1443, 1250, 998, 828, 811,
751, 734, 704 cm~*; MS (70 eV, EI): m/z (%): 359 (5) [M]F, 255 (18), 254
(100) [M—MeBn]*, 199 (15), 128 (42); HRMS (70 eV, EI) caled for
C,3H6N;O: 360.20759; found 360.20617.
1-{[2-(4-Tolyl)ethyl]piperazin-1-yl}isoquinoline (12k): Yellow solid; R, =
0.50 (AcOEt/MeOH 9:1); m.p. 119°C, '"H NMR (400 MHz, CDCl,, 25°C,
TMS): 6 = 8.07 (d, *J(HH) = 5.8 Hz, 1H; 3-H), 8.01 (d, *’J(HH) =
83 Hz, 1H; 8-H), 7.66 (d, *J(HH) = 7.9Hz, 1H; 5-H), 7.51 (ddd,
*J(HH) = 83 Hz, JJ(HH) = 7.0 Hz, */(H,H) = 1.2 Hz, 1H; 7-H), 7.41
(ddd, *J(H,H) = 7.9 Hz, *J(H,H) = 6.9 Hz, *J(H,H) = 1.2 Hz, 1 H; 6-H),
7.6 (d, *J(H,H) = 5.8 Hz, 1H; 4-H), 7.09-6.99 (m, 4H; 15-H, 16-H),
341 (t, J(HH) = *J(HH) = 4.6 Hz, 4H; pip.), 2.80-2.71 (m, 6 H; 11-H,
pip.), 2.66-2.60 (m, 2H; 12-H), 2.61 (s, 3H; Me)ppm; “C NMR
(100 MHz, CDCl;, 25°C): ¢ = 161.5 (C-1), 1409 (C-3), 138.3, 1374,
135.8, 129.8 (C-6), 129.3 (C-15), 128.8 (C-14), 127.3, 126.2, 125.8, 121.9
(C-8a), 116.0, 61.0 (C-11), 53.6 (C-9), 514 (C-10), 32.3 (C-12), 21.2
(Me) ppm; IR (KBr): 7= 2925, 2841, 2811, 1621, 1557, 1499, 1448, 1404,
1367, 1007, 814, 750 cm™'; MS (70 eV, EI): m/z (%): 331 (12) [M]*, 226
(35) [M—MeBn]*, 187 (57), 171 (52), 169 (22), 157 (100), 145 (23), 128
(26), 118 (17), 82 (16); HRMS (70 eV, EI) caled for C,,H,(N;: 332.21267;
found 332.21060.
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Theoretical Insights into the Role of a Counterion in Copper-Catalyzed
Enantioselective Cyclopropanation Reactions

José M. Fraile,”! José I. Garcia,*!*! Maria J. Gil,"” Victor Martinez-Merino,*!"!
José A. Mayoral,”! and Luis Salvatella'

Abstract: The effect of a coordinating
counteranion on the mechanism of
Cu'-catalyzed cyclopropanation has
been investigated extensively for a
medium-sized reaction model by
means of theoretical calculations at the
B3LYP/6-31G(d) level. The main
mechanistic features are similar to
those found for the cationic (without a
counteranion) mechanism, the rate-lim-
iting step being nitrogen extrusion
from a catalyst—-diazoester complex to
generate a copper—carbene intermedi-
ate. The cyclopropanation step takes

tion of the metal-carbene species to
yield a catalyst-product complex,
which can finally regenerate the start-
ing complex. However, the presence of
the counteranion has a noticeable in-
fluence on the calculated geometries of
all the intermediates and transition
structures. Furthermore, the existence
of a preequilibrium with a dimeric

Keywords: asymmetric catalysis
copper - cyclopropanation - density
functional calculations ligand
effects - N ligands

form of the catalyst, together with a
higher activation barrier in the inser-
tion step, explains the lower yield of
cyclopropane products observed exper-
imentally in the presence of chloride
counterion. The stereochemical predic-
tions of a more realistic model (made
by considering a chiral bis(oxazoline)—
copper(1) catalyst) have been rational-
ized in terms of the lack of significant
steric repulsions, and the model shows
good agreement with the low enantio-
selectivities observed experimentally
for these kinds of catalytic systems.

place through a direct carbene inser-

Introduction

Cyclopropane derivatives are an important family of chemi-
cal compounds because of their interesting biological prop-
erties!!! as well as their use as starting materials and inter-
mediates in organic synthesis.”) Great efforts have therefore
been made to develop efficient diastereo- and enantioselec-
tive methods for the synthesis of cyclopropanes.®] A particu-
larly versatile method is metal-catalyzed cyclopropanation
of olefins with diazo compounds, for which various efficient
homogeneous catalysts have been developed.
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The use of catalysts based on copper is particularly attrac-
tive because of their high efficiency in asymmetric cyclopro-
panation reactions and their relatively low cost in compari-
son with other metal derivatives, such as catalysts based on
rhodium® or ruthenium.® Various chiral ligands have been
described for the enantioselective versions of the cyclopro-
panation reaction, including salicylaldimines,” salicylaldehy-
de-amino acid derivatives,®! and semicorrins.”! The best re-
sults have been obtained with bis(oxazolines)—described in-
dependently by Evans and co-workers!” and Masamune
and co-workers!"''—which can lead to almost complete
enantioselectivity (up to 99 % ee) when their complexes with
Cu' or Cu" are used in cyclopropanation reactions. Good
performance of chiral bis(oxazolines) as ligands for asym-
metric cyclopropanation, as well as for other Lewis acid cat-
alyzed reactions, has resulted in the recent commercial
availability of some of them.

For large-scale applications, the ease of use and facile re-
covery of the chiral catalysts have become important fac-
tors; several studies have focused on the immobilization of
chiral Cu complexes for catalytic cyclopropanation reac-
tions."! However, in both the homogeneous'*'*! and hetero-
geneous!'¥! phases, a dramatic dependence of the stereose-
lectivity on factors such as the solvent and the counterion
has been described. For instance, Evans et al. have report-
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ed"” that the use of halides, cyanide, acetate, or perchlorate
counteranions leads to a decreasing or even a total loss of
catalytic activity, and to a noticeable decrease in enantiose-
lectivity. In particular, when the counteranion is changed
from triflate to chloride, the enantioselectivity of the cyclo-
propanation reaction of styrene with ethyl diazoacetate, cat-
alyzed by the 2,2'-isopropylidenenebis[(4S)-tert-butyl-2-oxa-
zoline]-copper(1) complex in dichloromethane, drops from
94 to 3% ee for the trans-cyclopropanes, and from 92 to
8% ee for cis-cyclopropanes.®! The origin of this behavior
still remains unclear.

Several thorough theoretical studies"™ "' concerning the
mechanism of the copper-catalyzed cyclopropanation reac-
tions of diazo compounds have been published recently. We
present here a theoretical study dealing with the effect of
the counterion of the catalytic complex on the mechanism
of the cyclopropanation reaction and its consequences for
the enantioselectivity.

Results and Discussion

Computational methods: In our previous work,™ a relative-
ly simple nonchiral model of the catalytic complex, namely
the N,N'-dimethyl malonaldiimine—copper(1) cation (1)
(Scheme 1), was used to explore the potential energy surface

CHy i CHs CHi ;" CHs
|
cl
1 1C1
H,C=CH,
) 1-0Tfor 1CI
'
N,CHCOOCHS » COOCH,
3

Scheme 1. Model Cu-catalyzed cyclopropanation reaction.

thoroughly by considering different reaction pathways. Such
a model is positively charged due to the well-known weak
coordinating ability of the triflate counteranion in solu-
tion."™! The effect of a strong coordinating counteranion has
been taken into account by using the same model, but with
a chloride anion linked to the copper center (1Cl) so that
the resulting system is neutral (Scheme 1). The model reac-
tion chosen was the cyclopropanation of ethylene (2) with
methyl diazoacetate (3) (Scheme 1). We have taken the pos-
sibility of different conformations into account for all struc-
tures, although we center our discussion of the results on
the most stable form in each case.

All calculations were performed by means of the B3LYP
hybrid functional™ because this technique has performed
satisfactorily in the chemistry of transition metals® and, in
particular, in our previous work." Full optimizations using
the 6-31G(d) basis set for all the atoms were carried out
using the Gaussian 98 package.’! BSSE corrections were
not considered for this work.

Chem. Eur. J. 2004, 10, 758-765 www.chemeurj.org

Analytical frequencies were calculated at the B3LYP/6-
31G(d) level and the nature of the stationary points was de-
termined in each case according to the appropriate number
of negative eigenvalues in the Hessian matrix. Scaled fre-
quencies were not considered since significant errors on the
calculated thermodynamic properties are not found at this
theoretical level.”

In selected cases, single-point energy calculations were
carried out with the extended triple zeta split-valence 6-
311+4G(2d,p) basis set. Solvent effects were also taken
into account in selected cases by the IPCM method,”™ as
implemented in Gaussian 98. The dielectric permittivity of
dichloromethane (¢ = 8.93) was used, with an isodensity
cut-off value of 0.0001.

Unless otherwise stated, only Gibbs free energies are
used in the discussion of the relative stabilities of the chemi-
cal structures considered. Relative free energies (including
thermal corrections at 25°C) of the structures considered
for the nonchiral model are shown in Table 1. Hard data on
electronic energies, entropies, Gibbs free energies, and
lowest frequencies of the different conformations of all the
structures considered are available as Supporting Informa-
tion.

Table 1. Numbering and relative Gibbs free energies [kcalmol '] of the
different nonchiral structures considered in this work.

Structure AAGY AAGpep®
2 0.0 0.0
3 0.0 0.0
4 0.0 0.0
1Cl1 6.6 6.8
ac, ~108 20
5C1 0.0 0.0
6Cl 8.8 10.7
7C1 20.7 233
8Cl -2.6 0.0
9C1 10.2 13.1
10C1 —30.0 -
11C1 —24.8 -
12 —-51.9 —51.2
13C1 0.4 34
14C1 —13.1 —-10.2

[a] Calculated at the B3LYP/6-31G(d) theoretical level (298 K). [b] Cal-
culated at the IPCM/B3LYP/6-31G(d)//B3LYP6-31G(d) theoretical level,
using the B3LYP/6-31G(d) frequencies (298 K).

Formation of the copper—carbene complex: Figure 1 shows
the calculated structures for the initial complex 1Cl, togeth-

Figure 1. Structures of the catalyst without (1) and with (1Cl) the chlo-
ride counterion. Distances in all figures are in A.
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er with the structure of the corresponding cationic species!™!
for comparison.

The cationic species is fully planar, whereas the neutral
complex 1Cl exhibits a boat conformation. The Cu atom
presents a trigonal-planar coordination, but the Cu—Cl bond
deviates considerably from the central axis of the chelate
complex, with unequal N-Cu-Cl bond angles of 114.5° and
146.8°. As a consequence, the whole complex is asymmetric
and, for instance, the N—Cu coordination bonds are 1.879
and 1.977 A, respectively, for the bonds anti and syn to the
chlorine atom. Both bonds are longer than those calculated
for the cationic complex 1, which indicates a weaker coordi-
nation of the diimine ligand to the Cu center. This is un-
doubtedly attributable to the presence of a more electron-
deficient Cu center in 1.

Since the Cu atom bears a chlorine ligand, fewer possible
intermediate and transition structures are expected to exist
than positively charged species, which have an additional co-
ordinative vacancy. Indeed, intermediate complexes with
two reactive molecules simultaneously coordinated to the
Cu center were not localized in any case. However, a dimer-
ic structure of 1Cl, denoted as (1Cl),, could be located and
characterized as a minimum. The structure of this dimer is
shown in Figure 2, along with those of intermediate com-
plexes bearing another coordinated reactive molecule (5CI

] (]

Figure 2. Structures of the 1Cl dimer, (1Cl),, and the intermediate com-
plexes with an ethylene (5 and 5Cl) or a diazo ester molecule (6 and
6Cl) coordinated to the Cu center. Some hydrogen atoms have been
omitted for clarity.

760 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and 6Cl) together with their cationic counterparts.”® The
formation of dimeric species through di-p-X bridges (where
X is the anion) would be specially suitable when X = CI~,
but much more difficult, and even impossible, in the case of
other anions such as perchlorate or cyanide. Consequently, a
general mechanistic explanation of the counteranion effect
in the reaction should not be based entirely on the forma-
tion of dimeric species (see below).

The presence of the chloride counterion introduces
marked changes in the molecular structures of these inter-
mediates. For example, whereas complex 5 presents a
square-planar coordination, complex 5CI is pyramidal. Fur-
thermore, similarly to the parent complexes 1 and 1Cl, the
diimine-Cu complex is fully planar for 5, whereas it adopts
a boatlike conformation for 5CI. Similar characteristics can
be highlighted for complexes 6 and 6 Cl. In these cases, the
coordination geometry changes from distorted trigonal
planar (6) to tetrahedral (6 Cl) when the coordination of the
counterion is taken into account. In all cases, the coordina-
tion bonds of both the diimine ligand (N—Cu bonds) and the
reactives (C—Cu bonds) are significantly longer in the neu-
tral complexes than in their cationic counterparts, a situation
that indicates greater electron demand in the latter. Accord-
ingly, the Cl—-Cu bond is also longer in these intermediates,
due to the electron donation of the reactives. The greater
bond length of 2.438 A found for 5Cl, which indicates
strong m donation due to the ethylene ligand, is noteworthy.

The first transition structure (TS) found on the reaction
coordinate corresponds to dinitrogen extrusion from com-
plex 6Cl. Some geometrical features of this TS (7Cl) are
presented in Figure 3. The differences found for the com-

7 7Cl

Figure 3. Structures of the transition structures for dinitrogen extrusion
with (7Cl) and without (7) the chloride counterion. Some hydrogen
atoms have been omitted for clarity.

plexes described previously, that is, ring conformation and
coordination bond lengths, are also observed for the cationic
counterpart 7. Dinitrogen dissociation results in strengthen-
ing of the C,—Cu bond in the intermediate complex 6 Cl, as
illustrated by the reduction in the corresponding bond
length from 2.108 to 1.870 A. At the same time, this situa-
tion leads to a weakening of one of the N—Cu bonds and
the Cl-Cu bond, as shown by the increase in the corre-
sponding bond lengths (from 1.999 to 2.056 A for N—Cu,
and from 2.266 to 2.376 A for CI-Cu).
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The extrusion of dinitrogen is followed by formation of
the the Cu—carbene complex. The key importance of this in-
termediate has recently been shown both theoretically!'>!")
and experimentally.? The calculated structure for this com-
plex (8Cl) is shown in Figure 4. Apart from the boatlike

Cu

Ellss.r
=g

Figure 4. Structures of the Cu—carbene units with (8 Cl) and without (8)
the chloride counterion. Some hydrogen atoms have been omitted for
clarity.

0l c

- 0.23
CuNIC00Me ¢ o cutNC00Me
8 ROl

conformation of the chelate complex, a major difference is
observed between complexes 8 and 8Cl in the spatial dispo-
sition of the ester group relative to the complex. For the cat-
ionic complex 8, the carbene-carbon-Cu bond is almost per-
pendicular to the plane of Cu—diimine complex and it is also
perpendicular to the plane of the ester group. This situation
can be attributed to the strong electrophilic character of this
carbene-carbon atom, which avoids coplanarity with elec-
tron-withdrawing groups. The geometry of the carbene-
carbon atom indicates sp* hybridization, which causes a very
small deviation from coplanarity (0.11 A).

In 8Cl, however, the carbene-carbon atom is more nearly
coplanar with both the plane of Cu-diimine complex and
that of the ester group. Furthermore, this carbon atom is
somewhat more pyramidalized, with a deviation of 0.23 A
from planarity.

The N—Cu bonds are longer in 8Cl than in 8, analogously
to the calculated structures already mentioned. This indi-
cates that the coordination of the diimine ligand to the Cu
center is weaker, because of the presence of the chloride
counterion. This raises the question of whether the diimine
ligand in 8Cl could be dissociated to a significant extent;
this would have important implications for the stereoselec-
tivity in the case of a chiral ligand. To answer this question,
the equilibrium represented by Equation (1) was calculated

Cl-Cu=CHCOOMe + diimine = 8Cl (1)

(full results are available in the Supporting Information).
The formation of 8Cl is favored by 19.1 kcalmol™! in terms
of Gibbs free energy; this increases to 20.7 kcalmol™! when
solvent effects are taken into account. Another possible
mechanism through which nonchiral catalytic species could
be formed is the formation of a dimeric (Cl-Cu=
CHCOOMe), species through two di-y-Cl bridges, by the

Chem. Eur. J. 2004, 10, 758-765 www.chemeurj.org

equilibrium in Equation (2). However, the formation of this
28Cl = 2diimine + (Cl-Cu=CHCOOMe), (2)

species is disfavored in terms of Gibbs free energy by
17.7 kcalmol™', which increases to 24.5 kcalmol™' when sol-
vent effects are taken into account. We therefore rule out
the possibility of a significant contribution by noncoordinat-
ed Cu species to the reaction pathway.

The geometrical differences between the key 8Cl inter-

mediate and 8 have important consequences for the shape
and orientation of the corresponding LUMO (Figure 5). For

Figure 5. Isocontour plots (0.005 a.u.) of the LUMO of the Cu-carbene
complexes 8 and 8Cl, calculated at the B3LYP/6-31G(d) theoretical
level.

example, for 8 the main LUMO lobe is centered on the car-
bene-carbon atom and it points in a direction that is copla-
nar with the Cu-diimine plane. In 8 Cl, however, slight con-
jugation between the carbene and the carboxyl carbon
atoms is observed, and the main LUMO lobe points in a di-
rection perpendicular to the Cu-diimine plane. Both situa-
tions should have important implications for the geometry
of the transition states for the insertion of the carbene into
the alkene double bond (see below).

Formation of the cyclopropane products: We established
previously!" that the direct insertion of the carbene into the
alkene double bond is favored over the metallacyclobutane
pathway. Both reaction pathways were also investigated in
the presence of the chloride counteranion. Figure 6 shows
the transition structures for the direct insertion for both the
cationic (9) and the neutral (9 Cl) pathways.

Two main features distinguish between the two transition
structures. First, for 9 the ethylene approaches in the plane
of the complex, whereas for 9Cl it approaches from a direc-
tion close to that of the Cu—Cl bond (the dihedral angle be-
tween the middle of the ethylene double bond, the carbene-
carbon atom and the Cu—Cl bond is approximately 30°).
These directions of approach are in agreement with the cal-
culated geometries of the Cu-carbene LUMOs (Figure 5).
However, when we tested other directions of approach for
9Cl, particularly those in which the groups are rotated so

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 761
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9 oCl

Figure 6. Transition structures for the direct insertion of the carbene into
the ethylene double bond, with (9Cl) and without (9) the chloride coun-
terion. Some hydrogen atoms have been omitted for clarity.

that the Cu—Cl bond is opposite the carbene insertion, we
were unable to obtain converged structures for any of the
corresponding TS. Second, the degree of asynchronicity is
greater in 9Cl than in 9.

The second possible reaction pathway involves the forma-
tion of a cupracyclobutane intermediate with subsequent
evolution to the cyclopropane product. However, although
such an intermediate could be located in the potential
energy surface (Figure 7), extensive searches failed to reveal

&
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1.985 1928 @ 208 @
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Figure 7. Structures of the cupracyclobutane intermediates with (10Cl)
and without (10) the chloride counterion. Some hydrogen atoms have
been omitted for clarity.

a transition structure connecting the Cu-—carbene complex
8Cl with the cupracyclobutane 10Cl. Systematic energy
scans led to a continuous energy rise as the ethylene mole-
cule approached 8Cl with its carbon atoms pointing to the
Cu and the carbene carbon atoms, respectively. However, a
transition structure (11Cl) was found that corresponds to
the transformation of 10Cl into the cyclopropane product
(12). Therefore it can be concluded that, in the presence of
a strong coordinating counteranion, the only reaction path-
way available is the direct, concerted insertion of the car-
bene into the double bond—with the hypothetical existence
of a cupracyclobutane representing a dead end in the reac-
tion coordinate.

The presence of the chloride counterion also has a
marked effect on the geometry of the cupracyclobutane in-
termediates. For example, whereas the cationic complex has

762 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a square-planar geometry, the neutral complex displays a
trigonal-bipyramidal structure in which the cupracyclobu-
tane ring is perpendicular to the Cu—diimine plane.

A referee proposed a different mechanism, similar to that
described for the Simmons-Smith cyclopropanation. The
first step of this mechanism would be the 1,2 migration of
the chlorine atom from Cu to the carbene carbon; in fact,
both the transition structure for this migration (13Cl) and
the resulting carbenoid complex (14Cl) could be located
and properly characterized (Figure 8).

&
. @ 1o s
e/ @
?- feu’ 1008 ®
-l @y

. ' . .!.au ]
&

13CI 14Cl1

Figure 8. Transition structure for the 1,2 chlorine shift from Cu to the car-
bene carbon of 10 Cl (13 Cl) and structure of the resulting carbenoid com-
plex (14Cl).

However, an examination of the LUMO of the carbenoid
complex 14 Cl revealed that this orbital does not possess the
correct symmetry to be involved in the reaction. Indeed,
only the LUMO+3 (more than 2 eV higher in energy than
the LUMO) has a significant orbital lobe centered on the
carbenoid carbon. This seems to indicate that this species
has a low reactivity towards the insertion into the double
bond of an olefin. After extensive searches, we were unable
to locate either a transition structure similar to those in-
volved in the Simmons—Smith cyclopropanation reactions, or
a four-center transition structure involving the Cu atom.
Therefore, we conclude that these kinds of carbenoid spe-
cies do not contribute to the reaction mechanism in the Cu-
catalyzed reactions.

Energy considerations: The relative free energies of the
structures shown in the energy diagram (Figure 9) take into
account the evolution of the system composition according
to the different molecules entering or leaving the system.
The catalytic intermediate 5CI, ethylene (2), methyl diazoa-
cetate (3), and dinitrogen (4) have been chosen arbitrarily
as reference points for the calculation of relative free ener-
gies (Table 1).

In both cases the formation of the Cu—carbene complex is
the rate-determining step, a situation in agreement with the
experimental observations in related systems,m since it has
the highest activation barrier over the whole reaction coor-
dinate. However, the reaction pathway is somewhat differ-
ent for the neutral and the cationic complexes. The high rel-
ative energy of complex 1 prevents a dissociative mechanism
for the transition from 5 to 6. For the neutral pathway,
the presence of the chloride prevents an associative ligand
mechanism, but the relative energy of 1Cl allows the disso-
ciative mechanism for the transition from 5CI to 6Cl. If we
calculate the activation barrier for this step from 5CI, the
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probably more general, mecha-
nism for the observed decrease in
yield is the easier formation of
by-products (see below).

The activation barrier for the
insertion step is 9.8 kcalmol™! on
the cationic pathway, whereas it
increases to 12.8 kcalmol™' for
the neutral pathway. However, in
the latter case solvent effects have

1icl a leveling effect on the barriers

HoCE" and, when differential solvation

_ energies are taken into account,
the corresponding activation ener-
L'_ gies change to 12.0 and 13.1 kcal-
- mol~', respectively. The higher
barrier in the case of the neutral

Reaction Coordinale —

Figure 9. Free-energy diagram for a catalytic cycle of the cationic (——) and the neutral (sse«- ) complexes.

Energy values are in kcalmol .

value obtained (approximately 21 kcalmol ) is very similar
in both cationic and neutral pathways. Given that stronger
solvent effects should be expected for the cationic species,
we estimated the solvation energies of the principal species
involved in this step by some single-point calculations
(Table 1). Somewhat surprisingly, the activation barriers are
only slightly modified, even in the case of the cationic com-
plexes. This indicates the existence of only a small differen-
tial solvation between the transition structures and the reac-
tives. Thus, the activation barrier of the cationic pathway in-
creases from 21.1 (gas phase) to 25.0 kcalmol™! (dichlorome-
thane), whereas for the neutral pathway the increase is
somewhat lower, from 20.7 (gas phase) to 23.3 kcalmol™!
(dichloromethane). Therefore the significant decrease in the
yield of cyclopropane products observed with coordinating
counteranions such as chloride, in comparison with triflate
and other weakly coordinating counteranions, ™ does not
seem to be due to a direct influence of the counteranion on
the activation barrier of the rate-determining step.

However, the presence of a chlorine atom allows other
possibilities that should be examined; the dimerization of
1Cl, as previously mentioned, is the most feasible. The cal-
culated free energy of formation of (1Cl), from 1CI is
—10.8 kcalmol™ in the gas phase, and decreases to
—2.0 kcalmol ! when solvent effects are taken into account.
This indicates that a preequilibrium [Eq. (3)] is feasible,

21C1= (1Cl), (3)

and therefore the activation barrier for the N, extrusion
should be calculated from (1Cl), and not from SCI
(Figure 9), leading to a value of approximately 32 kcalmol™!
in the gas phase, and of 23.2 kcalmol ' when solvation ener-
gies are included. This circumstance would result in a de-
crease in the apparent rate kinetic constant. However, as
stated above, this situation will hold only with counteranions
able to give such dimeric species. Another possible, and

Chem. Eur. J. 2004, 10, 758-765 www.chemeurj.org

pathway would favor the forma-
tion of by-products such as male-
ates or fumarates, or even the pyr-
azolines derived from the 1,3 di-
polar cycloaddition between the
diazo ester and these products.””! All of these processes
would result in a lower styrene conversion, which is in
agreement with experimental observations.!’!

All the reaction pathways show almost parallel develop-
ment across most of the reaction coordinate. Therefore, al-
though the chloride counterion significantly influences the
structures of the intermediates and the transition structures,
the reaction mechanism remains essentially unchanged with
respect to the cationic pathway (which represents the situa-
tion with a weakly coordinating counteranion). The activa-
tion energies of the principal steps are also similar, irrespec-
tive of the presence or absence of a counterion.

