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CONCEPTS

Memory of Chirality—A New Principle in Enolate Chemistry

Kaoru Fuji* and Takeo Kawabata
Dedicated to Professor Dieter Seebach on the occasion of his 60th birthday

4 N

Abstract: We discuss a new principle, memory of chir-
ality, which was recently introduced in the field of
asymmetric synthesis. Memory of chirality is a phenom-
enon in which the chirality of the starting material is
preserved in a reactive intermediate for a limited time.
Examples are discussed, including the enantioselective
alkylation of a ketone and amino acid derivatives.

Keywords: alkylation . amino acid - asymmetric
alkylation - chirality - enolate
N ’ J

Introduction

Scientific progress is supported by two major pillars. One
pillar involves research, carried out following a carefully
planned program based on the analysis of a vast number of
precedents discovered by scientific pioneers. Projects usually
begin from this standpoint. The results obtained in these
studies are novel and logical, but understandable from our
present knowledge of science, since they were planned to be
so and were even anticipated. In the field of synthetic organic
chemistry, for example, the fact that a reaction is new does not
always mean that it is surprising. However, we know from our
experience that some reactions do not always proceed as
expected. In most cases, the reaction has simply failed.
However, an unexpected result can lead to a wonderful seed
waiting to be picked up. If you plant it successfully, you could
harvest the unexpected fruit. This process is the birth of a new
concept, which is the second and more important pillar which
supports scientific progress. In this article, we discuss enan-
tioselective alkylation based on the new principle of memory
of chirality.

Discussion

Memory of chirality: A stereogenic center a to a carbonyl
group should be lost in the formation of an enolate, since a
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planar sp? carbon center is created from an sp? carbon center.
Thus, it is impossible to obtain a nonracemic product by
quenching the enolate with an electrophile, even though a
nonracemic ketone was used as a starting material
(Scheme 1). To produce a nonracemic product, a chiral
environment, such as the use of chiral electrophiles, chiral
ligands, chiral auxiliaries, and sometimes chiral solvents, is
required for the reaction conditions.

o O O
base R-X
R%Rs _base R‘\/LW R%R,&
H® R2 R2 R R2
opt. active - racemic
achiral

Scheme 1. The racemic product should be obtained from the alkylation of
the optically active ketone when the reaction proceeds via an enolate
intermediate.

Or is it? Consider information concerning the chirality of
organic molecules to be not simply about the three-dimen-
sional structures but to include the fourth dimension of a
timescale. For instance, the § and R enantiomers of phenyl-
alanine differ by a chiral carbon (Figure la). Conversion of the

a) Static chirality
NH2 NH2
Ph H Hey Ph
COOH HOOC
b) Dynamic chirality
Ph vH Hy Ph
COOH HOOC

Figure 1. Static chirality and dynamic chirality.

S enantiomer of such a molecule into the R enantiomer
requires bond scission followed by recombination. This type
of chirality may be called static chirality. S-Phenylpropionic
acid, formally created by the replacement of the amino group
of phenylalanine with a hydrogen, is achiral from the
definition of static chirality, because it has no chiral carbon
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center. On a limited timescale, however, -phenylpropionic
acid can take a specific conformation, the enantiomer of
which can be drawn as in Figure 1b. Thus, even S-phenyl-
propionic acid can be considered to exist in an enantiomeric
form on a specific timescale. Since one enantiomer can be
transformed to the other simply by rotating the bond(s), this
has been called conformational chirality. We propose the term
dynamic chirality to describe this type of chirality.

If we consider the timescale, an enolate is not always
achiral. As shown in Figure 2, an enolate can possess axial or

a)
RL oM X Xdvo Rl
Rm §P<R
1 Y Y ent-1
! ‘ y
Rl fo) [o) Rl
R2 ~R3 R3- R
2 ent-2

Figure 2. Enantiomeric forms of enolates with a) axial chirality (1) and b)
planar chirality (2).

planar chirality. The enantiomeric forms 1 and ent-1, and 2 and
ent-2, are not differentiated under normal conditions because
of the rapid equilibrium between them. They may be differ-
entiated from each other at an extremely low temperature or
by the introduction of specific structural constraints into the
molecule, such as changing 2,2'-dihydroxybiphenyl to the
corresponding binaphthalene. In such a case, the information
on chirality of the starting material can be kept temporarily in
the intermediate enolate, to regenerate in turn a central
chirality in the product after reaction with an electrophile.
Thus, memory of chirality describes a phenomenon in which
the information on chirality in the original system is kept in a
reactive intermediate for a limited time.

We designed a ketone 3 to allow us to demonstrate this idea.
Treatment of a mixture of the ketone (S)-3 (93% ee) and
methyl iodide with potassium hydride in the presence of 18-
crown-6 gave the methylated ketone 4 in optically active form
(66 % ee, Scheme 2).I Note that there is no chiral environ-

Mel (20 equiv) / KH (2 equiv)

18-crown-6 (2 equiv)
OEt THF, -78 ~-20 C°

3 (93% ee)

4 (48%, [66% ee)

Scheme 2. Asymmetric methylation of 3 in a nonchiral environment.

ment under these reaction conditions, although we did start
from an optically active ketone. This memory of chirality was
observed with various electrophiles as long as ketone 3 was
used as a starting material. Optically active 5 showed memory
of chirality when ethylated, while ketone 6 did not. These
findings strongly suggest that the chirality of 3 was preserved
as axial chirality in the corresponding enolate 7. The isolation

Ph Ph
OK* oM
MeO™ ™ MeO™ ™S ©
l ! OEt l ! OEt
OEt OEt

7 8

of methyl enol ether 8 with 43% ee strongly supported our
interpretation. In fact an ee of 65 % was observed for 8 in the
reaction mixture directly after work-up. The time-dependent
decrease in optical rotation revealed that the half-life of the
racemization of 8 was 53 min at 21°C. The information on
chirality held by enolate 7 includes not only the arrangement
in three-dimensional space inherent in the original ketone 3,
but also the fourth dimension, the timescale. Whether or not
such information on chirality can play an important role in
asymmetric synthesis depends upon its lifetime under prac-
tical reaction conditions. In the case of ketone 3, the axial
chirality in the corresponding enolate 7 is stable enough at low
temperature to give an optically active product.

a-Alkylation of phenylalanine derivatives: An enolate 10,
derived from the optically active amino acid derivative 9, may
exist in an optically active form (Scheme 3). For example,

H COOR?
R! 7 ll\l/ ’
base R* 9
R4----M M
*MR"éO/\:<R1N,R4 R3T\g /l>:<\OOR2§ Rzoy’\_‘/"m
10a R3 10b i 10c R

axial chirality planar chirality chiral nitrogen

Abstract in Japanese: XRX TCRFAXEROSHFICBTBA S L [FFRE
B EVSH LVBRICOVTRET 3, [FEDE] 2. RERBO
T EHITE DN B Z BHROTHE 0 G +MEC s 2 BEMAEGRE &
hWERRTH 3, PTHERERBTIALLTY b RUETE JRENSED
IF o FARBIRNTZALENMEZOVWTER S,

374 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

Scheme 3. The possible forms of dynamic chirality in the enolate 10
generated from an amino acid derivative 9.

enolates 10a, which has axial chirality across the carbon-—
nitrogen bond, 10b, which has planar chirality consisting of
the enolate plane and the metal cation stabilized by coordi-
nation with a substituent on the nitrogen, and 10 ¢, which has a
chiral nitrogen atom resulting from the transfer of chirality
from the sp? carbon center, are all possible according to the
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principle of memory of chirality. Although the lifespans of
these species are expected to be extremely short, the proper
selection of substituents R'—R* may prolong their lifespans.
After several fruitless attempts, we found that (S)-phenyl-
alanine derivative 11 gave the corresponding (S)-a-methyl
derivative 12 with 82% ee in 40% yield (Scheme 4).
Allylation proceeded under similar conditions to give the
corresponding a-allyl derivative with 88 % ee in 15% yield.

ph7 >y COCF! 1. LTMP (L0 equiv), -78 °C/ THF ph >y COOF!
H N—Boc . N Me N-—iBoc
Me 2. Mel (10 equiv), -78 °C Me
11 12

Scheme 4. Enantioselective methylation of an (S)-phenylalanine deriva-
tive 11. LTMP = lithium 2,2,6,6-tetramethylpiperidide.

Note again that there is no external chiral environment under
these reaction conditions. The origin of this enantioselectivity
can be ascribed to preservation of the information on chirality
of the starting material in the intermediate anionic species. An
alternative interpretation involves a complex 13 consisting of
the achiral enolate and remaining optically active starting
material. However, a crossover experiment between (S5)-11
and the corresponding racemic butyl ester pL-14 showed that
the information on chirality in (S)-11 was not transmitted to
the product from bL-14; this finding clearly refutes the
involvement of complex 13 as the origin of asymmetric
induction.

To determine the lifetime of the chiral enolate, (S)-11 was
treated with LTMP to generate the corresponding enolate
under various conditions. The enolate was then quenched with
methyl iodide to give 12 (Table 1). Not surprisingly, config-

Table 1. Influence of the temperature on the ee in the a-methylation of (S)-
11

Run  Conditions for enolate formation® Yield (%) % eel®

1 —78°C, 0 min 9 74
2 —78°C, 15 min 40 82
3 —78°C, 60 min 28 81
4 —78°C, 15 min, then —40°C, 15 min 39 10
5 —78°C, 15 min, then RT, 45 min 26 ~0

[a] The enolate was quenched with methyl iodide at —78°C. [b]
Determined as an N-benzoyl derivative.

urational stability was shown to be markedly labile to
temperature. Although the enolate was configurationally
stable for at least an hour at —78°C (runs 1-3), it was
completely lost after stirring at room temperature for 45 min
(run 5). This indicates that the enolate derived from (§)-11
adopts a specific structure that maintains the original config-
uration at a low temperature, but collapses

rapidly with an increase in temperature to

spectrum, they persisted even after recooling to —78°C.
These findings correspond with the results in Table 1.

OEt OtBu

COOEt
Ph X
M 3
Ph/\%o\ Lo ME py A COOmBU R N-Boc
N0 o Ph N o

Me” \( Me™ “Boc MOM
OmBu OEt 14 15:R=H

13 16 : R =Me

Development into common chemistry: The efficiency of the
present reaction, such as a high yield, high enantioselectivity,
and wide applicability, is not a matter of concern at this stage.
It is more important to present a novel strategy for
asymmetric induction. However, it will be necessary in the
second stage of the research to generalize these unprece-
dented findings. Utility, including a high yield, high enantio-
selectivity, and a wide range of applications is required for
further development. We focused our attention on improving
the yield and enantiomeric excess (ee) of the alkylation of
amino acids, since nonracemic a,a-disubstituted amino acids
are important compounds in the fields of medicinal chemistry
and biochemistry. Their synthesis by the principle of memory
of chirality should be very useful, since the use of nonracemic
amino acids as a starting material is the only requirement for
the preparation of nonracemic a,a-disubstituted amino acids.
The ee in the alkylation of (S)-11 was acceptable, but the yield
was too low. After extensive investigation of the substituents
on the amino group, solvent systems, and bases using (S)-
phenylalanine as a standard substrate, we found that (S)-15,
the nitrogen atom of which is protected with the tert-
butoxycarbonyl and the methoxymethyl groups, gave the
corresponding a-methyl derivative 16 in 88 % yield and 84 %
ee with potassium hexamethyldisilazide (KHMDS) as a
base.’l Our preliminary experimental results indicate that
this method can be applied to derivatives of other amino acids.

Closing Remarks

Before our first paper on the memory of chirality,[! Seebach
et al.l!l reported a reaction based on the memory of chirality
(Scheme 5). Di-tert-butyl (S)-N-formylaspartate gave not only
the -alkylated product but also the a-alkylated product in ca.
15% yield with ca. 60% ee. More recently, the examples
illustrated in Scheme 6 were reported.>% A crucial difference
between the reaction in Schemes 5 and those in Scheme 6 is
that the former is an intermolecular reaction, while the latter
are intramolecular reactions. Further back, a reaction involv-
ing the memory of chirality under acidic conditions was
reported by Marquet etal. more than 30years ago
(Scheme 7).11 Obviously, the information on chirality of the

lose its chirality. The 3C NMR spectra of R

the anion derived from DL-11 enriched at BuOOC” ™ COOmBu ) LiNEt, ii) RX BUOOC™*™ COOBU | muooc” ™k cooBu
the a- and ester carbons revealed that the H NHCHO H NHCHO R NHCHO
structure at —78°C is totally different ca. 60% ee

from that at room temperature. Once

these changes had been observed in the ref. [4]).

Chem. Eur. J. 1998, 4, No. 3
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Scheme 5. Memory of chirality in the alkylation of an aspartic acid derivative (Seebach et al.,
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a)
(SQ NaOMe/MeOH (S
N e - N COOMe
o COOMe o=/ NH
N —_—
o : ;\>‘N ~100% ee
o)
Me Me
b)
e

wz

COM gL
—_—
NCO1Bu CO,H

NHCOBu ~100% ee

Scheme 6. Intramolecular trapping of chiral enolates. a) Stoodley et al.,
ref. [5]; b) Seebach et al., ref. [6].

[ =

—_—
: CHCl3 :
H C
(@] COOH O COOH

Scheme 7. Memory of chirality under acidic conditions (Marquet et al.,
ref. [7]).

original ketone is retained in the intermediate enol in this
reaction.

Another interesting strategy for asymmetric synthesis, in
which the original stereogenic center present in the starting

material is lost but then recreated in the final product,
involves the principle of self-regeneration of stereocenters
(SRS) developed by Seebach et al.l¥l Asymmetric reactions
based on the SRS principle open new avenues to the synthesis
of various types of nonracemic compounds. On the other
hand, it is still too early for asymmetric reactions based on the
memory of chirality to be of practical use. However, we
believe that the memory of chirality represents a new
perspective on enolate chemistry and asymmetry itself.
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Ab Initio Calculation of a Three-Body Potential To Be Applied in

Simulations of Fluid Neon

Elena Ermakova, Jan Solca, Gerold Steinebrunner, and Hanspeter Huber*

Abstract: A three-body potential for neon was calculated by ab initio methods and
fitted to an analytic form for further use in simulations of fluid neon. Counterpoised

calculations were performed on the same level as in a previous calculation of a pair
potential used in simulations. The non-pair-additive part of the potential decays
rapidly with distance and is typically below 1% of the dimer potential at its

Keywords: ab initio calculations -
computer chemistry - neon - super-
critical fluids - three-body potential

equilibrium distance. The calculated third virial coefficient shows fair agreement with

the scarce experimental data.

Introduction

As part of an effort to calculate bulk properties of liquids ab
initio we have previously published two pair potentials for
neon, NE 1l and NE 2.2 Both of them, as well as an ab initio
potential for argon published by Woon,P! have been applied in
simulations of many fluid properties.*!! It was shown by
indirect arguments that many-body interactions are small or
negligible for certain properties like the radial distribution
function, transport properties and several thermodynamic
properties derived from energies and pressure. However, they
make a significant contribution to energies and pressure at
high density. To confirm these arguments by direct computa-
tions we have calculated a three-body ab initio potential.
We are not aware of any analytical Ne; potentials in the
literature, but several authors have calculated single points on
the Ne, potential surface.l'>'Y More work has been published
recently on He;. Parish and Dykstral®® have reported an
analytical three-body potential for helium. Bhattacharya and
Anderson!'! and Taol'! have calculated single points and
come to the surprising conclusion that, at the correlated level,
the three-body interaction converges with the basis set much
faster than the two-body interaction. Rgeggen et al.l'%l used
a new model to obtain three-body energies that are free of
basis set superposition errors (BSSE). In general the three-
body interactions were found to decay rapidly, usually being
less than 1% of the dimer interaction at the dimer-equili-

[*] Prof. Dr. H. Huber, J. Solca, G. Steinebrunner, E. Ermakova*
Institut fiir Physikalische Chemie der Universitit Basel
Klingelbergstrasse 80, CH-4056 Basel (Switzerland)

Fax: (+41)61267-3855
E-mail: huber@ubaclu.unibas.ch

[*] Kazan State University (Russia)
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brium distance. Bulski and Chalasinski®! showed that, for
equilateral triangles of helium and neon, the exchange-
repulsion and the triple-dipole nonadditivity have different
signs and cancel to a great extent in the region of the dimer-
equilibrium distance. Barker?%?? discusses the many-body
effect for energies and pressure of rare gases in several papers.
He showed that excellent empirical pair potentials combined
with the Axilrod-Teller triple-dipole term yield good ener-
gies and pressures, leading to the conclusion that overlap-
dependent many-body interactions must add up to something
close to zero for a range of densities. Sadus and Prausnitz*’!
conclude from an empirical study of a Lennard-Jones pair
potential with added Axilrod —Teller and repulsion terms that
three-body repulsion makes a significant contribution to the
three-body interactions in the liquid phase and that the effect
of three-body dispersion is offset substantially by three-body
repulsion. Recently, Cohen and Murrell® reported an
analytical function for an ab initio three-body potential of
He,. They state that the third-order, triple-dipole dispersion
energy is of minimal importance in comparison with the three-
body exchange term except at very large internuclear
separations. Wind and Rgeggen®! calculated ab initio the
three-body interaction in the (H,); trimer including all the
fifth-order corrections, which should yield accurate triple-
dipole dispersion energies. They found that the Axilrod—
Teller term gives a qualitatively correct picture, but that
higher order terms should be included for a quantitative
description; for distances less than 10 au higher order terms
contribute significantly and at short range, the RHF term is
most important. For a further discussion of the controversy
about the significance of many-body effects see recent
reviews.26:27)

Indirect arguments about the importance of quantum
effects on the radial pair distribution function of liquid argon
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and neon®!% were confirmed by simulations with quantum-
effective potentials, resulting in the first ab initio calculated
structures of liquids with experimental accuracies.'] Similar-
ly, the potential calculated in this work is used for a direct
investigation of the influence of many-body effects on differ-
ent liquid properties in the following paper.

Computational Methods

Ab initio calculations were performed for 47 points on the interatomic
potential energy surface of the neon trimer. The basis set and the
correlation method used here are the same as those applied by Eggen-
berger et al.l'l to obtain a neon dimer potential. The basis set consists of
Huzinaga’s (14s 10p)/[7s 6p] basis increased by four d functions (exponents:
2.21, 0.89, 0.35 and 0.14) and one f function (exponent: 0.3). Electron
correlation was treated by fourth-order Mgller—Plesset perturbation
theory including up to quadruple excitations (MP4(SDTQ)). The calcu-
lations were performed with the GAUSSIAN program set.? The basis set
superposition error (BSSE) was corrected by the full counterpoise
correction.””) Some problems related to its calculation in the case of the
virial coefficient will be discussed below. The computer time needed for the
calculation of one point was about 4 days on a 135 MHz DEC-alpha
workstation or 1 hour on a NEC-SX3.

The basis set and level of correlation are identical with those used to obtain
the pair potential NE1.Il They were chosen to be consistent with the
previous calculations for comparison purposes and as a compromise
between quality and consumption of computer time. As this level is not
fully adequate for the calculation of the long-range Axilrod —Teller— Muto
effect, direct conclusions about its size cannot be drawn. However, as fluid
properties deviate mainly at high densities we assume that the short-range
exchange effect is of much greater importance. This short-range effect
should be reliably obtained in the present calculations.

Different configurations were selected to study the potential surface by
changing the angle a (see Figure 1) in steps of 30° from 30° to 180°. With
the distances R}, and R,; always kept equal, one length was selected at 30°,
13 different lengths were selected at 60°,9 at 90°, 5 at 120°, 7 at 150° and 7 at

23,

Ne Ne
2
Ryo 1
Figure 1. Definition of the neon trimer structure.

Abstract in German: Zur spdteren Verwendung in Simula-
tionen von fliissigem und superkritischem Neon wird ein Drei-
Teilchen-Potential fiir Neon ab initio punktweise berechnet und
durch einen analytischen Ansatz wiedergegeben. Die counter-
poise-korrigierten Rechnungen wurden auf dem gleichen Ni-
veau durchgefiihrt, auf dem friiher ein Paarpotential fiir
Simulationen berechnet wurde. Der nicht-paar-additive Teil
des Potentials fallt fiir grossere Abstinde schnell ab und betrdigt
normalerweise weniger als 1% des Dimerpotentials am
Gleichgewichtsabstand. Die berechneten dritten Virialkoeffizi-
enten liegen im Streubereich der wenigen experimentellen
Daten.

378 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

180°. Two additional points were then selected at very long distances for
small angles to check the decay to zero and, hence, the numerical accuracy.
Finally, three random positions were chosen (see Table 1). The three dimer
interactions were subtracted from the complete interaction energy at these
points and the remaining nonadditive part was fitted to an analytical
expression as discussed in the next section.

In Table 1 only three mixed points were used for the fit, which might look
like a parsimonious selection. However, the potential surfaces are generally
smooth.Pl The sides of the triangle are limited to a relatively small range
(below = 0.8 ¢ the total potential becomes extremely repulsive, above =
1.2 o the non-pair-additive part gets very small) and, hence, can deviate
only little from an isosceles triangle.*! The three additional points at the
bottom of Table 1 deviate from the fitted curve (see below) by the same
magnitude as the points included in the fit. A similar argument is probably
responsible for the fact that the points can be fitted with a two-parameter
equation, one parameter representing the overall size (o), and one the
overall shape (Q, see below).

To obtain the third virial coefficient a three-dimensional integration has to
be carried out. This was performed with the standard subroutine DQAND
from the IMSL library.’!! The integration from 0 to 3000 pm for the two
distances and 0° to 180° for the angle leads to many cancellations and,
therefore, to numerical inaccuracies due to the different signs in the
repulsive and attractive part. Hence, each variable was divided into
30 integration areas. The total numerical error is estimated to be less than
1% for C,q4 (pair-additive) and less than 4 % for AC (the non-pair-additive
part of the third virial coefficient).

Results and Discussion

The ab initio calculated points used for the fit are listed in
Table 1. The total interaction energy AE;(¢s) [Eq. (1)], the
counterpoised interaction energy of the trimer, was calculated
from the Ne; energy E;(gs;) subtracting the three monomer
energies E;(¢;), which in turn were obtained from the full Ne;
basis set.

AE;(93) = E5(¢3) — 3E(93) 1)

The ¢, values symbolise a basis set corresponding to i atoms,
and E,, E, and E; the monomer, dimer and trimer energy,
respectively. This definition of the interaction energy was
called the site—site function counterpoise method by Wells
and Wilson.P?!

Whereas the above definition of the counterpoised three-
particle energy AE;(¢;) yields a potential to be used in the
following paper without ambiguity, there are two possible
ways to define a counterpoised non-pair-additive part of the
energy that have some relevance in the calculation of the
virial coefficient. To obtain the nonadditive part AAE;(gs)
one has to subtract the three dimer interactions AE, from the
total interaction energy AFE;(¢p;). The results of the two
different procedures (a and b) are displayed in the last two
columns of Table 1.

[*] A measure for this deviation can be defined by taking the three possible
ratios <1 of the three sides and selecting the largest of them. The
closer this value is to 1, the closer to isosceles is the triangle. The three
mixed points used for the fit represent values of 0.87, 0.91, and 0.94
respectively. The smallest value possible within the above limits can be
shown to be 0.82 [(0.8/1.2)"2]. The three additional points at the bottom
of the table not used for the fit have values of 0.80, 0.85 and 0.91 (the
first including a side below 0.8 o).
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Table 1. Points on the neon trimer surface where ab initio calculations were performed and the resulting energies. For structure definition see Figure 1; for

different corrections a and b of the BSSE, see text.

a (%) Ry, (pm) R,; (pm) Ry; (pm) Total interaction Nonadditive interaction Nonadditive interaction
AE;(p;) (mEy) AAE;(@s)* mEy) AAE;(g;)° (mEy)
180 220.0 220.0 440.0 10.12211 —0.00500 0.05660
260.0 260.0 520.0 0.93253 —0.01077 0.00264
280.0 280.0 560.0 0.06912 —0.00495 0.00030
300.0 300.0 600.0 —0.18243 —0.00188 —0.00012
315.0 315.0 630.0 —0.21956 —0.00084 —0.00014
330.0 330.0 660.0 —0.20836 —0.00036 —0.00014
370.0 370.0 740.0 —0.13037 —0.00005 —0.00007
150 240.0 240.0 463.6 3.43080 —0.01048 0.01143
260.0 260.0 502.3 0.93451 —0.00679 0.00242
290.0 290.0 560.2 —0.09947 —0.00185 0.00003
300.0 300.0 579.6 —0.18248 —0.00112 —0.00007
315.0 315.0 608.5 —0.21986 —0.00055 —0.00010
330.0 330.0 637.5 —0.20873 —0.00029 —0.00009
370.0 370.0 714.8 —0.13058 —0.00004 —0.00005
120 240.0 240.0 415.7 3.42257 —0.00236 0.01005
290.0 290.0 502.3 —0.10336 —0.00068 0.00036
310.0 310.0 537.0 —0.21810 —0.00031 0.00008
330.0 330.0 571.6 —0.21085 —0.00017 0.00000
370.0 370.0 640.9 —0.13163 —0.00000 0.00002
90 180.0 180.0 254.6 70.91055 —0.56341 —1.22780
220.0 220.0 311.1 10.02105 —0.02308 0.00530
240.0 240.0 339.4 3.35940 —0.00382 0.00734
260.0 260.0 367.7 0.88428 —0.00040 0.00404
280.0 280.0 396.0 0.03493 0.00010 0.00189
300.0 300.0 424.3 —0.20643 0.00010 0.00085
315.0 315.0 445.5 —0.23788 0.00004 0.00049
330.0 330.0 466.7 —0.22233 0.00000 0.00028
370.0 370.0 5233 —0.13724 0.00005 0.00008
60 150.0 150.0 150.0 400.23495 —27.01480 —26.33715
220.0 220.0 220.0 14.85970 —0.36608 —0.30410
240.0 240.0 240.0 5.09190 —0.09534 —0.07083
260.0 260.0 260.0 1.40488 —0.02237 —0.01247
280.0 280.0 280.0 0.11471 —0.00412 0.00004
290.0 290.0 290.0 —0.14007 —0.00135 0.00136
300.0 300.0 300.0 —0.26600 —0.00020 0.00166
310.0 310.0 310.0 —0.31640 0.00022 0.00154
315.0 315.0 315.0 —0.32406 0.00030 0.00143
320.0 320.0 320.0 —0.32406 0.00030 0.00132
340.0 340.0 340.0 —0.28287 0.00024 0.00081
370.0 370.0 370.0 —0.19395 0.00015 0.00036
750.0 750.0 750.0 —0.00253 0.00001 —0.00001
30 500.0 500.0 258.8 0.49863 0.00013 0.00018
212 800.0 800.0 295.0 —0.07264 0.00002 —0.00001
16.3 800.0 800.0 226.6 3.59994 0.00004 0.00000
Mixed 480.0 415.7 240.0 1.68251 0.00023 0.00050
340.0 310.0 280.0 —0.16006 0.00024 0.00176
330.0 310.0 290.0 —0.25463 0.00022 0.00164
[a] 355.0 284.0 227.0 —0.00090
[2] 307.0 260.0 220.0 —0.01842
fa] 266.0 242.0 220.0 —0.07517

[a] Not used for the fit.

a) AAE;(g3)* [Eq. (2)] was obtained by subtracting the
counterpoised pair potential published previously [Eq. (3)]!
(for very short distances a few additional dimer points were
calculated and directly subtracted from the total interaction
energy). These are the values used for the fit and, together
with the dimer potential, for the calculation of the third virial
coefficient (see below).

AAE;(3)" = AEs(@3) — 3AE(92) (2)
AEy(@2) = Ex(92) — 2E\(92) (3)

Chem. Eur. J. 1998, 4, No. 3
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b) AAE;(¢;)° [Eq. (4)] was obtained by a more expensive
procedure. For each distance occurring in the trimers a dimer
calculation with the (ghost) orbitals of the corresponding third
neon atom was performed. The monomer energies E;(¢;)
obtained with the full Ne; basis set were subtracted from the
dimer energy E,(¢;) (Equation (5), pair interaction coun-
terpoised with trimer basis).

AAES(p3)° = AEy(¢3) — 3AEy(s) 4)
AEy(¢5) = Ex(@3) — 2E\(93) )
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The results of these two procedures are quite different and
yield different results, but one should be aware that the effects
are mostly very small. Procedure b) is consistent in relation to
the counterpoise correction, since for all calculations involved
the trimer basis set is used. However, in relation to the
concept of dividing the overall interaction into different
many-body interactions it is inconsistent, as the pair inter-
action AE,(¢;) depends on a third virtual body. For simu-
lations this division into additive and non-additive interac-
tions is irrelevant, as only the total interaction is of
importance. However, for the virial coefficients procedure
b) leads to difficulties as it is inconsistent for the many-body
interations. Therefore, we used procedure a) for a fit of the
nonadditive trimer interaction. This fitted curve was then used
for the calculation of the third virial coefficient below.

Figure 2 shows sections of the nonadditive part AAE;(gs;)?
of the trimer potential surface for three angles a (the neon
atoms forming an isosceles triangle with equal sides R). The

E/MEh T T um ;
S X____E-Q_!x--_x .......... 3 |
X o]
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-2 r o 7

-3 r N
[ oo =180° |

4 T = Xo =90° 7
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5 ¢ , ! Q L ; . B

220 260 300 340 380
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Figure 2. Non-pair-additive interaction energy AAE;(¢;)? [Eq. (2)] for an
isosceles neon triangle as a function of the side length R=R;,=R,; for
three different angles a.

potential is slightly positive at long distances for the smaller
angles, but becomes very attractive at short distances. For
large angles it is always attractive; in the case of the linear
arrangement it becomes strong immediately below the
equilibrium distance, whereas at 90° this happens at much
shorter distances. The behaviour at long and medium
distances is qualitatively equal to the Axilrod-Teller triple-
dipole term. At shorter distances, where overlap of the
electron clouds becomes important, the energies become
negative in all cases, whereas at very short distances the linear
arrangement (Table 1) experiences increasing repulsion. Ad-
ditional calculations for even shorter distances also showed
such a repulsion for nonlinear arrangements with obtuse
angles.

Figure 3 shows a representation of the nonadditive part
AAE;(@3)? of the trimer potential surface as a function of the
angle a and the side length R for an isosceles triangle.
Whereas the potential is relatively flat at longer distances, it
shows a strong maximum at 260 pm (front left side) close to
zero energy for 90°, but with large negative values for smaller
and larger angles.

Although the numbers are quite different, the qualitative
features discussed with the help of Figures 2 and 3 are the
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Figure 3. Non-pair-additive interaction energy AAE;(¢;)* [Eq. (2)] for an
isosceles neon triangle as a function of the angle a and the side length R=
Ri;=Ry.

same for AAE;(¢;)* and AAE;(¢p;)P. The numbers in Table 1
might be compared with results for single points published
recently 127141, Table 2 gives our values for structures pub-
lished in the literature, interpolated by cubic splines from the
values in Table 1 at constant angles.

Table 2. Comparison of non-pair-additive interaction energies obtained in this
work with previous calculations from the literature (energies in puE,) for several
equilateral and isosceles trimers.

Rla, a(®) AAE;(¢;)* AAE;(p;)° Ref. [12] Ref. [13] Ref. [14]

6.00 equilateral 60 0.31 1.38 1.81

5.75 equilateral 0.05 1.65 —-1.4

5.50 equilateral —1.19 1.41 -35

5.25 equilateral —-5.33 —0.74 —-87

5.00 equilateral —-17.20 —9.00 —-20.5

5.50 isosceles 90 0.16 1.19 0.0
120 —0.65 0.30 0.2
150 —1.75 —0.03 0.2

5.9645 isosceles 60 0.30 1.42 —0.68

90 0.04 0.48 —0.01

120 —-0.25 0.08 0.01
180 —-0.81 —0.14 0.02

It can be seen at a first glance that the agreement between
numbers from different sources is poor. However, one has to
be aware that most values agree in that they are extremely
small. Our AAE;(¢;)® energy shows fair agreement with the
calculation by Chalasinski et al.,['” which is of coupled cluster
type with single, double and noniterative triple excitations
and was also calculated with procedure b). The only numbers
in the table, which are larger than 2 pE,, are for the equilateral
triangle at short distances. We can see a qualitative agreement
between Wells and Wilson’s!'¥l SCF results, which are nearly
BSSE-free, and the present work.

Many analytical equations were tested to fit the non-
additive interaction energy AAEFE;(g;)?. Several of them
included Axilrod-Teller type terms. However, these terms
did not contribute significantly to improving the fits, probably
because our level of correlation in the quantum-chemical
calculations did not reproduce the long-range part of the
potential adequately. Finally, the function given in Equa-
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tion (6) was chosen for the counterpoise-corrected nonaddi-
tive part of the interaction energy.

AAE;(3)* = ai/(p*(1 4 a0 + az0%)) 6
+O(as+asp)/(p'(1 + agp + axp?)) + Qaglp’ ©)

P=Rip X Ry X Ry3

Q =cos(a,)cos(ay)cos(az)
a; =—1494.04316399
a,=—2.40436522 x 102
a;=1.98381726 x 10~
a,=—3.34763381 x 10*

a;=196.84364784
ag=—1.00003202 x 102
a4, =4.64397240 x 10~
ag=—"T77.45577385

a; are the angles of the triangle formed by the three neon
atoms and g; are parameters in atomic units. Not all figures
displayed are significant. We show them only to avoid round-
off errors. For the fit 18 additional points for isosceles
triangles with sides of length 800 pm and angles smaller than
60° were chosen with an energy set to zero in order to enforce
complete decay of the function at large distances. This is
justified by a comparison with the numbers from quantum
chemical calculations in Table 1. The points could be fitted
with a standard deviation of about 0.3 pE,, which is slightly
more than the numerical accuracy of the ab initio energies,
which we estimate to be about 0.1 uE,.

The total interaction energy AFE;(g;) is then given by
Equation (7), where AE,(¢,) [Eq. (8)] is the original NE1
pair potential and a; are parameters in atomic units. The third
virial coefficient C consists of a part C,qq [Eq. (9)] due to the
additive pair interactions and a part AC [Eq. (10)] due to the
nonadditive three-particle interaction.*!

AE;(gs3) = AAE;(93)* + 3AEy(¢,) (7

AEy(¢,) =ae R+ a;R"? + a,R + asR® + agR™° 8)

a, = 148.735474
a, =2.3520917
a,=37497.54

a,=—15160.348
as=—8.3724779
a,=—6.8028878

Coaa=—81N%/3 [[[[exp(— VilkT) — 1] x 9
[exp( = Vi5/kT) — 1][exp( = Vo3/kT) — 1]R ;R 3R 3dR12d R 13dRs ©)

AC=—8mN3/3 [[[lexp(— AVy/kT) —1] x

exp{ — (Vip+ Vi + Va3 )/kTYR ;R 3Ry3d R1,d R 3d Ros (10)

In Equations (9) and (10) AV;=AAE;(¢;)* and V;=
AE,(¢,). Table 3 displays values for C,q4, AC and their sum
at different temperatures, which are high enough for quantum
effects to be negligible. The numerical accuracy of the
calculated data has already been discussed. We do not know
the error due to the inaccuracy of the potential, but we
estimate it to be much larger than the numerical one. This is
especially true for AC. The numbers given in the table were
obtained with the fitted function from the above integral for
the limit of very large R (3000 pm). The fitted function has a
small, but very slowly decaying tail that leads to unrealistic
values at long distances in the integration. If the integration is
taken only to 750 pm, where the values from the ab initio
calculations converge to zero, AC is about 30 % smaller. The
main conclusion that may be drawn from Table 3 is that AC is
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Table 3. Third virial coefficients of neon in cm®mol=2. C,y is the pair-
additive part, AC the non-pair-additive part, and C, and C,,, are the
calculated and experimental total third virial coefficient, respectively.

TK) Caw AC Cac  Copl Copl Copfd Cl?
123 264 —198 244 309
173 253 —141 239 199
23 245 112 234 228
273 238 -94 227 225 246 220 256
323 232 -81 24 224 234 180

373 225 -73 218 224 238 432
23 219 —66 212 197 208

473 213 —60 207 335

[a] Ref. [38]. Six-term fit of PV data (max P 2900 atm). [b] Ref. [38].
Three-term fit of PV data (max P 80 atm). [c] Ref. [39]. Three-term fit of
PV data (max P 80 atm). [d] Ref. [34,35]. Five-term fit of PV data (P:
100 atm).

very small, usually only a few per cent of the additive part
C,qa, DUt increases at low temperatures.

Experimental values are shown for comparison in Table 3.
It can be seen that there is quite a disagreement between the
different sources. We are not aware of any more recent or
more accurate data. The results by Holborn and OttoB3+3
show an unusual scattering with temperature and disagree at
most temperatures with other experimental and calculated
values. Therefore, we assume that they are rather inaccurate.

Two decades ago LesP! published calculations with a
Conway and Murrell®”] pair potential and the Axilrod-Tell-
er potential for the nonadditive part. In the temperature range
given in the table, he found values for C,4; between 216 and
184 cm®mol~? and for AC between — 3.3 and — 1.3 cm®mol 2,
in reasonable agreement with our results.

In the following paper, further comparisons with experi-
ments are made by application of the potential in simulations
to investigate the influence of the three-body interactions on
different fluid properties at high densities.
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Chemical Accuracy Obtained in an Ab Initio Molecular Dynamics Simulation
of a Fluid by Inclusion of a Three-Body Potential

Barbara Kirchner, Elena Ermakova, Jan Solca, and Hanspeter Huber*

Abstract: A three-body potential was included in a molecular dynamics simulation
program to calculate structural and thermodynamic properties of liquid and liquid-

like states of neon. In general the agreement with the experiment is within 1%. For
high densities at 300 K the pressure shows three-body effects up to 3 %. Accounting
for these effects with the new three-body potential allows one to predict the pressure
at high densities not easily accessible to experiment. At very low temperatures

Keywords: molecular dynamics -
neon - supercritical fluids - thermo-
dynamics - three-body interactions

translational quantum effects, which are not treated adequately in the present

simulations, are sizeable.

Introduction

As much interesting chemistry takes place in the liquid phase,
one goal of theoretical chemists has been to achieve a more
accurate description of liquid systems. Preferably, in order to
provide close correspondence with experiment, one would
like deviations between calculated and experimental proper-
ties to be less than 1 %. In order to reach this accuracy within
the constraints imposed by present computational facilities we
need to systematically determine the macroscopic consequen-
ces of various microscopic changes.

In the theory of fluids, computer simulations of noble gases
as test systems have provided valuable insights relevant to
more complex systems. Recent advances in liquid noble gas
molecular dynamics and Monte Carlo simulations have
focused on three key areas: the use of the best pair potential,
the inclusion of quantum corrections and the accommodation
of many-body effects.

Initial efforts involved replacement of simple model
potentials, in particular the Lennard-Jones potential, with
more precise pair potentials (see for example the Ar potential
of Woonl"), which have been applied in molecular dynamics
simulations.”! A systematic study of the influence of basis-set
size on ab initio potentials and simulated properties has been
undertaken for neon. A first potential NE 18] was constructed
based on ab initio total energy calculations with a basis set

[*] Prof. Dr. H. Huber, B. Kirchner, J. Solca, E. Ermakova™*
Institut fiir Physikalische Chemie der Universitit Basel
Klingelbergstrasse 80, CH-4056 Basel (Switzerland)
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[*] Kazan State University (Russia)
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consisting of 71 primitive Gaussians contracted to 45 func-
tions per atom, and a second one NE 2 with 112 primitives
contracted to 84 functions, both including correlation by
MP4(SDTQ) perturbation theory. The improvement of the
pair potential was found to have a large effect on pressure and
energies, particularly at high densities, a lesser but still
significant influence on derived thermodynamic properties
like molar heats, compressibilities, etc., but hardly any effect
on structure and transport properties.* !

The second question to be investigated is the importance of
quantum corrections for liquid noble gases. This is explored in
semiclassical simulations by Ermakova et al.,[! who showed
that virtually exact pair distribution functions are obtained by
including a quantum effective Wigner - Kirkwood potential.

The last important correction should come from the
inclusion of many-body effects. A short discussion of its
relevance is given in the preceding paper!”! and more details
are found in recent reviews.®° In this publication we
investigate the importance of three-body effects on fluid
neon by combining the non-pair-additive part of the three-
body potential (see preceding paper) with two different pair
potentials. We also investigate which properties are sensitive
to three-body interactions (TBI) and when the latter are
negligible.

Computational Methods

The potential energy in the absence of an external field is given in
Equation (1) where r, is the vector pointing to atom i, the first summation is
over the pair potentials AE, (two-body terms), the second over the non-
pair-additive parts of the three-body potential AAE; (three-body terms,
hereafter referred to as non-additive TBI) and so on. In this work only two-
and three-body terms are included.
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Epu=Y_ > AE(EE)+Y > Y AAEs(rnx)

i Jj>i i j>i k>j

Y DTSN T AAE (k)

i k>j >k

The three-body potential obtained in the preceding paper was built into a
molecular dynamics program for simulations in the microcanonical (NVE)
ensemble, which employs the Verlet leap-frog algorithm for a cubic box
with periodic boundary conditions. More details about the original program
and the parameters applied in the simulations can be found in ref. [10].
To include the three-body terms changes in the program are mainly
necessary in the force routine in which not only forces, but also energies
and the virial coefficient are calculated. The conventional double loop over
the particles is nested with an additional third loop. In the double loop the
two-body terms are calculated as before and in the third embedded loop the
three-body terms are added. By using this scheme we are able to take
advantage of the fact that the non-additive TBI can be combined with
different pair potentials.

We have recalculated the thermodynamic properties determined by
Eggenberger et al.! within the pair potential approximation, this time
including three-body effects. The following definitions have been used
[Egs. (2), (3) and (4)].

U= (E) = (Epu+ En) @)
Epm~ > 3 N AERD N AE(r)
i k> i i (3)
+ Z Z Z AAE}("g‘J’ka}k) + Errca+ Erres
T i ko)
En="hRT="0,> my} )

The potential energy E,, consists of sums over the pair potential AE, and
the nonadditive TBI AAE;, which are both given in terms of interatomic
distances, and the corresponding long-range corrections E| z¢ (see below).
R is the universal gas constant, 7 the temperature and m; and v; are the mass
and the velocity of particle i, respectively. Sums are taken over N particles;
(...) is the time average. The pressure P [Eq. (5)]consists of the ideal gas
pressure and terms taking care of the intermolecular interactions through
the pair virial W, and non-additive part of the three-body virial W;
[Eq. (6)], and the corresponding long-range corrections.

P=p(RT+ W, +W;) + Prrca+ Prres Q)

(6)
W=3"3"3" (1, V,(AAES) + 14V, (AAE;) + 1.V, (AAE;)

i k>

The molar heat capacity Cy,, [Eq. (7)] at constant volume contains the
fluctuation of the kinetic energy. Three-body interactions affect this
equation only indirectly, through the different dynamics of the particles in

Abstract in German: Zur Berechnung von Struktur und
thermodynamischen Eigenschaften von fliissigem und super-
kritischem Neon wurde ein Drei-Teilchen-Potential in ein
Molekiildynamik-Programm integriert. Die berechneten Ei-
genschaften stimmen mit einer Abweichung innerhalb von ca.
1 % mit den experimentellen iiberein. Fiir hohe Dichten zeigt
der Druck bei 300 K einen Drei-Teilchen-Anteil von bis zu
3 %. Durch Beriicksichtigung dieses Anteils im neuen Drei-
Teilchen-Potential konnen Driicke bei hohen Dichten voraus-

the system. For the calculation of the thermal pressure coefficient yv
[Eq. (8)], the fluctuation of the temperature (07%) and time averages of

Cum="LR{1 =N (R{T))* (0 E§n)}"! ™
7v=Cunplls = N(R{T?) " (R(OT?) + (TW) — (T)(W))] ®)

the virial W (the sum of W, and W;) are needed. The virial contains the
nonadditive TBI. The adiabatic compressibility S5 [Eq. (9)] includes the
fluctuation of the pressure, and the hypervirial y. For simplicity, and to save
computing time, the hypervirial (defined in ref. [11]) was treated only for
the pair potential. This is not exact; however the contribution would have
been small. The isothermal compressibility S; [Eq. (10)] contains the

(Bs)™' == (0P%)(Ro(T))"'N +*sRo(T) + (P) + p(x) ©)
(Br) ' =(Bs) ' — ()7 (Cym) ™! (10)

hypervirial through the adiabatic compressibility S, hence it is also not
corrected exactly. This latter statement is also true for all the following
properties: Cp,, the molar heat capacity at constant pressure [Eq. (11)], ¢
the speed of sound [Eq. (12)] and u the differential Joule - Thompson
coefficient [Eq. (13)].

Com = CynBr/Bs 11
c=(pPs)1? (12)
= Bryv(T) = DI(pCy,) 13)

Use of a Verlet neighbour list, and truncation of both the pair potential and
the nonadditive part of the three-body potential, leads to three important
radii. The list radius ry, is chosen to be 3.1 o, o being 283.8 pm for NE 1 and
279.2 pm for NE 2. For the two-body and three-body terms of the potential
the cutoff radii were set at r,,, =2.7 o and r.,; = 1.34 0, respectively. 7., has
to be smaller than half of r,, as a result of the way we have implemented
the loops and the long-range corrections. A nonadditive AAE; contribution
is included in the third loop if all distances are within r.,, and at least two of
them within r,;. Similarly, within the third loop a subroutine is called that
calculates the pressure P;=p x W; due to the three-body interactions.
The truncation of the potentials requires a correction. Long-range
corrections Ejgc, and Pprrc, for the pair potential are described in detail
in ref. [11]. We also have to add long-range corrections for the truncation of
the nonadditive part of the three-body potential. The energy correction is
given by Equation (14).1'

Eires= ]/6N§\PB.[.[.[8('1 X1 X3)AAE; dridrdr; (14)

N, is Avogadro’s constant, p the particle density, and g(r,,r,,r;) the trimer
distribution function. The integration is performed over the space
complementary to the one accounted for in the loop. Applying the
Kirkwood superposition approximation, g(r,,r,.r;) can be replaced by the
product of the three pair distribution functions g(r;,)g(r3)g(r,;) and the
integration variables transformed to the interatomic distances ry,, r3, and
F23, by the relation shown in Equation (15);1"*l thus Equation (14) turns into
Equation (16). For practical reasons we use two interatomic distances and
the angle between them as variables together with the Jacobian r,r ;sin®/
1,3 for the long-range energy correction [Eq. (17)].

drdrydry =8 X 11 3rydrdrsdry (15)

Eircs= 4/3n2N£pzf”g(rlz)g(r|3)g(r23)AAE3 Fiofistasdrdradry (16)

gesagt werden, die dem Experiment kaum Zuganglwh sind. Die Eires="15NAL [ [ [8(r12)8(r13)g(rs) AAES(r12,113,0) 111 18I0 @drpdr ;d© 7)

Quantelung der Translationsbewegung der Atome bei sehr
tiefen Temperaturen wird in den vorliegenden Simulationen
nicht beriicksichtigt.

384 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

The integration limits were chosen to include only those trimers which are
not treated in the force routine. The limits for the first two integrations are
s and infinity, for the last integration zero and m. Note again that r s
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should be less than half of r.,, otherwise some cases will be handled
neither in the force loop nor in the TBI long-range subroutine. The
integration is performed numerically by a three-dimensional Gaussian
quadrature.'! The corresponding correction for the pressure is given in
Equation (18). The three-body long-range corrections are added at the end
of the calculations, when the pair distribution function is available from the
simulation.

Prres= =l NA0*[ [ [8(r12)g(r13)g(r2s) P3(ri2.713,0)111%; sin@drpdr;;d®  (18)

Results and Discussion

In the following we refer to the older potential given by
Eggenberger et al.’l as NE1 and the newer one as NE2.[4
NE1/TBI is the older potential including the three-body
interaction as calculated in the preceding paper, whereas
NE2/TBI is the newer pair potential NE2 combined with the
nonadditive three-body interaction calculated with the small-
er basis set NE1 in the preceding paper. This latter approach
may be questioned. It has been pointed out in the literature,['”]
however, that the nonadditive part of the three-body inter-
action shows much faster convergence with the basis set size
than the pair interaction.

Before discussing the present results in detail, let us
consider an interpretation of the deviations from experiments
in our previous simulations. Simulations with the pair
potential NE2 yielded very accurate properties at low
pressures (note that in this paper a pressure of 100 MPa=
1000 bar is called a low pressure, as it is at the lower end of the
pressures investigated; this should not be confused with a gas
at low pressure). For example, in the supercritical state at
300 K and 100 MPa the pressure calculated with the pair
potential NE2 is 1.8 MPa too large (4.3 MPa for NE1).
However, at greater pressures the deviations increase, reach-
ing 39 MPa at 1000 MPa (98 MPa for NE 1). These results do
not suggest that the dispersive interactions need an improve-
ment, but rather that the repulsive part of the potential might
not be fully adequate. The two pair potentials NE1 and NE2
are very similar in the long-range part. One main improve-
ment of NE2 is the depth of the potential near and at the
equilibrium distance (108.4 uE, for NE1 and 120.6 pE, for
NEZ2; the experimental depth is estimated to be 130.6+
4.6 uE;). The well depth together with other pair properties
(for a more detailed discussion see ref.[4]) gives us an
estimate of the difference between NE2 and the true pair
potential that is slightly smaller than the difference between
NE 1 and NE2. We will refer to this in the discussion below. A
second important change is the shift of the repulsive wall to
smaller distances (Figure 1). At high pressures this will be
more important and we can try to give a qualitative
interpretation in terms of a hard-sphere model.

For a hard-sphere model the Percus — Yevick equations can
be solved analytically!'® and the pressure given as a function
of density. It can be shown that the difference in pressure
between systems of smaller and larger spheres is small at low
density; however, the deviation increases sharply as the
density is raised. This behaviour parallels that observed in our
MD simulations, that is, increased deviation between calcu-
lated and experimental pressure as the density is raised, and

Chem. Eur. J. 1998, 4, No. 3

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

0 i i
200 220 240 260 280
rlpm

Figure 1. The repulsive part of the ab initio potentials NE1 and NE2
applied in the simulations.

significantly greater deviation for NE1 than for NE2 (see
Figure 3). We can consider the NE 1 model atoms as larger
spheres and the NE2 model atoms as smaller spheres, as a
result of the shift in the repulsive wall described above. Note
that estimated experimental diameters correspond to yet
smaller spheres. The hard-sphere results indicate that the
improvement in calculated pressure from NE 1 to NE2 can be
attributed almost entirely to the improvement in the repulsive
part of the potential. For the three body interactions to result
in further improvement, they would need to modify the short-
range repulsive part of the potential, rather than the long-
range behaviour. Inclusion of Axilrod — Teller interactions, for
example, is unlikely to produce an improvement in this case.
Figure 3 of the preceding paper shows for an isosceles triangle
that AAE; is indeed very negative at a distance o, thus leading
on average to smaller spheres, which in turn will reduce the
pressure, as we will see. At very short distances it becomes
positive again, but this has no influence at the temperatures
studied. The long-range part of the nonadditive TBI is
negligible compared with the repulsive part. It should be
pointed out that this might be a result of the limited order of
perturbation we used in our correlation calculations; how-
ever, in view of the excellent agreement of all bulk properties
calculated at low pressure, there is no reason to assume that a
more accurate attractive part should play a significant role.

In summary, the previous deviations of simulated from
experimental results were a result of defects in the repulsive
part of the potential, rather than in the attractive part. We will
now discuss the present results and give more detailed
arguments.

Structure: For a discussion of the structure we use the radial
distribution function g. It has been shown previously® that the
improvement of the potential from NE 1 to NE2 has very little
influence on g. At temperatures of 26 and 36 K the first
maximum was identical within statistical error, while at 42 K it
increased by 3% from NE1 to NE2. It was estimated™ that
the deviation of NE2 from the experimental pair potential is
smaller than the deviation of NE1 from NE2. Hence, an
improvement of the potential should produce no significant
change in g. Furthermore, Ermakova et al.l! were able to
show by means of a quantum effective potential that the
quantum-corrected g functions are virtually identical with the
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experimental functions. Hence, we did not expect much
change due to the three-body interaction. This was indeed the
case and in a graph of the g function one can hardly see any
change. However, if we take a close look at the first peak of
the g function as given in Figure 2, we see a small shift of

25 . : ;
o ENE‘?& F‘z)i?;g
Xn ‘*s!'d-
2.0} Ham ] -
] R.EPEP
Nu PPEPRI
150 a s
Xu
1.0 s
;f' » NET

e o NE2

05 1xu x NE2/TBI 1
n
0.0 TR 1 1
270 290 310 330 350

ri/pm

Figure 2. An enlarged portion of the g pair distribution function at 36 K
showing the shift of the first peak to smaller distances with improved levels
of calculation.

about 2 -3 pm towards smaller radii between NE 1 and NE2,
and an even smaller shift of about 0.5 pm in the same
direction, if we include the three-body interaction. A similar
small shift is observed in the supercritical state at 298 K and
1000 MPa. This is in agreement with the preceding discussion
about the potentials shown in Figure 1.

We conclude that for rare gases quantum effects at low
temperatures are important, whereas three-body effects and
the quality of the pair potential are of minor importance. If
this could be generalised for the structure of molecular liquids
it would be of great help for the calculation of accurate solvent
effects as performed by several authors for infrared absorp-
tion,'l nuclear quadrupole couplings,'®?) and NMR
shifts.[?> 24

Pressure: As mentioned above and shown in Table 1 and
Figure 3,1 the pressure simulated with pair potentials
deviates increasingly from experimental values at higher
densities. If we think in terms of hard spheres with too large

gmo : ——
Q = NE1-Exp.
< 801 o NE1/TBI-Exp. ]
o NE2-Exp. .
6ol © NE2TBIExp. . |
L
40 | o
n
[ )
20t . .
0 n o o o ]
20000 40000 60000 80000
p/mol m3

Figure 3. Deviations between calculated and experimental pressure versus
the density at a temperature of 298 K. The points correspond to pressures
of 100, 400, 700 and 1000 MPa, respectively.

radii, we expect such deviations as those found in all our
previous simulations. The smaller spheres of NE2 improve
the results more than the inclusion of three-body interactions
in simulations with NE1. This could be an indication that
many deviations from experiment attributed in the literature
to many-body effects could be the result of inadequate pair
potentials. However, there is also an improvement due
to the inclusion of the three-body interaction, although it
has only about half the size of the improvement be-
tween NE1 and NE2. Comparison of the improvements of
the pressure in Figure 3 when three-body interactions are in-
cluded with NE1 or NE2 shows that they are nearly
additive.

At a first glance Figure 3 gives the impression that the
present calculations on the NE 2/TBI level are virtually exact.
However, we must be aware that a better pair potential could
yield smaller pressures which deviate slightly more (with a
negative sign) from experiment than the present results.
Nevertheless, the results will be within typical chemical
accuracy and we have shown here that three-body interactions
are quite small, yielding a contribution of only about 3 % even
at a pressure of 1000 MPa. The situation could be different for
molecular liquids at ambient temperatures, as in those cases
the attractive part of the potential might play a more
important role.

Table 1. Energy U and pressure Pl calculated on different levels and compared with the experimental values Uy, and P,

T 1Y Py Pgirar Py, Pyorrar Py, Ui Ungrren Uxez Unezrar Uy
(K) (molm~=3)  (MPa) (MPa) (MPa) (MPa) (MPa) (Jmol ™) (Jmol ™) (Jmol ™) (Jmol1) (Jmol ™)
298 26472 104.4 103.9 101.8 101.5 100 3477 3461 3433 3424 3372
298 54411 432.7 426.7 413.1 405.5 400 3575 3546 3456 3422 (3289)
298 66998 764.6 747.8 723.0 707.4 700 3944 3882 3746 3688

298 75373 1098.0 1068.2 1039.1 1006.6 1000 4377 4283 4115 4025

100 50864 118.3 114.8 107.0 103.5 100 331 309 255 234

200 34650 108.0 106.8 103.8 102.8 100 2033 2025 1981 1977

298 26472 104.4 103.9 101.8 101.5 100 3477 3461 3433 3424 3372
400 21527 103.6 103.3 101.8 101.4 100 4864 4860 4833 4830 4745
500 18178 102.6 102.6 101.4 101.2 100 6192 6189 6166 6163

28 63532 374 29.5 171 9.3 20 —1212 —1249 —1307 —1343

[a] The equilibrium temperatures of the simulations usually deviate slightly from the exact temperatures given in the table. As pressure and energy are very
sensitive, the values from the simulations were interpolated to correspond exactly to the temperatures given in the first column. The errors caused by the
interpolation, the statistics and the simulation parameters are estimated to be about 0.5-1% for pressures and 0.5 % for energies. [b] Experimental values

interpolated and extrapolated (in parentheses) from ref. [25].
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Figure 4 shows the pressures at 100 MPa as a function of
temperature. To understand the behaviour we should recog-
nise the noticeable increase of the densities at lower temper-
atures, reaching a value not far from liquid densities at 100 K.
At higher temperatures and, hence, low densities (i.e., on the

20 T T T T T T
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Figure 4. Deviations between calculated and experimental pressure versus
the temperature at an experimental pressure of 100 MPa. The densities
change from 18178 to 50864 molm—3 (see Table 1).

right side of the graph) the three-body interaction contributes
little. Therefore, the remaining error (although close to the
technical error, see below) probably results from the pair
potential. Indeed, the gap between NE2 and the experimental
pressure is slightly smaller than between NE 1 and NE2, as is
the potential depth of the pair potential. This suggests that the
remaining errors result from the inaccuracies of the pair
potential NE2.

The statistical error of the simulated pressure is typically
less than 0.2 % with an additional error of about 0.1 % that
stems from the temperature correction. An error owing to the
cutoff radii, the step size and the limited number of atoms is
estimated from simulations at 1000 MPa to be about 0.5 %,
which results in an overall technical error of the simulated
pressures of 0.5 to 1%.

The last line of Table 1 needs a further comment. It is a
phase point in the liquid state at very low temperature. Hence,
translational quantum effects will be extremely important. An
estimate of its size by perturbation theory was given by
Eggenberger et al.,[¥ who obtained a pressure of 33.6 MPa as
compared with 17.1 MPa without corrections for the same
state point with NE2 with the inclusion of quantum correc-
tions. If, similarly, a factor of two is applied to the new result, a
reasonable pressure of about 20 MPa results.

The pressure is probably the property most sensitive to
errors in the intermolecular interactions. Hence, the present
results with a typical deviation of about 1 % from experiment,
at temperatures that are not too low, are very satisfying.

Internal energy: The internal energies are given in Table 1.
There are only few experimental values available for compar-
ison. The deviations are less than 2%, that is, chemical
accuracy is roughly attained for energies as well. Going from
NE1 to NE2 the energies are lowered by about 40 Jmol~! at
low pressures and up to about 250 Jmol~! at 1000 MPa. A
rough estimate of what is expected from the change in the

Chem. Eur. J. 1998, 4, No. 3
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potential can be given as follows: The first shell in liquid neon
has roughly 10 atoms corresponding to 5 pair interactions. The
NE2 potential is about 10 pE, (25 Jmol™!) less than NE1 in
the equilibrium region, suggesting a lowering of the energy of
the order of 5 x 25 =125 Jmol~' in agreement with the above
numbers. A further lowering of the energies by a similar
amount caused by a more accurate pair potential would
improve the present energies and make them virtually exact,
if three-body interactions are included. On inclusion of three-
body interactions the change in energy is again only less than
half of the change observed between the two pair potentials.
The largest three-body interaction (at 1000 MPa) is only
slightly more than 2%. A comparison of the columns Uyg;
with Uyg, in Table 1 on the one hand and Uyg, with Uyg,rp; On
the other shows that the three-particle interaction is smaller
than the improvement in the two-particle interaction. This
means that a further improvement in the pair potential would
have a sizeable effect. An estimate, as carried out for the
pressure, yields an overall technical error that is due to
simulation parameters and so on of about 0.5% for the
energy.

As for the pressure, a very accurate energy is only obtained
with an excellent pair potential. To use a very accurate pair
potential is more important than to include three-body
interactions, although at very high pressures the latter gain
significance.

Derived thermodynamic properties: As previously report-
ed,[> 201 derived thermodynamic properties such as the thermal
pressure coefficient, the adiabatic and isothermal compressi-
bility, the thermal expansion coefficient, the Joule — Thomp-
son coefficient, the speed of sound, and the molar heats at
constant volume and pressure have been calculated with
reasonable accuracy. Therefore, we did not expect much
improvement as a result of many-body interactions. This was
confirmed in the present simulations, in which all values were
the same as those obtained with NE 2 within statistical errors.
Hence, we will only discuss the various properties briefly
without giving an additional table with the values. Because
translational quantum effects have unknown influences on the
liquid phase point with temperature 28 K, we exclude this
point from the discussion.

Comparison with experimental values, where available,
shows that whereas the adiabatic compressibility is accurate
within 1 to 2 %, the isothermal compressibility deviates by up
to 5%. Although this deviation is more or less within
statistical error, the calculated values are systematically too
low. Regarding the change from NE1 to NE2 simulated
values,P! it is likely that an improved pair potential would
result in very accurate values. A similar statement applies to
the Joule - Thompson coefficient. The isothermal compressi-
bility was also computed as a derivative from a fit of the
volume as a function of the pressure. Within the error limit the
results are the same as with the statistical equations. For the
thermal pressure and expansion coefficients no experimental
values were found.

The speed of sound is typically 1-2% too high, which is
slightly more than statistical error. Again the improvement
found going from NE 1 to NE 2 suggests that an improved pair
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potential would lead to excellent agreement with experi-
ment.’! The molar heats at constant volume and at constant
pressure are, within statistical error of about 1%, in agree-
ment with the experimental values.

Generally speaking, we expect very accurate derived
thermodynamic properties from highly accurate pair poten-
tials without including three-body interactions.

Conclusions

Simulations were performed with two different pair potentials
combined with the nonadditive part of the three-body
interaction described in the preceding paper. All potentials
were obtained from quantum-chemical ab initio calculations.
The results showed that three-body interactions have little
influence on structure and derived thermodynamic properties,
but decrease the pressure and the energy at high densities by a
few percent. The important three-body interaction at these
high densities is repulsive, that is, not of Axilrod —Teller type.
The deviations from experiment of all properties at low
temperatures lead us to the conclusion that quantum effects
are always important. For the structure this was shown
directly by the application of quantum effective potentials,®
leading to excellent agreement with experiment. The quality
of the pair potential plays a crucial role for energy and
pressure, has some importance for the derived thermody-
namic properties, but is not so critical for the structure.
Here and in the previous work it was shown for the first
time that it is possible to simulate a fluid (neon) with chemical
accuracy over a wide pressure and temperature range
completely ab initio without the use of any empirical
parameters. Low temperatures are excluded, since transla-
tional quantum effects become important there and cannot be
treated adequately in the present classical simulations.
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Control Over Aragonite Crystal Nucleation and Growth: An In Vitro Study of

Biomineralization

Yael Levi, Shira Albeck, Andre Brack, Steve Weiner, and Lia Addadi*

Abstract: Calcite and aragonite are the
two most stable polymorphs of calcium
carbonate. Even though they have very
similar structures, many organisms are
able to selectively deposit one poly-
morph and not the other. Recent in
vitro studies have shown that one or
more mollusk shell matrix macromole-
cules are capable of specific polymorph
nucleation, provided they are in an
appropriate microenvironment.['l In this

ing the diffusion of ions and macro-
molecules into the structure. Fluores-
cent light microscopy and scanning elec-
tron microscopy (SEM) demonstrate
that the silk fibroin is intimately associ-
ated with the chitin framework. One
particular fraction purified from the
assemblage of mollusk-shell macromo-
lecules extracted from an aragonitic
shell layer is able to specifically induce
aragonite crystal formation in vitro.

whereas the aragonite crystals induced
by the total assemblage of macromole-
cules are shortened into ellipsoids. This
implies that other components in the
assemblage modulate crystal growth.
Finally, testing of a series of Asp and
Leu or Glu and Leu containing synthetic
peptides in the in vitro assay system
shows that only (Asp-Leu), is capable of
specifically inducing aragonite forma-
tion. All these observations demonstrate

study we examine aspects of the struc-
ture and function of some of the com-
ponents of this S-chitin—silk fibroin in
vitro system. We also show, by scanning
electron microscopy, that the chitin
framework is very porous, thus facilitat-

These crystals

zation -
peptides

Introduction

Crystal formation processes in biology are often very well
controlled. Characteristically, the resulting crystals are ori-
ented in specific directions, and have shapes and sizes that are
quite different from their inorganic counterparts. In the case
of CaCOj;-containing skeletons, there is also usually complete
control over which of the various polymorphs are formed.??3!
The most common biologically formed polymorphs are calcite
and aragonite, which are structurally very similar. The major
difference between these two polymorphs is that the carbo-
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needle-shaped, that polymorph specificity is dependent
upon the amino acid sequence, the
conformation of specific protein(s) in
the mollusk shell and the microenviron-
ment in which crystal nucleation and

growth takes place.

nate groups in calcite are all in a plane, whereas in aragonite
they are slightly staggered and rotated.[ The manner in which
organisms control polymorph formation is not well under-
stood, and is particularly perplexing bearing in mind the small
differences in structure and stability at ambient temperature
between polymorphs. One frequently suggested mechanism
involves the introduction of a specific inhibitor of calcite (such
as magnesium), which allows the aragonitic polymorph to
form.71 Magnesium is known to induce aragonite formation
from sea water, and in vitro at ratios of Mg/Ca > 4,1®l but has
never been shown to be operative in vivo.