Extension to a chiral model: To pursue our interest in the
effect of the counterion on the enantioselectivity, we extend-
ed the theoretical study to include a chiral model. As the
chiral ligand we chose the simplified bis(oxazoline) structure
used previously,'”! namely 2,2’-methylenebis[(4S)-methyl-2-
oxazoline]. The presence of the chloride counteranion to-
gether with a chiral ligand led to different possible Cu'-car-
bene complexes, which were calculated at the B3LYP/6-
31G(d) theoretical level. The optimized structure of the re-
sulting minimum-energy structure is shown in Figure 10.

The Cu—carbene complex 15Cl displays most of the fea-
tures already described for the nonchiral complex 8 Cl. This
complex has a boatlike conformation in the Cu-diimine
complex and a tetrahedral Cu center; in addition, the dispo-
sition of the carbene carbon is more coplanar with regard to
both the Cu-diimine complex and the ester group—unlike
the situation in cationic complex 15. As a consequence, the
main lobe of the LUMO will point in a direction perpendic-
ular to the principal plane of the complex.

The complexation free energy of the equilibrium repre-
sented by Equation (4) was calculated, similarly to that al-

Cl-Cu=CHCOOMe + bis(oxazoline) = 15Cl 4)
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Figure 10. Structures of the Cu—carbene intermediates with (15Cl) and
without (15) the chloride counterion. Some hydrogen atoms have been
omitted for clarity.

ready described in the case of the nonchiral model. The for-
mation of the complex is favored by approximately 25 kcal -
mol~! (28.6 kcalmol™! if solvent effects are taken into ac-
count), which clearly rules out the possibility of a nonchiral
reaction pathway.

The transition structures corresponding to the approach
of ethylene at the Re (16Cl) and Si (17Cl) faces of the car-
bene carbon were also calculated at the same level. The re-
sulting geometries are shown in Figure 11.

The structures of 16 Cl and 17 Cl show only small differen-
ces from that calculated for the nonchiral model (9Cl).
Thus, whereas 17Cl is later than 9CIl, as indicated by the
shorter C—C bond-forming distances and the longer ethyl-
ene C—C bond length, 16 Cl is earlier. When we consider the
direction of approach of ethylene, the dihedral angles be-
tween the middle of the ethylene double bond, the carbene-

) \1-\?'55 a5 4‘“
2393@ e ’_
i C“" . .
25941’-'. ':.' S
., o
b
17 17C1

Figure 11. Transition structures of the cyclopropanation step for the
attack of ethylene at the Re (16 and 16 Cl) and Si (17 and 17Cl) faces of
the chiral catalyst—carbene complex. Some hydrogen atoms have been
omitted for clarity.
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carbon atom and the Cu—Cl bond are above and below that
calculated for 9Cl (16 Cl: 20°; 17Cl: approximately 40°. In
comparison with the Cu-carbene intermediate 15Cl, the car-
bene-carbon atom appears twisted by about 120°, implying
that the ethylene approaches on the same side of the Cu—Cl
bond. Other properly converged structures could not be
found for these TS. Indeed, even when the starting struc-
tures had the approaching ethylene molecule on the oppo-
site side to the chlorine atom, the calculation converged to
structures 16 Cl and 17CL

Further significant differences can be seen when the neu-
tral TS is compared with the cationic TS. For instance, the
two N—Cu bonds in the complexes are longer but more un-
symmetrical in the neutral complexes (16 Cl and 16: Ad =
0.247 and 0.014 A; 17Cl and 17: Ad = 0.225 and 0.012 A).
The Cu—C, e bonds are also somewhat longer in the neu-
tral complexes.

There are also important structural differences that could
be crucial for the asymmetric induction. The main steric in-
teraction responsible for the enantioselection has been de-
termined">'% to be that between the carbonyl-oxygen atom
of the ester group and the substituent on one of the stereo-
genic carbon atoms of the bis(oxazolines), in agreement
with Pfaltz’s suggestion."") Indeed, a short distance (2.287 A)
between these groups was calculated for the cationic com-
plexes, a fact that explains the instability of 17 relative to
16. For the neutral complex 17Cl, the distance calculated
between the same atoms is noticeably longer (2.660 A). Fur-
thermore, there are no other significant close contacts in
either 16 Cl or 17Cl. This fact should have important conse-
quences for the relative energies of the two TS.

At the B3LYP/6-31G(d) level, 16Cl is favored over 17Cl
by 0.7 kcalmol™'. This margin decreases to only 0.4 kcal-
mol™ when a larger basis set (6-3114++G(2d,p)) is consid-
ered. For comparison, the corresponding values found™ for
16 and 17, are 2.6 and 1.9 kcalmol™, respectively. The
energy results are therefore in agreement with the lack of
clear steric interactions that are able to distinguish the dia-
stereomeric TS in the case of the neutral pathway. Solvent
effects were also considered in this case and, when account
is additionally taken of differential solvation of the TS (by
means of IPCM/B3LYP/6-31G(d) single-point energy calcu-
lations), the calculated relative free energies of 16Cl and
17Cl increase to 0.8 kcalmol™!, a value still below the
1.3 kcalmol ™! calculated for 16 and 17.1"

Conclusion

Theoretical calculations carried out on a simplified, nonchi-
ral model show that the presence of a coordinating counter-
anion has important consequences in the geometries of the
reaction intermediates and transition structures, but not in
the overall reaction mechanism or the main reaction path-
way. The rate-determining step is dinitrogen extrusion to
give the Cu—carbene intermediate complex. The cyclopro-
pane product is formed through the direct, concerted inser-
tion of the carbene-carbon atom into the alkene double
bond similarly to the mechanism reported for the cationic
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(without counteranion) pathway. The main effect of the
chloride counteranion is to reduce the chemoselectivity to-
wards cyclopropane products. This reduction occurs in favor
of carbene dimerization through a higher alkene insertion
activation barrier and also probably through a preequilibri-
um with a dimeric form of the catalyst precursor, which in
turn leads to a lower apparent kinetic rate constant.

Theoretical calculations on a chiral bis(oxazoline)-Cu
model in the presence of a coordinating counteranion pro-
vide an explanation for the dramatic decrease in enantiose-
lectivity observed experimentally when chloride, rather than
triflate, is used as the counterion. The diastereomeric transi-
tion structures for the carbene insertion lack any clear steric
interaction that is able to discriminate between the two pro-
chiral faces of the carbene-carbon atom. This situation is
due to the significant geometric changes induced by the
presence of the chloride anion and is very different from
that found for the cationic pathway. The calculated energy
values for the insertion step agree well with a lower enantio-
selectivity in the presence of a coordinating counteranion.

One interesting conclusion from these findings is that the
geometry of the chelate bis(oxazoline)-Cu complex (planar
for the cationic pathway and boatlike for the neutral path-
way) has a dramatic influence on the enantioselectivity of
the cyclopropanation reactions. Therefore, other factors that
are able to modify the geometry, like the substitution pat-
tern on the bis(oxazoline) ligand, should also influence the
stereochemical course of the reaction. Current theoretical
studies in this area will be reported in due course.
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Containing 2,2'-Bipyridine Ligands and Their Rhenium(1) Tricarbonyl
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Abstract: A series of spirooxazine-containing 2,2-bipyridine ligands and their rhe-

nium(1) tricarbonyl complexes has been designed and synthesized, and their photo-
physical, photochromic and electrochemical properties have been studied. The X-
ray crystal structures of two of the complexes have been determined. Detailed
studies showed that the emission properties of the complexes could readily be

switched through photochromic reactions.

Introduction

The rapid expansion in the development of new optical
memory and storage devices has inspired research into pho-
tochromic compounds, which are promising candidates as
optical recording and storage materials,'! and as materials
for ophthalmic and sunglass lenses.” In addition to their po-
tential applications utilizing their different absorption prop-
erties, the changes in electron delocalization have also been
employed for the design of photoswitchable non-linear opti-
cal devices,” enzymatic systems,'*! host-guest systems!” and
luminescent devices.!’! Spirooxazines are one of the most
popular classes of photochromic materials, and have been
shown to possess high fatigue resistance and excellent pho-
tostability.”! The photochromism of spirooxazines is attribut-
able to the photochemical cleavage of the spiro-C—O bond,
which results in the extension of m-conjugation in the col-
ored photomerocyanine conformer and thus shifts the ab-
sorption to the visible region. It has been extensively studied
and reviewed.[™ Most studies of this class have been con-
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fined to the organic system, and it has not been until recent-
ly that increasing study of the incorporation of these organic
spirooxazines/spiropyrans into transition metal complex sys-
tems'” has been pursued. The incorporation of such photo-
chromic moieties into transition metal complex systems
would be expected to give rise to perturbation of the photo-
chromic behavior. Gust et al., for example, showed that a
spiropyran could be photosensitized by the excited state of a
zinc-porphyrin system.” In our previous communication,
we have demonstrated the photosensitization of a pyridine-
containing spirooxazine by the rhenium(i) tricarbonyl dii-
mine complex system.”® As an extension of this work, a
series of spirooxazine-containing 2,2'-bipyridine ligands and
their rhenium(i) tricarbonyl complexes has been synthesized
and characterized. The switching of their emission proper-
ties through photochromic reactions is also reported.

Results and Discussion

Synthesis: The synthetic routes for the formation of the spi-
rooxazine-containing ligands are summarized in Scheme 1.
Esterification of 1,3,3-trimethyl-9’-hydroxyspiroindoline-
naphthoxazine (SO) with 22'-bipyridine-4,4'-dicarboxylic
acid" and the unsymmetrically substituted 2,2"-bipyridine,
4'-methyl-2,2"-bipyridine-4-carboxylic acid (prepared by the
stepwise oxidation of 4,4'-dimethyl-2,2"-bipyridine with sele-
nium(1v) dioxide and silver(1) oxide without isolation of the
intermediates, as described by McCafferty etal.'l) in the
presence of triethylamine in anhydrous benzene at room
temperature gave L1 and L2, respectively. Substitution reac-
tions of mono- or di(bromomethyl)-substituted 2,2-bipyri-
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Scheme 1. Synthetic routes to spirooxazine-containing ligands and their rhenium(1) tricarbonyl complexes.

ing diimine ligands in anhy-
drous benzene at 50°C afforded
complexes 1-4, which were iso-
lated as yellow to red crystals,
depending on the nature of the
diimine ligands, after purifica-
tion by column chromatography
on silica gel and subsequent re-
crystallization from CH,Cl,/
Et,0. The identities of the Ili-
gands L1-L4 and complexes 1-
4 were confirmed by satisfacto-
ry elemental analyses, 'H NMR
spectroscopy, IR spectroscopy
and FAB mass spectrometry,
and for complexes 1 and 2 also
by X-ray crystallography.

X-ray crystal structure determi-
nation: Perspective drawings of
complexes 1 and 2 are depicted
in Figure 1 and Figure 2, respec-
tively, the structure determina-
tion data are collected in
Table 1, and selected bond
lengths and angles are summar-
ized in Table2. The rhenium
atom adopted a distorted octa-
hedral geometry with the three
carbonyl groups in a facial ar-
rangement. The angles subtend-
ed by the nitrogen atoms of L1
and L2 at the rhenium centre,
N1-Rel-N2, were 74.7° and
74.8°, respectively, which are
much smaller than the ideal
angle of 90° adopted in octahe-
dral geometry. The deviation
from the ideal angle is due to
the steric requirement of the
chelating ligands L1 and L2,
which is commonly observed in
other related complex sys-
tems."¥)

The average bond length of
the spiro C—O moiety in 1 and
2 was about 147 A, slightly
longer than the typical length
of a C—O bond (1.43 A)™ in
other oxazine systems. This in-
dicates the relative weakness of
the bond and is also consistent
with the rationale for the pho-
tochromic reaction to involve
the cleavage of this spiro car-

dines (prepared by bromination of 4,4’-dimethyl-2,2"-bipyri- bon-oxygen bond. In addition, the average interplanar angle
dine with N-bromosuccinimide!”) with SO in the presence between the indoline and naphthoxazine planes of 1 and 2
of K,CO; in DMF at room temperature gave L3 and L4. was found to be 88.2°, indicative of an essentially orthogonal
Substitution reactions of [Re(CO);Cl] with the correspond- arrangement. The orthogonal interplanar angle and the rela-
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Figure 1. Structure of complex 1 with atomic numbering. Hydrogen atoms have been omitted for clarity. Thermal ellipsoids are shown at the 30 % proba-

bility level.

Figure 2. Structure of complex 2 with atomic numbering. Hydrogen atoms have been omitted for clarity. Ther-  their

mal ellipsoids are shown at the 30 % probability level.

tively longer spiro C—O bond length are also commonly ob-
served in other related spiropyran!*** and spirooxazine!" "]
systems.

Electronic absorption spectroscopy: The photophysical data
for all the ligands and complexes are collected in Table 3.
The electronic absorption spectra of the free ligands in di-
chloromethane show very intense absorption bands, with
molar  extinction coefficients in the order of
10* dm®*mol'em™! at about 280 and 300 nm, which are ten-
tatively assigned as intraligand (IL) m—zx* transitions of the
bipyridine and indoline moieties. The additional moderately
intense bands and shoulders at about 330, 348 and 368 nm
are most likely to be IL m—umn* transitions of the naphthoxa-
zine moiety, similar to those observed in other related sys-
tems.” The assignments of these low-energy absorptions
have been further supported by the observation that the

768 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

values of the molar extinction
coefficients from 330-380 nm in
the ligands with two spirooxa-
zine moieties (L1 and L3) are
nearly twice those of ligands
with one spirooxazine moiety
(L2 and L4). Complexes 1-4,
on the other hand, in addition
to the very intense IL absorp-
tions at 300-365 nm, also each

show a moderately intense
band at about 400-440 nm in
electronic  absorption

spectra. This absorption band,
with molar extinction coeffi-
cients in the order of
10* dm*mol 'ecm™!, is ascribed to the metal-to-ligand charge
transfer (MLCT) [drnt(Re)—mn*(diimine)] transition, typical
of rhenium(1) tricarbonyl diimine systems,"*'®! probably with
some mixing of a ligand-centered character. An absorption
energy dependence of this band, inversely related to the -
accepting ability of the bipyridine ligands, is observed (3~
4>2>1), in agreement with the MLCT assignment. The ob-
servation of a very weak band at about 604 nm, both in the
ligands and in the complexes, is attributable to the absorp-
tion of the open form, which is present in trace amounts and
in thermal equilibrium with the closed form, as typically
found in these systems.">!7
Excitation of the ligands in solution in CH,Cl, at room
temperature at A>350 nm produces weak luminescence. Li-
gands L1 and L2 each show two emission bands at 438 and
530 nm, with the low-energy band being more prominent,
while ligands L3 and L4 each show only one emission band,
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Table 1. Crystal and structure determination data for complexes 1 and 2.

1 2
formula CsoHy,CINgOyRe-2CH,Cl,-2H,0  C;HCIN,O4Re-CHCl,
M, 1408.54 965.65
T [K] 301 301
a[A] 13.899(3) 12.039(2)
c[A] 14.209(3) 12.503(3)
c[A] 16.749(3) 13.461(3)
o [°] 105.64(3) 94.26(3)
B ] 90.26(3) 95.68(3)
v [°] 98.44(3) 110.43(3)
v [AY] 3147.3(11) 1876.5(6)
crystal color red yellowish orange
crystal system triclinic triclinic
space group P1 (no.2) P1 (no.2)
V4 2 2
F(000) 1416 952
Peated [gem 7] 1.486 1.709
crystal dimen- 0.50x0.30x0.20 0.50x0.20x0.10
sions [mm]
A [A (graphite-  0.71073 0.71073
monochromated,
Moy,)]
u[em™] 22.05 35.75
oscillation [°] 2 2
no. of images 100 77
collected
distance [mm] 120 120
exposure time 300 600
[s]
no. of data col- 15856 9405
lected
no. of unique 8143 5848
data
no. of data used 6026 4878
in refinement
(m]
no. of parame- 751 478
ters refined [p]
R 0.0539 0.0428
wRE! 0.1430 0.1213
residual extrema +0.958, —0.928 +0.563, —1.004

in final differ-
ence map [e A~

[a] w = V[0*(F,?) +(aP)*+bP], where P = [2 F-Max(F,, 0)]/3

Table 2. Selected bond lengths [A] and bond angles [°] with estimated
standard deviations (esds) in parentheses for 1 and 2.

at 450 nm. With reference to previous related spectroscopic
works,*dl the low-energy emission band at about 530 nm,
only observed in ligands L1 and L2, is tentatively assigned
as ligand-centered phosphorescence while the high-energy
band at about 440-450 nm found in all the ligands studied is
tentatively assigned as ligand-centered fluorescence. On the
other hand, excitation of complexes 1-4 in CH,Cl, solutions
at 1>400 nm at room temperature resulted in strong lumi-
nescence (Figure 3), with emission maxima at about 633-
722 nm, depending on the nature of the diimine ligand. This
emission band is assigned as deriving from a *MLCT
[dt(Re)—m*(diimine)] origin, probably mixed with some
SLC character. The emission energy dependence—3~4
(633 nm)>2 (695 nm)>1 (722 nm)—is inversely related to
the m-accepting ability of the diimine ligands—L1>12>
L4~L3—and in agreement with such a *MLCT origin. The
MLCT emission energy of 1 was found to be the lowest of
the complexes studied, and is in accord with the strongest -
accepting ability of L1 in complex 1. Similarly, with poorer
m-accepting diimine ligands, such as L3 and L4 in complexes
3 and 4, higher-energy emission bands were observed. Com-
plexes 1 and 2 also display strong photoluminescence in
EtOH/MeOH/CH,CI, (4:1:1 v/v/v) glass at 77 K, while com-
plexes 3 and 4 are found to be non-emissive in this medium.
These emissions are also tentatively assigned as *MLCT
phosphorescence, probably mixed with some *LC character,
similar to that observed in solution at room temperature.

Upon excitation at 365 nm, the ligands and the complexes
exhibit photochromism, with a growth in intensity of the
band at 604 nm, corresponding to the generation of the
open form. The open form generated is thermally unstable
and readily undergoes thermal bleaching, which follows first
order kinetics, to the closed form. Unlike the previously re-
ported® rhenium complexes—[Re(N—N)(CO);(SOPY)]*
(SOPY = 1,33-trimethylspiroindolinenaphthoxazine-9’-yl
nicotinate)—however, complexes 1-4 did not show photo-
chromism with MLCT (400-440 nm) excitation. This is prob-
ably because the energies of the *MLCT excited state of the
complexes, which are estimated to be about 166—
188 kImol™! from the phosphorescence of the complexes
(633-722 nm), are insufficient for sensitization when com-
pared to the triplet excited state energies of spirooxazines
(~=210-225 kImol ).

Excitation of L1-L4 and complexes 1-4 at 365 nm in dry

1 .
Rel_C1 1.905(10) Rel_N2 2.168(6) ice/acetone baths at 195 K converted the closed forms of the
Rel—-C2 1.916(11) 06-C37 1.440(12) ligands and their complexes to the open forms, photomero-
Rel-C3 2.031(10) 09—-C46 1.459(12) cyanine, and slowed down the thermal bleaching reactions.
Rel-N1 2.163(6) Figure 4 shows the emission spectra of complexes 1 and 2 as
Cl.Rel.C2 88.4(4) 06-C37-C38 107.709) well as their open ff)rms in Et.OH/MeOH/CHz.Cl2 (4:1:.1 VIvIv)
Cl-Rel-C3 93.0(4) N4-C37-C38 102.9(8) at 77 K. The original emission band associated with the
C2-Rel-C3 93.1(4) 09-C46-C47 111.2(8) closed forms of complexes 1 and 2 disappeared, with the
NI-Rel-N2 74.1(2) N6-C46-C47 102.3(8) evolution of a new emission band, peaking at 705-710 nm,
2 corresponding to the emission of the open forms of the com-
Rel—C3 1.928(10) Rel-N1 2.164(6) o
Rel-C2 1.942(9) Rel_N2 2.175(5) plexes. On the other hand, excitation of the open forms of
Rel_C1 2.071(12) 06-C27 1.455(9) L1-L4 and complexes 3 and 4, which, unlike their closed
forms, are non-emissive in this medium, shows emission
C3-Rel-C2 88.8(3) N1-Rel-N2 74.1(2) bands at 705-710 nm. In view of the close resemblance of
C3-Rel-Cl 92:5(4) 06-C27-C26 111.0(6) the emissions of the open forms of the complexes to those
C2-Rel-Cl 88.9(4) N4-C27-C28 101.5(6) : p 5ot omp :
of the free ligands and the relative insensitivity of the emis-
Chem. Eur. J. 2004, 10, 766—776 www.chemeurj.org © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 769
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Table 3. Photophysical data for the ligands and the complexes.

Absorption Medium Emission
A" [nm] (¢ [dm’mol 'em™']) (T [K]) e [nm] (7, [ps])

L1 302(30880), 316(26960), 346(10310), 368(5620) CH,CI, (298) 438 (<0.1), 530 (<0.1)
glass!! (77) -

L1(PMC) glass!! (77) 710 (0.5)

12 284(19590), 304(16260), 316(14370), 346(5170), 368(2810) CH,Cl, (298) 438 (<0.1), 530 (<0.1)
glass!! (77) -

L2(PMC) glass!! (77) 710 (0.8)

L3 276(28310), 334(15660), 348(13720) CH,Cl, (298) 445 (<0.1)
glassl®! (77) —d

L3(PMC) glass!! (77) 705 (0.8)

L4 280(22230), 334(8720), 348(7670) CH,Cl, (298) 445 (<0.1)
glassl®! (77) —d

L4(PMC) glass (77) 705 (0.9)

1 320(22920), 344(12590), 360(8780), 374(5280), 440(3900) CH,Cl, (298) 722 (<0.1)
glassl®! (77) 642 (1.9)

1(PMC) glass (77) 710 (1.8)

2 306(21750), 316(21080), 346(7790), 364(5770), 416(4760) CH,CL, (298) 695 (<0.1)
glassl®! (77) 600 (3.5)

2(PMC) glass (77) 710 (2.7)

3 294(33820), 316(19690), 334(14660), 346(13 120), 400(4690) CH,CL, (298) 633 (<0.1)
glass'®! (77) —d

3(PMC) glass (77) 705 (<0.1)

4 294(22650), 316(13260), 334(9930), 346(8920), 398(3310) CH,Cl, (298) 633 (<0.1)
glassl®! (77) —d

4(PMC) glass (77) 705 (<0.1)

[a] In dichloromethane at 298 K. [b] Excitation wavelength at ca. 420 nm. Emission maxima are corrected values. [c] EEOH/MeOH/CH,Cl, (4:1:1, v/v/v).

PMC: photomerocyanine form. [d] Non-emissive.

—

Normalized Emission
Intensity

560 640 720 800
A/ nm—»

Figure 3. Normalized solution emission spectra of 1 (-+--), 2 (---), 3
(—) and 4 (+++-) in dichloromethane at 298 K.

sion energies to the nature of the bipyridine ligands, the
emission is assigned as LC emission, probably originating
from the LC phosphorescence of the photomerocyanine
form of the spironaphthoxazine moiety. Similar assignments
have also been reported in the literature.['®"!

Bleaching reaction kinetics: The kinetics for the bleaching
reactions of the photomerocyanines of the ligands L1, L2
and L4 and complexes 1-4, after excitation at 365 nm, were
investigated in acetonitrile solution. Figure 5 shows repre-
sentative UV/Vis spectral changes in the photomerocyanines
with time, together with the absorbance trace at 1., =
604 nm as a function of time. The thermodynamic activation
parameters are collected in Table 4. The activation enthal-
pies for the reactions of the ligands L1, L2, and L4 are
found to be 45-70 kJmol™', which are in a range typical of
those reported for this type of compounds in the litera-

7710 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Normalized emission spectra of the closed forms (—) and the
open forms (s++++) of 1 (a) and 2 (b) in EtOH/MeOH/CH,Cl, (4:1:1 v/v/v)
at 77 K.

ture,” while their activation entropies vary much more
drastically, from —17.7Jmol™'K~' when AH* is large to
—100.3 Jmol™'K~! when AH™ is small, as has been discussed
in the literature.">') The positive values for the activation
enthalpies indicated that the bleaching reaction is an activat-
ed process. The orderness in the activated complex in the
transition state in relation to the open form is decreased, as
reflected in the negative values of the activation entropies.

The activation enthalpies and entropies for the reactions
in complexes 1-4 range from 54.8 to 60.5 kJmol™' and from
—47.8 to —66.9 Jmol'K™', respectively. The variations in
the activation enthalpy and entropy in these complexes are

www.chemeurj.org Chem. Eur. J. 2004, 10, 766—776
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ence of the heavy rhenium
atom, which enhances the spin—
orbit coupling and hence im-
proves the intersystem crossing
efficiency through the relaxa-
tion of spin-forbidden process-
es, resulting in a more allowed
and efficient ring-opening reac-
tion to produce the photomero-
cyanine via the triplet state. Al-
though the triplet pathway
would be much enhanced in the
presence of the heavy atom, the
quantum efficiencies for com-
plexes 1 and 2 in relation to
those of their free ligands L1
and L2, respectively, are found
to be decreased. It is likely that
the lower quantum efficiencies
of 1 and 2 than those of their

Figure 5. Time-dependent UV/Vis absorption spectral changes in the open form of complex 3 in CH;CN at

5.6°C after excitation at 365 nm. The inserts show the overlaid UV/Vis absorption spectra at different decay

times and the decay trace at the absorption maximum at 604 nm with time.

Table 4. Activation parameters for the bleaching reaction of the ligands
and the complexes in solution in acetonitrile.