Falini et al.l! recently addressed the question of calcite/
aragonite polymorphism using mollusk shells as a starting
model (where calcite and aragonite often compose two
different coexisting shell layers). They assembled in vitro a
complex containing the major matrix components present in a
mollusk shell, namely S-chitin,! silk-fibroin-like protein,['%!1
and water-soluble acidic macromolecules.['>l They obtained
p-chitin from the normally unmineralized pen of the squid,
Loligo (which belongs to the Cephalopoda, a class within the
mollusk phylum). Silk fibroin was extracted and purified from
the cocoon of the silk moth, Bombyx mori. They then diffused
into the matrix aspartic-acid-rich glycoproteins extracted
from either an aragonitic mollusk shell layer or a calcitic
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layer. When this assemblage was placed in a saturated
solution of calcium carbonate, multicrystalline spherulites
formed within the complex. These were aragonitic if the
added macromolecules were from an aragonitic shell layer, or
calcitic if they were derived from a calcitic shell layer. In the
absence of acidic glycoproteins no mineral formed within the
complex. However, crystals of vaterite, another (relatively
unstable) polymorph of CaCO;, did form on the complex
surfaces. Falini et al.l'l also observed an intimate relation
between the assembled organic complex and the crystals that
formed. The morphologies of the latter varied according to
the source of the added macromolecules.

Belcher et al.l*] have produced an analogous in vitro system
that is also capable of specifically inducing the formation of
aragonite or calcite crystals. They used the so-called “green
layer” from the abalone shell and added macromolecules
from either a calcitic layer or an aragonitic layer of the
abalone. As yet, little is known about the composition and
structure of the green layer.

In an artificial system (not including any biogenic constit-
uents), Litvin et al.'l have recently shown that aragonite
formation can be induced under a Langmuir monolayer
composed of 5-hexadecyloxyisophthalic acid (Ci4ISA).

These studies clearly showed that considerable control can
be exerted in vitro over the crystal formation process. This
includes control over nucleation and the type of polymorph
formed, as well as over crystal growth. The present study was
aimed at elucidating some of the factors involved in specific
aragonite nucleation, as well as characterizing the micro-
environment in which crystal growth takes place in the system
devised by Falini et al.l"

The strategy adopted was first to examine aspects of the
ultrastructure of the f-chitin from squid pen following the
earlier investigation of Hunt and EI Sherief.'7 We then
addressed the question of the spatial relations between the
chitin framework and the added silk fibroin proteins. In the
third stage, we purified the soluble macromolecules from an
aragonitic shell layer of the mollusk Atrina, in order to better

Abstract in Hebrew
SIBND 1PD OWIIX PIAN NN DX HMNMIN W ON VININY OXOP
IV NPV 0INY DVNDD OI7 OON YIY,IIT MHIN OT¥I BNYH MY
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PNDING PAIDD 23700 I1NIANY AN, PIINDY ROV NNDIN IN PN
WN DPONT ONININ DY TOTIY 0PN TV AYID HY1 1N PYINDY IPOIOON
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MYNINN N2 TNOPIN NAVI J L, DOTINY ONIATH DY PNNIaNPN
ANDYTR YN TPSNIPY
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understand their individual functions in the in vitro system.
Finally, in order to further clarify the possible roles of specific
amino acid sequences, we used the in vitro systems to test a
series of synthetic peptides.

Results

Structural characterization of the chitin—silk-matrix macro-
molecules complex: After removal of the originally associated
proteinaceous material, the chitin from the squid pen seen at
low magnification (Figure 1A) has a lamellar structure with
parallel fibers organized to form sheets. The fibers that lie
along the surface appear smooth at these magnifications, as do
the surfaces of the different sheets. At higher magnifications,
however, the surface of each lamella is visibly porous
(Figure 1B). The presence of pores might conceivably be
due to the critical point drying prior to observation in the
scanning electron microscope, but we note that a porous
structure was also observed after freeze fracture in a trans-
mission electron microscope (data not shown). No difference

Figure 1. Scanning electron micrographs of chitin (A,B) and of chitin/silk
assembly (C) after critical-point drying. A) View of the chitin surface and
edge showing the lamellar structure. B, C) High magnification of the chitin
surface before (B) and after (C) deposition of silk.
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was observed in the appearance of the chitin in the SEM
before or after deposition of silk fibroin (Figure 1C). Thus,
silk does not appear to fill and/or block the pores, and we infer
that it is spread on the chitin lamellae as a thin layer
undetectable at a resolution of tens of nanometers (at least in
the dried state).

For the study of the relative distributions of the different
components (chitin, silk and matrix proteins), the fluorescent
dye rhodamine isothiocyanate was first covalently bound to
soluble matrix proteins extracted from the nacreous layer of
the shell of Atrina serrata. The labeled proteins were adsorbed
on polystyrene tissue-culture dishes, on the f-chitin frame-
work, and on the assembly of S-chitin and silk fibroin.
Fluorescence was then monitored with a fluorescence micro-
scope and compared in the different systems. No fluorescence
was observed when the labeled proteins were adsorbed on
polystyrene. Labeled protein adsorbed on chitin showed weak
fluorescence (Figure 2A), whereas labeled protein adsorbed
on the assembly of chitin and silk showed more intense
fluorescence (Figure 2B). In the latter, characteristic features
of the chitin framework, such as lamellae and fibers, were also
highlighted by the fluorescent dye. When the same procedure

Figure 2. Fluorescence micrographs of A,B) rhodamine-labeled matrix
proteins adsorbed on chitin (A) and on chitin/silk assembly (B); C)
rhodamine-labeled silk fibroin adsorbed on chitin.

Chem. Eur. J. 1998, 4, No. 3
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was applied using gelatin instead of silk, the intensity of the
fluorescence was as weak as on chitin in the absence of silk.
This indicates that the silk fibroin has a more specific role than
just forming a protective coat that traps the protein within the
chitin pores, as is presumably the case with gelatin.

Rhodamine isothiocyanate labeled silk fibroin was also
adsorbed on polystyrene and on chitin. The former has a very
weak fluorescence relative to that on chitin. The labeled silk
adsorbed on chitin fluoresced strongly (Figure 2C) and high-
lighted the lamellae as well as the macroscopic fibers of the
substrate, implying a more specific spatial adsorption of the
protein on the chitin polysaccharide fibers. In order to verify
that the dye itself does not have a preference for one of the
substrates, the free dye was allowed to adsorb on chitin with or
without silk. No fluorescence was observed in either case
(data not shown). The fluorescence experiments show that the
soluble acidic macromolecules are adsorbed directly on silk
fibroin, which is itself deposited on chitin.

Isolation of aragonite-nucleating macromolecular fractions:
These experiments were aimed at isolating and characterizing
components of the assemblage of macromolecules associated
with the aragonitic layer that are capable of inducing in vitro
aragonite nucleation. The choice of monitoring aragonite
rather than calcite induction was motivated by the more
stringent requirements for aragonite nucleation, as aragonite
is the less stable of the two polymorphs.

The macromolecules associated with aragonite were ex-
tracted from the nacreous layer of the shell of the mollusk
Atrina serrata after complete dissolution of the mineral. A
recently developed ion-exchange method for dissolution of
the mineral in the absence of any chelating agent or acidic
denaturing conditions was used.!'*]

The yield of protein was, on average, 0.01 mole % amino
acids per unit weight of mineral, with the following typical
composition of major amino acids (mole % of total protein):
Asx (25), Gly (18), Ser (14), Ala (9), and GIx (8). The
assemblage of macromolecules was fractionated by FPLC on
an ion-exchange column. Figure 3 shows a typical chromato-
gram of the eluting fractions. Each fraction was adsorbed
separately onto the assembled substrate composed of S-chitin
and silk fibroin. The residual protein in solution was removed
by extensive washing, and calcium carbonate crystallization
was induced. The products of crystallization were character-
ized by infrared spectroscopy, light microscopy, and SEM.
Three different macromolecular preparations were separated
and assayed in this way, all of which gave similar separation
profiles and the same activity of the corresponding fractions.

Fractions A-C induced the formation of vaterite and
calcite on the surface of the substrate together with very few
spherulites within the complex (<10 per 25 mm?). The few
spherulites that did form were a mixture of vaterite, calcite,
and aragonite. Fractions D and E produced mostly aragonite
within the complex with as little as 2 ugmL~' of protein
introduced in solution at the adsorption step. The activity of
fraction E was especially remarkable, as massive crystalliza-
tion, exclusively of aragonite, occurred inside the chitin
complex (>200 per 25 mm?), while very few crystals formed
on the substrate and around it.
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Figure 3. DEAE ion-exchange chromatographic separation of the
total assemblage of soluble proteins extracted from the nacreous layer of
Atrina. The dashed line represents the salt gradient applied during
the elution. The arrow indicates the aragonite-nucleating fraction
(fraction E).

SEM observations of the mineral phase produced by
fraction E inside the substrate showed that the chitin—silk
complex and the mineral are intimately associated, with each
crystallite making contact with the organic matrix. The
crystallites produced by fraction E are needle-shaped and
often reach 1-2 pm in length (Figure 4B). This is in contrast
to the aragonite single crystallites produced by the total
assemblage of macromolecules; these are elliptical in shape,
with sizes in the range 100—300 nm (Figure 4A). Preferential
orientation of the needle-shaped crystallites was often ob-
served locally. Massive aragonite crystallization was never

Figure 4. SEM micrographs of fractured sections of the spherulites of aragonite grown inside
the S-chitin—silk fibroin assembly. A) Induced by the total assembly of macromolecules; B)
induced by fraction E; C) induced by poly(Asp); D) induced by poly(Asp-Leu).
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observed in the presence of the total assemblage of macro-
molecules. Moreover, in order to induce aragonite nucleation
with the total protein assemblage, at least 10 uygmL~! of
protein had to be used in the adsorption step (five times the
concentration used with fraction E).'"] Lower protein con-
centrations produced mixtures of calcite and aragonite. In the
absence of adsorbed protein, no crystallization occurs inside
the substrate, indicating that aragonite formation is due to
selective nucleation of this phase, rather than to calcite
inhibition.

Fraction E is a small fraction within the entire macro-
molecular ensemble, consisting of only 6 mole % of the total
amino acids. Its major amino acid components are (mole % ):
Asx (21), Gly (15), GlIx (12), Ser (11) and Ala (7). Fraction E
has a PI (isoelectric point) of less than 3 (determined by
isoelectric focusing). Separation by gel electrophoresis shows
that fraction E runs as a fairly wide band with an apparent
molecular weight of 10—14 kDa (Figure 5). This band is

Figure 5. Silver-stained SDS-PAGE separation of A)
the total assemblage of proteins extracted from the
nacreous layer of Atrina serrata (the arrow denotes the
position of fraction E); B) the total assemblage of
proteins extracted from the prismatic layer of Atrina
serrata. C) MW markers: 66, 48.5, 29, 18.4 and 14.2 kDa.

absent from the assemblage of proteins ex-
tracted from the calcitic prismatic layer,
strengthening the suggestion that this is a
unique aragonite nucleating protein.

The fractions which eluted at higher ionic
strength produce more calcite inside the sub-
strate than aragonite, and in some experiments
only massive calcite crystallization occurred.
Observation of the calcite spherulites by SEM
showed that the individual crystallites retain
their typical rhombohedral morphology. Thus
the assemblage of macromolecules from the
aragonitic layer contains components that
after partial or complete purification have
different activities in the in vitro assay system.
Fraction E in particular has a remarkable
ability to nucleate aragonite.
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Polypeptide analogues of nucleating macromolecules: In
order to further clarify the possible roles of specific amino
acid sequences in aragonite nucleation, we performed a series
of crystallization assays in which various polypeptides were
used in place of the acidic proteins. The choice of peptides was
based on the following information about soluble macro-
molecules present in mineralized tissues, and in particular
those from mollusk shells. The high concentration of aspartic
acid characteristic of many of this group of proteins/™
suggests that sequences of polyaspartic acid may be common
in these proteins. Partial sequencing has confirmed that such
stretches most probably do exist.?”) Weiner and Hood??! used
partial acid hydrolysis of mollusk-shell soluble proteins to
infer that stretches of (Asp-Y) n-type sequences may also be
present. Peptides with a repeating Asp-Ala sequence as well
as (Asp), have been shown to possess inhibitory activity in the
crystallization of CaCO, from solution.?”l Mollusk shells, as
well as other mineralized tissues, are also known to have a
minor assemblage of proteins that are rich in glutamic acid. In
certain sponge and ascidian spicules they are associated with
amorphous calcium carbonate.’”! We therefore also used
polyglutamic acid and Glu-containing repeating motifs. We
chose to use leucine to separate Asp or Glu residues, as its
hydrophobic nature encourages interaction with the relatively
hydrophobic silk fibroin. The following polypeptides were
therefore used: 1) poly(Asp-Leu), 2) poly(Leu-Asp-Asp-
Leu), 3) poly(Glu-Leu), 4) poly(Leu-Glu-Glu-Leu), 5) poly-
(Asp) and 6) poly(Glu).

Circular dichroism measurements of polypeptide 1 indicate
thatin a 1:2 Ca:carboxylate solution, this polypeptide assumes
a f3-sheet conformation.’ The carboxylate groups of the
alternating Asp residues are thus exposed on one side of the
sheet, while the hydrocarbons of the leucine residues are
exposed on the other side. The resulting sheet has a hydro-
phobic face that can bind to a hydrophobic substrate, and a
hydrophilic face that can be in contact with the solution.
Polypeptide 2, in contrast, assumes a predominantly a-helical
conformation in the same solution. Polypeptides 3 and 4
assume conformations similar to 1 and 2, respectively, but
differ from them owing to the higher conformational freedom
of the Glu side-chain carboxylates. In addition, the pK, of Glu
(4.25) is higher than that of Asp (3.65). In solution, polypep-
tide 5 assumes mainly a S-sheet conformation, and 6 is
disordered. Note, however, that the conformation of a
polypeptide when adsorbed on the framework is not neces-

Table 1. Calcium carbonate polymorphs formed inside the chitin or chitin —silk
fibroin assembly containing different polypeptides. The mineral phase shown in

parentheses indicates the quantitatively minor component formed.

CaCO; polymorphs formed inside substrate of:

Polypeptide f-chitin + silk fibroin [-chitin

+ polypeptide + polypeptide
poly(Asp) aragonite,?) calcite (vaterite) calcite (vaterite)
poly(Glu) calcite,l”l aragonite (vaterite) calcite (vaterite)

poly(Asp-Leu) aragonite/— -
poly(Leu-Asp-Asp-Leu) - -
poly(Glu-Leu) - -
poly(Leu-Glu-Glu-Leu) - -

[a] Usually the most abundant polymorph.

Chem. Eur. J. 1998, 4, No. 3
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sarily the same as in solution.” The results of the crystal-
lization experiments are summarized in Table 1.

Poly(Asp) and poly(Glu) always induced massive deposi-
tion of spherulites (100-400 per 25 mm?) inside the chitin,
with little or no crystallization on the surface or around the
substrate assembly. Significantly, both aragonite and calcite
and usually a few vaterite spherulites were formed. With
poly(Asp), aragonite spherulites were more abundant in
9cases out of 15, while with poly(Glu) mainly calcite
spherulites were formed in 6 cases out of 9. SEM examination
of the aragonitic spherulites showed that the single crystallites
have the shape of elongated rods (100-200 nm) (Figure 4C).
The calcite crystallites maintain the typical rhombohedral
morphology of synthetic calcite, with dimensions of about
400 nm.

When poly(Asp-Leu) was used, spherulites were formed
inside the chitin in only 4 out of 12 experiments. Significantly,
and in contrast to all the other experiments, these were
exclusively composed of aragonite. Furthermore, the arago-
nitic crystallites were in the shape of elongated needles
(Figure 4D), similar to those obtained from protein fraction
E.

All the crystallization experiments included, as controls, a
system of chitin alone and of chitin and silk without
polypeptides. No crystallization was observed inside either
of these substrates (in 15 cases out of 15).

The importance of the silk fibroin layer for the adsorption
of the acidic macromolecules and the polypeptides is reflected
in the results of the crystallization experiments (Table 1). In
the absence of silk, no aragonite was formed with any of the
polypeptides, analogous to the experiments performed with
adsorbed proteins.!l Poly(Asp) and poly(Glu) induced for-
mation of calcite and small amounts of vaterite inside the
chitin. The density of the spherulites (20— 50 per 25 mm?) was,
however, lower than that formed with the whole assembly
including silk. Changing the order of assembly such that the
polypeptides were first adsorbed on the chitin and the silk was
subsequently introduced gave the same results as the assem-
bly of chitin and polypeptides in the absence of silk, namely
no aragonite formed.

Discussion

Crystal nucleation studies using acidic macromolecules ex-
tracted from the shells of different mollusks, and employing
two different in vitro assays, showed that these specialized
macromolecules are involved in the control of calcite —ara-
gonite polymorphism in vitro.[l'™] Tt appears, however, that the
nucleation of the desired polymorph also requires an appro-
priate microenvironment, which at least in part reproduces
the biological environment of crystal growth. In the case of
the system devised by Falini et al.,l!! we used three separate
but convergent approaches to better understand the micro-
environment of crystal growth. From the ultrastructure of the
artificial assay system (comprising chitin and silk) we
elucidated structural and biophysical parameters important
in the process, such as diffusion of ions and macromolecules,
adsorption of proteins and their relative juxtaposition.
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Purification of the acidic matrix macromolecules and testing
of the function of each purified fraction in the system
provided information about the components of the macro-
molecular mixture, their nucleating potential, and other
possible functions. From the use of ordered synthetic poly-
peptide analogous, we gained more insight into the control of
polymorph formation at the protein sequence level.

Examination of the squid pen S-chitin framework with
SEM showed that its fibers form a highly porous layered
structure. This would enable the diffusion of both ions and
large macromolecules into the structure, and could provide
potential sites for crystal nucleation and growth. Addition of
silk to the chitin framework does not alter the appearance of
the structure, nor does it form a recognizable separate layer.
However, it does penetrate the chitin and associate to its
fibers. The presence of the silk is essential for the adsorption
of the acidic macromolecules. We observed a significant
enhancement of fluorescence upon adsorption of labeled
macromolecules to chitin after silk was added, and we noted
that the order in which silk and polypeptides are introduced
into the system affected the results. As polymorph control
occurs only in the inner layers of the chitin —silk substrate and
never on the outer surface, we infer that the chitin-silk
assembly serves not only as a substrate onto which macro-
molecules adsorb, but also as a three-dimensional framework
contributing to the proper microenvironmental conditions for
controlled nucleation.

In the absence of acidic macromolecules, no crystals are
formed inside the framework. The total assemblage of
macromolecules extracted from the aragonitic layer selec-
tively induces aragonite nucleation with very high fidelity.[!
After separation of the constituents of this assemblage by
liquid chromatography, one fraction was isolated which
produces aragonite in very high yields, while other fractions
nucleate calcite and some hardly nucleate any crystals at all.
Interestingly, the calcite nucleating fractions are those which
elute from the anion-exchange column with high salt concen-
trations, indicating that they are strongly polyanionic. Calcite
also forms when macromolecules extracted from the calcitic
layer are introduced into the system.!] Consistent with these
two observations, the calcite-inducing macromolecules are
known to be much more strongly acidic than the aragonite-
inducing ones.?*?”1 The polyanionic polypeptides, poly(Asp)
and poly(Glu), induced massive nonspecific nucleation of
both calcite and aragonite. It may be envisaged that the
polyanions create a cation sink, to which calcium is strongly
attracted. The resulting local, supersaturated, condition is
probably the reason for the absence of specificity in poly-
morph nucleation, as the activation energy required for the
nucleation of both polymorphs is exceeded. (We note that
poly(Asp), with a predominantly [-sheet conformation,
produces more aragonite than poly(Glu), which in solution
assumes a predominantly disordered conformation.)

Unlike the strongly anionic proteins that induce calcite in
vitro, the fraction which induces only aragonite is unique to
the aragonitic layer. Its amino acid composition does not
differ substantially from the average composition of the total
assemblage, indicating that the characteristics that lead to its
special nucleation activity may be identified only at the level
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of sequence and structure. We note that recently the first total
sequence of a protein from mollusk nacre was determined.?®l
It has domains with repeating Gly — Xaa— Asn (where Xaa =
Asp, Glu or Asn) sequences. In the present experiments,
poly(Asp-Leu), which adopts the -sheet conformation, also
induces aragonite formation exclusively or else does not
nucleate at all. In thermodynamic terms, this may be
interpreted as the polypeptide that provides the correct
structural organization of the nucleation site not producing a
sufficient ion concentration to overcome the required energy
of activation for nucleation.”” Concomitantly, the other
polypeptides containing the same relative amounts of neg-
ative charge never induce any crystallization. Poly(Leu-Asp-
Asp-Leu) has the same average composition as poly(Asp-
Leu), but assumes a different conformation, namely predom-
inantly a-helical. The other two ordered synthetic polypep-
tides used here, poly(Glu-Leu) (8 sheet) and poly(Leu-Glu-
Glu-Leu) (a helix), contain Glu rather than Asp. All these
results seem to indicate that nucleation of aragonite is not
exclusively the result of the Ostwald rule of stages. The
macromolecules involved in calcium carbonate nucleation in
vivo are also preferentially Asp-rich,['3l however, the reason
for this is not known. Interestingly, Glu-rich macromolecules
have been observed in two different natural biological
systems, both of which are associated with the stabilization
of amorphous calcium carbonate, and thus they presumably
function as inhibitors rather than inducers of nucleation.!

The presence of both aragonite and calcite nucleating
proteins together in the aragonitic nacreous layer raises some
questions regarding the roles of these proteins in the in vivo
mineralization process. As calcite is the most stable poly-
morph, the presence of calcite-nucleating proteins in the
assemblage of matrix macromolecules should lead to at least
partial calcite precipitation. As this does not occur, we infer
that either the proteins are not reconstituted in their correct
conformations in the artificial system, or they influence each
other such that in the assemblage the separate components do
not behave as individuals.

SEM shows that the calcite precipitated in the presence of
the total assemblage of macromolecules derived from a
calcitic shell layer was composed of individual unmodified
rhombohedral crystallites.'!. On the other hand, aragonite
spherulites that formed in the case of adsorption of the total
assemblage of proteins from the aragonitic layer were
composed of elliptically-shaped crystallites. This morphology
is very different from the thin needles typical of nonbiogenic
aragonite. The elliptical shape may be indicative of the
presence of proteins that inhibit or modify the crystal
morphology during growth. Since the proteins are adsorbed
onto the framework, their ability to participate in modulation
of growth and morphology implies that the framework is in
intimate contact with the growing crystallites on a nanometer
scale. In agreement with this observation, use of the purified
aragonite-nucleating protein resulted in the formation of
needles, as did the use of the polypeptide poly(Asp-Leu).
Thus, needles form in the absence of other growth-modulating
factors.

This study has taken us one step further in the under-
standing of the importance of the microenvironment for the
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specific nucleation of aragonite. Structural characterizations
of the different components of the organic matrix, as well as
study of the relations between them and the crystals, are
necessary to better understand the nature of the nucleation
site in vitro. This in turn will shed light on the control of crystal
nucleation and growth in vivo.

Experimental Section

Skeletal element preparation: Shells of the bivalve mollusk Atrina serrata
were collected alive off the coast of Florida (USA). The soft parts were
removed and the shells stored dry. The calcitic prismatic layer was
mechanically separated from the inner nacreous layer, and each layer was
washed with 10 % ammonium hydroxide solution followed by extensive
washes with double-distilled water (DDW). The shell layers were then
ground in a mortar and decalcified by an ion-exchange resin as described
elsewhere.['8! After complete decalcification and extensive dialysis against
DDW, the soluble and insoluble materials were separated by centrifugation
at 3000 g for 10 min. The soluble material was concentrated by lyophiliza-
tion and stored at 4°C for further analysis. The protein concentrations of
the soluble macromolecules were determined by amino acid analysis.

Amino acid analysis: Aliquots of the soluble protein solution were
lyophilized and hydrolyzed under vacuum in HCI (6N, 0.3 mL) at 112°C
for 24 h after flushing twice with nitrogen. Following evaporation of the
HC, the hydrolysates were analyzed on an automatic amino acid analyzer
(HP amino quant).

FPLC separation of the macromolecular ensemble: High-performance
liquid chromatography was carried out with an FPLC system (Pharmacia)
equipped with an anion-exchange Mono Q column (Pharmacia, HR5/5).
The column was equilibrated with a buffer solution of 0.02m Tris base, pH
8.0. The buffer solution and a 2m NaCl solution in buffer were degassed
under reduced pressure in an ultrasonic bath for 10 min. A 40 min, two-step
gradient was initiated following a 10 min isocratic run at 0.2m (0.5M, 1.6 M)
NaCl. The proteins were eluted at room temperature at a flow rate of
0.7 mLmin~! and monitored both at 230 nm and 280 nm. The pooled
fractions were extensively dialyzed and their protein concentrations
determined by amino acid analysis. The fractions were stored at 4°C prior
to analysis.

Polyacrylamide gel electrophoresis (PAGE) of proteins: Minigels
(0.75 mm thick) of 10% polyacrylamide were used with the discontinuous
buffer system of Laemmli.?**) Usually 1-10 pg protein (determined by
amino acid analysis) was applied per gel lane. The gels ran at 35 mA for 1 h
on a Hauffer minigel apparatus and were silver-stained according to
ref. [31].

Crystal growth experiments: Pieces of pure f-chitin (=0.5 cm?) were
placed in Nunc multidishes (well diameters of 1.5 cm) and immersed in
calcium chloride solution (10mwm, 0.75 mL) for 2 h. Following the removal
of the calcium chloride solution, silk fibroin solution (&2 %, 0.1 mL) was
added to the chitin and air-dried. The assembly was then treated for 1 h
with methanol (80 %, 0.75 mL), followed by three washes with calcium
chloride solution (10mm). A total volume of 0.75 mL calcium chloride
solution (10mMm) containing the protein or polypeptide sample (10—
100 nmole amino acid mL~") was introduced into the wells and incubated
overnight at room temperature on a rocking table. Following the removal
of the protein solution and extensive washes with CaCl, solution (10mm),
the substrate was overlaid with fresh CaCl, solution (10mm, 0.75 mL). The
wells were covered with aluminum foil, which was punctured by a needle.
Crystals were grown for 2 d by slow diffusion of ammonium carbonate in a
closed desiccator.l'l Each crystallization experiment included controls of
pure calcium chloride solution, pure -chitin, and f-chitin with silk without
protein. The complete assembly of chitin, silk, and soluble macromolecules
induced the formation of crystals of CaCOj inside the chitin —silk substrate.
These crystals were referred to as spherulites despite that fact that they
were not always spherical, since the many crystallites from which these
spherulites are constructed appear to nucleate from discrete centers of
nucleation.
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FTIR Spectrometry: Individual spherulites were removed mechanically
with a needle under an optical microscope and mounted in an infrared
transparent diamond pressure cell (High Pressure Diamond Optics, Tucson
(AZ, USA)). The spectra were collected (4 cm™! resolution) by means of a
computer-controlled spectrometer (MIDAC Corporation, Costa Mesa
(CA, USA)). The absorption peaks characteristic of vaterite are at 877
and 744 cm~!, of calcite at 876 and 713 cm~!, and of aragonite at 860 and
713 cm .12

Rhodamine isothiocyanate labeling: This was performed according to
ref. [33]. Rhodamine B isothiocyanate (Sigma) was dissolved in dry
dimethyl sulfoxide at 1 mgmL~'. A solution of Atrina nacreous protein
(2 mgmL~") in sodium carbonate solution (0.1m) was prepared. The dye
solution (30 puL) was added slowly in 5 pL aliquots to the protein solution
(0.6 mL), which was gently but continuously stirred during the addition.
The coupling reaction was left in the dark for 8 h at 4°C, NH,Cl was added
to make up a S0mM solution, and the reaction was incubated for a further
2h in the dark at 4°C. The separation of the unbound dye from the
conjugate was achieved by dialysis of the solution in a dialysis tube
(Spectrapor 3 tubing, MW cutoff 3500 daltons) against DDW for 12 h in a
cold, dark room. The absorbance of a solution of labeled protein was
measured at 575 nm (rhodamine 4,,,) and 280 nm and the ratio ODs;s/
ODy, found to be 1.22. The concentration of the labeled protein was
determined from amino acid analysis to be 3.27 nmol amino acid per
microlitre. This corresponds to approximately one rhodamine per 200 ami-
no acids.

Rhodamine isothiocyanate labeling of silk was performed following the
same procedure. A 500 pL dye solution was added in 10 pL aliquots to a silk
solution (10 mgmL~" in 0.1M sodium carbonate), incubated as above and
dialyzed (MW cutoff 12000—14000). ODs;5/OD,g, = 0.717.

Fluorescence experiments: The substrates chitin, silk, and the chitin/silk
assembly were prepared according to the procedure described above. The
adsorption protocol for the labeled proteins was the same as that described
for the nonlabeled proteins, except that the 24 h incubation was carried out
in the dark. Gelatin was prepared by dissolving gelatin powder (2g;
Biochemical) in DDW (10 mL) at 40 °C, and adsorption was performed as
for the silk sample. The intensity of the fluorescence was monitored by a
laser scanning confocal imaging system (MRC-1024) operating at the
wavelength of rhodamine B.

Preparation of the polypeptides: The following polypeptides were synthe-
sized as described in ref. [24]: poly(Asp-Leu), MW = 9500 Da; poly(Leu-
Asp-Asp-Leu), MW =5000 Da; poly(Glu-Leu), MW =15000 Da; and
poly(Leu-Glu-Glu-Leu), MW =15400 Da. The polypeptides were dis-
solved and dialyzed against DDW for 24 h at 4°C. Poly(L-glutamic acid)
(MW =9700 Da; Sigma) and poly(L-aspartic acid) (MW =9900; Sigma)
were dissolved in DDW and kept frozen.

Preparation of samples for SEM: In order to preserve the structure of the
organic material (chitin, chitin + silk), the assemblage was first fixed by
immersion in a 2 % glutaraldehyde fixative solution for 1 h. The sample was
then washed 3 times with sodium cacodylate buffer (0.1m) for 5 min each
time, and finally 3 times with DDW. The sample was transferred to the
appropriate holder and critical-point dried (PELCO CPD-2). The dehy-
drated sample was fixed to an aluminum stub using double-sided carbon
tape, sputter-coated with gold, and examined with a JEOL 6400 scanning
electron microscope at 15 kV. For characterization of the crystals, single
spherulites were mechanically removed from the chitin with a needle,
dried, transferred to a stub covered with double-sided carbon tape and
sputter coated with gold.

Circular dichroism (CD) measurements: Different concentrations of the
polypeptides in aqueous solutions (ranging from 1073-10"*m) were
prepared and their CD spectra were recorded at room temperature (4=
190-250 nm) with a Jasco J-500 spectrometer. Measurements were also
performed in CaCl, solutions with a ratio [Ca]:[polypeptide] =1:2.
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Affinity of the Iminooxo Tautomer Anion of 1-Methylcytosine
in trans-[Pt(NH;),(1-MeC-N4),]*>* for Heterometals**

Jens Miiller, Ennio Zangrando, Norbert Pahlke, Eva Freisinger, Lucio Randaccio,*

and Bernhard Lippert*

Abstract: Reaction of a Pt" complex
containing two 1-methylcytosine (1-
MeC) nucleobases bound through the
exocyclic amino group N4, trans-
[Pt(NH;),(1-MeC-N4),](NOs), (1), with
the heterometal species [(dien)Pd]** or
Hg?*  gives  trans-[(NH;),Pt{(N4-1-
MeC~-N3)Pd(dien)},](ClO,),-2H,0O

(3) and trans-[(NH,),Pt(N4-1-MeC~-
N3),Hg](NO;),-2H,0 (4), respectively.
The heterometal(s) is (are) bound
through the N3 positions of the two
cytosine rings. Compound 1 contains the
nucleobase in the form of its rare

structure of 1, the two nucleobases dis-
play a syn orientation between Pt and
the endocyclic N3 position, whereas in
compound 3 they adopt an anti confor-
mation. In both compounds the cytosine
bases are in a head-to-tail orientation. In
the bimetallic complex 4 however, the 1-
methylcytosine ligands are head-to-head
and syn with the two nucleobases acting
as chelating ligands. The Pt—Hg dis-

Keywords: cytosine - metal —metal
interactions - nucleobases - plati-
num - tautomerism

tance in 4 is quite short (2.7498(6) A),
suggesting a weak bonding interaction.
In the case of 3 the Pt—Pd distance
(513 A) is too long for any interaction.
While H-bond formation between the
iminooxo tautomer of 1-MeC in 1 with
free 1-MeC and likewise between the
deprotonated form trans-[Pt(NH;),-
(1-MeC™-N4),] (2) and free 9-ethylgua-
nine (9-EtGH) is possible only if the
cytosine bases are in an anti orientation,
there is no indication for such H-bond-
ing patterns from 'H NMR studies.

iminooxo tautomer. In the solid-state

Introduction

There are many possible ways that can lead to the formation
of mismatched DNA base pairs,!! one of which includes a
tautomeric shift of one of the nucleobases involved in
hydrogen bonding.>®! A rare tautomer may be generated
spontaneously or its formation may be induced by a chemical
modification of a base, for example the coordination of a
metal entity to the base. As a consequence the hydrogen-
bonding behaviour of the nucleobase is altered. In the course
of our attempts to study metallated forms of rare nucleobases
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(metal-stabilised rare tautomers)®') we have recently re-
ported the platinum(r) complex trans-[Pt(NH;),(1-MeC-
N4),]** (1) in which the model nucleobase 1-methylcytosine
exists in its rare iminooxo form.[''l This compound represents
only the second examplel”) of a metal complex containing a
neutral cytosine nucleobase bound to N4 (hence the rare
tautomer) that has been characterised by X-ray crystallo-
graphy. In several other cases in which the metal binds to the
exocyclic N4 position,'? the cytosine base is in its N3
deprotonated state. As far as the base-pairing behaviour of
N4-metallated cytosines is concerned, we have pointed out!'!]
that an anti orientation! of the N4-metallated cytosine is
necessary to avoid steric interference with other ligands at
the metal, unless the metal ions were to cross-link to another
base.

It occurred to us that compound 1 might be an ideal starting
material for the synthesis of heteronuclear Pt/M complexes I
of the composition trans-[ (NH;),Pt(N4-1-MeC—-N3),ML,]**
(1-MeC~=anion of 1-MeC, L =additional ligand in the
coordination sphere of M, M =heterometal ion). These
compounds I would then represent the inverse of the class
of compounds II, which we have recently described and which
were obtained from frans-[Pt(NH;),(1-MeC-N3),]** upon
reaction with heterometal ions M. Type II compounds
reveal metal-metal dative bonds for M"* with d® and d°
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electron configurations or a weak bonding interaction with
metal ions with a d'° electron configuration; this was deduced
from short Pt—M distances and supported by theoretical
calculations'”l as well as NMR evidence.[') Formation of
type II compounds requires a head-to-head orientation of the
two nucleobases, but in solution this rotamer coexists with the
head-to-tail form.?" However, depending on the conditions of
the crystallisation process, both rotamers can be isolated."!
Similarly, the two nucleobases in type I compounds also
require a head-to-head orientation, but as has already been
pointed by us,!'l in solution an equilibrium between various
rotamers of the N4-coordinated species exists. This stems
from the fact that in I rotation is feasible not only about the
Pt—N bond, but also about the N4-C4 bond in the
nucleobase. As a result of this complexity we thought that
formation of the heteronuclear species from trans-
[Pt(NH;),(1-MeC-N4),]** might be more complicated than
in the case of II.

Abstract in German:  Der Pt-Komplex trans-[Pt(NH;),
(I-MeC-N4),](NOs), (1), in welchem die beiden 1-Methyl-
cytosin-Nucleobasen (1-MeC) iiber die exocyclische Amino-
gruppe N4 gebunden sind, wurde mit den Heterometallspezies
[(dien)Pd]** und Hg** zu trans-[(NH;),Pt{(N4-1-MeC~-
N3)Pd(dien)},](CIO,),-2 H,O (3) und trans-[ (NH;),Pt(N4-1-
MeC~-N3),Hg](NO;),-2H,0 (4) umgesetzt. Die Heterome-
talle sind iiber die N3-Positionen der zwei Cytosinringe
koordiniert. Verbindung 1 enthilt die Nucleobase in Form
ihres seltenen Iminooxo-Tautomers. Im Festkorper von 1 liegen
die zwei Nucleobasen in einer syn-Anordnung von Pt und
endocyclischen N3-Positionen vor, wihrend sie in 3 eine anti-
Konformation einnehmen. In beiden Verbindungen befinden
sich die Cytosinbasen in einer Kopf-Schwanz-Anordnung. Im
Dimetallkomplex 4 hingegen nehmen die 1-Methylcytosin-
Liganden eine Kopf—- Kopf-Anordnung mit syn-Orientierung
ein, wobei sie als chelatisierende Liganden fungieren. Der
relativ kurze Pt—Hg-Abstand in 4 (2.7498(6) A) deutet auf
eine schwache bindende Wechselwirkung hin. Der im Falle von
3 bestimmte Pt— Pd-Abstand (5.13 A) ist zu grofs fiir jegliche
Art einer Wechselwirkung. Eine Bildung von H-Briicken
zwischen dem Iminooxo-Tautomer von 1-MeC in 1 mit freiem
1-MeC und ebenso zwischen der deprotonierten Form trans-
[Pt(NH;),(1-MeC~-N4),] (2) und freiem 9-Ethylguanin (9-
EtGH) ist nur dann moglich, wenn sich die Cytosinbasen in
einer anti-Anordnung befinden. 'H-NMR-Untersuchungen er-
gaben allerdings keinerlei Hinweise auf ein solches Wasser-
stoffbriickenbindungsmuster.
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Results and Discussion

Improved synthesis of trans-[Pt(NH;),(1-MeC-N4),]>* (1):
Compound 1 was prepared from trans-[Pt(NH;),(1-MeC-
N3),]** by means of the redox-assisted metal-migration
process previously described,["' with the reduction of the Pt
complex trans,trans,trans-[Pt(NH;),(1-MeC-N4),(OH),]**
with hydrogen as the final step [Eq. (1)].

trans,trans,trans-[Pt(NH;),(1-MeC-N4),(OH),]** + H,
. trans-[Pt(NH),(1-MeC-N4),* + 21,0 (D)

This step of the original synthesis of 1 (3 d reaction time,
31 % yield) has been improved, which now leads to an almost
quantitative yield of the desired product. This was achieved by
exploiting the observation that the presence of elemental Pt in
the reaction mixture (generated unintentionally) led to a
higher yield of 1. Deliberate addition of a small amount of
finely dispersed Pt (obtained by pyrolysis of Magnus green
salt, [Pt(NH;),][PtCl,]) during the reduction process in-
creased the yield to 96%. Furthermore, addition of Pt’
shortened the reaction time noticeably. The temperature
was also varied and the optimum was found to be 50°C,
resulting in a virtually complete reduction within 3!/, h. Given
that in the pH region relevant for the reduction process
(pH 4-6) the starting material trans,trans,trans-[Pt(NH,),(1-
MeC-N4),(OH),J** and product 1 have pK, values (deproto-
nation of the 1-MeC ligand at N3) that differ by nearly three
log units (5.8 and 8.4, respectively), we thought that it
would be possible to control the progress of the reaction
simply by monitoring the pH of the solution. In fact, we found
that the change in pH with time (rise of pH, sigmoidal curve)
was a convenient way to follow the reaction.

Crystal structure analysis of trans-[Pt(NH;),(1-MeC-
N4),]1(NO3), (1): The cation of 1 is depicted in Figure 1. As
in the corresponding ClO, salt,['!] the two bases are orientated
head-to-tail, with N4 nitrogen atoms representing the Pt
binding sites. Selected structural details are included in
Table 1. The Pt coordination geometry is not unusual.

Figure 1. X-ray structure of the cation of trans-[Pt(NH;),(1-MeC-
N4)J(NOs), (1).
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Table 1. Selectedustructural data of 1 and 3 compared with those of 1-MeC \ o —| 2+ —| 24
(bond lengths in A, angles in °). N—%?’ H\N Pi_a N/H
1 3 1-MeC 1) VAR &
5 2 /H 7/ N—H H—N A
N1-C6 1.377(9) 1.296(13) 1.357(2) N—Pt—N
C2-N3 1.387(7) 1.332(13) 1.358(2) Hood 5 /N_X< o>/‘_ N\
N3-C4 1.382(9) 1.375(13) 1.332(2) H-N 4\ °
C4-N4 1.309(7) 1.296(13) 1.336(2) hts,s 3>7—N hh,s,s
C2-N3-C4 125.2(5) 122.8(10) 120.0(1) o\
N3-C4-N4 118.5(5) 122.9(11) 117.8(1)
N3-C4-C5 115.3(5) 115.3(9) 121.8(1) \ —| 2+ _] 2+
N4-C4-C5 126.2(6) 121.7(10) 120.4(1) N A H a H
H,N-Pt-N4 88.5(3) 89.5(4) - o=( 45 H  N—P—N H
Pt-N4-C4 128.3(5) 131.0(8) - H,N3 N_Pt—""__NH " N a‘ N
Pt—N4 1.986(5) 2.001(8) - A v o:( ) S >:o
Pt—NH, 2.032(8) 2.046(10) - 5 >: o N
Pd-N3 - 2.047(8) - htaa \ N / hhaa \
Pt—H5 - 3.00(1) - 1 \ rs
Pt-H5-C5 - 106.4(2) -

Features previously outlined for the rare cytosine tautomer
ligand'yl hold up for compound 1 as well. The reason for
carrying out an X-ray structure analysis with the NO; salt was
to verify our previous observation with the ClO, salt that the
Pt—N4 bond length (1.993(9) A) tends to be shorter than in
the PtV starting compound (2.022(4) and 2.028(3) A)[" and in
trans-[Pta,(1-MeC-N3),]** with a=NH; (2.023(8) A)>! or
CH,NH, (2.010(7), 2.03(2) and 2.10(3) A).2" Indeed, the Pt—
N4 bond in 1 (1.986(5) A) is significantly shorter than in the
mentioned X-ray structures with a comparable resolution. We
considered the question of the strength of this bond relevant
in view of the rotational behaviour of the 1-MeC-N4 ligand in
solution. It is noted that this bond length is at the lower end of
the range typically seen for Pt"! complexes containing anionic
pyrimidine nucleobases.?* Tt is difficult to say whether or not
this feature implies some m back-bonding from a filled d
orbital of Pt (e.g. d,,) to an antibonding orbital of the
heterocycle (with N4 involved in the 7t system) and therefore
leads to an increase in the Pt—N bond order,®! or if it is
simply a result of the reduction in coordination number (from
Pt to Pt" species) and differences in steric pressure (N3 vs
N4 in Pt compounds). We note, however, that for nucleo-
bases binding to Pt through endocyclic nitrogen atoms—a
situation that should favour &t back-bonding more than in 1—
this phenomenon has never been implicated. Despite the
relatively short Pt—H3 contact of 2.74 A in the solid state, in
solution a pregostic interaction®! probably can be excluded;
this is mainly a result of the nonexistence of a J(**Pt,'H)
coupling in the NMR spectra.’’ However, it should be
mentioned that the solution conformation may of course be
different from the one present in the solid state.

Ligand rotation in 1: Because of possible rotation about both
the C4—-N4 and the Pt—N4 bonds, a total of six rotamers is
feasible for 1 (Figure 2). For simplification purposes, a
denomination according to the stereochemistry (hh for a
head-to-head and hr for a head-to-tail arrangement of the
nucleobases, a for anti and s for syn orientation between
N(@3)H and Pt) will be used.'""] The number of NMR
resonances for H5 and H6 cytosine protons indicates the
existence of at least four different rotamers in both D,0O and
[Dg]DMSO (Tables 2 and 3). A complete assignment of the
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a H
N—Pt—N_ H
’ 4 /
H a z\:N
0
ht,a,s \ N>:
\
Figure 2. The six possible rotamers of 1. The denomination was selected
according to the stereochemistry (kA for a head-to-head and ¢ for a head-

to-tail arrangement of the nucleobases, a for anti and s for syn orientation
between N(3)H and Pt).

Table 2. Chemical shifts of cytosine H5 and H6 doublets and '*Pt
resonance of 1 (D,O, pD 5.4).

6H5 éHb 61’\
(hts,s) 5.98 7.12 — 2607
(hh.s,5) 5.98 7.13 — 2607
(ht.a,a) 6.68 7.49 — 2578
(hh.a,a) 6.71 750 — 2578

Table 3. Selected 'H chemical shifts and Pt resonance of 1 ([Ds]DMSO).

Ons One 5N4(H) 5N3(H) Opt

(s.5) 593 726 755 1171 —2564
(ht,a,a) or (hh,a,a) 6.39 7.69 8.34 10.66 — 2541
(hh,a,a) or (hta.a) 6.61 7.71 8.34 10.66 —2541

HS5/H6 signals in D,O (Table 2) was possible on the basis of an
experiment which resulted in the removal of Pd from a
heteronuclear PtPd, derivative of 1 and generation of 1 in its
(ht,a,a) rotamer form (vide infra). The H6 doublets at 6 =7.50
and 7.49 (the latter sometimes appears only as a shoulder of
the former) as well as the HS doublets at 0 = 6.71 and 6.68 can
easily be assigned to those of the anti rotamers. Their
significant downfield shift compared with that of the other
rotamers can be explained by the magnetic anisotropy of the
d® Pt atom in a square planar arrangement, which deshields
protons situated directly above or below the coordination
plane.?® The same effect is observed for the N(3)H proton of
the syn conformers in [Dg]DMSO (6 =11.71 compared with
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H6

H5

N3),]*"). However, 'H NMR studies show that
within 5 min after dissolution of 1 the solution is
equilibrated. A possible explanation for this finding
is given in Scheme 2. This implies a mechanism
consisting of a base catalysed rotation of the
nucleobase about the C4-N4 axis. This proposal
is supported by the fact that in temperature-
dependent '"H NMR spectra of 1 (20-95°C), in a
basic medium only (pD 8.5) (not in weakly acidic
solution, pD 6), a general signal broadening with
increasing temperature is observed.

N(4)H

NH;

Deprotonation of 1: Upon deprotonation of the N3

12.0 11.0 10.0 9.0 8.0 7.0 6.0
3

Figure 3. Comparison of the "H NMR spectra of deprotonated compound 2 (top) and
starting material 1 (bottom) in [Dg]DMSO (* denotes an unknown impurity that is

always present in low concentrations after the reduction process).

10.66 for the anti rotamers), confirming the above assignment
(Figure 3). The rotameric forms (ht,a,s) and (hh,a,s) are not
detected in the NMR spectra most probably because the
chemical shifts of the protons on one ligand
are practically independent of the conforma-
tion of the other ligand, which results in
NMR signals for (a,s) overlapping with those
of (s,5) and (a,a). Pt NMR spectra show
only two resonances, which are assigned to
the head-to-head and the head-to-tail forms
on the basis of relative intensities of 'H NMR
resonances. Here a distinction between syn
and anti conformers is not possible. A strik- —
ing difference between the D,O and the /
[D¢]JDMSO solution is the ratio r between the
syn and the anti conformers of r=4.3 (D,0)
and r=13 ([Dg]DMSO), which points to
differences in the stabilisation of the various
rotamers by the solvent (Scheme 1). Since in
the solid state, 1 exists in its (4z,s,5) rotameric
form only, an equilibration of the rotamers should be
observed when dissolving 1 in D,O. Similar studies of trans-
[Pt(CH;NH,),(1-MeC-N3),]** have shown that the equilibri-
um is reached within about 450 min.?”! As a result of the
partial double bond of C4—-N4 and the possibility of a bond
order larger than 1 for the Pt—N4 bond in 1, a slower
equilibration was considered possible in this case. On the
other hand, ligand rotation in 1 is expected to be less
restricted from a steric point of view (two exocyclic groups
adjacent to Pt binding sites in trans-[Pt(CH;NH,),(1-MeC-

2+
Hoo a2 H O] Ho a2 H T
N—FPt—N N—Pt—N
a
7 NH HN (/\/\;\Ha H/h
N N N N
—~ O>7— { AN~ 0 haN
o, o} S o
‘W H >

Scheme 1. Possible differential stabilisation of 1 by the solvents H,O and
DMSO.
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5.0 nitrogen atoms of 1, a neutral complex trans-

[Pt(NH;),(1-MeC~-N4),] - 3H,0 (2) is generated.
A singly deprotonated trans-[Pt(NH;),(1-MeC-
N4)(1-MeC -N4)](NO;) can be excluded on the
basis of its IR spectrum, since it does not reveal any
nitrate bands. Furthermore, the elemental analysis
of 2 gives a C:N ratio of 10:8, which is only consistent with a
neutral product. For 2, two fundamentally different structures
are feasible depending on the dihedral angle between the

= H = H
: / sQ
BH+ IN A - N/ \>
e
N

- o~

.

Scheme 2. Base-catalysed rotation of 1-MeC about the C4—N4 axis: a possible explanatlon for
the fast equilibration of the rotamers.

square planar coordination of Pt and the plane of the 1-
MeC- ligand (Scheme 3). If the nucleobases lie in the
coordination plane of the Pt atom an intramolecular stabili-
sation is feasible between the lone pair at N3 and one or two
of the protons of the ammine ligand. Compared with 1, the 'H
NMR resonances for H5, H6, N(4)H and CHj; of 2 undergo
large shifts towards higher field in [D¢]DMSO, by 0.63, 0.28,
2.34 and 0.29 ppm, respectively, whereas the NH; signal is
shifted 1.16 ppm downfield. A signal for N(3)H is no longer

0o 0 /
H Y NN
HL-N/H"-:N N /
Ho | &y Ho NS
N—Pt—N N—Pt—K
(/\@ | v ﬁ’@ NH; H
\ N---H—~Nouy 7 N
/ \K( H N—\<
o a) /o b)

Scheme 3. Structures feasible for deprotonated 2: a) nucleobase coplanar
with PtN, plane; b) nucleobase perpendicular to PtN, plane.
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observed (Figure 3). These findings are consistent with
cytosine deprotonation at N3, resulting in an increase in
electron density in the aromatic system. The downfield shift of
the ammine signal in 2 is best explained by intramolecular H-
bonding between NH; protons and N3. Rotation about the
Pt—NH; bond is still sufficiently fast on the NMR timescale to
lead to a single, averaged NH; resonance. We are confident
that base-flipping as a consequence of nucleobase deproto-
nation of 1 takes place. Similar findings with trans,trans,trans-
[Pt(NH;),-

(OH),(1-MeC~-N4),], characterised by X-ray crystallogra-
phy,?l and a structurally related complexP support this view.
H-bonding between a Ru—NHj; group and N3 of cytosine is
likewise observed in [Ru(NHj;)s(1-MeC—-N4)]#+.2¢131 The
fact that within several days at room temperature (even faster
upon warming) weak resonances due to free 1-MeC begin to
emerge when [Dg]DMSO is used as the solvent might be a
result of the planar structure, which should facilitate the
attack of nucleophiles through the axial positions of Pt.

Probing hydrogen bonding of 1 and 2 in solution: With respect
to the biologically relevant question of the base-pairing
behaviour of a N4-metallated iminooxo tautomer form of
cytosine and factors influencing the rotational equilibrium, we
also studied the effects of the free nucleobases 1-MeC and 9-
EtGH on the solution structures of 1 and 2. The rationale was
that the rare cytosine tautomer in 1 could feasibly undergo
pairing with neutral 1-MeC to give the equivalent of a
hemiprotonated cytosine pair®l and that the deprotonated
cytosine ligand in 2 could pair with neutral 9-EtGH (or
likewise 1 with deprotonated guanine, 9-EtG) in what would
then be an analogue of the Watson — Crick G,C pair. In either
case the N4-metallated cytosine bases need to be in an anti
orientation (Scheme 4). Neither pairing scheme is possible for

AW
Pt
H 7\

N—HownO

o e

(/—\<r(s?—H --------- N 7 “NeHuuN
. W

N—HuQ /

O H-N OmnaH—N
H
H a) b)
\ R
—H e ﬁ —H"“"' ﬁ
< N M N < l?z o N
H Csz H Csz
O.‘., ..... K- N Om-......H N
H 0 W

Scheme 4. a) Hemiprotonated cytosine base pair; b) 1-1-MeC base pair;
¢) Watson - Crick G,C base pair; d) 2-9-EtGH or 1-9-EtG.

the syn rotamers as in both cases three hydrogen bonds are
involved. The '"H NMR spectroscopic findings are as follows:
1) addition of increasing amounts of 1-MeC to a solution of 1
n [Dg]DMSO neither reveals any downfield shifts of N(3)H
and N(4)H resonances assigned to the anti rotamers nor does
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it have any effect on the relative populations of the syn and
anti rotamers. Moreover, a dilution experiment (concentra-
tion range 62-1mmolL™! for 1, concentration of 1-MeC
higher by a factor of 2) does not have any effect either. The
observed exchange broadening of the N(3)H resonance of 1is
not unexpected, nor necessarily an indication of base-pair
formation.? Likewise, if D,O is used as the solvent, free 1-
MeC (2 equiv per molecule of 1) has no effect on the rotamer
distribution. 2) Addition of 9-EtGH to an aqueous solution of
1, with pD adjusted to 8.9 (either 1 or 9-EtGH partially
deprotonated) has no effect on the rotamer equilibrium.
Because of severe solubility problems, spectra of 2 in the
presence of 9-EtGH could only be recorded in [Dg]DMSO at
a single concentration. However, no changes that could have
been interpreted in terms of H-bonding were detected. We
conclude from these findings that there appears to be neither
appreciable hydrogen bonding between N4 platinated cyto-
sine in 1 and neutral cytosine nor between the deprotonated
cytosine ligand in 2 and guanine in [D¢]DMSO solution.
Whether or not these features are inherent properties of 1 and
2 (alternation of electronic complementarity on account of
metal binding) or a consequence of competition for H-
bonding sites in 1 and 2 between the added free base and
water present in [Ds]DMSO, is difficult to judge. In the case of
2 it is feasible that yet another property, favourable intra-
molecular H-bonding (vide supra) that prevents the anti
orientation of the cytosine nucleobases, impairs H-bond
formation with guanine. Thus, the two requirements for
Watson — Crick pairing between N4-metallated cytosine and
free guanine, anti orientation of cytosine and N3 deprotona-
tion, seem to be mutually exclusive. In principle, H-bonding
according to the Hoogsteen pattern between the neutral
cytosine (with the metal in anti orientation) and guanine is
feasible, but there is no way to prove the existence of this type
of H-bonding in DMSO.

At least one additional aspect should be noted here: Even if
Watson — Crick pairing was possible, the considerable increase
in basicity of the N3 position of N4-metallated cytosine (4 -
5 log units) could make such a pair prone to proton transfer
and result in either a pair containing deprotonated guanine
and a neutral metallated cytosine or a pair consisting of a
guanine tautomer and yet another rare cytosine tautomer,
after a concerted transfer of two protons (Lowdin mecha-
nism).? Provided the lifetimes of these forms exceed the time
required for base-pair opening (~107'"s), the chances of
mispair formation should be high. While none of our findings
can prove or disprove any of these possibilities, the likelihood
of a substantial mutagenic potential of N4-metallated cytosine
in DNA should not be overlooked.%!

Heteronuclear PtPd, derivative 3: If 1 is treated with a
monofunctional heterometal complex carrying a bulky ligand,
the formation of a typel complex of composition trans-
[(NH,),Pt(N4-1-MeC~-N3),ML,J** with both nucleobases
in a syn orientation is not possible. However, the formation
of a trinuclear compound trans-[ (NH;),Pt{(N4-1-MeC~-N3)-
ML,},]"*, among others, is feasible. In fact, reaction of 1
with [(dien)Pd(H,O)]** (dien=diethylenetriamine) yields
the PtPd, complex trans-[(NH;),Pt{(N4-1-MeC—-N3)Pd-
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(dien)},](ClO,),-2H,0 (3). The X-ray structure analysis of 3
(Figure 4) shows an (ht,a,a) arrangement of the two nucleo-
bases. The Pd atoms coordinate to the two endocyclic N3
atoms and thus stabilise the anti conformation of the two

ciy C(22q) Cl12a)

Figure 4. X-ray structure of the cation of the PtPd, derivative 3.

nucleobases. Pt—N and Pd—-N bond lengths are normal
(Table 1). The dien ligands adopt the typical sting-ray folding
pattern,® but there is a 0.6:0.4 disorder over two possible
orientations that affects the C(12) and C(22) atoms. The
nucleobases are almost perpendicular to the Pt coordination
plane (88.2(4)°). A comparison of structural details of the
cytosine nucleobases in 1 and 3 displays significant differences
in the two external ring angles of the C4 atom. Thus, in 3 the
N3-C4-N4 angle opens up while N4-C4-C5 decreases by 4.4 —
4.7° (40). The distance between HS5 (calculated) and Pt is
3.00(1) A, with a C5-H5-Pt angle of 106.4(2)°. This distance is
of some interest because it is considerably longer than the Pt -
H3 distance in 1 (2.74 A). The fact that the N4-C4-C5 angle
decreases as a consequence of Pd coordination at N3, thereby
allowing the Pt and HS5 atoms to approach each other,
tentatively suggests that in the anti conformers of 1 Pt and H5
might even be further apart. Two molecules of water of
crystallisation are observed per PtPd, unit. One water
molecule connects the dien ligands of two PtPd, units through
hydrogen bonds (O2w-N11 3.22(2) and O2w-N12
2.90(2) A) and furthermore shows an extraordinarily short
contact to the keto function of the nucleobase (O2w-02
2.45(2) A). The other water molecule has hydrogen bonds to
the ammine ligands of one PtPd, unit as well as to one of the
dien ligands of the same unit (O1w-N4 3.32(2), Olw-N7
3.08(2) and O1w—N13 2.96(3) A).

Both Pt NMR (0 =—2542) and '"H NMR spectra show
the existence of only one rotamer in solution. In the 'H NMR
spectrum of 3, the H6 resonance (6 =7.32) is found upfield
with respect to the corresponding anti and downfield from the
syn resonance in 1 (6="7.5 and 7.1, respectively). As sub-
stitution of the proton at N3 by a metal ion leads to a shielding
effect, the signals are expected to be shifted upfield. This
confirms the anti conformation of 3 in solution. On account of
the steric bulk of the Pd(dien) moieties and the fact that even
immediately after dissolution only one rotamer is observed in
solution, it is assigned as the (ht,a,a) rotamer. This interpre-
tation was further confirmed by the following experiment:
DCI (pD 2.6) was added to an aqueous solution of 3 (pD 8.3)
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in order to cleave the (dien)Pd — N3 bonds and the appearance
of resonances resulting from the formation of 1 was followed
with respect to time (Figure 5). Within 10 min (ambient
temperature) a spectrum was obtained which was identical

(hh,S\,S) (hh,a,a) (hh.s SN (ht,s.s)

hh,a, ,S, 50

f}ﬂ;?gt‘a,aw(ht s,8) Mht,a,a) 950 s
d f

e Jk i JLSQS s

o M o ,U.490 s

R e " M_sao s

2705

. 150s

75 73 71 69

r(rotamers)
1.0

0.8+
0.6+
0.4

0.2+

0 2 4 6 8 10 12 14 16
t/min

Figure 5. Top: 'H NMR spectra recorded during the decomposition of 3 by
DCI (pD 2.6); a: H6 of 3, b: H5 of 3, c: H6 of 1 anti rotamers, d: H6 of 1 syn
rotamers, e: HS5 of 1 anti rotamers, f: HS of 1 syn rotamers; bottom: time
dependence of the rotameric ratio r; X : syn rotamers, + : anti rotamers.

with that of solid 1 dissolved in D,0. During the initial phase
of the DCI decomposition reaction (k) and (hh) forms could
clearly be differentiated, because at the very beginning 1 was
present exclusively in the (ht,a,a) conformation, with the (hh)
species only forming with time. The complete assignments of
resonances are summarised in Table 2.

Heteronuclear PtHg derivative 4: The heteronuclear deriva-
tive trans-[ (NH;),Pt(N4-1-MeC~-N3),Hg](NO;),-2H,0 (4)
was synthesised by an analogous method to that of its
structural isomer and was obtained as colourless crystals.
Figure 6 depicts the cation of 4. Selected coordination bond
lengths and angles are reported in Table 4. The metals are
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Figure 6. X-ray structure of the cation of the PtHg derivative 4 including
the coordination sphere of Hg.

Table 4. Selected structural data of 4 (bond lengths in A, angles in°).

Pt-N4 2.085(14) N4-Pt-Nda 171.3(5)
Pt-N4a 2.031(10) N2-Pt-N5 174.9(5)
Pt-N2 2.026(12) N2-Pt-N4 91.6(6)
Pt-N5 2.056(12) N2-Pt-Nda 88.8(5)
Pt-Hg 2.7498(6) N4-Pt-N5 90.6(6)
Hg-N3 2.066(10) N4a-Pt-N5 89.7(5)
Hg-N3a 2.080(10) N4-Pt-Hg 852(3)
Hg-Olw 2.606(13) N4a-Pt-Hg 86.2(3)
Hg-071 2.873(11) N2-Pt-Hg 94.0(4)
N3-C4 1.39(2) N5-Pt-Hg 90.8(3)
N3a-Cda 1.396(13) N3-Hg-N3a 165.9(4)
C4-N4 1.27(2) N3-Pt-Hg 832(3)
C4a-Nda 1.301(14) N3a-Pt-Hg 82.7(3)
Olw-Hg-071 107.1(3)
N4-C4-C5 118.7(13)
N4a-C4a-C5a 120.6(11)
Pt-N4-C4 124.7(10)
Pt-N4a-Cda 125.1(8)

bridged by two almost coplanar cytosine bases (dihedral angle
1.6(8)°) in the (hh,s,s) arrangement through the deprotonated
amino groups N4 and N4a (coordinated to Pt) and the
endocyclic nitrogen N3 and N3a (bound to Hg). The
coordination sphere of Pt is completed by two ammonia
ligands and by the heterometal in the apical position. The Pt—
N distances are normal, but the N4-Pt-N4a angle (171.3(5)°)
deviates markedly from 180°. The Hg—N3 distances are in
agreement with those found in other PtHg complexes.'l The
N3-Hg-N3a angle is also significantly bent (165.9(4)°). A
molecule of water (O1w) and a nitrate anion (O71) complete
the coordination of Hg with long Hg— O distances (2.606(13)
and 2.873(11) A, respectively). The Pt—Hg distance of
2.7498(6) A is slightly shorter than those detected in the
trans-[ (NH;),Pt(N3-1-MeC—-N4),Hg[** structural isomers
(2.765-2.835 A).[61 The cations in the crystal are connected
through weak hydrogen bonds between oxygens O2, O2a and
ammine ligands N2, N5 of adjacent cations (O2-N5 2.924,
0O2-N2 3.005 and O2a-N2 2.991 A). Moreover, the water
molecule Olw has short contacts with nitrate oxygen atoms
062 (2.68 A) and O71 (2.76 A, unit at x, 0.5—y, 0.5+ 7).
Furthermore, O2w is involved in hydrogen bonding with O2a
(2.75 A, unit at x — 0.5, y, 0.5 — z), nitrate oxygen O63 (2.87 A)
as well as N2 (2.90 A). The geometries of the N3-Hg-N3a and
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N4-Pt-N4a fragments are not significantly different from
those found in the other structurally characterised PtHg
complexes.””] The problem of too close an approach between
Pt and Hg is avoided by elongation of the Pt— N4 and Pt—N4a
bonds, with respect to those of 1.

The Pt NMR spectrum of 4 shows one singlet at 6 =—
2284, 323 ppm downfield of 1. This shift cannot be explained
by additional metal binding to the endocyclic N3 atom only, as
a comparison with 3, where no metal —metal interactions are
possible, reveals that the signal is shifted only 36 ppm
downfield. Therefore, this finding, in accordance with theo-
retical calculations,'” suggests a weak bonding Pt-Hg
interaction in 4. Interestingly, the structural isomer trans-
[(NH;),Pt(N3-1-MeC—-N4),Hg]** exhibits a remarkable
LJ(**Hg,">Pt) coupling of 2783 Hz.l'Y) No such coupling is
observed with 4, possibly owing to the fact that 4 is poorly
soluble, with the satellites of the NMR signal being buried in
the noise. Also, despite several attempts, a Hg NMR
spectrum could not be obtained as in the cases of the
structural isomer and a molecular hexagon derived from it.>!
We assume that the unfavourable relaxation behaviour of Hg!!
in the N-Hg-N environment is responsible for this. The HS
and H6 signals in the '"H NMR spectrum of 4 in D,0O each
show heteronuclear couplings of “/(!*?Hg,'H5)=78 Hz and
3J("Pt,'H6) =7 Hz. It is interesting to compare this with the
structural isomer (Pt at N3, Hg at N4) in which
SJ("Hg,'H6) =20 Hz, whereas “/(**Pt,'H5) is not resolved.
A summary of the coupling constants observed in 4 and
related N3,N4-bimetallated 1-MeC complexes is given in
Table 5.