AH* [kJmol™'] AS* [J'mol™' K] E, [kJmol™']

L1 45.0+0.9 —100.3+3.3 473+£09
L2 69.1+2.8 —-17.7+9.1 71.5+28

L3 _[al _[al _[al

L4 57.3+33 —57.3+11.6 59.6+3.3

1 60.5+3.2 —47.8+11.1 629 + 3.2
2 548422 —66.9+7.7 571422

3 585+1.7 —51.5+£5.9 60.9+1.7

4 57.6+32 —53.6+11.3 59.0+3.2

[a] Data not obtained, due to the insolubility of the compound.

much smaller than those in their free ligands. A relationship
between AH® and AS™ similar to that seen in the free li-
gands and discussed in the literature,'>!" has also been ob-
served in the complexes, although the extent of the variation
is much smaller. The range of activation energies (E,) for
these complexes also changes much less significantly, from
57.1 to 62.9 kJmol™, as compared to those of the free li-
gands, which range from 47.3 to 71.5 kJmol™". A careful in-
vestigation on the variation between AH™ and AS™ in the
whole series of complexes 1-4 and their free ligands L1, L2
and L4 has been performed. An isokinetic relationship—
that is, a linear proportionality between AH™ and AS¥, as
shown in the plot of AH™ and AS™ (Figure 6)—has been ob-
tained. This is indicative of a common bleaching reaction
mechanism for the whole series of complexes and the li-
gands. From the slope of the plot, an isokinetic temperature
of 285.0£3.9 K for the bleaching reaction is obtained.

Photochemical quantum yield for the photochromic reaction
(Table 5): The quantum yields for the spirooxazine-contain-
ing bipyridine ligands with excitation at A = 365 nm are in
the range of 0.36-0.60. The increased efficiency of complex
4 in relation to its free ligand L4 may be a result of the pres-

Chem. Eur. J. 2004, 10, 766—776 www.chemeurj.org

free ligands are attributable to
the presence of low-lying

0-
_20_
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T =404
T
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&
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“2 -804
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45 50 55 60 65 70
AH" / kJ mol™
Figure 6. A plot of activation enthalpy against activation entropy for the

bleaching reactions of the open forms of the ligands L1, L2 and L4 and
the complexes 1-4.

*MLCT states in these complexes, which would provide an
efficient quenching pathway for the triplet state of the spi-
rooxazine moiety, and thus decrease the efficiency for the
photochromic reaction via the triplet pathway.

Table 5. A summary of the estimated photochemical quantum yields of
the photochromic forward reactions of the ligands and the complexes in
acetonitrile with excitation at A = 365 nm.

P65
L1 0.60+0.01
L2 0.45+0.01
L3 _lal
L4 0.44+0.01
1 0.15+0.01
2 0.18+0.01
3 0.48+0.01
4 0.65+0.01

[a] Data were not obtained, due to the insolubility of the compound.
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The quantum efficiencies for the photochromic reactions
of the complexes are in the order 4 (0.65)>3 (0.48)>2
(0.18) >1 (0.15), in accord with the energies of the MLCT
excited states. This trend is supportive of the quenching
mechanism (from the triplet state of spirooxazine to
*MLCT), in which the efficiency of the quenching pathway
increases as the *MLCT excited state energy decreases.

Electrochemical studies: Complexes 1-4 each display an ir-
reversible oxidation wave at about +0.91 to +0.99V, and a
quasi-reversible oxidation couple at about +1.28 to
+1.40 V in the oxidative scan of their cyclic voltammograms
in acetonitrile (0.1 moldm™ nBu,NPF;), while two to three
quasi-reversible reduction couples and one irreversible re-
duction wave at —0.90 to —2.02 V versus SCE are observed
in the reductive scan. Complexes 3 and 4 also each show an
irreversible oxidation wave at about 41.76 V. The electro-
chemical data for the free ligands and their rhenium(1) com-
plexes are summarized in Table 6.

Table 6. Electrochemical data for the ligands and the complexes in aceto-
nitrile solution (0.1 moldm™ nBu,NPF;) at 298 K[/,

Compound Oxidation™ Ei, [V] vs. SCE  Reduction™ Ei, [V] vs. SCE

(E,, [V] vs. SCE) (E, [V] vs. SCE)
L1 _lel _lel
L2 (+1.03) ~1.68, —2.12
L3 _[el _lel
L4 (+0.93), +1.70 (~2.06), (-2.19)
1 (40.99), +1.40 —0.92, (—1.28), —1.44, —1.96
2 (+0.99), +1.34 —1.08, —1.55, —1.99
3 (4+0.91), +1.29, (+1.76) —1.33, —1.59, (—1.85), —2.01
4 (+0.91), +1.28, (+1.76) (~1.44), —1.49, (-1.81),

—2.02

[a] Working electrode, glassy carbon; scan rate, 100 mVs™'. [b] E,, is
(Ep + E,)2; E,, and E, are peak anodic and peak cathodic potentials,
respectively. [c] Data could not be obtained, due to the low solubility of
the compound in acetonitrile solution (0.1 moldm > nBu,NPFy).

With reference to previous electrochemical studies on re-
lated indolinespiropyrans®! and indolinespirooxazines,”!! as
well as the close resemblance of the potentials of the first ir-
reversible oxidation wave to those of the corresponding free
ligands, the first oxidative wave is assigned to the oxidation
of the spirooxazine moiety, probably arising from the re-
moval of a lone-pair electron on the nitrogen atom of the in-
doline moiety. The more positive potential of this oxidation
wave in complexes 1 and 2 (ca. +0.99 V vs. SCE) and L2
(ca. +1.03V vs. SCE) than in complexes 3 and 4 (ca.
4+0.91V vs. SCE) and L4 (ca. +0.93V vs. SCE) is suppor-
tive of a spirooxazine ligand-centered oxidation, since the
presence of the electron-withdrawing ester linkage in L2
and hence complexes 1 and 2 would render the oxidation
process more difficult.

The second quasi-reversible oxidation couple in the rheni-
um complexes, at about +1.28 to +1.40V, is found to be
dependent on the nature of the diimine ligand and is as-
signed to the metal-centered oxidation of Re' to Re'’. The
potential for the oxidation is found to follow the order: 1
(+140V)>2 (4134 V)>3(+1.29 V) >4 (+1.28 V), in line
with the m-accepting ability of the diimine ligands: L1>

772 ——— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

L2>13>14. In general, the better the m-accepting ability
of the diimine ligand, the more stable the dm(Re) orbital
will be, and hence the more difficult the oxidation process.
Similar oxidation couples ascribed to a Re'Re" oxidation
have been reported in other related systems, Re(CO);-
(N-N)CLP

The third irreversible oxidation wave, which occurs at
about +1.76'V, is only observable in complexes 3 and 4.
The close resemblance of this oxidation wave to that ob-
served in the free ligand L4 is suggestive of a ligand-cen-
tered oxidation. The slightly more positive potential in com-
plex 4 than in its free ligand L4 is probably attributable to
the electron-withdrawing effect of the rhenium metal centre
upon coordination.

The first two reduction couples are tentatively assigned to
the bipyridyl ligand-centered reductions, as they are com-
monly observed in related systems.’”?!] The trends of these
reduction potentials are also in line with the electron-rich-
ness and m-accepting ability of the diimine ligands as dis-
cussed earlier, while the other two, more negative reduc-
tions are assigned to the ligand-centered reduction of the
spirooxazine moiety, as similar waves are observed in the
free ligand reductions. In general, coordination of the li-
gands to the rhenium metal centre should render the ligand
less electron-rich and thus make the ligand-centered reduc-
tions in the complexes more ready to occur. As a result, po-
tentials less negative than seen in the free ligands are com-
monly observed in the complexes.

Conclusion

A series of spirooxazine-containing 2,2'-bipyridine ligands
has been successfully synthesized and incorporated into rhe-
nium(1) tricarbonyl diimine complex systems. The moderate-
ly intense absorption at 400-440 nm in the complexes, which
is absent in the absorption spectra of the free ligands, is as-
signed as the MLCT [dn(Re)—n*(diimine)] transition,
probably mixed with some LC character. All complexes ex-
hibit strong *MLCT phosphorescence at 633-722nm in
CH,CI, at 298 K. However, in EtOH/MeOH/CH,(lI, glass at
77K, only complexes 1 and 2 display strong *MLCT emis-
sions at about 642 nm and 600 nm, respectively, and this
emission band would be switched to LC phosphorescence of
photomerocyanine moiety at 705-710 nm upon conversion
to the open form.

The activation parameters for the thermal bleaching reac-
tions have been determined. The activation enthalpies for li-
gands L1, L2 and L4 are 45-70 kImol™' and the activation
entropies for the ligands L1, L2 and L4 vary drastically from
—17.7Jmol'K™' when AH? is large to —100.3 Jmol 'K
when AH™ is small. A similar relationship between AH™ and
AS* has also been observed in the complexes, but the extent
of the variation is much smaller. The variations in the acti-
vation enthalpy, activation entropy and the activation
energy in all the complexes are also much smaller than
those in the free ligands. An isokinetic relationship, with an
isokinetic temperature of 285.04+3.9 K, has been obtained
for the bleaching reactions.
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Experimental Section

Materials and reagents: [Re(CO);Cl] was obtained from Strem Chemi-
cals, Inc. 4,4'-Dimethyl-2,2'-bipyridine and N-bromosuccinimide were ob-
tained from Aldrich Chemical Co. 2,2'-Bipyridine-4,4'-dicarboxylic acid
was prepared by a slight modification of a reported procedure.!'” 4.4'-
Di(bromomethyl)-2,2"-bipyridine ((BrCH,),bpy)) and 4-bromomethyl-4'-
methyl-2,2"-bipyridine were prepared by slight modifications of a report-
ed procedure.'” 4-Methyl-2,2'-bipyridine-4-carboxylic acid was prepared
by a slight modification of a reported procedure."!! 1,3,3-Trimethyl-9'-hy-
droxy-spiroindolinenaphthoxazine (SO) was synthesized by modification
of a reported procedure.””’ Benzene (Lab-Scan, AR) was distilled over
sodium before use for synthesis. All other reagents were of analytical
grade and were used as received.

Syntheses

Bis(1,3,3-trimethylspiroindolinenaphthoxazine-9'-yl) 2,2'-bipyridyl-4,4'-di-
carboxylate (L1): 2,2'-Bipyridyl-4,4'-dicarboxylic acid chloride was freshly
prepared by heating 2,2'-bipyridyl-4,4'-dicarboxylic acid (130 mg,
0.61 mmol) at reflux with thionyl chloride (15 mL) until a clear solution
was obtained. The excess thionyl chloride was removed under reduced
pressure at room temperature to leave a white solid consisting of the acid
chloride. Benzene (20 mL), triethylamine (5 mL) and SO (2.0 equivalents,
420 mg, 1.22 mmol) were then added to the freshly prepared acid chlo-
ride. The resulting mixture was then stirred at room temperature for two
days. After removal of the solvent under reduced pressure and at room
temperature, the residue was purified by column chromatography on
silica gel with chloroform/diethyl ether (8:1 v/v) as eluent to afford 1 as a
white solid. Yield: 208 mg, 0.23 mmol; 38 %. 'H NMR (300 MHz, CDCl,,
298 K): 0 = 1.37 (s, 12H; —Me), 2.78 (s, 6H; —NMe), 6.59 (d, J =
7.6 Hz, 2H; indolinic proton at 7-position), 6.91 (t, / = 7.6 Hz, 2H; indo-
linic proton at 5-position), 7.04 (d, J = 8.9 Hz, 2H; naphthoxazinic
proton at 5'-position), 7.10 (d, J = 7.6 Hz, 2H; indolinic proton at 4-posi-
tion), 7.23 (t,J = 7.6 Hz, 2H; indolinic proton at 6-position), 7.32 (dd, J
= 2.3 Hz, 8.9 Hz, 2 H; naphthoxazinic proton at 8-position), 7.71 (d, J =
8.9 Hz, 2H; naphthoxazinic proton at 6'-position), 7.83 (s, 2H; naphthox-
azinic proton at 2'-position), 7.85 (d, J/ = 8.9 Hz, 2H; naphthoxazinic
proton at 7’-position), 8.13 (d, / = 4.9 Hz, 2H; bipyridyl proton at 5,5'-
position), 8.44 (d, J = 2.3 Hz, 2H; naphthoxazinic proton at 10'-posi-
tion), 9.00 (d, J = 4.9Hz, 2H; bipyridyl proton at 6,6'-position),
9.24 ppm (s, 2H; bipyridyl proton at 3,3’-position); IR (KBr disc): 7 =
1750 cm™" (C=0); positive ion FAB-MS: m/z: 897 [M+H]*; elemental
analyses calcd (%) for CsgHuNOg (897): C 74.98, H 4.94, N 9.34; found:
C 74.66, H 5.17, N 8.94.

1,3,3-Trimethylspiroindolinenaphthoxazine-9'-yl 4'-methyl-2,2"-bipyridyl-
4-carboxylate (L2): The title ligand was synthesized by a procedure simi-
lar to that used for 1, except that 4-methyl-2,2"-bipyridyl-4-carboxylic
acid was used in place of 22-bipyridyl-4,4'-dicarboxylic acid, and 1
equivalent of SO (210 mg, 0.61 mmol) was used instead. Column chroma-
tography on silica gel (230400 mesh) with chloroform/diethyl ether (3:1
v/v) as eluent gave 2 as a white solid. Yield: 168 mg, 0.31 mmol; 51 %. 'H
NMR (300 MHz, CDCl;, 298 K): 6 = 1.29 (s, 6H; —Me), 2.42 (s, 3H;
—Me on 2,2'-bpy), 2.71 (s, 3H; —-NMe), 6.53 (d, J = 7.8 Hz, 1H; indolinic
proton at 7-position), 6.83 (t, / = 7.4 Hz, 1H; indolinic proton at 5-posi-
tion), 6.98-7.05 (m, 2 H; naphthoxazinic proton at 5'-position and indolin-
ic proton at 4-position), 7.11-7.17 (m, 2H; indolinic proton at 6-position
and bipyridyl proton at 5'-position), 7.24 (dd, / = 2.3 Hz, 8.8 Hz, 1H;
naphthoxazinic proton at 8'-position), 7.69 (d, J = 8.8 Hz, 1 H; naphthox-
azinic proton at 6'-position), 7.70 (s, 1 H; naphthoxazinic proton at 2'-po-
sition), 7.81 (d, / = 8.8 Hz, 1H; naphthoxazinic proton at 7’-position),
7.98 (dd, J = 1.6 Hz, 4.9 Hz, 1H; bipyridyl proton at 5-position), 8.29 (s,
1H; bipyridyl proton at 3'-position), 8.36 (d, / = 2.3 Hz, 1 H; naphthoxa-
zinic proton at 10’-position), 8.52 (d, J/ = 4.9 Hz, 1 H; bipyridyl proton at
6'-position), 8.85 (d, / = 4.9 Hz, 1H; naphthoxazinic proton at 6-posi-
tion), 9.10 ppm (d, / = 4.9 Hz, 1H; bipyridyl proton at 3-position); IR
(KBr disc): # = 1750 cm™" (C=0); positive ion FAB-MS: m/z: 541
[M+H]*; elemental analyses caled (%) for C;,H,sN,05'4,H,0 (549): C
74.30, H 5.32, N 10.19; found: C 74.21, H 5.25, N 10.14.
4,4'-Bis(1,3,3-trimethylspiroindolinenaphthoxazine-9'-oxymethyl)-2,2'-bi-
pyridine (L3): SO (2.0 equivalents, 570 mg, 1.65 mmol) was added to a
stirred mixture of 4,4'-di(bromomethyl)-2,2"-bipyridine (280 mg,
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0.82 mmol) and K,CO; (250 mg, 1.78 mmol) in DMF (20 mL), and the
mixture was stirred for two days. The reaction mixture was poured into
deionized water (S0 mL) to precipitate the crude product, which was
then filtered and washed with copious amounts of deionized water. The
crude product was then purified by column chromatography on silica gel
with dichloromethane/diethyl ether (1:1 v/v) as eluent to give 3 as an ana-
lytically pure white powder. Yield: 70 mg, 0.08 mmol; 10%. '"H NMR
(300 MHz, CD,Cl,, 298 K): 6 = 1.28 (s, 12H; —Me), 2.69 (s, 6H; —NMe),
5.35 (s, 4H; —Me on 2,2"-bipyridine), 6.51 (d, J = 7.7 Hz, 2H; indolinic
proton at 7-position), 6.79-6.84 (m, 4 H; naphthoxazinic proton at 5'-posi-
tion and indolinic proton at 5-position), 7.02 (d, J = 7.2 Hz, 2H; indolin-
ic proton at 4-position), 7.10-7.16 (m, 4H; naphthoxazinic proton at 8-
position and indolinic proton at 6-position), 7.46 (d, / = 5.0 Hz, 2H; bi-
pyridyl proton at 5,5-position), 7.57 (d, J = 8.8 Hz, 2H; naphthoxazinic
proton at 6'-position), 7.65 (d, J = 8.8 Hz, 2H; naphthoxazinic proton at
7'-position), 7.67 (s, 2H; naphthoxazinic proton at 2'-position), 7.95 (d, J
= 2.5 Hz, 2H; naphthoxazinic proton at 10’-position), 8.57 (s, 2H; bipyr-
idyl proton at 3,3'-position), 8.66 ppm (d, / = 5.0 Hz, 2H; bipyridyl
proton at 6,6'-position); positive ion FAB-MS: m/z: 869 [M+H]"; ele-
mental analyses calcd (%) for CssH,sNyO,-H,O (887): C 75.83, H 5.68, N
9.47; found: C 76.10, H 5.48, N 9.21.
4-(1,3,3-Trimethylspiroindolinenaphthoxazine-9'-oxymethyl)-4' -methyl-
2,2'-bipyridine (L4): The title ligand was synthesized by a procedure simi-
lar to that used for 3, except that 4-bromomethyl-4'-methyl-2,2"-bipyri-
dine was used in place of 4,4'-di(bromomethyl)-2,2"-bipyridine, and 1
equivalent of SO (285 mg, 0.83 mmol) was used instead. Purification by
column chromatography on silica gel with dichloromethane/diethyl ether
(5:1 to 1:3 v/v) as eluent gave 4 as an analytically pure white powder.
Yield: 106 mg, 0.2 mmol; 25%. 'H NMR (300 MHz, CD,Cl,, 298 K): 6 =
1.35 (s, 6H; —Me), 2.45 (s, 3H; —Me on bpy), 2.76 (s, 3H; —NMe), 5.38
(s, 2H; —OCH,— on bpy), 6.57 (d, J = 7.5 Hz, 1H; indolinic proton at 7-
position), 6.85-6.91 (m, 2H; naphthoxazinic proton at 5'-position and in-
dolinic proton at 5-position), 7.08 (d, / = 7.1 Hz, 1H; indolinic proton at
4-position), 7.19-7.25 (m, 3H; naphthoxazinic proton at 8'-position, indo-
linic proton at 6-position and bipyridyl proton at 5'-position), 7.48 (d, J
= 4.9 Hz, 1H; bipyridyl proton at 5-position), 7.59 (d, / = 8.8 Hz, 1H;
naphthoxazinic proton at 6'-position), 7.68 (d, J = 8.8 Hz, 1 H; naphthox-
azinic proton at 7'-position), 7.71 (s, / = 7.1 Hz, 1H; naphthoxazinic
proton at 2'-position), 7.98 (d, J = 2.1 Hz, 1 H; naphthoxazinic proton at
10’-position), 8.26 (s, 1H; bipyridyl proton at 3'-position), 8.56 (m, 2H;
bipyridyl proton at 3,6'-position), 8.71 ppm (d, / = 4.9 Hz, 1 H; bipyridyl
proton at 6-position); positive ion FAB-MS: m/z: 527 [M+H]*; elemen-
tal analyses caled (%) for C3H;N,O, (526): C 77.54, H 5.74, N 10.64;
found: C 77.59, H 5.89, N 10.54.

[Re(CO);(L1)Cl] (1): The complex was prepared by a modification of a
literature method used for the related Re' diimine complexes.
[Re(CO)sCl] (150 mg, 0.42 mmol) and L1 (407 mg, 0.44 mmol) were sus-
pended in benzene (50 mL). The suspension was stirred at 45-50°C
under nitrogen for two days, during which the starting materials dissolved
gradually to give a dark red solution, which subsequently changed to a
red suspension. After removal of the solvent under reduced pressure, the
residue was purified by column chromatography with dichloromethane/
acetone (5:2 v/v) as eluent. Red crystals of 1 were obtained by slow diffu-
sion of n-hexane vapor into a dichloromethane solution of the complex.
Yield: 167 mg, 0.14 mmol; 33 %. '"H NMR (300 MHz, CDCl;, 298 K): o
= 1.35 (s, 12H; —Me), 2.76 (s, 6H; —NMe), 6.58 (d, J/ = 7.7 Hz, 2H; in-
dolinic proton at 7-position), 6.91 (t,/ = 7.5 Hz, 2H; indolinic proton at
S-position), 7.04-7.10 (m, 4H; indolinic proton at 4-position and naph-
thoxazinic proton at 5'-position), 7.19-7.30 (m, 4 H; indolinic proton at 6-
position and naphthoxazinic proton at 8-position), 7.69-7.74 (m, 4H;
naphthoxazinic proton at 2',6'-position), 7.86 (d, / = 8.9 Hz, 2H; naph-
thoxazinic proton at 7’-position), 8.34 (d, J = 5.7Hz, 2H; bipyridyl
proton at 5,5-position), 8.45 (d, / = 2.4 Hz, 2H; naphthoxazinic proton
at 10"-position), 9.09 (s, 2H; bipyridyl proton at 3,3’-position), 9.36 ppm
(d, J = 5.7 Hz, 2H; bipyridyl proton at 6,6'-position); IR (KBr disc): #
= 1902, 1927, 2026 cm™' (C=0), 1749 cm™' (C=0); positive ion FAB-MS:
mlz: 1202 [M+H]*; elemental analyses calcd (%) for CsoHyCINGOgR-
e'/y CH,Cl, (1224): C 58.14, H 3.64, N 6.87; found: C 58.00, H 3.93, N
6.65.

[Re(CO);(L2)Cl] (2): The title complex was synthesized by a procedure
similar to that used for 1, except that L2 (245 mg, 0.44 mmol) was used in
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place of L1 in the substitution reaction and dichloromethane/acetone
(9:1 v/v) was used as eluent in the column chromatography. Slow diffu-
sion of diethyl ether vapor into a concentrated CHCI; solution of the
complex gave 2, isolated as bright orange crystals. Yield: 181 mg,
0.21 mmol; 51%. 'H NMR (500 MHz, CD,Cl,, 298 K): 6 = 1.36 (s, 6H;
—Me), 2.62 (s, 3H; —Me on bpy), 2.77 (s, 3H; —NMe), 6.59 (d, J =
7.8 Hz, 1H; indolinic proton at 7-position), 6.89 (t, / = 7.6 Hz, 1 H; indo-
linic proton at 5-position), 7.08-7.11 (m, 2H; naphthoxazinic proton at
S'-position and indolinic proton at 4-position), 7.21 (t, / = 7.6 Hz, 1H;
indolinic proton at 6-position), 7.31 (dd, / = 2.4 Hz, 8.8 Hz, 1H; naph-
thoxazinic proton at 8-position), 7.45 (d, / = 5.6 Hz, 1H; bipyridyl
proton at 5'-position), 7.76 (d, J = 7.2 Hz, 1 H; naphthoxazinic proton at
6'-position), 7.78 (s, 1 H; naphthoxazinic proton at 2’-position), 7.89 (d, J
= 8.8 Hz, 1 H; naphthoxazinic proton at 7’-position), 8.26-8.27 (m, 2H;
bipyridyl proton at 5,3"-position), 8.45 (d, J = 2.4 Hz, 1 H; naphthoxazin-
ic proton at 10’-position), 8.90 (d, J = 5.6 Hz, 1H; bipyridyl proton at 6'-
position), 8.94 (s, 1H; bipyridyl proton at 3-position), 9.28 ppm (d, J =
5.6 Hz, 1H; bipyridyl proton at 6-position); IR (KBr disc): 7 = 1881,
1926, 2024 cm™' (C=0), 1747 cm™' (C=0); positive ion FAB-MS: m/z:
847 [M+H]*, 811 [M-CIl]T; elemental analyses caled (%) for
C3;HsCIN,O4Re-CHCl; (966): C 47.25, H 3.03, N 5.80; found: C 47.33, H
3.03, N 5.80.

[Re(CO);(L3)Cl] (3): The title complex was synthesized by a procedure
similar to that used for 1, except that L3 (394 mg, 0.44 mmol) was used in
place of L1 in the substitution reaction and dichloromethane/acetone
(10:1 v/v) was used as eluent in the column chromatography. Slow diffu-
sion of diethyl ether vapor into a concentrated acetone solution of the
complex gave 3, isolated as a yellow powder. Yield: 271 mg, 0.23 mmol;
55%. 'H NMR (400 MHz, CD,Cl,, 298 K): 6 = 1.34 (s, 12H; —Me), 2.75
(s, 6H; —NMe), 5.46 (s, 4H; —OCH,— on bpy), 6.56 (d, J = 7.7 Hz, 2H;
indolinic proton at 7-position), 6.87-6.92 (m, 4 H; naphthoxazinic proton
at 5-position and indolinic proton at S-position), 7.07 (d, / = 7.2 Hz,
2H; indolinic proton at 4-position), 7.19-7.23 (m, 4H; naphthoxazinic
proton at 8-position and indolinic proton at 6-position), 7.61 (d, J =
8.8 Hz, 2H; naphthoxazinic proton at 6’-position), 7.66 (d, / = 5.6 Hz,
2H; bipyridyl proton at 5,5-position), 7.71-7.74 (m, 4H; naphthoxazinic
proton at 7'-position), 7.98 (d, J = 2.5 Hz, 2H; naphthoxazinic proton at
10"-position), 8.41 (s, 2H; naphthoxazinic proton at 2’-position), 9.06 ppm
(d, J = 5.6 Hz, 2H; bipyridyl proton at 6,6'-position); IR (KBr disc): 7
= 1896, 1919, 2023 cm ' (C=0); positive ion FAB-MS: m/z: 1176
[M+H]*, 1140 [M-CI]*; elemental analyses caled (%) for
CsoH,3sCINgO;Re-1/2 CH,Cl, (1217): C 58.71, H 4.03, N 6.90; found: C
58.88, H 4.04, N 6.95.

[Re(CO);(L4)CI] (4): The title complex was synthesized by a procedure
similar to that used for 1, except that L4 (238 mg, 0.44 mmol) was used in
place of L1 in the substitution reaction and chloroform/acetone (2:1 v/v)
was used as eluent in the column chromatography. Slow diffusion of di-
ethyl ether vapor into a concentrated acetone solution of the complex
gave 4, isolated as a yellow powder. Yield: 209 mg, 0.25 mmol; 60%. 'H
NMR (400 MHz, CD,Cl,, 298 K): 6 = 1.36 (s, 6H; —Me), 2.60 (s, 3H; —
Me on bpy), 2.77 (s, 3H; —NMe), 5.45 (s, 2H; —OCH,— on bpy), 6.58 (d,
J = 7.7 Hz, 1H; indolinic proton at 7-position), 6.89-6.94 (m, 2H; naph-
thoxazinic proton at 5'-position and indolinic proton at 5-position), 7.09
(d, J = 6.6 Hz, 1H; indolinic proton at 4-position), 7.18-7.25 (m, 2H;
naphthoxazinic proton at 8'-position, indolinic proton at 6-position), 7.36
(d, J = 5.6 Hz, 1H; bipyridyl proton at 5'-position), 7.61-7.65 (m, 2H;
naphthoxazinic proton at 6’-position and bipyridyl proton at 5-position),
7.73-7.75 (m, 2H; naphthoxazinic proton at 2',7-position), 7.98 (d, J =
2.4 Hz, 1H; naphthoxazinic proton at 10'-position), 8.06 (s, 1 H; bipyridyl
proton at 3'-position), 8.35 (s, 1H; bipyridyl proton at 3-position), 8.90
(d, J = 5.6 Hz, 1H; bipyridyl proton at 6'-position), 9.06 ppm (d, J =
5.6 Hz, 1H; bipyridyl proton at 6-position); IR (KBr disc): # = 1888,
1913, 2022 cm™' (C=0); positive ion FAB-MS: m/z: 834 [M+H]*, 798
[M—CI]*; elemental analyses caled (%) for CyHs,CIN,OsRe-1/4 CH,Cl,
(853): C52.42, H 3.60, N 6.56; found: C 52.40, H 3.59, N 6.32.

Physical measurements and instrumentation: Electronic absorption spec-
tra were recorded on a Hewlett—Packard 8452 A diode array spectropho-
tometer. Steady-state emission and excitation spectra at room tempera-
ture and at 77 K were recorded on a Spex Fluorolog-2 Model F 111 fluo-
rescence spectrophotometer. Excited state lifetimes of solution samples
were measured with a conventional laser system. The excitation source

774 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

was the 355nm output (third harmonic, 8ns) of a Spectra-Physics
Quanta-Ray Q-switched GCR-150 pulsed Nd-YAG laser (10 Hz). Lumi-
nescence decay traces were recorded on a Tektronix Model TDS 620A
digital oscilloscope and the lifetime () determination was accomplished
by single exponential fitting of the luminescence decay traces with the
model I(t) = I,exp(—t/t), where I(f) and I, stand for the luminescence in-
tensities at time = ¢ and time = 0, respectively. Solution samples for lu-
minescence lifetime measurements were degassed by use of at least four
freeze-pump-thaw cycles. '"H NMR spectra were recorded on Bruker
DPX 300 (300 MHz), Bruker DPX 400 (400 MHz) or Bruker DRX 500
(500 MHz) FT-NMR spectrometers. Chemical shifts (6, ppm) are report-
ed relative to tetramethylsilane (Me,Si). All positive ion FAB mass spec-
tra were recorded on a Finnigan MAT95 mass spectrometer. Elemental
analyses of all the metal complexes were performed on a Carlo Erba
1106 elemental analyzer by the Institute of Chemistry at the Chinese
Academy of Sciences in Beijing.

The thermal bleaching reaction of spirooxazines is known to follow first-
order kinetics at various temperatures. The kinetics for the bleaching re-
action were determined by measurement of the UV/Vis spectral changes
at various temperatures by use of a Hewlett-Packard 8452 A diode array
spectrophotometer, with temperature controlled by a Lauda RM6 com-
pact low-temperature thermostat. The first-order rate constants were ob-
tained by taking the negative value of the slope of a linear least-squares
fit of In [(A—A.)/(A,—A..)] against time according to Equation (1),

In[(A-AL)/(A—AL)] = —kt ey

where A, A,, and A., are the absorbances at the absorption wavelength
maximum of the photomerocyanine at times ¢, 0, and infinity, respectively
and k is the rate constant of the reaction.

The kinetics parameters were obtained by a linear least-squares fitting of
In (k/T) against 1/T according to the linear expression of the Eyring equa-
tion (2),

In (k/T) = —(AH" /R)(1/T) +In (ks h™") + (AS"/R) )

where AH™ and AS™ are the changes in activation enthalpy and entropy,
respectively, T is the temperature, and kg R and & are Boltzmann’s con-
stant, the universal gas constant and the Planck constant, respectively.

The photochemical quantum yields of the photochromic forward reaction
were obtained by a linear least-squares fitting of Equation (3),

KV (A—Age™)]
= 3
¢ = TRl ) ©)
where ¢ is the photochemical quantum yield, V is the volume of irradiat-
ed sample solution, ¢ is the extinction coefficient of the photomerocya-
nine, and 7 is the intensity of the light of excitation in Einsteins per
second.

Crystal structure determination: All the experimental details are given in
Table 1. Crystals of 1 suitable for X-ray studies were obtained by slow
diffusion of n-hexane vapor into a dichloromethane solution of 1. A red
crystal of dimensions 0.5x0.3x0.2 mm mounted on a glass capillary was
used for data collection at 28°C on a MAR diffractometer with a
300 mm image plate detector with use of graphite-monochromated Mok,
radiation (A = 0.71073 A). Data collection was made with 2° oscillation
of ¢, 300 s exposure time and a scanner distance of 120 mm. The images
were collected and interpreted, and intensities were integrated by use of
the program DENZO.” The structure was solved by direct methods by
employment of the SIR-97 program®®! on a PC. Almost all atoms, other
than atoms of solvent molecules, were located by direct methods and suc-
cessive least-squares Fourier cycles. The positions of the other non-hydro-
gen atoms were found after successful refinement by full-matrix, least-
squares by use of the SHELXL-97® program on a PC. The methyl
groups near both ends of the ligand were disordered due to site symme-
try as were the related bound N (N4, N6) and C (C38, C47) atoms. Since
C and N atoms have very similar scattering factors, disorder of C and N
atoms sharing the same positions were not treated. Instead, their posi-
tions were located correspondingly. One crystallographic asymmetric unit
consisted of one formula unit: that is, a complex molecule, two solvent
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molecules of CH,Cl, and two solvent molecules H,O. In the final stage of
least-squares refinement, the disordered atoms were refined isotropically
and the other non-hydrogen atoms were refined anisotropically. H atoms
(except those of water molecule) were generated by use of the
SHELXL-97% program. Positions of H atoms were calculated based on
riding mode with thermal parameters equal to 1.2 times that of the asso-
ciated C atoms. The final difference Fourier map was featureless, with
maximum residual peaks and holes of 0.958 and —0.928 eA 3, respective-
ly.

Crystals of 2 suitable for X-ray studies were obtained by slow diffusion
of diethyl ether vapor into a chloroform solution of 2. A yellowish
orange crystal of dimensions 0.5x0.2x0.1 mm mounted on a glass capil-
lary was used for data collection at 28°C on a MAR diffractometer with
a 300 mm image plate detector with use of graphite-monochromated
Moy, radiation (1 = 0.71073 A). Data collection was made with 2° oscil-
lation of ¢, 600 s exposure time and a scanner distance of 120 mm. The
images were collected and interpreted, and intensities were integrated by
use of the DENZO®! program. The structure was solved by direct meth-
ods by employment of the program SIR-97"! on a PC. Most atoms were
located according by direct methods and successive least-square Fourier
cycles. The positions of the other non-hydrogen atoms were found after
successful refinement by full-matrix, least-squares by use of the
SHELXL-97% program on a PC. One crystallographic asymmetric unit
consisted of one formula unit: that is, a complex molecule, with one sol-
vent molecule of CHCL;. In the final stage of least-squares refinement, all
non-hydrogen atoms were refined anisotropically. H atoms were generat-
ed by use of the SHELXL-97 program. The positions of H atoms were
calculated based on riding mode with thermal parameters equal to 1.2
times those of the associated C atoms. The final difference Fourier map
was featureless, with maximum residual peaks and holes of 0.563 and
—1.004 eA~3, respectively.

CCDC-218382 (1) and CCDC-218383 (2) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (+44)1223-336033; or deposit@ccdc.cam.ac.uk).
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Synthesis and Reactivity of Homogeneous and Heterogeneous Ruthenium-
Based Metathesis Catalysts Containing Electron-Withdrawing Ligands

Jens O. Krause,”! Oskar Nuyken,*'*! Klaus Wurst,™ and Michael R. Buchmeiser*!*

Abstract: The synthesis and heteroge-
nization of new Grubbs-Hoveyda type
metathesis catalysts by chlorine ex-
change is described. Substitution of
one or two chlorine ligands with tri-
fluoroacetate and trifluoromethanesul-
fonate was accomplished by reaction of
[RuCl,(=CH-0-iPr-O-C¢H,)(IMesH,)]

(IMesH, = 1,3-bis(2,4,6-trimethyl-
phenyl)-4,5-dihydroimidazol-2-ylidene)
with the silver salts CF;COOAg and
CF;SO;Ag, respectively. The resulting
compounds, [Ru(CF;SO;),(=CH-o0-iPr-
0-CH,)(IMesH,)] (1), [RuCI(CFs-
S0O;)(=CH-0-iPr-O-C¢H,)(IMesH,)] (2),
and [Ru(CF;CO,),(=CH-0-iPr-O-C{H,)-
(IMesH,)] (3) were found to be highly
active catalysts for ring-closing meta-
thesis (RCM) at elevated temperature
(45°C), exceeding known ruthenium-
based catalysts in catalytic activity.
Turn-over numbers (TONs) up to 1800

were achieved in RCM. Excellent
yields were also achieved in enyne
metathesis and ring-opening cross
metathesis using norborn-5-ene and 7-
oxanorborn-5-ene-derivatives. Even
more important, 3 was found to be
highly active in RCM at room temper-
ature (20°C), allowing TONs up to
1400. Heterogeneous catalysts were
synthesized by immobilizing [RuCl,(=
CH-0-iPr-O-C;H,)(IMesH,)] on a per-
fluoroglutaric acid derivatized polystyr-
ene-divinylbenzene (PS-DVB) support
(silver form). The resulting supported
catalyst [RuCl(polymer-CH,-O-

Keywords: heterogeneous

catalysis - homogeneous catalysis -
metathesis - ruthenium - supported
catalysts

[a] Dipl.-Chem. J. O. Krause, Prof. Dr.-Ing. O. Nuyken

Lehrstuhl fiir Makromolekulare Stoffe

CO-CF,-CF,-CF,-COO)(=CH-0-iPr-O-
C¢H,)(IMesH,)] (5) showed significant-
ly reduced activities in RCM (TONs =
380) compared with the heterogeneous
analogue of 3. The immobilized cata-
lyst, [Ru(polymer-CH,-O-CO-CF,-CF,-
CF,-COO)(CF;CO,)(=CH-o0-iPr-O-
C¢H,)(IMesH,)] (4) was obtained by
substitution of both Cl ligands of the
parent Grubbs-Hoveyda catalyst by
addition of CF;COOAg to 5. Com-
pound 4 can be prepared in high load-
ings (160 mg catalystg ' PS-DVB) and
possesses excellent activity in RCM
with TONs up to 1100 in stirred-batch
RCM experiments. Leaching of ruthe-
nium into the reaction mixture was un-
precedentedly low, resulting in a ruthe-
nium content <70 ppb (ngg™) in the
final RCM-derived products.
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[b]

[c

—

[
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With well-defined initiators in hand,!!! olefin metathesis has
become a powerful tool in organic synthesis.”) While high
activities have long been the domain of molybdenum-based
Schrock initiators, the use of NHCs (NHC: N-heterocyclic
carbene) have added another active class of catalysts to the
arsenal of synthetic organic chemistry.”'? Both NHC li-
gands and carbene groups in ruthenium-derived catalysts
have been optimized through the years. Nevertheless, only
little attention has been dedicated to the replacement of the
chlorine ligands. This is presumably a consequence of the re-
sults reported by Grubbs et al. who varied the halogens in
the [RuCl,(=CH=CHCPh,)(PCys;),] system.'™ Replacement
of both chlorine ligands by bromine, iodine, or trifluoroace-
tate led to less active or less stable catalysts. In contrast,
changing the halide from Cl to Br or I in [RuCl,(CHPh)-
(IMesH,)] results in increased initiation rates in ROMP,
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nevertheless, propagation rates were found to be reduced at
least in the ROMP of cyclooctene." The results clearly
show that replacement of the halide in this type of complex
with other groups has a dramatic effect on reactivity, though
it is hard to predict whether it will be an increase or de-
crease. This is further underlined by the finding that an
almost dramatic change in enantioselectivity in RCM occurs
when the ligand sphere in [RuCl,(CHPh)(NHC)]-type com-
plexes bearing chiral NHCs is changed from Cl to Br and
.51 Recently, Buchowicz et al. showed that replacement of
both chlorines in [RuCl,(=CHPh)(PCy;),] with strongly
electron-withdrawing fluorocarboxylates results in stable
systems and gives access to heterogenization.!'*!'”l Quite re-
cently, we reported on the synthesis of both homogeneous
and heterogeneous catalysts by replacement of one chlorine
ligand in an NHC-based Grubbs-Herrmann-catalyst.['¥l
Though accessible and highly active, any phosphane-contain-
ing catalyst suffers from a lack of stability owing to forma-
tion of AgCl and AgCI(PCy;) during synthesis. Our aim was
to apply the concept of chlorine replacement by ligands con-
taining electron-withdrawing groups (e.g. fluorinated car-
boxylates and sulfonates) to a phosphane-free catalyst. In
this contribution, we report on the synthesis of a new gener-
ation of metathesis catalysts accessible by replacement of
one or both chlorines in the phosphane-free Grubbs—Hovey-
da catalyst by trifluoroacetate and trifluoromethanesulfo-
nate groups. Furthermore, heterogenization on macroreticu-
lar poly(styrene-co-divinylbenzene) resins was achieved. In
order to benchmark the new systems, they were all subject
to various metathesis-type reactions. The new catalysts were
found to be equally or more active in RCM than existing
ruthenium-based metathesis catalysts. Excellent reactivity
was also observed in enyne metathesis and ring-opening
cross metathesis. In the following, the synthesis of the new
catalysts, their structure and catalytic activity shall be out-
lined in detail.

Results and Discussion

Synthesis and structure of Ru complexes 1 and 2: Catalysts
1 and 2 were obtained by adding two or one equivalent of
CF;SO;Ag, respectively, to [RuCl,(=CH-iPr-O-
C¢H,)(IMesH,)] (Scheme 1).

Whereas the substitution of the first ligand proceeds
smoothly, replacement of the second requires prolonged re-
action times. Both compounds were obtained in virtually
quantitative yields, as demonstrated by in situ "H NMR ex-
periments, and can be used without any purification. In case
AgCl needs to be removed, the protocol described in the
Experimental Section offers access to a silver-free catalyst,
however, reduced yields (52-56 %) have to be accepted. In
order to retrieve structural information, 2 was subjected to
X-ray crystallographic analysis (Figure 1). Compound 2 crys-
tallizes in the monoclinic space group P2,/c, a = 1234.41(3)
pm, b = 1604.50(3) pm, ¢ = 1704.55(3) pm, § = 91.077(2)°,
Z = 4. Selected X-ray data are summarized in Table 1,
bond lengths and angles are given in Table 2. The Ru—Cl
distances of 232.79(12) and 233.93(12) pm,["’ in the parent
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Scheme 1. Synthesis of catalysts 1, 2, and 3.

complex [RuCl,(=CH-iPr-O-C4H,)(IMesH,)] are reduced to
231.82(7) pm for Ru(1)—CI(1) in 2. As a consequence of this
stronger binding, substitution of the second chlorine is less
favored. In addition, replacement of the second CI ligand is
hampered because of the higher pK, of the conjugated acid
(CF;SO;H) of the ligand to be introduced. These effects to-
gether result in the longer reaction times observed. Similar
to 3 (see below), the angle O(1)-Ru(1)-C(2) is close to 180°
(178.17(8)°). Compared with the parent complex [RuCl,-
(=CH-iPr-O-C¢H,)(IMesH,)]" and 3, the angle between
the chlorine ligand and the trifluoromethanesulfonate group
is widened to 160.87(6)°.

Synthesis and structure of Ru complex 3: For the synthesis
of catalyst 3 (Figure 2), a similar procedure was used. Pre-
sumably because of the softer character of the CF;COO
ligand (according to the HSAB principle) and the larger
pK, of the corresponding conjugated acid (CF;COOH),
both chlorines can be substituted in a clean reaction. All at-
tempts to isolate the monotrifluroacetate-substituted cata-
lyst failed; under all chosen conditions between —196°C and

Figure 1. X-ray structure of 2.
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Table 1. Selected X-ray data for compounds 2 and 3.

2 3
formula C;,H5CIF;N,O,RuS CysHy3FoN,OsRu
Fy 740.22 781.74
cryst. system monoclinic monoclinic
space group P2,/c (no. 14) P2,/n (no. 14)
a [pm] 1234.41(3) 1189.39(3)
b [pm] 1604.50(3) 1664.62(3)
¢ [pm] 1704.55(3) 1862.86(3)
a[°] 90 90
A I°] 91.077(2) 90.086(2)

v [°] 90 90

V [nm?] 3.37545(12) 3.68824(13)
V4 4 4

T [K] 233(2) 233(2)
Ocaled [Mgm ™3] 1.457 1.408

u [mm™] 0.660 0.496
color, habit yellow plate reddish prism
refls with 1> 20(I) 5211 6169
GOF on F? 1.052 1.054

R indices I > 20(1)

R, 0.0315 0.0300
wR2 0.0789 0.0749

Table 2. Selected bond lengths [pm] and angles [°] for 2.

Ru(1)—C(1) 182.0(3)
Ru(1)-C(2) 198.4(2)
Ru(1)-0(2) 209.86(19)
Ru(1)-0(1) 224.99(17)
Ru(1)—CI(1) 231.82(7)
C(1)-Ru(1)-C(2) 102.34(11)
C(1)-Ru(1)-0(2) 98.87(10)
C(2)-Ru(1)-0(2) 93.50(9)
C(1)-Ru(1)-0(1) 79.31(10)
C(2)-Ru(1)-0(1) 178.17(8)
0(2)-Ru(1)-0(1) 85.43(7)
C(1)-Ru(1)-CI(1) 97.21(9)
C(2)-Ru(1)-CI(1) 93.12(7)
0(2)-Ru(1)-CI(1) 160.87(6)
O(1)-Ru(1)-CI(1) 87.44(5)

room temperature and with varying stoichiometry, only a
1:1:8 mixture of reactants, bis-, and monoadduct (identified
by means of 'HNMR spectroscopy) could be isolated. We
therefore were only able to isolate the bis(trifluoroacetate)-
substituted catalyst 3 in a pure form. As for 1 and 2, 3 is ob-
tained in virtually quantitative yield as again demonstrated
by in situ '"H NMR experiments, and can be used without
any purification. Removal of AgCl to obtain analytically

Figure 2. X-ray structure of 3.

ty and stability of 3 can be explained by the trans-effect of
the NHC ligand on the iPr-O group (O(1)-Ru(1)-C(2)
178.93(8)°, parent complex 176.22(14)°).

The fact that only monomeric compounds are obtained is
in strong contrast to the findings of Buchowitz et al. for the
[RuCl,(=CHPh)(PCys;),]-derived catalysts.'*”) The clear ad-
vantage of such monomeric catalysts is that no dissociation
of any dimeric catalyst precursor is necessary, which enhan-
ces both the reaction rates and stability of the entire catalyt-
ic setup. In contrast to the work by Hoveyda,!'” in which the
weaker electron-donating character of the oxygen in the iso-
propoxide group should result in an upfield shift of the ben-
zylidene proton, we could not observe such correlation in
catalysts 1-3.

Synthesis of heterogeneous catalysts 4 and 5: For purposes
of heterogenization, hydroxymethyl-polystyrene (PS-DVB-
CH,-OH, 1.7 mmol CH,-OHg!, crosslinked with 1% DVB)
was treated with perfluoroglutaric anhydride following a
procedure published by Nieczypor et al.?”! Deprotonation
and formation of the silver salt were accomplished by reac-
tion with aqueous sodium hydroxide followed by treatment

Table 3. Selected bond lengths [pm] and angles [°] for 3.

Ru(1)-C(1) 182.6(2)

pure catalyst results in reduced yields (71 %). Ru(1)-C(2) 197.9(2)
Compound 3 (Figure 2) crystallizes in the space group Ru(1)-0(4) 202.58(15)
P2,/n, a = 1189.39(3), b = 1664.62(3), ¢ = 1862.86(3) pm,  Ru(1)-0(2) 203.65(16)
. ; Ru(1)-0(1) 224.58(15)

B = 90.086(2)°, Z = 4. Selected X-ray data are summarized C(1)-Ru(1)-C2) 100.83(9)
in Table 1, bond lengths and angles are given in Table 3. The C(1)-Ru(1)-0(4) 97:91(8)
angle formed by O(2)-Ru(1)-O(4) is 157.23(6)°, which is C(2)-Ru(1)-O(4) 92.26(7)
similar to the angle of 156.47(5)° found for Cl(1)-Ru-CI(2) C(1)-Ru(1)-0(2) 103.11(8)
in the parent complex [RuCl,(=CH-0-iP1-O- C@)-Ru(1)-02) 92.31(7)
[19] : g : O(4)-Ru(1)-0(2) 157.23(6)
C¢H,)(IMesH,)].""” The Ru(1)—0O(1) distance is basically un- C(1)-Ru(1)-0(1) 79.20(8)
changed (2261(3) A in the parent complex versus C(2)-Ru(1)-0(1) 178.93(8)
2.2458(15) A in 3), which is in accordance with the high sta- 0O(4)-Ru(1)-O(1) 86.67(7)
bility of 3. As for the parent complex, both the high reactivi- O@2)-Ru(1)-0(1) 88.73(7)
Chem. Eur. J. 2004, 10,777-784  www.chemeurj.org  © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim —— 779
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with AgNO;. [RuCl,(=CH-0-iPr-O-C¢H,)(IMesH,)] was dis-
solved in THF and added to the silver salt. By this approach,
[RuCl(polymer-CH,-O-CO-CF,-CF,-CF,-COO)(=CH-o-iPr-
0O-C¢H,)(IMesH,)] (5) was obtained. In order to synthesize
an almost identical analogue to 3, the second Cl ligand was
reacted with CF;COOAg yielding [Ru(polymer-CH,-O-CO-
CF,-CF,-CF,-COO)(CF;CO,)(=CH-0-iPr-O-CsH,)(IMesH,)]
(4) as a lilac powder (Scheme 2).

A catalyst-loading of 160 mgg™"' (16%) was determined
for 4, indicating that more than 80% of the polymer-bound
silver perfluoroglutarate groups were accessible for reaction
with [RuCly,(=CH-0-iPr-O-C,H,)(IMesH,)]. This
sponds to a catalyst amount five times higher than reported
for other heterogeneous systems.*”)

corre-

Homogeneous RCM experiments: In order to benchmark
the new systems, we tested their catalytic activity in RCM
using a set of six different compounds. Diethyl diallylmalo-
nate (DEDAM), 1,7-octadiene, diallyldiphenylsilane, trans-
3-methylpentenoate, N,N-diallytrifluoroacetamide, and N,N-
diallyl-tert-butylcarbamide were used. Catalysts 1 and 2 dis-
played lower activities than the parent catalyst (Table 4, en-
tries 21-32). However, RCM experiments with 3 could be
carried out with high turn-over numbers (TONs) even at
room temperature. As can be deduced from Table 4, TONs
obtained with 3 at 45°C (Table 4, entries 11-18) exceed
those obtained with the Grubbs—-Herrmann (Table 4, entries
1-5) or the parent Grubbs-Hoveyda catalysts in most cases
(Table 4, entries 6-10). Even more interesting, high TONs
(600 for DEDAM and 1380 for 1,7-octadiene, see Table 4,
entries 17-18) were obtained at 20°C, underlining the high
activity of this catalytic system. Since the activity of a new
metathesis catalyst is best demonstrated by the RCM of tri-
and tetrasubstituted dienes, we carried out RCM of diethyl
allylmethallyl malonate and diethyl dimethallylmalonate
(Table 4, entries 19-20). TONs of 80 and 70, respectively
were achieved. Though slightly higher numbers (TON =
99) were obtained by other groups using [RuCl,(CH-2-iPrO-

FCuoCF2
Fa
o C:; ,E‘E o !ME&HQ [ClzRUCH-o-Pr-O-CaH,) (IMasH.)|
QYL R THE
o "= oo
5 /U
]cF:,ccmg
]
Fo 0, Mests
Fa Ru=

Scheme 2. Synthesis of heterogeneous catalysts 4 and 5.

780

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

5-NO,-C¢H;)(IMesH,)],?" these data still exceed or at least
rival the activity of [RuClL(CH-Ph)(IMesH,)(PCy,)],
[RuCl,(=CH-(1-(2-iPrO-naphth-1-yl)-2-iPrO-naphth-3-yl)-
(IMesH,)(PCy;)], and [Mo(N-2,6-iPr,-C¢H;)(CHCMe,-
Ph)(OCMe(CF3),),].2

Homogeneous enyne and ring-opening cross metathesis ex-
periments: In addition to RCM experiments, enyne meta-
thesis reactions were carried out. Diethyl dipropargylmalo-
nate (DEDPM) was treated with trimethylallylsilane and tri-
phenylallylsilane. The corresponding products were obtained
in high yields (95 %). Conditions identical to those reported
in the literature™' were chosen in order to allow for compar-
ison of the reported yields. As can be deduced from Table 5
(entries 43 and 44), 3 again showed enhanced activity. Final-
ly, ring-opening cross metathesis reactions carried out with
both norborn-5-ene and 7-oxanorborn-5-ene derivatives
were investigated (Table 5, entries 45-45). Excellent yields
(95 %) were obtained, again exceeding those reported in the
literature.”