M _H
Nz

M
o7y
CH3

Table 5. Comparison of heteronuclear couplings in bimetallated 1-MeC~
complexes as shown in Scheme 5.

M M 4J(MH5)  S/(M,H6)  Ref.
Hg Pt 78 7 this paper
Pt Hg n.o.l 20 [16]
Pt Pt 154 7.6 [37]
Hg Hg n.o. n.o. [38]

[a] n.o. =not observed.

Experimental Section

Materials: rans-[Pt(NH;),CL]* and [Pd(dien)I]I* (from K,PtCl, and
K,PdCly), 1-MeCPU and trans,trans,trans-[Pt(NH;),(1-MeC-N4),(OH),]-
(NO,),I" were synthesised according to the literature. For the synthesis of
the other complexes see below. All other materials (pro analysis) used in
the experiments were purchased from Merck, Darmstadt (Germany). All
solutions were prepared with distilled CO,-free water.

Instrumentation: 'H and Pt spectra were recorded at ambient temper-
ature on a Bruker AC200 instrument. Chemical shifts were measured with
internal reference to sodium-3-(trimethylsilyl)propanesulfonate (‘H, D,0)
or tetramethylsilane (‘H, [D¢]DMSO) and external to Na,PtCl, (*°Pt).
Chemical shifts of 4 were measured with reference to internal tetramethyl-
ammonium tetrafluoroborate (‘H, 6 =3.19). pD values were obtained by
adding 0.4 to the pH meter reading (Metrohm 632).4! For the determi-
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1 3 4
Formula CioHyN;oOgPt C,sH;sN1,0,,CLPtPd, C,0H,N,,0,PtHg
M, 603.42 1330.39 838.06
crystal system triclinic orthorhombic orthorhombic
space group Pl Pbca Pbca
alA 6.872(3) 10.451(3) 13.423(1)
bIA 6.952(3) 14.908(6) 23.506(5)
clA 10.734(5) 27.904(4) 13.738(3)
al 89.79(3)
g 105.25(2)
y I 108.22(2)
V IA3 468.1(4) 4347(2) 4335(1)
z 1 4 8
Dearea /2CM ™3 2.14 2.03 2.57
# /mm~! Moy, 7.63 Agg, 4.36 Moy, 13.59
F(000) 292 2608 3120
crystal size /mm 0.30 x 0.24 x 0.20 0.19 x 0.15 x 0.13 0.40 x 0.20 x 0.10
20, for data collection 60 36 56
index ranges —11<h<11, —11<k<11,0<I<16 0<h<9,0<k<17,0<1<33 0<h<17,0<k<31, —18<I<0
reflns collected 2856 3341 5785
independent reflns 2720 3341 5785
reflns observed 2540 (30) 1678 (20) 2847 (20)
refinement method full-matrix least-squares on F full-matrix least-squares on F?
parameters refined 134 267 311
goodness-of-fit 1.381 (F,) 0.935 (F?) 0.937 (F?)
R, 0.0414 0.0537 0.0546
WR,! 0.0487 0.1018 0.1295
residuals /e A3 1.66 / —2.04 1.05/ —1.63 236/ —1.96

[a] Ry = (T | Fo | = | F| )2 | F,|. [l wRy = [(Ew(| F, || Fe| YIZW(F,)*] for 1; wR, = /[ (Ew(F5 — F2)*/Zw(F7)?] for 3 and 4.

nation of pK, values, uncorrected (pH*) values were plotted against
chemical shifts. Elemental analyses were carried out on a LECO Elemental
Analyzer CHNS-932 and a Carlo Strumentazione 1106 instrument.

X-ray diffraction studies: Diffraction data of 1, 3 and 4 were collected at
room temperature on an Enraf-Nonius CAD4 diffractometer with
graphite-monochromated Moy, radiation (1=0.71069 A) (3: Agy, radia-
tion, 4 =0.56083 A) Intensities of three standard reflections measured
during data collections did not show any significant variation and a linear
correction was applied to the data. Reflections were corrected for Lorentz-
polarisation effects and an absorption correction, based on empirical -
scan, was applied to the structures of 1 and 4. Structures were determined
by conventional Patterson method and subsequent Fourier syntheses. The
final refinements on F?2 for 3 and 4 (SHELXL 93 program)*?l and on F, for 1
(MOIEN package)®l were carried out with anisotropical thermal param-
eters for all non-H atoms except for the four disordered ClO, oxygen atoms
in 3, which have occupation factors of 0.68/0.32 (O11A/B), 0.77/0.23
(O13A/B) and 0.5 (O22A/B, O23A/B). The dien ligands were found to be
disordered in 3, with C12 and C22 in two conformations with occupancy
factors of 0.40(1) and 0.60(1). Hydrogen atoms at calculated positions were
introduced in final cycles of refinement as fixed contributions, except those
of water molecules and of the disordered methylene groups in the dien
ligands of 3. The final weighting schemes were unity for 1, 1/[0*(F3) +
(0.0643P)?] for 3 and 1/[¢0*(F?) + (0.1681P)> + 21.53P] for 4 where P = (F2
+ 2F2)/3. Crystallographic data and experimental details are reported in
Table 6. Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC-
100598. Copies of the data can be obtained free of charge on an application
to CCDC, 12 Union Road, Cambridge CB21EZ, UK (Fax: Int. code +
(44)1223336-033; e-mail: deposit@ccdc.cam.ac.uk).

Preparation of trans-[Pt(NH;),(1-MeC-N4),](NO;), - 2H,0 (1): Hydrogen
was bubbled through a solution of trans,trans,trans-[Pt(NH;),(1-MeC-
N4),(OH),](NOs), (70.0 mg, 0.104 mmol) in H,O (20 mL) at 50°C for 3%
4 h. The pH of the solution was monitored and found to rise from 4.1 at the
beginning to 6.3 at the end. The reaction apparatus consisted of a heated
glass tube (34 cm length, 1.2 cm diameter) with a porous frit and a gas inlet
at the bottom. Some finely dispersed Pt (obtained by pyrolysis of Magnus
green salt [Pt(NH;),][PtCl,]) was added to accelerate the reaction. When a
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constant pH was reached, colourless crystals of 1 (60.1 mg, 96 %) were
obtained upon slow crystallisation in a N, flow. They were washed with
H,0 (1 mL) and dried (1d,40°C). 1: C,,H,N,,O3Pt (603.4): caled C19.9,H
3.3, N 23.2; found C 20.0, H 3.7, N 23.6.

Preparation of trans-[Pt(NH;),(1-MeC~-N4),]-3H,0 (2): The pH of a
solution of 1 (32 mg, 53 pmol) in H,O (5 mL) was raised from 5.2 to 12.4
with a solution of NaOH (1M, 0.2 mL). After 12h at 4°C under the
exclusion of air, the white precipitate of 2 (24 mg, 85% ) was filtered off,
washed with H,O (10 mL) and dried (1d, 40°C). 'H NMR ([D,]DMSO):
0=700 (H6), 530 (HS), 523 (N(4)H), 5.06 (NH;), 3.05 (CH,);
C,oH,4,NgOsPt (531.4): caled C 22.6, H 4.6, N 21.1; found C 22.6, H 4.3, N
20.9.

Preparation of trans-[ (NH;),Pt{(N4-1-MeC -N3)Pd(dien)},](C10,),-
2H,0 (3): Complex 3 was prepared by the reaction of [Pd(dien)I]I
(153.6 mg, 0.3315 mmol) and AgNO; (110.4 mg, 0.6499 mmol, 1.96 equiv)
in H,O (10 mL). After 15 min at ambient temperature, Agl was filtered off
and 1(100.0 mg, 0.1657 mmol), dissolved in H,O (15 mL), was added. After
another 15 min at 25 °C the pH was adjusted stepwise from 3.0 to 6.4 with a
solution of NaOH (1m, 275 pL). Upon concentration in a stream of N, the
yellow solution turned orange. After the addition of NaClO, (0.663 mmol)
pale yellow crystals appeared and were recrystallised from H,O (25 mL) to
yield 3 (54.1 mg, 24%). '"H NMR (D,O, pD 8.3): 6 =7.32 (H6), 6.72 (H5),
330 (CHj), 3.25-2.75 (dien); Pt NMR (D,O, pD 83): 6 =—2542;
CigH,sN1,0,0PtPd,Cl (1330.4): caled C 16.3, H 3.6, N 14.7; found C 16.1, H
3.5,N 14.8.

Preparation of rrans-[ (NH;),Pt(N4-1-MeC—-N3),Hg](NO;),-2H,0 (4):
Compound 4 was prepared from a solution of 1 (60.3 mg, 0.100 mmol) and
Hg(OOCCF;), (42.3 mg, 0.099 mmol, 0.99 equiv) in H,O (10 mL). After
10 min of stirring at 25 °C, the pH was raised from 1.8 to 2.9 with a solution
of NaOH (1m, 180 uL). Upon slow crystallisation, colourless rhombic
crystals of 4 (35.1 mg, 42 %) were obtained and subsequently washed with
H,0 (0.5mL) and dried (1d, 40°C). 'H NMR (D,0, pD 4.8): 6=7.10
(3J(*Pt,'H) =7 Hz, H6), 6.0 (*/("*Hg,'H) =78 Hz, H5), 3.38 (CH;); *Pt
NMR (D,0, pD 4.8): 6 =—2284; C;,H»,N,,0,,PtHg (838.0): caled C 14.3, H
2.6, N 16.7; found C 14.4, H 2.8, N 16.7.
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A Copper(@-Complexed Rotaxane with Two Fullerene Stoppers: Synthesis,
Electrochemistry, and Photoinduced Processes.

Nicola Armaroli,* Francois Diederich,* Christiane O. Dietrich-Buchecker, Lucia Fla-
migni,* Giancarlo Marconi, Jean-Francois Nierengarten, and Jean-Pierre Sauvage*

Dedicated to Professor Vincenzo Balzani on the occasion of his 60th birthday

Abstract: A rotaxane made from a bis-
phenanthroline Cu! complex and two
Cq units acting as stoppers has been
synthesized. Electrochemical, spectro-
scopic and photophysical properties of
the individual components, a methano-
fullerene and a Cu' catenate, were
determined. The properties of the meth-
anofullerene were also compared with
those of plain Cy4, and rationalized with
the aid of semiempirical calculations.
The changes in the photophysical prop-
erties detected in the rotaxane with

esses. The excited singlet state localized
on the fullerene and the MLCT excited
state centred on the Cu! complex are
both quenched. Deactivation of the full-
erene excited singlet state occurs by
energy transfer to the Cu'-complex moi-
ety, which competes with intersystem
crossing to triplet fullerene, whereas the
Cul-complex excited state is mainly
quenched by electron transfer to form

Keywords: copper . electro-
chemistry electron transfer

the charge-separated state consisting of
the oxidized metal centre [Cu(phen),]**
and the fullerene radical anion. The
fullerene triplet, formed in reduced
yield with respect to the model, is also
quenched by electron transfer to the
same charge-separated state. The ability
of both model components to sensitize
singlet oxygen is completely suppressed
in the rotaxane. The occurrence of a fast
back-electron-transfer reaction is postu-
lated, as spectroscopic detection of the
charge-separated state has not been

respect to the models were assigned to

. fullerenes -
the occurrence of intramolecular proc-

Introduction

Since the discovery of buckminsterfullerene (Cg),! an
increasing number of scientists have devoted their attention
to this new material, its derivatives,” and its higher homo-
logues! as attested by the spectacular development of the
literature in this field.! This new carbon allotrope has the
unusual power of exciting the interest of researchers in many
fields including theoretical, experimental and applied chem-
istry. Inter alia, Cg has been extensively characterized
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achieved.

rotaxanes

photo-P! and electrochemically®® showing remarkable proper-
ties such as: i) electronic absorption bands throughout the
entire UV/Vis spectral region;’! ii) strong and characteristic
singlet —singlet®! and triplet—triplet transient absorption
features;P! iii) a weak fluorescence at room temperaturel'’)
and 77 Kl"'*<l and a phosphorescence band only in a rigid
matrix;"'e*l iv) sensitization of singlet oxygen!'?! with unitary
efficiency;[¥! and v) a strong-electron acceptor character, as
indicated by the presence of four to six fully reversible
reduction processest'yl depending on the solvent. Accordingly,
many investigations have been carried out on ground-state
charge-transfer complexes and photoinduced electron trans-
fer between Cgq and a variety of electron donors, including
amines!"! and polymer substrates.'?l By contrast, to date little
work has been reported on the photochemical and photo-
physical properties of supramolecular assemblies containing
fullerene subunits,l'”) although the above-mentioned proper-
ties show promise for the promotion of electron-transfer
processes in suitably assembled supramolecular arrays. The
study of such processes is of interest for many fundamental
and practical purposes, which include a better understanding
of natural photosynthesis!'®! and the construction of photo-
chemical molecular devices!"! capable of performing useful
functions such as i) the conversion of solar light into fuel and

0947-6539/98/0403-0406 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 3





406-416

electricity,?”! ii) the chemical monitoring of the environ-
ment?!! and iii) the storage and elaboration of information at
a molecular level.??!

Given the good electron-accepting properties of Cq, a good
electron-donor partner is required to favour photoinduced
electron transfer in a supramolecular array. We thought that a
Cu' bisphenanthroline complex could be a good choice in this
respect for many reasons, the first of which is that such
complexes are known to be potent reductants in the excited
state.”®) In addition, when the phenanthroline ligands are
substituted in the 2,9 positions by aryl residues the complexes
display excellent photostability, long-lived luminescent excit-
ed states and absorption spectra throughout the UV/Vis
spectral region,?! which make them potentially useful for
harvesting solar-energy. Finally, it should be pointed out that
the outstanding affinity of Cu' towards phenanthroline-type
ligands allows the high-yield preparation of complex supra-
molecular structures such as catenanes, rotaxanes, knots and
helicates.

We report here the synthesis, electrochemical behaviour
and excited state properties in CH,Cl, solution of the
rotaxane Si-Cg-Cu formed from a bisphenanthroline Cu!
complex and two Cg-type units which act as stoppers/!
(Figure 1). This combination of molecular components makes

(P}

Si-Cgo-Cu

Figure 1. Schematic formulae of compounds 1-3 and Si-Cg-Cu (@ =
Cu").

Si-C4-Cu a good candidate to undergo photoinduced electron
transfer. The photophysical properties of the rotaxane are
compared with those of two suitable molecular models: a Cy,
methanofullerene (Si—Cy)?"! and a Cu! catenate (Cu—cat)?®!
(Figure 2). The choice of Si—Cg and Cu-cat as reference
compounds instead of 1?71 and 2 (Figure 1), the direct
precursors to the rotaxane, relies on the fact that the latter
have rather unstable, unprotected terminal alkyne functions.
A comparison between the photophysical properties of Si—
Ce and plain Cy, is also reported.

Chem. Eur. J. 1998, 4, No. 3
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Si-Cgp Cu-cat

Figure 2. Schematic formulae of Si— Cy,and Cu-—cat (e = Cu"); the model
compounds used in the photophysical investigations.

Results

Synthesis: An attractive and convenient route for the syn-
thesis of the Cul-complexed rotaxane Si-Cg-Cu relies on the
oxidative coupling reaction between the terminal alkynes 1
and 2, which are accessible in gram quantities (Figure 1). It
has been previously shown that acetylenic oxidative coupling
reactions are compatible with both fullerene derivatives??’ >l
and bis(diphenylphenanthroline) Cu' complexes.”l Rotaxane
Si-C¢-Cu was prepared by treating the multicomponent
complex 2 with the methanofullerene derivative 1 under dry
air in CH,Cl, at room temperature in the presence of a large
excess of Hay catalystP!! [CuCl-N,N,N',N -tetramethylethyl-
enediamine (TMEDA)]. When 1 and 2 were used in a 2.5:1
molar ratio, Si-C4-Cu was only obtained in a low yield
(3.5%). The yield of Si-Cg-Cu could be improved to 15% by
the use of a 5:1 ratio of 1:2. In addition to Si-C4-Cu, the
dimeric fullerene derivative 3,7 resulting from the homo-
coupling reaction of 1, was also formed. Surprisingly, no [3]-
catenanel®! formed as a result of the cyclodimerisation of the
Cu! complex 2 could be detected.

The Cu'-complexed rotaxane Si-Cg-Cu with its two full-
erene stoppers is reasonably soluble in CS,, CH,Cl, and
CHCI;. In the *C NMR spectrum (CS,/CDCl;, 1:1) a total of
49 out of the 51 expected resonances for the C, -symmetric
compound Si-Cg4,-Cu (31 for the fullerene sp* carbons and 20
for the two diphenylphenanthroline fragments) are distin-
guishable in the aromatic and fullerene region and all 15
alkynyl and aliphatic signals are observed. The 'H NMR
spectrum is also in full accordance with the structure of Si-Cg-
Cu. The FAB-MS (Figure 3) confirmed the structure of the
Cu'-complexed rotaxane with a very intense signal at m/z =
2900.2 corresponding to the pseudo-molecular-ion peak which
results from the loss of the BF; counteranion.

Electrochemistry: The redox properties of Si-Cgq-Cu were
studied by cyclic voltammetry in CH,Cl, with 0.1m Bu,NBF,
as the electrolyte. Surprisingly, a significant anodic shift was
observed for the reversible Cu-centred redox process in
comparison with other similar mononuclear complexes.?*?! For
instance, the redox potential of the Cu(i/11) couple in Si-Cy;-Cu
appears at +0.865V vs the saturated calomel electrode
(SCE), whereas the potential of the Cu-localised redox
process for the reference catenate (Cu-cat) is +0.565 V vs
SCE in CH;CN.*2 By contrast, in CH,Cl, (vs SCE) the first
reduction of both Si—Cy, (—0.520V, rev) and the fullerene
units of Si-Cy,-Cu (—0.6 V, irrev) appear in the range typical
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Figure 3. Positive ion FAB-mass spectrum of Si-Cq-Cu (in m-nitrobenzyl
alcohol as the matrix) showing the pseudo-molecular-ion peak resulting
from the loss of the BF; counteranion at m/z=2900.2 (calcd for
C,10HgoN4O5S1,Cu: 2900.8).

of C¢ monoadducts.[33] As previously observed for various
bis(butadiynyl)methanofullerene derivatives,? Si-Cg-Cu un-
dergoes reductive electrochemical polymerization during
iterative cyclic voltammetry to give an insoluble, insulating
film on the platinum cathode surface.

Steady-state absorption and luminescence properties: The
electronic absorption spectra of Si-Cg-Cu, Si—Cg, and Cu-
cat in CH,Cl, are depicted in Figure 4. In the UV region, the

0.0

T T T T T
300 400 500 600 700 800
Afnm] —

Figure 4. Electronic absorption spectra of Si—Cy, (—), Cu—cat (- - -) and
Si-Cg-Cu (--+) in CH,Cl,. The concentration is 1.0 x 10~° for Si-C,, and
Cu-—cat and is unknown for Si-Cg-Cu as a result of its low solubility (see
text). In the 400 -800 nm region the spectra are multiplied by a factor of 20.

model fullerene compound Si-Cg, displays two very intense
bands (gn.=10*-10°M~'cm™!) typical of fullerene deriva-
tives. In the visible region, the spectrum is broad and much

Table 1. Electronic absorption and luminescence data in CH,Cl,.

less intense (&, =10*~10>Mm~lcm™!), Table 1. An analogous
pattern in the absorption intensities is displayed by Cu-cat.
The molar extinction coefficients of Si-Cg-Cu cannot be
evaluated because of solubility problems (see Experimental
Section). Although the spectrum of Si-Cy-Cu displays some
of the characteristic absorptions of both components, such as
the typical weak fullerene monoadduct bands at 430 (sh) and
683 (sh) nm as well as the strong UV bands at 252 and 322 nm,
the profile of the absorption spectrum of the rotaxane cannot
be fully superimposed on the sum of the absorption spectra of
the model compounds.

The room-temperature emission spectra of isoabsorbing
solutions (same absorbance at the excitation wavelength
Aexe =532 nm) of Si-Cy-Cu, Si— Cg, and Cu-cat are displayed
in Figure 5.

100 T

. . s
600 700 800 900
Afpm] ——

Figure 5. Luminescence spectra of isoabsorbing solutions of Si—Cy (—),
Cu-—cat (- - -) and Si-C¢-Cu (---) in CH,Cl, at 293 K. At the excitation
wavelength A..=532nm, the light repartition in the supramolecular
species Si-Cg)-Cu is as follows: 40 % on the central Cu' complex,and 60 %
on the fullerene stoppers.

Incidentally, the emission maxima of Si—Cy, and Cu-cat
are almost coincident. For Si-Cy4-Cu only a very weak
emission was detected, whose shape is reminiscent of that of
Si—Cy and Cg. In a rigid matrix of CH,Cl, at 77 K, Si—C,
displays a fluorescence band (4,,,, =715 nm), while Cu-cat
shows a very weak luminescence with 1,,,, =750 nm. A very
weak emission band (4,,,, = 715 nm) was also observed for Si-
Cg-Cu under the same experimental conditions. Any attempts
to detect phosphorescence for Si— Cg, (and also for plain Cy,)
were unsuccessful, even working with a time window that
excludes the immediate fluorescence and also with a red-
enhanced photomultiplier tube. Phosphorescence was also
not observed in a transparent BuCN glass. Similar results were
obtained by other authors.l''? 3] Nonetheless, phosphores-

Absorption, 293 K Luminescence, 293 K 77K

Amax (€ x1073) [am (M~'em™)] Amaxt®) (nm) 7 (ns) Dy x 107 Amax (NM)
Ceo 257 (170); 329 (49); 404 (2.5); 538 (0.7); 594 (0.6) 723 1.3 1 700
Si—Cy 245 (sh, 99); 256 (110); 328 (37); 434 (2.1); 488 (1.4); 687 (0.2) 696 1.6 5 714
Cu-cat 247 (63); 278 (48); 325 (45); 440 (3.0) 703 17510 9 750
Si-Cgo-Culd 245 (sh); 252; 322; 430 (sh); 490 (sh); 683 (sh) 696 0.5;1.7 0.8 71014

[a] From uncorrected emission spectra. [b] Deaerated solution, 125 ns in an air-equilibrated sample. [c] The molar extinction coefficients & could not be
evaluated as a result of the poor solubility of the sample (see text). [d] Extremely weak signal.
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cence spectra attributed to Cg, can be found in the literature in
matrices below 5 K['e-1¢l or at 77 K in the presence of heavy-
atom-containing solvents.!!!?]

The absorption and emission spectra of Cg, are shown in
Figure 6. A comparison of the absorption and emission
properties of Si—Cgy, with plain Cy4, revealed that, in the UV
region, the absorption bands of Si—Cg, are less intense and
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Figure 6. Absorption (- - -) and emission (—) spectra of C4 in CH,Cl,

solution at 293 K.

less well resolved than for Cg,. In the visible region the two
compounds display rather different spectral features, which
lead to the very distinct colours of the two species: Si—Cy is
deep red, whereas Cy, is magenta purple. It is worth noting
that the spectrum of Si— Cg, extends further into the red than
that of Cy, showing the characteristic maximum of fullerene
monoadducts at 687 nm. Both species are luminescent; the
emission bands have similar spectral positions, but a different
pattern and Cg, displays a higher energy onset. Si—Cy, is a
stronger luminophore than Cy, its emission quantum yield
being 5 times higher at room temperature than that of Cg,
(Table 1). In a CH,Cl, nontransparent matrix at 77 K, the
fluorescence maxima of Cq, and Si— Cg, are located at 700 and
714 nm, respectively (Table 1), the latter being red-shifted
with respect to room temperature (696 nm). The room-
temperature excitation spectra of Cg,, Si—Cy and Cu-cat,
based on their emission maxima (Table 1), match the corre-
sponding absorption profiles throughout the UV/Vis spectral
region.

Time-resolved absorption and luminescence spectroscopy: It
should be noted that at both excitation wavelengths used (355
and 532 nm) the partition of the photons among the chromo-
phores of Si-Cg-Cu is 3:2 (Si— Cg):Cu - cat), calculated on the
basis of the absorption coefficients of the two model
compounds.

The streak images of the luminescence of C4y and Si—Cg,
show bands with maxima around 720 and 700 nm, respective-
ly, which is in agreement with the steady-state luminescence.
The luminescence lifetimes, measured on the time profiles
taken around the maxima, are 1.3 ns for C4, and 1.6 ns for Si-—
Ceo- The same experiment on Si-Cy-Cu shows an image with
an emission band centred at 700 nm whose time profile fits
well with biexponential kinetics, with lifetimes of 0.5 and
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Figure 7. Time profile of the luminescence decay of the rotaxane Si-Cy-Cu
in the 690 -710 nm region. Solvent, CH,Cl,; 4.,. =532 nm (A =0.2); 3mJ
per pulse; 15.4 ps per channel. The data points have been fitted to a
biexponential decay.

1.7 ns (Figure 7, Table 1) and a relative weight of 0.6 and 0.4,
respectively.

The picosecond time resolved absorption spectrum of the
model Si-Cg, displays both singlet—singlet (4,..=520 and
900 nm) and triplet—triplet (A,,,=700nm) features. The
decay of the singlet bands matches the formation of the
triplet, and isosbestic points are found at 570 and 750 nm. The
lifetimes of singlet decay and triplet formation for Si—C,
coincide (1.5 ns) and are in good agreement with the singlet
lifetime determined by the luminescence decay (1.6 ns, see
above). In Figure 8, the time-resolved absorption spectra of
Ceo and Si—C4 are compared; the singlet and triplet
absorption maxima of Si-Cg, are at higher energy than those
of C4. This behaviour has already been observed for other
monoadducts of Cg,.[172]
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700 300 900
Alpm] —

Figure 8. Transient absorption in the near infrared spectral region of a) Cy,
and b) Si-Cg. Solvent, CH,CL,; A, =532 nm (A =0.14); 4 mJ per pulse;
time intervals 330 ps.

The picosecond transient absorption spectrum of Si-Cg-Cu,
immediately after the laser pulse, displayed bands with
maxima at 520 nm and 900 nm, which was also observed for
Si—Cg. Nevertheless, the singlet band in the 400-600 nm
region appeared wider and red-shifted in comparison with
Si—Cq, (Figure 9) because of the contribution of the Cu'-
complexed moiety, which is known to display a broad
absorption band with a maximum at 585 nm.”] The isosbestic
points between singlet and triplet in Si-Cy-Cu are no longer
present, an indication that processes other than simple
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600
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Figure 9. Transient absorption spectra in the visible spectral region of a)
Si-Cg-Cu and b) Si—Cg,. Solvent, CH,Cl,; ... =532 nm (A =0.14); 7mJ
per pulse. The time values correspond to the delay at which the spectra are
recorded after the 35 ps laser pulse.

intersystem crossing occur. Figure 10 shows the time evolu-
tion of the triplet (700 nm) and the singlet (880 nm) excited-
state absorbances in Si-Cg-Cu. It is evident that the singlet
decay rate does not match the triplet formation, which
appears to grow, at least in part, with a slower rate. The

0.08
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e
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T 000] .
0 1 2 3
AA o008
= 880 nm
0.04 \\‘\‘WJ*T_A—.-——
0.004 . r=0.4ns
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Figure 10. Differential absorption decay of a solution of Si-Cg-Cu in
CH,Cl,, Acx.e = 532 nm (A =0.14), 7 mJ per pulse. The absorbances at 700
and 880 nm are attributed to the fullerene triplet and singlet, respectively.

singlet band decays with a lifetime (0.4 ns) in good agreement
with the shortest lifetime (0.5 ns) measured from the decay of
the luminescence. The triplet appears to be formed with a rate
constant (7=1.8 ns) in agreement with the second, slower
luminescence decay (7 =1.7 ns, see above).

The fully evolved triplet spectra of Si-Cg-Cu and the model
compounds can be detected on a longer timescale with a
nanosecond flash-photolysis apparatus. In Figure 11, the
spectra of the triplets of Si—Cg, and Si-Cy-Cu (oxygen-free,
isoabsorbing solutions) are shown, together with that of Cy,
determined under the same experimental conditions.
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Figure 11. Transient absorption spectra recorded immediately after ex-
citation with a 20 ns laser pulse; (m) Cy, (®) Si—Cy, (a) Si-C4-Cu. Solvent,
CH,Cl,; Ay e =355 nm (A =1.1); 1 mJ per pulse.

A quantitative estimate of the relative yield of Si-Cg-Cu
triplet formation with respect to the model Si—Cy, can be
attempted by assuming the same absorption coefficients and
by taking into account only the absorption of the fullerene
moiety of the rotaxane (60 % of the total incident light). As a
result, the triplet formation in Si-Cg-Cu turns out to be about
30% that of the model Si—Cyy. In Si—Cq, the decay of the
triplet in deoxygenated solution is monoexponential with a
lifetime of 5 ps, while in Si-Cg-Cu (where the yield of triplet
formation is strongly decreased, see above) the triplet decay
lifetime is 170 ns. The triplet absorption properties are
summarized in Table 2. After the decay of the Si-Cg-Cu

Table 2. T-T absorption properties®” and 'O, sensitization® in CH,Cl,
solution at 293 K.

Amax(nm) 7(us) eX Dy @,,('0,)
Ceo 740 60 1 1
Si-Cy, 700 5 0.6 0.82
Cu-cat 530, 585l 0.1791¢ - 0.11
Si-Cy-Cu 700 0.170 0.2 0.03

[a] Oxygen-free solutions. [b] Air-equilibrated solutions. [c] From ref. [37].
[d] Calculated on the basis of the photon absorbed by the two fullerene
moieties only (60% both at 532 and at 355 nm).

triplet, a residual minor component is observed with an
absorbance of the order of 5-6 x 103, a maximum around
740 nm and a lifetime of 1.7 ps in deoxygenated solutions.

Under the same experimental conditions (1 mJ at 355 nm)
C¢ showed a nonexponential decay of the triplet; a drastic
decrease in excitation energy down to a few pJ was necessary
to obtain a reasonably exponential decay of 60 us.

Experiments on sensitization of singlet-oxygen lumines-
cence (Al showed a dramatic decrease in the quantum
yield of singlet-oxygen generation in passing from the two
model compounds to the rotaxane. Taking pure Cg, as a
relative standard (@, =1), we measured values of 0.82, 0.11
and 0.03 for Si—Cy), Cu-cat and Si-Cg-Cu, respectively
(Table 2).

Discussion

Model compounds Si-Cg4 and Cu-cat: The methanofuller-
ene derivative Si—Cg, displays absorption spectral features
comparable with those of other monofunctionalized full-
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erenes, <3 attributable to slightly perturbed transitions of
the parent compound Cg,. In particular, in the visible region
the typical 404 nm Cg, band is absent and two new bands at
434 and 687 nm appear.

In order to gain insight into the nature of the excited states
of this compound, a series of semiempirical calculations
(Zerner intermediate neglect of differential overlap (ZINDO/
1) hamiltonian™! for geometry optimization and ZINDO for
spectroscopy (ZINDO/S), with configuration interactions
(CI) limited to 110 singly excited configurations, for spectro-
scopic transitions*) were carried out for both Si-Cg, and
Cy- The results of these calculations show that the lowest
singlet excited state, calculated at 595 nm for the parent
molecule, undergoes a large red shift (662 nm), which is in
fairly good agreement with the appearance of the new band at
687 nm. In Cy the equivalent lowest excited state (7),) is
forbidden by symmetry and is vibronically induced, whereas
in Si-C, the disruption of the high symmetry (I,) makes it
allowed with a calculated oscillator strength (f) of 0.012. This
particular feature of Si—Cy is also reflected in its character-
istic fluorescence properties, namely i) a red shift in the onset
of the emission band (Figure 5), ii) a slightly longer singlet
excited-state lifetime (Table 1) and iii) an increased emission
quantum yield (Table 1).

The absorption spectrum of Si—Cy, shows also that the
lowest allowed singlet transition, which occurs at 404 nm for
Cq, undergoes a red shift of ca. 30 nm and an intensity
increase, two features consistently reproduced by the calcu-
lation (A4 =41 nm and Af=0.03). It has to be noted that an
absorption band around 430 nm is characteristic of a wide
class of monosubstituted fullerenes,?>< 3 and that in optically
active molecules the strong circular dichroism signal associ-
ated with this band has been used to determine the absolute
configuration.[*!]

As far as the lowest triplet manifold of Si— Cy, is concerned,
one observes a large decrease of the triplet lifetime (5 ps)
compared with Cg, (60 ps). This fact, which is also reflected in
the better ability of Cy, to sensitize singlet oxygen, could be
rationalized on the basis of the heavy-atom effect on the
intersystem-crossing process and/or a 7} — S, energy gap more
favourable for the silylated compound. Since the S, —T;
process, which should also be influenced by heavy atoms,
appears quite unaffected upon substitution, the latter factor
would appear to be responsible for enhancing the triplet
deactivation. In fact, the results of our calculations show a
large decrease in the 7, energy upon substitution, 1.49 eV
(833 nm) for Si—C4, compared with 1.63 eV (758 nm) for Cg.
From this decrease in the 7', — S, energy gap one can expect an
increase in the 7, nonradiative deactivation rate, as observed.
The singlet and triplet transient absorption spectra show a
shift to higher energy and a decrease in the extinction
coefficients for Si—Cy compared with Cg, which is in
agreement with previous reports on Cy, derivatives.['7#]

The photophysical properties of Cu-cat along with several
related catenates,* knots*l and cage compounds™! have
been extensively investigated. The absorption bands in the
UV region are due to ligand-centred (LC) mzt* transitions,
whereas the much weaker absorption in the 390-700 nm
spectral region is attributed to spin-allowed metal-to-ligand
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charge-transfer (MLCT) transitions.”! Such transitions lie at
low energy, as the Cu* ion is a good electron donor and the
coordinated phenanthroline-type ligand has electron-accept-
ing character. The low-energy, weak luminescence at room
temperature originates from a couple of thermally equili-
brated (singlet and triplet) MLCT levels** 4! (Figure 5). The
associated excited-state lifetime in deaerated solution is
175 ns.

The rotaxane Si-Cg-Cu: Given the poor solubility of this
compound, the determination of the molar absorption coef-
ficients could not be performed. Interestingly, the profile of
the absorption spectrum of Si-Cg,-Cu cannot be superimposed
very well on the sum of the absorption spectra of the model
compounds expressed in ¢ units (note that the fullerene unit is
present twice in the supramolecular structure; Figure 4),
which seems to indicate some electronic interaction between
the components. The anodic shift observed by cyclic voltam-
metry for the oxidation of the Cu! centre of Si-Cy-Cu, with
respect to Cu-—cat and other analogous mononuclear com-
plexes, could also be attributed to the strong electron-
withdrawing effect of the two fullerene groups, which in turn
could substantially destabilize the highest oxidation state of
the Cu centre. However, we also believe that solvation effects
resulting from the presence of the two fullerene moieties in
the proximity of the metal centre are at the origin of the
observed potential shift. In agreement with this proposal, the
redox potential of the Si—Cg, units is not affected in the
supermolecule and the same holds for the energy of the singlet
and triplet absorption bands (Figure 9, Tables 1 and 2). Also,
all previous studies!® 3 have shown that the methanobridge
sp*>-C-atom in methanofullerenes efficiently blocks through-
bond or through-space communications. Therefore, in our
discussion we will assume that the single molecular compo-
nents keep their own ground-state electronic properties while
the detected changes in the photophysical properties of Si-Cg-
Cu can be ascribed to the occurrence of intercomponent
processes.

The most striking result concerning the photophysical
properties of Si-Cy-Cu is that the excited-state properties
observed in the model compounds Si—Cg, and Cu-cat are
strongly quenched. In particular we observe: a) quenching of
the fullerene fluorescence; b) quenching of the MLCT
emission; c) reduction in the yield and lifetime of the
fullerene triplet; d) a large decrease in the photosensitization
of singlet oxygen. Such observations clearly indicate the
presence of novel competitive deactivation pathways in the
excited states of Si-Cq-Cu with respect to the molecular
components. The relevant rate constants can be calculated on
the basis of Equation (1) where 7 is the lifetime of a given
(quenched) excited state in the supramolecular structure, and
7, is the (unquenched) lifetime of the same state in the model
compound.

k=1/t—1/z, (1)
The construction of an energy level scheme for Si-Cg-Cu
can be attempted on the basis of the spectroscopic and

electrochemical data. In particular, to assign the excited-state
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energies of the single components in the supramolecular array
Si-Cy-Cu, we took the luminescence maxima at 77 K of the
corresponding components in Si-Cgy-Cu or, if not available, of
the reference model compounds. Accordingly, from Table 1,
an energy of 1.73 eV for Si-!Cy-Cu (the lowest excited singlet
localized on Si—Cg) and 1.65eV for the Si-Cg-*Cu (the
MLCT manifold of singlet and triplet states localized on Cu—
cat) were calculated. As we were unable to detect phosphor-
escence from Si-Cy-Cu and the model Si—Cy,, we assume the
energy of the Si-3Cq-Cu state to take the calculated value of
1.49 eV (see above). In this type of approximate approach, the
energy of the charge-separated state (Si-Cg,-Cu™), formed by
electron transfer from the metal to the fullerene, can be
derived from the simple addition of the energy required to
oxidize the Cu-cat moiety and to reduce the Si— Cy, unit of
the rotaxane in the same solvent (i.e., 1.46 eV from our
electrochemical data). Finally an energy level diagram
(Figure 12) is obtained in which all the levels appear very
closely spaced in energy and the lowest ones are the triplet
state Si-*Cg4-Cu and the charge-separated state Si-Cg,-Cu*.

}

Si-'Cgo-Cu
s 173ev

@ Si-Cgp-*Cu

1.65eV
ky=6.2x108 " @ @
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Figure 12. Energy-level diagram describing the intercomponent energy-
and electron-transfer processes which occur in the rotaxane Si-Cy-Cu in
CH,CI, solution. On the left the lowest electronic excited states centred on
the fullerene stoppers are displayed and those centred on the Cul-
complexed core on the right. Si-Cg-*Cu represents thermally equilibrated
MLCT singlet and triplet states.

On the basis of this scheme the interpretation of our data is
relatively simple. Excitation of Si-Cg-Cu at 355 or 532 nm
leads to the population both of the fullerene-centred singlet

412 ——

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

excited state Si-'Cg4-Cu and of the Si-Cy-*Cu state in a 3:2
ratio, according to the absorption coefficients. Unfortunately,
the emissions from these two levels occur in the same spectral
region (Figure 5), but nevertheless the analysis of the
luminescence decay at 700 nm reveals the presence of two
different lifetimes, 0.5 and 1.7 ns, respectively (Figure 7).
From the transient absorption data, we measured a lifetime of
0.4 ns for the fullerene singlet in Si-Cg-Cu while the triplet
formation takes place on a longer timescale (1.8 ns; Fig-
ure 10). We therefore assign a lifetime of 0.45 ns (average of
the emission and absorption data) to the singlet state of the
fullerene unit in the rotaxane and the 1.7 ns lifetime to the Si-
Cq-*Cu levels. A rate constant of 1.6 x 10° s7! is derived for
the step deactivating Si-'Cy-Cu in the rotaxane [Eq. (1)]. At
least two processes could be responsible for the quenching of
the fullerene-centred singlet, namely energy transfer to the
MLCT singlet of the Cul-complexed core (AG’= —0.08 eV;
step 2; Figure 12), or electron transfer to give the charge-
separated state (AG? = —0.27 eV, step 3).

Energy transfer (step2) may occur by two different
mechanisms: the Forster-type mechanism,*! based on cou-
lombic interactions, and the Dexter-type mechanism,*’] based
on an exchange interaction. The first case does not require
contact between the partners, while the latter requires an
overlap of orbitals, possibly mediated by other interposed
chemical bonds; put simply, it can be visualized as a
simultaneous double electron exchange between the donor
and the acceptor.

The rate of energy transfer according to a Forster-type
mechanism can be calculated from spectroscopic quantities
and turns out to be 2 x 10° s1,[81 well below the experimental
rate k,. We can therefore exclude the possibility that the
deactivation of the fullerene localized singlet state is due to
this type of process.

In view of the approximate approach applied here, we will
not enter into a detailed discussion about the other possible
mechanism, namely energy transfer by means of electron
exchange or electron transfer, but rather try to discuss it in
qualitative terms. The larger driving force of electron transfer
(step 3; AG’= —0.27) compared with energy transfer (step 2;
AG°=—0.08) is largely compensated by the much higher
reorganization energy involved in the former process, in
which a net charge transfer occurs. Furthermore, we do not
have any spectroscopic evidence for the formation of the
charge-separated state on this timescale (see below). On the
basis of these considerations, we would assign the observed
quenching rate of the singlet fullerene moiety in Si-Cg-Cu to
an energy transfer by an electron exchange mechanism to the
MLCT manifold of the Cu'-complexed moiety (step 2;
Figure 12).[41

Following the decay of the fullerene singlet, which occurs in
part by energy transfer and in part by intersystem crossing
(28 %, according to the ratio k/k, + k,), the Cu'-complexed
unit is quenched from 175 ns to 1.7 ns lifetime with a rate of
5.8 x108s. The possible deactivating pathways for the
MLCT manifold are: i) energy transfer to the fullerene
localized triplet (step 4; AG°=—0.16 V) and ii) electron
transfer to the charge-separated state (step3; AG'=
—0.19eV). The transient absorption data concerning the
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evolution of the fullerene triplet Si-*C4-Cu indicate that only
a negligible part of the observed triplet is formed by the
process displaying the lifetime of r = 1.8 ns (Figure 10), which
is in close agreement with the second luminescence decay with
a 1.7 ns lifetime monitored for Si-Cy-*Cu (Figure 7). Since
under our experimental conditions 40% of the absorbed
photons produces the Cu'-complex-centred MLCT excited
state directly, we would expect a larger contribution of
fullerene triplet formation than actually observed if step 4 is
to be efficient. Therefore, we would tend to ascribe the rate
constant of deactivation of the MLCT levels (ks=5.8 x
108 s7!) mainly to electron transfer leading to the charge-
separated state (step 5). It should be noted that in step 5 the
less favourable AG° for electron transfer (AG®=—0.19 eV)
with respect to step3 (AG°=-0.27eV) can be counter-
balanced by the fact that the electron has to be moved over a
shorter distance. In fact in both cases it has to migrate to a
fullerene unit, but starting from the central metal in step 3 and
from the phenanthroline ligand in step 5 (in MLCT excited
states, the electron is localized on the ligand).P" The overall
experimental yield of triplet formation in Si-C4-Cu (about
30%), compared with the reference compound Si—Cy, is in
very good agreement with the calculated value (28 %, vide
supra). This close agreement between experimental and
calculated yields confirms that only a negligible fraction of
triplet is produced via step 4. Finally, the triplet is also
quenched, as we can confirm from the lifetime of this state,
which changes from 5 ps in Si— Cg to 170 ns in Si-C4,-Cu. Both
the decreases in lifetime and yield of formation are reflected
by the reduced ability of Si-C4,-Cu to sensitize singlet-oxygen
luminescence (Table 2). The quenching of the fullerene-
centred triplet (k;=5.7 x 10°s7!) can only be assigned to the
charge separation step 7, which is a slightly exergonic pathway
(AG ~—0.03eV).

Clearcut evidence of Si-Cg)-Cu™ state formation cannot be
derived from our transient absorption spectra. The presence
of the oxidized transient species [Cu(phen),]** is barely
perceptible as it is expected to display only very weak and
broad absorption features (g.~10°M'cm™!) above
400 nm,BY whereas anions of Cg and its derivatives are
reported to display typical absorption bands around 950 and
over 1000 nm.? Some authors have also assigned an absorp-
tion band around 750 nm to Cg.l'8l In the picosecond
absorption experiment, where a maximum time window of
3 ns can be probed, we did not observe any signals in the 900 —
1050 nm region after the decay of the Si-'Cy-Cu excited state
and this gives further support to the assignment of the decay
of such a state to energy rather than electron transfer
(Figure 12). Our nanosecond flash photolysis apparatus does
not allow measurements over 850 nm, but a very weak
absorption around 740 nm (A =0.006) was recorded after
the decay of the triplet. The lifetime of this species in air-
purged solution is 1.7 ps. If this species were assigned as the
charge-separated state we could attempt to determine the
yield of charge separation. The absorption coefficient ¢ of the
Cg anion at 750 nm can be calculated to be approximately 3 x
103 m~'em~ L7 By taking 3Cy, as a standard with @.=1 and
e=2x10*M'cm! at 750 nm,’] an overall yield of charge
separation of the order of 20 % can be derived from our data
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(Figure 11). The most surprising fact is, however, the quite
long lifetime of this supposed charge-separated state (7=
1.7 ps), which would imply extremely unfavourable conditions
for the back-electron-transfer reaction (step9). Very few
cases of long-living (microsecond timescale) charge-separated
states for Cgy-based dyads have been reported so far and those
only in polar solvents.['7d 17

In an approximate approach a long lifetime of the charge-
separated state, that is a low rate of back electron transfer,
would require that both of the following conditions are met: i)
the AG° of the reaction is well above the reorganization
energy A, to place it in the Marcus inverted region®® where the
rate of electron transfer is expected to decrease by increasing
the driving force; ii) the electronic interaction among the
components (fullerene and Cul-complex units) is negligible.™*!
None of the former conditions appear to be met: the
calculated reorganizational energy for the electron-transfer
process is about 1.2 e V,**l while the electronic term is sizeable
as some coupling of the components is apparent even from the
spectroscopic data (vide supra). Even making allowances for
the approximate treatment used, the expected rate of back
electron transfer is definitely several orders of magnitude
higher than the experimental one. This is in agreement with
most of the current literature on Cg-based dyads,'”! which
reports poor yields and short lifetimes (picosecond timescale)
for charge-separated states in nonpolar solvents. In the
absence of further experimental evidence, we cannot assign
the intermediate detected at 740 nm with 1.7 ps lifetime to a
charge-separated state, especially in view of the fact that only
2-3% of any unquenched fullerene derivative present as an
impurity would give a similar absorbance.

The lack of evidence for the charge-separated state is most
likely the result of an extremely fast charge-recombination
process that prevents its accumulation. This is in agreement
with the above-reported considerations on the rate of such
back-electron-transfer processes.

Conclusions

The synthesis of the first supramolecular rotaxane system
containing fullerene and [Cu(phen),]"-type molecular units
has been reported. These components were chosen because
one could expect them to be able to give photoinduced
electron transfer from the Cul-complexed core to the full-
erene stoppers. The photophysical investigations have shown
that excited-state intercomponent processes take place. In
particular, all the excited states of the molecular components
are deactivated by means of a sequence of energy and
electron-transfer steps to a low-energy, charge-separated state
which is made available. Direct evidence for the charge-
separated state is lacking, probably because it does not
accumulate in solution as a result of the fact that the back-
electron-transfer reaction is faster than the forward process.
Nevertheless, clear indication of its involvement comes from
the quenching of the triplet state Si-*Cq,-Cu and from the lack
of singlet-oxygen sensitization. The molecular components
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assembled in Si-Cy-Cu prove to be useful buiding blocks for
the construction of supermolecules capable of performing
photoinduced electron transfer, especially since they are
extremely stable under high-energy, long-duration laser
irradiation. Their assembly in rigid supramolecular systems
with longer, well-defined intercomponent distances is expect-
ed to promote long-lived charge separations. We are currently
working along these lines.

Experimental Section

Synthesis: Reagents and solvents were purchased at reagent grade and used
without further purification. CH,Cl, was distilled over CaH,. C4 was
isolated from the commercially available Cg/C;, mixture according to a
previously reported method.*! Compounds 1,71 28 and Si—Cy, 1 were
prepared as previously reported. Melting points were measured on a Biichi
apparatus and are uncorrected. IR spectra were measured on a Perkin—
Elmer 580 instrument. NMR spectra were recorded on a Bruker AM 500
and on a Varian Gemini300 at 296 or 300 K, with solvent peaks as
reference. Mass spectra were measured on a VGZAB2SEQ instrument
(FAB).

Si-Cg)-Cu and 3: A mixture of CuCl (1.58 g, 16 mmol) and TMEDA (1.86 g,
16 mmol) in CH,Cl, (100 mL) was added to a mixture of 2 (71 mg,
0.064 mmol), 1 (291 mg, 0.31 mmol, 4.8 equiv) and 4 A molecular sieves
(5g) in CH,Cl, (700 mL). The resulting dark green mixture was stirred
vigorously under dry air for 16 h. The CH,Cl, solution was then filtered to
remove the molecular sieves, washed with water (4 x 200 mL) and treated
overnight with a large excess of potassium tetrafluoroborate in a minimum
of water (anion exchange). The organic layer was washed with water (2 x
200 mL), dried (MgSO,), filtered and evaporated to dryness. Column
chromatography on silica gel yielded the bisfullerene derivative 3 (eluent
CH,Cl,) and the copper(l) complex Si-Cg-Cu (eluent CH,Cl,, containing
5-7% MeOH). An analytical sample of Si-Cg-Cu (28.7 mg, 0.01 mmol,
15% yield) was obtained by crystallization from CS,/hexane, whereas pure
3 (60 mg, 0.032 mmol, 20% yield) was isolated after further column
chromatography on silica gel (eluent cyclohexane) followed by recrystal-
lization from CS,/pentane.

Si-Cg)-Cu: Dark red solid; m.p. >280°C; IR (CHCl;): 7 =2944 (s), 2866 (s),
2167 (w), 1600 (s), 1489 (s), 1239 (s), 1172 (m), 1094 (m), 1011 (m), 828
(m) cm~'; '"H NMR (CDCL/CS,, 1:1, 300 MHz): 6 =1.18 (s, 42H), 3.19 (m,
4H), 3.57 (m, 4H), 3.84 (m, 4H), 3.92 (m, 4H), 4.68 (s, 4H), 5.81 (d, J=
8.0 Hz, 4H), 6.19 (d, J=8.5 Hz, 4H), 6.87 (d, /=8.5Hz, 4H), 748 (d, / =
8.0 Hz, 4H), 7.96 (m, 4H), 8.15 (s, 2H), 8.30 (s, 2H), 8.65 (d, /=8.5 Hz,
2H), 8.91 (d, J=8.5 Hz, 2H); *C NMR (CDCL/CS,, 1:1, 125.8 MHz): 6 =
11.45, 18.82,29.30, 56.15, 67.50, 68.92, 69.45, 71.29, 71.40, 71.52, 73.15, 74.93,
75.21, 88.76, 96.94, 113.20, 113.35, 116.31, 123.89, 124.50, 126.24, 127.12,
127.60, 128.28, 128.83, 129.40, 130.80, 132.48, 133.70, 136.78, 138.95, 139.12,
139.40, 141.19, 141.25, 142.11, 142.17, 142.38, 142.90, 142.95, 143.01, 143.08,
143.11, 143.16, 143.17, 144.02, 144.06, 144.48, 144.71, 144.75, 144.81, 144.94,
145.07, 145.20, 145.35, 145.42, 145.44, 145.47, 145.51, 145.59, 155.21, 15747,
15762, 158.94; MS (FAB, m-nitrobenzyl alcohol): m/z (%): 2900.2 (100)
[M —BF,]*, 2179.7 (14) [M — BF, — Cg]*.

3: Black crystals; m.p. >280°C; UV/Vis, 'H and *C NMR, and mass
spectra identical to those of an authentic sample previously prepared by
another method.?”)

Electrochemical measurements

Solvents and supporting electrolytes: CH,Cl, (spectroscopic grade) was
distilled over CaH, under argon and stored under argon. The supporting
electrolyte, nBu,N*BF;, was recrystallized twice from ethanol/water and
thoroughly dried in vacuo over P,Os.

Instrumentation: A Bruker EI30M potentiostat and an Ifelec IF3802
recorder were used for cyclic voltammetry measurements. A saturated
calomel electrode (SCE) served as the reference electrode. It was separated
from the test solution by an auxiliary compartment filled with a 10~'m
solution of nBu/N*BF; in CH,Cl,. The working electrode was planar
platinum. All experiments were done under an argon atmosphere in a
Metrohm universal recipient, in a three-electrode configuration.
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Spectroscopic and photophysical measurements: For solubility reasons, all
the spectroscopic investigations were carried out in CH,Cl, (Carlo Erba,
spectrofluorimetric grade). In this solvent, Cu—cat and Si- C, are readily
soluble, Cq, is very slowly soluble (the dissolution of 1 mg in 10 cm?® of
solvent takes several days), and Si-C-Cu is poorly soluble. To obtain
transparent solutions of Si-Cg-Cu filtration is necessary, thus making the
determination of the molar absorption coefficients impossible. The samples
were placed in fluorimetric 1 cm path cuvettes and, when necessary, purged
of oxygen with argon. For any quantitative determination on the supra-
molecular species Si-Cq)-Cu, we have taken into account the partition of the
light (3:2 ratio fullerene:Cu'-based moiety), both at 355 and at 532 nm, on
the basis of the molar extinction coefficients of the reference compounds
Si-Cq, and Cu-cat.

Absorption spectra were recorded with a Perkin—FElmer A5 spectropho-
tometer. Uncorrected emission spectra were obtained with a Spex
FluorologIl spectrofluorimeter (continuous Xe lamp), equipped with a
Hamamatsu R-928 photomultiplier tube. Fluorescence quantum yields
were measured with the method described by Demas and Crosby?” with
[Os(phen);]** in acetonitrile as a standard (@ = 0.005).°¥ The attempts to
detect delayed luminescence spectra of fullerene triplets were carried out
both with the Spex Fluorolog Il with a pulsed Xe lamp (1934D
Phosphorimeter) and with a Perkin—Elmer LS-50 spectrofluorimeter
(pulsed Xe lamp) equipped with a red-enhanced photomultiplier (Hama-
matsu R-3896).

Emission lifetimes in the nanosecond timescale were determined with IBH
single-photon counting equipment (N, lamp, A..=337nm, 1ns time
resolution). For picosecond time resolution, a fluorimeter based on a
single-shot streak camera (Hamamatsu C1587) and a Nd-YAG laser
(PY62-10 Continuun) with a 35 ps pulse was used; the system is described
in more detail elsewhere.[) The excitation wavelength was 532 nm and the
energy was 1-2mJ; 1000 to 2000 laser shots were accumulated to obtain
the streak images; time profiles were obtained by selecting 20 nm intervals
around the emission maxima.

Transient absorption spectra and lifetimes with picosecond time resolution
were obtained with a pump and probe system based on the 35 ps Nd:YAG
laser (see above) and an OMA detector. Excitation with the second
harmonic (532 nm) at 4—7 mJ per pulse was used. Details of this photolysis
system have been already reported.[”]

The nanosecond transient absorption spectra were recorded by means of
the third harmonic (355 nm) of a Nd:YAG laser (JK Lasers) with 20 ns
pulse and 1-2 mJ per pulse. The details of the flash photolysis system are
reported elsewhere.!l The second harmonic (532 nm) of the same
Nd:YAG laser was also used in the experiments for the detection of
sensitized singlet oxygen, whose IR luminescence (4., =1269 nm) was
collected perpendicular to the excitation in close proximity to the sample
cell by an unbiassed Ge photodiode (Judson J16-5). A silicon metal filter
(IT-VI Inc.), with a band-pass 4 > 1100 nm, placed in front of the detector
prevented the laser harmonics and sample emission from reaching the
detector. The photodetector output was fed across a load resistance of
240 2 into a R7912 Transient Digitizer equipped with a 7 A22 vertical
differential amplifier, operated at 0.3 MHz band-pass. The time resolution
of the system was a few microseconds. The relative yield was obtained by
comparing the singlet-oxygen luminescence signal extrapolated to zero
time (7~ 100 ps) of solutions displaying the same absorbances at 532 nm
(A=0.14).

Experimental uncertainties are estimated to be +£8% for lifetime
determination, +20% for quantum yields and +3 nm for emission and
absorption peaks.

All the experiments were performed at 293 K, unless otherwise specified.
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Self-Assembly of Porphyrin Arrays by Hydrogen Bonding in the Solid State:
An Orthogonal Porphyrin — Bisresorcinol System

Kenji Kobayashi, Masayuki Koyanagi, Ken Endo, Hideki Masuda, and Yasuhiro Aoyama*

Abstract: The crystal structures of two
adducts (1-2H,0-21BB and 1-4THF;
IBB =isobutyl benzoate) of an orthog-
onal porphyrin-bisresorcinol deriva-
tive, the Zn" complex of 5,15-bis(3,5-
dihydroxy-1-phenyl)octaethylporphyrin
(1), are described. Both adducts contain
an extensive hydrogen-bonding net-
work, which forces the porphyrin rings
into a columnar alignment. The resulting

staggered arrangement (in adduct 1-
2H,0-2IBB) or herringbone-type
edge-to-face contacts (in adduct 1-
4THF) of the porphyrin moieties in
neighboring sheets. In the large cavities

Keywords: crystal
hydrogen-bonded
microporosity
zeolite analogues

engineering -
networks
porphyrinoids

left, guest molecules are incorporated by
hydrogen bonding (resorcinol --- OH, -
IBB) in adduct 1-2H,0-21BB, or by a
combination of hydrogen bonding (re-
sorcinol --- THF) and metal coordination
(Zn---THF) in adduct 1-4THF. The
use of the large porphyrin spacer in the
orthogonality strategy is discussed in the
light of the known crystal structures of
related anthracene — bisresorcinol deriv-
atives.

sheets are layered to give either a

Introduction

Self-assembly!l of porphyrin derivatives has attracted much
recent attention in view of their photoelectronic properties,?
which may be applicable in molecular devices.’! The primary
electron-transfer step in bacterial photosynthetic reaction
center complexes occurs between porphyrinoid species over a
distance of ~17 A.¥ The light-harvesting system, on the
other hand, involves =300 chlorophyll molecules, which are
spatially and orientationally controlled.’] Much effort has
been devoted to the preparation of finite arrays of porphyrin
in solution by linking two or more porphyrin moieties
covalentlyPe or noncovalently.”] Infinite arrays of porphyr-
in may be constructed in the solid state by the manipulation of
intermolecular interactions.®

The crystal structures of porphyrins are governed by strong
7—m stacking interactions.?**11 Because of their clathrate
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properties, simple tetraarylporphyrins are referred to as
porphyrin sponges.''l Attempts have been made to achieve
an in-plane alignment of porphyrin by formation of a hydro-
gen-bonded!”l or metal-coordination"* network. Actually,
the crystal structures of Zn! complexes of tetra(4-hydroxy-1-
phenyl)porphyrin are highly dependent on the guest mole-
cules incorporated in the crystal lattices.*?!

We have recently introduced the orthogonality strategy and
reported the crystal structures of the anthracene —bisresorci-
nol derivative 2.'Y An extensive hydrogen-bonded network
involving the resorcinol moieties forces the orthogonal
anthracene rings to form columns together with large cavities.
The latter not only incorporate a variety of guest molecules
but also promote intracavity reactions in a catalytic man-
ner."™ The inter-ring distances of the anthracene moieties are
also controllable.l'® 7]

1:R=H,M=2Zn(ll)
2:R=H,M=2H
3:R=CH; M=2H

The present work is concerned with an analogous metal-
loporphyrin derivative 1. The metalloporphyrins are remark-
able not only photoelectronically but also as catalysts. The
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expected hydrogen-bonded network, if it works, would result
in a vertical alignment of the porphyrin rings and the
formation of large cavities with porphyrin rings as their roofs
and floors. We report here that the hydrogen-bonded network
and the supramolecular cavities are well conserved for the
porphyrin system too and that the actual modes of guest
binding and packing of molecular sheets are guest-dependent.

Results and Discussion

Host - guest adducts: Slow diffusion of hexane into a solution
of the Zn"" complex of 5,15-bis(3,5-dihydroxy-1-phenyl)octae-
thylporphyrin (1) in isobutyl benzoate (IBB) gave single
crystals of a 1:2 adduct containing an additional two molecules
of water, 1-2H,0 -2IBB. The IR spectra showed a significant
shift (~36 cm™!) to lower wavenumber in v for IBB upon
adduct formation. Similar treatment of a solution of com-
pound 1 in tetrahydrofuran (THF) with hexane afforded a 1:4
adduct, 1-4(THF). The formulae of these adducts were
confirmed by 'H NMR and microanalyses.

Host 1 formed similar adducts with various guest molecules
when crystallized from a mixture of the guest and an
appropriate hydrocarbon (hexane, decane, benzene, or p-
xylene). The host:guest stoichiometry was 1:2 for such guests
as alkyl benzoates (alkyl =methyl, propyl, isopropyl, and
butyl), 5S-nonanone, and methyl 2-naphthyl ketone, and in
some cases 1:3, for example, for styrene oxide as a guest. As in
the case of adduct 1-2H,0O:-2IBB, most adducts thus
obtained contained two molecules of water; included carbon-
yl guests exhibited a characteristic complexation-induced shift
in vc—o. Bulky guests such as tert-butyl benzoate, ethyl 1-
adamantenecarboxylate, and 2-adamantanone tended to give
an apparently 1:3 host:guest ratio. In some cases, host—
guest —hydrocarbon adducts were obtained, for example, a
1:2:3 adduct crystallized from a mixture of methyl 1-naph-
thylacetate and benzene. Even hydrocarbon adducts resulted

side view
inb
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in the absence of potential guests. The host—guest adducts
seem to have more or less similar crystal structures, judging
from the similarity in the total guest/host ratios, including
water molecules as guests. Unfortunately, however, many
adducts thus obtained did not form single crystals, despite
various attempts at recrystallization under different condi-
tions.

The crystal structures for adducts 1-2H,0O-2IBB and 1-
4THF as representative single crystals were determined by X-
ray diffraction and are shown in Figures 1 -4 and Figures 5-7,
respectively, where different moieties are shown in different
colors, and hydrogen bonds are represented in light blue. The
crystallographic data are summarized in Table 1. Table 2
shows characteristic angles and distances (inter-ring, inter-
column, intersheet, and hydrogen-bond distances).

Adduct 1-2H,0-2IBB: Compound 1 gives rise to an
intermolecularly hydrogen-bonded (O-H:--O-H) 2D net-
work, where all the porphyrin rings are nearly perpendicular
with respect to the molecular sheet (Figure 1a). This is
because 1) the porphyrin and resorcinol rings directly bonded
are roughly orthogonal, with a dihedral angle of ¢ =85°, and
2) the two resorcinol rings linked by a hydrogen bond are
nearly coplanar, with a tilt angle of ¢ =11°, as illuminated by
the side view of a molecular sheet (Figure 1b). All the
porphyrin rings along a column are parallel with face-to-face
and center-to-center inter-ring distances of /i ,~9.8 A and
5 ,=9.80 A (Figure 1a), while those in neighboring columns
are not parallel, having a small tilt angle of 6 =7° (Figure 1b)
and an intercolumn distance of /, .=18.14 A (Figure 1a).
Each cyclophane-like cavity is capped top and bottom by
the porphyrin rings, which are doubly linked by the hydrogen-
bonded chains. The two O —H --- O - H moieties in each chain
are further bridged by water, to which is hydrogen-bonded the
IBB guest, as shown in Figure 2a (front view) and 2c (top
view). The hydrogen bonds involved are explained in
Figure 2b and their lengths (/,_,) are summarized in Table 2.

/

Figure 1. Structure of a molecular sheet maintained by hydrogen bonding in the crystal of adduct 1-2H,0 - 21BB: a) front view and b) side view. Porphyrin
and resorcinol rings are shown in red and black, respectively, and hydrogen bonds are in light blue.
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The two IBB molecules incorporated are antiparallel with
each other and nearly parallel with the porphyrin ring with an
inter-ring distance of ~3.3 A.

The molecular sheets are layered with an intersheet
distance of I, =9.04 A in a staggered manner, as shown in
the top view (Figure 3a) of three neighboring sheets. The
intersheet space is filled with peripheral ethyl groups of the
porphyrin and isobutyl groups of the guest. The porphyrin
rings in different sheets share their mean planes, as shown
in the side view (Figure 3b) of three adjacent columns (1, 2,
and 3) in neighboring sheets. Hence, the guest-binding cavities
form extended intersheet channels along the c¢ axis (Figure 4).

Adduct 1-4THF: The crystal structure of the THF adduct has
many aspects in common with those of the IBB adduct
discussed above as far as the concomitantly generated infinite
2D networks and supramolecular cavities are concerned
(Figure 5a). One of the big differences lies in the tilt angle
of the two hydrogen-bonded resorcinol rings; ¢ =55° (Figur-
e 5b), compared with ¢ =11° in adduct 1-2H,0O - 2IBB. Thus,
the poly(resorcinol) chains and hence the porphyrin rings
attached to the chain (6 =72°) are arranged in zigzags, since
the porphyrin and resorcinol rings in compound 1 are again
almost orthogonal (¢ = 89°) (Figure 5b). The consequences of

Chem. Eur. J. 1998, 4, No. 3
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Figure 2. Structure of a guest-binding
cavity in the crystal of adduct 1-2H,0-
21BB: a) front view and b) its explan-
ation, and c) top view. Water and IBB
molecules are shown in pink and green,
respectively. Other colors have the same
meanings as in Figure 1.

these structural features are that 1) the porphyrin rings are
significantly tilted with respect to the molecular sheet and
hence form highly slipped columns with /£  ~74 A and
5, =912 A, and 2) those in neighboring columns with /, .=
17.02 A are far from parallel with each other (Figure 7b).