Heterogeneous RCM experiments: For purposes of compar-
ison, DEDAM, 1,7-octadiene, diallyldiphenylsilane, trans-3-
methylpentenoate, and N,N-diallyl-tert-butylcarbamide were
used in heterogeneous RCM to benchmark the heterogene-
ous catalysts 4 and S. For most of these monomers, both cat-
alyst 5§ and 4 displayed high activities in RCM, the latter
being the superior system with TONs approaching 1100
(Table 4, entries 31-35). With 5, TONs of 380 were achieved
(Table 1, entries 36-40). With this catalytic activity, both het-
erogeneous systems presented here far exceed any other
supported metathesis catalyst. The fact that 4 exceeds § in
catalytic activity clearly accentuates the necessity of careful
catalyst design; in our case the substitution of both chlorine
ligands results in an almost perfect mimic of the homogene-
ous analogue 3. For both heterogeneous systems 4 and 5,
leaching of ruthenium into the various reaction mixtures
was unprecedentedly low, resulting in a ruthenium content
<70ppb (ngg!) in the final
RCM-derived products.

F. F
C‘\E,CE oH
2 G .
Conclusion
1. ag. NalH
2. ag. AgNG,

With the synthesis of catalysts
1--3 we have shown that the
concept of the fixation of
0 strongly  electron-withdrawing
ligands accelerates the catalytic
activity of Grubbs-Hoveyda
type catalysts, a finding that is
in contrary to previous experi-
ments with Grubbs-type cata-
lysts. The resulting catalysts are
monomeric rather than dimeric
and exhibit surprising stability.
Thus, 3 can be stored under am-
bient conditions (i.e., room
temperature, air, and moisture)
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Table 4. Summary of catalytic activities.
Compound Catalyst mol % compound TON
1 DEDAM Grubbs-Herrmann!*! 0.05 1300
2 1,7-octadiene Grubbs—Herrmann'® 0.08 1000
3 diallyldiphenylsilane Grubbs-Herrmann!®! 0.10 400
4 methyl trans-3-pentenoate Grubbs-Herrmann!*! 0.01 600
5 tert-butyl N,N-diallylcarbamide Grubbs-Herrmann!*! 0.10 770
6 DEDAM Grubbs—Hoveyda!*! 0.05 1500
7 1,7-octadiene Grubbs—Hoveyda!*! 0.05 1700
8 diallyldiphenylsilane Grubbs—Hoveyda!*! 0.10 180
9 methyl trans-3-pentenoate Grubbs-Hoveyda!*! 0.10 60
10 tert-butyl N,N-diallylcarbamide Grubbs—Hoveyda!*! 0.10 100
11 DEDAM 30l 0.05 1400
12 1,7-octadiene 30l 0.05 1800
13 diallyldiphenylsilane 30 0.10 750
14 methyl trans-3-pentenoate 30 0.01 300
15 tert-butyl N,N-diallylcarbamide 30 0.10 780
16 N,N-diallyltrifluoroacetamide 30 0.10 1000
17 DEDAM 30l 0.10 590
18 1,7-octadiene 30l 0.05 1400
19 diethyl allylmethallylmalonate 30 0.10 80
20 diethyl dimethallylmalonate 30 0.10 70
21 DEDAM 20 0.05 600
22 1,7-octadiene 20 0.05 300
23 diallyldiphenylsilane 20 0.10 10
24 methyl trans-3-pentenoate 20 0.01 300
25 tert-butyl-N,N-diallylcarbamide 20 0.10 710
26 N,N-diallyltrifluoroacetamide 20 0.10 630
27 DEDAM 10 0.05 500
28 1,7-octadiene 16 0.05 500
29 diallyldiphenylsilane 1@ 0.10 20
30 methyl trans-3-pentenoate 1@ 0.01 500
31 tert-butyl-N,N-diallylcarbamide 11 0.10 110
32 N,N-diallyltrifluoroacetamide 11 0.10 190
33 DEDAM 4lal 0.05 200
34 1,7-octadiene 4 0.05 1100
35 diallyldiphenylsilane 4l 0.10 100
36 tert-butyl N,N-diallylcarbamide 4l 0.10 350
37 N,N-diallyltrifluoroacetamide 4 0.10 70
38 DEDAM st 0.05 200
39 1,7-octadiene 58 0.05 400
40 diallyldiphenylsilane 5l 0.10 130
41 tert-butyl N,N-diallylcarbamide 5l 0.10 190
42 N,N-diallyltrifluoroacetamide 5l 0.10 130

[a] 2 h, 2 mL CH,Cl,, 45°C. [b] 2 h, 2 mL CH,Cl,, 20°C. Grubbs-Hoveyda catalyst

Table 5. Enyne and ring-opening cross-metathesis reactions using 3.

= [RuCl(=CH-0-iPr-O-C¢H,)(IMesH,)]. [c] 2 h, 3 mL CDCl,, 45°C.

Reactants Product Conditions EIZ Yield®
EtO,C._ CO,Et
2 2 EtO,C N SiMes
43 N BOLTY\ 7 ol 135 95% (65 % )
i1l : —
EtO,C,_ CO,Et EtO,C
N SiPhg N
EtO,C . %
44 - =\ siPhy 2 )%\MJ 1:6 95 %
—OAc
OH X
45 + Z\_0Ac OH fe 12 95% (58)¢l
OH y oH
o) —SiMe3 o
X
46 @, 0 +=\SiMe; o] o t 11 95%
%
(e]

[a] Yields in parentheses are those reported by other groups using standard Ru-based metathesis catalysts. [b] CH,Cl,, 12 h, room temperature, 10 mol %
catalyst. [c] 2 mol %, 2 h, CDCl;, room temperature. Reactants for entries 45 and 46 consisted of a 1:1 mixture of the corresponding exo and endo com-

pounds.

Chem. Eur. J. 2004, 10, 777784
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without loss of activity. In various RCM, enyne metathesis,
and ring-opening cross metathesis experiments, 3 revealed
the highest activity ever reported both at elevated and room
temperature. Moreover, substitution of the chlorine ligands
with trifluoroacetate groups or polymer-bound analogous li-
gands offers simple access to heterogeneous analogues, as
has been demonstrated with the syntheses of 4 and 5. The
high catalytic activity can be retained during the heterogeni-
zation process, and ruthenium leaching was unprecedentedly
low, giving access to virtually Ru-free products. Investiga-
tions on the applicability of 3 and 4 in various metathesis-
based reactions including polymerizations and heterogeniza-
tion on monolithic supports?”*! are under way.

Experimental Section

General: NMR data were obtained at 300.13 MHz for proton and at
75.74 MHz for carbon in the indicated solvent at 25°C on a Bruker Spec-
trospin 300 and are listed in parts per million downfield from tetrame-
thylsilane for proton and carbon. IR spectra were recorded on a Bruker
Vector 22 using ATR technology. GC-MS investigations were carried out
on a Shimadzu GCMS-QP5050, using a SPB-5 fused silica gel column
(30 mx0.25 mm x 25 um film thickness). Elemental analyses were carried
out at the Mikroanalytical Laboratory, Anorganisch-Chemisches Institut,
TU Miinchen, Germany, and at the Institute of Physical Chemistry, Uni-
versity of Vienna, Austria. A Jobin Yvon JY 38 plus was used for ICP-
OES measurements, a MLS 1200 mega for microwave experiments. Syn-
theses of the ligands and catalysts were performed under an argon atmos-
phere by standard Schlenk techniques or in an N,-mediated dry-box
(Labmaster 130, MBraun, Germany) unless stated otherwise. Reagent
grade diethyl ether, pentane, THF, and toluene were distilled from
sodium/benzophenone under argon. Reagent grade dichloromethane was
distilled from calcium hydride under argon. Other solvents and reagents
were used as purchased. Deionized water was used throughout. Diethyl
diallylmalonate (DEDAM), 1,7-octadiene, diallyl ether, N,N-diallyltri-
fluoroacetamide, diallyldiphenylsilane, methyl trans-3-pentenoate, tert-
butyl N,N-diallycarbamate, ethyl vinyl ether (EVE), [RuCl,(=CHPh)-
(IMesH,)(PCy;)] (IMesH, = 1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroi-
midazol-2-ylidene), CF;SO;Ag, CF;COOAg, PS-DVB-CH,-OH (100-300
mesh, 1.7 mmol Ar-CH,-OHg™!, 1% crosslinked), perfluoroglutaric an-
hydride, salicylaldehyde, 2-propyliodide, norborn-5-ene-2,3-dimethanol,
and 7-oxanorborn-5-ene-2,3-dicarboxylic anhydride were purchased from
Fluka (Buchs, Switzerland). [RuCl,(=CH-0-iPr-O-C4H,)(IMesH,)] "' di-
ethyl diallylmalonate® and diethyl dimethallylmalonate®™ were pre-
pared according to the literature. A ruthenium standard containing 1000
ppm of ruthenium was purchased from Alfa Aesar/Johnson Matthey
(Karlsruhe, Germany).

[Ru(CF;S0;),(=CH-0-iPr-O-C¢H,)(IMesH,)] (1): Under glovebox condi-
tions [RuCl,(=CH-0-iPr-O-C4H,)(IMesH,)] (200 mg, 0.32 mmol) was dis-
solved in THF (10 mL) and a solution of CF;SO;Ag (2 equiv, 164 mg,
0.64 mmol) in THF (2 mL) was slowly added to the stirred solution. Stir-
ring was continued for 3 h. A color change from green to red and the for-
mation of a precipitate were observed. The precipitate was filtered off
and the solution evaporated to dryness. The solid was redissolved in
CH,CI, and flashed over a short pad of silica gel. Drying in vacuo provid-
ed a green powder (152 mg, 56%, 0.18 mmol). 'H NMR (300.13 MHz,
CDCl,;, 25°C): 6 = 1849 (s, 1H; Ru=CHAr), 7.51 (dd, 1H; aromatic
CH), 7.10-7.19 (5H; aromatic CH), 6.97 (dd, 1H; aromatic CH), 6.78 (d,
1H; aromatic CH), 4.72 (septet, 1H; (CH;),CHOAr), 4.16 (s, 4H;
N(CH,),N), 2.38 (m, 12H; mesityl 0-CHj;), 2.17 (s, 6 H; mesityl p-CHj,),
1.11 (d, 6H; (CH5),CHOAr); "C NMR (75.47 MHz, CDCl;, 25°C): ¢ =
332.4, 203.9, 154.0, 145.5, 139.9, 138.6, 136.8, 135.1, 132.5, 130.8, 129.1,
122.1, 118.6, 114.4, 112.2, 52.1, 49.6, 24.8, 20.4, 19.4, 17.8, 17.1; FT-IR
(ATR-mode): 7 = 2962 (br), 2910 (br), 1587 (s), 1481 (s), 1447 (s), 1331
(s), 1259 (vs), 1233 (w), 1190 (vs), 1088 (vs), 1015 (vs), 983 (s), 932 (w),
864 (w), 796 (vs), 754 (w), 696 cm ' (w); elemental analysis calcd for
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CyHyFN,O,RUS,-AgCl (997.176): C 39.75, H 3.84, N 2.81; found C
40.07, H 4.45, N 2.64.

[RuCl(CF;S0;)(=CH-0-iPr-O-C4H,)(IMesH,)] (2): Under glovebox con-
ditions [RuCl,(=CH-0-iPr-O-C¢H,)(IMesH,)] (200 mg, 0.32 mmol) was
dissolved in THF (10 mL) and a solution of CF;SO;Ag (1 equiv, 82 mg,
0.32 mmol) in THF (2 mL) was slowly added to the stirred solution. Stir-
ring was continued for 90 minutes. A color change from green to green-
yellow and the formation of a precipitate were observed. The precipitate
was filtered off and the solution evaporated to dryness. The solid was re-
dissolved in CH,Cl, and flashed over a short pad of silica gel. Drying in
vacuo provided a green powder (123 mg, 0.17 mmol, 52%). Green crys-
tals suitable for X-ray analysis were obtained by layering pentane over a
concentrated solution of 2 in CH,Cl, at —36°C. '"H NMR (300.13 MHz,
CDCl;, 25°C): 6 = 17.49 (s, 1H; Ru=CHAr), 7.46 (dd, 1H; aromatic
CH), 7.18-6.95 (5H; aromatic CH), 6.86 (dd, 1H; aromatic CH), 6.73 (d,
1H; aromatic CH), 4.74 (septet, 1H; (CH;),CHOAr), 4.12 (s, 4H;
N(CH,),N), 2.55-2.15 (m, 18H; mesityl CH;), 125 (d, 3H;
(CH,;),CHOAr), 1.04 (d, 3H; (CH;),CHOAr); "CNMR (75.47 MHz,
CDCl;, 25°C): 6 = 313.8, 207.1, 152.1, 144.9, 139.4, 139.1, 138.8, 138.0,
136.8, 135.8, 131.6, 130.3, 128.8, 128.4, 121.7, 119.1, 114.9, 111.9, 74.7,
514,494, 24.6,20.2,19.2, 19.0, 17.8, 17.2, 16.8; FT-IR (ATR-mode): # =
2963 (br), 2915 (br), 1584 (s), 1479 (s), 1444 (s), 1389 (w), 1325 (w), 1261
(s), 1229 (w), 1190 (vs), 1100 (s), 1003 (vs), 934 (w), 848 (w), 801 (s), 749
(s), 697 cm™ (w); elemental analysis caled for Cs;,HsCIF;N,O,RuS
(740.24): C 51.92, H 5.17, N 3.78; found C 47.20, H 5.83, N 2.86.

[Ru(CF;CO,),(=CH-0-iPr-O-C{H,)(IMesH,)] (3): Under dry glovebox
conditions, [RuCl,(=CH-0-iPr-O-C¢H,)(IMesH,)] (200 mg, 0.319 mmol)
was dissolved in THF (10 mL) and a solution of CF;CO,Ag (2 equiv, 141
mg, 0.64 mmol) in THF (2 mL) was slowly added to the stirred solution.
Stirring was continued for 20 minutes. A color change from green to lilac
and the formation of a precipitate were observed. The precipitate was fil-
tered off and the solution evaporated to dryness. It was redissolved in
CH,C], (1 mL), flashed over 5 cm silica gel and evaporated to dryness,
giving a lilac powder (177 mg, 0.23 mmol, 71 %). Lilac crystals suitable
for X-Ray analysis were obtained by layering pentane over a dilute solu-
tion of 3 in Et,0 at —36°C. '"H NMR (300.13 MHz, CDCl;, 25°C): 6 =
17.38 (s, 1 H; Ru=CHArr), 7.28 (dd, 1 H; aromatic CH), 7.08 (s, 4H; mesi-
tyl aromatic CH), 7.00 (dd, 1H; aromatic CH), 6.86 (dd, 1H; aromatic
CH), 6.56 (d, 1H; aromatic CH), 4.55 (septet, 1H; (CH;),CHOAr), 4.05
(s, 4H; N(CH,),N), 2.37 (s, 6 H; mesityl p-CH;), 2.20 (s, 12H; mesityl o-
CH;), 0.88 (d, 6H; (CH;),CHOAr); "CNMR (7547 MHz, CDCl,,
25°C): 6 = 314.7, 209.1, 159.0, 152.1, 142.4, 138.4, 137.9, 133.4, 129.2,
128.7, 122.6, 121.8, 111.2, 109.9, 73.2, 50.3, 24.6, 19.1, 16.8; FT-IR (ATR-
mode): 7 = 2982 (br), 2925 (br), 1698 (s), 1609 (w), 1593 (w), 1577 (w),
1478 (w), 1451 (w), 1393 (s), 1260 (s), 1180 (vs), 1141 (vs), 1033 (w), 937
(W), 877 (s), 844 (s), 812 (w), 780 (w), 748 (s), 722 cm™' (s); elemental
analysis calcd for C;sHj3F¢N,OsRu (781.75): C 53.77, H 4.90, N 3.58;
found: C 53.63, H 4.90, N 3.63.

Heterogenization on a polystyrene-divinylbenzene support, generation of
[Ru(polymer-CH,-0-CO-CF,-CF,-CF,-CO0)(CF;C0,)(=CH-0-iPr-O-

CH,)(IMesH,)] (4) and [RuCl(polymer-CH,-O-CO-CF,-CF,-CF,-
COO0)(=CH-0-iPr-O-C{H,)(IMesH,)] (5): PS-DVB-CH,-OH (1.00 g) was
suspended in dry THF (20 mL) and of perfluoroglutaric anhydride (1
equiv, 377 mg, 1.70 mmol) was added. Stirring was continued for 2 h,
then the product was filtered and washed three times with THF. It was
dried under high vacuum giving a white solid (1.33 g). FT-IR (ATR-
mode): 7 = 3025 (br), 2920 (br), 2442 (br), 1772 (vs), 1600 (br), 1489
(w), 1448 (w), 1375 (w), 1312 (s), 1245 (s), 1175 (vs), 1145 (vs), 1044 (s),
915 (w), 867 (w), 823 (w), 755 (s), 697 cm ™" (vs). The solid was resuspend-
ed in THF (10mL) and excess NaOH (140 mg in 30 mL water) was
added. The mixture was stirred for 2h, the product was filtered and
washed three times with water. The precipitate was suspended in water
(20 mL) and AgNO; (1.2 equiv, 350 mg, 2.1 mmol) in water (10 mL) was
added. Stirring was continued for 2h, the product was filtered and
washed three times each with water, Et,O, and pentane. Drying in vacuo
gave a white solid (0.85 g). FT-IR (ATR-mode): 7 = 3056 (br), 3023 (br),
2918 (br), 2854 (br), 2336 (br), 1808 (w), 1596 (w), 1490 (w), 1446 (w),
1364 (w), 1285 (w), 1216 (s), 1067 (w), 1027 (w), 896 (w), 840 (w), 812
(W), 754 (s), 694 cm™" (vs). The solid was resuspended in THF (25 mL)
and [RuCl,(=CH-0-iPr-O-C¢H,)(IMesH,)] (99.8 mg, 0.159 mmol) was
added. Stirring was continued for 90 min. [RuCl(polymer-CH,-O-CO-
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CF,-CF,-CF,-COO)(=CH-0-iPr-O-C,H,)(IMesH,)] (5) was filtered off,
washed with THEF, and dried in vacuo to yield an off-white powder. FT-
IR (ATR-mode): 7 = 3057 (w), 3024 (w), 2917 (br), 2848 (w), 1600 (w),
1492 (w), 1451 (w), 1420 (w), 1180 (br), 1154 (w), 1027 (w), 1014 (w), 906
(w), 841 (w), 751 (s), 697 cm™' (vs). CF;COOAg (1 equiv, 35.2 mg, 0.159
mmol) was dissolved in THF (2 mL) and the solution was added to 5, dis-
solved in THF (10 mL), and the mixture was stirred for 90 min. Extensive
washing with THF and drying in vacuo gave [Ru(polymer-CH,-O-CO-
CF,-CF,-CF,-COO)(CF;CO,)(=CH-0-iPr-O-C,H,)(IMesH,)] (4) as a lilac
powder (0.7 g). Ru content 0.18 mmolg~!, corresponding to 160 mg cata-
lystg™ (16% catalyst loading). FT-IR (ATR-mode): # = 3060 (w), 3023
(w), 2919 (br), 2852 (w), 2378 (w), 1942 (w), 1874 (w), 1805 (w), 1595
(w), 1488 (w), 1447 (w), 1365 (br), 1185 (br), 1019 (w), 817 (w), 754 (s),
695 cm ™! (vs).

2-Isopropoxystyrene (6): Salicylaldeyde (10.3 g, 84 mmol), NBu,Br (25.1
g, 78 mmol), and iPrl (20 mL, 0.2 mol) were dissolved in CH,Cl, (300
mL). NaOH (3.5 g, 88 mmol) dissolved in water (150 mL) was slowly
added to the stirred solution. After stirring for 2 d, the organic phase was
separated and the aqueous phase was washed with CH,Cl, (3x50 mL).
The combined organic phase was dried in vacuo, redissolved in ethyl ace-
tate, and filtered. The filtrate was dried over Na,SO, and evaporated to
dryness, giving a yellow oil (5.7 g). MePPh;Br (13 g, 34.7 mmol) was
dried in a Schlenk tube and put under argon. Dry THF (50 mL) was
added, followed by nBuLi (2N in pentane, 17.4 mL, 34.7 mmol) at 0°C. It
was stirred for 30 minutes at 0°C and another 30 minutes at room tem-
perature. The aldehyde (5.7 g, 34.7 mmol) was slowly added at 0°C and
stirring was continued for 12 h. Water (5 mL) was added to the yellow
solution, which was then dried in vacuo. The product was extracted with
Et,0 (3x25mL), dried over Na,SO,, and evaporated to dryness. Column
chromatography over silica gel using ethyl acetate/pentane (2:98) as
eluent provided the product in the first fraction (R; = 0.5). It was dried
over Na,SO, and evaporated to dryness to give the product as a clear
liquid (3.2 g, 20 mmol, 23%). 'H NMR (300.13 MHz, CDCl;, 25°C): 6 =
7.37 (d, 1H; Ar), 7.07 (m, 1H; Ar), 6.97 (dd, 1H; CH), 6.76 (m, 2H;
Ar), 5.63 (dd, 1H; trans-CHCH,), 5.12 (dd, 1H; cis-CHCH,), 4.40 (sept,
1H; CH(CH,),), 1.21 (d, 6H; CH(CH;),); *C NMR (75.47 MHz, CDCl,,
25°C): 6 = 155.0, 131.9, 128.6, 127.7, 126.4, 120.5, 114.0, 70.6, 22.1; FT-
IR (ATR-mode): # = 2978 (s), 2933 (br), 1625 (w), 1597 (w), 1484 (s),
1453 (s), 1383 (w), 1290 (w), 1240 (vs), 1118 (s), 997 (w), 955 (w), 906
(w), 751 cm™! (w); GC-MS: calcd for C;;H,,0: 162.1, found 162.1 [M]*.

RCM-, ring-opening cross metathesis and enyne-metathesis experiments
(slurry reactions): The following procedure is representative of all experi-
ments. DEDAM (520 mg, 2.16 mmol) was dissolved in CH,Cl, (2 mL)
and the homogeneous catalyst (0.01-0.10 mol% as indicated in Table 4)
or supported catalyst (12.0 mg) was added. The reaction mixture was
heated to 45°C for 2 h. After removal of the catalyst by filtration, the
yield was determined by GC-MS and 'H NMR spectroscopy in CDCl,.

Leaching of the support: Aqua regia (3.0 mL) was added to the com-
bined effluents from which the solvent was removed. The mixture was
placed inside high-pressure Teflon tubes and leaching was carried out
under microwave conditions (50, 600, and 450 W pulses, respectively, t =
32 minutes). After cooling to room temperature, the mixture was filtered
and water was added up to a volume of 10.00 mL.

Ru measurements: Ru was measured by ICP-OES (4 = 240.272 nm, ion
line). The background was measured at A = 240.287 and 240.257 nm.
Standardization was carried out with Ru standards containing 0, 5, and
10 ppm of Ru.

X-ray measurement and structure determination of 2 and 3: The data col-
lection was performed on a Nonius Kappa CCD equipped with graphite-
monochromatized Moy, radiation (1 = 0.71073 A) and a nominal crystal
to area detector distance of 36 mm. Intensities were integrated using
DENZO and scaled with SCALEPACK."" Several scans in ¢ and o di-
rection were made to increase the number of redundant reflections,
which were averaged in the refinement cycles. This procedure replaces in
a good approximation an empirical absorption correction. The structures
were solved with direct methods SHELXS86 and refined against F?
SHELX97.5" All non-hydrogen atoms were refined with anisotropic dis-
placement parameters. Hydrogen atoms were refined at calculated posi-
tions with isotropic displacement parameters, except the hydrogen atoms
at C(1), which were found and refined normally. For compound 2 the flu-
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orine atoms of the CF; groups and the methyl parts of the isopropyl
group are 2:1 disordered. Relevant crystallographic data are summarized
in Tables 1-3.

CCDC-215892 (2) and -215891 (3) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (+44)1223-336033; or email: deposit@ccdc.cam.ac.uk.
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Cyclopropane-Annelated Azaoligoheterocycles by Ti-Mediated
Intramolecular Reductive Cyclopropanation of Cyclic Amino Acid Amides™

Martina Gensini and Armin de Meijere**

Abstract: Starting from pyrrole- and
indole-2-carboxylic acids Sa and Sb,
the tri- and tetracyclic N,N-dibenzylcy-
clopropylamines 7a and 7b have been
synthesized in 52 and 33% overall
yield, respectively. The synthesis of the
enantiopure tetracyclic diamine 10 has
been achieved applying the established
set of reactions to N-tert-butoxycarbo-

not be prepared in the same way start-
ing from the N-tert-butoxycarbonylpro-
line 11. In fact, in the allylation step
the stereogenic center was deprotonat-
ed and the doubly alkylated amide 13
was formed. However, the desired in-

Keywords: alkaloids
cyclopropanation - N heterocycles -

termediate 15 could be obtained from
L-proline in 49 % yield performing first
the N-allylation step, then the introduc-
tion of the amide function. From 15,
the cyclopropane-annelated pyrrolizi-
dine 16 was obtained in 70 % yield as a
mixture of (1a$,6aS,6bR)-16 and
(1aR,6a8,6bS)-16 diastereoisomers in a
ratio of 1:2.9.

nylindoline-2-carboxylic acid (8) in
46 % overall yield. The amide 15 could

titanium

Introduction

Pyrrolizidine and indolizidine heterocycles are quite
common skeletons in natural compounds.'””! Some examples
are the alkaloid (4)-Absouline (1; R=(E)-p-(OMe)cinna-
moyl-)®¥ and the Mitomycine antibiotics, among which for
example Mitomycine C (2) is clinically used as an antitumor
agent.’] In the last decade, many groups have been engaged
in the stereocontrolled synthesis of the heterocyclic skeleton
of such natural compounds.”*!l We envisaged the possibili-

F OCONH,

OMe

(+)-Absouline, 1 Mitomycine C, 2

[a] Dr. M. Gensini, Prof. Dr. A. de Meijere
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ty of employing our amide variant""'? of the Kulinkovich
reaction!>®! to prepare cyclopropane-annelated pyrrolizi-
dine and indolizidine skeletons from N-alkylpyrrole and N-
alkylindole carboxamides, just as Sato et al. converted pyr-
role- and indole-2-carboxylic acid methyl esters to tri- and
tetracyclic cyclopropanols.'Yl As we have previously demon-
strated, a variety of 1-amino-3-azabicyclo[3.1.0]hexane de-
rivatives can be obtained by this Ti-mediated intramolecular
reductive cyclopropanation of appropriate N,N-dialkylcar-
boxamides, which are readily available from natural amino
acids or bromoacetyl bromide by simple transforma-
tions.'>1°l Here we report the intramolecular aminocyclo-
propanation of the N-allyl group in N,N-dialkylamides of
type 3 leading to tricyclic and tetracyclic systems of type 4
as cyclopropane-annelated analogues of natural skeletons
such as in 1 and 2 (Scheme 1).

The N,N-dibenzylamides 6a and 6b were prepared from
pyrrole- and indole-2-carboxylic acids (5a and 5b) by treat-
ment with dibenzylamine, dicyclohexylcarbodiimide (DCC),
and hydroxybenzotriazole (HOBT),!'” and then with allyl

%“Rz
N

H o}

3 | 4

Scheme 1. Strategy for the synthesis of cyclopropane-annelated pyrrolizi-
dine and indolizidine systems.
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bromide and potassium carbonate!™® in 67 and 42 % overall
yield, respectively. The amides 6a and 6b were treated with
cyclohexylmagnesium bromide (5 equiv) in the presence of
methyltitanium triisopropoxide (1.50 equiv) to give the tetra-
cyclic amines 7a and 7b in 78 and 79 % yield, respectively
(Scheme 2).

n z \ n T\‘ | n N

6a n=0 (67%)
6b n=1 (42%)

5a n=0
5b n=1

Scheme 2. a) 1) 1 HNBn,, DCC, HOBT, CH,Cl,, 20°C, 2d; 2)allyl bromide, K,CO;, MeCN, 60°C, 16 h.

b) cHexMgBr, [MeTi(OiPr);], THF, 20°C, 12 h.

The obvious success of these reductive cyclizations led to
the idea to apply this same protocol to indoline and proline
derivatives of types 9 and 15 in order to access enantiopure
cyclopropane-annelated analogues of the alkaloid 1. Sato
and co-workers!" reported that N-allylproline methyl ester
did not undergo intramolecular hydroxycyclopropanation,
and attributed this failure to an energetically disfavored
transition state for ring closure. Since a fused aromatic ring
in the starting material might favor the ring closure, the in-
doline derivative 9 was tested first. Applying an established
set of reactions to N-(tert-butoxycarbonyl)indoline-2-carbox-
ylic acid (8) the N-allyl-(NV,N-dibenzyl)carboxamide 9 was
obtained in 76 % yield. Under the conditions employed for
6a,b, the amide 9 was converted to the tetracyclic cyclopro-
pylamine 10 in 61 % yield, obtained as a 1:1 mixture of dia-
stereomers, which could be separated by column chromatog-
raphy (Scheme 3).

Treatment of L-N-(fert-butoxycarbonyl)proline (11) with
dibenzylamine, dicyclohexylcarbodiimide, and hydroxyben-
zotriazole,l'”! followed by deprotection with trifluoroacetic
acid™ gave the proline amide 12 in 71% overall yield.

Q\ 8a NBn, +

(1aS,8aS,8bR)-10

(1aR,8aS,8bS)-10

Scheme 3.a) 1) HNBn,, DCC, HOBT, CH,Cl, 20°C, 2d; 2)TFA,
CH,Cl,, 20°C, 12h; 3) allyl bromide, K,CO;, MeCN, 60°C, 16h;
b) cHexMgBr, [MeTi(OiPr),], THF, 20°C, 12 h.
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When the latter was treated with allyl bromide and potassi-
um carbonate,!® the doubly allylated amide 13 was obtained
instead of the expected 15 (Scheme 4). It is surprising that,
under the reaction conditions employed, that is with potassi-
um carbonate as a base at 60°C, 12 apparently must be de-
protonated at the stereogenic center, and the allylation at
C-2 (proline numbering) occur-
red with complete racemization,
as revealed by the optical activ-
ity measurement [¢]2=0.0 (c=
1.0, CHCl;). Not even a trace
of the desired product 15 could
be detected. Usually, deproto-
nation at the a-position of pro-
line derivatives can only be
brought about with much stron-
ger bases such as lithium diiso-
propylamide.?”!

7a n=0 (78%)
7b n=1 (79%)

1" 12

NBn, + { \

(1aS,6aS,6bR)-16 (1aR,6aS,6bS)-16

Scheme 4. a) 1) HNBn,, DCC, HOBT, CH,Cl,, 20°C, 2d; 2)TFA,
CH,Cl,, 20°C, 12h; b) Allyl bromide, K,CO;, MeCN, 60°C, 16 h;
c) 1) Allyl bromide, KOH, iPrOH, 40°C, 22 h; 2) HNBn,, DCC, HOBT,
CH,Cl,, 20°C, 1 d; d) cHexMgBr, [MeTi(OiPr);], THF, 20°C, 12 h.

The N-allylprolineamide 15 could, however, be prepared
by treatment of L-proline (14) with allyl bromide and potas-
sium hydroxide in 2-propanol,?!! then with dibenzylamine,
dicyclohexylcarbodiimide, and hydroxybenzotriazole!'! in
49% overall yield. The titanium-mediated intramolecular
reductive cyclopropanation of the latter afforded the tricy-
clic cyclopropylamine 16 in 70 % yield as a mixture of dia-
stereoisomers (ratio 1:2.9). They could be separated by
column chromatography and assigned as (1aS,6aS,6bR)-16/
(1aR,6aS,6bS)-16 on the basis of their "HNMR spectra
(Scheme 4).

The absolute configuration of the minor diastereoisomer
(1aS,6aS8,6bR)-16 was assigned on the basis of an X-ray crys-
tal structure analysis relative to the known absolute configu-
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ration of the used (S)-proline (Figure 1).??! Apparently,
(1a8,6aS,6bR)-16 has the same relative configuration as the
natural alkaloid (+)-Absouline (1).

Figure 1. Molecular structure of compound (1aS$,6aS,6bR)-16 in the crys-
tal.?!

Since the N-benzyl groups can easily be removed from
N,N-dibenzylcyclopropylamines such as 16,1 the latter
may be used to prepare a cyclopropane-annelated analogue
of the natural product. This and the other new intramolecu-
lar variants of the titanium-mediated reductive cyclopropa-
nation of amide carbonyl groups!!!! once again demonstrate
the synthetic utility of this highly efficient methodology."?

Experimental Section

General: 'H and "C NMR: Spectra were recorded at 250, 300 ("H), and
62.9, 75.5 [°C, additional DEPT (distortionless enhancement by polariza-
tion transfer)] MHz on Bruker AM 250 and AMX 300 instruments in
CDCl; solution, if not otherwise specified, CHCl;/CDCl; as internal refer-
ence; 0 in ppm, J in Hz. IR: Bruker IFS 66 (FT-IR) instrument, meas-
ured as KBr pellets, oils between KBr plates. MS (EI): Finnigan MAT 95
spectrometer. Optical rotations: Perkin-Elmer 241 digital polarimeter,
1 dm cell. M.p.: Biichi 510 capillary melting point apparatus, values are
uncorrected. TLC: Macherey-Nagel precoated sheets, 0.25 mm Sil G/
UV,s,. Column chromatography: Merck silica gel, grade 60, 230-
400 mesh. Starting materials: Anhydrous diethyl ether and THF were ob-
tained by distillation from sodium/benzophenone, CH,Cl, and DMF from
CaH, and acetonitrile from P,0;,. Compounds were prepared according
to published procedures. Cyclohexylmagnesium bromide was prepared
from cHexBr and Mg in Et,0, [MeTi(OiPr);] from MeLi and
[CITi(OiPr);] in Et,O, [CITi(OiPr);] from TiCl, and [Ti(OiPr),] in Et,0.
All other chemicals were used as commercially available (Merck, Acrds,
BASEF, Bayer, Hoechst, Degussa AG, and Hiils AG). All reactions were
performed under an argon atmosphere. Organic extracts were dried over
MgSO,.

Preparation of N,N-dibenzylcarboxamides—General procedure 1 (GP 1):
Dibenzylamine (HNBn,, 12.5 mmol) was added dropwise to a suspension
of dicyclohexylcarbodiimide (DCC, 12.5 mmol), hydroxybenzotriazole
(HOBT, 5.00 mmol), and the respective carboxylic acid (5.00 mmol) in
anhydrous CH,Cl, (10 mL). The mixture was stirred at ambient tempera-
ture for two days. EtOAc (10 mL) was added, the mixture was filtered
through Celite, and the solvent was removed under reduced pressure.
EtOAc (10 mL) was added, the organic phase was washed with 5% aque-
ous HCI solution (10 mL), brine (10 mL), dried over MgSO,, and concen-
trated under reduced pressure. The residue was purified by column chro-
matography on silica gel.
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N,N-Dibenzyl-1H-pyrrole-2-carboxamide: N ,N-Dibenzyl-1H-pyrrole-2-
carboxamide (1.31 g, 89%) was obtained from pyrrole-2-carboxylic acid
(5a, 556 mg, 5.00 mmol), DCC (2.60 g, 12.5 mmol), HOBT (676 mg,
5.00 mmol), and HNBn, (2.4 mL, 12.5 mmol) according to GP 1, as a col-
orless solid. R; (Et,O/hexane 1:1)=0.38; m.p. 140-144°C; 'H NMR
(250 MHz, CDCly): 6=11.41 (brs, 1H; NH), 7.48-7.18 (m, 10H; H,,),
6.93-6.91 (m, 1H; 5-H), 6.50-6.48 (m, 1H; 3-H), 6.18-6.16 (m, 1H; 4-H),
4.89 ppm (s, 4H; CH,Ph); *C NMR (62.9 MHz, CDCLy): 6=163.6 (C=
0), 136.8 (2 C,), 1289 (CH,,), 128.8 (3 CH,,), 127.5 (4 CH,,), 126.9 (2
CH,,), 1241 (C,), 122.1 (CH,,), 112.7 (CH,,), 109.7 (CH,,), 47.6 ppm (2
CH,; CH,Ph); IR (KBr): #=3258, 3030, 2905, 1600, 1576, 1424,
1129 ecm™; MS (EL, 70eV): m/z (%): 290 (30) [M*], 199 (70) [M*
—C;H,], 106 (100), 91 (52) [C;H;"]; elemental analysis caled (%) for
CioHsN,O (290.37): C 78.59, H 6.25; found: C 78.38, H 6.42.

Preparation of N-allylheterocycles—General procedure 2 (GP 2): Allyl
bromide (0.57 mmol) was added dropwise at 0°C to a suspension of the
respective azaheterocycle (0.41 mmol) and K,CO; (0.82 mmol) in anhy-
drous MeCN (8.0 mL). After the addition was complete, the reaction
mixture was stirred at 60°C for 16 h. EtOAc (5.0 mL) and saturated
aqueous NaHCO; solution (5.0 mL) were added, the organic phase was
separated, washed with brine (10 mL), and dried over MgSO,. After
evaporation of the solvent under reduced pressure the crude product was
purified by column chromatography on silica gel.
1-Allyl-NV,N-dibenzyl-pyrrole-2-carboxamide (6a): The amide 6a (1.11 g,
75%) was obtained from N,N-dibenzyl-1H-pyrrole-2-carboxamide
(1.30 g, 448 mmol), K,CO; (1.24g, 8.97 mmol), and allyl bromide
(0.50 mL, 6.27 mmol) according to GP 2 as a colorless oil. R; (Et,0/
hexane 1:2)=0.46; '"H NMR (250 MHz, CDCL,): 6=7.41-7.24 (m, 10H;
H,), 6.82-6.80 (m, 1H; 5-H), 6.42 (dd, /=1.6, 3.8 Hz, 1H; 3-H), 6.10-
5.97 (m, 2H; CH=CH,, 4-H), 5.20-5.01 (m, 2H; CH=CH,), 4.95-4.91 (m,
2H; CH,CH=CH,), 474 ppm (s, 4H; CH,Ph); "C NMR (62.9 MHz,
CDCl,): 6=163.6 (C=0), 137.0 (2 C,), 136.4 (CH; CH=CH,), 135.3 (3
CH,,), 1287 (3 CH,,), 1274 (4 CH,,), 1259 (CH,,), 1244 (C,), 116.5
(CH,; CH=CH,), 112.6 (CH,,), 107.1 (CH,,), 50.7 (2 CH,), 49.0 ppm
(CH,); IR (film): #=3029, 2925, 1623, 1464, 1240, 987, 734 cm™'; MS (EI,
70 eV): miz (%): 330 (91) [M*], 239 (22) [M*—CH,], 134 (100), 106
(61), 91 (56) [C;H;*]; HRMS (EI) caled for C,H,N,O [M*] 330.1732,
found 330.1732.

Ti-mediated intramolecular reductive cyclopropanation of N,N-dibenzyl-
carboxamides—General procedure 3 (GP 3): Cyclohexylmagnesium bro-
mide (cHexMgBr, 5.00 mmol) was added dropwise at ambient tempera-
ture to a well stirred solution of N,N-dialkylcarboxamide (1.00 mmol)
and methyltitanium triisopropoxide ([MeTi(OiPr);], 1.50 mmol) in anhy-
drous THF (30 mL). After the addition was complete, the mixture was
stirred for 12 h, then poured into ice-cold water (10 mL), and stirred for
an additional 1 h. The mixture was filtered through Celite, the aqueous
phase was extracted with Et,0 (3x50mL), and the combined ethereal
phases were washed with saturated aqueous NaHCOj; solution (50 mL),
brine (50 mL), and dried over MgSO,. The solvent was removed and the
residue was purified by column chromatography on silica gel.
N,N-Dibenzyl-1,1a,2,6b-tetrahydrocyclopropal 1,2-a]pyrrolizin-6b-ylamine
(7a): The amine 7a (224 mg, 78 %) was obtained from the amide 6a
(300 mg, 908 pmol), [MeTi(OiPr);] (327 mg, 1.36 mmol) and cHexMgBr
(4.6 mL, 4.60 mmol, 1.0m solution in Et,0) according to GP 3 as a color-
less oil. R; (hexane/Et,0 5:1)=0.74; '"H NMR (250 MHz, CDCly): 6=
7.37-7.18 (m, 10H; H,,), 6.50-6.42 (m, 1H; H,,), 6.25-6.20 (m, 1H; H,,),
5.90-5.84 (m, 1H; H,,), 4.11 (d, /=132 Hz, 2H; CH,Ph), 3.96 (d, J=
13.2 Hz, 2H; CH,Ph), 3.59-3.50 (m, 2H; NCH,CH), 1.38-0.84 (m, 2H;
cPr), 0.72 ppm (ps t, J=4.6 Hz, 1H; cPr); *C NMR (62.9 MHz, CDCl,):
0=139.8 (C,), 136.0 (C,), 1319 (C,), 129.3 (4 CH,,), 128.1 (4 CH,),
1269 (2 CH,,), 113.5 (CH,,), 111.2 (CH,,), 99.7 (CH,,), 57.7 (2 CH,;
CH,Ph), 49.7 (C; cPr), 47.9 (CH,; NCH,CH), 29.6 (CH; cPr), 23.8 ppm
(CH,; cPr); IR (film): #=3028, 2924, 1530, 1392, 745cm™"; MS (EI,
70 eV): miz (%): 314 (1) [M*], 223 (14) [M*—-C;H;], 197 (61), 106 (38),
91 (100) [C,;H,*]; HRMS (EI) caled for C,,H,,N, [M*] 314.1783, found
314.1783; elemental analysis calcd (%) for C,H,,N, (314.43): C 84.04, H
7.05; found C 84.24, H 7.27.

N,N-Dibenzyl-1H-indole-2-carboxamide: N,N-Dibenzyl-1H-indole-2-car-
boxamide (1.10 g, 95%) was obtained from HNBn, (1.6 mL, 8.55 mmol),
DCC (1.76 g, 8.55 mmol), HOBT (462 mg, 3.42 mmol), and indole-2-car-
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boxylic acid (5b, 551 mg, 3.42 mmol) in CH,Cl, (30 mL) according to GP
1 as a colorless oil, which was used for the subsequent reaction without
further purification.

1-Allyl-V,N-dibenzyl-1H-indole-2-carboxamide (6b): Compound 6b
(545 mg, 44%) was obtained from N,N-dibenzyl-1H-indole-2-carbox-
amide (1.10g, 3.23 mmol), allyl bromide (0.40 mL, 4.79 mmol), and
K,CO; (945 mg, 6.84 mmol) according to GP 2 as a colorless solid. R;
(Et,0/hexane 1:2)=0.53; m.p. 121-128°C; 'H NMR (250 MHz, CDCl,):
0=7.56-7.07 (m, 14H; H,,), 6.70 (s, 1H; 3-H), 6.09-5.94 (m, 1H; CH=
CH,), 513491 (m, 4H; CH,Ph, CH,CH=CH,), 473 ppm (s, 4H;
CH,Ph, CH,CH=CH,); "C NMR (62.9 MHz, CDCl;): 6=165.1 (C=0),
137.6 (C,,), 136.6 (C,,), 136.1 (CH; CH=CH,), 134.1 (2CH,,), 131.0 (C,,),
128.8 (2 C,), 127.6 (3 CH,), 126.4 (2CH,,), 123.5 (2 CH,,), 121.7 (2
CH,), 1204 (2 CH,,), 116.5 (CH,; CH=CH,), 110.3 (CH,,), 103.7 (CH;
C-3), 47.0 (CH,), 46.6 ppm (2CH,); IR (KBr): 7=3064, 3029, 2917, 1630,
1523, 1451, 1244, 962 cm™'; MS (EL, 70 eV): m/z (%): 380 (100) [M™*],
196 (17), 184 (81), 157 (55), 91 (62), 56 (29); elemental analysis calcd
(%) for C,sH,,N,O (380.49): C 82.07, H 6.36; found: C 81.86, H 6.59.
N,N-Dibenzylindolo[1,2-a]cyclopropa[1,2-c]pyrrolidin-8b-ylamine  (7b):
The amine 7b (204 mg, 79 %) was obtained from the N,N-dibenzylamide
6b (270 mg, 710 pmol), [MeTi(OiPr);] (256 mg, 1.06 mmol) and
cHexMgBr (3.5 mL, 3.50 mmol, 1.0Mm solution in Et,0) according to GP 3
as a colorless oil. R; (hexane/Et,0 10:1)=0.55; 'H NMR (250 MHz,
CDCly): 6=7.66-7.62 (m, 1H; H,,), 7.36-7.12 (m, 13H; H,,), 6.33 (s, 1H;
H,), 4.15 (d, J=13.0 Hz, 2H; CH,Ph), 4.03 (d, /=13.0 Hz, 2H; CH,Ph),
3.70 (d, J=10.1Hz, 1H; NCHHCH), 3.61 (dd, J=5.0, 10.0 Hz, 1H;
NCHHCH), 1.59?1.49 (m, 1H; cPr), 1.37-1.32 (m, 1H; cPr), 0.85 ppm
(ps t, J=5.0 Hz, 1H; cPr); "C NMR (62.9 MHz, CDCLy): 6 =143.2 (C,,),
139.6 (2 C,,), 132.7 (C,,), 132.6 (C,,), 129.2 (4 CH,,), 128.1 (4 CH,,), 127.1
(2 CH,,), 1205 (CH,), 1204 (CH,,), 119.2 (CH,,), 1089 (CH,,), 93.4
(CH,,), 57.8 (2 CH,; CH,Ph), 49.6 (CH,; NCH,CH), 45.8 (C; cPr), 30.6
(CH; cPr), 242 ppm (CH,; cPr); IR (film): #=3024, 2928, 1510, 1398,
1114 ecm™; MS (ED): miz (%): 364 (1) [M*], 273 (100), 168 (6), 91 (32);
elemental analysis calcd (%) for C,sH,N, (364.49): C 85.68, H 6.64;
found: C 85.44, H 6.50.
(S)-N,N-Dibenzyl-1-(tert-butoxycarbonyl)-2,3-dihydroindole-2-carboxa-
mide: (S)-N,N-Dibenzyl-1-(tert-butoxycarbonyl)-2,3-dihydroindole-2-car-
boxamide (1.50g, 89%) was obtained from the acid 8 (1.00¢g,
3.80 mmol), DCC (1.96 g, 9.50 mmol), HOBT (513 mg, 3.80 mmol), and
HNBn, (1.8 mL, 9.50 mmol) according to GP 1 as a colorless oil. R;
(hexane/EL,O 2:1)=0.35; [a]¥=-72.0 (c=1.0, CHCL); 'H NMR
(250 MHz, CDCl;, observed as a major/minor rotamer mixture): 6 =7.23—
6.80 (m, 14H; H,,), 5.28-5.10 (m, 1H; 2-H), 4.90-4.64 (m, 2H; CH,Ph),
4.58-4.41 (m, 2H; CH,Ph), 3.25-2.91 (m, 2H; 3-H), 1.63 [s, 9H, major;
C(CH;);], 1.41ppm [s, 9H, minor; C(CH;);]; *C NMR (62.9 MHz,
CDCL): 0=1755 (C=0), 1572 (C,), 155.3 (C=0), 137.1 (2 C,), 130.2
(C.p), 129.8 (2 CH,,), 129.2 (2 CH,,), 129.0 (2 CH,,), 128.6 (2 CH,,), 127.7
(CH,,), 1273 (2 CH,,), 126.8 (CH,,), 122.2 (CH,,), 114.8 (CH,,), 79.7
[C(CH;)5], 59.1 (CH; C-2), 50.1 (CH,; CH,Ph), 49.8 (CH,; CH,Ph), 49.2
(CH,; C-3), 28.4 ppm [3 CH;; C(CH,);]; MS (EL, 70 eV): m/z (%): 442
(14) [M*], 342 (15), 224 (7), 118 (100), 91 (23) [C;H,*].
(S)-N,N-Dibenzyl-2,3-dihydro-1H-indole-2-carboxamide: Trifluoroacetic
acid (1.3 mL, 17.0 mmol) was added dropwise to a well-stirred solution of
(S)-N,N-dibenzyl-1-(tert-butoxycarbonyl)-2,3-dihydroindole-2-carboxamide
(1.50 g, 3.39 mmol) in CH,Cl, (20 mL) at ambient temperature. The reac-
tion mixture was stirred at ambient temperature for 12 h, then cooled in
an ice bath while a saturated aqueous NaHCO; solution (20 mL) was
carefully added. The organic phase was separated, washed with saturated
aqueous NaHCO; solution (2x20 mL), brine (20 mL), and dried over
MgSO,. The product (1.12 g, 95%) was obtained as a colorless oil, which
was used without further purification. [a]3=—64.0 (c=1.0, CHCL); 'H
NMR (250 MHz, CDCL,): 6?=7.45-7.12 (m, 12H; H,), 6.81-6.76 (m,
2H; H,,), 498 (d, /J=14.6 Hz, 1H; CHHPh), 4.75-4.65 (m, 2H, 2-H;
CHHPh), 4.42-4.25 (m, 3H, NH; CH,Ph), 3.44 (dd, J=10.6, 15.7 Hz,
1H; 3-H), 3.25 ppm (dd, J=6.4, 15.7 Hz, 1 H; 3-H); °C NMR (62.9 MHz,
CDClLy): 0=174.1 (C=0), 156.1 (2 C,,), 136.9 (CH,,), 135.7 (2 C,,), 128.8
(3 CH,,), 1284 (CH,,), 1279 (2 CH,,), 127.6 (CH,,), 127.3 (CH,,), 126.7
(2 CH,,), 1243 (CH,,), 119.9 (CH,,), 111.5 (CH,,), 58.2 (CH; C-2), 49.1
(CH,; CH,Ph), 48.2 (CH,; CH,Ph), 35.5ppm (CH,; C-3); MS (EI
70 eV): miz (%): 342 (8) [M*], 270 (29), 189 (19), 155 (28), 118 (100), 90
(48).