Four molecules of THF are bound in or near each cavity,
two by hydrogen bonding at the resorcinol sites (O-H---O—
H---THF) and two by metal coordination (Zn!---THF)
(Figure 6); the Zn—O distance is 2.56 A and the N-Zn-O
angle is 87.4 or 89.4°n. The central Zn" ion is thus hexacoor-
dinated, although Zn" porphyrins are usually tetra- or
pentacoordinated.'” The metal-bound THF molecules are
disordered; this is why they appear as six-membered rings in
Figure 6.

The zigzag nature also affects the packing modes of
molecular sheets (Figure 7a). The neighboring sheets slide
laterally by an intercolumn distance (/._.), so that porphyrin
rings tilting in opposite directions are brought into proximity.
This is best seen in the side view (Figure 7b) of three
neighboring columns (1, 2, and 3) in neighboring sheets. Such
an offset geometry of the herringbone type allows intersheet
edge-to-face porphyrin-porphyrin contacts or, more precisely,
van der Waals interactions between porphyrin rings and
peripheral ethyl groups.
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Figure 4. Perspective view along the c axis of the guest-binding cavities
in the crystal of adduct 1-2H,0 -2 IBB. Different colors have the same
meanings as in Figure 2.

The observed sliding mode in 1-4THF is in contrast to a
lateral slide of the sheets by half an intercolumn distance
(0.51._.) to give a staggered geometry for adduct 1-2H,0 -
21BB (Figure 3a). The different layer structures may be
understood in terms of crystal packing. In the IBB adduct,
the in-cavity space is effectively filled by the large IBB
molecules, while the out-of-cavity space in the vicinity of
the resorcinol moieties remains vacant (Figure 2¢). In the
THF adduct, this space is at least partially filled by the
hydrogen-bonded THF molecules, while two molecules of
metal-bound THF are too small to fill the in-cavity space
(Figure 6b). In both cases, the empty space has to be filled
by the peripheral alkyl groups of the porphyrin. This may

420 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

Figure 3. Arrangement of three neighboring
molecular sheets in the crystal of adduct
1-2H,0-21IBB: a) top view of the sheets
and b) side view of three adjacent porphyrin
columns (1, 2, and 3) in neighboring sheets.
Different colors have the same meanings as in

Figure 2.

Table 1. Crystal data for adducts 1-2H,0-21BB and 1-4THFE.

1-2H,0-21BB 1-4THF
formula C;)HgyN,OyZn CeHgyN,OgZn
M, 1206.83 1102.77
crystal size (mm) 0.10 x 0.15 x 0.20 0.15 x 0.15 x 0.25
crystal color reddish purple reddish purple
crystal system monoclinic monoclinic
space group C2/c P2/a
a(A) 22.329(1) 19.103(2)
b (A) 9.7961(5) 9.116(3)
c(A) 29.394(2) 19.248(2)
g () 92.055(4) 117.879(5)
V (A% 6425.6(6) 2962.9(9)
V4 4 2
Peated (gem™3) 1.247 1.236
radiation Moy, (A=0.71069 A) Moy, (4 =0.71069 A)
graphite-monochromated graphite-monochromated
u (cm™) 4.43 4.72
transmission min. 0.925; max. 1.000 min. 0.975; max. 1.000
264 (°) 52.6 55.0
scan mode 3} w-26
T (K) 293 293
no. reflns measured 7085 7456
no. unique reflns 6903 7426
no. reflns used 3184 3585
(I>30(1))
no. parameters 527 463
R R, 0.042, 0.049 0.062, 0.076
GoF 1.48 222

Final diff Four. map (e A-3) max. 0.35; min. —0.26

max. 0.58; min. —0.90

[a] R=Z[|F,|=|F|[/Z|F]. [b] R,=[Zw(|F,|—|F|/ZwFi]"™
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Table 2. Selected angles and distances for adducts 1-2H,0O-2IBB and
1-4THFE[

1-2H,0-21BB 1-4THF
¢ (°) 85 89

6 (%) 7 72

¢ () 11 55

Iy (A) 9.8 7.4

I5p (A) 9.80 9.12

L. (A) 18.14 17.02

I, (A) 9.04 9.55

loo (A) 2.74 (res—res)
2.71 (res- OH,)

2.83 (H,0-0C)

2.82 (res—res)
2.66 (res-THF)

[a] Definitions are as follows: ¢, dihedral angle between porphyrin and
resorcinol rings; 6, tilt angle of two porphyrin rings in neighboring columns;
¢, tilt angle of two resorcinol rings hydrogen-bonded; /f", face-to-face
inter-ring distance in a porphyrin column; /2P, center-to-center inter-ring
distance in a porphyrin column; /.., intercolumn distance of neighboring
porphyrin columns; [, intersheet distance of neighboring molecular
sheets; [,,,, O—O distance in a hydrogen bond between two resorcinol
moieties (res—res), resorcinol and water (res—OH,), resorcinol and THF
(res—THF), or water and IBB.

be achieved most effectively when the IBB and THF adducts
adopt parallel staggered geometry (Figure 3) and tilted edge-
to-face geometry (Figure 7), respectively.

The apohost and guest binding: Both adducts lose their
included guest molecules when heated, as readily monitored
by thermal gravimetry. The loss of four THF molecules from
adduct 1-4THF apparently occurs in a single step in a
temperature range of 110—150°C at a rate of temperature
change of 10°Cmin~". In contrast, that of two IBB molecules
from adduct 1-2H,0O-2IBB occurs in a stepwise manner at
90-160°C and 160—-180°C for the first and second molecules,
respectively; water molecules seem to be lost at 60-
100 °C.The resulting guest-free apohost is no longer a single
crystal, but readily regenerates the original adducts, although
not in single crystalline form, upon exposure to the vapor of
the guests. Other volatile guests can also be included in this
manner.

side view
ink

Conclusions

This work may be summarized as follows. 1) The present
porphyrin derivative 1 and the previously studied anthracene
derivative 2 have similar hydrogen-bonded 2D networks. This
suggests that the present approach may be generalized to
other orthogonal aromatic systems. The porphyrin rings,
which otherwise readily self-stack, can be deaggregated to
give crystals of a porous nature.'¥! 2) The large cavities are
filled by bound guests. Both adducts investigated exhibit a
total host:guest ratio of 1:4. This is in marked contrast to the
1:2 stoichiometry for the anthracene system 2, where two
guest molecules are directly hydrogen-bonded to the host.['
In the present case, two molecules of water or THF are bound
in this manner. They are obviously too small to fill the cavity
and allow two additional guest molecules to be bound by
hydrogen bonding to the water or by metal coordination to
the central Zn" ion. The failure of many adducts to give single
crystals might be due to the difficulty in packing the large
cavities. 3) The 2D network is actually flexible and adjustable
to fit guest molecules. The most favorable crystal packing is
attained by adjusting the tilt angles of the resorcinol and
hence the porphyrin moieties and by controlling the packing
modes of molecular sheets.

Further work is now under way to shed light on the
photochemical and photophysical properties and catalytic
activities in the solid state of the present type of porphyrin
derivatives, whose molecular alignment and microporosity are
controlled on the basis of the orthogonality strategy with
various guest molecules.

Experimental Section

General: Tetrahydrofuran and dichloromethane were distilled from
sodium benzophenone ketyl and calcium hydride, respectively. Analytical
thin-layer chromatography (TLC) was performed on silica gel 60 F,s, plates
(Merck). Wakogel C-200 was used for column chromatography. 'H NMR
spectra were recorded on a JEOL JNM-EX400 spectrometer. IR spectra

a c

/

c-C

Figure 5. Structure of a molecular sheet maintained by hydrogen bonding in the crystal of adduct 1-4THF: a) front view and b) side view. Different colors

have the same meaning as in Figure 1.
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lop view in b

Figure 6. Structure of a guest-binding cavity in the crystal of adduct 1-4THF: a) front view and b) top

2.2 Hz, 4H), 9.60 (s, 4H), 10.24 (s, 2H); 13C
NMR (100 MHz, [D4]DMSO, 50°C, TMS):
5=1775, 1839, 19.09, 20.10, 25.11 (THF),
67.00 (THF), 96.21, 102.79, 112.75, 118.26,
140.15, 141.48, 142.55, 143.88, 144.76, 156.73;
C5oH,,N,O4 (3-2H,0-2THF) (931.2): caled
C 7223, H 8.01, N 6.02; C 71.98, H 8.02, N
5.96.

5,15-Bis(3,5-dihydroxy-1-phenyl)-2,3,7,8,12,1-
3,17,18-octaethylporphinatozinc@) (1): A sol-
ution of free base porphyrin 3 (303 mg,
0.403 mmol) in MeOH (90 mL) was treated
with a MeOH solution (3 mL) saturated with
[Zn(OAc),]-2H,0 under reflux for 1h.?
The methanol was removed in vacuo. The
residue was dissolved in EtOAc (100 mL),
washed with water (100 mL), and evaporated.
The reddish-purple crude product was puri-
fied by column chromatography on silica gel
(EtOH/hexane 1:19) followed by recrystalli-
zation from THF/hexane to give 1-4THF
(264 mg, 0.324 mmol, 80% yield for 1) as
reddish purple prisms. M.p.>400°C; R,=
0.25 (EtOH/hexane 1:19); 'H NMR
(400 MHz, [D¢]DMSO, 25°C, TMS): 6 =1.28
(t, /=73 Hz, 12H), 1.75 (m, 4H, THF), 1.82
(t, J=76 Hz, 12H), 2.92 (q, J=7.3 Hz, 8H),
3.59 (m, 4H, THF), 3.96 (q, /=76 Hz, 8H),
6.63 (t, J=2.0Hz, 2H), 6.98 (d, /J=2.0 Hz,

view. THF molecules are shown in green. Other colors have the same meanings as in Figure 5. 4H), 946 (s, 4H), 1000 (s, 2H);

were obtained with a JASCO IR-810 spectrophotometer. Microanalyses
were performed at the microanalysis center of Kyushu University.

Zinc porphyrin 1 was obtained by zinc insertion into the corresponding free
base porphyrin 3, which in turn was prepared by the acid-catalyzed
condensation —cyclization of dipyrrolylmethane and dimethoxybenzalde-
hyde, followed by demethylation of the resulting tetramethoxy derivative 4.

5,15-Bis(3,5-dimethoxy-1-phenyl)-2,3,7,8,12,13,17,18-octaethylporphyrin
(4): Boron trifluoride etherate (53.0 mL, 0.431 mmol) was added to a
solution of freshly prepared 3,3’ 4,4'-tetraethyl-2,2"-dipyrrolylmethanel*]
(668 mg, 2.59 mmol) and 3,5-dimethoxybenzaldehyde (430 mg, 2.59 mmol)
in CH,Cl, (74 mL) under nitrogen and the mixture was stirred at RT for
3 h.% Chloranil (954 mg, 3.88 mmol) was added and the mixture was
refluxed while being stirred for 1 h, treated with triethylamine (60.0 mL,
0.431 mmol), and evaporated. The crude residue was washed with MeOH
and purified by means of chromatography on silica gel (CH,Cl,/hexane 4:1)
followed by recrystallization from CH,Cl,/hexane to give tetramethox-
yporphyrin 4 (493 mg, 0.611 mmol, 47 % yield). M.p. 259-260°C; R;=0.21
(CH,Cly/hexane 4:1); 'H NMR (400 MHz, CDCl;, 25°C, TMS): 6 = —2.14
(s, 2H), 1.31 (t, J=7.6 Hz, 12H), 1.88 (t, J=76 Hz, 12H), 2.96 (q, /=
7.6 Hz, 8H), 3.94 (s, 12H), 4.03 (q, / =7.6 Hz, 8H), 6.92 (t,/=2.4 Hz, 2H),
7.39 (d, J=2.4 Hz, 4H), 10.25 (s, 2H); 3C NMR (100 MHz, CDCl;, 25°C,
TMS): 6=18.05, 18.55, 19.83, 20.69, 55.60, 96.85, 101.16, 112.48, 117.53,
141.04, 142.43, 143.18, 144.36, 144.85, 158.92; C5,H,N,O, (807.1): caled C
7739, H 7.74, N 6.94; found C 77.17, H 7.72, N 6.93.

5,15-Bis(3,5-dihydroxy-1-phenyl)-2,3,7,8,12,13,17,18-octaethylporphyrin

(3): Boron tribromide (462 mL, 4.87 mmol) was added to a solution of
tetramethoxy derivative 4 (493 mg, 0.611 mmol) in CH,Cl, (35 mL) at 0°C
over a period of 0.5 h.?l The mixture was stirred for 1.5 h at 0°C and for
18 h at RT, poured into a saturated aqueous NaHCOj; solution (300 mL),
and extracted with EtOAc (2 x 300 mL). The extracts were combined,
washed with saturated aqueous NaCl solution (300 mL), dried (Na,SO,),
and evaporated. The residue was chromatographed on silica gel (EtOAc/
hexane 1:1-4:1). The main porphyrin fraction was recrystallized from
THF/hexane to give 3-2H,0 -2THF (303 mg, 0.403 mmol, 66 % yield for
3). M.p.>400°C; R;=0.26 (EtOAc/hexane 1:1); '"H NMR (400 MHz,
[Dg]DMSO, 25°C, TMS): 6 = —2.36 (s, 2H), 1.34 (t, J=7.6 Hz, 12H), 1.75
(m, 4H, THF), 1.85 (t, /=76 Hz, 12H), 3.04 (q, /=76 Hz, 8H), 3.59 (m,
4H, THF), 4.04 (q, J=76 Hz, 8H), 6.67 (t, J=2.2Hz, 2H), 6.99 (d, J=
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CeHgyN,OgZn (1-4THF) (1102.8): caled C

69.71, H 7.68, N 5.08; found C 69.82, H 7.71, N
5.07. Slow diffusion of hexane into a solution of compound 1 in isobutyl
benzoate (IBB) afforded adduct 1-2H,0 -21BB; C;iHgN,0,,Zn (1206.8):
caled C 69.67, H 7.02, N 4.64; found C 69.62, H 7.00, N 4.63.

X-Ray crystallography: A single crystal of an adduct was mounted in a glass
capillary or on a glass fiber. Diffraction data were collected on an Enraf
Nonius CAD4 (for adduct 1-2H,0-21IBB) or a Rigaku AFC7R (for
adduct 1-4THF) four-circle automated diffractometer. The unit cell
parameters used for refinement were determined by least-squares calcu-
lations on the setting angles of 25 reflections in the range of 260 =20-25° or
23-29°. Reflection data were corrected for both Lorentz and polarization
effects, but no absorption correction was applied.

The structures were solved by the direct methods with the programs
SAPI90 or SIR92 and the Fourier techniques used DIRDIF94. Non-
hydrogen atoms were refined anisotropically by full-matrix least-squares
calculations. Some hydrogen atoms were refined isotropically and the rest
were introduced at calculated positions. The weighting scheme was w™!=
[0*(F,) + 0.00040(F,)*] for adduct 1-2H,0-2IBB or w'=[0X(F,)+
0.00022(F,)?] for adduct 1-4 THF. Atomic scattering factors and anomalous
dispersion terms were taken from International Tables for X-Ray Crystal-
lography.” The calculations were performed on an INDY workstation with
the teXsan crystallographic software package from the Molecular Structure
Corporation. The crystal structures were visualized with the Cerius2 set of
computer programs of Molecular Simulations Incorporated.

Crystallographic data (excluding structural factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-100433.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (Fax: Int code + (1223)336-033;
E-mail: deposit@ccdc.cam.ac.uk).
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Figure 7. Arrangement of three neighboring molecular sheets in the crystal of adduct 1-4 THF: a) top view of the sheets and b) side view of three adjacent
porphyrin columns (1, 2, and 3) in neighboring sheets. Different colors have the same meanings as in Figure 6.
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Homocalixpyridines: Ligands Exhibiting High Selectivity in Extraction and

Sensor Processes

Holger Stephan, Torsten Kriiger-Rambusch, Karsten Gloe,* Wolfgang Hasse, Benedikt
Ahlers, Karl Cammann, Kari Rissanen, Gisela Brodesser, and Fritz Vogtle*

Abstract: A series of differently functionalised all-homocalixpyridines I and their
open-chain analogues II were synthesised by use of the Miiller— Roscheisen reaction.
Their complexation properties were then investigated by extraction and liquid

membrane experiments. This new class of macrocycles composed of pyridine units
shows a pronounced selectivity towards soft metal ions, such as Ag', Pd", Hg" and
Au"™. The complexation behaviour can be easily modified by variation of the ring size
and substitution pattern. Molecular modelling studies of the ligands, as well as their

Keywords: homocalixarenes .
host—guest chemistry - mercury -
molecular modeling - silver

silver(l) and mercury() complexes, were performed in order to understand the
principles of complex formation. Furthermore, the use of the new ligands as

ionophores in PVC-based membrane electrodes was studied.

Introduction

By developing homocalixarenes,['l which exhibit a stable
hydrocarbon host skeleton based on [2,Jmetacyclophanes and
which can have a variable ring size, we have paved the way for
a versatile host architecture. The introduction of additional
CH, groups in all the aliphatic bridges leads to a higher
flexibility of these hosts compared with calixarenes,? and
consequently stable conformations—which are unfavourable
for the complexation of any guests—are avoided. The
Miiller - Roscheisen synthesisP®! was the method chosen for
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the preparation, as it has the advantage of being able to
directly add heteroaromatic units to the framework. The use
of pyridine as a complexing unit in such systems offers
interesting coordination possibilities towards metal ions
owing to the polarity of the nitrogen donor atom and the
orientation of the lone electron pair.¥ Although pyridine
macrocycles with additional donor atoms, such as ether
oxygen, amine nitrogen and thioether sulfur, have been
developed as host compounds, this leads to rather poor
separation selectivity for metal ions due to the multifunctional
interactions of the macrocycles.?!

Hitherto, the macrocyclic pyridine oligomers 3 (trimer) and
5 (pentamer) were isolated as the main products of the OCH;-
substituted series.l In this work, we synthesised a series of
macroheterocyclic oligomers I containing unsubstituted (1, 2),
methoxy- (3—-6) and methoxyethoxy-substituted (7—-10) pyr-
idine building blocks. For comparison, we also prepared the
structurally analogous open-chain oligopyridines II (Fig-
ure 1).

Thus, we report on the tailoring of host molecules contain-
ing endobasic pyridine donor sites towards certain soft metal
ions. By synthesising complete series of ligands, we were able
to investigate the influence of the following parameters on the
complexation behaviour:

o The ring size and the number of identical binding sites.

@ Variation of the substituent in the 4-position of the pyridine
unit and the consequent alteration in the donating capacity
and lipophilicity of the homocalixpyridines L.

o Effect of the macrocyclic structure in comparison with the
corresponding open-chain oligopyridines IL
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Figure 1. Synthesized all-homocalixpyridines and open-chain pyridine
oligomers.

Solvent extraction and membrane studies were used as the
experimental techniques and the results were interpreted by
molecular modelling.

Results and Discussion

Complexation behaviour was studied by means of extraction
experiments in the system metal salt-buffer-H,O/homocalix-
pyridine-CHCI;.["! The extractabilities of different metal ions
with the all-homocalixpyridines 1, 3 and 7, which each contain
three pyridine units inside the ring skeleton, are presented in
Figure 2. In aqueous solutions containing nitrate, there was a
pronounced selectivity for silver compared to the other metal
ions investigated (Figure 2a). The extractabilities of Hg!' and

Abstract in German:  Mit Hilfe der Miiller— Roscheisen-
Synthese wurden eine Reihe unterschiedlich funktionalisierter
all-Homocalixpyridine I sowie strukturanaloger offenkettiger
Liganden II hergestellt und hinsichtlich ihrer Komplexbil-
dungseigenschaften gegeniiber Metallionen durch Fliissig—
Fliissig- Extraktions- sowie Fliissig— Membran-Untersuchun-
gen charakterisiert. Diese neue Verbindungsklasse makrocy-
clischer pyridinhaltiger Komplexbildner weist eine hohe Se-
lektivitiit fiir weiche Metallionen wie Ag', Pd", Hg'" and Au'"
auf. Die Komplexbildungseigenschaften konnen in einfacher
Weise durch Anderung der Ringgrofie sowie durch Variation
der Substituenten gedndert werden. Zur Interpretation von
Struktur— Wirkungsbeziehungen wurden Molecular Modeling-
Rechnungen an den all-Homocalixpyridinen sowie ihren Ag'-
und Hg"-Komplexen durchgefiihrt. Der Einsatz dieser neuen
Liganden als lonophore in PV C-Fliissig-Membran-Elektroden
wurde untersucht.
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Figure 2. Extractability of different metal ions with all-homocalixpyridines
1, 3 and 7 a) [M(NO;),]=1x10"*m; [KNO;]=0.1m; pH=6.3 (MES/
NaOH buffer); [all-homocalixpyridine] =1 x 10~ M in CHCl;. b) [MCl,] =
1x10~*M (M =Cu?*, Pd**); pH=5.2 (NaOAc/HCI buffer); [HAuCl] =
1x10~*m; [HNO;]=1x 1072 m; [all-homocalixpyridine]=1x 107 M in
CHCl;.

Cu! were remarkable lower than that of Ag'. The experiments
demonstrate that in all cases 1:1 complexes with these metal
cations dominate in organic solution.[’! There was negligible
extraction of other transition metal ions, such as Co', Zn" and
Cd". As expected, no interaction was found between the all-
homocalixpyridines and hard metal ions, such as those of
alkali and alkaline earth metals.

The extraction efficiency and selectivity of homocalixpyr-
idines depend strongly on the substitution pattern of the
pyridine rings. Thus, the unsubstituted all-homocalix[3]pyr-
idine 1 (R =H) exhibited a lower efficiency for Ag' and Hg"!
compared to the substituted ligands 3 and 7 with the same ring
size, but with an additional substituent (3: R=0OCH;, 7: R=
OCH,CH,OCH;).

Molecular modelling calculations of the ligand —metal ion
interactions for Ag' and Hg" in the extracted 1:1 complexes
allow the interpretation of this finding (Figure 3).) Thus, the
arrangement of both ions is clearly improved on going from
ligand 1 to 3 to 7. Retaining the partial cone conformation
found as the energy optimum of the free ligands, the metal —
pyridine nitrogen donor atom distances for the 1:1 complexes
calculated are significantly lowered for 3 and 7 compared with
1. This could be explained on the one hand by electronic
effects on the basicity of the nitrogen atom,['”! but also by the
participation of an ether oxygen atom from a side chain on the
formation of the complex (Figure 3, lower structures). Fur-
thermore, it is interesting that the binding distances for the
silver(i) complexes in all three examples are much shorter
than those of the corresponding mercury(l) complexes. As
shown in Figure 3, the silver ion is more deeply embedded in
the calix formed. This result correlates very well with the
experimentally observed order of graduated extractability
given in Figure 2a: the extractability of Ag'is greater than that
of Hg'.

Soft metal ions were also extracted from solutions contain-
ing chloride with high efficiency. An effective separation of
noble metal ions, such as Pd" and Au'", from such solutions
was possible (Figure 2b). The remarkable selectivity of Pd!
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Ag-N1:2.42 A
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Figure 3. Molecular modelling of the AgL* (left) and HgL?>* complexes (right) with 1, 3 and 7 (from the top

to the bottom) by DFT calculations.

and Au' over Cu' is interesting in view of a selective removal
of these noble metals from effluents.

The interpretation of the extraction data for cyclic and
open-chain derivatives with a varying number of pyridine
units is more complicated than the influence of substitution.
Generally, the counteranion and the pH of the aqueous phase
strongly influenced the extraction properties.['!]

The results of Ag!, Hg!' and Cu!! extraction differ depending
on both the ligand and the aqueous system used (Figure 4).
For Ag!, the extractabilities of 4- 6 are high and there is only a
small difference on changing the number of pyridine units in
the molecule. For Hg" and Cu', the highest extractability
from nitrate solution was achieved with 6, the macrocycle with
six pyridine units, whereas 4 and 5, in particular, extracted

436 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

Hg-N1:2.71 A
Hg-N2: 2.77 A
Hg-N3:2.65 A

Hg-N1: 2.63 A
Hg-N2: 2.65 A
Hg-N3:2.65 A

Hg! from chloride solution with
high efficiency and selectivity over
Cu'l. The reasons for this behav-
iour are not yet clear. Probably
differences in the structure of the
extracted complexes play an im-
portant role. Obviously, an opti-
mum arrangement of the linear
HgCl, species, which is extracted
from chloride solution, is only
possible in the case of compounds
4 and 5.

The benefit of the cyclisation
step on complex formation is ex-
pressed by the differences be-
tween the extractabilities of the
homocalixpyridines I and the
open-chain oligopyridines II. As
shown in Figures2 and 4, the
comparison of extraction behav-
iour in the nitrate system for the
compounds 1, 3 and 11 with three
pyridine units and 5 and 12 with
five pyridine units reveals that the
open-chain ligands are less effi-
cient for Ag! extraction (1: 42%;
3:88%:;11: 26% and 5: 99 %; 12:
44%), and less selective for Ag!/
Hg"" separation than the macro-
cyclic compounds (1: Ag' 42%,
Hg" 9%; 3: Ag! 88%, Hg" 29 %;
11: Ag'26%, Hg'' 20% and 5: Ag!
99%, Hg"" 39%; 12: Ag' 44%,
Hg" 59%). The most favourable
separation selectivity for the mac-
rocycles is achieved by the trimer
3, which is the main product of the
Miiller— Roscheisen synthesis.
Nevertheless, the open-chain bis-
pyridine derivative 13 also gave a
significant preference of Ag! over
Hg'".

It is interesting to note that the
results for Hg" are slightly modi-
fied in comparison to Ag!, al-
though size and coordination behaviour of both are similar.
Thus, a remarkable extraction power for Hg!! was observed
with the open-chain compounds 12 (59 %) from nitrate- and
13 (63 %) from chloride-containing solutions. In particular,
the results for Hg!' extraction with the open-chain pyridine
compounds in a nitrate solution are quite different from those
in a chloride medium. While the order of increasing extract-
ability from nitrate solutions (13 <11 <12) correlates with
Ag', the order for chloride solutions is different (11 < 12 < 13).
In this last case the bidentate ligand 13 obviously allows the
favourable coordination number 4 for Hg!"! by forming a 1:1
complex with HgCl,. This observation is in good agreement
with solvent extraction data of various open-chain ligands
containing N, S and O.['

»
\\‘ ey
Hg-N1: 257A‘ﬁ~
Hg-N2: 2.58 A

Hg-N3: 2.62 A
Hg-O1: 2.68 A
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chloride system

decreasing the pH. In our experiments, the pH

extractability [%] ‘ \ values were different for the nitrate and
! chloride media, and were controlled by various

} | ‘ buffer solutions.
100 ‘ ‘ | In contrast to the results for Ag' in solution,
. which indicated the formation of a 1:1 complex,
80 1 - ‘ ‘ a solid multinuclear silver complex of trimer 3
0 A 1l i was isolated from a dichloromethane/acetoni-
trile mixture. The complex was identified as a
40 trinuclear silver tetrafluoroborate containing
( MR AR Agt  the [(Ag");(CH;CN);(3)]** cation.'¥) The X-
20 A B I . I D AL ray structure analysis (Figure 6) revealed that
8.0 M e "~ 7 o e MW o Jow the partial cone conformation of the free

36 749 603,709 0.65/ 0.7 94,7 04

0
a3 4 5 6 13 11 12 b) 3 4 5 6

Figure 4. Extractability of Cu**, Hg>* and Ag* with a/l-homocalixpyridines 3-6 and pyridine

oligomers 11-13 (experimental conditions are the same as in Figure 2).

The protonation of the pyridine nitrogen, which would
cause the blocking of the donor sites, must also be considered
in the discussion of the experimental results. Thus, the
efficiency of metal extraction with pyridine-containing ligands
is considerably influenced by a change of pH. A typical trend
of Ag! extraction with the macrocycle 5 as a function of pH in
nitrate solution is shown in Figure 5. As expected, the

Log Dag

pH

Figure 5. Extraction of Ag™ with 5 as a function of pH. [AgNO;] =1 x
10~*M, [KNO;] =1.1M, pH =3.3-6.3 (variation by HNOj),

distribution ratios increased with rising pH due to the
deprotonation of the pyridine nitrogen. Above pH 6, the
distribution ratio is constant because the ligand is mainly
deprotonated (pK,pyridine) =.25). Therefore, the extraction
efficiency and separation selectivity for different metal ions
can be governed by a defined protonation of the ligands. On
the other hand, the back extraction of metal ions is possible by

Chem. Eur. J. 1998, 4, No. 3
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ligand® is preserved and each pyridine nitro-
gen binds one Ag" cation to form a trinuclear
complex, the second binding site of the linearly
coordinated silver is occupied by an acetonitrile
molecule.'! To our knowledge, such a nearly
linear arrangement Py-Ag-CH;CN was unknown until now.[]
The Agl — Ag2 distance is 390.8 pm, which is shorter than the
sum of the van der Waals radii.l'®]

Figure 6. X-ray crystal structure of the trinuclear complex ion
[(Ag")s(CH;CN)3(3)].

In order to test the ionophore properties of the novel
homocalixpyridines, PVC-based membrane electrodes and
transport experiments were performed. The results obtained
show that the compounds are suitable as ionophores for liquid
membrane electrodes and as carriers mediating the transport
of silver ions through bulk liquid membranes.>! The
selective interaction of silver ions with compounds 1-7 was
confirmed by potentiometric measurements carried out after
the addition of an anion blocker into the membrane. Thus, the
anion interference was suppressed and the permselectivity for
silver ions was measured. The response times of the electrodes
with 1-7 are in the range of few seconds, the detection limits
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(10-4°-10>3m) are very low, and the slope with 56—
59 mV decade™! is almost optimal. Figure 7 shows the selec-
tivity coefficients for PVC membrane electrodes given as log
KF*" of Ag* and TI* for 3 and 7. The preference for silver is not
influenced by the ring size of the macrocycles. In contrast to
this, the introduction of side arms (3 —7) leads to a change in
the selectivity from Ag' to TI%.

8
Qi
Y
5’ 0 Ag —_— T
0
1 T
Ag
Cs
2 Rb
K H
NH H
1 Na‘
Li ~—  Rb
Cs, NHy
K
3 p
Cu, Pb Na
Fe(lll) Li
—_— A
] ————— cd, ¢l —— Feliy
—— Cu
¢
Mn r(ltl)
4+ e —_ Al
Ba, Sr, Ni — Pb,Co
Ca, Zn ——— Mn
i Ba
Zn, Cd
Mg Mg, Ca
Sr, Ni
5_
3 7

Figure 7. Selectivity coefficients for membrane electrodes containing
carrier 3 and 7.

The transport properties of selected homocalixpyridines 3,
5 and 7 for a variety of ions have been proved using a liquid
membrane system source phase (5x1072M Ag*, 5x 1072m
M+, nitrate)/membrane (5x 10™#m in CHCl;)/receiving
phase (H,O). A high selectivity for Ag' over Na!, K!, TI!, Pb",
Cu" and Hg"" was observed for the carriers investigated. The
ion flux for Ag" in single ion-transport experiments was
determined as  32x10molm—2h~! 3), 78x
103 molm~=2h-! (5) and 7.7 x 103> molm=2h~! (7). Thus, the
ion flux is improved by both the introduction of side arms
(3—7) and the increase of binding sites (3 —5). The results
obtained for transport experiments are in good agreement
with the liquid - liquid extraction data.

Experimental Section

General: '"H NMR spectra were recorded on a Varian EM 360 (60 MHz)
and Bruker AC200 (200 MHz), WM 250 (250 MHz), AM 400 (400 MHz)
spectrometers. C NMR spectra were recorded on Brucker AC200
(200 MHz) and AM 400 (400 MHz) spectrometers. FAB mass spectra were
obtained with a Kratos Concept 1H (3-nitrobenzyl alcohol as a matrix).
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Chromatography separations were performed on silica gel 60 (SiO,,
Merck, particle size: 0.040—0.063 mm). HPLC separations were carried
out on a Abimed-Gilson pump 305/306 with a lichrosorb Si-60-5 (250 x
8 mm) column, Chromatographie Service GmbH and a Gilson holochrome
detector.

General procedure for the preparation of all-homocalix[r](2,6)pyridines:
Powdered sodium (400 mmol) and tetraphenylethene (TPE, 9 mmol) were
stirred under Ar in dry THF (1 L) for 3 h at room temperature, whereby the
reaction mixture turned deep red. After stirring at — 90 °C, a solution of the
corresponding bis(bromomethyl) compound (40 mmol) in dry THF
(250 mL) was added dropwise through a perfusor over a period of 12d
and the solution remained red. The mixture was treated with methanol
(1 mL) and the colour changed from red to yellow. After warming to RT,
excess sodium was filtered off and the residue carefully washed with THF.
The reaction mixture was treated once more with methanol to be sure all
the sodium had been removed, and the solvent then evaporated. The
residue was taken up with trichloromethane (250 mL) and refluxed for 1 h.
The inorganic solid was filtered off and the solvent evaporated. The crude
product was subjected to column chromatography (silica gel, CH,Cl,) to
remove the unreacted TPE and the reaction products then completely
eluted with methanol. Separation of homocalixpyridines was performed by
column chromatography with CH,Cl,/MeOH/conc NH; as the eluent
[100:5:1 (13), 100:7.5:1 (7), 100:10:1 (1, 2, 4, 6, 11, 12), 100:15:1 (8, 9, 10)].
Final purification was achieved by HPLC with CH,Cl,/MeOH/conc NH;
[82.5:175:0.5 (4, 6), 90:10:1 (8, 9, 10) ].

all-Homocalix[3](2,6)pyridine (1): Yield: 1 %; yellow solidified oil; TLC
(Si0,): R;=0.65 (CH,Cl,/MeOH/conc NH; 100:10:1); '"H NMR (250 MHz,
CDCl;, 25°C): 6 =2.98 (s, 12H; CH,), 6.8 (d, 3/ =77 Hz, 6H; Ar-H), 7.33
(t,3/=77Hz, 3H; Ar-H); BC NMR (62.9 MHz, CDCl;, 25°C): d =159.65
(C), 135.58 (CH), 120.15 (CH), 37.96 (CH,).
all-Homocalix[6](2,6)pyridine (2): Yield: 0.15%; yellow solidified oil;
TLC (SiO,): R;=0.3 (CH,Cl/MeOH/conc NH; 100:10:1); 'H NMR
(250 MHz, CDCl;, 25°C): 6=3.15 (s, 12H; CH,), 6.69 (d, 3/ =77 Hz,
6H; Ar-H), 725 (t, 3/ =7.7 Hz, 3H; Ar-H).
6,13,20,27-Tetramethoxy-all-homocalix[4](2,6)pyridine (4): Yield: 0.4%;
m.p. 195°C; TLC (SiO,): R;=0.4 (CH,Cl,/MeOH/conc NH; 100:10:1); 'H
NMR (250 MHz, CDCl;, 25°C): 6=2.97 (s, 16H; CH,), 3.68 (s, 12H;
OCH,), 6.32 (s, 8H; Ar-H); MS (FAB): m/z (%) =541.3 (100) [M™+H].
6,13,20,27,34,41-Hexamethoxy-all-homocalix[6](2,6)pyridine (6): Yield:
0.4%; m.p. 117°C; TLC (SiO,): R;=0.2 (CH,Cl,/MeOH/conc NH;
100:10:1); '"H NMR (250 MHz, CDCl;, 25°C): d =3.07 (s, 24H; CH,),
3.70 (s, 18H; OCHj;), 6.46 (s, 12H; Ar-H); 3C NMR (22.63 MHz, CDCl,,
25°C): 0=167.17 (C), 161.21 (C), 107.11 (CH), 55.48 (CHs;), 36.98 (CH,);
MS (FAB): m/z (%) =811.4 (100) [M*+H].
6,13,20-Tris(2-methoxyethoxy)-all-homocalix[3](2,6)pyridine (7): Yield:
7% colourless solidified oil; TLC (SiO,): R;=0.4 (CH,Cl,/MeOH/conc
NH; 100:15:1); 'H NMR (200 MHz, CDCl;, 25°C): 6 =2.99 (s, 12H; CH,),
3.41 (s, 9H; OCH;), 3.69 (m, 6 H; CH,), 4.10 (m, 6 H; CH,), 6.41 (s, 6 H; Ar-
H); C NMR (100.61 MHz, CDCl,;, 25°C): 6 =164.93 (C), 161.16 (C),
106.73 (CH), 70.75 (CH,), 66.70 (CH,), 59.28 (CH,), 37.78 (CH,); MS
(FAB): m/z (%) =538.3 (100) [M*+H].
6,13,20,27-Tetrakis(2-methoxyethoxy)-all-homocalix[4](2,6)pyridine (8):
Yield: 0.3%; colourless solidified oil; TLC (SiO,): R;=0.6 (CH,CL/
MeOH/conc NH; 100:15:1); '"H NMR (400 MHz, CDCl;, 25°C): 6 =3.12
(s,16H; CH,), 3.41 (s, 12H; OCH,), 3.74 (m, 8H; CH,), 4.25 (m, 8H; CH,),
6.82 (s, 8H; Ar-H); C NMR (100.61 MHz, CDCl;, 25°C):  =167.51 (C),
160.34 (C), 108.2 (CH), 70.42 (CH,), 67.94 (CH,), 59.14 (CH;), 36.94 (CH,);
MS (FAB): m/z (%) =717.3 (100) [M™+H].
6,13,20,27,34-Pentakis(2-methoxyethoxy)-all-homocalix[5](2,6)pyridine
(9): Yield: 0.4 %; colourless solidified oil; TLC (SiO,): R;=0.55 (CH,Cl,/
MeOH/conc NH; 100:15:1); 'H NMR (400 MHz, CDCl;, 25°C): 6 =3.1 (s,
20H; CH,), 3.4 (s, 15H; OCHs;), 3.74 (m, 10H; CH,), 425 (m, 10H; CH,),
6.77 (s, 10H; Ar-H); *C NMR (100.61 MHz, CDCl;, 25°C): 6 =166.96 (C),
160.74 (C), 107.89 (CH), 70.47 (CH,), 67.74 (CH,), 59.16 (CHj;), 37.2 (CH,);
MS (FAB): m/z (%) =896.5 (100) [M*+H].
6,13,20,27,34,41-Hexakis(2-methoxyethoxy)-al/l-homocalix[6](2,6)pyridine
(10): Yield: 0.03 %; colourless solidified oil; TLC (SiO,): R;=0.5 (CH,ClL,/
MeOH/conc NH; 100:15:1); '"H NMR (200 MHz, CDCl;, 25°C): 6 =3.03
(s, 24H; CH,), 3.41 (s, 18H; OCH;), 3.68 (m, 12H; CH,), 4.06 (m, 12H;
CH,), 6.49 (s, 12H; Ar-H); MS (FAB): m/z (%) =1075.6 (100) [M*+H].
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2,6-Bis[2-(6'-methyl-2"-pyridyl)ethyl]pyridine (11): Yield: 0.8%; yellow
solidified oil; TLC (SiO,): R;=0.72 (CH,Cl/MeOH/conc NH; 100:10:1);
'H NMR (250 MHz, CDCl;, 25°C): 6 =2.54 (s, 6H; CHj;), 3.18 (s, 8H,
CH,), 6.89-70 (m, 6H; Ar-H), 7.38-746 (m, 3H; Ar-H); C NMR
(62.9 MHz, CDCl;, 25°C): 0 =160.76 (C), 160.67 (C), 157.83 (C), 136.55
(CH), 136.67 (CH), 120.67 (CH), 120.32 (CH), 119.89 (CH), 38.43 (CH,),
29.78 (CH,), 24.62 (CH,).
2,6-Bis[1-(6'-methyl-2-pyridyl)-2-(6'-ethyl-2'-pyridyl)ethyl |pyridine  (12):
Yield: 0.7%; m.p. 152-153°C; TLC (SiO,): R;=0.6 (CH,Cl,/MeOH/conc
NH, 100:10:1); '"H NMR (250 MHz, CDCl;, 25°C): 6 =2.54 (s, 6H; CHS,),
3.18,3.2 (s, 16 H, CH,), 6.9-7.0 (m, 10H; Ar-H), 7.38 - 7.46 (m, 5H; Ar-H);
BCNMR (62.9 MHz, CDCl;, 25°C): 6 =160.75 (C), 160.64 (C), 157.82 (C),
136.60 (CH), 136.52 (CH), 120.70 (CH), 120.34 (CH), 119.91 (CH), 38.42
(CH,), 38.37 (CH,), 29.78 (CH,), 24.60 (CHs).
1,2-Bis(4-methoxy-6-methyl-2-pyridyl)ethane (13): Yield: 3 %; m.p. 125°C;
TLC (SiO,): R;=0.7 (CH,Cl/MeOH/conc NH; 100:5:1); 'H NMR
(60 MHz, CDCl;, 25°C, TMS): 6 =2.46 (s, 6H; CH,), 3.10 (s, 4H; CH,),
3.76 (s, 6H; OCHj,), 6.50 (s, 4H; Ar-H); MS (FAB): m/z (%) =273.2 (100)
[Mt+H].

Liquid - liquid extraction: The extraction studies were performed at 25+
1°C in 2 mL micro-reaction vials by means of mechanical shaking. The
phase ratio V)V, was 1:1 (0.5 mL each); the shaking time was 30 min.
The extraction equilibrium was attained within a few minutes, except for
Pd** which required 2 h. The determination of the metal concentration in
both phases was carried out radiometrically with the y-radiation measure-
ment of 2?Na, ®Co, #Cu, $Zn, ¥Sr, 1¥Pd, 1""mAg 13Cs, Au and **Hg in a
Nal(Tl) scintillation counter (Cobrall, Canberra-Packard), and the fS-
radiation of ""™Cd andI ?*Tl in a liquid scintillation counter (Tricarb 2500,
Canberra-Packard). The radioisotopes were supplied by Medgenix Diag-
nostics GmbH, Ratingen.

Liquid-membrane experiments:

Membranes: The ion-selective membranes consisted of almost 1% (wt/wt)
of carrier dissolved in 33% (wt/wt), 66 % (wt/wt) plasticiser dibutylseba-
cate and 0.6 % (wt/wt) potassium tetrakis(chlorophenyl)borate as the anion
blocker.

Potentiometric measurements: All measurements were carried out in cells
of the following type: Ag; AgCl; KCI (3m); LiOAc (0.1m)/sample solution//
membrane//internal electrolyte KCI (102m), AgCl; Ag. Potentiometric
selectivity coefficients K; were determined by the separate solution
method with 1072m solutions of metal nitrates.

Transport experiments: Carrier-mediated transport of cations was studied
in a coaxial cell in which two aqueous phases (source/receiving) are
separated by a stirred chloroform membrane containing the carrier (5 x
10-*m). The aqueous source phase consisted of metal nitrates (5 x 10-2m);
the receiving phase was deionised water. Transport without a carrier was
carried out as a reference experiment (blank).

Molecular modelling: The molecular modelling studies were performed by
DFT and ab initio calculations using Gaussian 94.1'1 All calculations were
carried out on a DEC3000 AXP/800 workstation. CERIUS? 1.6.2 was used
for computer graphics and the initial building of the molecular models.
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DNA-Binding Ligands from Peptide Libraries Containing Unnatural

Amino Acids

Theo Lescrinier, Chris Hendrix, Luc Kerremans, Jef Rozenski,
Andreas Link, Bart Samyn, Arthur Van Aerschot, Eveline Lescrinier, Ramon Eritja,

Jozef Van Beeumen, and Piet Herdewijn*

Abstract: An unnatural peptide-based library, bound on a solid support, was
screened for double-stranded-DNA (dsDNA)-binding ligands. For this purpose,
fluorescein and rhodamine were used to label the single-stranded oligodeoxynucleo-
tides. Beads containing products with affinity to dsDNA turned red in visible light

and fluoresced yellow in UV light. A similar technique can be used for the selection
of ligands which bind to a hairpin RNA, using a monolabelled oligoribonucleotide.
The screening process revealed a high structure—affinity relationship in the

Keywords: combinatorial chemistry
- DNA recognition - peptides
structure —activity relationships

successful products. Only six out of the twelve unnatural amino acids were selected,
with the repeated appearance of AlaU, Sar and the secondary amino acids (Hyp,
Inp). The affinity and selectivity for the target was determined using a DNase I

protection assay.

Introduction

Creating compounds that recognise specific DNA sequences
is a central goal in the development of DNA-targeted drugs.
These compounds may be able to manipulate the tran-
scription of individual genes and, hence, are potentially useful
for the treatment of cancers and genetic diseases. The most
successful approaches so far are the pyrrole-imidazole
polyamide motif, developed by P. Dervan,'l and the peptide
nucleic acid, described by P. Nielsen.[? As an alternative to the
stepwise approach of compound selection by iterative syn-
thesis, we propose the generation of dsDNA recognition
libraries.
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Results and Discussion

The specificity of DNA - protein interactions served as model
to select the monomers which were used to synthesise the
libraries (Scheme 1). Synthetic amino acids were selected that
are able to form complementary hydrogen-bonding donor—
acceptor interactions with the nucleobases in the grooves of
the double helix. As the stabilisation energy of hydrogen-
bonding interaction is not very large, synthetic amino acids
were introduced in the library able to strengthen the binding
to dsDNA by stacking, intercalation and electrostatic inter-
actions. Glutamine was incorporated in the library as it is
known to be employed fairly often in protein—DNA recog-
nition by bidentate hydrogen bonding of its side chain to an
adenine base in the major groove. Several amino acids with a
hydrophobic side chain were included to allow hydrophobic
and Van der Waals contacts with the C-6 methyl group of
thymine and the 2’-deoxy position of the furanoses. To allow
optimal interaction it may be expected that upon complex
formation one or both partners have to distort within the limit
of allowed conformational changes. The deformability of the
DNA double helix is sequence-dependent and this can
contribute to the specificity of the recognition process. Amino
acids were selected with appropriate conformational rigidity
to allow both optimal fit and a minimisation of unfavourable
entropy changes during complex formation.

The selection of an amide library is based on already
existing examplesl: 2 of dsDNA recognition structure, the
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Scheme 1. Building blocks used for the generation of the first library.
Encoding amino acids are given in parentheses.

presence of this backbone in natural proteins, the straightfor-
ward synthetic chemistry and the possible involvement of
main-chain NH groups in recognition by dsDNA. The
selection of the limited length of the sequence of recognition
elements (see below) is based on synthetic considerations
combined with concerns about cellular uptake. Moreover, in
protein—DNA recognition only a limited number of amino
acid residues are important in the direct readout of the
nucleotide sequence, and DNA-binding small molecules such
as antitumor agents likewise bind preferentially to certain
sequences. As the library contains 14 amino acids (Scheme 1),
yielding a theoretical mixture of 537824 compounds, we

Abstract in Dutch:  Door het merken van enkelstrengige
oligodeoxynucleotiden met fluoresceine en rhodamine werd
een methode ontwikkeld voor de identificatie van liganden met
bindingsaffiniteit voor dsDNA. De screening van een bank op
basis van onnatuurlijke peptiden resulteerde in een hoge
structuur — affiniteitsrelatie. Deze methode kan nuttig zijn voor
de identificatie van sequentiespecifieke dsDNA-bindende pro-
ducten.
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expect our library not only to contain a universe of structures
with different electronic and functional group distributions
but, likewise, a universe of structural motifs.

Before the construction of the library on a solid phase was
started, coupling efficiency as well as the occurrence of
possible side reactions was evaluated by the synthesis of more
test sequences. These were selected based on expected worst-
case scenarios (Table 1). Monophenylglycine (Mfg) was

Table 1. Selected oligopeptides used to investigate coupling efficiency
between the modified amino acids.

Sequence of oligopeptides LSIMS [M+H]*

1 HOOC-$-Ala-Sar-Gln-Hex-Inp-Hex-NH, 650
2 HOOC-Sar-Hyp-Inp-AlaU-Trp-NH, 886
3 HOOC-AlaH-Inp-Aib-Mfg-NH, 553
4 HOOC-Aib-Aib-Inp-Inp-NH, 411
5 HOOC-g-Ala-Tos-Inp-Thi-Qui-$-Ala-NH, 1069

originally a library member, but was removed due to its high
susceptibility to racemisation.’] The library was synthesised
by mix-and-split synthesisi*l giving 14° different individual
compounds and approximately 200-300 pmol of compound
per bead. The chemical structure of the peptides was
determined with encoding sequencesP! of natural amino acids
and Edman degradations. The encoding acid-labile Ddz [2-
(3,5-dimethoxyphenyl)-propyl-2-oxycarbonyl] amino acids
were introduced before the unnatural Fmoc (9-fluorenylme-
thyloxycarbonyl) amino acids. The coding system is repre-
sented in Scheme 1.

The library thus obtained was utilised in a screening
procedure using a 14 base-pair dsDNA sequence (5'-
ACATTGCACAATCT-3' with its complement) as target.
This represents the binding site, within the enhancer region of
the human IL-6 gene, for NF-IL-6.1 To ensure targeting of the
dsDNA, one single strand was labelled with fluorescein and
the other with rhodamine. In UV light, beads containing
rhodamine-labelled oligos are coloured red, while fluores-
cein-labelled oligos turn the beads green. A yellow bead must
therefore be labelled with both fluorescein and rhodamine
and, thus, contains double-stranded DNA (Figure 1A). In
visible light, all rhodamine-labelled oligo beads are coloured
red. This implies that beads containing products with an
affinity to dsDNA can be easily isolated using double-labelled
DNA with a screening procedure using UV as well as visible
light. A strategy using two different dyes to address selec-
tivity problems has been described before by Boyce et al.,
although for different purposes.’! The T, of the unlabelled
double-stranded DNA (4 um) is 55°C in 0.1m NaCl (phos-
phate buffer pH 7.4), while the T, of the 5'-labelled duplex
under the same conditions is 54 °C. This ensures formation of
double-stranded structures at room temperature and the
absence of major influences of the dyes on the hybridising
properties.

The screening procedure itself was carried out with the
labelled dsDNA in a solution of 0.Im NaCl in phosphate
buffer (pH 7.4) for 4 h. Beads were collected, washed six times
with buffered 0.1m NaCl and visualised under a fluorescent

0947-6539/98/0403-0426 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 3





DNA-Binding Peptides

425-433

Figure 1. A) Differentiation between labelling with rhodamine, fluores-
cein and both dyes. B) Contrast between a bead bearing a peptide with
affinity and beads without any interaction with the TAR-loop (TAR =
trans-activation response element) target in UV and visible light at low
intensity. The hairpin RNA was monolabelled with fluorescein and
protected against 3'-exonuclease degradation with propanediol.

microscope. The yellow fluorescent beads were isolated under
UV light and evaluated in a second selection cycle in visible
light allowing isolation of the intensely red beads (Figure 2).
In the next round, the hydroxybutyrate linker®®! connecting
the noncoding sequence was hydrolysed using 0.1Nn NaOH/

Figure 2. Selection process: panel A gives an overview of part of the library; part B gives a view of part of the
library containing one positive bead in the middle, which is enlarged in panel C (visible light) and panel D (UV
light).

Chem. Eur. J. 1998, 4, No. 3
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CH;CN and the screening procedure using double-labelled
dsDNA was repeated. The absence of both fluorescence and
colour emphasises the importance of the nonnatural peptide
sequence for interaction with the target.

To test the versatility of the approach, we likewise screened
the second library for peptides interacting with TAR-RNA.
As interaction between Tat protein (Tat =trans-acting tran-
scriptional activation) and TAR-RNA is critical for virus
replication, molecules which could prevent or reduce the
affinity of Tat for TAR might be useful as antiviral agents.
Due to the high lability of the RNA target, supplementary
precautions for screening were taken. The RNA hairpinl]
target was monolabelled at the 5-end with fluorescein and
protected at the 3’-end against 3’-exonuclease degradation
using propanediol.l' The screening buffer consisted of 0.1m
NaCl, 20 mm KH,PO, and 0.1 mm EDTA (pH 7.4), and was
treated with 7 OD units of labelled target in 3 mL of screening
buffer for 16 h. The beads were washed and were divided over
4 petri dishes and evaluated under UV light. In the presence
of visible light at low intensity the difference between binders
and nonbinders could be detected (Figure 1B).

Decoding of the peptides, selected during dsDNA affinity
screening, was based on Edman degradation and resulted in
the identification of a series of 16 peptides from the initial
screening and a series of 9 peptides resulting from a second
screening round at higher oligo concentrations and longer
exposure time. They may be classified as high- and low-
affinity sequences based on the screening circumstances and
the intensity of the fluorescence (colour) of the beads.
Unfortunately, almost all isolated compounds (list not shown)
proved to be polyornithines (three or four ornithines in a 6-
mer), reflecting the importance of ion-ion interactions
between the peptides and the polyphosphate backbone of
the dsDNA for affinity binding.
As it was not our aim to select
new polycationic DNA-binding
substances but more specific mol-
ecules, the assembly of a second
library was undertaken.

Four important points distin-
guish the second library from the
first one: 1) The positively charg-
ed ornithine was excluded from
the randomisation steps and only
one positively charged amino acid
(arginine) was incorporated at a
fixed (end) position. 2) y-Amino-
butyric acid was removed, as it
induces high flexibility in the
peptide backbone, unfavourable
for affinity binding, and as it was
hardly present in the peptides
isolated from the first library. 3)
Upon analysis of the sequencing
results of the first library, it was
noticed that no negatively charg-
ed coding amino acid was detect-
ed. In parallel, the selected se-
quences did not contain the hypo-
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xanthine derivative (AlaH) or tryptophan (Trp) as they were
coded for by aspartic acid and glutamic acid, respectively. This
was most probably due to electrostatic repulsion between the
negatively charged polyphosphate backbone and the amino
acid side chains of the coding sequence. Therefore both
encoding amino acids were eliminated from the library. 4) To
avoid bias, a higher randomisation was introduced by varying
the encoding—coded amino acid pairs in each cycle. In the
first library the encoding system consisted of the same coding
pairs of natural/unnatural amino acids throughout the whole
peptide. The amino acids used in the second library and the
encoding system are given in Table 2. All coupling reactions
were verified by spectrophotometrical Fmoc determination
and averaged between 90 % and 100 %.

Table 2. The coding system applied for the second library.

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5

Thi Gln Ser Val Thr Val
Hex Asn Val Thr Gln Tyr
Hyp Thr Met Ala Ile Gly
Tos Met Gly Leu Ser Ile

AlaH Tyr Phe Ser Leu Met
AlaU Leu Tyr Met Asn Ala
Trp Ala Gln Gln Ala Gln
Sar Gly Thr Phe Tyr Thr
Gln Ile Asn Ile Val Phe
Aib Ser Leu Asn Met Ser
Qui Phe Ala Gly Gly Asn
Inp Val Ile Tyr Phe Leu

The screening technology was identical to the one for the
first library; 11 UV-positive beads were selected (Table 3).
The importance of the
unnatural part of the bi-
furcations in the binding
process was confirmed
the same way as described
before. The bound struc-
ture was determined by
Edman sequencing.

Given the fact that we
started with a library of

Table 3. Sequencing results of posi-
tive hits of the second library.

Peptide sequence

Ac-Arg-AlaU-Sar-AlaU-Sar-AlaU
Ac-Arg-AlaU-Sar-Hyp-AlaU-Inp
Ac-Arg-AlaU-Sar-Inp-Sar-Sar
Ac-Arg-AlaU-AlaU-GlIn-AlaU-Sar
Ac-Arg-AlaU-Sar-AlaU-Hyp-Gln
Ac-Arg-AlaU-AlaU-Inp-AlaU-Sar

Ac-Arg-AlaU-Hyp-Inp-Thi-AlaH
Ac-Arg-AlaU-Sar-Sar-Sar-Sar

Ac-Arg-AlaU-Sar-Hyp-Thi-Hyp or

Ac-Arg-AlaU-Sar-Hyp-Thi-Tos

about 250000 compounds
and 12 different amino
acids, the results of the

screening procedure re-
vealed a high structure -
affinity relationship. Next
to the fixed arginine, the
PB-uracilyl alanine ana-
logue (AlaU) was invariably found in the encoded sequence.
At the third position the preference is limited to practically
two amino acids: sarcosine (Sar, 55%) and AlaU (36%).
Except for the fourth position (where isonipecotic acid (Inp)
is the most common amino acid) the diversity is rather limited.
Only six out of the twelve unnatural amino acids are used and
there is the repetitive appearance of AlaU, Sar and secondary
amino acids (Hyp, Inp). The most frequent occurring combi-

Ac-Arg-AlaU-AlaU-Inp-AlaU-Hyp
Ac-Arg-AlaU-AlaU-Sar-Sar-Sar
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nations are: Ac-Arg-AlaU-Sar-Inp-AlaU-Sar-$-Ala-Gly and
Ac-Arg-AlaU-Sar-Inp-Sar-Sar--Ala-Gly.

All unnatural peptides as well as the bifurcated compounds
containing both the natural and the unnatural peptide part
were synthesised. The latter synthesis is necessary as the
screening procedure does not exclude the participation of the
coding sequence in the interaction with the dsDNA fragment
in combination with the encoded sequence. The synthesis of
the bifurcations might also be interesting since the two arms
(coded and encoded part) might engirdle the dsDNA. This is
already known for the natural leucine zipper for which a
scissor grip model is proposed.l'!l Five bifurcations were
prepared, four peptides selected from the library and the most
frequently occurring combination (Table 4).

Table 4. The structure of the bifurcations synthesised for solution screening.

R4

H2N(”)—Lys
|
O GABA—Gly—pAla—R2

Bif1-5
R, R,
Bif1 -Leu-Thr-Met-Tyr-Ala-NH, -AlaU-Sar-AlaU-Sar-AlaU-Arg-NHAc
Bif2 -Gly-Thr-Tyr-Tyr-Ala-NH, -Sar-Sar-Inp-Sar-AlaU-Arg-NHAc
Bif3 -Gly-Tyr-Tyr-Asn-Ala-NH, -Sar-AlaU-Inp-AlaU-AlaU-Arg-NHAc
Bif4 -Thr-Ser-Ala-Tyr-Ala-NH, -Hyp-Thi-Hyp-Sar-AlaU-Arg-NHAc
Bif5 -Gly-Tyr-Tyr-Tyr-Ala-NH, -Sar-AlaU-Inp-Sar-AlaU-Arg-NHAc

OP1
OP2
OP3
OP4
OP5S

The affinity of the synthetic peptides for the dsDNA target,
however, was too low to be detected by gel shift experiments.
Therefore we used a more sensitive functional assay, DNase I
activity, for evaluating binding of peptides to dsDNA in
solution (which is also used in DNase I footprint titration
experiments). It is expected that a DNA-bound peptide would
protect the phosphodiester backbone of DNA from DNase I-
catalysed hydrolysis, which is used here in a DNase I
protection assay. For this purpose, one DNA strand was
radiolabelled, hybridised with the complementary strand,
mixed with an excess of the respective peptides and subjected
to DNase I-catalysed degradation. The degraded samples
were analysed by denaturing polyacrylamide gel electropho-
resis and visualised by autoradiography. The percentage of the
remaining full-length oligonucleotide after different incuba-
tion times was quantified by scanning laser densitometry. The
unnatural octapeptide (OP), the bifurcated peptide (Bif) and
random peptides (RP) were all evaluated.

All the bifurcations evaluated (1000 equiv each, Table 4,
compounds Bif2 - 5), were able to slow down the degradation
rate of dSDNA by DNase [ in a comparable manner. After 2 h
of incubation in the presence of a bifurcation, an average
amount of 34 % of intact dSDNA was still present compared to
18% in the case of the control experiment. The unnatural
octapeptides (OP2 to OPS5) corresponding to the encoded
part of the above mentioned bifurcations, were able to inhibit
the degradation more efficiently than the corresponding
bifurcations. The autoradiographs of the control experiment
(A) and the experiment containing 1000 equiv of OP2 (B) are
depicted in Figure 3. The results obtained with the four
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Figure 3. Autoradiographs of the degradation of the dsDNA target by
DNase I. A) Control: no peptide added; B) 10° equiv of compound OP2
added. Aliquots were taken at the time (in min) indicated on top. BL=
blank, no enzyme added.

octapeptides are summarised in Figure 4. The presence of the
coding strand seems to play an unfavourable role in the

+Contra‘
80 - +0P2
©-OP3
+0OP4
S 60 - ~+OP5
©
= +RP1
= 404 *RP2
20
0 , ; —— r '
0 60 120 180 240 300 360

Time (min)

Figure 4. DNase I degradation of the dsDNA target in the presence of
1000 equiv of the peptides listed. The dsDNA target was incubated for the
indicated times, and full-length (intact) and digested oligonucleotides were
resolved on 20% denaturing polyacrylamide gels and quantified, as
described in the Experimental Section.

binding of the peptides to dsDNA. Two random pentapep-
tides, one containing three amino acids with a positive charge
in their side chain [Lys-Lys-Cha-Arg-Phe (RP1)] and one
with a net charge of zero [Phe-Tyr-Glu-Lys-Pro (RP2)], were
unable to bind to the dsDNA fragment and had degradation
rates comparable to those in control experiments. The most
efficient compound (Ac-Arg-AlaU-Sar-Inp-AlaU-Sar-f3-Ala-
Gly) corresponds to one of the two most frequently occurring
combinations mentioned before. After 2 h of incubation with

Chem. Eur. J. 1998, 4, No. 3

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

DNase I, 64 % of the dsDNA was still intact, compared with
18 % in the control experiment, and after 6 h more than 35 %
of intact dsDNA was still present while no intact dsDNA
could be seen in the control experiment, with the bifurcations
or with random peptides. In order to further evaluate the
specificity of the compounds and to exclude binding of the
peptide to DNase I, the degradation assay was repeated in the
presence of 1000 equiv of OP5 using (dA);-(T),; as target.
However, this duplex was degraded at the same rate as if no
OP5 were present (Figure 5). The unnatural oligopeptide

100 e —— -
[=Control
o0 [+ors_|
i
B 60
©
£
® 40+
201
0 T T T T T
0 60 120 180 240 300 360
Time (min)

Figure 5. DNase I degradation of dA,;-T}; in the presence of 1000 equiv
of OPS. dA;-T}; was incubated for the indicated times, and full-length
(intact) and digested oligonucleotides were resolved on 20 % denaturing
polyacrylamide gels and quantified as described in the Experimental
Section.

shows selective protection of the sequence originally used
during the screening process. This library approach for
selecting dsDNA binding unnatural oligopeptides will now
be followed by structure optimisation using solution-phase
screening to increase affinity and selectivity for the target and
to analyse its precise binding site. This technique may be
useful for identifying new sequence-specific dsDNA- and
RNA-binding ligands able to interfere with gene expression.

Experimental Section

Melting points were determined in capillary tubes with a Biichi-Totolli
apparatus and are uncorrected. Ultraviolet spectra were recorded with a
Philips PU 8740 UV/Vis spectrophotometer. The *C NMR spectra were
recorded with a Varian Gemini 200. Exact mass measurements by liquid
secondary ion mass spectrometry (LSIMS) were obtained using a Kratos
Concept 'H mass spectrometer. Precoated Machery —Nagel Alugram® Sil
G/UV 254 plates were used for TLC and the spots were examined with UV
light, sulfuric acid/anisaldehyde spray or ninhydrin spray. Column chro-
matography was performed on Acros silica gel (0.06-200 nm). Anhydrous
solvents were obtained as follows: THF was refluxed on LiAlH, overnight
and was distilled; dichloromethane (DCM) was stored on calcium hydride,
refluxed and distilled. Pyridine, triethylamine (TEA) and N,N-diisopropy-
lethylamine (DIEA) were refluxed overnight on potassium hydroxide and
distilled. N,N-dimethylformamide (DMF) was stored on activated molec-
ular sieves for 3 days and was always tested for the absence of dimethyl-
amine by the bromophenol test prior to use. CH;CN for HPLC was
purchased from Rathburn (grade S) and water for HPLC purification was
distilled twice. Ddz-protected amino acids and benzotriazol-1-yloxytris-
pyrrolidinophosphonium hexafluorophosphate (PyBoP) were purchased
from Advanced ChemTech (Louisville, Kentucky). Fmoc- Arg(Pmc)
(Pmc =2,2,5,78-pentamethylchroman-6-sulfonyl) and Fmoc-Lys(Dde)
[Dde = 1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl] were obtained
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from Novabiochem (Switzerland). Tentagel-NH, was obtained from
RAPP-Polymere (Tiibingen, Germany). Dichloromethane, N,N-dimethyl-
formamide, acetic anhydride (Ac,0) and pyridine were obtained from
BDH (Poole, England). Piperidine, trifluoroacetic acid (TFA), diisopro-
pylcarbodiimide (DIC), 1-hydroxybenzotriazole (HOBt), 1-methylimida-
zole (NMI), dimethylaminopyridine (DMAP) and 1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide hydrochloride (DEC) were supplied by AC-
ROS (Geel, Belgium).