788 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(5)-N,N-Dibenzyl-1-allyl-2,3-dihydroindole-2-carboxamide 9): The
amide 9 (1.13 g, 90%) was obtained from (§)-N,N-dibenzyl-2,3-dihydro-
1H-indole-2-carboxamide  (1.12g, 3.27 mmol), K,CO; (940 mg,
6.80 mmol), and allyl bromide (0.40 mL, 4.75 mmol) according to GP 2 as
a colorless oil. R; (Et,O/hexane 1:2)=0.31; [a]3¥=-36.0 (c=0.35,
CHCL;); '"H NMR (250 MHz, CDCly): 6=6.98 (m, 12H; H,,), 6.68-6.51
(m, 2H; H,,), 5.91-5.75 (m, 1H; CH=CH,), 5.25-5.10 (m, 2H; CH=CH,),
4.83 (d, J=14.5Hz, 1H; CH,Ph), 4.65-4.49 (m, 4H, 2-H; CH,Ph), 3.98
(dd, J=5.0, 15.7 Hz, 1H; 3-H), 3.73 (dd, J=7.4, 15.7 Hz, 1H; 3-H), 3.27-
3.04 ppm (m, 2H; CH,CH=CH,); C NMR (62.9 MHz, CDCL,): 6=
172.9 (C=0), 156.4 (C,), 151.1 (C,), 137.2 (C,), 136.4 (C,,), 133.4 (CH;
CH=CH,), 129.0 (2 CH,,), 128.7 (2 CH,,), 128.5 (2 CH,,), 127.8 (2 CH,,),
127.6 (CH,,), 126.6 (CH,,), 126.5 (CH,,), 124.1 (CH,,), 118.3 (CH,,), 117.9
(CH,; CH=CH,), 107.4 (CH,,), 63.6 (CH; C-2), 50.1 (CH,; CH,Ph), 49.4
(CH,; CH,Ph), 48.7 (CH,; CH,CH=CH,), 34.1 ppm (CH,; C-3); IR
(film): #=3030 cm ', 2925, 1657, 1453, 1208, 747; MS (EL, 70 eV): m/z
(%): 382 (8) [M*], 270 (10), 158 (100), 117 (20); elemental analysis calcd
(%) for C,sH,N,O (382.51): C 81.64, H 6.85; found: C 81.58, H 6.97.
(1aS,8aS,8bR)- and (1aR,8aS,8bS)-N,N-Dibenzyl-8,8 a-dihydroindo-
lo[1,2-a]cyclopropa-[1,2-c]pyrrolidin-8 b-ylamine (10): The amine 10
(223 mg, 61 %) was obtained from the amide 9 (382 mg, 1.00 mmol), Me-
Ti(OiPr); (361 mg, 1.50 mmol) and cHexMgBr (5.0 mL, 5.00 mmol, 1.0m
solution in Et,0) according to GP 3 in a (1aS,8aS,8bR)-10/(1aR,8aS,8bS)-
10 ratio of 1:1.

(1a$,8aS,8bR)-10: Colorless oil; R; (Et,0O/hexane 1:5)=0.66; [a]y=~7.7
(c=0.35, CHCly); 'H NMR (250 MHz, CDCl;): 6=7.37-6.97 (m, 12H;
H,), 6.65 (t, /J=7.1 Hz, 1H; H,,), 6.34 (d, J=8.1 Hz, 1H; H,,), 4.74 (ddd,
J=15,52, 88 Hz, 1H; 2-H), 3.97 (d, J=13.5 Hz, 2H; CH,Ph), 3.80 (d,
J=13.5Hz, 2H; CH,Ph), 3.32-3.28 (m, 2H; 1-H), 3.15 (dd, J=3.5,
113 Hz, 1H; 6-H), 3.00 (d, /=11.3Hz, 1H; 6-H), 1.03-0.97 (m, 1H;
cPr), 0.64-0.58 (m, 1H; cPr), 0.18 ppm (ps t, J=5.0Hz, 1H; cPr);
BC NMR (62.9 MHz, CDCLy): 6=143.2 (C,), 139.9 (2 C,), 130.1 (C,),
1289 (4 CH,,), 128.1 (4 CH,,), 127.5 (CH,,), 127.0 (2 CH,,), 124.4 (CH,,),
1185 (CH,,), 109.2 (CH,,), 60.8 (CH; C-2), 57.1 (2 CH,; CH,Ph), 55.3
(C; cPr-C), 53.1 (CH,; C-6), 33.1 (CH,; C-1), 28.1 (CH; cPr), 14.0 ppm
(CH,; cPr); IR (film): #=3026, 2920, 1480, 1263, 1028, 749 cm'; MS (EI,
70 eV): m/z (%): 366 (47) [M™*], 275 (100) [M*—C;H,], 170 (48), 91 (84)
[C;H;*]; HRMS (EI): caled for CysHy6N, [M ] 366.2096, found 366.2096.
(1aR,8a$,8bS)-10: Colorless oil, R; (Et,O/hexane 1:5)=0.33; [a]p*=—3.3
(c=0.3, CHClL;); '"H NMR (250 MHz, CDCLy): 6?=7.08-7.34 (m, 12H;
H,), 6.87 (t, J=7.4Hz, 1H; H,,), 6.69 (d, J=7.7Hz, 1H; H,,), 3.71 (s,
2H; CH,Ph), 3.69 (s, 2H; 2 CH,Ph), 3.56 (dd, /=7.8, 16.0 Hz, 1H; 1-H),
3.90 (dd, J=82 Hz, 1H; 2-H), 3.22-3.28 (m, 2H; 6-H), 2.83 (dd, J=9.0,
16.0 Hz, 1H; 1-H), 1.82-1.90 (m, 1H; cPr), 1.30 (dd, /=4.8, 9.1 Hz, 1H;
cPr), 0.75 ppm (ps t, J=4.7 Hz, 1H; cPr); *C NMR (62.9 MHz, CDCl;):
0=1543 (C,), 140.1 (2 C,), 133.1 (C,,), 128.7 (3 CH,,), 128.2 (4 CH,,),
1274 (CH,,), 1269 (3 CH,,), 1244 (CH,,), 121.2 (CH,,), 113.9 (CH,,),
72.7 (CH; C-2), 56.9 (2 CH,; CH,Ph), 56.4 (CH,; C-6), 55.0 (C; cPr), 33.1
(CH,; C-1), 28.6 (CH; cPr), 21.0ppm (CH,; cPr); IR (film): 7=
3016 cm™!, 2919, 1462, 1257, 1027, 769; MS (EI, 70 eV): m/z (%): 366
(24) [M*], 275 (100) [M*—C;H,], 170 (48), 130 (47), 91 (84) [C;H,*];
HRMS (EI) calcd for Cy,sHyN, [M*] 366.2096, found 366.2096.

(S)-N,N-Dibenzyl-1-(tert-butoxycarbonyl)-2-pyrrolidinecarboxamide: (S)-
N,N-Dibenzyl-1-(tert-butoxycarbonyl)-2-pyrrolidinecarboxamide  (2.85 g,
72%) was obtained from proline 11 (2.15 g, 10.0 mmol), DCC (5.16 g,
25.0 mmol), HOBT (1.35 g, 10.0 mmol), and HNBn, (4.8 mL, 25.0 mmol)
according to GP 1 as a colorless solid. R; (cyclohexane/EtOAc 1:1)=
0.42; m.p. 128-131°C; [a]d=+28.8 (c=1.0, CHCL,); '"H NMR (250 MHz,
CDCl;, observed as a major/minor rotamer mixture): 6 =7.37-7.20 (m,
10H; H,,), 4.89-4.80 (m, 1H; 2-H), 4.74-4.60 (m, 2H; CH,Ph), 4.50-4.40
(m, 2H; CH,Ph), 3.66-3.41 (m, 2H; 5-H), 2.04-1.81 (m, 4H; 3,4-H), 1.50
[s, 9H, minor; C(CH););], 1.38 ppm [s, 9H, major; C(CH););]; *C NMR
(62.9 MHz, CDCl;, observed as a major/minor rotamer mixture): d=
174.0 (C=0), 155.3 (C=0), 137.2 (C,), 136.5 (C,,), 1289 (2 CH,,), 128.8
(2 CH,,), 1285 (CH,,), 127.9 (CH,,), 127.5 (CH,,), 126.8 (CH,,), 126.7 (2
CH,,), 79.9 [C, major; C(CH),);], 79.4 [C, minor; C(CH),);], 56.4 (CH,
minor; C-2), 56.0 (CH, major; C-2), 50.2 (CH,, major; CH,Ph), 49.7
(CH,, minor; CH,Ph), 49.0 (CH,, major; CH,Ph), 48.8 (CH,, minor;
CH,Ph), 47.0 (CH,; C-5), 31.5 (CH,, minor; C-3), 30.2 (CH,, major; C-3),
28.5 [CH;, major; C(CH,);], 28.4 [CH;, minor; C(CH;);], 24.5 (CH,,
major; C-4), 23.4 ppm (CH,, minor; C-4); IR (KBr): #=3030, 2973, 1684,
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1651, 1403, 1164, 706 cm™'; MS (EL, 70 eV): m/z (%): 394 (2) [M*], 303
(21) [M*—C;H,], 170 (36), 114 (100), 91 (83) [C;H;*], 70 (96); elemental
analysis caled (%) for C,,H3N,0; (394.52): C 73.07, H 7.67; found: C
72.83, H 7.46.

(S)-N,N-Dibenzyl-2-pyrrolidinecarboxamide (12): Trifluoroacetic acid
(0.50 mL, 6.34 mmol) was added dropwise to a well stirred solution of
(S)-N,N-dibenzyl-1-(tert-butoxycarbonyl)-2-pyrrolidinecarboxamide

(480 mg, 1.22 mmol) in CH,Cl, (20 mL) at ambient temperature. The re-
action mixture was stirred at ambient temperature for 12 h, then cooled
in an ice bath while a saturated aqueous NaHCO; solution (20 mL) was
carefully added. The organic phase was separated, washed with a saturat-
ed aqueous NaHCO; solution (2x20 mL), brine (20 mL), and dried over
MgSO,. The product (355mg, 99%) was obtained as a colorless oil,
which was used without further purification. [a]¥=-77.0 (c=0.50,
CHCL); 'H NMR (250 MHz, CDCly): 6=7.34-7.15 (m, 10H; H,,), 491
(d, J=14.8 Hz, 1H; CHHPh), 4.58 (d, J=23.5 Hz, 1H; CHHPh), 4.34 (d,
J=23.5Hz, 1H; CHHPh), 4.25 (d, /=14.8 Hz, 1H; CHHPh), 3.99-3.94
(m, 1H; 2-H), 3.29-3.19 (m, 1H; 5-H), 2.91 (s, 1H; NH), 2.86-2.77 (m,
1H; 5-H), 2.08-1.98 (m, 1H), 1.84-1.69 ppm (m, 3H); “C NMR
(62.9 MHz, CDCL;): 6=174.8 (C=0), 137.0 (C,), 136.0 (C,,), 129.0 (2
CH,,), 128.6 (2 CH,,), 128.1 (2 CH,,), 127.8 (CH,,), 127.4 (CH,,), 126.6 (2
CH,,), 58.5 (CH; C-2), 49.1 (CH,; CH,Ph), 48.1 (CH,; CH,Ph), 47.9
(CH,; C-5), 31.4 (CH,; C-3), 26.6 ppm (CH,; C-4).
(£)-N,N-Dibenzyl-1,2-diallyl-2-pyrrolidinecarboxamide (13): Compound
13 (1.32 g, 33%) was obtained from the amine 12 (3.15 g, 10.7 mmol),
K,CO; (3.00 g, 21.7 mmol), and allyl bromide (1.40 mL, 16.1 mmol) ac-
cording to GP 1 as a colorless oil. R; (hexane/Et,0 10:1)=0.48; [a]X=
0.0 (c=1.0, CHCL); '"H NMR (300 MHz, C,D,Cl, at 100°C): 6=7.38—
7.15 (m, 10H; H,,), 6.11-5.97 (m, 1H; NCH,CH=CH,), 5.78-5.63 (m,
1H; CCH,CH=CH,), 5.19-498 (m, 6H; CH,Ph, CCH,CH=CH,,
NCH,CH=CH,), 4.60 (d, /J=18.5Hz, 2H; CH,Ph), 3.56-3.45 (m, 1H),
3.21-3.09 (m, 2H), 2.90 (dd, /=7.3, 13.1 Hz, 1H), 2.70-2.61 (m, 1H;
CCHHCH=CH,), 2.39-2.20 (m, 2H; 3-H, CCHHCH=CH,), 2.18-2.03
(m, 1H), 1.84-1.78 ppm (m, 2H); *C NMR (75.5 MHz, C,D,Cl, at
100°C): 6=174.6 (C=0), 137.6 (2 C,,), 136.5 (CH; NCH,CH=CH,), 136.2
(CH; CCH,CH=CH,), 128.2 (4 CH,,), 127.2 (4 CH,,), 126.7 (2 CH,,),
116.8 (CH,; NCH,CH=CH,), 115.7 (CH,; CCH,CH=CH,), 65.2 (C; C-2),
519 (2 CH,), 50.0 (CH,), 49.7 (CH,; NCH,CH=CH,), 37.1 (CH,;
CCH,CH=CH,), 32.3 (CH,; C-3), 21.7 ppm (CH,; C-4); IR (film): 7=
3067, 2977, 2812, 1633, 1413, 1190, 916 cm™'; MS (EI, 70 €V): miz (%):
374 (<1) [M*], 150 (100), 91 (14) [C;H;].

(S)-1-Allylproline hydrochloride: A mixture of L-proline (14, 20.0 g,
174 mmol) and KOH (29.2 g, 521 mmol) in isopropanol (100 mL) was
heated at 40°C for 30 min, then allyl bromide (18 mL, 208 mmol) was
added and the solution stirred at the same temperature for 19 h. Hydro-
chloric acid (22 mL of a 37% aq. solution) and CHCl; (100 mL) were
added, the mixture was stirred for 3 h and then filtered. After removal of
the solvent under reduced pressure a yellow solid was obtained and
washed several times with acetone. The product (18.3 g, 55%) was ob-
tained as a colorless solid. M.p. 205-209°C; [a]¥=-60.2 (c=1.0,
MeOH); 'H NMR (250 MHz, CD;0D): § =5.84-5.67 (m, 1 H; CH=CH,),
5.41-5.26 (m, 2H; CH=CH,), 3.94 (dd, J=6.7, 9.5 Hz, 1H; 2-H), 3.78-
3.58 (m, 2H; CH,CH=CH,), 3.52-3.42 (m, 1H; 5-H), 3.08-2.96 (m, 1H;
5-H), 2.3572.24 (m, 1H), 2.01-1.70 ppm (m, 3H); *C NMR (62.9 MHz,
CD;0D): 6=172.0 (C==0), 128.8 (CH; CH=CH,), 125.8 (CH,; CH=
CH,), 68.1 (CH; C-2), 58.3 (CH,), 55.5 (CH,), 29.8 (CH,), 23.9 ppm
(CH,); IR (KBr): 7=3480, 3004, 2849, 1734, 1444, 1226, 953 cm™'; MS
(EL 70 eV): m/z (%): 155 (2) [M*], 110 (100), 70 (18), 41 (33).
(S)-N,N-Dibenzyl-1-allyl-2-pyrrolidinecarboxamide (15): The amide 15
(4.65 g, 89 %) was obtained from (S)-1-allylproline hydrochloride (3.00 g,
15.6 mmol), DCC (3.40 g, 16.5 mmol), HOBT (2.22 g, 16.4 mmol), and
HNBn, (4.5mL, 23 mmol) according to GP 1 as a colorless oil. R;
(Et,0)=0.30; [a]¥=-75.0 (c=1.0, CHCL); 'H NMR (250 MHz,
CDCly): 0=7.39-7.12 (m, 10H; H,,), 5.98-5.85 (m, 1H; CH=CH,), 5.16-
4.97 (m, 2H; CH=CH,), 474 (d, J=14.6 Hz, 1H; CH,Ph), 4.49-4.41 (m,
4H; CH,Ph, 2-H), 3.50-3.34 (m, 2H; CH,CH=CH,), 3.25-3.18 (m, 1H;
5-H), 3.01 (dd, /=73, 13.1 Hz, 1H; 5-H), 2.35-2.25 (m, 1H), 2.04?1.87
(m, 2H), 1.76-1.71 ppm (m, 1H); *C NMR (62.9 MHz, CDCl,): 6=173.8
(C=0), 137.3 (C,), 136.6 (C,), 135.8 (CH; CH=CH,), 128.7 (2 CH,,),
128.4 (2 CH,,), 128.3 (2 CH,,), 127.4 (CH,,), 127.2 (CH,,), 126.3 (2 CH,,),
116.8 (CH,; CH=CH,), 63.5 (CH; C-2), 57.3 (CH,; CH,Ph), 53.1 (CH,;
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CH,Ph), 49.0 (CH,; CH,CH=CH,), 48.1 (CH,; C-5), 29.6 (CH,),
22.8 ppm (CH,); IR (film): #=3030, 2972, 1651, 1453, 1211, 732 cm™'; MS
(EL, 70 eV): m/z (%): 334 (2) [M*], 110 (100), 91 (10), 41 (33); elemental
analysis calcd (%) for C,H,N,O (334.46): C 79.00, H 7.84; found: C
78.89, H 7.64.

(1a$,6aS8,6bR)- and (1aR,6a$,6bS)-N,N-Dibenzylperhydrocyclopropa[1,2-
a]pyrrolizin-6b-ylamine (16): The amine 16 (224 mg, 70 %) was obtained
from (S)-N,N-dibenzyl-1-allyl-2-pyrrolidinecarboxamide (15, 334 mg,
1.00 mmol), [MeTi(OiPr);] (370 mg, 1.54 mmol), and cHexMgBr (5.0 mL,
5.00 mmol, 1.0m solution in Et,0) according to GP 3 in a (1aR,6aS,6bS)-
16/(1aS,6aS,6bR)-16 ratio of 2.9:1. (1aR,6aS,6bS)-16: Colorless oil; R;
(CH,CL/MeOH 20:1)=0.25; [a]y=-21.6 (c=0.80, CHCL); 'H NMR
(250 MHz, CDCl;): 6="17.34-7.15 (m, 10H; H,,), 4.90 (m, 1H; 6a-H), 3.83
(d, J=13.3 Hz, 2H; CH,Ph), 3.66 (d, J=13.3 Hz, 2H; CH,Ph), 3.56-3.52
(m, 1H; 4-H), 3.46-3.40 (m, 1H; 2-H), 2.60 (d, /=123 Hz, 1H; 2-H),
2.50-2.04 (m, 4H; 4,5,6-H), 1.89-1.80 (m, 1H; 6-H), 1.17-1.10 (m, 1H;
cPr), 1.00-0.94 (m, 1H; cPr), 0.59 ppm (ps t, J=5.3 Hz, 1H; cPr); *C
NMR (250 MHz, CDCL;): 6=1394 (2 C,), 1289 (4 CH,,), 1282 (4
CH,,), 127.1 (2 CH,,), 62.4 (CH; C-6a), 57.0 (2 CH,; CH,Ph), 55.2 (CH,;
C-4), 543 (CH,; C-2), 53.5 (C; cPr), 30.1 (CH; cPr), 29.4 (CH,; C-6),
27.7 (CH,; C-5), 19.3 ppm (CH,; cPr); IR (film): #=3020, 2910, 1465,
1241, 1032 cm™; MS (EIL, 70 eV): m/z (%): 318 (6) [M™*], 250 (10), 227
(100) [M*—CH;], 124 (60), 91 (80) [C;H;*]; HRMS (EI) caled for
C,H,N, [M*] 318.2096, found 318.2096; elemental analysis calcd (%)
for C,,HyN, (318.46): C 82.97, H 8.23; found: C 82.73, H 8.08.
(1a$,6aS,6bR)-16: Colorless solid; R; (CH,Cl,/MeOH 20:1)=0.10; m.p.
148-151°C; [a]¥=—-40.0 (c=0.25, CHCL,); '"HNMR (250 MHz, CDCl,):
0="17.35-718 (m, 10H; H,), 424 (t, /=73 Hz, 1H; 6a-H), 3.79 (d, J=
13.3 Hz, 2H; CH,Ph), 3.70 (d, /=13.3 Hz, 2H; CH,Ph), 3.03-2.89 (m,
2H; 2,4-H), 2.42-2.28 (m, 2H; 2,4-H), 2.24-2.22 (m, 1H; 5-H), 1.96-1.57
(m, 3H; 5,6-H), 1.04-0.97 (m, 1H; cPr), 0.80-0.71 (m, 1H; cPr),
0.26 ppm (t, J=4.9 Hz, 1H; cPr); *C NMR (250 MHz, CDCl,): 6=140.1
(2 C,), 1289 (4 CH,,), 128.0 (4 CH,,), 126.8 (2 CH,,), 61.4 (CH; C-6a),
579 (C; cPr), 57.1 (2 CH,; CH,Ph), 55.1 (CH,; C-4), 543 (CH,; C-2),
30.5 (CH; cPr), 29.8 (CH,; C-6), 28.0 (CH,; C-5), 19.1 ppm (CH,; cPr);
IR (film): #=3018 cm™', 2912, 1468, 1235, 1022; MS (EI, 70 eV): m/z
(%): 318 (5) [M*], 250 (1), 227 (100) [M*—C;H;], 123 (18), 91 (75)
[C;H;*]; HRMS (EI) caled for C,,HN, [M*] 318.2096, found 318.2096.
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Enhanced Fluorescence of Remote Functionalized
Diaminodicyanoquinodimethanes in the Solid State and Fluorescence
Switching in a Doped Polymer by Solvent Vapors

S. Jayanty and T. P. Radhakrishnan*!*!

Abstract: Remote functionalized zwit-
terionic diaminodicyanoquinodime-
thanes are found to exhibit a dramatic
enhancement of light emission in the
solid state and when doped in polymer
films, as compared to the solution
state. Crystal structure analysis of pro-
totypical molecules reveals the role of
the remote functionality in the solid

methane
enhancement

Introduction

The strong fluorescence exhibited by most organic dye mol-
ecules in the monomeric state is quenched in the aggregated
state. The current focus on the photoluminescence and elec-
troluminescence of molecular materials provides impetus to
explore novel chromophores which not only do not suffer
fluorescence quenching in the aggregated state, but display
enhanced light emission in the solid state and in polymer
films. Only a few such cases have been reported. The super-
radiance observed in some thiacarbocyanine molecules has
been attributed to dynamic energy transfer from the mono-
meric species to aggregate structures."! The highly emissive
phase of a poly(p-phenyleneethynylene) was proposed to
either arise from the metastable skewed chain alignments
that allowed efficient interchain interactions or result from
planarization effects.>*! Nano-sized aggregates of a sterically
crowded silole™ and a biphenyl substituted ethylene” have
been reported to show strong light emission, presumably
due to significant ground state conformational changes ac-
companying the aggregate formation. These reports suggest
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tal structures of 2 and 3, summary of semiempirical computations (18
pages).
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state molecular organization. Semiem-
pirical quantum chemical computations
provide a viable model to explain the

Keywords: diaminodicyanoquinodi-

calculations - solvent switch

interesting phenomenon of fluores-
cence enhancement as arising from the
inhibition of geometry relaxation of
the vertical excited state to a nonemit-
ting state. The reversible switching of a
doped polymer film fluorescence trig-
gered by solvent vapors is demonstrat-
ed.

fluorescence
semiempirical

interesting and useful application potential in areas such as
electroluminescence and sensors. However, detailed pictures
of the physical origin of many of these observations are yet
to emerge.

During our investigations of optical second harmonic gen-
eration in zwitterionic diaminodicyanoquinodimethanes
(DADQ)* ™ we have found that several molecules, espe-
cially the ones bearing remote functionalities”™'! show en-
hanced fluorescence in the solid state compared to the solu-
tions; similar effect was observed with these molecules
doped in polymer films. Remote functionality refers to
groups which are not in m-conjugation with the DADQ
chromophore unit and therefore do not disturb the low
lying electronic states of the chromophore. The role of vis-
cous solvents and polymer matrices in enhancing the light
emission of two related molecules have been investigated by
Bloor etal.”? Even though similar effects in solids were
briefly noted, no detailed studies were presented or the
impact of the molecular assembly in crystals analyzed. Fur-
ther, these molecules do not possess remote functionalities
involved in intermolecular noncovalent interactions, which
as we will demonstrate below is a crucial feature in our sys-
tems. Our detailed investigation of the solution and solid
state of a family of molecules and doped polymer films, es-
tablishes the generality of this interesting phenomenon and
the molecular design principle involved. Zwitterionic
DADAQ’s are prone to aggregation and the remote function-
alities such as amino groups facilitate specific and directed
intermolecular interactions promoting extended assembly.
The remote groups appear to contribute positively to the
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fluorescence enhancement since all the remote functional-
ized DADQ’s we have examined exhibit this effect whereas
many of the DADQ’s without such functionality do not.
More significantly, the presence of the remote groups im-
parts appreciable solubility to these molecules in water in
addition to organic solvents. This is an important advantage
since it facilitates convenient doping of these molecules in
polymers which are soluble only in water enabling potential
application in instances such as organic vapor sensing.

We have carried out a systematic investigation on a family
of DADQ molecules with remote amino functionality in-
cluding some in the form of salts (Figure 1); we present

2 R'= R2=-N N-CH,
3 R'= -NG R2=-N N-CH
R!_§+ R? R (VAR
4 R2 N NH
OH
1= N 2 N NH
OH
NC”8-"CN /\
R'= R2 = -N NHj} OTs”
s
N R N NHf OTs”
OH s

NH; OTs™

8 R]:-Nl R2= N
OH —

Figure 1. Molecules studied; the remote functionalities are in bold.

herein the salient findings which establish their enhanced
fluorescence in the solid state and in polymer films. We also
present crystal structures of prototypical systems and semi-
empirical computational analysis of the molecular structure
and energy in the ground and excited states leading to a
simple model to explain this interesting phenomenon. A
novel application potential of these materials is demonstrat-
ed through experiments on a chromophore doped in poly-
mer film, showing reversible cycles of solvent vapor trig-
gered fluorescence switching.

Results and Discussion

The family of molecules 1-8 exhibited fluorescence en-
hancement to varying extents in the crystalline state and in
polymer films, compared with the solutions. We present the
detailed results for 3 as an illustrative case and subsequently
provide a summary of the observations for the whole family.
The absorption and emission spectra of 3 in solvents of dif-
ferent polarity are shown in Figure 2a (see Experimental
Section for details). The negative solvatochromism of the
absorption spectra indicates the highly polar nature of the
ground state of the molecule consistent with dipole moment
measurements on similar molecules reported earlier.'*"”
The fluorescence quantum yield of 3 in acetonitrile solution
estimated by comparison with quinine sulfate is only about
0.11%; this is typical of such molecules.? However, the
solid sample as well as 3 doped in polymer films, polyvinyl
alcohol (PVA) and poly(sodium 4-styrenesulfonate) (PSS)
show bright green light emission when excited near their ab-
sorption peaks. The polymer films show clearly visible fluo-
rescence even under ambient lighting. The spectra of 3 in
the solid state and in polymer films are presented in Fig-
ure 2b. The strong enhancement of the emission compared
with the solutions is evident from the normalized intensities.
The absorption spectra in the solid state and in polymer
films show similar linewidth and shape as the solution spec-
tra, which indicates that the electronic states involved are
molecular. Unlike the systems reported earlier,>** molecu-
lar aggregation in the solid state appears to have little
impact on the electronic absorption spectrum. This also im-
plies that the extent of aggregation in the polymer films
cannot be clearly established from the spectral data. The ex-
citation spectra of the various cases, solution, solid and poly-
mer films, show close resemblance to the absorption spectra
suggesting that the emission is from the vertically excited
state. The Stokes shifts observed are also within the range
expected for vibrational relaxation alone of the excited
state. The absorption and emission maxima of 1-8 in aceto-
nitrile solution, solid state and polymer films are summar-
ized in Table 1. The emission intensity of the various mole-
cules in different solvents have the same order of magni-
tude, but as in the case of 3 (Figure 2a) the emission from
low polar solvents are found to be slightly stronger than that
from more polar solvents. The large enhancement of the
normalized emission intensity in the solid state and in poly-
mer films over the acetonitrile solution for the various com-

Table 1. Visible absorption (A*™ ) and emission (1" ) peaks of 1-8 in acetonitrile solution, solid state and in PVA and PSS films and the ratio, R of the

‘max ‘max.

maximum intensity of the normalized emission in the solid and polymer films to that in acetonitrile solution.

Molecule Acetonitrile solution Solid PVA film PSS film

e g /0 Ao P /0m R e g /0 R A P /0m R
1 418 [539] 418 [525] 13 408 [526] 18 431 [543] 29
2 420 [543] 422 [492] 171 414 [514] 38 431 [536] 27
3 407 [538] 422 [495] 216 405 [505] 100 420 [527] 132
4 407 [533] 419 [534] 63 391 [514] 14 415 [526] 69
5 408 [539] 410 [553] 27 390 [510] 218 413 [524] 31
6 449 [549] 423 [526] 227 411 [509] 60 447 [547] 34
7 422 [540] 418 [518] 23 398 [518] 25 422 [528] 36
8 408 [536] 403 [531] 30 399 [523] 33 421 [525] 35
792 ——— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim  www.chemeurj.org  Chem. Eur. J. 2004, 10, 791-797
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fact that in spite of such effects,
most organic dye molecules ex-
hibit stronger fluorescence in
solution than in the solid state,
one has to seek an explanation
for the enhanced fluorescence
observed in the present materi-
als. Before embarking on an in-
vestigation of the origin of the
fluorescence enhancement we
have carried out single crystal
X-ray structure analysis of 2
and 3 to gain insight into the
molecular structure of these
compounds and to explore the
role of the remote functionality.
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The crystals are found to
belong to the monoclinic space
group, P2,/n and orthorhombic
space group, Pbca, respective-
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- 5.0 1.l The basic crystallographic
data are presented in Table 2
and the molecular structures
are shown in Figure 3.

Both molecules show a
strong twist between the diami-
nomethylene unit and the ben-
zenoid ring plane, a feature
common among these mole-
cules;'17 the dihedral angles,
C2-C1-C7-N9 and C6-C1-C7-
N10 are 52.6 and 53.5° in 2 and
50.6 and 53.0° in 3, respectively.
It should be noted that the sit-
Traas uation is quite different from

— 4.0
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Figure 2. Absorption (—) and emission (-----) spectra of 3 a) in different solvents and b) in the solid state
and polymer films (acetonitrile solution spectra with similar absorption 4,,,, are shown for comparison). The
emission spectra are normalized by dividing by the optical density at 4,,,; note the different scales in a) and

b).

pounds are listed in Table 1 (the absorption A4, of solids
and doped polymer films are closest to that in acetonitrile
than in other solvents); the enhancement factor, R ranges
from 13 to 227. We note that the fluorescence intensities of
the solids and doped polymer films measured may be less
than the actual values due to factors such as self-absorption
and wave-guiding. The latter is particularly relevant for pol-
ymer films where the light emission from the edges is not
fully accounted for in the normal sample geometry em-
ployed. While these effects are difficult to quantify, the qual-
itative considerations indicate that the fluorescence en-
hancements we report for these materials are really their
lower limits.

Deactivation of the chromophore excited state due to col-
lisions with solvent molecules may contribute to the lower
fluorescence observed in solutions. However, in view of the

Chem. Eur. J. 2004, 10, 791-797 www.chemeurj.org
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that in the case of the phenyle-
neethynylenes,>* silole”! and
cyano-biphenylethylene where
the planar ground state confor-
mation in the aggregates is con-
sidered to be an important
factor contributing to the strong
fluorescence. The bond lengths
in the aromatic ring of 2 and 3 are typical of benzenoid
structures and point to the zwitterionic nature of the mole-
cules.'” Examination of intermolecular contacts in these
crystals reveals moderately close ones between the carbon
atoms connected to the remote N atom of the piperazine
units and the negatively polarized dicyanomethylene end of
the zwitterionic diaminodicyanoquinodimethane moiety.
The extended structure which results from such contacts in 2
and 3 are shown in Figure 4. Even though these noncovalent
interactions are likely to be weak, their cooperative influ-
ence would steer the organization of the zwitterionic
DADQ molecules and contribute to the enhanced tendency
of these remote functionalized molecules towards aggregate
formation. Strong intermolecular hydrogen-bond interac-
tions mediated by the remote groups have been observed in
60" and a derivative of 4 and 5" in earlier studies. All these

— 793
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Table 2. Basic crystallographic data for 2 and 3.

2 3
formula CyH,6Ng C9gH»3N5
F, 350.47 321.42
crystal system monoclinic orthorhombic

P2,/n (No. 14)
yellow plate

Pbca (No. 61)
yellow plate

space group
color/appearance

dimensions [mm’] 0.64x0.64 x0.36 0.52x0.32x0.24
a[A] 8.581(3) 16.32(7)
b[A] 20.157(3) 12.400(17)
c[A] 11.4040(13) 18.13(2)
A1 90.085(18) 90.0
V4 4 8
wem™] 0.74 0.72
T [K] 293 (2) 293 (2)
11A] 0.71703 0.71703
no. refls 3080 4597
with 1>20;
no. parameters 235 217
GOF 0.992 0.983
R 0.0429 0.0550
[for 1>20]
wR? 0.1085 0.2374
[for 1>20]

molecular associations are likely to play a significant role in
obstructing the excited state conformational relaxation dis-
cussed below.

In order to investigate the likely molecular structure in
solution, we have optimized the geometry of 3 using the
AM1 method." The molecular structure from crystal analy-
sis served as a convenient starting point for the optimization
and the solvent environment was modeled by invoking the
COSMO subroutine."” As demonstrated earlier,'>*?? the
same approach can be used to model the impact of the mo-
lecular environment in the solid state as well. Similar to our
observation on related molecules,'! the molecular twist, 6
of the optimized ground state geometry of 3 is found to in-
crease with the dielectric constant, ¢ employed in the com-
putation; it increases from 39.8° at e=1 and saturates at a

Figure 4. Intermolecular contacts (broken lines) leading to tape structures
in a)2 (extending along the crystallographic a axis; R1=3.399, R2=
3.564, R3=3.711, R4=3.787 A) and b) 3 (extending along the crystallo-
graphic b axis; R1=3.698, R2=3.760, R3=3.897 A).

value of about 66° at ¢ >40. The 0 observed in the crystal is
obtained when ¢ is in the range 2-4. CI calculations on the
optimized ground state geometry provided the excitation en-
ergies. The enthalpy of formation of the ground state and
the lowest vertical excited state at different ¢ are shown in
Figure 5.

The computed 1,,, agree very well with those observed
for low polar solvents like dichloromethane and chloroform

Figure 3. Molecular structure of a) 2 and b) 3 from single crystal X-ray analysis. 10% probability thermal ellipsoids are indicated and hydrogen atoms

are omitted for clarity.

794 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. AM1/CI calculated enthalpy of formation at different &, of 3 in
the optimized ground state, the lowest vertical excited state, the opti-
mized excited state and the ground state of the optimized excited state: m
optimized ground state, 0 vertical excited state, A optimized excited
state, A ground state of optimized excited state.

as well as the highly polar solvent, water. The 4,,,, at e=4 is
in good agreement with the experimental value in the solid
state. As noted earlier, the observed emission is likely to be
from the vertical excited state alone. Even though geometry
relaxation of the excited state is unlikely in the rigid solid
state or polymer matrix, it is quite feasible in the solution
state. In order to investigate the likely geometry relaxation,
we have optimized the excited state structure under differ-
ent ¢ values. The conspicuous change is the increase of 6 to

~90° in all cases. The enthalpy of formation of these opti-
mized geometries are plotted in Figure 5. The Figure also
shows the enthalpy of formation of the ground states of
these geometries from which we can estimate the upper
bound for the emission energies of these relaxed geometries.
The values are found to be in the range, 1588-673 nm (for ¢
ranging from 1-80), very much smaller than the observed
emission energies suggesting that no visible light emission
from the relaxed excited state geometries is observed in the
solution, solid or polymer film. These computational results
combined with the experimental facts noted earlier lead us
to the conclusion that the enhancement of the fluorescence
in the solid state and polymer films arise as a result of ar-
resting the geometry relaxation of the excited fluorescent
state to a nonfluorescent state. Conversely, geometry relaxa-
tion of the excited state leads to diminished fluorescence in
solutions (Figure 6). Both excited state geometries are twist-
ed and the difference is the extent of twisting; this situation
may be contrasted with TICT systems™ wherein planar and
twisted geometries are considered. The current model is
consistent with the qualitative picture proposed earlier for
the matrix dependence of light emission from similar mole-
cules.'? It is important to note that in the model we develop
for the DADQ?’s, the role of molecular aggregation is to fa-
cilitate further, the inhibition of excited state structure re-
laxation, rather than to force any kind of ground state ge-
ometry changes as implied in the models put forward in the
case of the systems reported earlier.”! In the polymer films,
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Figure 6. Schematic diagram illustrating the mechanism of fluorescence
enhancement of diaminodicyanoquinodimethanes in the solid state and
doped polymer films.

the structure relaxation would be hindered either by the ri-
gidity of the polymer matrix or the aggregate formation, de-
pending on the extent of aggregation. The energy gap be-
tween the vertical and relaxed excited states increases with
¢ (Figure 5) suggesting that, as the polarity of the solvent en-
vironment increases, the relative population of molecules in
the vertical excited state would diminish progressively lead-
ing to reduction of fluorescence intensity; this is in agree-
ment with the emission spectra observed in solution (Fig-
ure 2a). Future investigations would target the excited state
dynamics in solution, solid and doped polymer states and
their temperature dependence to gain further insight into
the mechanism we have presented.

In order to examine the application potential of the fluo-
rescence enhancement phenomenon, we have carried out an
experiment on PVA films containing 3, by alternately expos-
ing it to chloroform vapors and drying. The fluorescence in-
tensity of the film showed a clear reduction when it was en-
veloped by chloroform vapors emanating from the solvent
placed at the bottom of the spectrometer cuvette. When the
chloroform was removed and the film dried free of the
vapors, the original fluorescence intensity was nearly re-
gained (Figure 7). Two subsequent cycles showed stronger
reduction of the fluorescence in presence of the vapors and

Step number

Figure 7. The variation of emission maximum (at 505 nm) of 3 in PVA
film on exposure to chloroform vapors and subsequent drying, through
consecutive steps: m on drying, @ on exposure to chloroform.
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return to higher fluorescence in the dry state. Some change
in the dry state fluorescence was observed during the initial
cycles. The values stabilized subsequently and good reversi-
bility was attained. At this stage, the reduction of fluores-
cence due to the vapors is quite substantial (~33 %). Since
the PVA matrix does not dissolve in chloroform and abso-
lutely no leaching of the compound is observed throughout,
we believe that the solvent vapors diffuse into the film and
possibly cause local dissolution of part of the compound
leading to fluorescence reduction. On drying, solid aggre-
gates may be reformed recovering the enhanced fluores-
cence. Alternatively, a mild softening of the PVA matrix in-
duced by the solvent vapor may facilitate structure relaxa-
tion and fluorescence quenching, which is reversed on
drying. The present study provides a quantitative demon-
stration of the reversibility and repeatability of solvent
vapor induced switching of the enhanced fluorescence in a
chromophore doped polymer film.

Conclusion

We have explored a family of zwitterionic diaminodicyano-
quinodimethanes and demonstrated enhanced light emission
from them in the solid state and polymer films. The utility
of the remote functionality in promoting molecular assembly
is revealed by the crystallographic investigation of two of
the molecules. A viable mechanism for the fluorescence en-
hancement is proposed through semiempirical computation-
al analysis of the ground and excited state geometries and
energies. We believe that such analysis may prove useful in
understanding the basis for similar observations in other
molecules reported previously. Experimental demonstration
of reversible fluorescence switching triggered by solvent
vapors is presented. These materials provide an ideal testing
ground for the fascinating and relatively rare phenomenon
of light emission enhancement in aggregates and are poten-
tial candidates for the development of novel photonic devi-
ces based on such phenomena.

Experimental and Computational Section

Synthesis and characterization

Compounds 1-8 were prepared using minor modifications of procedures
reported!®®2*l for similar molecules. Three typical cases are described below.
7,7-Bis(N-methylpiperazino)-8,8-dicyanoquinodimethane (2): N-Methyl-
piperazine (0.34 g, 3.4 mmol) was added to a warm solution of TCNQ
(0.30 g, 1.47 mmol) in acetonitrile (30 mL) (CAUTION: HCN is a by-
product). The solution turned dark green immediately and changed to
yellow subsequently. Yellow crystalline product formed in about 1 h. The
reaction mixture was stirred for 1.5 h more at 75°C. The precipitate was
filtered and dried (0.39 g, 82%).

7-(N-Methylpiperazino)-7-pyrrolidino-8,8-dicyanoquinodimethane 3):
Pyrrolidine (0.094 g, 1.32 mmol) was added to a warm solution of TCNQ
(0.30 g, 1.47 mmol) in acetonitrile (30 mL). The solution turned purple
immediately and a purple crystalline compound precipitated in 1 h. The
reaction mixture was stirred for 1.5 h more at 75°C. The precipitate of 7-
pyrrolidino-7,8,8-tricyanoquinodimethane, PTCNQ was filtered and dried
(0.305 g, 83%). N-Methylpiperazine (0.12 g, 1.2 mmol) was added to a
warm solution of PTCNQ (0.20 g, 0.98 mmol) in acetonitrile (20 mL) and

796 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the solution was stirred at 70°C for 0.5 h and then at 30°C for 1 h. Yel-
lowish green fluorescent precipitate of 3 which separated out was filtered
and dried (0.21 g, 81%).
7-(3-R-(+)-Hydroxypyrrolidino)-7-(piperazino)-8,8-dicyanoquinodime-
thane p-toluenesulfonate (8): Compound 5 was synthesized following
similar procedure as for 3. A solution of p-toluenesulfonic (PTS) acid
(0.175 g, 1 mmol) in acetonitrile (5 mL) was added to a solution of 5
(0.25 g, 0.73 mmol) in acetonitrile (50 mL). The yellow microcrystalline
powder of the PTS salt, 8 which precipitated out immediately was filtered
and dried (0.307 g, 77 %).

Characterization including single crystal structure of 1% and 6!'"! have
been reported earlier. The detailed characterization of the new com-
pounds are provided below.
7,7-Bis(N-methylpiperazino)-8,8-dicyanoquinodimethane  (2): Yield=
82%, recrystallized from acetonitrile; m.p. 278-280°C (decomp); FTIR
(KBr): #=2172.0, 2135.4, 1595.3 cm™'; UV/Vis (acetonitrile): A, =269,
420 nm; 'H NMR (CDCly): 6=1.7 (s, 6H), 2.6-2.7 (m, 8H), 3.5-3.6 (m,
8H), 7.1 ppm (s, 4H); *C NMR ([D(]DMSO): §=34.5, 45.5, 50.9, 54.6,
114.1, 118.1, 123.2, 131.8, 149.8, 168.8 ppm; elemental analysis (%) calcd
for CyHyNg: C 68.57, H 7.43, N 24.00; found: C 68.31, H 7.11, N 24.61.
7-(N-Methylpiperazino)-7-pyrrolidino-8,8-dicyanoquinodimethane 3):
Yield =75 %; recrystallized from acetonitrile; m.p. 260-262°C (decomp);
FTIR (KBr): #=2941.7, 2170.1, 2133.5, 15953 cm™', UV/Vis (acetoni-
trile): Apex=267, 407 nm; '"HNMR (CDCl;): 6=1.6 (s, 3H), 2.0-2.1 (t,
4H), 2.15-2.25 (t, 4H), 3.5-3.6 (t, 4H), 3.60-3.75 (t, 4H), 7.0 ppm (s,
4H); "CNMR ([Dg]DMSO): §=24.1, 25.7, 33.1, 45.5, 50.1, 52.7, 54.6,
115.2, 118.1, 123.7, 130.5, 148.3, 165.9 ppm; elemental analysis (%) calcd
for CyHy;3Ns: C 71.03, H 7.17, N 21.80; found: C 70.93, H 7.22, N 21.72.
7-(3-Hydroxypyrrolidino)-7-piperazino-8,8-dicyanoquinodimethane  (4):
Yield=75%; recrystallized from acetonitrile/methanol; m.p. 245-246°C
(decomp); FTIR (KBr): #=3390.0, 2170.1, 2131.5, 1597.2 cm™'; UV/Vis
(acetonitrile): A, =273, 407 nm; '"H NMR ([Dg]DMSO): 6=1.9-2.1 (m,
3H), 2.75-2.90 (m, 4H), 3.7-3.8 (m, 4H), 43-4.4 (m, 4H), 53 (s, 1H),
6.8-6.9 (d, 2H), 7.15-7.20 ppm (d, 2H), hydroxy proton was not ob-
served; "C NMR ([Dg]DMSO): 6=32.5, 33.1, 34.2, 46.1, 50.6, 51.8, 60.3,
67.6, 69.1, 115.1, 118.1, 123.8, 130.6, 148.3, 166.5 ppm; elemental analysis
(%) caled for C;gH,NsO: C 66.87, H 6.50, N 21.67; found: C 66.86, H
6.49, N 21.68.
7-(3-R(+)-Hydroxypyrrolidino)-7-piperazino-8,8-dicyanoquinodimethane
(5): Yield=77%; recrystallized from acetonitrile/methanol; m.p. 213-
215°C (decomp); FTIR (KBr): #=3308.0, 2170.0, 2131.0, 1597.0 cm™};
UV/Vis (acetonitrile): Ay, =270, 408 nm; "H NMR ([Dg]DMSO): §=1.8-
2.1 (m, 3H), 2.7-2.9 (m, 4H), 3.6-3.9 (m, 4H), 4.2-45 (t, 4H), 5.3 (s,
1H), 6.8-6.9 (d, 2H), 7.2-7.35 ppm (d, 2H), hydroxy proton was not ob-
served; "C NMR ([Dg]DMSO): 6=32.2, 33.0, 34.3, 46.0, 50.6, 51.7, 60.3,
68.0, 69.1, 115.1, 118.1, 123.8, 130.6, 148.3, 166.5 ppm; elemental analysis
(%) caled for C;gH,N;O: C 66.87, H 6.50, N 21.67; found: C 66.22, H
6.85, N 21.68.
7-(Hydroxypyrrolidino)-7-piperazino-8,8-dicyanoquinodimethane p-tolu-
enesulfonate (7): Yield =75 %; recrystallized from acetonitrile/methanol;
m.p. 250-255°C (decomp); FTIR (KBr): #=3398.2, 3022.8, 2177.8,
2137.0, 1597.0, 1005.0, 887.0, 814.0 cm™*; UV/Vis (acetonitrile): A, =267,
422 nm; 'H NMR ([D¢]DMSO): 6 =1.9-2.0 (m, 3H), 2.1-2.2 (m, 4H), 2.3
(s, 3H), 3.8-4.0 (m, 4H), 4.30-4.45 (t, 2H), 5.25-5.40 (m, 2H), 6.8-6.9
(m, 2H), 7.1-7.2 (d, 2H), 7.3-7.4 (m, 2H), 7.5-7.6 (d, 2H), 8.85-9.15 ppm
(s, 2H), hydroxy proton was not observed; "C NMR ([Ds]DMSO): 6=
21.0, 32.5, 33.3, 34.0, 43.1, 44.7, 49.7, 50.8, 60.1, 60.6, 67.5, 69.1, 114.7,
118.1, 123.7, 125.7, 128.4, 130.7, 138.2, 145.5, 148.5, 167.0 ppm, the extra
peaks additional to the number of symmetry nonequivalent atoms ap-
pears to result from clustering of these zwitterionic molecules, since we
have verified their reproducibility and by repeated purification ensured
that they are not due to any impurities which is further confirmed by the
satisfactory elemental analysis; elemental analysis (%) caled for
C,sHyNsSO,: C 60.61, H 5.86, N 14.14; found: C 60.62, H 5.89, N 14.24.
7-(3-R(+)-Hydroxypyrrolidino)-7-(piperazino)-8,8-dicyanoquinodime-
thane p-toluenesulfonate (8): Yield=77%; recrystallized from acetoni-
trile/methanol; m.p. 239-244°C (decomp); FTIR (KBr): ©7=3362.2,
3015.0, 2177.8, 2137.3, 1597.2, 1005.0, 887.3, 814.0 cm™'; UV/Vis (acetoni-
trile): Ay =265, 408 nm; 'HNMR ([D¢]DMSO): 6=1.9-2.0 (m, 3H),
2.1-2.2 (m, 4H), 2.3 (s, 3H), 3.6-3.9 (m, 4H), 4.25-4.45 (m, 2H), 5.25-

www.chemeurj.org Chem. Eur. J. 2004, 10, 791 -797



www.chemeurj.org



Enhanced Fluorescence

791-797

5.40 (m, 2H), 6.8-6.9 (m, 2H), 7.1-7.2 (d, 2H), 7.25-7.4 (m, 2H), 7.5-7.6
(d, 2H), 8.8-92ppm (s, 2H), hydroxy proton was not observed;
BCNMR ([Dg]DMSO): §=21.0, 32.6, 33.7, 34.1, 43.0, 47.1, 50.7, 51.3,
60.0, 61.0, 67.6, 69.3, 114.5, 118.1, 123.6, 125.7, 128.4, 130.9, 138.4, 145.2,
148.8, 166.7 ppm, the extra peaks additional to the number of symmetry
nonequivalent atoms appears to result from clustering of these zwitter-
ionic molecules, since we have verified their reproducibility and by re-
peated purification ensured that they are not due to any impurities,
which is further confirmed by the satisfactory elemental analysis; elemen-
tal analysis (%) caled for C,sH,0NsSO,: C 60.61, H 5.86, N 14.14; found:
C 60.55, H 5.93, N 14.21.

Preparation of doped polymer films

In the present study we have considered only water soluble polymers,
PVA (My=15000) and PSS (M =70000), since we were interested in
exploring the fluorescence response of the doped polymer films in pres-
ence of organic solvent vapors; however, these compounds can be incor-
porated in other polymers as well. Equal volumes of aqueous solutions of
the compound (5mM) and the polymer (~0.2 gmL"') were mixed and
subjected to ultrasonication for 5 min. The films were prepared by spin
casting on glass plates followed by drying in a vacuum desiccator and hot
air oven at 80°C for 1 h each.

Electronic spectroscopy

The electronic absorption spectra of solutions and doped polymer films
were recorded on a Shimadzu UV/Vis spectrometer (Model UV-3101).
The concentrations were adjusted to achieve an optical density of ~0.3 in
all cases. The specular reflectance (8° incidence) spectrum of the solid
compounds in the form of KBr pellets were recorded using the integrat-
ing sphere (ISR 3100) attachment of the spectrometer. The reflectance
spectra were converted to absorption profiles using the Kubelka—Munk
function. The weight ratio of the solid compound to KBr was adjusted in
each case to achieve a final optical density of ~0.3. The emission spectra
were recorded on a Jobin Yvon Horiba spectrofluorimeter (Model Fluo-
romax-3) by exciting approximately 10 nm below the absorption 4.
The solid and polymer film samples were mounted diagonally in the stan-
dard cuvette so that the signal is detected at 90° to the exciting beam in
the normal geometry used for fluorescence measurements in solution.
The spectra are normalized by dividing by the optical density at A, of
the same sample, so that a fair comparison can be made between the in-
tensity of emission from solution, solid and polymer films.

Crystal structure determination

X-ray diffraction data were collected on an Enraf-Nonius MACH3 dif-
fractometer. Moy, radiation with a graphite crystal monochromator in
the incident beam was used. Data was reduced using Xtal3.4;*! Lorentz
and polarization corrections were included. All non-hydrogen atoms
were found using the direct method analysis in SHELX-97" and refined
anisotropically. After several cycles of refinement the positions of the hy-
drogen atoms were calculated and added to the refinement process.
Graphics were handled using ORTEX6a.”®! In the case of 2, the data
were collected and structure solved under monoclinic P lattice; however
the § angle deviates from 90° by only 0.085(18). Therefore we have ex-
amined the lattice transformation to orthorhombic P; however, the set of
systematic absences found in the transformed reflection data is not com-
patible with any of the space groups in this Bravais lattice. Further, we
have checked the symmetry of the Friedel pairs of several reflections;
out of the four pairs in an (hkl) set, the intensity of reflection of two are
distinctly different from (ranging from 2-50% of) the other two, indicat-
ing the monoclinic symmetry of the lattice. Detailed crystallographic data
are submitted as Supporting Information.

Computations

Semiempirical quantum chemical computations were carried out using
the MOPACY3 program package®! using the AM1 method.!" The geom-
etry optimizations involved no constraints and the PRECISE option was
employed. The microenvironment of the molecule was modeled using the
COSMO subroutine!™ employing various dielectric constants in the
range 1 to 80. The parameter, NSPA (number of segments per atom) was
set equal to 60 in all calculations. Enthalpies of formation were computed
following full configuration interaction (CI) calculation within the 6 mo-
lecular orbitals bracketing the HOMO/LUMO, involving the 400 singlet
microstates. The computational results are presented in the Supporting
Information.
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