Amino acids used in the libraries: For the assembly of the first library the
following building blocks were used: N-Fmoc-1-amino-1-cyclohexanoic
acid,!"?! N-Fmoc-isonipecotic acid,'?! N-Fmoc-a-aminoisobutyric acid,'*l N-
Fmoc-sarcosine,l'!  N-Fmoc-y-aminobutyric acid,l'>!*)  N-Fmoc-4-O-tert-
butylproline,l'”? N-Fmoc-$3-(uracil-1-yl)-a-p-alanine, N-Fmoc-3-(hypoxan-
thin-9-yl)-a-p-alanine, ~ N*Fmoc-N°-(2-thiophenecarbonyl)ornithine,!'*!
N*Fmoc-N°-(p-toluenesulphonyl)ornithine,l'"¥!  N“-Fmoc-N°-8-(quinoline-
sulfonyl)ornithine 'l Ni™-tert-butyloxycarbonyl-N“-Fmoc-tryptophan, N°-
tert-butyloxycarbonyl-N“-Fmoc-ornithine and  N-trityl-N“-Fmoc-gluta-
mine. The latter three were obtained from Advanced ChemTech, while
synthesis of the other building blocks was carried out as described.
Analytical data lacking in the literature are provided. During the course of
our work the building blocks Fmoc—Sar, Fmoc-y-Abu and Fmoc-Hyp
(rBu) have become available from Advanced Chemtech or Novabiochem.

General procedure for fluorenylmethyloxycarbonylations: Protection of
the a-amino moiety with the fluorenylmethyloxycarbonyl group was
carried out as described here for the synthesis of Fmoc—Hex.

N-(9-fluorenylmethyloxycarbonyl)-1-aminocyclohexanecarboxylic ~ acid
(Fmoc-Hex):"l Na,CO; (25 ¢, 5equiv), 14-dioxane (200mL) and 9-
fluorenylmethyloxycarbonyl chloride (14.2 g, 55 mmol, 1.1 equiv) were
added to a solution of 1-aminocyclohexanecarboxylic acid hydrochloride
(8.9 g, 50 mmol) in H,O (250 mL). After stirring for 16 h, the reaction
mixture was poured into 300 mL of H,O and the solution was extracted
three times with diethyl ether. The aqueous layer was acidified with a 2N
solution of hydrochloric acid in water to pH 2 and the colourless suspension
was extracted three times with ethyl acetate. The combined organic layer
was dried on anhydrous MgSO,, filtered and evaporated. The obtained
white solid was crystallised from nitromethane to yield 11.68 g of Fmoc—
Hex (32 mmol, 64 % ). M.p. 178°C; C NMR ([Dg]DMSO): 6 =21.30 (C-3,
C-5), 25.28 (C-4), 32.09 (C-2, C-6), 47.00 (Fmoc, C-9'), 58.44 (C-1), 65.60
(Fmoc, CH,0), 120.32 (Fmoc, C-4"), 125.63 (Fmoc, C-1"), 127.31 (Fmoc, C-
2'),127.87 (Fmoc, C-3'), 140.96 (Fmoc, C-11"), 144.12 (Fmoc, C-10’), 155.45
(OCONH), 176.22 (COOH); exact mass (LSIMS, thioglycerol) calcd for
C,H,,NO, [M+H]* 366.1705, found 366.17160; elem. anal. for C,,H,3NO,
caled C 72.32, H 6.34, N 3.83; found C 72.37, H 6.34, N 3.77.

N-(9-fluorenylmethyloxycarbonyl)isonipecotic acid (Fmoc-Inp):'2l The
title compound was prepared according to the general procedure as
described for Fmoc—Hex and was crystallised from nitromethane (80 %).
M.p. 182°C; 3C NMR (CDCl;): 6 =28.06 (C-3), 41.06 (C-2), 43.64 (2 x C-
4), 47.85 (Fmoc, C-9'), 67.84 (Fmoc, CH,0), 120.48 (Fmoc, C-4'), 125.43
(Fmoc, C-1), 127.54 (Fmoc, C-2'), 128. 19 (Fmoc, C-3'), 141.84 (Fmoc, C-
11'), 144.48 (Fmoc, C-10), 155.80 (OCONH), 180.44 (COOH); exact mass
(LSIMS, thioglycerol) caled for C,H,,NO, [M+H]* 352.1548, found
352.1536; elem. anal. for C,H, NO, caled C 71.78, H 6.02, N 3.99; found
C71.78, H 6.09, N 3.93.

N-(9-fluorenylmethyloxycarbonyl)-z-aminoisobutyric acid (Fmoc-—
Aib):®l Following the general procedure, the title compound was
synthesised and crystallised from nitromethane in 83% overall yield.
M.p. 178°C (ref. [13] 179-180°C); BC NMR ([D4]DMSO): 6 =25.28 (2 x
CHj;), 46.79 (Fmoc, C-9'), 55.29 (a-C), 65.43 (Fmoc, CH,0), 120.21 (Fmoc,
C-4), 125.42 (Fmoc, C-1"), 12720 (Fmoc, C-2'), 127.75 (Fmoc, C-3'), 140.82
(Fmoc, C-11"), 143.96 (Fmoc, C-10'), 155.09 (OCONH), 175.98 (COOH);
exact mass (LSIMS, glycerol) calcd for C,iH,,)NO, [M+H]* 326.1392, found
326.1389; elem. anal. for C,,H,;,NO, calcd C 70.14, H 5.89, N 4.30; found C
69.89, H 5.92, N 4.48.

N-(9-fluorenylmethyloxycarbonyl)sarcosine (Fmoc—Sar):[1*l The title com-
pound was crystallised from hexane—-EtOAc in 90% yield. M.p. 113°C
(ref. [14] 43-45°C); 3C NMR ([D¢]DMSO): 6 =35.13, 35.78 (NCH,),
50.02, 50.40 (a-C), 67.18, 67.35 (Fmoc, CH,0), 120.39 (Fmoc, C-4'), 125.31
(Fmoc, C-1'), 127.39 (Fmoc, C-2'), 127.94 (Fmoc, C-3"), 141.00 (Fmoc, C-
11'), 12794 (Fmoc, C-3'), 141.00 (Fmoc, C-12'), 144.04 (Fmoc, C-10'),
155.79, 156.17 (OCONH), 171.13, 171.28 (COOH); exact mass (LSIMS,
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NBA -NaOAc) caled for C;H;;NO,Na [M+Na]* 334.1055, found
334.1054; elem. anal. for C;sH;NO, caled C 69.44, H 5.50, N 4.50; found
C 69.42, H 5.58, N 4.70.

N-(9-fluorenylmethyloxycarbonyl)y-aminobutyric acid (Fmoc-y-
Abu):['5 1 Sodium carbonate (10 g), 1,4-dioxane (50 mL) and 9-fluorenyl-
methyloxycarbonyl chloride (5.72 g, 22 mmol, 1.1 equiv) were added to a
solution of y-amino butyric acid (2.1 g, 20 mmol) in H,O (100 mL). The
reaction mixture was stirred for 2.5 h and poured into H,O (200 mL). The
solution was extracted three times with diethyl ether; the aqueous layer was
acidified under vigorous stirring with a 2N solution of hydrochloric acid in
water. The white precipitate was isolated by filtration, washed with diethyl
ether and dried in vacuo. The name product was crystallised from ethyl
acetate to yield 6.3 g (19.2 mmol, 96 %). Analytical data are in agreement
with ref. [16]. M.p. 170 °C (ref. [16] 166 -168°C); elem. anal. for C;,H;;NO,
caled C 70.14, H 5.89, N 4.30; found C 70.25, H 5.77, N 4.28.

N-(9-fluorenylmethyloxycarbonyl)-4-O-tert-butyl proline [Fmoc—Hyp(¢-
Bu) ]: The title compound was synthesised in 3 steps from hydroxyproline
as described.l'”*C NMR ([D4]DMSO): 6 =28.15 (1Bu, CHj3), 37.74 (C-3),
46.48 (Fmoc, C-9'), 53.00, 53.99 (C-5), 58.62 (C-2), 66.51, 66.99 (Fmoc,
CH,0), 68.40, 69.20 (C-4), 73.44 (tBu, C-0), 120.15 (Fmoc, C-4), 125.14
(Fmoc, C-1'), 127.16 (Fmoc, C-2"), 127.75 (Fmoc, C-3'), 140.85 (Fmoc, C-
11’), 144.00 (Fmoc, C-10), 154.07 (OCONH), 175.23 (COOH); exact mass
(LSIMS, thioglycerol) caled for C,sH;NO, [M+H]* 410.19673; found
410.19673.

Ne-tert-butyloxycarbonyl-$-(uracil-1-yl)-¢-D-alanine: This compound was
synthesised before as a racemic mixture using a Michael addition
reaction'” and as an enantiomerically pure compound by opening of
Boc-serine f-lactone.” To a suspension of uracil (5.04 g, 45 mmol,
1.1 equiv) in anhydrous DMF (170 mL), NaH (80% dispersion in oil,
1.8 g, 40 mmol, 1 equiv) was added. The suspension was stirred at room
temperature for 1h and cooled to —78°C. A solution of N-tert-Boc-D-
serine-f-lactone®?? (74 ¢ 40 mmol) in anhydrous DMF (70 mL) was
added dropwise for 30 min. After stirring for 16 h at room temperature, the
solvent was evaporated to dryness. The obtained oil was dissolved in water
and acidified with a 2N solution of hydrochloric acid in water. The
colourless suspension was extracted three times with ethyl acetate. The
organic layer was dried on anhydrous MgSO,, filtered and evaporated to
dryness. The residual oil was purified by flash column chromatography on
silica gel (elution 93% DCM/6% MeOH/1% HOAc or TEA) yielding
8.03 g of the title compound (26.8 mmol, 67 %). 3C NMR ([D¢]DMSO):
0=238.71 (TEA, CH;), 2821 (Boc, CH;), 45.01 (TEA, CH,), 50.87 (5-CH,),
53.19 (a-CH), 77.96 (Boc, C-0), 100.04 (U, C-5), 146.33 (U, C-6), 151.08
(U, C-2), 155.21 (OCONH), 164.05 (U, C-4), 172.14 (COO"); exact mass
(LSIMS, thioglycerol) caled for C,,H;N;O, [M+H]* 300.1195; found
300.1198.

N*-(9-fluorenylmethyloxycarbonyl)-#-(uracil-1-yl)-a-p-alanine ~ (Fmoc -
AlaU): A solution of N*-fert-Boc-fS-uracil-1-yl)-a-alanine (8.00 g) in a
mixture of TFA/DCM 1:1 (100 mL) was stirred for 16 h. The solvent was
evaporated and the foam obtained was dissolved in a 10% aqueous
solution of sodium carbonate (200 mL). To this clear yellow solution was
added 1,4-dioxane (100 mL) and a solution of FmocCl (7.58 g, 29.4 mmol,
1.1 equiv). The reaction mixture was stirred for 16 h at room temperature,
poured into water (200 mL) and extracted three times with diethyl ether.
The aqueous phase was acidified by a 2N aqueous solution of hydrochloric
acid to pH 2 and extracted three times with ethyl acetate. The combined
organic layer was dried on anhydrous MgSO,, filtered and evaporated. The
title compound was crystallised from DCM yielding 8.42 g (20 mmol,
77%). M.p. 221°C; 3C NMR ([D¢]DMSO): 6 =46.68 (Fmoc, C-9'), 48.65
(6-CH,), 5224 (a-CH), 65.93 (Fmoc, CH,0), 100.65 (U, C-5), 120.67
(Fmoc, C-4), 125.30 (Fmoc, C-1"), 12720 (Fmoc, C-2'), 127.79 (Fmoc, C-3'),
140.83 (Fmoc, C-11'), 143.80 (Fmoc, C-10"), 146.16 (U, C-6), 150.99 (U, C-
2), 156.15 (OCONH), 163.83 (U, C-4), 171.23 (COOH); exact mass
(LSIMS, thioglycerol) caled for C,,H,)N;O, [M+H]* 422.1352; found
422.1359; elem. anal. for C,,H;4N;Oq caled C 62.70, H 4.54, N 9.97; found C
62.63, H 4.29, N 10.03.

N“-tert-Butyloxycarbonyl-f-(6-chloropurin-9-yl)-a-p-alanine:  Likewise,
this compound was synthesised as a racemic mixture by means of a
Michael addition reaction!'! and as an enantiomeric pure compound by
opening of Boc-serine f-lactone.? To a solution of 6-chloropurine (5.41 g,
35 mmol, 1.2 equiv) in anhydrous DMF (150 mL) was added NaH (80 %
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dispersion in oil, 900 mg, 30 mmol, 1 equiv). After 1 h, the solution was
added dropwise over 1h to a chilled solution of N-tert-Boc-p-serine-f3-
lactone (5.4 g, 30 mmol, 1 equiv) in anhydrous DMF (90 mL). After stirring
for 1 h at —78°C, the reaction mixture was kept at room temperature for
16 h. The solvent was evaporated to dryness and the residual oil was taken
up in a saturated solution of sodium bicarbonate and extracted three times
with diethyl ether to remove most of the excess of 6-chloropurine. The
aqueous layer was acidified with a 2N aqueous solution of hydrochloric acid
to pH 2 and extracted three times with ethyl acetate. The combined organic
layer was dried on anhydrous MgSO,, filtered and evaporated. Purification
of the title compound was realised by medium-pressure chromatography on
silica gel (elution DCM 93 %/MeOH 6 %/HOAc 1 %) to afford 5.8 g of the
title compound (17 mmol, 56 % ). *C NMR ([D]DMSO): ¢ =28.00 (Boc,
CH,), 45.21 (5-CH,), 53.67 (a-CH), 78.34 (Boc, C-0), 130.80 (Pu, C-5),
147.97 (Pu, C-8), 148.88 (Pu, C-4), 151.51 (Pu, C-2), 152.47 (Pu, C-6), 155.01
(OCONH), 171.19 (COOH); exact mass (LSIMS, thioglycerol) calcd for
C;H;NsO,Cl [M+H]* 342.0969; found 342.0962.

N“-9-fluorenylmethyloxycarbonyl-$-(hypoxanthin-9-yl)-a-D-alanine
(Fmoc- AlaH): A solution of N*-tert-Boc-$-(6-chloropurin-9-yl)-a-p-ala-
nine (5.46 g, 16 mmol) in a mixture TFA/water 3:1 (100 mL) was stirred for
48 h. The solvents were evaporated and the residue was coevaporated twice
with toluene. The oil thus obtained was dissolved in H,O (200 mL) while
sodium carbonate (20 g) was added carefully in fractions. Thereafter 1,4-
dioxane (100 mL) and a solution of FmocCl (4.6 g, 18 mmol, 1.13 equiv) in
1,4-dioxane (75 mL) were added. The reaction mixture was stirred for 16 h
and poured into water and extracted three times with diethyl ether. The
aqueous phase was acidified with a 2N solution of hydrochloric acid in
water to pH 2 and was extracted three times with ethyl acetate. The extracts
were pooled, dried over anhydrous MgSO, and evaporated in vacuo. The
title compound was crystallised from EtOH to afford 6.0 g (13.6 mmol,
85%). M.p. 196°C; BC NMR ([D4]DMSO): 6=45.35 (5-CH,), 46.64
(Fmoc, C-9'), 55.96 (a-CH), 65.66 (Fmoc, CH,0), 120.15 (Fmoc, C-4),
123.69 (Pu, C-5), 125.15 (Fmoc, C-1"), 127.15 (Fmoc, C-2'), 127.66 (Fmoc, C-
3'), 140.70 (Pu, C-8), 140.93 (Fmoc, C-11"), 143.82 (Fmoc, C-10"), 145.34
(Pu, C-2), 148.95 (Pu, C-4), 155.63 (OCONH), 156.82 (Pu, C-6), 172.33
(COOH); exact mass (LSIMS, thioglycerol) calcd for C,3H,(NsO5 [M+H]*
446.1464; found 446.1463; elem. anal. for C,3H,yNsO5 calcd C 62.02, H 4.30,
N 15.72; found C 61.81, H 4.57, N 15.49.

Evaluation of coupling characteristics of selected building blocks: Oligo-
peptides selected for building block evaluation: HOOC-f-Ala-Sar-Gln-
Hex-Inp-Hex-NH,; HOOC-Sar-Hyp-Inp-AlaU-Trp-NH,, HOOC-AlaH-
Inp-Aib-Mfg-NH,, HOOC-Aib-Aib-Inp-Inp-NH,, HOOC-f-Ala-Tos-
Inp-Thi-Qui-f-Ala-NH,. Peptide bonds were formed by means of DIC,
HOBt, DIEA and 2equiv PyBoP on a 4-hydroxybutyrate-derivatised
Tentagel S-NH,.®l No PyBoP was added in the case of less sterically
hindered amino acids (Qui, Thi, Tos). DMAP was used as catalyst for the
incorporation of the first amino acid. The standard procedure used 4 equiv
of Fmoc amino acid. In the case of AlaU and AlaH, the substitution of
HOBt by HOAt as well as the addition of PyBoP was necessary to get
satisfactory coupling yields. For the coupling of Fmoc —Tos and Fmoc - Qui
building blocks, DIEA had to be removed from the condensation mixture
as it induced an intramolecular cyclisation reaction.'” These coupling
conditions gave over 95% yield for every individual reaction. Peptides
were cleaved from the solid support using 0.2N NaOH/CH,;CN (1:1). The
purity was verified by PLRP-S® chromatography and the identity was
determined by LSIMS analysis. All profiles showed one main compound
peak.

Synthesis of the encoded library: For the encoded sequence, Ddz-protected
natural amino acids were assembled by means of HOBt, DIC and DIEA
with DCM as solvent (except for Ddz— Asn, for which DMF was used).
Fmoc-Lys(Boc) was used to functionalise the amino resin, using the a-
amino function to attach the unnatural building blocks and the e-amino
function to assemble the encoding natural amino acids. The derivatised
support is shown in Scheme 2. A hydroxybutyric acid linker,® followed by
glycine and a f-alanine spacer, was used between the a-amino function of
lysine and the first unnatural amino acid. 4-O-MMTr-4-hydroxybutyric acid
was coupled by TEA/DEC/DMAP in pyridine. After removal of the MMTr
group with 2% trichloroacetic acid in DCM, Fmoc—Gly was coupled by
means of HOBt, DIC, NMI. $-Alanine was introduced to avoid diketo-
piperazine formation using HOBt, DIEA, DIC in DCM/DMEF. Completion
of acylation was monitored by the ninhydrin®! test, and residual amines
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NH~Boc
Q (GHas
Solid Support —NH—C—(IDH
NH~(H:V(CH2)3~07(I%7CH27NH7(‘ff(CHz)2—NH—Fmoc
o]
Scheme 2. Structure of the derivatised solid support used for the synthesis
of the encoded library.

were acetylated with pyridine/Ac,O/NMI in order to avoid formation of
contaminant hybrid structures. Coupling reactions using Fmoc amino acids
were evaluated by means of bromophenol blue? and coupling yields were
determined by UV spectrometry. Following each cycle, the same capping
procedure was executed as used for the Ddz amino acid coupling. Before
starting the screening procedure, the acid-labile side-chain protecting
groups were removed using TFA in the presence of thioanisole, m-cresol
and ethanedithiol.

Introduction of the hydroxybutyric acid linker: DEC (2.29 g) and DMAP
(800 mg) were added to a solution of 4-O-monomethoxytrityl-4-hydrox-
ybutyric acid® (4.27 g, 2mmol) in anhydrous pyridine (12 mL), TEA
(712 mL). After 20 min of preactivation, Tentagel S-NH, (¢ =130 um,
300 pmol/g, 10.5 g) was added and the suspension was shaken at room
temperature for 24 h. The beads were filtered from the solution, washed
with anhydrous pyridine and DCM and dried in vacuo. By measuring the
absorption of a solution of an accurate aliquot of resin (&5 mg) in 50.0 mL
of a mixture of HCIO,/EtOH (3:2) at 475 nm, the loading was calculated
(£=55000) and was found to be complete.

Coupling of Ddz-amino acids: 1,4-Dioxane (30 mL), ice, and a cooled 0.5N
solution of KHSO, in water to acidify the mixture were added to a solution
of the dicyclohexylammonium or cyclohexylammonium salt of the Ddz-
amino acid (1 mmol) in water (50 mL). The mixture was extracted three
times with ethyl acetate. The organic layer was dried on MgSO,, filtered
and evaporated to dryness, yielding the Ddz-amino acid as a carboxylic
acid. The obtained oily product was dissolved in DCM (2.5 mL) and HOBt
(135 mg, 1 mmol), DIC (160 pL, 1 mmol), and DIEA (180 pL, 1 mmol)
were added. The reaction mixture was kept at room temperature for 15 min
and transferred into the reaction vessel, which was shaken at 200 rpm for
4 h. The amino acid solution was removed and the resin was washed three
times with DMF and three times with DCM.

Coupling of Fmoc amino acids: Deprotection was carried out with 20 %
piperidine in DMF for 15 min and the support was washed five times each
with DMF and with DCM. A solution of Fmoc amino acid (1 mmol),
HOBt/HOAt (1 mmol), DIC (1 mmol), PyBoP (1 mmol), DIEA (1 mmol),
in DMF (3 mL) was stored at room temperature for 15 min and was added
to the amino-functionalised resin. The reaction vessels were shaken for
16 h, washed three times with DMF, three times with DCM and once with
diethyl ether. The beads were dried in vacuo and the Fmoc substitution
level was determined by dissolving an accurately measured quantity of
resin (10 mg) in 20 % piperidine in DMF (exactly 25.0 mL). After 10 min,
the absorbance was measured at 300 nm versus a 20% solution of
piperidine in DMF as a blank allowing calculation of the substitution level
(e=7500). All the coupling yields for each amino acid are represented in
Tables 5 and 6.

Recombining and mixing: All the beads were pooled in a 500 mL Omnifit
bottle. The flask was half-filled with DMF/DCM 1:1 and shaken in three
dimensions for 30 min, after which the suspension was transferred back to a
large sintered-glass filter. The solvent was then removed by suction
filtration and the resin was washed twice with DCM and once with diethyl
ether, dried and redistributed.

Preparation of the library for screening: After the final assembly cycle, the
resin (1 g) was collected and Fmoc-deprotected, and the liberated amino
groups were acetylated. Finally, the acid-labile side-chain protecting groups
were cleaved by a 50% TFA treatment for 3 h in the presence of the
traditional carbocation scavengers thioanisole and m-cresol. Additionally,
1,2-ethanedithiol was added to the deprotection cocktail as it is an
extremely good scavenger for fert-butyl cations and is particularly effective
in preventing the acid-catalysed oxidation of tryptophan./) In this way, the
tert-butyl, Boc and Ddz groups were removed quantitatively. Extensive
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Table 5. The quantitative Fmoc determinations of each amino acid in each
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cycle during the synthesis of the first library.

Fmoc AA Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5
AlaU 96 % 105 % 112% 89% 104 %
Hex 88 % 87% 97 % 89% 87%
Inp 93% 94 % 97 % 100 % 93%
Hyp 109 % 88% 101 % 101 % 88%
Sar 101 % 89% 105 % 104 % 100 %
Trp 96 % 89% 107 % 102 % 101 %
Orn 86 % 93% 103 % 101 % 96 %
Qui 98 % 99 % 108 % 109 % 100 %
Gln 81% 87% 103 % 99% 96 %
y-Abu 93 % 97 % 107 % 108 % 96 %
Thi 94 % 93% 103 % 98 % 104 %
Aib 87% 91% 103 % 99 % 92 %
Tos 89% 95% 106 % 102 % 98 %
AlaH 100 % 90 % 100 % 100 % 104 %

Table 6. The quantitative yields of Fmoc for the individual amino acids in

each coupling step of the second library.

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5
Thi 84 % 94 % 90 % 107 % 98 %
Hex 83 % 88 % 90 % 88 % 93 %
Hyp 83% 96 % 87 % 107 % 104 %
Tos 90 % 100 % 97 % 102 % 98 %
AlaH 102 % 105 % 100 % 106 % 105 %
AlaU 92 % 102 % 95 % 106 % 106 %
Trp 95 % 103 % 87 % 98 % 94 %
Sar 95 % 102 % 96 % 103 % 105 %
Gln 86 % 95 % 86 % 95 % 109 %
Aib 86 % 87 % 86 % 86 % 90 %
Qui 90 % 103 % 93 % 106 % 92%
Inp 91 % 89 % 87 % 94 % 96 %

washing with DCM, 5% DIEA in DCM, and DCM, and drying yielded the
library ready to be screened against any soluble target.

Synthesis of the TAR hairpin: On a 1-O-dimethoxytrityl-1,3-propanediol-
functionalised LCAA-CPG, prepared analogously to a reported syn-
thesis,*! the oligoribonucleotide TAR loop sequence 5'-fluorescein-
GGCCAGAUCUGAGCCUGGGAGCUCUCUGGCC-1,3-propanediol-3’
was assembled from phosphoramidites purchased from Biogenex (San
Ramon, CA). The standard 1 umol scale RNA synthesis cycle from an
Applied Biosystems 394 DNA synthesiser was used. The addition of the 5'-
fluorescein was performed with Fluoro-Prime (Pharmacia) phosphorami-
dite. The oligoribonucleotide was cleaved from the support by concen-
trated NH,/EtOH (3:1) at 55°C for 5 h, filtered, evaporated and treated
with a triethylamine trihydrofluoride solution in methylpyrrolidonel?’)
(0.5mL) for 1.5h at 60°C. After precipitation with 3m sodium acetate
and 1-butanol, the precipitate was purified by reversed-phase HPLC. Two

main fluorescent products were obtained in a 2:1 ratio and were assigned to
the different isomers present on the fluorescein molecule. The different
fractions containing the desired product were pooled and desiccated by
extraction of water by 1-butanol.

Screening of the encoded library: The labelled oligonucleotides were
obtained from Eurogentec, Belgium. The T, values were measured in a
buffer containing 0.1m NaCl, 0.02m K,HPO, (pH 7.4), 0.1 mm EDTA at a
4 uM concentration. The duplex was prepared by addition of equimolar
amounts of each single-stranded oligonucleotide to a solution of 0.1m
sodium chloride in phosphate buffer, pH 7.4. After 30 min of equilibration,
the resin (1.1 g) was added and incubated for 3 h at room temperature with
the doubly labelled target. The beads were collected on a filter and washed
6 times with the same 0.1m NaCl solution, pH 7.4 (20 mL). The library was
divided between 8 petri dishes and was visualised under a fluorescence
microscope. In the UV light positive yellow fluorescent beads were isolated
with the help of a micropipette and evaluated in a second selection cycle.
During the second cycle the beads were evaluated in visible light to
compare the intensity of the red colour of the beads.

In the second part of the screening procedure, the hydroxybutyrate linker
connecting the noncoding sequence was hydrolysed using 0.IN NaOH:
CH;CN (1:1) for 4 h. The beads were neutralised by transfer to a petri dish
filled with a buffer containing 0.1m NaCl, 0.02m K,HPO, (pH 7.4) and
0.1 mm EDTA (4 mL). Repetition of the screening procedure on these
beads using affinity interaction with the doubly labelled dsDNA fragment
did not generate any colour or fluorescence in any of these beads.
Resynthesis of only the natural coding peptide sequence proved redundant
as no interaction could be seen with the target.

Finally the beads were washed, picked up, fixed individually on filters and
subjected to Edman degradation.

Synthesis and purification of peptides selected by the screening process:
Peptide syntheses were carried out starting from 270 pmol of benzhydryl-
amine-modified Tentagel! useful for the synthesis of C-terminal amides
(since screening was carried out on a solid support). Each coupling reaction
was monitored by Fmoc determination. Fmoc amino acids were coupled
using 4 equiv of building blocks, HOBt, DIC, DIEA (and PyBoP, HOAt for
AlaU and AlaH). Capping was performed with Ac,O/pyr/NMI 1:4:1 for
5 min. After synthesis of oligopeptides, side-chain protecting groups were
removed and products were cleaved from the solid support using TFA,
thianisol, m-cresol, H,O. The peptide was precipitated by means of
diisopropylether, purified by PLRP-SR (gradient 5% CH;CN/H,O to 50 %
CH;CN/H,0) and identified by LSIMS. The total isolated yield ranged
from 50 to 86 % (Table 7).

For the synthesis of the bifurcated compound, likewise, the benzhydryl-
amine linker was selected. The hydroxybutyrate linker was substituted by
its amino analogue (y-aminobutyric acid) in order to increase the stability
of compounds. The protected (Fmoc—Lys(Dde)) lysine was bound to the
solid support using HOBt, DIC, DIEA in DMF. The Fmoc group was
removed with 20 % piperidine in DMF. The molecules were obtained by
first assembling the unnatural peptide sequence on the a-amino group of
the lysine moiety followed by preparation of the natural peptide on the -
amino group (using Fmoc chemistry in both cases). The Dde group at the &-
amino group of lysine was removed using 2 % hydrazine in DMF. Cleavage
and purification conditions are identical to those for the octapeptides. The

Table 7. Coupling yields, isolated weight, calculated and observed molecular weight of the individual peptides as determined by LSIMS.

Peptide sequence

Ac-Arg-AlaU-Sar-AlaU-Sar-AlaU-$-Ala-Gly-CONH, OP1
Ac-Arg-AlaU-Sar-Hyp-AlaU-Inp-f-Ala-Gly-CONH,
Ac-Arg-AlaU-Sar-Inp-Sar-Sar-f-Ala-Gly-CONH, oP2
Ac-Arg-AlaU-AlaU-GlIn-AlaU-Sar-$-Ala-Gly-CONH,
Ac-Arg-AlaU-Sar-AlaU-Hyp-Gln-$-Ala-Gly-CONH,
Ac-Arg-AlaU-AlaU-Inp-AlaU-Sar-$-Ala-Gly-CONH, OoP3
Ac-Arg-AlaU-Hyp-Inp-Thi-AlaH-f-Ala-Gly-CONH,
Ac-Arg-AlaU-Sar-Sar-Sar-Sar-3-Ala-Gly-CONH,
Ac-Arg-AlaU-Sar-Hyp-Thi-Hyp-$-Ala-Gly-CONH, OoP4
Ac-Arg-AlaU-AlaU-Inp-AlaU-Hyp-g-Ala-Gly-CONH,
Ac-Arg-AlaU-Sar-Inp-AlaU-Sar-$-Ala-Gly-CONH, OP5

Ac-Arg-AlaU-AlaU-Sar-Sar-Sar-3-Ala-Gly-CONH,

Weight (mg) Yield (%) M, calcd M, found
63 63 1028 1029
51 54 1000 1001
53 70 848 849
64 50 1085 1086
46 48 1017 1018
90 72 1068 1069
85 70 1177 1178
63 67 808 809
84 72 1045 1046
71 57 1110 1111
99 86 958 959
68 66 918 919
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Table 8. Bifurcated peptides synthesised on the a and ¢ amino group of
lysine.

Bifurcation ~ Weight (mg)  Yield (%) M, caled M, found
number

1 62 34 1820.8 1850.3

2 65 40 1616.8 1617.0

3 102 55 1849.8 1850.1

4 110 63 1751.8 1752.0

5 40 25 1788.8 1789.2

identity of the bifurcations was determined by electrospray MS. The total
yield of isolated compound ranged from 25 % to 63 % (Table 8).

The DNase I experiments: The oligonucleotide 3'-TCTAACACGTTACA-
5" was radiolabelled (**P) at the 5'-end by means of T4 polynucleotide
kinase (Gibco BRL) and [y-**P]ATP (4500 Ci/mmol, ICN) by standard
procedures®! and purified on a NAP-5® column (Pharmacia). The radio-
labelled oligonucleotide and its cold complement 5-AGATTGTG-
CAATGT-3" were dissolved in water, both in 1 pm concentration. The
peptides were dissolved in 1 mm concentration in PBS. In a total reaction
volume of 30 pL, 3 pL of both oligonucleotides were mixed with 3 puL of
10 x DNase I reaction buffer (200 mm Tris— HCI pH 8.4, 20 mm MgCl, and
500 mm KClI). The mixture was stored at room temperature for 15 min to
allow hybridisation of the DNA strands. Subsequently, 3 uL of the peptide
solution was added, resulting in a dsDNA —peptide ratio of 1:1000. The
mixtures were further stored at room temperature for 40 h. The control
tube received no peptide. The degradation reaction was started upon
addition of 0.0125 U DNase I (Amersham) and was performed at 25°C. At
appropriate time intervals aliquots were withdrawn, mixed with twice the
volume of formamide stop mix (xylene cyanol FF 0.05%, bromophenol
blue 0.05%, 50 mm EDTA in 90% formamide), frozen on dry ice and
stored in a freezer until analysis. Full-length (intact) and digested
oligonucleotides were resolved on a 20 % denaturing polyacrylamide gel
containing urea (8.3 M) with TBE buffer! at 1000 V over 1.25 h, followed
by autoradiography. Scanning laser densitometry was performed with a
DeskTop Densitometer (pdi, NY, USA) equipped with Discovery Series®
(Diversity One®) software. The resulting figures were corrected for the
amount of degradation already present in the nondegraded blank. The
results are the average of two independent experiments.
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Abstract: We report the synthesis of the
title compounds CH,CHDSO and
CH,CD,SO and their characterization
by infrared spectroscopy. The monodeu-
terated species occurs in two isotopically
diastereomeric forms with the D atom
either cis or trans oriented to the O
atom. The SO infrared chromophore in
these diastereomers has a strong absorp-
tion centered near 1114 and 1116 cm™,

very suitable for infrared multiphoton
excitation with a CO, laser, leading to
the laser chemical dissociation of the
reactants into deuterated ethylene and
SO(*Z"). We have established the first
successful laser chemical separation of
such a diastereomer pair, with a small

Keywords: IR spectroscopy - laser
chemistry - multiphoton excitation

but significant separation factor based
on the small frequency difference of the
v, (SO stretching) fundamental men-
tioned above; the analysis used high-
resolution FTIR spectroscopy in the
region of the Q branches of v,. Our
results are discussed in relation to var-
ious aspects of stereochemical reaction
dynamics in chiral and achiral sulfox-
ides.

respectively, with an integrated band

A . - sulfoxides
strength G =2.8 pm?, which renders it

Introduction

We have recently shown that organic sulfoxides are ideal
candidates for IR-laser chemistry, because of the large band
strength of the SO infrared chromophore with absorption in
the emission range of the CO, laser.'*l This opens up a
number of interesting potential applications of the infrared
laser chemistry of these compounds. We may mention here
the laser chemical generation of sulfoxide radicals and
intermediates, which may be important in atmospheric
chemistry.* 31 Also, one may consider laser chemical sulfur
and oxygen isotope separation using these compounds.l!
Furthermore, because of the interesting stereochemistry of
sulfoxides, one can envisage mechanistic studies by IR-laser
chemistry of appropriately substituted sulfoxides. Of partic-
ular interest are chiral sulfoxides. Indeed, laser spectro-
scopy and chemistry of small chiral sulfoxides may be one of
the most promising routes towards the measurements of
effects from the parity-violating weak nuclear force in chiral
molecules.'"”? We have therefore undertaken a more detailed
study of the chiral thiirane-1-oxides CH,CHDSO and

[*] Prof. M. Quack, H. Gross, G. Grassi
Laboratorium fiir Physikalische Chemie
ETH Ziirich (Zentrum), CH-8092 Ziirich (Switzerland)
Fax: (+ 41)1-632-1021
E-mail: quack@ir.phys.chem.ethz.ch
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CH,CD,SO shown in Figure 1.
While ordinary thiirane-1-oxide
was well characterized some
time agol'"'? and cis and trans
isotopomers of CHDCHDSO
have been synthesized and used
for mechanistic studies on the
stereochemistry of the reaction
by Aalbersberg and Vollhard,"!
the title compounds of the pres-
ent investigation (Figure 1)
have not been prepared and
investigated before. We report
here their synthesis and spec-
troscopic characterization. For
the diastereomeric pair, we
have been able to provide the
first selective, laser chemical
dissociation and resulting en-
richment. While isotope enrich-
ment of ordinary isotopomers
by infrared laser chemistry has
now been known for two deca-
des,[> 4 the process of isotopo-
meric diastereomer selection
has not been established before,
to our knowledge. Further re-

0947-6539/98/0403-0441 $ 17.50+
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Figure 1. The various thiiran-
1-oxides investigated. The dia-
stereomers of CH,CHDSO are
distinguishable by the position
of the D and O atom relative to
the CCS ring: one diastereomer
has both atoms on the same
side of the CCS plane and the
other form has both atoms on
opposite sides of this plane. In
the lower part one pair of
enantiomers is shown.
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sults on the high-resolution analysis of infrared and micro-
wave spectra of several isotopomeric thiirane-1-oxides will be
presented elsewhere.['’]

Results

Synthesis: The preparation of sulfoxides from substituted
ethylenes usually follows one of the two routes shown in
Schemes 1 and 2. The first approach involves an oxirane as
intermediatel® ' (Scheme 1), the other passes via the analo-

== + MCPBA — 2 + MCBA
R(H) N
R(H)
405 + KSCN — 485 + KOCN
R(H) R(H)
S s//
A + MCPBA —_— + MCBA
R(H) R(H)

Scheme 1. Syntheses for substituted thiirane-1-oxides according to Aal-
bersberg.” 1/ MCPBA = 3-chloroperbenzoic acid, MCBA =benzoic acid,
KSCN =potassium thiocyanate, KOCN = potassium cyanate.

Y LIAID, D_ D
— )< OH

OH

D D D
oo —= =
o) D
2 3b
H
1
Br 2) DO D
3a
R Br D 2 CH,COOH
% + Bl’z —_— R —
D Br
3a R=H 4a R=H
3b R=D 4b R=D
CH,C00, D HO D (CoHs0)CO
R HCI A
OOCCH;Z OH
5a R=H 6a R=H
5b R=D 6b R=D
o]
o>= KSCN g MCPBA J
o — ——

97[0 R R
D D D
7a R=H 8a R=H 9a R=H
7b R=D 8b R=D 9b R=D

Scheme 2. Diagram of the syntheses for ethylenecarbonates according to
Daub,!'"”! for thiiranes according to Searles,'®"l and the final oxidation
according to Kondo.']
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gous ethylene carbonate,'”) from which the sulfide is
prepared. Both approaches were tested in our laboratory.
The first one seemed to be rather simple, involving only three
steps after preparing the deuterated ethylene to realize
deuterated thiirane-1-oxides, but we found it impossible to
obtain yields as high as those reported in refs. [9, 16] (and
references therein) in spite of several attempts to optimize the
reaction conditions. The second approach, which was descri-
bed in detail in refs. [17, 19] was tested and optimized by us
step by step with undeuterated substances before we started
the synthesis with isotopes. The yields obtained in our work
were comparable to or higher than those given in the
literature.

Small amounts of each intermediate were highly purified
when necessary to analyse the intermediates by IR spectro-
scopy, 'H NMR, *C NMR, and mass spectroscopy. Purity was
checked by gas chromatography. As we were interested
mostly in the final products we made more accurate measure-
ments only on [2-2H, Jthiirane-1-oxide and [2,2-2H,]thiirane-1-
oxide to determine the IR frequencies of all fundamentals.

Survey of infrared spectra and analysis: The analysis of the
rotational fine structure in the high-resolution infrared
spectra of the various thiirane-1-oxides presents a consider-
able challenge, and details of such investigations will be
reported elsewhere.l'] On the other hand, a low-resolution
investigation of the infrared spectra of the undeuterated
compound was reported quite some time ago®’ and we have
already presented a preliminary analysis of somewhat im-
proved data from our work on C,H,SO and C,H;DSO.Bl In
the present paper we shall provide a survey of data at modest
resolution and summarize their analysis for all three iso-
topomers. Until high-resolution analyses are available for all
bands, a project that will need quite some time to complete, if
it can be completed at all within the current state of the art,
the assignments must remain preliminary, but should never-
theless provide good initial insights. Table 1 provides a
summary of the vibrational data for all isotopomers inves-
tigated here, compared with ab initio calculations for
CH,CD,SO (see also ref.[3] for related calculations of
C,H,SO and C,H;DSO). The experimental fundamental
wavenumbers v give rough band positions from overall band
shape, except for those cases where in ref. [15] high-resolution
analyses have been reported.

Figure 2 shows the survey of the far infrared range covering
the two SO bending fundamentals v, and v,5 for the H,, H;D,
and H,D, isotopomers in comparison. This band system
should, in principle, be particularly attractive for a high-
resolution analysis, because of minimal Doppler broadening
and the absence of overtones or combination tones from other
fundamentals. Nevertheless, the two overlapping and inter-
acting fundamentals already lead to some complexity in the
analysis.

Figure 3 shows the range 350 to 1100 cm~!, which has
particularly rich vibrational structures, dominated in the low-
frequency part by the two strong, overlapping CS stretching
fundamentals around 550 cm~. In this frequency range,the
assignments in Table 1 are particularly uncertain, because the
skeletal modes do not have such a well-defined character. We
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Table 1. Summary of vibrational data of CH,CD,SO compared with CH,CHDSO and C,H,SO. The harmonic wavenumbers (w,) are calculated ab initio
(MP2) with a 6-311G** basis set (GAUSSIAN 92). #; are measured fundamental wavenumbers, G are integrated band strengths,?8! calculated ab initio (MP2)

for CH,CD,SO or from experiment®® for C,H,SO.

CH,CD,SO CH,CHDSO C,H,SO Description
o, lem™ G /pm? P/em! 7 /em~! 7 /em™! G /pm? (approx.) for
(this work) trans/cisi®1) 13.15] C,H,SO

vy 3289 0.036 3097.6 3095 3104 0.004 asym. CH stretching
2 3180 0.033 2997.7 3015 3016 0.020 sym. CH stretching
V3 1476 0.048 1408 1408 1418 0.020 CH, scissoring
vy 1147 2.182 1114.370% ¢l 1116/1114 1120 2.40 SO stretching
Vs 1108 0.154 968 1042 1061.6971  0.20 CC stretching
Ve 1068.4 0.181 990 - 987 0.40 CH, twisting
vy 920 0.092 881 870 919.6471  0.060 CH, wagging
Vg 675.0 0.033 639 685/675 769 0.030 CH, rocking
Vo 567.0 0.454 527 550 bl CS stretching
Vig 319.4 0.489 316.1 319 330 0.40 SO bending
vy 2453.4 0.058 2339.3 3050 3090 0.005 asym. CH stretching
Vi 2307.3 0.007 22222 2270 le] sym. CH stretching
Vi3 1186.4 0.288 1140.258l¢! 1288/1285 1399.399l¢  0.050 CH, scissoring
Vig 11332 0.397 1043.758l¢! 1130 CH, twisting
Vis 835.9 0.127 772 927.6/952.7931¢l 994 0.40 CH, wagging
Vig 703.5 0.202 679 732/705 824.779¢1  0.050 CH, rocking
2% 603.3 0.432 555 5271570 572 0.50 CS stretching
Vig 295.6 0.374 284.8 300/290 321 ld SO bending

[a] The experimental integrated band strength in the range 1070-1170 cm~! is G = 1.9 pm?. [b] Together with v,. [c] Together with v,. [d] Together with v,,.
[e] From an accurate analysis of the rotational fine structure.!*)
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have based our assignment upon a combination of frequency
ordering and intensity predictions from ab initio calculations.

Figures 4 and 5 show the range of the higher frequency
fundamentals 1200-3300 cm~'. The differences between the
spectra arise mostly from the CH/D stretching and bending
motions. One must note the high band strength of the
overtone of the SO stretching vibration near 2200 cm~!, which
is close in both frequency and intensity to the CD stretching
fundamentals. For the undeuterated compound, the total
integrated band strength in the SO stretching overtone range
is about G=0.02 pm?, which is in fact larger than the CD
stretching intensity in C,H;DSO. Our high-resolution analy-
ses of the intense fundamentals in the range 800-1400 cm™!
will be reported.!”]

Enrichment of one diastereomer of C,H;DSO by selective
infrared laser chemistry: The pronounced differences in the
vibrational fundamentals of the two isotopic diastereomers of
GH;DSO offer an opportunity to try a laser chemical
enrichment of one diastereomer from the mixture that
resulted from the synthesis. Figure 6 shows the infrared
spectrum in the emission range of the CO, laser. From the
point of view of high selectivity, the best choice for irradiation
would be the v;s CHD wagging fundamental near 952 cm™! for
the cis isomer, which is nearly unperturbed!™ and predicted to
have a large isotopomer shift v, — v,,,,, > 30 cm~!, although it
is not yet definitely assigned for the trans isomer. The band is
weakly visible in Figure 6. From studies of isotope separation,
we know that with such a high-frequency separation an almost

Figure 2. Survey of the far infrared range covering the two SO bending
fundamentals v, and v5 for the H, (upper part), H;D (middle), and H,D,
(lower part) isotopomers in comparison. The absorption length / is 14 m,
the instrumental bandwidth is 0.1 cm~'. A CuGe detector and a 3 p Mylar
beam splitter were used and the substance pressure p was 0.7 mbar.
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Figure 3. IR spectra as absorbance In(/y/I) of the three sulfoxides in the
range 400 to 1100 cm~'. The absorption length / is 14 m, the instrumental
bandwidth is 0.1 cm~'. A CuGe detector and a KBr beam splitter were used
and the substance pressure p was 0.7 mbar.

complete separation in a one-step laser chemical process
should be possible.[>2] However, with a band strength G ~
0.26 pm?, these fundamentals are predicted to give very low
laser chemical yield, particularly since the thiirane oxides are
known!'=?! to fall in the range of the nonlinear case C of
multiphoton excitation.’” This prediction of low yields was
indeed confirmed in test experiments by means of excitation
with the 10P 12 line of the CO, laser at 951.19 cm™' with pulses
of a maximal fluence of 8 Jem=2. No useful yield of the
product C,H;D could be detected by IR spectroscopy under
these conditions.

We thus tried selective dissociation by multiphoton excita-
tion of the v, SO stretching fundamental, which gives high
laser chemical yields owing to its large band strength G =
2.8 pm? (transition moment 0.26 D). The fundamentals are
v,=1114 cm™' for the cis and v,=1116 cm™! for the trans
isomer, which are visible as two close-lying but well-separated
Q branches in Figure 6. Because of the small wavenumber
separation of the two bands, we have chosen two laser lines on

444 ——— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998
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Figure 4. IR spectrum in the region of the higher frequency fundamentals
(1200-3700 cm™!) of the undeuterated and the monodeuterated molecule.
The absorption length / is 14 m, the instrumental bandwidth is 0.1 cm~.. A
HgCdTe detector and a KBr beam splitter were used and the substance
pressure p was 0.7 mbar.
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Figure 5. IR spectrum in the region 1200-2400 cm~' (top) and 2100—
3300 cm™! (bottom) of the higher frequency fundamentals of CH,CD,SO.
The absorption length / is 14 m, the instrumental bandwidth is 0.1 cm~". A
HgCdTe detector and a KBr beam splitter were used and the substance
pressure p was 0.7 mbar.
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Figure 6. Survey of the IR spectrum in the emission range of the CO, laser
(875-1175 cm™') of CH,CHDSO. The position of the two laser lines 9R22
and 9R26 is also shown. The insert shows the Q branches of the v, (SO
stretching) of both diastereomers (absorption length /=0.18 m, instru-
mental bandwidth res=0.1 cm~', FWHM, and substance pressure p=
0.7 mbar).

the low wavenumber side of the laser chemical yield
spectrum,l where the yield starts to drop steeply to low
values (line 9R22 at 1079.85cm™! and line 9R26 at
1082.30 cm™!). This should maximize the separation factor 7,
which we have determined by measuring the integrated
absorbances X of the v, Q branches before (') and after ()
infrared laser photolysis [Eq. (1)].

Xy (X0N

T: ; X < S ) (1)
X frans Xois

X = [ prancn In(Iy/ D) dv o

The experimental set-up for these experiments is shown in
Figure 7. We used the far field to obtain well-defined beam
profiles; for other details see ref. [1]. The total number of
laser shots in the experiments was typically 200, which gives
about 30 % apparent primary yield under our conditions. In

PDD
I i
P
- 1
g
Fom e e e = y

[ V] BS ! 15m

S
~ ~ i
* Ly,
% TC1
PE@

Figure 7. Experimental setup for the CO, laser chemical diastereomer
selective multiphoton excitation and dissociation. SPEC: spectrum ana-
lyzer, B: aperture, Cl: computer, DIG1: digitizer, PDD: photon-drag
detector, BS: beam splitter, SAMPLE: sample cell, TC1: temperature
control, PED: pyroelectric detector, S1: oscilloscope).

SAMPLE
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these experiments, we used glass cells without reservoirs, but
filled these with 0.7 mbar reactant and waited for a sufficiently
long time that wall adsorption had essentially reached
saturation. We know from our spectroscopic experiments
that wall adsorption is appreciable. Therefore the exchange of
adsorbed reactants at the walls with reactants in the vapor
phase will decrease the apparent separation factor, compared
to the primary separation factor. We used an inert gas (N,)
pressure of 9.3 mbar in order to reduce exchange of excitation
energy between the diastereomers by collisions and secondary
dissociation.

The results for T are summarized in Table 2. Although the
separation efficiency is small, it is significant at the 95%
confidence level (from 4 independent experiments) for both
excitation lines, which establishes for the first time an infrared
laser chemical isotopic diastereomer enrichment. Much great-

Table 2. Results of the diastereoselective IR-laser chemical multiphoton
dissociation of 2-[?H,]thiirane-1-oxide with CO, laser pulses of a fluence
around 3 Jem~2 and a substance pressure of p =0.7 mbar (total pressure
with inert gas N, =10 mbar). The uncertainty is given as a Student t-
interval with 95% confidence. The number of experiments is 3 for the
excitation on the 9R 22 laser line and 4 on the 9R 26 laser line.

Laser line 7 /em™! T+AT
9R22 1079.85 0.9577 £0.0118
9R 26 1082.30 0.9412 +0.0407

er separation factors could no doubt be achieved with
molecular systems specifically designed for such a separation.
This would not be such a difficult task. A much more
challenging problem would be to use infrared circular
dichroism with circularly polarized light in order to achieve
enantiomer enrichment by infrared laser chemistry. Such
experiments are underway in our laboratory.

Discussion and Conclusions

The syntheses of deuterium-labeled thiirane-1-oxides used
and optimized in our work provide easy access to relatively
large amounts of these compounds, which are useful for
spectroscopic, laser chemical, and thermochemical investiga-
tions.'3l Even at modest resolution, a complete survey of the
infrared spectra of C,H,SO, C,H,DSO, and CH,CD,SO has
allowed us to assign a large portion of the vibrational
fundamentals by comparison with extended ab initio calcu-
lations of the harmonic frequencies. This will be useful in the
further specroscopic characterization of these compounds as
well as for infrared laser chemistry. Indeed, the particularly
high band strength G >2 pm? of the SO infrared chromo-
phore associated with the SO stretching fundamental tran-
sition in these molecules, with a frequency covered by CO,
laser emission, renders them particularly suitable for infrared
multiphoton excitation with pulsed CO, lasers and laser
chemistry. We have already shown that this process is a useful
source for essentially pure SO(CZ-).
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A particularly interesting result of the present work is the
laser chemical enrichment of one isotopic diastereomer in
C,H;DSO. While the enrichment factors are insufficient to be
used on a preparative scale, more favorable cases will
generally exist, which would allow for such preparative
enrichment, similar to isotope separation.!' The novel

laser chemical techniques, which also include theoretical
proposals for selective stereomutation,®! open up many new
possibilities beyond the established methods of stereochem-
istry.[4

An interesting extension of our work would be the inclusion
of pure cis and trans dideutero isotopomers of thiirane-1-
oxide, which have been investigated by Aalbersberg and
Vollhardt?” in view of the stereochemistry and electronic
nature of the thiirane-1-oxide decomposition. While their
work has already shown high stereoselectivity of the process
with 95% retention in the product ethylene isotopomers
formed,"! our direct kinetic investigations under collision-free
conditions with ns resolution have proven beyond doubt that
the primary products of infrared laser chemical decomposi-
tion are SO(*Z") and ethylene ('A’); this corresponds to the
spin-forbidden product channel.l'l This result answers, in a
sense, the question raised by Aalbersberg and Vollhardt. It is
the result expected both from the calculated avoided crossing
of the triplet excited and singlet ground-state potential
functions,®! with a large singlet—triplet coupling for the
moderately heavy S atom involved here, and from a possible
biradical intermediate SOCH, - CH,. Because infrared laser
photolysis leads to a reaction in the electronic ground-state
potential, rather similar to thermolysis, a further confirmation
of the stereochemical results of Aalbersberg and Vollhardt by
infrared laser chemical techniques might be of interest. In this
case, one might like to return to the synthesis route chosen in
their work.’l’ Another challenging problem for the future
concerns both the synthesis of pure enantiomers, for instance
of CH,CD,SO, or their enrichment by laser chemistry from
the racemic mixture and investigations of parity-violating
energy differences.'’! Once pure enantiomers are available,
one may also investigate the problem of laser-induced or
thermal stereomutation. Somewhat less radical questions
concern the analysis of high-resolution microwave and infra-
red spectra of the isotopomers with the aim of generating
accurate structures of the thiirane-1-oxides. This latter work
is, in fact, essentially complete and will be reported sepa-
rately.[]

Experimental Section

General and spectroscopy: D,O with a deuterium content of more than
99.5% purity was obtained from Paul Scherrer Institut (Villigen, Switzer-
land). MCPBA (3-chloroperbenzoic acid, Fluka, 85 %) was washed with a
phosphate buffer and dried in an exsiccator (>99% purity).?®! This was
necessary to optimize the final oxidation reaction of the sulfide. Lithium
aluminum deuteride (LAD, Fluka, >99% D), ethyldicyclohexylamine
(Fluka, pract. 97 %), diethyleneglycol monomethyl ether (Fluka, purum),
and all other chemicals purchased from Fluka were used without further
purification. Tetrahydrofuran (THF, Fluka, puriss.) was dried over LiAlH,
and 2-(tetrahydrofurfuroxy)tetrahydropyran (THFTHP) was synthesized
from dihydropyran and distilled from sodium.?"! All other solvents (Fluka,
puriss.) were used without further purification.
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The purity of reactants and products was determined by gas chromatog-
raphy (Hewlett Packard HP-5880, 50 m WCOT column, 0.2 mm diameter,
0.25 mm OV-101, carrier gas He, FID detector) and with mass spectroscopy
(VG, Tribrid, EI, 70 eV) including the degree of deuteration. Configuration
analysis was carried out by 'H and *C NMR (Bruker AC-200-F, 200 MHz,
[DgJacetone, 27°C, TMS; 13C spectra with and without proton decoupling
were acquired with NOE-presaturation for signal enhancement) and by
low-resolution (0.5 cm™') IR spectroscopy (Perkin Elmer G938 wave-
number accuracy +cm™!, liquid or film, and solids as KBr wafers). For the
final deuterated sulfoxides high-resolution IR spectroscopy was performed
using our BOMEM DAO002-Spectrometer system (0.1 cm™! to 0.0024 cm™!
instrumental bandwidth, FWHM as described in ref. [28], wavenumber
accuracy equal to or better than band width). All boiling and melting points
are uncorrected (uncertainty about +2 K).

Preparation of [2-’H,]Jthiirane-1-oxide (9a)

(£)-1,2-Dibromo[?H,Jethane (4a):!'") Vinyl bromide (90 g, 0.84 mol) was
dissolved in THF (700 mL), placed in an ice-cooled flask, equipped with an
intensive condenser, and cooled to —20°C. This solution was reacted with
an equimolar amount of magnesium turnings in THF (about 50 mL) and
afterwards heated to 50°C for half an hour. The cooled Grignard
compound was hydrolyzed with an excess of D,O, and the resulting
[2H,]ethene (3a) passed through an ice-cooled solution of bromine in CCl,.
The excess bromine was destroyed by an aqueous solution of sodium
thiosulfite. After removal of the solvent by distillation the crude product 4a
was redistilled through a Spaltrohr column to obtain 4a (131.9 g, 0.69 mol,
99 % purity, b.p. 131 °C) with a yield of 82 % referred to vinyl bromide. The
degree of deuteration was more than 98% as determined by mass
spectroscopy. MS: M+ =188.9, fragments: 159.9, 116.9, 108.0, 80.9, 28.1;
IR: 7=2971, 2222, 1437, 1200, 1135, 577 cm~!; 'H NMR: § =3.78 (s); ®C
NMR: 6=3127 (st, J(CH)=156Hz, 2J(CH)=4.4Hz); 31.16 (td,
1J(C,D) =24 Hz, 'J(C,H) =156 Hz, 2J(C,H) =4.0 Hz).

(£)-1,2-Diacetoxy[*H,Jethane (5a):l') 12-Dibromo[?H,]ethane (4a;
68.7 g, 0.36 mol, 99 % purity) was added to freshly fused potassium acetate
(70.5g, 0.72mol) and acetic acid (21.5g, 0.36 mol), refluxed under
exclusion of moisture for 2 h and then distilled at a pressure of 15 mbar.
The distillate (containing 69 % of the product) was again mixed with freshly
fused potassium acetate (86.0 g, 0.88 mol) and 4a (64.9 g, 0.34 mol, 99%
purity), refluxed for 2 h, and distilled. The distillate (b.p. 78°C, 20 mbar,
89% purity) was diluted with ether, then washed with water, a saturated
aqueous solution of NaHCOj, and finally again with water, and dried over
sodium sulfate. After stripping off the solvent we obtained 5a (88.7 g,
0.6 mol, 99% purity, 85% yield) as a pale yellow liquid. IR: 7=1737,
1375 cm™!; 'TH NMR: 6 =4.23 (s, 3H), 2.01 (s, 6H); B*C NMR: 6 = 170.9 (s),
62.74 (st, \J(C,H) =147 Hz, 2J(C,H) = 1.5 Hz); 62.51 (td, J(C,D) =12 Hz,
1J(C,H) =147 Hz); 20.63 (sq, J(C,H) =128 Hz).

(+£)-[*H;]1,2-Ethanediol (6a):'""! 12-Diacetoxy[’H,]ethane (5a; 69.5¢g,
0.47 mol, 99% purity) was dissolved in a solution of gaseous hydrogen
chloride (4 g, 0.11 mol) in methanol (86 mL) and refluxed for 3 h. After
distillation of the solvent, the crude 6a was purified by vacuum distillation,
yielding a colorless liquid (9.2 g, 0.30 mol, 99.8 % purity, yield: 64 %, b.p.
91-95°C, 28 mbar). The degree of deuteration was 92.1% as determined
by mass spectroscopy. MS: M* =63.0, fragments: 46.0, 44.0, 34.1; IR: 7=
3350, 2924, 2145 cm ™.

(£)-[*H,]-1,3-Dioxolane-2-one (7a):*! Sodium (0.16 g, 7 mmol) was
dissolved in [?H,]-1,2-ethanediol (19.2 g, 0.30 mol, 99.8 % purity) by heating
to 90°C in a flask equipped with a condenser. Then diethylenecarbonate
(39.6 g, 0.34 mol) was added to the chilled solution and the reflux
condenser was exchanged for a Liebig condenser. The reaction mixture
was heated slowly and the theoretical amount of ethanol from the reaction
was distilled at a bath temperature of 125-135°C. After cooling, the
sodium ethylate was neutralized by addition of an equal amount of
concentrated hydrochloric acid. Finally the reaction product was heated
again to 135°C under 40 mbar pressure in order to remove all volatile
impurities. After cooling we obtained [?H,]-1,3-dioxolane-2-one (27.6 g,
0.27 mol, purity: 88.3%, yield 88%) as colorless crystals; this was used
without further purification in the next step. Only a small fraction was
purified by recrystallization for a spectroscopic characterization. IR: 7=
3631, 3461, 2959, 2473, 2202, 1747, 1435, 1373, 1216, 1048, 967, 605 cm~'; 1*C
NMR: 0 =155.7 (s), 63.83 (st, J(C,H) =139 Hz, 2J(C,H) = 1.8 Hz), 63.53
(td, 'J(C,D) =21 Hz, 'J(C,H) =139 Hz).
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(+)-[*H,]Thiirane (8a):*"! Potassium thiocyanate (40 g, 0.41 mol) was
placed in a flask connected to a vacuum line. The system was evacuated and
the salt was heated under permanent pumping until it was molten. After
0.5 h heating and pumping were stopped and the flask was cooled slowly to
room temperature, then [?H,]-1,3-dioxolane-2-one (273 g, 0.27 mol, 88 %
purity) was added. Under atmospheric pressure and moisture exclusion a
distillation was started. Reaction occurred when the system reached 100°C.
The receiver for the distilled thiirane was cooled in a dry ice/acetone bath.
We obtained [*H,]thiirane (9.2 g, 0.15 mol) as a colorless liquid (purity:
99.2 %, degree of deuteration: 92 %), corresponding to a yield of 55 %. The
product is stable for several months stored at —25°C. MS: M*=61.0,
fragments: 45.0, 28.1.

cis-, trans-[*H,]Thiirane-1-oxide (9a):'"'?l [?H,]|Thiirane (8 g, 0.13 mol,
purity 99.2 %) was dissolved in CH,Cl, (300 mL) cooled to about —15°C
and a solution of equimolar MCPBA in CH,Cl, (0.5 molar) was added.
Afterwards gaseous ammonia was passed over the still cold (—15°C)
solution. The complex formed by the sulfoxide with MCBA was thereby
destroyed through precipitation of ammonium benzoate. Excess of
ammonia was removed by a stream of nitrogen. After filtration the solvent
was removed on a rotary evaporator and the residue was vacuum distilled.
We obtained [?H, |thiirane-1-oxide as a colorless liquid (9.4 g, 0.115 mol,
94 % purity), corresponding to a yield of 88 %. The purity was checked only
by IR spectroscopy because of thermal decomposition of the product in the
gas chromatograph. The substance is stable for several months stored at
—25°C. Analysis: MS: M* =770, fragments: 64.0, 60.0, 32.0, 29.0; IR: 7=
1114 (cis form), 1116 cm™! (¢rans form).

Preparation of [2,2-H,]Thiirane-1-oxide (9b)

[1,1-2H,]Ethanol (1):3°31 [1,1-2H,]Ethanol was synthesized by a modifica-
tion of the method of Cox and Warne.**!] A solution of acetic acid (20.0 g,
0.33 mol) dissolved in THFTHP (200 mL) was added slowly to LAD
(14.0 g, 0.33 mol) suspended in THFTHP (400 mL) under a nitrogen
atmosphere. When no more gas was produced the reaction mixture was
heated to 70 °C for 20 min. The reflux condenser was replaced by a Liebig
condenser and a following trap cooled with liquid nitrogen. Under a
moderate stream of nitrogen, 1 was liberated by the slow addition of
500 mL diethylene glycol monomethyl ether. The temperature was raised
to 200°C simultaneously. After addition of the glycol, slow distillation of
the product continued for several hours. After combining distillate and
condensate from the trap we obtained crude 1 (16.8 g) with a content of
86 % . Distillation by means of a Spaltrohr column gave 1 (13.1 g, 0.27 mol,
yield 82 %, purity 99 %, b.p. 78°C). MS: M+ =48, fragments: 49, 46, 33, 32,
31, 30, 29, 28. The deuterium content cannot be determined from the mass
spectra, because of the different decay patterns of the parent ions.

[1,1-*H,]Ethyl-4-toluenesulfonate (2)1*2 was synthesized by a modification
of the method of Edgell and Parts. 4-Toluenesulfonyl chloride (110.5 g,
0.58 mol) was placed in a flask and a solution of 1 (13.1 g, 0.27 mol, purity
99%) in dichloromethane (400 mL) was added. Pyridine (97 g, 1.27 mol)
was added to the ice-cooled solution in such a way that the temperature
never exceeded +6°C. A few minutes after the addition was completed a
white precipitate was formed. The reaction mixture was stirred for a further
6h at 4°C, then overnight at room temperature. Afterwards it was
hydrolyzed by the addition of 400 mL ice water. The lower organic layer
was separated and the aqueous phase was extracted three times with ether.
The combined organic phases were washed with 20 % hydrochloric acid,
water, a saturated aqueous solution of sodium carbonate, and finally with
water. After drying over sodium sulfate and removing the solvents by
distillation, the colorless, viscous liquid residue consists of 2 (51.4 g,
0.25 mol, 94 % yield). The product was used in the following step without
further purification.

[1,1-2H,]1,2-Dibromoethane (4b):*334!7l  Toluenesulfonate 2 (514 ¢,
0.25 mol) was placed in a flask and gradually heated to 210°C. [1,1-
’H,]Ethene (3b) was formed and passed directly through a condenser into
an ice-cooled solution of bromine (34.3 g, 0.43 mol) in CCl,. The further
procedures were performed as described above for the synthesis of (4 )-
1,2-dibromo[?H, Jethane (4a). We obtained 4b (25.2 g, 0.13 mol, 99%
purity, b.p. 131 °C) with a yield of 51% related to the tosylate. MS: M*=
188, 190, 192, fragments: 158, 160, 162, 111, 109, 95.

1,2-Diacetoxy[1,1-*H,]ethane (5b):l'""! 12-Diacetoxy[1,1-’H,]ethane was
synthesized in the same way as 5a. From 4b (65.5 g, 0.34 mol, 99 % purity)
we obtained 5b (43.2 g, 0.29 mol, 99 % purity, 85 % yield) as a pale yellow
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liquid. The degree of deuteration was over 99% (determined by mass
spectroscopy). MS: M+ =149, fragments: 118, 116, 104, 103, 88, 87, 86, 75,
73,43;'"HNMR: 0 =4.23 (s,2H), 2.02 (s, 6 H); *CNMR: 6 =170.9 (s), 62.7
(st, Y(C,H) =147 Hz), 20.6 (sq, J(C,H) =129 Hz).

[1,2-?H,]Ethanediol (6b):!'"l Compound 6b was synthesized in the same
way as 6a. From 5b (42.9 g, 0.29 mol, 99 % purity) we obtained compound
6b (13.2 g, 0.20 mol, 98% purity, 70% yield, b.p. 105°C, 36 mbar) as a
colorless liquid. The degree of deuteration cannot be determined by mass
spectroscopy, because of the somewhat complex decomposition pattern of
the parent ions. MS: M* = 64, fragments: 47, 46, 45, 44, 43, 35, 34, 33, 32, 31,
30, 29, 28.

[4,4-2H,]-1,3-Dioxolane-2-one (7b):*! Compound 7b was synthesized in
the same manner as 7a. From 6b (13.2 g, 0.20 mol, 98% purity) we
obtained 7b (16.3 g, 0.17 mol, 94% purity, 84 % yield) as a colorless
crystalline substance.

[2,2-2H,] Thiirane (8b):?*!%1%] Compound 8b was synthesized in the same
manner as 8a. From 7b (15.5 g, 0.17 mol, 94 % purity) we obtained 8b
(5.7 g, 90 mmol, 98 % purity, 55% yield) as a colorless, viscous liquid.

[2,2-2H, ] Thiirane-1-oxide (9b):['"'2l Compound 9b was prepared according
to the method used for 9a. From 8b (5.15 g, 82 mmol, 98 % purity) we
obtained 9b (5.2 g, 63 mmol, 95% purity, 77 % yield) after removing the
solvent on a rotary evaporator and vacuum distillation of the residues.
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The Synthesis and Spectroscopic Properties of Macrocyclic Polyethers
Containing Two Different Aromatic Moieties and Their [2]Catenanes
Incorporating Cyclobis(paraquat-p-phenylene)**

Roberto Ballardini,* Vincenzo Balzani,* Maria Teresa Gandolfi, Richard E. Gillard,
J. Fraser Stoddart,* and Elena Tabellini

Abstract: The synthesis of six deriva-
tives of bis-p-phenylene-34-crown-10
(BPP34C10) in which one or both of
the p-phenylene rings are replaced by
other m-electron-rich aromatic ring sys-
tems, and their subsequent use as tem-
plates for the self-assembly of the tetra-
cationic cyclophane cyclobis(paraquat-
p-phenylene) and thus the construction
of [2]catenanes, are described. The p-
phenylene rings in BPP34C10 have been
replaced variously by p-xylyl units, 1,5-,
1,6-, 2,6- and 2,7-naphtho units, and a
naphthalene-2,6-dimethylyl ring system
in the six new crown ether derivatives.
Five of the [2]catenanes have the poten-
tial to exist in solution as equilibrating
mixtures of two translational isomers,
the proportions of which have been
determined in solution by dynamic 'H
NMR spectroscopy. The absorption

spectra and luminescence properties
(fluorescence, phosphorescence, and ex-
citation spectra, excitation state life-
times, and fluorescence quantum yields)
of the BPP34C10 derivatives (in which
one of the p-phenylene rings has been
replaced by either a p-xylyl unit or a
naphthalene-2,6-dimethylyl  unit or
where both of the p-phenylene rings
have been replaced, one by a p-xylyl unit
and the other by a 1,5-naphtho unit) and
their derived [2]catenanes, with cyclo-
bis(paraquat-p-phenylene) as the inter-
locking cyclophane component, have
been investigated. Comparison with the
properties of simple model compounds

Keywords: catenanes -  charge
transfer - luminescence - self-assem-
bly - translational isomerism

shows the presence of intra- and inter-
molecular electronic interactions be-
tween the component units of the crown
ethers and catenanes. The main conse-
quences of these interactions in the
crown ethers are small perturbations in
the absorption spectra of the two chro-
mophoric units, and strong changes in
the luminescence properties due to the
occurrence of intercomponent energy-
transfer processes and charge-transfer
(CT) interactions. In the [2]catenanes,
perturbations in the absorption spectra
of the component units of the crown
ether and tetracationic cyclophane, ac-
companied by the appearance of CT
absorption bands in the visible region,
and complete luminescence quenching
caused by the presence of low-energy
CT levels are observed.
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Self-assembly processes,!l which are widespread in biological
systems, are currently being employed by synthetic chemists
for the construction of nanometer-scale compounds and
complexes.l Conventional organic synthesis can be used to
synthesize subunits that can recognize® one another through
noncovalent bonding interactions to afford stable, well-
defined molecular assemblies and supramolecular!® arrays.
The interactions between m-electron acceptors (e.g., the
paraquat dication®!) and m-electron donors (e.g., the hydro-
quinone unitl!) have provided the inspiration for the synthesis
of a wide range of mechanically interlocked structures.”l Tt
may be recalled that the [2]catenane 4%+, comprised of bis-p-
phenylene-34-crown-10 (BPP34C10) and cyclobis(paraquat-
p-phenylene), is formed in a remarkable 70% yield® at
ambient pressure in MeCN (Scheme 1), where 3 acts as a
template for the reaction of 2 with 1#*. The efficiency of this
catenation is, in part, a result of the high level of preorganiza-
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Scheme 1. The self-assembly of the [2]catenane 4-4PF,.

tion present in the macrocyclic polyether. The [2]catenane is
stabilized by m-m stacking,” as well as by [C-H- O]
hydrogen bonding!'” and T-typel'!l interactions. Dynamic 'H
NMR spectroscopy reveals that the [2]catenane is, not
surprisingly, highly ordered in solution. At 25°C each of the
macrocyclic rings is circumrotating through the cavity of the
other macrocyclic ring. The two dynamic processes are
distinct and observable by 'H NMR spectroscopy
(Scheme 2).[% [2]Catenanes in which one of the ring compo-
nents incorporates two different aromatic units can poten-
tially exist as two translational isomers.!'3 In principle, control
over the thermodynamic equilibrium associated with transla-
tional isomerism can be achieved by either steric or electronic
means.
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Scheme 2. The two dynamic processes (I and II) that are distinct and
observable by 'H NMR spectroscopy.

Considerable effort has been devoted to changing the
nature of the m-electron acceptor and donor units in the ring
components of the [2]catenane 4**. The bipyridinium units of
the tetracationic cyclophane have been replaced by trans-1,2-
bis(pyridinium)ethylenel'¥! and 2,7-diazapyrenium units.[']
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This paper records results that relate to changing the nature
of the neutral macrocyclic polyether component of the
[2]catenane. Translational isomerism in [2]catenanes that
incorporate two different aromatic m-electron-rich units in
the macrocyclic polyether component is determined by the
balance between m—g stacking interactions and solvation.
Here, the incorporation of p-xylyl units and 1,5-, 1,6-, 2,6-, and
2,7-naphtho ring systems into the macrocyclic polyether
component will be discussed.

Electronic interactions between subunits play an important
role in determining the structure and reactivity of multi-
component species.* 11 For the design of more efficient
chemical,l'”l photochemical,l'¥! and electrochemicall!® 184 19]
molecular devices based on rotaxanes and catenanes it is
necessary to investigate the behavior of these interlocked
molecules containing the new components and to extend our
knowledge of the intercomponent interactions. Each one of
the crown ethers 5, 19, and 26 illustrated in Scheme 3 contains
two distinct chromophoric and luminescent units. It is
interesting to compare their absorption and luminescence
properties with those of simple model compounds in order to
elucidate the degree of intercomponent interaction and the
occurrence of energy-transfer processes. In the [2]catenanes
6*t, 20**, and 30** illustrated in Scheme 4, the electron-donor
units of the crown ethers are expected to undergo charge-
transfer (CT) interactions with the electron-acceptor bipyr-
idinium units of the tetracationic cyclophane with profound
changes in the absorption and luminescence properties.

Results and Discussion

Incorporation of p-xylyl units into the macrocyclic polyether
component: The hydroquinone rings contained in macrocyclic
polyethers are m-electron rich. It seemed logical, therefore,
that replacing the phenolic oxygen atoms with benzylic
methylene groups would decrease the m-electron-donating
nature of the p-phenylene ring(s) in the macrocyclic polyether
component. p-Phenylene-p-xylyl-36-crown-10 (5) has been
synthesized (Scheme 3) in 23 % yield. The catenation of 5 with
cyclobis(paraquat-p-phenylene) gave the [2]catenane 6-4PF,
in 47 % yield (Scheme 4). In CD;COCD; solution at 233 K,
the ratio of translational isomers was 88:12 in favor of the
hydroquinone ring residing inside the tetracationic cyclo-
phane. In the more polar solvent CD;CN at the same
temperature, this ratio decreased to 61:39.

Clearly, the tetracationic cyclophane is able to accept the p-
xylyl unit into its cavity. In fact, the acyclic polyether a,o’-
bis[2-(2-hydroxyethoxy)ethoxy]-p-xylene (7) is bound by
cyclobis(paraquat-p-phenylene) (8 - 4 PF,) with an association
constant of 1900M! (cf. 2200M~! for the binding of the acyclic
polyether 1,4-bis[2-(2-hydroxyethoxy)ethoxy]benzene (9)
with 8-4PF,).?! The propensity of the p-xylyl unit to be
included inside the cavity of the tetracationic cyclophane 8-
4PF; is probably a consequence of the electrostatic inter-
actions between the oxygen atoms adjacent to the p-xylyl unit
and the dicationic bipyridinium units of the tetracationic
cyclophane, as well as of mw—m stacking. Thus, it should be
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Scheme 4. The self-assembly of the [2]catenanes, 6-4PF,, 12-4PF,, 16-
4PF,, 20-4PF,, and 30-4PF,—33-4PF,. Note that the constitutions of
these [2]catenanes can be deduced from the key in Scheme 3.

possible to assemble a [2]catenane that incorporates a macro-
cyclic polyether containing two p-xylyl units and 8 -4 PF,.

Bis-p-xylyl-38-crown-10 (11) was synthesized by the reac-

tion of tetraethylene glycol (10) with 1,4-bis(bromomethyl)-

benzene (2) in the presence of

NaH under high dilution condi-

hed dF ocH, tions. The catenation of 11 with 8-
4PF¢ gave the [2]catenane 12-
4PF in 38% yield (Scheme 4).
At 333K in CD;CN, 'H NMR
HCQ Q O Q OCH;

spectroscopy of 12-4PF, showed
11 a signal at 6=5.12 for eight

| S N A N Wy
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aromatic protons that corresponds to the averaged resonance
for the inside and alongside p-xylyl units, indicating that
Process I (Scheme 2) is fast on the 'H NMR timescale. On
cooling a CD;COCD; solution of the [2]catenane down to
233 K, two signals can be observed corresponding to aromatic
protons on the p-xylyl units located inside (6 =4.02) and
alongside (6 =7.00) the cavity of the tetracationic cyclophane.
The energy barrier associated with this process was calculated
from the line broadening®! of the signal at 6 =7.00 to be
11.9 kcalmol !, that is, 3.7 kcalmol~! less than for the same
process in the [2]catenane 4-4PF. This decrease in the
energy barrier for Process I is a consequence of the weaker
interactions between the macrocyclic polyether component
and the tetracationic cyclophane in 12-4PF, compared with
4-4PF;.

Since the p-xylyl unit of the macrocyclic polyethers 5 and 11
has the propensity to be included inside the cavity of the
tetracationic cyclophane, it was decided to remove the oxygen
atoms adjacent to the p-xylyl unit completely in order to
influence further the ratio of the translational isomers. To this
end, the 34-crown-8 derivative 15 was synthesized in 34 %
yield from 1,4-bis[2-[2-(2-p-toluenesulfonylethoxy)ethoxy]-
ethoxy]benzene (13) and 1,4-phe-
nylene dipropanol (14) in the pres-

7 YocH,
ence of NaH under high dilution
conditions. The catenation of 15
with 8-4PF, gave the [2]catenane
0 0 O OCH,

16-4PF; in 11 % yield (Scheme 3). AR
In both CD;COCD; and CD;CN 15

solutions over the range of acces-

sible temperatures, only one translational isomer could be
observed for 16 -4PF; by 'H NMR spectroscopy, that is, the
one with the hydroquinone ring located inside (6 =3.90,
CD;COCD;) and the p-xylyl unit located alongside (6 =6.59,
CD;COCD;) the tetracationic cyclophane. Process I could not
be observed for this [2]catenane although we anticipate that
circumrotation does occur. However, the coalescence of two
signals corresponding to the a-CH protons of the bipyrid-
inium units located inside and alongside the cavity of the
macrocyclic polyether at 205 K is consistent with Process II
(Scheme 2) becoming fast on the '"H NMR timescale. The
energy barrier for this process was calculated, by means of the
coalescence approach,” to be 9.2 kcalmol™!, that is,
3.0 kcalmol~! lower than the same process in the [2]catenane
4-4PF,. The lower energy barrier for this process, compared
with that for 4-4 PF, is almost certainly a consequence of the
poor recognition displayed between the p-xylyl unit and the
tetracationic cyclophane in the [2]catenane 16-4PF,; an
observation supported by the decrease in the efficiency of
the self-assembly process (11 % yield of 16 -4 PF, compared
with 70 % yield for 4-4PFy).

Incorporation of naphthalene-2,6-dimethylyl in the macro-
cyclic polyether component: The macrocyclic polyether
naphthalene-2,6-dimethylyl-p-phenylene-38-crown-10  (19)
was synthesized from 17 and hydroquinone (18) in 18 % yield
(Scheme 3). The catenation of 19 with 8-4PF; gave the
[2]catenane 20-4PF, in 45% yield (Scheme 4). Dynamic '"H
NMR spectroscopy of this [2]catenane in CD;COCD; solu-
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tion revealed the presence of only one translational isomer—
that with the hydroquinone ring located inside the cavity of
the tetracationic cyclophane. In CD;CN solution, a small
amount (5%) of the other translational isomer could be
observed. These observations are in accordance with the low
binding constant (K,=796M~! in MeCN at 298 K) of the
acyclic naphthalene-2,6-dimethylyl-containing polyether,
compared with that of the hydroquinone-containing poly-
ether.

Incorporation of p-xylyl and dioxynaphthalene units in the
macrocyclic polyether component: A series of macrocyclic
polyethers, incorporating dioxynaphthalene units with differ-
ent substitution patterns and a p-xylyl unit, have been
synthesized. The bistosylate 21 was reacted with either 1,5-,
1,6-, 2,6-, or 2,7-dihydroxynaphthalene (22, 23, 24, and 25,
respectively) in the presence of Cs,CO; under high dilution
conditions to give the macrocyclic polyethers in yields of 12 to
53% (Scheme 3). The catenations of the macrocyclic poly-
ethers 26, 27, 28, and 29 with 8-4PF, gave the [2]catenanes
30-4PF, 31-4PF,, 32-4PF,, and 33-4PF; in 52, 41, 42, and
28 % yields, respectively (Scheme 4).

Dynamic 'H NMR spectroscopy revealed both solvent and
temperature dependences upon the equilibrium position of
the translational isomerism in [2]catenane 30-4PF,. In
CD;COCD;, and also in CD;CN solution, the 1,5-dioxynaph-
thalene unit resides preferentially inside the cavity of the
tetracationic cyclophane. In CD;COCD;, the ratio is 60:40 at
282 K, increasing to 81:19 on cooling to 193 K. In CD;CN, the
ratio is 54:46 at 281 K, increasing to 73:27 on cooling to 228 K.

In the case of the [2]catenanes 31-4PF,—33-4PF, in
CD;COCD; and CD;CN, only one translational isomer can be
observed—that in which the p-xylyl unit is located inside the
cavity of the tetracationic cyclophane. This result is presum-
ably a consequence of the better steric match between the p-
xylyl unit and the bipyridinium units of the tetracationic
cyclophane when compared with that between the 1,6-, 2,6-, or
2,7-dioxynaphthalene units and the bipyridinium units of the
tetracationic cyclophane. Although Process I is without doubt
happening, it could not be observed in the [2]catenanes 31-
4PF,-33-4PF, because only one translational isomer in each
case could be detected by dynamic 'H NMR spectroscopy. For
[2]catenane 31-4PF;, the coalescence of the signals corre-

Table 1. Table 1 Absorption and emission data.l?]

sponding to the a protons on the bipyridinium units located
inside and alongside the tetracationic cyclophane at 267 K is a
consequence of Process II becoming fast on the 'H NMR
timescale. An energy barrier of 13.4 kcal mol~! was calculated
for this process. For the [2]catenanes 32 -4 PF, and 33-4PF,,
although some broadening of the 'H NMR spectrum could be
observed on cooling down the samples (an indication that
Process II was happening), the temperature could not be
reduced sufficiently for energy barriers for this process to be
obtained.

Absorption spectra, luminescence properties, and intercom-
ponent electronic interactions: These studies have been
focused on the macrocyclic polyethers 5, 19, and 26 and their
[2]catenanes 6*, 20**, and 30**. In order to elucidate the
occurrence of intercomponent electronic interactions, it is
necessary to compare the absorption and luminescence
behavior of the macrocyclic polyethers and of their [2]cate-
nanes with those of suitable model compounds. Therefore, we
have investigated the absorption and luminescence properties
of 1,4-dimethoxybenzene (1,4-DMB), 1,4-xylyl (1,4-Xyl), 2,6-
dimethylnaphthalene (2,6-DMeN), and 1,5-dimethoxynaph-
thalene (1,5-DMN), which are good models for the aromatic
units incorporated in the macrocyclic polyethers and corre-
sponding catenanes. The absorption and luminescence prop-
erties of the model compounds, the macrocyclic polyethers,
and the derived [2]catenanes are given in Table 1. The
cyclophane 8, which is a common component of the
[2]catenanes examined in this paper, shows an absorption
band with a maximum at 261 nm in MeCN solution, but no
luminescence. !

Macrocyclic polyether 5 and [2]catenane 6*": The absorption
and fluorescence spectra in MeCN solution at room temper-
ature of the chromophoric and luminescent moieties of the
macrocyclic polyether 5 and of the model compounds 1,4-
DMB and 1,4-Xyl are shown in Figure 1. The absorption
spectrum of the macrocyclic polyether is different from the
sum of the absorption spectra of its two components: the
vibrational structure of the 1,4-Xyl around 270 nm is missing
and the intensity in the band maximum is noticeably smaller.
As shown in Figure 1 and Table 1, 1,4-DMB and 1,4-Xyl
exhibit a strong fluorescence band in MeCN solution at room

Absorption Fluorescence RT Fluorescence, 77 K Phosphorescence 77 K

Amax (NM) £ (M'em™!) Ay (nm) 7 (ns) ol Amax (nM) 7 (ns) Amax (nm) 7 (s)
1,4-DMB 290 2900 320 2.0 0.11 3176 3.8l 408!l 2.1k
1,4-Xyl 26714 410 293 9.3 0.08 288l 320 396!l 7.20l
1,5-DMN 2941 8500 330 7 0.38 3.271 11 514 ~2
2,6-DMeN 2371 4500 3431 11.5 0.14 340l dl 500! 458le.dl 0.5l
5 290 2200 325 2.2 0.09 3176l 4.1kl 4121l 2.2l
6** 263,465 40000, 430
26 295Md 9000 3451 8 0.30 3271 14 4831 1.8
30+ 265,520 37000, 520
19 275 5700 34041, 43501 0.38,10  0.004, 0.036! 337l 80lc! 477 d 2.1k
20+ 263,440 35000, 770

[a] Air-equilibrated MeCN solution, unless otherwise noted; for errors, see experimental. [b] The standard used was naphthalene in degassed cyclohexane,
¢ =0.23 (see ref. [28]) unless otherwise noted. [c] Butyronitrile solution. [d] Structured band. [e] Exciplex-type emission, see text. [f] The standard used was

quinine sulfate in H,SO, 1N, ¢ =0.55 (see ref. [29]).
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Figure 1. Absorption (unbroken lines) and emission (dashed lines) spectra
of the macrocyclic polyether 5 and of the model compounds 1,4-DMB and
1,4-Xyl in MeCN solution at room temperature. For more details, see the
text.

temperature. In the macrocyclic polyether 5, the fluorescence
band of the 1,4-dimethoxybenzene-type unit is present with
almost the same lifetime and quantum yield as in the 1,4-
DMB model compound, whereas there is no trace of the
fluorescence band of the 1,4-xylyl-type component. The same
is true for the fluorescence and phosphorescence spectra in a
rigid butyronitrile matrix at 77 K (Table 1): the macrocyclic
polyether 5 shows only the fluorescence and phosphorescence
bands of its 1,4-dimethoxybenzene-type unit, regardless of the
excitation wavelength. These results show that in the macro-
cyclic polyether the S; (and, if populated, T,) level of the 1,4-
xylyl-type unit is quenched by the lower-lying S; (and T)) level
of the 1,4-dimethoxybenzene-type unit, as schematized in
Figure 2. Since the excitation spectrum of 5 (4., =330 nm)
coincides with the absorption spectrum throughout the entire
spectral region, the quenching takes place by energy trans-
ferl') from the 1,4-xylyl- to the 1,4-dimethoxybenzene-type
unit.

The absorption spectrum (Figure 3) of the [2]catenane 6** is
similar to the sum of the spectra of its 5§ and 8** components in
the UV region, but it shows a tail in the 310—-400 nm region

/'
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=
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Figure 2. Schematic energy-level diagram for the macrocyclic polyether 5.
The energy levels of the S; and T, excited states have been evaluated from
the onset of the emission spectra of the model compounds. Only the most
relevant processes are shown.
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Figure 3. Absorption spectrum in MeCN solution of the [2]catenane 6*
compared with the sum of the spectra of its 5 and 8** components. The
dotted line shows the band in the visible region exhibited by the
[2]rotaxane 34**, comprised of a 14-dimethoxybenzene-type unit sur-
rounded by the tetracationic cyclophane.’!

and a new, broad absorption band in the visible region, with a
maximum at 465 nm. Bands of this kind are found in the
absorption spectra of all the catenanes and rotaxanes
containing electron-donor and electron-acceptor
units.l*¢ 20231 Tn particular, the [2]rotaxane 34**, containing a
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1,4-dimethoxybenzene-type unit surrounded by the tetracat-
ionic cyclophane, shows a CT band of comparable intensity
with A, =470 nm (Figure 3).! Therefore, this visible band
of 6* can be assigned to a CT transition from the 14-
dimethoxybenzene-type unit present in the macrocyclic poly-
ether to the electron-acceptor bipyridinium units of the
tetracationic cyclophane. The difference between the spec-
trum of 6*" and the sum of the spectra of its two components
shows the presence of another band at shorter wavelength
(Amax~ 330 nm in Figure 3). This new band can be attributed
to a CT transition from the 1,4-xylyl-type unit of the macro-
cyclic polyether, which is a worse electron donor than the 1,4-
dimethoxybenzene-type unit, to the bipyridinium units of the
tetracationic cyclophane.

As far as emission is concerned, it should be noted that in
the spectrum of 6** the strong fluorescence bands of the 1,4-
xylyl and 1,4-dimethoxybenzene-type units (the latter one still
present in the emission spectrum of the macrocyclic poly-
ether) are no longer observed (Table 1). This result can be
accounted for by the presence, clearly shown by the absorp-
tion spectra (vide supra), of CT excited states lying below the
potentially fluorescent levels of the two units, which offer a
route to fast radiationless decay (Figure 4).
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Figure 4. Schematic energy-level diagram for the [2]catenane 6**. Only the
most relevant processes are shown.

Macrocyclic polyether 26 and [2]catenane 30%+: The absorp-
tion and fluorescence spectra in MeCN solution at room
temperature of the chromophoric and luminescent moieties of
the macrocyclic polyether 26 and of the model compounds
1,4-Xyl and 1,5-DMN are shown in Figure 5. The absorption
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Figure 5. Absorption (unbroken lines) and emission (dashed lines) spectra
of the macrocyclic polyether 26 and of the model compounds 1,4-Xyl and
1,5-DMN in MeCN solution at room temperature. For more details, see the
text.

spectrum of the macrocyclic polyether is very similar to the
sum of the absorption spectra of its two components. Both 1,4-
Xyl and 1,5-DMN exhibit a strong fluorescence band in
MeCN solution at room temperature (Figure 5 and Table 1).
The macrocyclic polyether 26 shows an intense band with a
maximum at 345 nm, which is very similar (also in structure,
intensity, and lifetime) to the band exhibited by the 1,5-DMN
model compound. No trace can be found of the fluorescence
band of the p-xylyl component. The same is true for the
fluorescence and phosphorescence spectra in a rigid butyr-
onitrile matrix at 77 K (Table 1): the macrocyclic polyether 26
shows only the fluorescence and phosphorescence bands of its
1,5-dimethoxynaphthalene-type unit, regardless of the exci-
tation wavelength. The excitation spectrum of 26 (i.,=
345 nm) at room temperature coincides with the absorption
spectrum throughout the entire spectral region. These results
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indicate that in the macrocyclic polyether 26 the S; (and
presumably the T;) level of the 1,4-xylyl-type unit are
quenched by energy transfer to the lower-lying S; (T,) level
of the 1,5-dimethoxynaphthalene-type unit (cf., macrocyclic
polyether 5, vide supra).

As in the case of the [2]catenane 6**, the absorption
spectrum (Figure 6) of 30** shows an intense absorption tail in

4+ 26 +8"
- 35™ x50
£
o
s
-
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300 400 500 600 700
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Figure 6. Absorption spectrum in MeCN solution of the [2]catenane 30**
compared with the sum of the spectra of its 26 and 8*" components. The
dotted line shows the band in the visible region exhibited by tethered
pseudorotaxane 35*, where a 1,5-dimethoxynaphthalene-type unit is
enclosed in a tetracationic cyclophane '8

the 300-400 nm spectral region and a new absorption band in
the visible region (4,,,, =520 nm), which are not present in the
spectra of its macrocyclic polyether and tetracationic cyclo-
phane components. The band with 4,,,=520nm is very
similar to that shown by the teth-
ered pseudorotaxane 35* (Fig-

ure 6) in which a 1,5-dimethoxy- /
naphthalene-type unit is enclosed

within the tetracationic cyclo- +8 s
phane.l'8! Therefore, this band @@

can be assigned to a CT transition . ()
from the 1,5-dimethoxynaphtha- N+
lene-type unit present in the mac- .

rocyclic polyether to the electron- MeQ_ QO 350+

acceptor bipyridinium units of the

tetracationic cyclophane. The dif-

ference between the spectrum of 30** and the sum of the
spectra of its two components in the 300—400 nm region
(Figure 6) shows the presence of another CT band with A,
around 330 nm, as in the case of the [2]catenane 6**. Once
again, this band can be attributed to a CT transition from the
1,4-xylyl-type unit of the macrocyclic polyether to the
bipyridinium unit of the tetracationic cyclophane. The [2]cat-
enane 30* does not exhibit any luminescence bands for the
same reasons, previously discussed for 6**, that are related to
the presence of low-energy, non-emitting CT levels.

Macrocyclic polyether 19 and [2]catenane 20**: The absorp-
tion and fluorescence spectra in MeCN solution at room
temperature of the chromophoric and luminescent moieties of
the macrocyclic polyether 19 and of the model compounds
1,4-DMB and 2,6-DMeN are shown in Figure 7. The absorp-
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Figure 7. Absorption (unbroken lines) and emission (dashed lines) spectra
in MeCN solution at room temperature of the macrocyclic polyether 19 and
of the model compounds 1,4-DMB and 2,6-DMeN. The emission spectra of
the two model compounds are given in an inset for clarity. For more details,
see the text.

tion spectrum of the macrocyclic polyether is different from
the sum of the absorption spectra of its two components since
the structure of the 'L, (m-n*) band of 2,6-DMeN in the
310-330 nm region* is missing. This difference could arise
from electronic intercomponent interactions or physical
constraints imposed upon the chromophoric group by the
macrocyclic structure. As shown in the right-hand part of
Figure 7 (see also Table 1), in MeCN solution at room
temperature, the macrocyclic polyether 19 has two emission
bands: a weak, short-lived, and structured band with a
maximum at 340 nm, and a more intense, relatively long-
lived, broad band with a maximum at 435 nm. Comparison
with the emission spectra of the 1,4-DMB and 2,6-DMeN
model compounds (Figure 7, inset) shows that the fluores-
cence band of the 1,4-dimethoxybenzene-type unit is almost
completely missing (its intensity is <0.1% of that shown by
1,4-DMB), and that of the 2,6-dimethylnaphthalene-type unit
is about 40 times weaker than in the 2,6-DMeN model
compound (a parallel decrease in the fluorescence lifetime
is also observed, Table 1) regardless of the excitation wave-
length. The broad band with maximum at 435 nm, which is not
present in the spectra of the components, must result from an
intercomponent interaction between the two chromophoric
units. The most likely hypothesis is the presence of a CT (or
exciplex-type) excited state involving the 1,4-dimethoxyben-
zene-type unit as an electron donor and the naphthalene
moiety as an electron acceptor. The excitation spectrum
matches the absorption spectrum in the entire spectral region
both at 4., =330 nm (emission of the 2,6-dimethylnaphtha-
lene-type unit) and at 4., = 440 nm (new emission band). This
result indicates that excitation of the 1,4-dimethoxybenzene-
type unit is followed by a very efficient energy transfer to the
fluorescent level of the 2,6-dimethylnaphthalene-type unit,
which then partially deactivates to the lower-lying interchro-
mophoric CT level. In a rigid butyronitrile matrix at 77 K, the
macrocyclic polyether 19 shows only the fluorescence and
phosphorescence bands of its 2,6-dimethylnaphthalene-type
unit, an indication that, under such conditions, there is no
low-energy interchromophoric CT level, presumably because
of constraints imposed by the rigid matrix on the intra-
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molecular movements and/or the lack of solvent reorganiza-
tion.

The presence of interchromophoric interactions in 19 has
been investigated in more detail. On going from MeCN to
CH,CI, solution, the emission maximum at 435 nm undergoes
a blue shift, as expected on account of the destabilization of
CT-type excited states on decreasing the dielectric constant of
the solvent. In MeCN solution, addition of CF;COOH or
NH,PF; causes a decrease in the intensity of the 435 nm band;
this indicates that when the oxygen atoms of the macrocyclic
polyether are engaged in hydrogen bonding the intercompo-
nent electronic interaction is, at least in part, prevented. The
metal complex [Pt(bpy),(NH;),]** (bpy=2,2"-bipyridine),
which is known to give adducts with aromatic macrocyclic
polyethers,?: 21 can be dissolved in CH,Cl, only in the
presence of 19. Figure 8 shows the absorption spectrum of

T T T
250 300 350 400

Figure 8. Absorption spectrum in CH,Cl, solution of the adduct between
the macrocyclic polyether 19 and [Pt(bpy),(NH;),]** (a) compared with the
sum of the spectra of the two components (b).

the adduct, which exhibits an intense tail above 330 nm,
indicative of a CT transition from the electron-donor units of
the macrocyclic polyether to the electron deficient 2,2'-
bipyridine ligand of the complex. In the adduct, neither
the residual fluorescence of the S, excited state of the 2,6-
dimethylnaphthalene-type moiety (A, =340 nm), nor the
CT-type emission (4, =435 nm) of free macrocyclic poly-
ether 19 (Figure7) are observed. As in the case of
[Pt(bpy),(NH;),]*" adducts with other macrocyclic hosts, it is
likely that the flat metal complex intercalates between the two
aromatic moieties of the macrocyclic polyether. This mw—m
stacking interaction would i) prevent intercomponent elec-
tronic interactions between the two chromophoric moieties
and ii) result in the presence of low-energy CT excited
states?> 20 capable of deactivating the upper-lying lumines-
cent levels.

As in the case of the [2]catenanes 6*" and 30%, the
absorption spectrum of the [2]catenane 20*" shows a tail in the
310-400 nm region (Figure 9) and a new, broad absorption
band in the visible region with a maximum at 440 nm not
present in the spectra of its macrocyclic polyether and
tetracationic components. This band can be assigned to CT
transitions from the electron-donor units present in the
macrocyclic polyether to the electron-acceptor bipyridinium
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Figure 9. Absorption spectrum in MeCN solution of the [2]catenane 20*

compared with the sum of the spectra of its 19 and 8** components. The

dotted line shows the band in the visible region exhibited by the

[2]rotaxane 34**. The dashed line shows the difference between the spectra

of 20" and 34*.

units of the tetracationic cyclophane. The broad CT band can
be deconvoluted into two components, one (A, =470 nm)?%
corresponding to that previously found in the rotaxane 34*
and the other one with A,,,, =430 nm. The latter band can be
attributed to a CT transition involving the 2,6-dimethylnaph-
thalene-type unit of the macrocyclic polyether, which is a
worse electron donor than the 1,4-dimethoxybenzene-type
unit. Considering the intense tail of the UV band, the intensity
of the 470 nm band appears to be larger than that of the
430 nm band.

As in the case of 6** and 30*, 20** does not exhibit any
luminescence bands. This result is expected because of the
previously discussed presence of low-energy CT excited states
below the fluorescent levels of the component units. It should
also be noted that interactions between the two chromophoric
moieties of the macrocyclic polyether are impossible in the
[2]catenane, because of the interposed bipyridinium unit of
the tetracationic cyclophane.

Conclusions

The nature of the aromatic units in the macrocyclic polyether
has been shown to have a dramatic effect on i) the efficiency
of the catenation with 8-4PF,, ii) ratios of translational
isomers, and iii) the dynamic processes occurring in the
[2]catenanes.

o Replacement of the phenolic oxygen atoms by methylene
groups in the hydroquinone ring greatly reduces the
recognition between the aromatic ring and the tetra-
cationic cyclophane.

o The p-xylyl and 1,5-dioxynaphthalene units compete for
inclusion within the cavity of the tetracationic cyclophane.
In each of the three [2]catenanes incorporating a macro-
cyclic polyether containing a p-xylyl unit and either the
1,6-, 2,6-, or 2,7-dioxynaphthalene units, only the p-xylyl
unit is located inside the tetracationic cyclophane.

@ The macrocyclic polyethers 5, 19, and 26, which contain
two different aromatic moieties, and their [2]catenanes 6**,
20*+, and 30** exhibit interesting UV/Vis and luminescence
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properties. Comparison with the behavior of simple model

compounds has shown the presence of electronic inter-

actions causing energy-transfer processes between the
aromatic units of the macrocyclic polyethers and CT
processes in the [2]catenanes.

This investigation has demonstrated how subtle changes in
the stereoelectronic information imprinted within the molec-
ular components of a series of [2]catenanes can dramatically
affect the efficiency of the self-assembly process, as well as
influencing the molecular recognition and electronic inter-
actions within the resulting structures.

Experimental Section

General methods: Solvents were dried where necessary by literature
methods.””) NaH was used as a 60 % dispersion in mineral oil, which was
not removed before use. Thin-layer chromatography was performed on
aluminum plates pre-coated with Merck 5735 silica gel 60 F,s,. Plates were
air-dried and scrutinized under a UV lamp. Column chromatography was
performed with silica gel 60 (particle size 0.040-0.063 mm, Merck 9385).
Melting points were determined with an Electrothermal 9200 melting point
apparatus and are uncorrected. Mass spectra were obtained from Kratos
MS25 or Profile instruments, the latter being equipped with a FAB facility
(with a krypton or xenon primary atom beam in conjunction with a 3-
nitrobenzyl alcohol matrix). Positive-ion electrospray mass spectra were
recorded on either a VG Quattro triple quadrupole mass spectrometer, or a
VG Platform single quadrupole instrument. 'H NMR spectra were
recorded on Bruker AC250 (250 MHz), AC300 (300 MHz), AMX360
(360 MHz), AMX400 (400 MHz), or AMX500 (500 MHz) (with the
deuterated solvent as the lock and residual solvent or TMS as the internal
reference) spectrometers. *C NMR spectra were recorded on Bruker
AC300 (75 MHz), or AC360 (90 MHz) spectrometers. Microanalyses were
performed by the University of Birmingham and by the University of North
London Microanalytical Services.
a,a’'-Bis[2-[2-[2-(2-hydroxyethoxy)ethoxy]ethoxy]ethoxy]-p-xylene (10):
1,4-Bis(bromomethyl)benzene (10.0 g, 37.9 mmol) was added to a suspen-
sion of NaH (6.06 g, 151.5 mmol) in tetraethylene glycol (200 mL) under N,
and stirred for 48h at 40°C. After this had cooled down to room
temperature, H,O (500 mL) was added, and the solution extracted with
Et,0 (100mL) and CH,Cl, (3x150mL). The CH,Cl, layers were
combined, washed with H,0 (3 x30mL),and dried (MgSO,), and the
solvent removed. The residue was purified by column chromatography
(SiO,, CH,Cl,/MeOH 20:1) to yield 10 as a colorless oil (13.10 g, 71%). 'H
NMR (300 MHz, CDCLy): =733 (s, 4H), 4.56 (s, 4H), 3.58-3.74 (m,
32H), 2.72 (brs, 2H); *C NMR (CDCl;, 75 MHz): 0 =137.6, 127.8, 73.0,
70.6, 70.6, 70.6, 70.6, 70.6, 70.3, 69.4, 61.7; MS (FAB): m/z (%) =491 (36)
[M*+H].
a,a'-Bis[2-[2-[2-(2-p-toluenesulfonylethoxy)ethoxy]ethoxy]ethoxy]-p-xy-
lene (21): The diol 10 (17.5 g, 35.6 mmol) was dissolved in CH,Cl, (250 mL)
along with Et;N (7.2 g, 71.3 mmol) and 4-(dimethylamino)pyridine (cat.)
and cooled to 0°C. A solution of p-toluenesulfonyl chloride (13.6 g,
71.3 mmol) in CH,Cl, (150 mL) was added during 1 h and the reaction
stirred overnight. The solution was washed with 5% aqueous HCI (2 x
200 mL) and H,O (200mL), and dried (MgSO,). The solution was
concentrated and the residue purified by column chromatography (SiO,,
CH,Cl,/MeOH 50:1) to yield 21 as a colorless oil (26.00 g, 91 %). 'H NMR
(CDCl;, 300 MHz): 6 =778 (d, J=8.0 Hz, 4H), 7.32 (d, /=8.0 Hz, 4H),
7.28 (s, 4H), 4.53 (s, 4H), 3.54-3.69 (m, 32H), 2.42 (s, 6H); “C NMR
(CDCl;, 75 MHz): 6 =144.9, 137.7,133.0, 129.9, 127.9, 127.8, 72.9, 70.6, 70.6,
70.6, 70.5, 70.5, 69.4, 69.4, 68.6, 21.6; MS (FAB): m/z (%)=799 (13)
[M*+H]; CyHs,04,S, (798): caled C 57.13, H 6.81; found C 57.50, H 6.96.
p-Phenylene-p-xylyl-36-crown-10 (5): Hydroquinone (0.97 g, 8.81 mmol) in
dry DMF (100 mL) and 21 (7.00 g, 8.77 mmol) in dry DMF (100 mL) were
added to a stirred slurry of Cs,CO; (55.3 g, 0.170 mol) in dry DMF
(600 mL) under N,. The reaction was stirred at 70°C for 5d and then
cooled down to room temperature and filtered. The solvent was removed to
give a brown solid, which was dissolved in PhMe (200 mL) and washed with

0947-6539/98/0403-0456 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 3





[2]Catenanes

449459

H,O (200 mL). The aqueous layer was extracted with PhMe (3 x 100 mL)
and the combined organic extracts were dried (MgSO,).The solution was
concentrated to give a brown oil which was purified by column chroma-
tography (SiO,, acetone/hexane 7:5) to yield 5 as a clear colorless oil
(112 g,23%). '"H NMR (300 MHz, CDCl;, 298 K): 6 =7.27 (s, 4H), 6.80 (s,
4H), 451 (s, 4H), 4.02-4.06 (m, 4H), 3.80-3.84 (m, 4H), 3.63-3.73 (m,
20H), 3.55-3.65 (m, 4H); C NMR (75 MHz, CDClL,): 6 =153.2, 1377,
127.7,115.7, 73.0, 70.9, 70.8. 70.8, 70.7, 70.7, 69.8, 69.6, 68.3; MS (FAB): m/z
(%) =564 (46) [M*]; C30Hy4O (564): caled C 63.81, H 7.85; found C 63.8 1,
H 7.68.

Bis-p-xylyl-38-crown-10 (11): A solution of 1,4-bis(bromomethyl)benzene
(6.00 g,22.7 mmol) and tetraethylene glycol (4.40 g,22.7 mmol) in dry THF
(300 mL) was added over 48 h to a refluxing suspension of NaH (2.3 g,
56.8 mmol) in dry THF (300 mL) under N, with stirring, and heated under
reflux for 24 h. After cooling down to room temperature, H,O (20 mL) was
added and the solvent removed to yield an oily residue which was dissolved
in PhMe (200 mL) and washed with aqueous 0.1m HCl (200 mL). The
aqueous solution was extracted with PhMe (2 x 100 mL), the combined
organic layers were dried (MgSO,), and the solution concentrated. The
resulting pale oil was purified by column chromatography (SiO,,
CH;COCHjy/hexane 5:7) to yield 11 as a colorless oil (500 mg, 4%). 'H
NMR (300 MHz, CD;COCD;): 6 =732 (s, 8H), 4.51 (s, 8H), 3.58 (m,
32H); “C NMR (75 MHz, CD;COCD;): 6 =139.4, 128.1, 73.1, 71.3, 71.2,
70.3; MS (FAB): m/z (%) =591 (6) [M*+H]; C;,HiOy (592): caled C
64.84, H 8.16; found: C 64.60, H 8.40.

34-Crown-8 derivative (15): A solution of 13 (4.50 g, 6.60 mmol) in dry
THF (200 mL) was added over 15 min to a refluxing suspension of 14-
phenylene dipropanol (14) (1.28 g, 6.60 mmol) and NaH (0.79 g,
19.79 mmol) in dry THF (400 mL) under N,, and the solution was heated
under reflux for 4 d. The reaction was cooled down to room temperature
and quenched with H,O, and the solution was concentrated. The residue
was dissolved in CH,Cl, (150 mL), washed with H,O (3 x 100 mL), and
dried (MgSO,). The solvent was removed and the residue purified by
column chromatography (SiO,, CH,Cl,/MeOH 100:1) to yield 15 as a white
crystalline solid (1.20 g, 34%). M.p.: 42.0-42.5°C; 'H NMR (300 MHz,
CDCl;): 6 =7.06 (s, 4H), 6.78 (s, 4H), 4.03 (t,4H), 3.83 (t, 4H), 3.62-3.76
(m, 12H), 3.59 (t, 4H), 3.47 (t, 4H), 2.64 (t, 4H), 1.85 (m, 4H); *C NMR
(CD;COCD;, 75 MHz): 6 =153.3, 139.5, 128.6, 115.8, 71.0, 71.0, 70.9, 70.5,
70.3, 70.0, 68.4, 32.0, 31.6; MS (FAB): m/z (%) =532 (100) [M*]; HRMS
caled for [M*] C3H,,O5 532.3036, found 532.3038.

Naphthalene-2,6-dimethylyl-p-phenylene-38-crown-10 (19): The proce-
dure for the preparation of 5 was followed, with 17 (6.00 g, 7.07 mmol),
hydroquinone (0.78 g, 7.10 mmol), and Cs,CO; (44.6 g, 0.137 mol) to yield
colorless crystals of 19 (0.77 g, 18%). M.p.: 61.5-62.0°C; 'H NMR
(300 MHz, CDCL,, 298 K): 8 =7.77 (d, J = 8.0 Hz, 2 H), 7.73 (brs, 2H), 744
(dd, =15, 8.0 Hz, J=1.5 Hz, 2H), 6.69 (s, 4H), 4.71 (s, 4H), 3.92-3.96
(m, 4H), 3.76-3.82 (m, 4H), 3.64-3.74 (m, 24H); 3C NMR (CDCl,,
75 MHz): 6 =153.2, 135.9, 128.1, 132.8, 126.1, 126.0, 115.5, 73.3, 70.8, 70.8,
70.8, 70.8, 70.8, 69.7, 69.6, 68.1; MS (FAB): m/z (%) =614 (100) [M*];
C3,H 50 (614): caled C 66.43, H 7.54; found C 66.73, H 7.51.

1,5-Naphtho-p-xylyl-38-crown-10 (26): 1,5-Dihydroxynaphthalene (0.80 g,
5.01 mmol) was added to a previously degassed suspension of Cs,CO;
(32.7 g, 100 mmol) and CsOTs (1.53 g, 5.01 mmol) in dry DMF (400 mL)
under N,. After stirring for 1 h at 80°C, a solution of 20 (4.00 g, 5.01 mmol)
and CsOTs (1.53 g, 5.01 mmol) in dry, degassed DMF (200 mL) was added
over 1h and the heating was maintained for 5 d. After cooling down to
room temperature, the reaction mixture was filtered. The filtrate was
collected and the solvent removed to leave a solid residue, which was
dissolved in PhMe (200 mL) and washed with H,O (250 mL). The aqueous
layer was washed with PhMe (3 x 100 mL). The organic layers were
combined and dried (MgSO,), and the solution was concentrated. The
resulting brown oil was purified by column chromatography (SiO,, CH,Cl,/
MeOH 100:2), followed by recrystallization (CHCly/hexane) to yield 26 as
a white crystalline solid (1.50 g, 52%). M.p.: 104.0-104.5°C; 'H NMR
(300 MHz, CDCl;): 6 =7.86 (d, /=8.0 Hz, 2H), 730 (d, J=8.0 Hz, 2H),
718 (s,4H), 6.79 (d,/ =8.0 Hz, 2H), 4.39 (s, 4H), 4.26 (t,4H), 3.79 (t, 4H),
3.56-3.73 (m, 16 H), 3.46 (t, 4H); *C NMR (CDCl;, 75 MHz): 6 =154.4,
137.6, 127.6, 126.9, 125.1, 114.7, 105.8, 72.9, 71.1, 70.9, 70.9, 70.7, 70.6, 69.8,
69.5, 68.1; MS (FAB): m/z (%) =614 (100) [M"]; C3H,0,, (608): caled C
66.42, H 7.54; found C 66.12, H 7.76.
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1,6-Naphtho-p-xylyl-37-crown-10 (27): The procedure described for the
preparation of 26, with 1,6-dihydroxynaphthalene, was followed to give 27
as a white crystalline solid (0.69 g, 33%). M.p.: 96.0-97.0°C; 'H NMR
(CDCl;, 300 MHz): 6 =8.18 (d,/=11.3 Hz, 1H), 7.99 (s, 1 H), 7.25 (m, 6 H),
707 (d,J=4.0 Hz, 1H), 6.65 (dd, J=2.5, 9.0 Hz, 1H), 4.45 (s, 2H), 4.40 (s,
2H), 4.25 (t, 2H), 4.19 (t, 2H), 3.95 (t, 2H), 3.88 (t, 2H), 3.44-3.80 (m,
24H); BC NMR (75 MHz, CDCL): 6 =1575, 154.9, 137.8, 136.0, 1279,
1279, 1279, 126.7, 124.1, 121.2, 119.6, 118.0, 106.8, 103.2, 73.0, 71.3, 71.1,
70.9,70.9, 70.0, 69.9, 69.5, 68.1, 67.7; MS (FAB): m/z (%) =614 (100) [M*];
C3,Hy50, (614): caled C 66.43, H 7.54; found C 66.61, H 7.51.

2,6-Naphtho-p-xylyl-38-crown-10 (28): The procedure described for the
preparation of 26, with 2,6-dihydroxynaphthalene, was followed to give 28
as a white crystalline solid (1.62 g, 53%). M.p.: 98.0-98.5°C; 'H NMR
(300 MHz, CDCl,): 6 =756 (d, J=15.0 Hz, 2H), 7.17 (s, 4H), 7.13 (dd, /=
2.5,9.0 Hz, 2H), 708 (d, J=2.5 Hz, 2H), 4.37 (s, 4H), 420 (t, 4H), 3.92 (t,
4H), 3.73 (t, 4H), 3.54-3.70 (m, 16H), 3.45 (t, 4H); 3C NMR (75 MHz,
CDClLy): 6 =155.4, 1376, 129.8, 128.2, 1276, 119.3, 107.5, 72.9, 71.0, 70.9,
70.8, 70.7, 70.6, 69.8, 69.5. 67.8; MS (FAB): m/z (%)=614 (100) [M*];
C3,H,50, (614): caled C 66.43, H 7.54; found C 66.56, H 7.41.

2,7-Naphtho-p-xylyl-37-crown-10 (29): The procedure described for the
preparation of 26, with 2,7-dihydroxynaphthalene, was followed to give 29
as a white crystalline solid (0.28 g, 12%). M.p.: 102.0-102.5°C; 'H NMR
(300 MHz, CDCL,): 6 =762 (d, J =9.0 Hz, 2H), 7.29 (s, 4H), 7.01 (m, 4H),
4.53 (s, 4H), 423 (t, 4H), 3.90 (t, 4H), 3.50-3.80 (m, 24H); *C NMR
(CDCl;, 75 MHz): 6 =1574, 1377, 135.8, 129.1, 127.6, 124.5, 116.4, 106.4,
72.9, 70.9, 70.9, 70.8, 70.7, 70.7, 69.7, 69.5, 67.4; MS (FAB): m/z (%) =637
(100) [M*+Na], 614 (24) [M*]; C;Hy0,,0 (614): caled C 66.42, H 7.54;
found C 66.26, H 7.48.

[2]Catenane 6-4PF;: A solution of 5 (0.20g, 0.355 mmol), 1-2PF;
(125 mg, 0.177 mmol) and 2 (52 mg, 0. 195 mmol) in dry MeCN (7 mL)
was stirred for 6 d in a sealed flask. The solvent was removed and the
residue purified by column chromatography (SiO,, MeOH/2m NH,Cl/
MeNO, 7:2:1). Counterion exchange (NH,PF,/H,0) afforded 6 -4 PF; as a
red solid (139 mg, 47%). M.p.: >250°C; '"H NMR (300 MHz, CD;CN,
233 K): 0 =8.85 (m, 8H), 7.79 (m, 8 H), 7.61 (m, 8 H), 6.62 (s,2.48 H), 6.22 (s,
1.52H), 5.68 (s, 1.52H), 5.66 (s, 2.48H), 4.02 (s,4H), 3.41 (s,2.48 H), 3.58 (s,
1.52H), 3.50-3.99 (m, 32H); *C NMR (75 MHz, CD;CN): 6 = 155.3,150.7,
149.5, 141.9, 141.6, 1370, 136.1, 133.0, 130.8, 130.5, 129.8, 118.1, 77.0, 76.2,
76.1,75.8,75.2,75.1, 74.9, 71.9, 70.0, 66.4; MS (FAB): m/z (%) =1664 (1)
[M*],1519 (17) [M* — PF4], 1374 (21) [M* —2PF], 1229 (4) [M* —3PF];
CysH76F24N, 0P, (1664): caled C 47.60, H 4.60, N 3.36; found: C 47.36, H
4.40, N 3.11.

[2]Catenane 12-4PF;: A solution of 11 (360 mg, 0.61 mmol), 1-2PF;
(210 mg, 0.31 mmol) and 2 (90 mg, 0.34 mmol) in dry MeCN (7 mL) was
stirred for 5 d. The reaction was worked up as described for 6 - 4 PF, to yield
11-4PF; as a pale yellow solid (200 mg, 38%). M.p.: >250°C; 'H NMR
(400 MHz, CD;CN, 333 K): 6 =8.86 (d,8H), 7.79 (d,/ =7.0 Hz, 8H), 7.73 (s,
8H), 5.71 (s, 8H), 5.51 (brs, 8H), 3.97 (s, 8H), 3.76-3.90 (m, 32H); BC
NMR (75 MHz, CD;CN): 6 =147.3, 145.6, 138.1, 137.9, 131.7, 128.0, 1277,
72.8, 712, 65.7; MS (FAB): m/z (%)=1547 (11) [M*—PF], 1403 (5)
[M*+H —2PF]; CgHgF2,N,OP, (1692): caled C 48.23, H 4.76, N 3.31;
found: C 47.93, H 4.77, N 3.50.

[2]Catenane 16-4PF : A solution of 15 (250 mg, 0.47 mmol), 1-2PF,
(133 mg, 0.19 mmol) and 2 (55 mg, 0.21 mmol) in dry MeCN (7 mL) was
stirred for 5 d. The reaction was worked up as described for 6 - 4 PF, to yield
16 - 4PF; as an orange/red solid (34 mg, 11%). M.p.: >250°C; '"H NMR
(400 MHz, CD;COCD;, 298 K): 6 =9.35 (d, 8H), 8.26 (d, 8H), 8.08 (s, 8H),
6.59 (s, 4H), 6.04 (s, 8H), 3.70-4.03 (m, 32H), 3.27 (t, 4H); *C NMR
(100 MHz, CD;COCD;): 0 =151.1, 1476, 146.1, 139.6, 137.8, 131.9, 128.6,
126.8,114.0, 71.7,71.5, 71.0,70.9, 70.8, 69.3, 67.4, 65.7, 31.6, 31.5; MS (FAB):
m/z (%) =1487 (13) [M+—PF,], 1342 (27) [M* —2PF], 1197 (6) [M* —
3PF;]; HRMS calcd for [M* — PF;] CgHgFsN,OP; 1487.4589, found
1487.4624.

[2]Catenane 20-4PF,: A solution of 19 (230 mg, 0.38 mmol), 1-2PF;
(115 mg, 0.16 mmol) and 2 (48 mg, 0. 18 mmol) in dry MeCN (7 mL) was
stirred for 5 d. The reaction was worked up as described for 6 - 4 PF to yield
20-4PF; as an orange/red solid (125 mg, 45%). M.p.: >250°C; '"H NMR
(300 MHz, CD;CN, 343 K): 6 =8.77 (d,J =7.0 Hz, 8H), 7.79 (s, 8H), 7.44 (d,
J=170Hz, 8H), 720 (d, /=79 Hz, 2H), 7.11(d, /=8.0 Hz, 2H), 7.07 (brs,
2H), 5.70 (s, 8H), 4.37 (s, 4H), 3.72-3.99 (m, 28 H), 3.70 (s, 4H), 3.47 (m,
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4H); “C NMR (CD;CN, 75 MHz): 6 =155.3, 150.7, 149.5, 141.9, 141.6,
137.0, 136.1, 133.0, 130.8, 130.5, 129.8, 118.1, 77.0, 76.2, 76.1, 75.8, 75.2, 75.1,
74.9,71.9,70.0, 66.4; MS (FAB): m/z (%) =1569 (13) [M* — PF], 1424 (28)
[M* —2PF4],1279 (8) [M* — 3PF]; CyoH5F,,N,O,0P, (1714): caled C 49.01,
H 4.58, N 3.27; found: C 48.71, H 4.70, N 3.44.

[2]Catenane 30-4PF : A solution of 26 (225 mg, 0.38 mmol), 1-2PF,
(104 mg, 0. 15 mmol) and 2 (43 mg, 0. 16 mmol) in dry MeCN (7 mL)
was stirred for 5 d. The reaction was worked up as described for 6 -4 PF, to
yield 30-4PF; as a purple solid (130 mg, 52%). M.p.: >250°C; 'H NMR
(400 MHz, CD;CN, 278 K): 6 =8.51-8.89 (m, 8H), 7.75-8.03 (m, 8H),
7.08-7.38 (m,8H),5.61-5.91 (m, 8H), 6.62 (s), 6.48 (d), 6.19 (d), 3.63 (brs),
3.36-4.24 (m, 40H); ¥C NMR (CD;CN, 75 MHz) broad at room temper-
ature; MS (FAB): m/z (%) = 1714 (2) [M*], 1570 (20) [M*+H — PF], 1425
(16) [M*+H—2PFy], 1297 (6) [M*+NH,—3PF]; C,H:F:N,0P,
(1714): caled C 49.01, H 4.58, N 3.27; found: C 48.71, H 4.28, N 3.53.
[2]Catenane 31-4PF : A solution of 27 (262 mg, 0.43 mmol), 1-2PF,
(121 mg, 0. 17 mmol) and 2 (50 mg, 0. 19 mmol) in dry MeCN (7 mL)
was stirred for 5 d. The reaction was worked up as described for 6 - 4 PF, to
yield 31-4PF; as a red solid (121 mg, 41%). M.p.: >250°C; 'H NMR
(400 MHz, CD;COCD;, 203 K): 6=9.26 (m, 8H), 8.04 (m, 8H), 7.73 (s,
8H), 8.03 (s, 8H), 7.38 (d, /=9.3 Hz, 1H), 7.36 (t, /=79 Hz, 1H), 7.11 (d,
J=8.4Hz, 1H), 6.85 (d, /=77 Hz, 1H), 6.71 (d,/=1.7 Hz, 1 H), 6.52 (dd,
3J=9.2 Hz, 1H), 6.02 (s, 8H), 3.48-4.06 (m, 36H); “C NMR (75 MHz,
CD;CN): 0 =155.6, 146.6, 145.2, 138.2, 135.7, 131.5, 130.0, 129.1, 126.8,
119.7,1074,72.1, 71.8, 71.4, 71.4, 71.0, 70.7, 70.6, 69.9, 68.3; MS (FAB): m/z
(%)=1715 (2) [M*+H], 1570 (18) [M*+H —2PF], 1425 (23) [M"+H —
3PFq], 1280 (5) [M*+H — 4 PF]; C;)HxF,,N,O,(P, (1714): caled C49.01, H
4.58, N 3.27; found: C 49.08, H 4.66, N 3.26.

[2]Catenane 32-4PF¢: A solution of 28 (300 mg, 0.49 mmol), 1-2PF,
(140 mg, 0.20 mmol) and 2 (60 mg, 0.21 mmol) in dry MeCN (7 mL) was
stirred for 5 d. The reaction was worked up as described for 6 - 4 PF, to yield
32-4PF, as a purple solid (145mg, 42%). M.p.: >250°C; 'H NMR
(CD;CN, 400 MHz, 343 K): 6 =8.73 (d, 8H), 7.80 (s, 8H), 7.53 (d, 8H), 7.14
(d,J=8.4Hz,2H), 6.82 (d,/=8.4 Hz, 2H), 6.41 (s, 2H), 5.71 (s, 8H), 4.05
(s,4H),3.62-3.90 (m,36 H); ®C NMR (CD;CN, 75 MHz): 6 =155.9, 146.3,
145.2, 137.8, 136.2, 131.5, 129.9, 129.1, 126.8, 119.7, 107.6, 72.1, 71.8, 71.4,
71.4,71.1, 70.8, 70.6, 70.0, 68.4, 65.4; MS (FAB): m/z (%) =1714 (2) [M'],
1569 (10) [M*—PF(], 1424 (11) [M™—2PF,], 1279 (2) [M*—3PF];
C;0H75F2,N,O P, (1714): caled C 49.01, H 4.58, N 3.27; found: C 48.81, H
4.53, N 3.31.

[2]Catenane 33-4PF : A solution of 29 (148 mg, 0.24 mmol), 1-2PF,
(68 mg, 0.10 mmol) and 2 (28 mg, 0. 11 mmol) in dry MeCN (7 mL) was
stirred for 5 d. The reaction was worked up as described for 6 - 4 PF, to yield
33-4PF, as an orange solid (46 mg, 28%). M.p.: >250°C; 'H NMR
(400 MHz, CD;CN, 313 K): 6 =8.86 (d, 8H), 7.82 (s, 8H), 7.66 (d, 8H), 7.04
(d,J=8.5Hz, 2H), 6.74 (dd, J=1.8, 8.5 Hz, 2H), 6.59 (d, J=2.0 Hz, 2H),
5.73 (s, 8H), 4.10 (s, 4H), 3.54-4.12 (m, 36H); C NMR (75 MHz,
CD;CN): 6 =158.1, 146.6, 145.3,136.6, 131.7,131.7, 130.3, 127.5, 127.1, 118.6,
117.0,107.1,72.9,71.1,71.1, 71.1, 70.9, 70.9, 70.9, 70.1, 68.4, 65.5; MS (FAB):
m/z (%)=1714 (2) [M*], 1569 (16) [M* —PF,], 1424 (22) [M* —2PF],
1279 (6) [M* —3PF;]; C;)HF5,N,O(P, (1714): caled C 49.01, H 4.58, N
3.27; found: C 48.83, H 4.47, N 3.17.

Absorption and luminescence ts: Unless otherwise stated,
room temperature experiments were carried out in air-equilibrated MeCN
(spectrofluorimeter grade) solutions. Electronic absorption spectra were
recorded with a Perkin—Elmer 16 spectrophotometer. Emission spectra
and phosphorescence lifetimes were obtained with a Perkin—Elmer LS50
spectrofluorimeter. Emission spectra in a butyronitrile rigid matrix at 77 K
were recorded with quartz tubes immersed in a quartz Dewar flask filled
with liquid nitrogen. Fluorescence quantum yields were determined with
either naphthalene in degassed cyclohexane (¢ = 0.23)] or quinine sulfate
in IN H,SO, (¢ = 0.55)] as standards. Nanosecond and picosecond lifetime
measurements were performed with an Edinburgh single-photon counter
and a picosecond spectrometer based on a Nd YAG (PY62-10 Continuum)
laser and a Hamamatsu C1587 streak camera.’®! Experimental errors:
absorption maxima, +2nm; emission maxima, +2nm; excited state
lifetimes, +10%; and fluorescence quantum yields, +20%.
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Kinetic and Thermodynamic Effects in the Self-Assembly of [3]Catenanes in
the Solution and Solid States™*
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A. J. P. White, and David J. Williams*

Abstract: A change in the constitution
of the tetracationic cyclophane compo-
nents (comprised of two paraquat resi-
dues bridged by either m- or p-phenyl-
ene rings) in [2]catenanes, where the
other macrocyclic components are poly-
ethers (incorporating two m-electron-
rich rings, such as 1,4-dioxybenzene or
1,5-dioxynaphthalene, located symmet-

compounds. The self-assembly of two
new [2]catenanes—composed of cyclo-
(paraquat-p-phenylene — paraquat-m-

phenylene) and either 1,5-dinaphtho-
38-crown-10 (1/5DN38C10) or 1,5-
naphtho-p-phenylene-36-crown-10  (1/
SNPP36C10)—is accompanied by the
formation, in each case, of a [3]catenane
incorporating a dimer of the tetracation-

ic cyclophane and one or other of the
two macrocyclic polyethers. A mecha-
nistic rationale, based on thermodynam-
ic and kinetic considerations, is present-
ed to explain the formation of the
dimeric octacationic products. The X-
ray crystal structures of the two [3]cat-
enanes reveal the dominance of m—m
stacking interactions both within the

rically within a crown-10 structure) not
only affects the efficiencies but also the
selectivities associated with the self-
assembly processes that lead to the

. . actions -
formation of interlocked molecular

Introduction

The assistance of the noncovalent bond in controlling
molecular synthesis!!! becomes highly significant when me-
chanically interlocked molecular compounds,? such as cate-
nanes,®! become the focus of attention of synthetic chemists.
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molecules and beyond them where high-
ly distinctive brick-like and parquet-like

crystal engi-
. 2 packing motifs are observed.

The mutual molecular recognition that exists*! between -
electron-rich entities (e.g. dioxybenzene rings®! and dioxy-
naphthalene ring systems®l) and m-electron-deficient ones
(e.g. bipyridinium units” and bipyridinium ethylene moiet-
ies®!) has formed the basis of a very efficient approach to self-
assembling catenanes”) under conditions of kinetic con-
trol.% '] The interactions which assist the formation of these
exotic molecules are often revealed upon elucidation of their
self-organized solid-state structures.['!

Over the years since we first described the kinetically
controlled self-assembly of a [2]catenane,® composed of
the macrocyclic polyether bis-p-phenylene-34-crown-10
(BPP34C10) interlocked with the tetracationic cyclophane
cyclobis(paraquat-p-phenylene), in a remarkably high yield of
70 %, we have carried out many chemical modifications® to
the constitutions of this catenane and asked ourselves: what
are the consequences for i) the efficiency of the self-assembly
process as well as for ii) the kinetics and thermodynamics of
the motions and relationships between the two rings?!l One
constitutional change we carried out that led to an interesting
development was the replacement of one of the two p-
phenylene spacers in the tetracationic cyclophane component
of the [2]catenane with a m-phenylene spacer.') Not only did
we obtain the expected [2]catenane 1-4PF,, but we also
isolated small quantities (~0.5%) of a dimeric compound,'’]
namely, the [3]catenane 2-8PF;. Clearly, when m-xylylene
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1/5NPP36C10
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in Scheme 1) and the p-xylylene dibromide (6) both in the
presence of 1,5-dinaphtho-38-crown-10 (1/5DN38C10)['"! and
ii) between 5-2PF, and 6 in the presence of 1,5-naphtho-p-
phenylene-36-crown-10 (1/5NPP36C10),* '®1 in addition to
the formation of the [2]catenanes 7-4PF¢ and 9-4PF,,
respectively, the dimeric [3]catenanes 8-8PF, and 10 - 8 PF,
respectively, are produced in low yields (Schemes 1 and 2). In
the latter case, small quantities of the [4]catenane 11-8PF;
were also isolated. We describe here the characterization by

N
% ;
B @) 2PFg 5.2PF
+ ® ® 6

+N N+

:
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tetracationic cyclophane containing one m- and
one p-phenylene spacer is considerably im-
paired. Indeed, we have established! that the
templated formation of the tetracationic cyclo-
phane present in 1+ is a much slower process kinetically than
the one which results in the formation['®! of cyclobis(paraquat-
p-phenylene) in the “original” [2]catenane.['’]

Here, we present evidence that when the template-directed
reactions are carried out between i) either 3-2PF, and the m-
xylylene dibromide (4) or 1,1'-[1,3-phenylenebis(methylene) |-
bis(4,4 -pyridylpyridinium) bishexafluorophosphate (5-2PF;
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Scheme 2. The self-assembly of the [2]-, [3]-, and [4]catenanes 9 -4 PF, 10-8PF, and 11-
8 PF, in one pot.

mass spectrometry, 'H NMR spectroscopy, and X-ray crys-
tallography of the new [3]catenanes incorporating the large
octacationic cyclophane ring systems. We also discuss the
significance of the formation of these products in terms of the
kinetic control operating during these template-directed
syntheses.

Results and Discussion

Synthesis: The template-directed syntheses of
the [2]-, [3]-, and [4]catenanes are summarized
in Schemes 1 and 2. Reaction of 3-2PF, with 4
R in MeCN in the presence of 1/5SDN38C10
afforded, after column chromatography and
counterion exchange, the [2]catenane 7-4PF,
in 48 % yield, together with its cyclic dimer, the
[3]catenane 8-8PF, in 3.6% yield. When 5-
2PF¢ (which incorporates a m-xylyl spacer
between the pyridylpyridinium units) was treat-
ed with 6 under the same conditions, the yields
of the [2]- and [3]catenanes rose very slightly to

Scheme 1. The two routes to the one-step self-assembly of the [2]catenane 7-4PF, and its

dimer, the [3]catenane 8- 8PF;.
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52% and 4.7 %, respectively. The higher yields
associated with ring closures at the p-xylyl ends
of the tetracationic and octacationic cyclo-
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phanes reflect a similar effect that operates even more
dramatically when the poorer template BPP34C10 is used in
the reaction.' When 1/5NPP36C10 was employed as the
template for catenations with 5-2PF, and 6 under the same
conditions, the yields of the [2]catenane 9-4PF, and the
[3]catenane 10-8PF, were 46 % and 6.9 %, respectively. In
addition, the [4]catenane 11 - 8 PF,, in which three macrocyclic
polyethers are threaded around the octacationic cyclo-
phane,["”! was isolated in 2.7 % yield; thus, the total isolated
yield of catenated products was approximately 56 %.

The formation of the [3]catenanes in these template-
directed reactions can be rationalized by considering the
noncovalent and covalent bond forming steps in Scheme 3,

1/5DN38C10

+ R
w
(@]
o
Eo
O
O
O
O.
.H.Za
Q!
B
2O ~@=;

_/@:LE
W\WZ
58
o]
C
PO
[
J A
o @l
)

Oligomers [3]Catenane 8.8PFg

Scheme 3. The self-assembly processes leading to the [2]- and [3]catenanes
7-4PF; and 8- 8 PF,.

which illustrates the situation that pertains when the template
is 1/SDN38C10. The first step is a Menschutkin reaction
between 4 and 3-2PF, which does not itself form a complex
with the macrocyclic polyether under the reaction condi-
tions.'®] Tt generates the tricationic intermediate 123" which
incorporates one 4,4'-bipyridinium unit that is capable of
binding strongly with the macrocyclic polyether, thus forming
the complex 13**. Its subsequent ring closure results in the
creation of the [2]catenane 7-4PF,. Alternatively, the inter-
mediate 12** may react intermolecularly with itself to form
the higher homologue 147+ If the ring closure of 12%* to give
the tetracationic cyclophane is a relatively fast process
compared with the intermolecular covalent bond formation,
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a good yield of [2]catenane

will be obtained. Indeed, ’_\_\ﬁ;\

when the corresponding - 0 Qlo oo \+
electron-deficient component @ E’q E’q PFE
incorporates two p-phenylene 0) ()
spacers, an 83 % yield of the Q.0 9la 0 N+

[2]catenane 16-4PF is ob-
tained and none of the dimeric
[3]catenane is formed. How-
ever, when the smaller tetra-
cationic cyclophane with one
m- and one p-phenylene
spacer is targeted in the template-directed synthesis, the
kinetics of the ring closure of 13°* are relatively slow.['"]
Therefore, intermediates such as 14’F, which contains three
bipyridinium recognition sites and is, in principle, capable of
binding at least three macrocyclic polyethers, will be gener-
ated. In the case where either 1/5SDN38C10 or 1/SNPP36C10 is
the reacting template, ring closure of intermediates of the type
157+ to form the [3]catenanes incorporating two macrocyclic
polyethers and one octacationic cyclophane provides an
alternative pathway to that which leads to the formation of
the [2]catenanes. When 1/SNPP36C10 is the template, all the
bipyridinium recognition sites of 14’+ would have to be
encircled by macrocyclic polyether molecules prior to cycli-
zation in order to account for the formation of the resulting
[4]catenane. However, the very low yield of this catenane
suggests that this cyclization is not a highly competitive one.
Indeed, the corresponding [4]catenane, incorporating 1/5
DN38C10, has not been isolated. The ring closure to form
[3]catenanes of the type 8-8PF is possibly stabilized as a
result of some alongside interactions involving the bound
macrocycles with the free bipyridinium units and is illustrated
in the conveniently drawn form of the intermediate 15+
illustrated in Scheme 3. Indeed, the resulting [3]catenanes
do exhibit such alongside interactions in the solid state (vide
infra).

16.4PFg

X-Ray crystallography: The X-ray analysis of 8-8PF, shows
(Figure 1) that the octacationic cyclophane (some 70 atoms in

Figure 1. The [3]catenane molecule 8 -8 PF in the solid state.

circumference) has an extended geometry, the two p-xylyl
rings being separated by about 23 A. The cyclophane has C;
symmetry and has two 1/5DN38C10 macrocycles encircling
two of the four bipyridinium units. The two parallel-aligned
m-xylyl rings in the octacation are directed inwards toward
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the symmetry center, the centroids of their rings being
separated by 5.9 A. The inside and alongside bipyridinium
units have markedly different twist angles between their
pyridinium rings, the value for the inside unit being 12° and
that for the alongside unit 26°. The mean interplanar
separations between the inside bipyridinium units and the
alongside and inside 1,5-dioxynaphthalene ring systems are
3.50 and 3.49 A, respectively, while the distance between the
inside naphthalene ring and the alongside (twisted) bipyrid-
inium unit is somewhat larger at 3.63 A. In addition to the
- stacking interactions associated with these face-to-face
separations (ca. 3.5 A), there are edge-to-face [C—H -]
interactions between one of the peri hydrogen atoms of each
inside 1,5-dioxynaphthalene ring system and their adjacent p-
xylyl units ([H---n] 2.85 A, [C—H---xt] 147°). These n—n
interactions are supplemented by [C-H:--O] hydrogen
bonds involving i) a-bipyridinium hydrogen atoms and the
central oxygen atoms of each outwardly facing polyether
linkage ([C--- O], [H--- O] distances 3.16,2.39 A, [C—H --- O]
angle 137°) and ii) m-xylyl methylene hydrogen atoms and the
central oxygen atoms of each inwardly facing polyether
linkage ([C--- O], [H--- O] distances 3.27,2.34 A, [C-H - O]
angle 163°).

The [3]catenane molecules pack to form a brick-like
mosaic?’ (Figure 2) that is cemented in one direction by

Figure 2. The brick-like packing pattern of the [3]catenane 88 PF; in the
crystal.

extended donor-acceptor m—m interactions with the intermo-
lecular stacking separation between the alongside 1,5-dioxy-
naphthalene ring system of one molecule and the alongside
(twisted) bipyridinium unit of another being 3.35 A (shorter
than the intramolecular stacking distance of this unit). In the
other direction, there is partial overlap between the C;-related
p-xylyl units of adjacent molecules with interplanar separa-
tions and ring centroid to ring centroid distances of 3.23 and
4.63 A, respectively.

The X-ray analysis of the [3]catenane 10 - 8 PF (comprised
of one octacationic cyclophane and two 1/SNPP36C10 macro-
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cyclic polyethers incorporating both hydroquinone and 1,5-
dioxynaphthalene m-donor units) shows a C;-symmetric solid-
state structure (Figure 3) that is dramatically different
from that of 8-8PF,; where both m-donors in the neutral

Figure 3. The [3]catenane molecule 10 - 8 PF, in the solid state.

component are 1,5-dioxynaphthalenes. The macrocyclic poly-
ethers once again encircle diametrically opposite bipyridini-
um units of the cyclophane, the 1,5-dioxynaphthalene ring
systems being positioned outside and the hydroquinone rings
inside. The interplanar separations between the inside bipyr-
idinium units and the outside 1,5-dioxynaphthalene ring
systems and the inside hydroquinone rings are 3.43 and
3.48 A, respectively. The other bipyridinium units have a very
large twist angle between their pyridinium rings of 48° (cf. 4°
for the corresponding encircled units) and are folded signifi-
cantly away from a parallel alignment with the inside hydro-
quinone rings. The pyridinium ring attached to the m-xylyl
unit is inclined by 21° to the hydroquinone ring plane. There
are no [C—H---x] interactions. However, there are pairs of
[C—H:-- O] hydrogen bonds to the central oxygen atoms on
each outwardly facing polyether linkage. One of these is from
an a-bipyridinium hydrogen atom of the inside bipyridinium
unit ([C++- O], [H--- O] distances 3.30, 2.45 A, [C-H - O]
angle 147°), while the other emanates from one of the
methylene hydrogen atoms with distances and angles of 3.18,
2.24 A, and 164°, respectively. The major difference between
the structure of 10-8PF,; and that of 8-8PF, is in the
conformation of the octacationic cyclophane. In 8 - 8 PF, pairs
of bipyridinium units linked through p-xylyl spacers are
arranged in a U-shape around the m-electron-rich 1,5-dioxy-
naphthalene ring systems, whereas in 10 - 8 PF it is the m-xylyl
spacers that have taken on this role in the arrangment of the
bipyridinium units in a U-shape around the m-electron-rich
hydroquinone rings. Despite this major difference in geom-
etry, the overall length of the octacationic cyclophane, as
defined by the distance between the centers of the two m-xylyl
units, is still about 23 A.

The pattern of m-donor/m-acceptor stabilization within 10 -
8PF, extends to include symmetry-related molecules in the
crystal (Figure 4). The molecules pack to form an elegant
parquet-like sheet mosaic, with the outside 1,5-dioxynaph-
thalene ring systems of one molecule positioned approxi-
mately parallel to and overlapping with one of the pyridinium
rings of the bipyridinium unit of another, with a mean ring—
ring interplanar separation of 3.48 A.
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Figure 4. The parquet-like packing pattern of the [3]catenane 10 -8 PF in
the crystal.

Mass spectrometry of catenated structures: All the catenanes
reported in this paper were characterized by fast atom
bombardment (FAB) mass spectrometry. The spectra ob-
tained were typical of this family of interlocked compounds.["”]
The [2]catenanes gave signals corresponding to the singly
positively charged ions, resulting from the loss of one, two,
and three hexafluorophosphate ions, from the macrocyclic
polyether components, and from fragments of the component
tetracationic cyclophanes. The spectra obtained for the [3]-
and [4]catenanes also gave signals for the successive loss of
hexafluorophosphate ions, as well as fragments corresponding
to the loss of one and then two macrocyclic polyether rings
from the parent species. The [3]- and [4]catenanes 10- 8 PF,
and 11 - 8 PF, have peaks corresponding to the [M " — PF¢] ions
at m/z 3227 and 3814, respectively. As an example, the FAB
mass spectrum of the 10 -8 PF; is illustrated in Figure 5.

1H NMR spectroscopy of catenated structures: The five new
catenanes all exhibit temperature dependencies in their NMR
spectra as a result of dynamic processes taking place between
the component positively charged cyclophanes and macro-

[M-1/5NPP36C10-PFgl*

cyclic polyethers in their interlocked structures. At least two
main dynamic processes take place in the [2]catenanes:
Process I, the higher energy process, involves the equilibra-
tion of the inside and alongside m-electron rich units with
respect to the cavity of the tetracationic cyclophane, while
Process 11, the lower energy process, involves the equilibra-
tion of the inside and alongside m-electron-deficient bipyr-
idinium units.

The 'H NMR spectrum of the [2]catenane 7-4PF, at
—30°C in CD;CN is extremely complex, and it is clear that
both Processes I and II are slow on the 'H NMR timescale at
this temperature. The dissymmetric nature of the tetracationic
cyclophane and the imposed local C, symmetry of the
included 1,5-dioxynaphthalene unit result in single resonances
for all the a-CH hydrogen atoms of the m-electron deficient
bipyridinium units in the tetracationic component. In addi-
tion, all the hydrogen atoms attached to the inside 1,5-
dioxynaphthalene ring system give separate resonances in the
low-temperature spectrum of the compound. The values of
the chemical shifts of these resonances are given in Figure 6,

~
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Py 5 4.42
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Figure 6. A schematic view of the orientation of the 1,5-dioxynaphthalene
residue inside the cavity of the tetracationic cyclophane component of 7-
8PF, and the associated chemical shifts of the resonances arising from its
hydrogen atoms in the '"H NMR spectrum at low temperature.

which shows a plausible geometry for the m-electron-rich unit
located within the m-electron-deficient tetracationic cyclo-
phane. It was not possible to calculate the free energies of
activation for the dynamic proc-
esses taking place in this [2]cat-

Yo N [M-1/5SNPP36C10-2PFgl* ‘ [M-PFgl* enane at higher temperatures,
+g ) ) + 2640 3227 owing to the extreme complexity
% % 10 i 2495 of the 'H NMR spectrum. How-
1@ %{ | ever, it is clear that at 50°C
QARAARLP 80 i Process II is rapid on the 'H
8PF [M-2PFg]* NMR timescale since only four
6 60
b i 3081 resonances are observed for the
0o O|d o o . g .
+ N O] 0 - a-CH bipyridinium protons in
% % J [M-3PFg]* " the tetracationic component;
® ® ] 2937 [W+Na) this fact also indicates that
+ o olo a0 20 3394 . .
LA RS | Process I is not occurring.
oA In contrast to the [2]catenane
10.8PFg 2400 2600 2800 3000 3200 3400 7-4PFg, the [3]catenane 8- 8 PF
m/z has an extremely simple 'H

Figure 5. The FAB-MS spectrum of the [3]catenane 10 - 8 PF,.
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NMR spectrum at room temper-
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ature, principally as a result of rapid equilibration of all the
possible relative dispositions of the component rings on the
'"H NMR timescale. A comparison (Figure 7) of the 'H NMR
spectra 7-4PF, and 8-8PF, in CD;CN at 50°C emphasizes
this point. When a CD;CN/CD;COCD; solution of the
[3]catenane 8-8PF, was cooled down to —70°C, broadening
and separation of the peaks (without subsequent sharpening
of them) was observed. The ease of relative movement of the
components of this [3]catenane undoubtedly reflect the size
and flexibility of the central octacationic cyclophane.

Bipyridinium Bipyridinium CHoN* Polyether
o—CH B—CH
S

"

8.8PF6§

o

|nS|de i

7.4PFg |

TN/ \/\ /—\/—\/—/—\

O NYO O+NO (¢}

peL=b

\_/\J\_/\_/ O+N

+

A B
A:B
[ CD3COCD3 : CD5CN
CD3COCD3 CD;CN
60 : 40 40: 60
p-Phenylene 70:30 60 : 40 55:45 -
m-Phenylene (9.4PFg) 92:8 86: 14 - 80: 20

1 1 1 1 1
6 8 7 6 5 4

Figure 7. The partial 'H NMR spectra of the [2]catenane 7 - 4 PF, (bottom)
and the [3]catenane 8- 8 PF (top), both in CD;CN at 50°C.

The 'H NMR spectrum of the [2]catenane 9-4PF; at
—40°Cin CD;CN is also extremely complex, not only because
of the dissymmetry present in the molecule, but also because
two translational isomers?'?? (Scheme 4) exist as one in which
the hydroquinone ring occupies the cavity of the tetracationic
cyclophane (A), and the other in which the 1,5-dioxynaph-
thalene ring system occupies this cavity (B). At —40°C, both
dynamic processes (I and II) are slow on the 'H NMR
timescale. However, warming up the sample to room temper-
ature results in Process II becoming fast on the 'H NMR
timescale, giving a simpler spectrum from which it was
possible to deduce the relative proportions of the two
translational isomers. When compared with the closely related
[2]catenanel®®! in which both spacers in the tetracationic
cyclophane are p-phenylene rings (Scheme 4), the cavity of
the somewhat smaller cyclophane in 9-4PF, shows an even
greater preference for occupancy by the hydroquinone ring of
the macrocyclic polyether component.

The free energy of activation for Process II associated with
the major isomer A of 9-4PF was calculated®! from the
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Scheme 4. The two main dynamic processes taking place in the [2]cate-
nanes in solution.

coalescence temperature (7,=-—22.4°C) of the alongside
naphthalene H, g hydrogen atom resonances (limiting chem-
ical shift difference A7=50Hz) with an exchange rate
constant, k, =111 s71, in the Eyring equation. The AG_* value
was found to be 12.2 kcalmol~! in comparison with those of
12.2 and 12.7 kcalmol~! for the [2]catenanes incorporating
cyclobis(paraquat-p-phenylene) and BPP34C10P4 or 1/5
DN38C10,! respectively. The AG* value for Process I
(B—A) of the [2]catenane 9-4PF, was estimated from the
line broadening®®! of the alongside hydroquinone signal (7=
44°C, k=22 s7!) to be 16.6 kcal mol !, which compares with a
value of 17.2 kcalmol™!' for the [2]catenane incorporating
cyclobis(paraquat-p-phenylene) and 1/5SDN38C10.

Both 10-8PF, and the 11-8PF; display time-averaged 'H
NMR spectra similar to that of 8-8PF,. In contrast to the
situation that exists in the solid-state structures of these
[3]catenanes, the central octacationic cyclophane is not prone
to adopt a well-ordered structure in solution at room temper-
ature. It is interesting to note that the time-averaged
resonance (0=5.68) arising from the protons attached to
the hydroquinone ring in 10 - 8 PF, appears at lower field than
that for 11- 8 PF, (0 =5.57), while the reverse situation is true
for the resonances for the protons on the 2- and 6-positions of
the 1,5-dioxynaphthalene ring systems (6=6.25 and 6.47,
respectively). This observation indicates that the smaller
hydroquinone rings occupy the center of the octacationic
cyclophane to a greater extent in the [4]- than in the
[3]catenane, presumably as a result of steric interactions
between inside 1,5-dioxynaphthalene ring systems. In addi-
tion, the chemical shift of the resonance (6 =6.08) arising
from the protons attached to the alongside hydroquinone ring
in the [2]catenane 9-4PF, (isomer B) occurs at much lower
field than those for the time-averaged resonances of the
analogous protons in either 10 -8 PF; or 11 -8 PF,, indicating
that the translational isomer of the [3]catenane 10-8PF;,
observed in the solid state, is significantly populated in
solution. The chemical shift differences for the comparable
resonances arising from the 1,5-dioxynaphthalene ring system
protons in 9-4PF and 10-8PF, are also consistent with this
hypothesis.
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Conclusions and Reflections

The dramatic effect that changing the constitutions of the
components has upon the three fundamental properties of
catenanes includes the following features:

e The self-assembly processes leading to the [2]catenanes 7 -
4PF; and 9 -4 PF,, which can also be redirected toward the
generation of higher order catenanes, such as 88 PF; and
10 - 8PF.

@ The positions of equilibria between translational isomers,
for example, in the case of 9-4PF,.

o The packing, which is dominated by mt—z stacking inter-
actions, in the solid state of the [3]catenanes 88 PF4 and
10 - 8 PF;.

These observations demonstrate how:

e Template-directed reactions can be steered in directions
which are intuitively unlikely, with selectivities that are
governed by both kinetic (covalent bond-forming) and
thermodynamic (noncovalent bonding) factors—note that
both the [3]catenane 10-8PF; and the [4]|catenane 11-
8 PF¢ are formed with 1/SNPP36C10 as the template, while
only the [3]catenane is formed with 1/5NP38C10. Mean-
while, the [2]catenane 16-4PF; can be self-assembled
under template control without any higher catenanes being
formed.

e The positions of equilibria between translational isomers
can be influenced dramatically by simply replacing a p-
xylyl spacer in the tetracationic cyclophane by a m-xylyl
unit—a feature which may be of considerable value in the
design of molecular switches based on these catenated
molecules.

e The intra- and intermolecular arrangements of the very
large [3]catenane molecules in the solid state can be
modified quite drastically by changing one of the units in
the macrocyclic polyether components.

Experimental Section

Materials and methods: Solvents were purified where necessary according
to literature methods. In particular, dimethylformamide (DMF) was
distilled from CaH, under reduced pressure, and MeCN was distilled from
P,O5 under N,. 13-Bis(bromomethyl)benzene (4) and 1,4-bis(bromo-
methyl)benzene (6) were purchased from Aldrich and were used without
further purification. The dications 3-2PF,?! and 5-2PF," and the
macrocyclic polyethers 1/5DN38C102% and 1/5NPP36C10U'! were prepared
according to published procedures. Thin-layer chromatography (TLC) was
performed on aluminum plates (10 x5cm) coated with Merck 5735
Kieselgel 60F. Developed plates were air-dried, scrutinized under a UV
lamp, and stained in an iodine vapor tank where necessary. Kieselgel 60
(0.040-0.063 mm mesh, Merck 9385) was used to perform column
chromatography. Melting points were determined on an Electrother-
mal 9200 melting point apparatus and are uncorrected. Mass spectra (MS)
were obtained from either Kratos Profile or MS80RF instruments, the
latter being equipped with a fast atom bombardment (FAB) facility (with a
krypton primary atom beam in conjunction with a 3-nitrobenzyl alcohol
matrix). FAB-MS spectra were recorded in the positive-ion mode at a scan
speed of 30 s per decade. '"H NMR spectra were recorded on Bruker AC300
(300 MHz) or AMX400 (400 MHz) spectrometers (with the deuterated
solvent as lock and residual solvent or tetramethylsilane as internal
reference). *C NMR spectra were recorded on a Bruker AC300 (75 MHz)
or AMX400 (100 MHz) spectrometers with a JMOD pulse sequence
(assuming 'Jy = 143 Hz). Microanalyses were performed by the University
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of Birmingham Microanalytical Service. X-Ray crystallography was carried
out as described in the appropriate compound characterization section.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication number CCDC-1220-
53. Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge, CB121EZ, UK (Fax: (+44)1223-336-
033; E-mail: deposit@ccdc.cam.ac.uk).

Self-assembly of the [2]catenane 7-4PF; and [3]catenane 8-8 PF,.

Method A: The dication 3-2PF (82.1 mg, 0.12 mmol), 1,3-bis(bromo-
methyl)benzene (4, 32.9 mg, 0.13 mmol) and 1/5DN38C10 (125.5 mg,
0.20 mmol) were combined as solids, dry MeCN (8 mL) was added, and
the resulting mixture was stirred for 14 days at ambient temperature and
pressure. The solvent was then removed in vacuo, and the residue was
dissolved in MeOH/2M NH,CI (aq)/MeNO, (7:2:1) and subjected to silica
gel column chromatography. The column was eluted with the same solvent
mixture to afford the [2]catenane 7-4 PF, before the polarity of the eluant
was increased with DMF/2m NH,Cl(aq) (1:1) (2:1 ratio of the two solvent
mixtures) in order to elute the [3]catenane 8 - 8 PF,. Concentration in vacuo
of the eluant containing each product, followed by solubilization in H,O
and precipitation by the addition of NH,PF;, gave the crude products as
their hexafluorophosphate salts. The [2]catenane 7-4PF was purified by
crystallization: vapor diffusion of /Pr,0 into an MeCN solution of the
product afforded dark purple needle-like crystals (96.6 mg, 48 %, m.p. >
300°C) which were unsuitable for X-ray diffraction studies. FAB-MS: m/
z=1591 [M*—PF4], 1446 [M*—2PF(], 1302 [M*—3PF]; 'H NMR
(CD;CN, 400 MHz, —30°C): 0=2.04 (d, J=8Hz, 1H, H4 of naphth.
inside), 3.46-4.46 (m, 33H, CH,0, H6,7 of naphth. inside), 4.53-4.63 (m,
1H, CH,0), 5.55-5.60 (m, 2H, CH,N"), 5.64—-6.03 (m, 8H, CH,N*, H3,8
of naphth. inside), 6.13 (d, /=8 Hz, 1 H, H2 of naphth. inside), 6.25-6.50
(m, 5H, H2,6 of naphth. alongside, 5-CH), 6.71 (d, /=6 Hz, 1H, -CH),
7.00-7.24 (m, 6H, H3,7 and H4,8 of naphth. alongside, 5-CH), 7.28 (d, J =
6 Hz, 1H, g-CH), 737 (d, J=6 Hz, 1H, -CH), 7.73-797 (m, 5H, xylyl),
8.02-8.16 (m, 4H, xylyl and a-CH), 8.23 (d, /=6 Hz, 1H, a-CH), 8.42 (d,
J=6Hz,1H, a-CH), 8.57 (d,/ =6 Hz, 1H, a-CH), 8.63 (d,/ =6 Hz, 1 H, a-
CH), 8.73 (d, /=6 Hz, 1H, a-CH), 8.84 (d, J=6 Hz, 1H, a-CH), 9.09 (d,
J=6Hz, 1H, a-CH); BC NMR (CD;CN, 101 MHz, 20°C): 6 =65.7 (2 C’s),
66.2 (2 C's), 68.7, 68.8, 69.0, 69.2, 70.5, 70.8, 70.9, 71.0, 71.3, 71.6, 71.7, 71.9,
72.0,72.1,72.3 (2 C's), 104.6, 105.3, 106.4, 106.8, 109.6, 111.0, 114.9, 124.3,
124.9 (b), 125.1, 126.3 (b), 126.5 (b), 126.6, 126.8, 127.7, 129.6, 132.2, 132.6,
134.1,134.5,135.2, 137.6, 144.5, 145.2 (b), 145.3 (b), 146.0 (b), 151.4, 152.0,
154.5, 154.5; C;,H7N,O,0P,F,, - 2H,O (1773.30): caled C 48.77, H 4.55, N
3.16; found C 48.58, H 4.42, N 3.13. The [3]catenane was purified by
crystallization: vapor diffusion of EtOAc into an MeCN/Me,CO solution of
the product afforded dark purple crystals of 88 PF, (7.3 mg, 3.6 %, m.p. >
300°C) which were suitable for single-crystal X-ray analysis. FAB-MS: m/
7=3328 [M* —PF,], 3183 [M*—2PF,], 3037 [M*+—3PF], 2892 [M+—
4PF¢], 2691 [M*—PF, —1/5-DN38C10], 2546 [M*—2PF,—1/5-
DN38C10], 1910 [M* —PF,—21/5-DN38C10], 1765 [M*—2PF,—21/5-
DN38C10]; '"H NMR (CD;CN, 400 MHz, 50°C): 6 =3.70-4.00 (m, 64H,
OCH,), 5.81 (s, 16H, N*CH,), 5.98 (d, /=8 Hz, 8 H, H4,8 of naphth.), 6.36
(d, J=8 Hz, 8H, H2,6 of naphth.), 6.53 (t, /=8 Hz, 8H, H3,7 of naphth.),
711 (d,J=7Hz,8H, p-CH), 717 (d,J =7 Hz, 8H, 8-CH), 7.68 (d, /= 6 Hz,
4H, H4,6 of m-xylyl), 7.79 (t,J = 6 Hz, 2H, HS of m-xylyl), 7.94 (s, 10H, H2
of m-xylyl and p-xylyl), 8.62 (d, /=7 Hz, 8H, a-CH), 8.74 (d,/=7 Hz, 8H,
a-CH); BC NMR (CD;CN, 101 MHz, 20°C): 6 =65.0, 65.7, 69.0, 70.9, 71.9,
72.0,106.3, 113.4, 126.0, 126.1, 126.4, 127.0, 131.9, 132.2, 132.5, 133.0, 134.8,
137.1, 145.4, 145.7, 153.9. Crystal data for 8-8PF: C,,,H;5,N3O,, - 8 PF-
10MeCN, M =3885.0, monoclinic, space group P2,/n (no. 14), a=
18.174(5), b=26.497(7), c=21.878(4) A, f=90.01(2)°, V=10536(4) A3,
Z =2 (the molecule has crystallographic C; symmetry), peueq = 1.225 gem ™=,
u(Cuyg,) =1.500 mm~!, F(000)=4008. A red block of dimensions 0.70 x
0.67 x 0.50 mm was used. 13248 independent reflections were measured on
a Siemens P4/PC diffractometer with Cuy, radiation (graphite monocho-
mator) with w-scans. The structure was solved by direct methods, and
though the [3]catenane was found to be ordered, on account of a lack of
observed data (caused by poor crystal quality) only the nitrogen and
oxygen atoms were refined anisotropically. The aromatic rings were
optimized and refined as rigid bodies. Two of the four unique PF{ anions
were found to be disordered with two partial occupancy orientations being
identified in each case. Throughout the PFg anions only the major
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occupancy atoms were refined anisotropically. The five unique solvent
molecules were found to be disordered over nine sites of varying occupancy
and were refined isotropically. The C—H hydrogen atoms were placed in
calculated positions, assigned isotropic thermal parameters, U(H)=
1.2U.((C) [UMH) =15 U.(C-Me)], and allowed to ride on their parent
atoms. Refinement was by full-matrix least-squares based on F? to give
R, =0.199, wR,=0.521 for 5951 independent observed reflections [ | F, |>
40(|F,|), 26 < 110°] and 704 parameters.

Method B: The same procedure described under Method A was employed,
but with the dication 5-2PF; (77.9 mg, 0.11 mmol) and 1,4-bis(bromo-
methyl)benzene (6, 29.0 mg, 0.11 mmol) in the presence of 1/5DN38C10
(129.5 mg, 020 mmol) in dry MeCN (8 mL). The same purification
procedure gave the [2]catenane 7-4PF, (98.9 mg, 52%) and the [3]cate-
nane 8-8PF, (8.9 mg, 4.7%).

Self-assembly of the [2]catenane 9-4PF;, [3]catenane 10-8PF,, and
[4]catenane 11-8PF: The dication 5-2PF¢ (127.8 mg, 0.18 mmol) was
treated with 6 (49.0 mg, 0.19 mmol) in the presence of 1/5SNPP36C10
(207.0 mg, 0.35mmol) in dry MeCN (7mL) by means of the same
procedure described above for 7-4PF¢ and 8-8PF¢ under Method A.
After work-up, column chromatography, and counterion exchange, the
following compounds were obtained in order of elution from the column.
The [2]catenane 9-4PF; was purified by crystallization: vapor diffusion of
iPr,O into an MeCN solution of the product afforded dark purple-red
needle-like crystals (141 mg, 46 %, m.p.>300°C). FAB-MS: m/z=1542
[M* —PFg], 1397 [M*—2PF,], 1252 [M*—3PF,]; 'H NMR (CD,CN,
400 MHz, 23°C; Note that because of the fractional occupancy of the two
different translational isomers, integrals have noninteger values. In CD;CN
at room temperature the major (maj. hydroquinone (HQ) inside tetra-
cationic cyclophane):minor (min. 1,5-dioxynaphthalene (NP) inside tetra-
cationic cyclophane) ratio is 81:19): 6 =2.27 (d, /=8 Hz, 0.19H, min. NP
inside), 3.26 (brd, 1.62H, maj. Hq inside), 3.43-3.57 (m, 4H, CH,0), 3.64 -
4.23 (m, 28 H, CH,0), 4.35 (brd, 1.62H, maj. HQ inside), 4.40 (d, /=8 Hz,
0.19H, min. NP inside), 5.66 (s, 3.24H, maj. CH,N*), 5.73 (s, 3.24H, maj.
CH,N"), 5.77-5.80 (brm, 0.38H, min. CH,N*), 5.83 (d, /=8 Hz, 0.19H,
min. NP inside), 5.91 (t, /=8 Hz, 0.19 H, min. NP inside), 5.95-5.97 (brm,
0.19H, min. NP inside), 5.98-6.02 (brm, 0.38H, min. CH,N*), 6.08 (s,
0.76 H, min. HQ alongside), 6.23 (d, J=8 Hz, 0.19H, min. NP inside), 6.41
(d,J=8 Hz, 1.62H, maj. NP alongside), 6.99 (brd, 0.38 H, min. 5-CH), 7.12
(brd, 0.38H, min. 5-CH), 7.22 (t, /=8 Hz, 1.62H, maj. NP alongside), 7.30
(d, /=8 Hz, 1.62H, maj. NP alongside), 7.31-7.60 (m, 724 H, maj., min. -
CH), 7.63 (s, 0.81 H, maj. H2 of m-xylyl), 7.77 (s, 3.24 H, maj. p-xylyl), 7.82 (t,
J=9 Hz, 0.81 H, maj. HS of m-xylyl), 7.87 (brs, 0.19 H, min. H2 of m-xylyl),
7.93 (brs, 0.38 H, min. pxylyl), 7.97 (d, J =9 Hz, 2.00 H, maj. H-4,6 of m-xylyl
and min. H5 of m-xylyl), 8.03 (brs, 0.38 H, min. p-xylyl), 8.06 (d, J=9 Hz,
0.38H, min. H4,6 of m-xylyl), 8.36 (brd, 0.38H, min. a-CH), 8.57 (brd,
0.38H, min. a-CH), 8.58-8.78 (m, 6.48H, maj. a-CH), 8.82 (brd, 0.38H,
min. a-CH), 8.88 (brd, 0.38 H, min. ¢-CH); *C NMR (CD;CN:CD;COCD;
2:1,101 MHz, 20°C, peaks given for major isomer only): 6 = 65.1, 65.6, 67.0,
68.5,70.2, 70.4, 70.8, 70.9, 71.4, 71.5, 72.0, 106.4, 114.8, 125.6, 125.8, 126.6,
126.7,131.8, 133.0, 134.7, 134.8, 137.5, 145.0, 151.0, 154.3; C4xH,yN,O (P, F,, -
H,0 (1705.22): caled C 47.90, H 4.49, N 3.29; found C 47.75, H 4.56, N 3.36.
The [4]catenane 11 - 8 PF, was purified by crystallization: vapor diffusion of
iPr,O into an MeCN solution of the product afforded dark purple-red
crystals (9.8 mg, 2.7 %, m.p.>300°C). FAB-MS: m/z=3814 [M* — PF],
3669 [M* —2PF,], 3524 [M* — 3PF,]; '"H NMR (CD;CN, 400 MHz, 50°C):
0=3.35-3.40 (m, 12H, OCH,), 3.53-3.59 (m, 12H, OCH,), 3.61 -3.65 (m,
12H, OCH,), 3.66-3.71 (m, 12H, OCH,), 3.73-3.78 (m, 12H, OCH,),
3.79-3.83 (m, 12H, OCH,), 3.84-3.90 (m, 12H, OCH,), 3.94-4.01 (m,
12H, OCH,), 5.57 (s, 12H, HQ), 5.87 (s, 16 H, CH,N"), 6.47 (dd, 6 H, /=2,
8 Hz, H4,8 of NP), 6.68—6.73 (m, 12H, H3,7 and H2,6 of NP), 747 (d, /=
7Hz, 8H, f-CH), 7.51 (d,J=7 Hz, 8 H, f-CH), 7.58 - 7.63 (m, 6 H, m-xylyl),
7.78 (s, 2H, H2 of m-xylyl), 7.83 (s, 8H, p-xylyl), 8.73 (d, /=7 Hz, 8H, a-
CH), 8.81 (d, /=7 Hz, 8H, a-CH). The [3]catenane 10 - 8 PF, was purified
by crystallization: vapor diffusion of /Pr,O into an MeCN solution of the
product afforded dark purple-red crystals (21.2 mg, 6.9 %, m.p. >300°C)
suitable for X-ray diffraction studies. FAB-MS: m/z=3227 [M* —PF,],
3081 [M* —2PF4]; "H NMR (CD;CN, 400 MHz, 50°C): 6 =3.40-3.45 (m,
8H, OCH,), 3.57-3.62 (m, 8H, OCH,), 3.67-3.73 (m, 8H, OCH,), 3.74 -
3.78 (m,8H, OCH,), 3.79-3.83 (m, 8H, OCH,), 3.84-3.89 (m, 8H, OCH,),
3.90-3.94 (m, 8H, OCH,), 3.99-4.03 (m, 8H, OCH,), 5.68 (s, 8H, HQ),
5.82 (s, 8H, CH,N"), 5.83 (s, 8H, CH,N"), 6.25 (d, /=8 Hz, 4H, H4,8 of
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NP), 6.42 (d, /=8 Hz, 4H, H2,6 of NP), 6.57 (t, /=8 Hz, 4H, H5,7 of NP),
7.54 (d, J=7Hz, 8H, -CH), 7.56 (d, /=7 Hz, 8H, -CH), 7.64-7.70 (m,
6H, m-xylyl), 7.80 (s, 2H, H2 of m-xylyl), 7.82 (s, 8H, p-xylyl), 8.77 (d, J =
7 Hz, 8H, a-CH), 8.82 (d, /=7 Hz, 8H, a-CH). Crystal data for 10 -8 PF:
Ci36H4sNgOy - 8PF4 - 4MeCN, M =3538.6, monoclinic, space group C2/c
(no. 15), a=27.030(10), b =27.181(9), c =27.969(11) A,  =113.89(3)°, V=
18788(12) A3, Z=4 (the molecule has crystallographic C; symmetry),
Peatca=1.251 gem =3, u(Cug,) =1.621 mm~!, F(000) =7280. A red rhomb of
dimensions 0.60 x 0.40 x 0.37 mm was used. 11874 Independent reflections
were measured on a Siemens P4/RA diffractometer with Cug, radiation
(graphite monochromator) with w-scans. The structure was solved by direct
methods, and though the [3]catenane was found to be ordered, on account
of a lack of observed data (caused by poor crystal quality) only the nitrogen
and oxygen atoms were refined anisotropically. Similarly the aromatic rings
were optimized and refined as rigid bodies. The four unique PF4 anions
were distributed over five sites, two of which having reduced occupancy
because of crystallographic site symmetry requirements. Four of these five
molecules were found to be disordered with, in each case, two partial
occupancy orientations being identified. Throughout the PF anions only
the major occupancy atoms were refined anisotropically. The two unique
solvent molecules were found to be disordered over four sites of varying
occupancy and were refined isotropically. The C—H hydrogen atoms were
placed in calculated positions, assigned isotropic thermal parameters,
U(H)=12U.(C) [UH) =15 U.(C-Me)], and allowed to ride on their
parent atoms. Refinement was by full-matrix least-squares based on F? to
give R;=0.198, wR;=0.501 for 5502 independent observed reflections
[|F,|>40(|F,|),26 < 111°] and 728 parameters.

Self-assembly of the [2]catenane 16-4PF,: The dication 3-2PF, (59.2 mg,
848 umol), 6 (24.2 mg, 92 umol) and 1/5DN38C10 (110 mg, 173 pmol) were
combined as solids. Dry MeCN (5mL) was added, and the resulting
mixture was stirred together for 14 days at ambient temperature and
pressure. After work-up and purification as described above for 7-4PFy,
Method A, the product (121 mg, 83 %) was isolated as a purple solid which
had identical analytical data to that described previously.?]
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Reactivity of the Metallophosphaalkene [ (773-C;Me;s)(CO),FeP=C(NMe,),]
towards Alkyl-, Aryl-, Alkenyl-, and Alkynylcarbene Complexes
[(CO)sM=C(OEt)R] (M =Cr, W; R = CH;, Ph, CH=CHPh, C=CPh)
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Abstract: The reaction of Fischer carbene complexes with the ferriophosphaalkene
[(17°-CsMes)(CO),FeP=C(NMe,),] depends on the substitution pattern of the
carbene ligand. Treatment of the phosphaalkene with [(CO);M=C(OEt)Me] (M =
Cr, W) affords the novel phosphaalkene complexes [(7°-CsMes)(CO),FeP{M-
(CO);s}=C(OEt)Me] and the carbene complexes [(CO)sM=C(OEt)-CH=CHNMe,]
as a result of formal metathesis and condensation processes. Alkenylcarbene
complexes [(CO)sM=C(OEt)CH=CHPh] and the ferriophosphaalkene undergo a
Michael-type addition, whereas the corresponding phenylethynylcarbene complexes
are converted into a 1-ferriophosphacyclobutane by a series of Michael additions,
cycloadditions, and cycloreversions. The reactions reported here underline the rich
chemistry of phosphaalkenes and carbene complexes, and emphasize the concept of
the diagonal relationship C/P in the periodic table of elements.

Keywords: carbene
chromium
- phosphaalkenes -

Michael

complexes
additions
tungsten

Introduction

The chemistry of low-coordination phosphorus compounds is
a rapidly expanding field that highlights the remarkable
ability of phosphorus to mimic the chemistry of carbon.['l This
is visible not only in the corresponding synthetic principles
which lead to C—C or P-C multiple bonding (e.g., elimi-
nation, condensation) but also in the reactivity of such
molecules (e.g., [2+n] cycloaddition, Cope rearrangements,
n*-coordination to transition metal atoms). Transition metal
carbene complexes have also received considerable attention
on account of their involvement in reactions such as olefin
metathesis, olefin cyclopropanation, and Fischer—Tropsch
synthesis.?! Therefore, we decided to investigate the chemical
behavior of phosphaalkenes towards a number of differently
substituted Fischer carbene complexes. To the best of our
knowledge, the only hitherto reported reactions of a phos-
phaalkene I with carbene complexes Il or IV led to 2H-1-aza-
2-phosphirene complexes I or 2-phosphabutadiene com-
plexes VB (Scheme 1).

[*] Prof. Dr. L. Weber, B. Quasdorff, Dr. H.-G. Stammler, B. Neumann
Fakultit fiir Chemie der Universitit Bielefeld
Universititsstrasse. 25, D-33615 Bielefeld (Germany)
Fax: (+49)521-106-6146
E-mail: lothar.weber@uni-bielefeld.de
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Results and Discussion

Reactions of the ferriophosphaalkene with ethoxy(methyl)-
carbene and ethoxy(phenyl)carbene chromium and tungsten
complexes: When metallophosphaalkene 1! was combined
with two equivalents of the ethoxy(methyl)carbene com-
plexes 2a,bPl in ether at —70°C orange precipitates were
formed. However, the isolation of these compounds was
thwarted by their decomposition. Upon warming to ambient
temperature, the precipitates dissolved and the novel red
crystalline ferriophosphaalkene pentacarbonylmetal adducts
3ab were generated in good yield. The yellow (E)-$-amino-
alkenyl(ethoxy)carbene complexes 4a,b were also formed in
comparable yields and were separated by fractional crystal-
lization (Scheme 2).

Compounds 4a,b have previously been prepared, albeit in
poorer yields, by the condensation of 2a,b with Me,NCHO in
the presence of POCL/Et;N.[%l An alternative approach to 4a
made use of N,N-dimethylformamide dimethylacetal as a
reactant for 2a.° The 3'P{'H} NMR spectra of 3a,b display
singlets at 0 =190.6 and 138.0, respectively. In the 'H NMR
spectra, the protons of the methyl substituents at the P-C
bond were observed as doublets at 6 =2.31 [J(PH) =21.3 Hz|
(3a) and 2.28 [J(P,H) =21.8 Hz] (3b). The size of the 3/(P,H)
coupling constant is consistent with a cis orientation between
the CH; group and the P —M vector. Doublets in the *C{'H}
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Scheme 1. Hitherto reported reactions of phosphaalkene I with carbene
complexes IT or IV. M = Cr, W.

NMR spectra of 3a,b at 6 =206.1 [J(P,C) =4.9 Hz] and 204.9
[/(P,C) =3.5 Hz], respectively, are attributed to the carbon
atoms of the P=C bond.

In order to confirm the geometry of the phosphaalkenyl -
iron fragment, a single-crystal X-ray structural analysis of 3b
was performed. The ORTEP drawing (Figure 1) reveals a Z-
configured ferriophosphaalkene, which is #'-ligated to a

Abstract in German:  Der Reaktionsverlauf von Fischer-
Carbenkomplexen mit dem Ferriophosphaalken [(1’-CsMes)-
(CO),FeP=C(NMe,),] hingt vom Substitutionsmuster am
Carbenliganden ab. So liefert die Umsetzung dieses Phosphaal-
kens mit [(CO)sM=C(OEt)Me] (M =Cr, W) die neuartigen
Phosphaalkenkomplexe [(1’-CsMe;)(CO),FeP{M(CO)s}=C-
(OEt)Me] und die Carbenkomplexe [(CO)sM=C(OEt)—
CH=C(H)NMe,], die formal als Ergebnisse von Metathese-
und Kondensationsprozessen aufzufassen sind. Alkenylcar-
benkomplexe [(CO)sM=C(OEt)—CH=C(H)Ph] reagieren mit
dem Ferriophosphaalken im Sinne einer Michael-Addition,
wihrend die entsprechenden Phenylethinylcarbenkomplexe in
1-Ferriophosphacyclobutane iiberfiihrt werden. Hierbei laufen
Michael-Additionen, Cycloadditionen und Cycloreversionen
ab. Die hier vorgestellten Reaktionen unterstreichen die reich-
haltige Chemie von Phosphaalkenen und Carbenkomplexen
und zeigen einmal mehr den Wert des Konzepts der Schrig-
beziehung zwischen C und P im Periodensystem der Elemente.
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[Fe]\ /OEt
P=C
com® b
3a,b
+2[(CO)M=C(OEyCH]
[Fe]\ /NMez 2a,b
P=C - +
“NMe, Et0O, —70°C, — HNMe,
1
_OEt
cosM=c,  H
c=c
N\
H NMe,
4a,b

Scheme 2. Reaction of metallophosphaalkene 1 with the ethoxy(methyl)-
carbene complexes 2a,b. [Fe] =[(7°-CsMe;5)(CO),Fe]; 2a, 4a: M =Cr; 2b,
4b: M=W.

Figure 1. Molecular structure of 3b in the crystal. Selected bond lengths
[A] and angles []: Fel —P1 2.262(3), W1-P1 2.567(3), P1-C18 1.689(10),
C18-08 1.382(11), C20-08 1.412(12), C18-C19 1.515(12); Fel-P1-W1
126.0(1), W1-P1-C18 120.7(3), Fel-P1-C18 112.8(3), P1-C18-08 119.0(6),
P1-C18-C19 124.9(7), O8-C18-C19 115.9(8); W1-P1-C18-08 170.0, W1-P1-
C18-C19 —15.7, Fel-P1-C18-O8 —1.9, Fel-P1-C18-C19 172.4.

[(CO)sW] unit. The bond length W1-P1 [2.567(3) A] is
considerably longer than the W-P bond lengths in
[W(CO)s{x-P-PhCH=CH-P=CH—CHMe,}] [2.472(2) A]" or
in [W(CO)s{k-P-2-CICsH,P}] [2.457(2) A],® but compares
well with the corresponding W-P bond lenght in
[W(CO)s{k-P-(3>-Bu,C,P3)Fe(i°-Bu;C;P,) ] [2.561(2) A].L)
The Fe—P single bond length of 2.262(3) A is markedly
shorter than that in [(Z)-(1°-CsH;)(CO),FeP=C(OSiMe;)-
(rBu)] [2.298(1) A]l% and resembles that in [(5°-CsMes)
(CO),FeP=C(SiMe;),] [2.256(2) A].1"!l The double bond dis-
tance P1-C18 [1.689(10) A] is within 3esd in all three
ferriophosphaalkenes [1.701(4)1% and 1.680(9) Al'!l] and falls
within the range wusually encountered in phospha-
alkenes (1.66—1.71 A).'"” The angle Fel-P1-C18 of 112.8(3)°
corresponds to the situation in  [(Z)-(*-CsHs)-
(CO),FeP=C(0SiMe;)(tBu)] [113.8(2)°].' The coordination
geometry about P1 and C18 is trigonal planar (sum of angles
359.5° and 359.8°, respectively).

The formation of ferriophosphaalkenes 3a,b is most likely
initiated by nucleophilic attack of the electron-rich phospho-
rus atom of 1 at the carbene carbon atom of 2a,b (Scheme 3).
The formation of an adduct to give VI parallels the synthesis
of an ylide complex starting from carbene complexes and

0947-6539/98/0403-0470 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 3





Fischer Carbene Complex Reactions

469-475

I\|1Me2
. \(:3,' NMe,
Me;N C\\/g/[Fe] Me;N—C,
3 ".P.—
( o &} [Fe]
~OEt  P. C..
NS [M]/C\ " OEt
—C.,
M] \ CH;
CH;
2a,b VI
/OEI
2ab + base =——> M]=C_ +  Hbase"
CH®
v

M]
JOE: /\ AW OEt
[M]:C\ MezN\?/NMez e | + M]=C

P
| H
cH® : PN “CH—C(NMey),
i <-L o ]I)—[Fe] CHj5 OEt =)
8y ~om 3ab VIII
CH;
VI

+ Hbase OFt
vl ———= > M=’
— base \
— HNMe, \NMeZ
4a,b

Scheme 3. Reaction of 2a,b to ferriophosphaalkenes 3ab and the by-
products 4ab. [Fe]=[(1°-CsMes)(CO),Fe]; [M]=[M(CO)s], M=Cr, W.

phosphanes, as devised by Fischer et al.l'¥l The nucleophilic
attack of carbene complex anion VII (which is readily formed
from base and 2a,b) at the carbenium center of VI leads to the
carbene complex anions VIII and the novel ferriophospha-
alkenes 3a,b. Protonation of VIII and elimination of dime-
thylamine yield the observed by-roducts 4a,b.

The reaction of phenylcarbene complex 51 with 1 under
similar conditions is complicated. Again, the combination of
the reactants in n-pentane at —70°C gave an orange-yellow
precipitate, which decomposed to a black tar as it warmed up.
The *'P NMR spectrum of this tar (C4Dj solution) displays a
weak singlet at ¢ =210.0. By comparison with the stable
complex [(17°-CsMes)(CO),FeP[Cr(CO)s]=C(OSiMe;)Ph]
(60=215.6),[1 this singlet may be assigned to a ferrio-
phosphaalkene complex analogous to 3a. Isolation of this
compound, however, was also thwarted by its decomposition.
The major product was the dimeric complex [Cp*(CO),Fe],
obtained in 70% yield (Scheme 4). The only product con-
taining phosphorus isolated from this reaction is the micro-
crystalline black-violet pentacarbonylchromium adduct 6
(10% yield). In the mass spectrum (CI/methane), the parent
peak at m/z =269 is attributed to the protonated stilbene as
the formal dimer of the carbene ligand. The base peak at
m/z =135 is due to the ion [Ph(OEt)CH]".

A more efficient route to microcrystalline black-violet 6 is
based upon the treatment of [Cr(CO)s{(Z)-cyclooctene}]!¢!
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Scheme 4. Synthesis and further reaction of 6. [Fe]=[(1°-CsMes)
(CO),Fe]; [Cr] =[Cr(CO)s].

with an equimolar amount of 1 (59% yield). In solution,
complex 6 slowly underwent an intramolecular condensation
to give yellow 7' complicating the isolation of pure 6 from
the carbene complex reaction. In the 3'P NMR spectrum, this
conversion is evident from a slight shift from 6 =— 1.0 (6) to
4.6 (7).

Reactions of the ferriophosphaalkene with alkenyl(ethoxy)-
carbene chromium and tungsten complexes: The combination
of equimolar amounts of 1 and the alkenylcarbene complexes
8abl'®l in ether/pentane mixtures led to the precipitation of
the orange zwitterionic Michael adducts 9a,b in good yields
(Scheme 5). The products were recrystallized from acetoni-
trile at —30°C. In contrast to this, the reaction of alkenyl-
carbene complex 8¢l and 1 under comparable conditions
afforded adduct 6 in 27% yield (Scheme5). In the IR
spectrum, 9a displays seven intense bands in the region of the
CO stretching vibrations. These range between v=2027 to
1851 cm~!, which indicates a considerable charge transfer
from the metallophosphaalkene through the vinylogous
carbene onto the [Cr(CO)s] fragment. The poor solubility of
9a.b in hydrocarbons and its propensity to decompose in polar
solvents made it impossible to obtain useful 'H and *C NMR
spectra. In the solid state, the 3'P NMR spectra of the Michael
adducts show singlets at 6 =15.7 (9a) or 16.0 (9b).

The molecular structures of the adducts were elucidated by
an X-ray crystal structure analysis with single crystals of 9b,
which were grown from acetonitrile at —30°C. The ORTEP
representation (Figure 2) shows that the ferriophosphaalkene
is attached to the f-carbon atom C18 of the alkenylcarbene
ligand of 9b by a P-C single bond of 1.888(6) A. As a
consequence, the P=C double bond of 1 is elongated from
1.709(5) to 1.853(6) A and must also be regarded as a single
bond.! The trigonal pyramidal phosphorus atom P1 (sum of
angles 324.1°) is thus part of a phosphanido ligand [Fel -P1=
2.326(2) A] and constitutes one leg of a three-legged piano-
stool complex. In contrast to the P atom of 1, carbon atom C13
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Scheme 5. Reactions of the ferriophosphaalkene 1 with alkenyl(ethoxy)-
carbene chromium and tungsten complexes.

Figure 2. Molecular structure of 9b in the crystal. Selected bond lengths
[A] and angles []: W1-C26 2.295(6), C25-C26 1.351(9), 03-C26
1.408(8), C18-C25 1.507(9), C18-C19 1.489(9), P1-C18 1.888(6), P1-
C13 1.853(6), Fel-P1 2.326(2), N1-C13 1.340(8), N2-C13 1.347(8);
Fel-P1-C18 118.4(2), Fel-P1-C13 106.9(2), C13-P1-C18 98.8(3), P1-C18-
C19 110.6(4), P1-C18-C25 106.2(4), C19-C18-C25 112.7(5), C18-C25-C26
126.9(6), W1-C26-C25 122.7(5), W1-C26-O3 125.3(4), 0O3-C26-C25
112.0(6), N1-C13-N2 117.1(6), N1-C13-P1 117.0(5), N2-C13-P1 125.8(5).

maintains its planarity (sum of angles 359.9°) and reflects the
features of a bisamino carbenium ion (cf. the short bonds
C13-N1 [1.340(8) A] and C13-N2 [1.347(8) A]). The bond
length W1-C26 of 2.295(6) A is similar to the W-C single
bond in the ylide complex [W(CH,PMe;)(CO),Cl(PMe2;);]-
[CF;S0;] [2.307(7) A].2Y In general, tungsten —methyl bonds
in hexacoordinated complexes vary from 2.131(10) to
2.313(17) A2 The former carbene carbon atom C26 is still
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planar (sum of angles 360°) and now part of an E-configured
C-C double bond [C25-C26=1.351(9) A] in a metalated
enol ether.

Reaction of the ferriophosphaalkene with ethoxy(phenyl-
ethynyl)carbene chromium and tungsten complexes: The
course of the reaction of metallophosphaalkene 1 with
phenylethynylcarbene complexes 10a,b! in n-pentane was
completely different. Here [(CO);sM] adducts 11ab of a
1-metallophosphetane were isolated in low yields (19 and
21%). Dimeric [C,*(CO),Fe], was the only by-product which
could be unambigiously identified. Elemental analyses and
mass spectra indicated that 11ab are 1:1 adducts of the
reactants (Scheme 6). However, they were characterized by a
single-crystal X-ray diffraction analysis of 11a (Figure 3).

Fe NMe, OEt
i ~p=— : + (CO)5M:Ci o
(()j NMe, C\\\ _60°
C\
Ph
1 10a,b

—C—H + [Cp* (CO); Fel2 +

M(CO)s

11a,b

Scheme 6. Reaction of the ferriophosphaalkene 1 with ethoxy(phenyl-
ethynyl)carbene chromium and tungsten complexes. 10a, 11a: M =Cr;
10b, 11b: M=W.

Ci3)

03!

Figure 3. Molecular structure of 11a in the crystal. Selected bond lengths
[A] and angles [*]: Crl1-P1 2.455(2), Fel —P1 2.326(2), P1-C18 1.933(4),
P1-C20 1.921(4), C18-C19 1.528(6), C19-C20 1.533(6), C19-C21
1.350(6), N1-C21 1.409(5), N2-C21 1.394(5), O8-C18 1.474(6), C17-
C18 1.526(6); C18-P1-C20 76.7(2), C18-C19-C20 102.8(3), P1-C20-C19
89.7(3), P1-C18-C19 89.4(3), C18-C19-C21 127.2(4), C20-C19-C21 129.3(4),
C19-C21-N1 120.6(4), C19-C21-N2 126.1(4), N1-C21-N2 113.2(4), Fel-P1-
Crl 118.94(6).
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The skeleton of the organophosphorus ligand in 1la
is best described as a 2-tetramethylcyclopentadienylmethyl-
phosphetan-1-yl group, which chelates the iron atom in
an n'-P-»>-Cp-fashion. The four-membered ring is
slightly folded along the axis P1-C19, with an inter-
planar angle of 1674°. The Fe-P bond distance of
2.326(2) A is elongated compared to the ferriophos-

phetene Cp*(CO)zll“e—PC(NMez):C(Cone)(IZH(COZMe)
[2.2983(10) A].¥l The [Cr(CO)s] unit is attached to the lone
pair of the P atom [Cr1-P1=2.455(2) A] in a cis-orientation
to the phenyl ring. Both P - C bond distances in 11a [1.921(4)
and 1.933(4) A] markedly exceed the standard value for a P—
C single bond (1.85 A)2. The bis(dimethylamino)methylene
group of precursor 1 is linked to the planar ring carbon atom
C19 by a carbon-carbon double bond [C19-C21=
1.350(6) A].

To rationalize the formation of products 11a,b, we suggest
an attack of the nucleophilic phosphorus atom of 1 at the
pB-carbon atom of the C-C triple bond to give adduct IX.
Formation of a transient 1,2-dihydrophosphete X and

OEt
(CO}M=C_ R
1 + 10ab — » %= —
’ ® “P—{Fe]
MezN“(I:
NMe2
IX
LOEt
(CO)M=C R OEt
jj—:( (CO)5M=C; g ;R rotation
MezN—Cli—-P\ MezN—$ P—(Fe]
NMe, [Fel NMe;
X XI
/OEt . cyclo- EO P—
(CO}M=C P—[Fe] propanation (Fe]
y propanation, / .
MezN—Cl R MezN—(II R
NMe; NMe,
Xr XI1
T ° % &°
UVI Fe Fe
]\P / [N[]\P /
e
BO. 4 (5~ EtO o
® > H—cH, —» ® :CH,
H
Me;N—C MezN—C’
NMe, NMe,
X111 X1V
— 11a,b

Scheme 7. Proposed reaction mechanism for the formation of 1la.b.
[Fe] = [ (°-CsMes)(CO);Fe]; [Cr] =[Cr(CO)s], [W(CO)s]; R = phenyl.
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subsequent cycloreversion affords phosphabutadiene XI.
Rotation about the C-C single bond and intramolecular
cyclopropanation leads to bicyclophosphabutane XII, which
could open to the highly reactive zwitterion XIII. Proton
transfer from a ring methyl group onto C20 and combination
of the carbocationic and anionic centers eventually gives
11ab (Scheme 7).

Conclusion

The reactions described here provide an insight into the
versatile reactivity of the metallophosphaalkene towards
differently substituted Fischer carbene complexes to give
products of carbene ligand displacements, Michael additions,
metathesis, condensation reactions, cycloadditions, and cyclo-
reversions. These transformations underline the rich chem-
istry of phosphaalkenes, and emphasize the concept of the
diagonal relationship C/P in the periodic table of elements.

Experimental Section

All reactions were performed by Schlenk techniques under an atmosphere
of dry nitrogen. The metallophosphaalkene 14! and the carbene complexes
2ab,%1 51141 8a b8l 8¢, and 10a,b1?*! were prepared as described in the
literature. IR spectra: Bruker FTIR IFS66. NMR spectra: in CsDg, 20°C,
Bruker AC100; AC250; AM Advance DRX500. Standards: SiMe, ('H,
13C), external 85% H;PO, (*'P) “quint” means apparent quintet. Mass
spectra: VG Autospec (Micromass).
[Cp*(CO),FeP{W(CO)s}=C(OEt)Me] (3b) and [(CO)sW{=C(OEt)-
(CH=CHNMe,)] (4b): A solution of 1 (0.35g, 0.93 mmol) in ether
(15 mL) was added dropwise to a chilled solution ( —70°C) of 2b (0.74 g,
1.86 mmol) in ether (25 mL). The reaction mixture was warmed to RT,
stirred for 2h, and then filtered. The filtrate was stored overnight at
—30°C to give yellow crystalline 4bl°! (0.29 g, 69 % yield). The red mother
liquor was evaporated and the red-brown oily residue dissolved in
acetonitrile (10 mL). Crystallization at —30°C afforded 0.38 g (61 % yield)
of red crystalline 3b.

3b: IR (KBr): v=2064 m, 2014 s, 1985 s, 1961 s, 1930 vs, 1903 vs, 1885 vs
(C=0) cm™!; 'H NMR: 6 =0.98 [t, J(H,H) =70 Hz, 3H, OCH,CH;], 1.39
[d, J(PH)=0.8 Hz, 15H, C5(CHs);], 2.28 [d, J(PH)=21.8 Hz, 3H, P=C-
CHj;], 3.40 [dq, J(H,H) =70 Hz, J(PH) =2.0 Hz, 2H, OCH,CH,]; BC{'H}
NMR: 6 =9.3 [s, Cs(CH;)s], 15.2 [s, OCH,CHj3], 25.5 [d, J(P,C) = 14.5 Hz,
P=C-CHj;], 65.7 (s, OCH,CH,), 97.1 (s, C5(CH;)s), 199.8 [d, J(P,C) = 7.2 Hz,
W(CO),], 201.7 [d, J(P,C) =20.5 Hz, W(CO),,], 204.9 [d, J(P,C) =3.5 Hz,
P=C], 215.4 [d, J(P,C) =13.5 Hz, FeCO]J; *'P{'H} NMR: 6 = 138.0 s; MS/EI
(70 eV): m/z =674 [M*], 646 [M*— CO], 618 [M*—2CO], 562 [M+—
4CO], 534 [M*-5CO], 506 [M*—-6CO], 350 [M*—W(CO)];
C,H,3sFeOgPW (674.06): caled C 37.42, H 3.44; found C 37.07, H 3.35.
The analytical and spectroscopic data of 4b were identical to those
reported in ref. [6].

[Cp*(CO),FeP{Cr(CO)s}=C(OEt)Me] (3a) and [(CO)sCr=C(OEt)-
(CH=CHNMe,)] (4a): In an analogous manner, 1 (0.35g, 0.93 mmol)
and 2a (0.49 g, 1.86 mmol) were reacted to afford 0.29 g (57 % yield) of red
crystalline 3a and 0.21 g (71 % yield) of yellow crystalline 4a.!°!

3a: IR (KBr): v=20525,2014 s, 1988 s, 1966 s, 1927 vs, 1896 vs (C=0) cm™;
'HNMR: 6 =1.02 [t,J(H,H) =71 Hz, OCH,CH,], 1.43 [s, 15H, C5(CHs)s],
2.31 [d, J(PH) =21.3 Hz, P=C—CH;], 3.43 [dq, J(H,H)=7.1 Hz, J(PH) =
1.7Hz, OCH,CH;]; BC{'H} NMR: 6=93 [s, Cs(CH;)s], 152 (s,
OCH,CH;), 249 [d, J(P,C)=12.8 Hz, P=C-CH;], 65.5 (s, OCH,CHj;),
973 [s, Cs(CH;)s], 206.1 [d, J(P,C)=4.9 Hz, P=C], 2152 [d, J(PC)=
12.6 Hz, FeCOJ, 219.1 [d, J(P,C) =13.6 Hz, Cr(CO),], 224.6 [d, J(P.C) =
5.9 Hz, Cr(CO),]; 3P{'H} NMR: 6=190.6 s; MS/EI (70eV): m/z=
542 [M*], 514 [M*—-CO], 486 [M*—-2CO], 430 [M*—-4CO], 402

0947-6539/98/0403-0473 $ 17.50+.25/0 — 473





FULL PAPER

L. Weber et al.

[M*—5CO], 374 [M* — 6CO], 346 [M* — 7CO]J; C,;H,;CrFeOgP (542.21):
caled C 46.52, H 4.28; found C 45.05, H 4.03.

The analytical and spectroscopic data of 4a were identical to those reported
in ref. [6].

[Cp*(CO),FeP{Cr(CO)s}=C(NMe,),] (6): A solution of [(n*-cycloocte-
ne)Cr(CO);s] (1.18 g, 3.90 mmol) in n-pentane (20 mL) was added dropwise
to a chilled solution (—30°C) of 1 (1.48¢g, 3.90 mmol) in n-pentane
(50 mL). Stirring was continued for 30 min at —30°C and 2 h at ambient
temperature to give a dark violet precipitate. The mixture was filtered and
the solid dried at 10~3 Torr to give microcrystalline 6. Yield: 1.32 g (59 % ).
Single crystals of 6 were grown from CH;CN at —30°C; IR (KBr): v=2033
s,1980s, 1941 s, 1915 vs, 1897 vs, 1860 vs (C=0) cm™!; 'TH NMR: 6 =148 [s,
15H, C5(CHs)s], 2.69 (s, 6H, NCHj;), 2.71 (s, 6H, NCH,;); *'P{'H} NMR:
0=—1.0s; MS/LSIMS (p-nitrobenzyl alcohol matrix): m/z =571 [M*+H],
431 [M*+H -5CO], 379 [M*+H — Cr(CO)s], 351 [M™+H — Cr(CO)q];
C,,H,;CrFeN,0; (570.29): caled C 46.33, H 4.77, N 4.91; found C 46.32, H
4.85,N 5.18.

[Cp*(CO),FeP{C(NMe,),} C(H)Ph—CH=C(OEt){Cr(CO);}] (9a): A solu-
tion of carbene complex 8a (0.40 g, 1.14 mmol) in ether (10 mL) was added
dropwise to a chilled solution ( —30°C) of 1 (0.43 g, 1.14 mmol) in 20 mL of
n-pentane. An orange precipitate separated immediately. After stirring for
30 min at 20°C, the precipitate was collected, washed with 10 mL of »n-
pentane, and dried at 1073 Torr to afford 9a. Yield: 0.59 g (71%). The
compound was crystallized from acetonitrile at —30°C. Owing to the poor
solubility in polar solvents and the pronounced tendency to decompose in
solution at 20°C, no satisfactory NMR spectra were obtained. IR (KBr):
v=2027 m, 1998 s, 1956 s, 1948 s, 1892 vs, 1882 vs, 1851 s (C=0) cm™;
SIP{'H} NMR (solid state): d =15.7 s; MS/LSIMS (p-nitrobenzyl alcohol
matrix): m/z =731 [M*+H], 703 [M*+H — CO], 539 [M*+H — Cr(CO);];
C;3H30CrFeN,O4P (730.47): caled C 54.26, H 5.38, N 3.84; found C 53.96, H
5.48, N 3.72.

[Cp*(CO),FeP{C(NMe,),} C(H)Ph—CH=C(OEt){W(CO)s}] (9b): In an
analogous manner, 1 (0.43 g, 1.14 mmol) and 8b (0.55 g, 1.14 mmol) were
combined in an n-pentane/ether mixture at —30°C to afford orange 9b.
Yield: 0.71 g (73 %). The poor solubility and instability of the complex in
polar solvents prevented the recording of NMR spectra. IR (KBr): v=2041
m, 1996 s, 1950 s, 1882 vs, 1847 s (C=0) cm™'; 3'P{'"H} NMR (solid state):
0=16.0 s; MS/LSIMS (p-nitrobenzyl alcohol matrix): m/z =863 [M"+H],
835 [M*+H — CO], 539 [M*+H — W(CO)s]; C3;H3FeN,O.PW (862.06):
caled C 45.96, H 4.52, N 3.25; found C 45.08, H 4.27, N 3.32.

Reaction of [ (CO);Cr{=C(OEt)C(CH;)=CH,}] (8¢) with 1: A sample of 1
(0.42 g, 1.10 mmol) and 8¢ (0.32 g, 1.10 mmol) were combined in n-pentane
(40 mL) at —30°C. The mixture was stirred for 1 h at 20°C to afford a
precipitate of black-violet 6. Crystallization of the crude product from
acetonitrile at —30°C gave 0.17 g (27 %) of black crystals.

1
[Cr(CO)s{x-P-5>-Me,Cs;CH,C(OEt)P[Fe(CO),]CHPhC=C(NMe,),}]
(11a): A sample of 10a (0.46 g, 1.32 mmol) was added to a cold solution
(—60°C) of 1 (0.50 g, 1.32 mmol) in n-pentane (50 mL). The mixture was
stirred for 30 min at — 60°C and 12 h at 20°C. The dark brown precipitate
was filtered off and dried at 103 Torr. The filtercake was taken up in
acetonitrile (20 mL) and stored at —30°C for 4d to afford orange-yellow
crystals of 11a. Yield: 0.18 g (19%). IR (KBr): v=2048 vs, 1995 s, 1942 vs,
1916 vs, 1890 vs (C=0) cm™!; 'H NMR: 6 =1.26 (s, 3H, C;CH,), 1.38 (s, 3H,
CsCH,), 1.40 [t,J(H,H) =7.1 Hz, 3H, OCH,CH;,], 1.64 (s, 3H, C;CH;), 1.77
(s, 3H, CsCH3), 2.21 (s, 6H, NCH;), 2.67 (s, br, 6 H, NCH3;), 2.76-2.86 (m,
2H, CsCH,), 3.80 [“quint”, J(H,H) =7.1 Hz, 1H, OCH,CHj;], 4.13 [“quint”,
J(H,H) =71 Hz, 1H, OCH,CH;], 4.89 [d, J(PH) =73 Hz, 1 H, CHPh], 7.28
(m, 3H, H-phenyl), 7.61 (m, 2H, H-phenyl); 3C{!H} NMR: 6=9.1 (s,
CsCHs;), 9.4 (s, CsCH,), 9.6 (s, CsCH;), 15.6 (s, OCH,CHs;), 27.3 [d, J(P.C) =
7.5 Hz, CsCH,], 39.3 (s, NCHj;), 42.4 (s, NCHj;), 53.6 [d, J(P,C) =14.0 Hz,
CHPh], 61.1 (s, OCH,CH,), 91.5 (s, CsMe,), 93.6 (s, CsMe,), 95.6 (s, CsMe,),
100.2 (s, CsMe,), 105.2 (s, CsMe,), 110.9 [d, J(P,C) =26.4 Hz, PC(OEt)],
124.8 [s, C=C(NMe,),], 127.1-129.8 (o-, m-, p-C-phenyl), 146.9 (s, i-C-
phenyl), 152.4 [d, J(P,C) =13.5 Hz, C=C(NMe,),], 214.6 (s, FeCO), 217.0 (s,
FeCO), 218.7 [d, J(P,C) = 10.2 Hz, Cr(CO),,], 224.3 [s, Cr(CO),,]; *'P{'H}
NMR: 6 =165.3 s; MS/LSIMS (m-nitrobenzyl alcohol matrix): m/z =729
[MT+H], 701 [M*+H - CO], 645 [M*+H -3CO], 617 [M*+H -4CO],
589 [M*+H — 5CO], 509 [M*+H — Cr(CO)g]; C33H3,CrFeN,OxP (728.49):
caled C 54.40, H 5.12 N 3.85; found C 53.66, H 5.20, N 3.84.
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[W(CO)s{x-P-7*-Me,CsCH, Cs<CH,C(OE)P[Fe(CO),]CHPhC=C(NMe,),}]

(11b): In an analogous manner, 1 (0.53 g, 1.40 mmol) and 10b (0.68 g,
1.40 mmol) gave orange-yellow 11b. Yield: 0.25 g (21 % ). Purification was
achieved by recrystallization from acetonitrile; IR (KBr): v=2058 s, 1996 s,
1942 vs, 1913 vs, 1884 vs (C=0) cm~!; '"H NMR: 6 =1.25 (s, 3H, C;CHj),
1.37 (s, 3H, CsCH;), 1.39 [t, J(H,H) =7.1 Hz, 3H, OCH,CH,], 1.64 (s, 3H,
CsCH,), 1.75 (s, 3H, CsCH;), 2.22 (s, 6H, NCH,), 2.66 (s, br, 6 H, NCH;),
272-2.85 (m, 2H, CsCH,), 3.82 [“quint”, J(HH)=71Hz, 1H,
OCH,CH;|, 4.15 [“quint”, J(H,H)=71Hz, 1H, OCH,CH;], 4.88 [d,
J(PH)=8.1 Hz, 1H, CHPh], 7.27 (m, 3H, p-, m-H-phenyl), 7.56 (m, 2H,
o-H-phenyl); *C{'H} NMR: 6 =94 (s, CsCHj;), 9.6 (s, CsCH3), 15.7 (s,
OCH,CHs;), 27.3 [d, J(P,C) =7.7 Hz, C;CH,], 39.4 (s, NCH3;), 42.5 (s, NCH,),
53.0[d,J(PC)=17.1 Hz, CHPh], 61.0 (s, OCH,CH,), 91.5 [s, CsMe,], 93.7 [s,
CMe,], 95.6 [s, CsMe,], 100.2 [s, CsMe,], 104.5 [s, CsMe,], 110.7 [d,
J(P,C)=19.7 Hz, PC(OE1)], 124.8 (s, C=C(NMe,),), 127.0-129.6 (0-, m-, p-
C-phenyl), 147.3 (s, i-C-phenyl), 152.7 [d, J(P,C) = 14.3 Hz, C=C(NMe,),],
199.9 [d, J(P.C) =5.0 Hz, W(CO),,], 201.5 [d, J(P,C) =20.4 Hz, W(CO),,],
215.5 (s, FeCO), 216.9 (s, FeCO); 'P{'H} NMR: 6 =107.2 s; MS/EI (70 eV):
miz =860 [M"], 832 [M*—CO], 804 [M+—2CO], 748 [M* —4CO], 720
[M* —5CO]; Cy3H3FeN,OgPW (860.34): caled C 46.07, H 4.34, N 3.26;
found C 46.10, H 4.36, N 3.32.

X-ray structural determinations: Table 1 summarizes the important param-
eters. All data were collected with a Siemens P2, diffractometer using Mo,
radiation (0.71073 A) at 173 K. Semiempirical absorption corrections by
psi-scans were applied. Programs used were Siemens SHELXTL PLUS and
SHELXL93. The structures were solved by using direct methods and were
refined by full-matrix least-squares with anisotropic thermal parameters for
all non-hydrogen atoms.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-101 128.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (Fax: (+ 44)1223-336-033; e-
mail: deposit@ccdc.cam.ac.uk).
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Table 1. Crystallographic data for 3b, 9b, and 11a.

3b 9b 11a
formula C,;H,;FeOPW C33H3FeN,OsPW  Cyi3Hy,CrFeN,O4P
color orange orange yellow
size (mm?) 0.50 x 0.30 x 0.20 0.70 x 0.35 x 0.25 0.40 x 0.30 x 0.20
M, 674.06 862.33 728.47
system monoclinic monoclinic triclinic
space group P2//c C. P1
a(A) 10.625(6) 16.988(3) 10.518(3)
b (A) 15.474(5) 14.016(2) 11.690(5)
c(A) 15.179(6) 16.764(3) 15.956(5)
a (%) 90 90 71.54(3)
B () 100.78(4) 115.61(1) 78.48(2)
y (°) 90 90 66.85(3)
vV (Ay 2452(2) 3599.4 (10) 1704.7(10)
Peatea (gem™) 1.826 1.591 1.419
zZ 4 4 2
F (000) 1312 1720 756
u (mm-') 5.387 3.690 0.843
20 range (°) 4<20<55 4<20<55 4<20<55
T (K) 173 173 173
refl. measured 5893 4271 8083
unique refl. 5606 4271 7674
refl. used 5584 4243 7629
refl. (1) > 20() 4056 3996 4491
parameters 296 425 429
resid. dens., e A 1.8 1.4 0.7
RE 0.052 0.030 0.073
R, 0.123 0.080 0.105
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Exchange Coupling in Oxalato-Bridged Copper(@) Binuclear Compounds:

A Density Functional Study

Joan Cano, Pere Alemany,* Santiago Alvarez, Michel Verdaguer, and Eliseo Ruiz*

Abstract: A theoretical study of the exchange coupling for a selected sample of
oxalato-bridged binuclear Cu" compounds is presented. Model calculations have

been used to examine the influence of several factors on the coupling constants: a) the
relative orientation of the two semioccupied orbitals, b) the nature of the terminal
ligands, and c) various structural parameters. Singlet —triplet splittings calculated for
complete structures, as determined by X-ray diffraction, are in excellent agreement
with experimental data. Comparison of our results with those obtained from

Keywords: binuclear complexes
copper correlation analysis
density functional calculations
magnetic properties

qualitative models provides some insight into the limits of applicability of these
approximate methods for the study of magnetostructural correlations.

Introduction

Polynuclear complexes of transition metals and their mag-
netic properties have been an area of intensive research in
recent decades.l'3 One of the most appealing features in this
field is the variety of structural data and magnetic measure-
ments that have been successfully correlated for many
families of compounds. Despite the large amount of available
data, the prediction of the magnetic behavior for new
binuclear or polynuclear compounds is not perfect, mainly
because of the subtle interplay between different factors
determining the magnetic properties. The problem of the
electronic structure of coupled polymetallic systems has
attracted the attention of a large number of researchers,
who have proposed several orbital models to describe the
phenomenon of exchange interaction. However, controversy
over the respective advantages and limits of each of these
models is still alive.

From our point of view, one of the most fruitful approaches
to the qualitative theoretical aspects of magnetostructural
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correlations is provided by the now-classical work of Hay,
Thibeault, and Hoffmann (HTH). These authors proposed a
simple expression for the coupling constant between two
symmetry-related magnetic centers and applied it to the study
of the structural factors that affect the exchange interaction.
For a binuclear system with two unpaired electrons the
singlet —triplet splitting proposed by those authors is given by
Equation (1), where J stands for the coupling constant and ¢,
and ¢, are the energies of ¢, and ¢,, the two singly

2
& — &
Eym Eymd =2k, ) )
(Jaa 7]ab)

occupied molecular orbitals (SOMOs) of the complex.P! K,
J.a, and J, are two-electron integrals involving two localized
orthogonal versions of these orbitals. Of the two terms in this
equation, the first can be interpreted as a ferromagnetic
contribution to the magnetic exchange constant, stabilizing
the triplet state, while the second represents an antiferromag-
netic term favoring a singlet ground state. For simplicity, the
dependence of the coupling constant on small structural
changes is generally supposed to arise mostly from the one-
electron term (&, —¢,)%, whereas all two-electron terms are
assumed to remain approximately constant.

Although this approach has been employed often since its
publication to obtain qualitative trends in magnetostructural
correlations, " it is unable to provide quantitative results
that would allow the prediction of magnetic properties for
new compounds. The main drawback of such an approach, as
normally applied, comes from the use of semiempirical
calculations (i.e., the extended Hiickel method) to estimate
the one-electron term (g, —¢,), since it only allows for a
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qualitative analysis of the influence of structural parameters
on the exchange coupling. Alternative strategies based on the
direct evaluation of the singlet —triplet energy splitting by ab
initio methods have been successfully applied by various
groups.'>?!1 In order to obtain quantitative estimates of the
coupling constant, one has to evaluate energy differences
that are often smaller than 100cm™' (approximately
0.3 kcalmol!) from total energies seven orders of magnitude
larger. Therefore much computational effort is involved in
these calculations and their technical difficulty has prevented
their extensive application to the analysis of magnetostruc-
tural correlations.

In a recent paper we presented a computational approach
to this problem consisting in the use of density functional
theory (DFT) for the calculation of coupling constants, and
we discussed previous work in this area.”?! Good quantitative
approximations to known experimental values were obtained
for hydroxo- and alkoxo-bridged Cu® binuclear compounds.
One of the main advantages of this approach is its relative
ease of application: thus coupling constants for binuclear
compounds with over 50 atoms can be calculated with
reasonable computational resources. In this paper we con-
tinue to explore the applicability of such an approach by
studying the family of oxalato-bridged Cu' compounds.

Computational Methodology

A detailed description of the computational strategy adopted in this work
has been described elsewherel®! and is only briefly reviewed here. For the
evaluation of the coupling constant of each compound, two separate
calculations are carried out by means of density functional theory,* one
for the triplet and another for the singlet state. The hybrid B3LYP
method,?" as implemented in Gaussian-94,>) has been used in all
calculations, mixing the exact Hartree—Fock exchange with Becke’s
expression for the exchangel® and with the Lee - Yang—Parr correlation
functional.’”l A double-¢ quality basis set proposed by Ahlrichs has been
employed throughout.? The presence of low-energy singlet states makes it
difficult to evaluate accurately the energy of the lowest singlet by a single-
determinant method. To solve this problem, broken-symmetry wave-
functions, as proposed by Noodlemann et al., have been used.?* In the
present case the valence-bond character imparted to the wavefunction by
this approach gives acceptable results because it takes into account the
three most relevant singlet configurations. We have found previously that,
among the most common functionals, the B3LYP method combined with

Abstract in Spanish: En este trabajo se presenta un estudio
teorico del acoplamiento magnetico en compuestos dinucleares
de cobre(11) con puente oxalato. Nuestro interes se ha centrado
en el efecto que tienen sobre las constantes de acoplamiento
a) la topologia molecular, b) la naturaleza de los ligandos
terminales y c) la variacion de algunos pardmetros estructura-
les. Los cdlculos realizados considerando las estructuras
completas de compuestos selecionados para determinar la
diferencia de energia entre singulete y triplete proporcionan
resultados en excelente concordancia con los datos experimen-
tales. La comparacion de nuestros resultados con los que se
deducen de modelos cualitativos sencillos propuestos con
anterioridad permite determinar los limites de aplicabilidad de
estos en el estudio de correlaciones magneto — estructurales.
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the broken-symmetry treatment (abbreviated as B3LYP-bs hereafter) is
the strategy which provides the best results for calculating coupling
constants.??!

In earlier work, Noodleman et al. deduced the relationship [Eq. (2)]
between the energy of the broken-symmetry state (Egg) and those of the
pure singlet (Eg) and triplet (Ey) states,* where S,, is the overlap integral
between the two localized orbitals. Two limiting cases can be foreseen for
Equation (2). First, when each orbital is completely localized on one

2 1-82
BS T ¥ s

E

= E 2
ST sn T @

magnetic center (the so-called weak bonding regime), S,,=0 and the
antiferromagnetic contribution vanishes,*” resulting in Equation (3) for
the relationship between the singlet —triplet splitting parameter J and the
calculated energies, Er and Eyg. Alternatively, for completely delocalized
orbitals (strong bonding regime), S,, =1, and Equation (2) is simplified to
Equation (4).

J=Es—Er= 2(EBS - EBT) (3)
J=Es— Ey=Egs— Epr (4)

Although for practical cases S,;, should be relatively small, corresponding to
an intermediate situation between these two limiting cases which would
suggest the use of Equation (3), we have chosen to apply the approximation
given in Equation (4), which has been found to reproduce better the
experimental antiferromagnetic coupling constants of the related Cu"
hydroxo-bridged compounds in calculations performed with DFT-based
methods that include a correlation term.??! This approximation corre-
sponds to describing the singlet state by means of a single-determinant
wavefunction, in terms of which density functional theory is well defined.

The experimental magnetic susceptibility is measured from solid samples in
which packing forces can induce small deviations from the optimum
structure for the isolated molecules. Since such small structural differences
can result in rather large changes in the calculated coupling constants, we
use the molecular structure as found in the solid state rather than an
optimized structure for the isolated molecule.

Results and Discussion

Influence of the coordination geometry on the exchange
coupling: Some binuclear Cu!! complexes with an oxalato-
bridging ligand, represented by the general formula [(AA)-
Cu(u-C,04)Cu(AA)]X,, have been structurally and magneti-
cally characterized in recent years. In these complexes AA isa
chelating ligand, typically a diamine, and X a counteranion or
solvent molecule. Owing to the Jahn-Teller plasticity of the
coordination sphere around Cu', this ion may appear as four-
coordinate, or four-coordinate with a fifth ligand at a larger
distance ([4+1] coordination), or with two weakly bound
ligands ([4+2] coordination). In all three cases, four ligand
bonds to the central ion (the shortest ones in the latter two
cases) can be found approximately in a common plane giving
square-planar, square-pyramidal, or pseudooctahedral coor-
dination environments, respectively.

The local electronic structure of the d’ ion is determined by
its coordination geometry. In the three cases mentioned
above, the unpaired electron is located in a d,._-type orbital
pointing to the four atoms with short metal —ligand distances.
Two different orientations of the basal plane with respect to
the bridging ligand have been identified experimentally.’ In
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the first case, with N,N,N',N'-tetramethylethylenediamine
(tmen) as chelating ligand,** the four short Cu—L distances
correspond to two nitrogen atoms of tmen and two oxygen
atoms of the oxalate ion. The SOMO can be described in this
case as a d,._,-type orbital coplanar with the oxalate molecule
(1a). On the other hand, when the diamine AA is replaced by

N N
N e}
N 0
0 o} o
N
1a 1b

N
N (o} o)
1c

diethylenetriamine (dien) the basal plane is formed by the
three nitrogen atoms of that ligand and one oxygen atom of
the oxalate ion. In this case the unpaired electron is

exchange exists as evidenced by coupling constants in the
range —300 to —400cm~l. For the other three orbital
topologies much smaller coupling constants are found:
—75cm™! in the perpendicular (2b) topology, from +1 to
—37cm™! in the parallel one (2¢) and —75cm™! in the
trigonal-bipyramidal (2d) case. Qualitative reasoning, based
on orbital overlap arguments, has been formulated to explain
these values.** 1 While strong overlap of both SOMOs and
oxalate-centered molecular orbitals is possible for the copla-
nar topology, this interaction is almost nonexistent in the
complexes with a parallel arrangement of the two SOMOs.
Compounds with perpendicular and trigonal-bipyramidal
topologies provide intermediate situations.

In order to obtain a deeper insight into the influence of the
coordination environment on the exchange, we have per-
formed calculations on model compounds representative of
each of the four topologies. In these models all terminal
ligands have been replaced by ammonia molecules. Details of
the geometric parameters used in these models can be found
in the Appendix. The calculated coupling constants are
presented in Table 1. Despite the important structural sim-
plifications introduced in the model compounds, the trends
are correctly described by our results. A fair agreement with
the available experimental data is obtained for the coplanar
and perpendicular cases. For the parallel topology, the sign of

Table 1. Calculated exchange constants (cm~!) for the model compound
[ (NH;);Cu(u-C,0,)Cu(NHj;);]** with different topologies of the two SOMOs.
The column labeled J, corresponds to the empirical estimation of J proposed
by Julve et al.,*® by taking the average experimental value (—370 cm™!) for the

accommodated in a d,._p-type orbital perpendicular to the
plane of the bridging oxalate molecule (1b). A third,
somewhat different, situation in which AA is replaced by

trigonal-bipyramidal

N,N,N',N",N"-pentaethyldiethylenetriamine (petdien) has
been described by Hendrickson.?* In this case there is an
approximately trigonal-bipyramidal coordination environ-
ment around the metal ion. The equatorial plane of this
trigonal bipyramid is formed by two nitrogen atoms of the
chelating ligand and one oxygen atom of the oxalate. The
remaining oxygen atom of the oxalate and a third nitrogen
atom from petdien provide the two apical ligands to complete
the coordination sphere. The SOMO in this case is a d_-type
orbital directed along the pseu-
dotrigonal axis (1¢).

When two Cu™ ions are com-
bined in a binuclear compound,
one can imagine several possi-
bilities for the relative orienta-
tion of the two SOMOs, al-

2b though only four of these have
been realized experimentally
(2). The first (2a), which will
be called coplanar hereafter, is
by far the most common one
2¢ and has both SOMOs in the
plane of the oxalato bridge.
Magnetic measurements for
different compounds with this
orbital topology show that al-
though a long distance (>5 A)
separates the metallic centers,
an important antiferromagnetic

2a

coplanar

perpendicular

parallel

2d
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coplanar case as a reference value.

Orbital topology Jate Jest Jexp ref.
2a  coplanar —-293 -370 —300to —400 see Table 3
2b  perpendicular —86 -93 -75 [33]
2c¢  parallel +10 ~0 +12to—37 [33-38]
2d trigonal-bipyramidal —185  —165 =75 [34]

the calculated coupling constant is in disagreement with the
reported experimental values. Nevertheless, its significantly
small absolute value is clearly reflected in our calculations. In
such cases with J values smaller than 10 cm~! (singlet - triplet
splittings of the order of 0.025 kcalmol™?) it is difficult to
obtain accurate results from a simplified model; this will be
discussed below with the results obtained for the full
structures. The disagreement between the calculated data
and the experimental values for the compounds with trigonal-
bipyramidal coordination at the two copper atoms has been
attributed to the departure from perfect trigonal-bipyramidal
coordination environments in the experimental structures,3¥
resulting in a substantial decrease in the coupling constant. If
one considers a model with different values for the two
nonequivalent Cu-O distances, as in the experimental
structure, the calculated coupling constant is reduced to
—124 cm~!. This value is closer to the experimental one
(=75 cm™) but still too large. The difference is not due to the
inaccuracy of the B3LYP-bs method, but to the poor
representation of the molecular structure by the chosen
model. For the model with the same geometry as the
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experimental structure for the coordination sphere around the
copper atoms, calculation of the coupling constant results in a
value of — 128 cm~'. Disagreement with the experimental data
thus arises not only from the departure from the perfect
trigonal-bipyramidal coordination environments as had been
postulated in earlier work;3¥ our results indicate that an
important part of this disagreement is introduced by the
simplification of the terminal ligands used in the model. This
last affirmation is supported by a calculation for the complete
experimental structure (see below), which gives a value of J
much closer to the experimental one.

It is instructive to compare the calculated values with those
predicted by Julve et al.’3 with empirical rules based solely on
the overlap between magnetic orbitals. Taking J,, the coupling
constant for coplanar compounds, as a reference value, these
authors suggest the following relationships between the J
values in the different compounds (the subscripts correspond
to the different orbital topologies in 2): J,=J,/4, J.~0, and
Jq=4J,/9. As can be seen from the values calculated with
these relationships, a fair agreement with our calculated
constants is also obtained, demonstrating an excellent pre-
dictive power of the empirical rules. In particular, both these
rules and our calculation predict a much larger coupling
constant for the compounds with trigonal-bipyramidal coor-
dination of copper atoms than was found experimentally. The
disagreement of the empirical rules with the experimental
data in this case was also attributed to the departure of the
coordination geometry from an ideal trigonal bipyramid.?!

The calculated singlet —triplet splittings for the full struc-
tures of four compounds, including the complete chelating
ligands, each one representing one of the orbital topologies 2,
are reported in Table 2. The counterions have also been
included in the calculations for the complexes with coplanar
and parallel topologies, but were omitted for the other two
examples. In the case in which the SOMOs have a perpen-
dicular topology (2¢), only one counterion is included because
the position of the other one in the crystal structure could not
be determined unambiguously. For the compound with
trigonal-bipyramidal topology, the counterions have been
omitted because the tetraphenylborate anion is too large. It
must be noted, however, that in previous work on hydroxo-
and alkoxo-bridged complexesP? it was shown that the
noncoordinated counterions, such as the tetraphenylborate
anion, are not relevant to the exchange interaction. The
calculated J values are in excellent agreement with the
experimental data. The ferro- or antiferromagnetic character
of these compounds is correctly reproduced in all four cases,
even in the parallel one, which presents quite a small coupling
constant. The calculated constants are also in good qualitative

agreement with those for the corresponding simplified models
(Table 1), showing that the topology of the two SOMOs is the
leading factor in determining this property. For the compound
with a trigonal-bipyramidal coordination of the copper atoms,
a sizeable deviation from the ideal coordination geometry
results in a significant reduction of the calculated coupling
constant compared with that found for the model compound
(Table 1), which leads to excellent agreement with the
experimental value.

In a related study on hydroxo- and alkoxo-bridged Cu!!
compounds we found that suppression of two weakly coordi-
nated nitrate counterions in a complete structure resulted in a
change of —34 cm™! in the coupling constant.’! A similar
effect is probably the cause of the overestimation of the
calculated coupling constants for the compound with a
perpendicular arrangement. It should be borne in mind that
for such a compound one of the counterions had to be
excluded from the calculations because of the incomplete
resolution of the crystal structure. It is noteworthy that our
computational strategy provides good approximations to the
coupling constants for relatively large structures such as the
trigonal-bipyramidal representative, [{Etsdien},Cu,(u-C,0,)],
which contains 108 atoms and 540 basis functions.

If we compare the present results with the ab initio
calculations of Daudey et al., who obtained a J value of
—295cm™! for [tmen,(H,0),Cu,(u-C,0,)](ClO,), 1.25H,0,
the agreement between the two calculations is fair. However,
such a comparison is not straightforward as Daudey et al. used
a simplified structural model for their calculations.

Influence of the terminal ligands on the exchange coupling:
Once the main topological factors concerning the role of the
bridge are understood, it is important to analyze the effect of
the nature of the terminal ligands on the magnitude of the
magnetic coupling when the orbital topology is kept constant.
A quantitative estimate of such an effect would be even more
desirable and would be useful in order to gain better control
of the coupling constant when new compounds are being
designed. On the theoretical side, one needs to know how the
modeling of such ligands affects the calculated values of J. In a
previous qualitative theoretical study on oxalato-bridged Ni!!
binuclear complexes,’”! we showed that the terminal ligands
affect the magnitude of the coupling, and therefore become
indirectly involved in the superexchange mechanism. This
effect is related to the energy of the lone-pair orbitals of the
donor atom: other things being equal, the less electronegative
donors induce a stronger antiferromagnetic coupling. This is
due to a greater hybridization of the d,._,.-type metal orbital
towards the bridge, induced by better o-donor terminal

Table 2. Experimental and calculated coupling constants (cm~') by means of the B3LYP-bs method for four selected complete structures.

Type Jeate Jexp ref.
[(tmen),(H,0),Cu,(u-C,0,)]?(C10,), - 1.25H,0 coplanar (2a) —339 —385 [33]
[(dien)Cu(u-C,04)Cu(H,0)(tmen)](ClO,), perpendicular (2b) —101 -176 [33]
[(bpca),Cu,(u-C,0,)] parallel (2¢) +1.5 +03 [35,36]
[{Ets(dien)},Cu,(u-C,0,) |(BPh), trigonal-bipyramidal (2d) -8 =175 [34]

[a] Abbreviations: tmen = N,N,N’,N'-tetramethylethylenediamine; dien = diethylenetriamine; bpca = bis(2-pyridylcarbonyl)amido; Etsdien =1,1,4,7,7-pen-

taethyldiethylenetriamine.

Chem. Eur. J. 1998, 4, No. 3
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ligands. A similar observation was made by Escuer et al.l*®!
from their comparison of N-donor and O-donor ligands. As
the previous studies were based only on the analysis of the
one-electron contribution to the coupling constant, here we
present DFT calculations for a series of compounds in which

only a terminal ligand is changed

(3, X=F, Cl, Br, or I), to see

X o) 0 NH .

N/ \ ~ ~  whether the same effect is found

/C“\ /C“\ when the two-electron terms are
HzN 0 Y X considered also. The results, shown

3 in Figure 1, confirm the previous

findings. Furthermore, the effect of

the equatorial ligands is approxi-
mately additive, as can be seen for the following series of
compounds in which equatorial ammonia ligands
are gradually substituted by chlorides: [Cu,(u-C,0,)-
(NH;)]**, J=—295 cm™; trans-[Cu,(u-C,0,)(NH;),CL], J =
—230 cm™!; [Cuy(u-C,0,4)(NH;),CL >, J = —195 cm~. In con-
trast, substitution of the axial ammonia ligands by chlorides
produces a change in the opposite direction: a J value of
—293 cm™! for [Cu,(u-C,04)(NH;)s]** changes to —318 cm™!
in [Cu,(u-C,0,)(NH;),CL)].

-180

-200 1

-220 7

Jcalc (cm.l)

-240 1

-260 T
2 3 4
Pauling electronegativity

Figure 1. Dependence of the calculated J value on the electronegativity of
the terminal ligands X in compounds of type 3. See the Appendix for a
definition of the structure used in the calculations.

Magnetostructural correlations for compounds with coplanar
topology: Compounds with a coplanar topology of the
SOMOs form the most extensively studied family of oxala-

to-bridged binuclear complexes of Cu". The 12 known
compounds (Table 3),3+3**] with coupling constants ranging
from —330 to —402 cm!, thus provide the oportunity to
establish correlations between these values and the structural
variations found in the complexes. We report in this section
the results of a series of calculations on the complexes
[(AA)Cu(u-C,0,)Cu(AA)]X,, modeled by {[(NH;),Cu(u-
C,0,)Cu(NH;),](NH;),}**. The relevant structural parame-
ters used for such calculations are given in the Appendix. In
this type of compound, the copper ions exhibit square-
pyramidal coordination with two oxygen atoms of the oxalato
bridge and two nitrogen atoms of the terminal ligand
occupying the base of the pyramid. The counterion X or a
solvent molecule completes the coordination sphere by
occupying an axial site (replaced in our model by NH;).
Taking an idealized square-planar N,Cu(C,0,)CuN, molec-
ular framework with square-planar N,CuO, fragments as a
starting point for the description of the geometry in these
compounds, the deviation of the experimental structures from
the planar model can be described by three parameters:

a) The coordination of the fifth ligand X induces an out-of-
plane displacement of the Cu atom, quantified by the
parameter Ay, as shown in 4.

4

b) The base of the pyramid and the oxalato bridge are not
always coplanar, giving rise to either a chair (5a) or a boat
(5b) conformation. A negative dihedral angle (y) between the
mean planes containing the two sets of basal ligands and the
plane of the oxalato molecule indicates a boat conformation.

¢) The four donor atoms on the basal plane are not
perfectly planar, showing a tetrahedral distortion (6). An

Table 3. Structural and magnetic data for binuclear oxalato-bridged complexes of the type [ (AA)Cu(u-C,0,)Cu(AA)]X,. A positive value for y indicates a

chair conformation, a negative value a boat conformation.

AA X donor set hy (A) v (©) a (%) Jop (cm™") Ref.
phenl® NO; O,N,/O 0.27 16.9 33 —330 [42]
bpy cl O,N,/Cl 037 —15.0 43 —330 [43]
bpy clo, 0O,N,/O 0.18 12,0 74 —376 [45]
bpy BF, 0O,N,/O 0.16 104 72 —378 [45]
bpy PF, O,N,/F 0.08 32 0.0 - 385 [43]
bpy NO, O,N,/O 0.16 32 44 — 386 [45]
bpy SO, 0O,N,/O 0.18 10.5 8.1 [48]
bpy saccharide O,N,/O 0.12 4.09 7.0 [49]
bzpm PF, O,N,/O 0.19 8.9 0.0 —349 [46]
tmen PF, O,N,/O 0.21 10.0 8.5 [50]
tmen clo, O,N,/O 0.18 8.4 48 385 [33]
0.15 12.0 6.3
tmen OBu 0O,N,/O 0.34 7.8 0.0 [51]
mpz PF, 0O,N,/O 0.24 139 53 — 402 [47]
mpz NO, O,N,/O, 0.06 2.1 0.4 —284 [52]

[a] Abbreviations: phen = phenantroline; bpy =2,2-bipyridine; bzpm = bromazepam; tmen = N,N,N’ N'-tetramethylethylenediamine; mpz = mepirizole.
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adequate parameter to describe this distortion is the dihedral
angle o formed between the O-Cu-O and N-Cu-N planes. A
value of a=~0° indicates an ideal planar situation. Such a
distortion is found to be less relevant for the oxalato-bridged
compounds (o ~7.2°) although it has been shown to have a
major importance in the related tetrathiooxalato-bridged
compounds.'!]

The experimental values of Ay, y, and «, together with the
coupling constants of several oxalato-bridged Cu' complexes,
are presented in Table 3. The effect of these distortions was
analyzed previously with the one-electron approximation for
oxalato- and bipyrimidine-bridged Cu" compounds.[® 1 In the
first case only the influence on the coupling constant of the
bending deformation leading to chair conformations was
examined. For the bipyrimidine-bridged compounds the
qualitative study predicts that the out-of-plane displacement
of the copper atoms and the bending deformation should have
effects of similar magnitude on their magnetic behavior.

In order to calibrate more precisely the effect of the out-of-
plane displacement of the Cu atoms on the coupling constant,
which was predicted previously on a qualitative basis, we have
calculated J for the model compound 4 as a function of hy,.
The results are presented in the upper panel of Figure 2.
Comparison with related experimental data (Figure 2, lower
panel) shows that the trend is reproduced well by the model
calculations, even if the calculated curve is shifted by some
+100 cm™! relative to the experimental one. The displace-
ment of the copper atoms out of the basal plane has a strong
influence on the value of the coupling constant: the larger the
distortion, the less antiferromagnetic J becomes.

Chem. Eur. J. 1998, 4, No. 3

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

An additional finding of in- -220
terest is that the two structural
distortions represented by y
and hy are not independent.
According to our DFT calcu-
lations, the larger the bending

angle y the more important is

-240

-260 1

-280 1

Jcalc (cm.l)

-300 7

the displacement of the copper
atoms from the ligand plane.
The experimental data for 13
independent molecules of ox-
alato-bridged complexes show

-320 T T T
0.0 0.1 0.2 03

Ry A

0.4

-320
an analogous trend (Figure 3), 340
although with some dispersion o
which is to be expected given -360
the variety of compounds un-
der consideration. The com-
pound with an equatorial tmen
and an axial tBuO~ ligand has

-380 1

Jop tem™)

-400

-420 T : T
a disordered crystal structure
and has been omitted from
Figure 3.

In order to gain further in-
sight into the factors that gov-
ern the exchange interaction,
we have analyzed separately
the effect of the bending dis-
tortion leading to either a
chair (5a) or a boat (5b) con-
formation. The behavior of the
calculated coupling constant
as a function of such distor-
tions is presented in Figure 4.
Interestingly, the two distor-
tions are predicted to have quite different effects on the
coupling constant. Whereas the bending of the molecule

Iy (A)

Figure 2. Variation of the cou-
pling constant J with the out-of-
plane displacement of the Cu'!
ion (hy, 4). Upper panel: calcu-
lated for the model compound
([ (NH3),Cu(u-C,0,) Cu(NH), |-
(NH,),}*>* (bending angle y kept
constant). Lower panel: experi-
mental results for the [(AA)-
Cu(u-C,0,)Cu(AA)]X, family
of complexes (AA =bidentate
diamine; X=H,0, NO3). See
Table 3 for references.

hy (A)

0.0 T T T
0 5 10 15 20

y ()
Figure 3. Out-of-plane displacement of the Cu atoms (k) as a function of

the dihedral angle between the basal plane and the oxalato bridge (y) in
oxalato-bridged Cu' binuclear compounds. See Table 3 for references.

leading to a chair conformation strongly affects the exchange
coupling, making it less antiferromagnetic, the bending that
leads to a boat conformation has practically no effect on the
coupling constant.

The evolution of the calculated J as a function of the
bending angle y in the chair and boat distortion modes can be
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Figure 4. Left: variation of the calculated coupling constant as a function
of the dihedral angle (y, 5a, 5b) between the CuL, and oxalato planes in
the chair and boat conformations for the model binuclear compound
{[ (NH3),Cu,(u-C,0,)Cu(NH;),](NH;),}** with coplanar topology (the Cu
atoms are kept in their basal O,N, planes). Right: variation of the square of
the energy gap between the two SOMOs as a function of the same
distortion.

traced back to the variations in the energy gap between the
two SOMOs, ¢, and ¢, (7a, 7b) as calculated for the triplet
state (Figure 4, right-hand panel). In effect, the decrease of

the energy gap brought about by the chair distortion results in
a smaller antiferromagnetic contribution [the second term in
Eq. (1)], and hence in less
negative values of J. To be
o %:C% s, more precise, the energies of
b the two SOMOs do not
change appreciably when the
molecule is boat-distorted,
bg %@% 7b Yvhereas oply the d?u orbital
is seen to increase in energy
upon chair distortion, thus
reducing the gap as shown in
Figure 4 (right-hand panel).
The increase in energy of ¢, with increasing y results from
mixing of the out-of-plane lone-pair orbital of the oxalato
bridge =, (8), which is allowed by symmetry in the chair but
not in the boat distortion. In contrast, the ¢, orbital, which is
allowed by symmetry to combine with m, for the boat
distortion, does not mix with it
appreciably, and therefore its en-
ergy remains practically un-

changed by each distortion.
Finally, we have analyzed the
distortion towards a tetrahedral
geometry of the Cu atoms (6) and found that it induces
changes smaller than 0.1 cm~' in the value of J for changes in
the angle a of up to 10°. However, if the latter distortion is
carried to its extreme, with the two Cu atoms in a tetrahedral
environment (a=90°), the coupling becomes much less

antiferromagnetic (J .= —106 cm™).

Evaluation of the one- and two-electron contributions: An
interesting question concerns the analysis of our results
obtained with the simple HTH model.*l How good is the
hypothesis, usually employed in qualitative theoretical stud-
ies, that the two-electron terms in Equation (1) are practically

constant when small structural distortions occur? For this
purpose the gap between the two SOMOs has been extracted
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from our DFT calculations on the triplet. We restrict the
present analysis to the most important structural distortion,
namely the displacement of the copper atoms from the basal
planes. The coupling constant calculated for different values
of hy, is plotted (Figure 5) as a function of the corresponding

-220

-240

-260

J(em™)

-280 1

-300

0.40 0.45 0.50

(¢ 17 &2 )?
Figure 5. Singlet—triplet energy splitting, J, calculated for {[ (NH;),Cu,(u-
C,0,)Cu(NH;),](NHj3),}?* as a function of the separation between the two
SOMOs (&, — &,) [eV?] in the triplet state when the copper atoms are moved
out of the basal plane. The magnitude of this displacement [A] is indicated
for each point on the curve.

0.55 0.60

values of (¢, —¢,)%, and show a clear linear dependence, as
expected from the HTH model. Although one cannot assume
that similar results should be found for other magneto-
structural correlations, these results suggest that there is a
sound theoretical basis for the qualitative application of the
HTH model.

A least-squares fitting of the calculated data to Equa-
tion (1) allows us to obtain numerical estimates for the two-
electron terms: 2K,,=+174cm™! and (J,,—J,) =178 x
10° cm~'. The value of K, is especially interesting, since it
gives an estimate of the maximum possible ferromagnetic
interaction (J =2K,,) predicted by the HTH model when the
two SOMOs are degenerate (i.e., when & —¢&,=0). Our
numerical estimate of 2K, for the oxalato-bridged Cu!!
compounds indicates that only weak ferromagnetic coupling
should be expected in the most favorable case within this
family. However, it should be remembered that in order to
obtain a numerical estimate in this way we have arbitrarily
assumed that the linear behavior observed for the calculated
data (Figure 5) can be extrapolated to the point &, — &, =0.
Estimates for these values obtained by Daudey et al. with an
ab initio perturbative CI approach and a set of orthogonalized
orbitals are 2K,, = 1440 cm~'and J,, — J,, = 1.27 x 10° cm~.. In
an earlier study of fluoro-bridged Cu compounds!*! and in
our recent study of hydroxo- and alkoxo-bridged Cu"' com-
pounds,?? similar values for J,, —J,, (~1.0 x 10° cm™') were
obtained. However, differences in the values of K, obtained
in different ways make it highly desirable to pursue further a
feasible method of calculating as precisely as possible an
average value for a particular family of compounds. No
experimental evidence for strongly ferromagnetic oxalato-
bridged Cu has yet been reported, in good agreement with
the small limiting value of K, found in our calculations; only
weak ferromagnetic coupling has been reported for Cul
oxalato-bridged dimers or chains in which every two neigh-
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boring copper ions are connected in a parallel arrangement
(2¢) with J values of 0.3, 0.67 and 1.22 cm~.##1 A small
positive J value (approximately +1 cm~') was also found in an
oxalato-bridged copper(i1) —vanadyl complex in which the
magnetic orbitals, (x>—y?) for Cu" and xy for V'V, are
orthogonal since they belong to different irreducible repre-
sentations.””] An interesting synthetic target would be a
compound with different coordination spheres for the two Cu
atoms, designed to give orthogonal SOMOs, in order to
achieve the most favorable situation for a ferromagnetic
coupling. One such possibility would be a compound with one
Cu atom in a square-planar or square-pyramidal environment,
and the other Cu atom in a tetrahedral conformation (a = 90°
in 6). The topology of the SOMOs in that case indicates that
they are strictly orthogonal; hence J=2K,,. We have per-
formed a calculation for such a hypothetical structure,
obtaining a coupling constant J=+23 cm™!, in good agree-
ment with the above estimate of 2K, =+17 cm~L.

Conclusion

In this contribution we have applied a recently developed
computational strategy to investigate exchange interactions in
oxalato-bridged copper (i) complexes. Our results for model
compounds indicate that the topology of the two SOMOs is a
key factor in determining the magnitude of the magnetic
exchange. A maximum antiferromagnetic coupling (— 300 >
J>—400 cm™) is achieved when both d._.-type SOMOs lie
on the same plane as the bridging oxalate ligand. For the least
favorable case, with both SOMOs in planes perpendicular to
the oxalate, very weak antiferromagnetic coupling (/~—
10 cm™!) is expected. These findings are fully confirmed by
calculation of the coupling constants for four selected
complete structures, for which excellent agreement between
calculated and experimental data is obtained.

The effect of several structural distortions has been
analyzed for a model compound with a coplanar arrangement
of the two SOMOs, showing that the most important changes
inJ are related to the displacement of the Cu atoms away from
their basal planes. A structural correlation was also found
between the degree of bending of the basal planes () and the
out-of-plane displacement of the copper ions (k). The
accuracy of the method used in this work for the evaluation
of coupling constants, together with its moderate demand for
computer time, opens up novel routes towards the ab initio
prediction of the magnetic behavior of new compounds.

Appendix

Calculations for the model compounds [Cu,(u-C,0,)(NH;)s]** were carried
out with the following structural parameters: Cu—O =1.98 A; large Cu-
0=218A; Cu-N,=2.01 A; Cu-N,=240A; N-H=105A; C-C=
156 A; C-0 =125 A; Cu-O-C=110°; C-C-O = 117°; Cu-N-H = 109°; O-
Cu-N =93.2°. For the models including halide ligands we have replaced one
ammonia molecule by the corresponding halide, with the following bond
distances: Cu-F=185A; Cu-Cl=225A; Cu-Br=2356A; Cu-1=
2.594 A.
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Abstract: A series of dinuclear triple-
helical complexes of iron(ir) and co-
balt() with  bis[2-(pyrid-2'-yl)benz-
imidazol-5-ylJmethane ligands 2 were
compared with the analogous mono-
nuclear complexes of Fe(i1) and Co(iin)
with 2-(pyrid-2'-yl)benzimidazole ligands
1. With the dinucleating ligands 2 only
one complex is formed, in contrast to the
mononuclear complexes, for which step-
wise formation is observed. The crystal

helicate does not involve significant
distortion of the metal coordination
sphere, and that a decrease in metal—
nitrogen bond length results in a longer
metal — metal distance. Magnetic suscep-
tibilities were measured between 243
and 323K in CD;CN solution for
[Co(1a);]**, [Cox(2a);]**, [Fe(1b);]",
[Fe,(2b)s]*, [Fe(La),]** and
[Fe,(2a);]*. Cobalt(i1) complexes and
iron(i1) complexes with methyl substitu-

ents at the 6-position of the pyridine
rings are high spin and show Curie
paramagnetism with no significant met-
al-metal  interaction. = Complexes
[Fe,(2a);]** and [Fe(la);]** are spin-
crossover systems; the dinuclear com-
plex shows greater stability in the low-
spin form. Electrochemistry does not
allow the separation of the two oxida-
tion waves of [M,(2a);]**, but the 'H
NMR spectrum of [Co'Co™(2a);]**

structures of  fac-[Co(1a);](ClO,);-
EtCN and [Fe,(2¢);](ClO,),-4 CH;CN
are reported and compared with previ-
ously determined triple-helix structures
to show that the formation of the

Introduction

The synthesis of helical coordination complexes (helicates)
has attracted considerable attention lately and has been the
subject of a number of recent reviews.'")] The rapid self-
assembly of these sophisticated structures is typical of
supramolecular chemistry.’! The modification of both the
ligands and the metal ions is straightforward and has provided
insights into the relative importance of different factors in the
assembly process. Among the properties of the resulting
helical complexes, the chirality,[*®! electrochemistry,’"l and
energy transfer!'>% have been studied. We have previously
studied a series of triple-helix complexes in which two
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shows the system to be a classII
mixed-valent system. The oxidation of
the metal ions is not a cooperative
phenomenon.

mag-

spin crossover

octahedral metal ions are complexed by three bis-bidentate
ligands of type 2 (Scheme 1).141 Surprisingly, racemization of
the enantiomerically pure triple helix (+)-[Co,(2a);]**
was very slow at room temperature!™”l relative to the isomer-
ization of the analogous mononuclear complex [Co(1a),]>*.[1°!
Further studies showed the origin of this inertness to be
the rigidity of the helical system, the reorganization
of the coordination sphere of one metal being im-
possible without perturbing the coordination sphere of the
other.

This observation raises the general question of the extent to
which the incorporation of a metal ion into a dinuclear helical
structure modifies its properties relative to a simple mono-
nuclear complex. Both electronic effects arising from the
relative proximity of the two metal ions and their interaction,
and mechanical effects due to the linking of two metal ions by
a relatively rigid binucleating ligand can be envisaged. The
inertness of the triple helix [Co,(2a);]** is an example of a
mechanical effect. A more subtle effect is seen in [Co,(2b);]**,
in which the methyl substituents at the 6-position of the
pyridyl moieties limit the approach of the pyridine rings to the
metal ion and thus influence the redox potential of the cobalt
ion;!% in this case the helical architecture is important in that
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2c:Rq=H,Ry =Me,R3=Et

R1 = 3,5-(MeQ)2C3HgCH2

Scheme 1. Ligands used or referred to in this work.

it holds the three interacting methyl groups on the same face
of the coordination octahedron.

Here we report on the structure, magnetism and redox
properties of the triple helices, with a view to evaluating the
importance of electronic and mechanical interactions. As in
isomerization studies,'®!'7l the properties of the dinuclear
triple-helix complexes of 2 are compared with those of
analogous mononuclear complexes of 1.

Results

Synthesis and characterization of complexes: The complexes
[FeL;]** (L=1a, 1b) and [Fe,L;]*" (L=2a, 2b, 2¢) were
isolated as crystalline perchlorate salts. The IR spectra
showed bands due to coordinated ligands and free perchlorate
ions, and the ESMS spectra showed the expected peaks for
[Fe(1);)** and [Fe,(2);]*". The dinuclear species also showed
peaks due to [Fe,(2);(ClO,),]#9* cations (x =1,2). The UV/
Vis spectra in acetonitrile (Figure 1) showed an intense band

486 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

in the region 300-340 nm assigned to
t —m* transitions of the ligand. The com-
plexes [Fe(1a);)**, [Fe,(2a);]*" and
[Fey(2¢);]**  showed  metal-to-ligand
charge-transfer (MLCT) bands typical of
low-spin  Felll'201 jn  the region 520-
530 nm, which are responsible for their
violet colour. Complexes [Fe(1b);]** and
[Fe,(2b);]** are yellow and do not show the
charge transfer band, although [Fe(1b);]**
showed a weak shoulder at 385 nm (e=
972Mm~'cm~!) which may be due to a MLCT
transition that is shifted to higher energy in
a high-spin complex.

The distinction between high- and low-
spin complexes suggested by the UV/Vis
spectra was confirmed by the 'H NMR
spectra in CD;CN. The high-spin complexes
[Fe(1b);]** and [Fe,(2b);]** showed only
[MpLg]2n+ very broad peaks, while low-spin
[Fe,(2a);]*" and [Fe,(2¢);]** showed the
spectra expected for a diamagnetic D,

&

140000(
120000}
100000F
80000 -
60000]
40000

20000

500 600 700

200

wavelength (nm)
Figure 1. UV/Vis spectra of [Fe(1a);]** (unbroken bold), [Fe(1b);]**
(dashed bold), [Fe,(2a);]** (unbroken), and [Fe,(2b);]** (dashed) in
acetonitrile at 22°C.

symmetric species, although the signals were slightly broad-
ened by the presence of traces of high-spin iron(i1). Figure 2
shows the 'H NMR spectrum of [Fe,(2¢);]*", and Scheme 2

— T T T T U T T T - — T T H
6 10 8 6 4 2

Figure 2. '"H NMR spectrum of [Fe,(2¢);]* in CD;CN at 22°C.
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8 9 11 Structural analysis:

7 /41\ /1‘3\ ,1'7\ 12 Crystal structure of fac-[Co(1a);](ClO,);-

3 5 ‘? ? 1|6 | 13 EtCN: The crystal structure of the complex

? > NS \\N,6\1/2\ )5~14’19\N/ shows a [Co(1a);]** cation with three non-

™~ 4/5\6/N\ 2= \7='£ 810 \N= 24 14 coordinated perchlorate anions and a slightly

/é\ /1|\N//7_B\NC_>1£1 : 4\9—51 Y_2f disordered propionitrile molecule. The unit

o \, et 0/O\N N’O\23_15 cell contains two cations with opposite abso-

9 Pt/ et lute configurations, and the crystal structure

N 7 Ve exhibits alternating planes in which the cations

Scheme 2. Numbering scheme for carbon and hydrogen atoms.

the atom numbering. The helical nature of the complex is
clearly shown by the ABX; spin system of the ethyl groups,
which gives rise to a multiplet around ¢ = 5.30. The 'H NMR
spectrum of [Fe(1a);]** at room temperature is composed of
broad peaks, poorly resolved and spread over a few tens of
ppm. This behaviour is attributed to the presence of both fac
and mer isomers and to a large fraction of high-spin Fe!! (vide
infra). Changing the solvent ([Dg4]acetone) or lowering the
temperature (243 K) did not improve the spectrum.

The complex [Co(1a);](ClO,); was obtained by oxidation
of [Co(1a);](C10,),!' in acetonitrile with H,O,/HCIO, and a
catalytic amount of [Cp,Fe](BF,). The '"H NMR spectrum of
the isolated salt shows 36 signals in the range 6 =0-10, and
this indicates a mixture of fac and mer isomers of the low-spin
cobalt(iir) complex. On oxidation, the mer/fac ratio changed
from 82/18 for Co!' to 64/36 for Co'. The inert Co'!
complexes were separated on a cation-exchange resin with
HCI as eluent. Evaporation of the acid after elution allowed
the recovery of the pure isomers but in very low yields,
probably as a result of partial decomposition in the acidic
medium. The purity of the isomers was verified by 'TH NMR
spectroscopy, which showed nine signals for the fac isomer
and 27 for the mer isomer. COSY and NOED:Iff experiments
allowed assignment of all peaks, including the 27 different
protons of the mer isomer. The fac isomer was eluted second
and was isolated as X-ray quality crystals of the perchlorate
salt by recrystallization from propionitrile/tert-butyl methyl
ether.

A notable difference between ligands 1 and 2 was observed
upon titrating the free ligand with M salts. With 1 both Co!!
and Fe!' showed stepwise formation of complexes, whereas
with the binucleating ligands 2 only [M,L;]*" was
observed; the UV/Vis spectra showed isosbestic
points. This was confirmed by factor analysis of the
spectroscopic titration data, followed by least-
squares fitting of the equilibria for ligands 1
[Egs. (1-3)]. For ligands 2 the equilibrium of Equa-
tion (4) was fitted. The stability constants are listed in
Table 1.

Figure 3. ORTEP™! stereoview of the fac-[Co(1a);]** cation. Ellipsoids are shown at the
50% probability level.

M>* + L = [MLP* (1)
[ML]* + L = [ML,J** 2)
[ML,J** + L = [ML;]* 3)
2M" 4+ 3L = [M,Ls]* 4)

Chem. Eur. J. 1998, 4, No. 3
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all have the A or A configuration. The pyridine
and benzimidazole rings are planar within
experimental error. No particular intermolec-

Table 1. Stability constants for complexes measured at 22°C in acetoni-
trile.

Metal Ligand  logf,; log 3, log f35 log 3,3

Fell la 6.4(2) 12.2(3)  17.6(3)

Fell 1b 6.1(3) 11.04)  152(4)

Co! la 7.8(1) 14.9(2)  21.2(3) ref. [16]
Fel! 2a 19.6(8)

Fell 2b 22.6(6)

Fell 2a 20.2(2)

Co!! 2a >25 ref. [10]
Co! 2b 21.9(2)  ref. [10]

ular interactions were observed. The cation is composed of
three 1a ligands coordinated to the Co! atom in a fac
arrangement; a pseudo-C; axis passing through the cobalt
centre relates the three ligands. The coordination sphere
around Co' is a pseudooctahedron flattened along the
pseudo-C; axis, as reported for [Co(bipy);]**.?!! The average
Co-N,, distance is 1.96(1) A, 0.03A longer than in
[Co(bipy)s]** and close to that in [Co,(2a);]°",® as is the
average Co—Nj, distance of 1.91(1) A. The average dihedral
angle between pyridine and benzimidazole rings on the same
ligand is 2.2°, and the average bite angle N, .-Co™-Ng, is 82.2°.
A stereoscopic view of the A-fac-[Co(1a);]** cation is shown
in Figure 3.

Crystal structure of [Fey(2¢);/(ClO,),-4CH;CN: The crystal
structure contains a [Fe,(2¢);]*" cation, noncoordinated per-
chlorate anions and acetonitrile molecules in large interstices
between the helices. The cation is a dinuclear triple helix
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(Figure 4) in which the three ligands are wrapped around a
pseudo-C; axis passing through the two iron atoms. It is
situated on a crystallographic C, axis that passes through the
C13 bridge of one ligand. No stacking between aromatic

Figure 4. ORTEP! stereoview of the [Fe,(2¢);]** cation.

groups was observed, and the structure shows no significant
intermolecular interactions. The pyridine and benzimidazole
groups are planar within experimental error. Helicity results
from rotation about the interannular C—C bonds of the
ligands, as observed previously for analogous helical com-
plexes.['3221 The unit cell contains four cations, two with A and
two with A chirality. The coordination sphere around the
Fe(i1) centre is a pseudooctahedron slightly flattened along
the pseudo-C; axis. The average Fe—N distances are Fe—N,,,
2.00(2) and Fe—Nj, 1.96(1) A, typical for low-spin Fe!
coordinated to imine nitrogen atoms.”’] The average bite
angle N,,,-Fe-Ng, is 80.8(7)°, almost identical to that found by
Elliott et al. (81.2°).°l The Fe —Fe distance is 9.163(5) A.

Comparison of the structures: The two structures described
above, together with those published previously for the
cations [Co,(2a);]**, [Co,(2b);]*+,!% and [Co,(2a);]°*,® allow
the structural differences resulting from a
change of metal ion or from introducing
steric repulsion into the ligand (e.g., 2b) to
be analyzed. To discuss the geometry of the
coordination sphere, we regard the pseu-
dooctahedron as being formed from two
tripods with C; symmetry (Scheme 3), one
formed by M-N, bonds,
and the other by M-Ny,

ideal octahedron 6=54.7°) and the twist angle w, which
measures the extent to which one tripod has been rotated
about the threefold axis relative to the other (w =60° for a
perfect octahedron, 0° for a trigonal prism).

The relative orientation of the two bidentate domains of
ligand 2 can be characterized by the torsion angles C2-C3-
C13-C16 and C3-C13-C16-C15 (Schemes 2 and 4). When
these angles are zero, the two bidentate domains are closest to

each other; as the torsion in-
\N : N—
N N

creases they move apart and
reach a maximum separation

{ )N N{ )
Scheme 4. The two torsion an-

for torsion angles of 180°. The
three pseudo-C, axes of the
pseudo-D; helicates require
these two torsion angles to be
equal in an ideal structure. The
second parameter used to char- !

. gles used to characterize the
acterize the overall structure of pening of the ligand 2.
the complex is the area S¢; of
the triangle formed by the three
hinge methylene carbon atoms C13 joining the benzimidazole
moieties. Large values of Sc;; imply that the helix is flattened
along the axis, and small values correspond to elongation
along the axis, which brings the ligand strands closer together.
Table 2 lists the values of these parameters, averaged under
the assumption of D; symmetry for the triple helicates and C;
symmetry for [Co(1a);]**. Since the 'H NMR spectra show
clearly that the complexes have D; symmetry in solution, this
averaging is reasonable.

The data in Table 2 show that the coordination sphere in
[Co,(2a);]°" is identical within experimental error to that of
fac-[Co(1a);]**; clearly the formation of the dinuclear triple
helix does not impose any strain upon the coordination sphere
of the metal ion. This would seem to be generally true for the
other complexes, since the metal —nitrogen distances agree
well with those reported for nonhelical complexes,?! with the
exception of [Co,(2b);]**, in which the methyl substituents of
the pyridine rings are known to repel each other.'” The
decrease in the bite angle on crossing the series is a reflection
of the increase in metal —nitrogen bond length.

The metal-metal distances in these complexes show
considerable variation, and it is interesting to correlate them
with the structural parameters of the helix. Imagine a triple-
helical complex [M,(2);]*** in which the M-N distance is

Table 2. Averaged structural parameters for triple helical complexes and fac-[Co(1a);]*+.

bonds.'”! The coordination

) Parameter fac-[Co(1a);]** [Co,(2a);]* [Fey(2¢)3]** [Coy(2a);]** [Coy(2b)s]**
Scheme 3. The  SPherecanthen be discussed y & 1.912(9) 1.9203) 1.963) 21103) 2.06(2)
: . . _ fe M-N(bzim) . . ST oA :
coordination oc-  in terms of the M=N dis- "= 2 1.953(12) 196(3)  200(1)  217(3)  2.29(6)
tahedron is re-  tances, the bite angle of the average dy x (A) 1.93(3) 1.94(3) 1.98(3) 2.14(4) 2.18(12)
garded as two G5 chelates, the dihedral angle  bite angle (°) 822(2) 83.1(2) 80.8(6) 76.6(9) 76.2(16)
Lr;;;iﬁinsh:;g)l(g; y of the bond joining the dihedral angle x ()1 1(3) 2(4) 3(3) 99) 20(5)
: .' benzimidazole and ovridine 0 ) 58.4(17) 57.8(14)  58.8(7) 602(20)  62(4)
is the flattening Zimicazoic anc pyrdamne - . 55.7(17) 557(15) 5425 505(15)  54.6(12)
angle, and w is  groups of the chelates, the . ) 55(2) 56(2) 53(4) 47(7)
the twist angle in-  flattening angles 6 of the s (A?) 22.5(10)  22.4(10)  23.9(10)  26.8(10)
dicating the “ex- rinods, which represent the  dy.y (A) 9.146(6)  9.163(5)  8854(4)  8.427(4)
tent to which the Ref. [8] [10] [10]

lower tripod is ro-
tated with respect
to the upper.

488 —

extent to which the octahe-
dron has been deformed
along the C; axis (for an
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[a] The average torsion angle of the N-C-C-N fragment of the chelate ring. [b] The torsion
angles averaged are C2-C3-C13-C16 and C3-C13-C16-C15.
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suddenly shortened (for example, by oxidation or a high- to
low-spin transition). The bidentate domain will try to move
closer to the helical axis, and examination of a model shows
two ways in which it can do this: reduction of the C3-C13-C16
bond angle or an increase in the torsion angles C2-C3-C13-
C16 and C3-C13-C16-C15. We would expect the change in
the torsion angle to be less expensive energetically, and
indeed the C3-C13-C16 bond angles show no significant
variation in these structures. The torsion angles show a
considerable spread, but the average for assumed D; symme-
try shows the expected increase as the bidentate domains
move further apart and the metal —metal distance increases.
Similarly, C13 moves closer to the helical axis, and this leads
to a decrease in S¢;3. A further prediction of the model is that
the flattening angle 6 should decrease, as should the twist
angle w, but these angles are equally modified directly by a
decrease in metal —nitrogen bond length, which leads to an
increase in 0 and a decrease in w. It is difficult to ascertain the
relative importance of each effect in the changes in these
parameters. It does, however, seem clear that the metal -
nitrogen distance can influence the pitch of the helix and
therefore the metal — metal distance.

Magnetic properties of the complexes: The molar suscepti-
bilities and effective magnetic moments of complexes
[Co(1a)s], [Coy(2a):]*, [Fe(1b):]*", [Fex(2b)s]*,
[Fe(1a);]** and [Fe,(2a);]** were measured in CD;CN
between 240 and 330 K by the Evans method,?* adapted for
large diamagnetic contributions.*’!

Co" complexes: The molar magnetic susceptibility of
[Co(1a);]** followed a Curie—Weiss law (y=C/(T-0)),
where C=2.9(3) cm*mol'K~! and 6=2(3) K. The small
value of 6 suggests essentially Curie-type behaviour for this
cobalt complex, and the effective magnetic moment was
constant, with an average value of 4.85 BM, typical of high-
spin Co" complexes.?) The dinuclear Co" triple helix
[Co,(2a);]* also showed Curie-type behaviour, with C=
6.2(1) cm*mol'K~! (§=—1(6) K for a Curie—Weiss fit).
The effective magnetic moment was constant, with an average
value of 703 BM. If the two metals in the helix are magneti-
cally independent, the magnetic susceptibility of the complex
would be expected to be the sum of the susceptibilities of two
mononuclear subunits equivalent to fac-[Co(1a);]**. The
observed value of 6.2(1) cm*mol~'K~! is indeed very close
to twice to that observed for [Co(1a);]**, and the slight
difference may be due to the fact that in solution [Co(1a);]**
is a 82/18 mixturel'® of mer and fac isomers. These results
indicate that the magnetic coupling between the two cobalt
ions is negligible in the triple helix, as expected from the large
intermetallic distance of 8.855 A. The value of € close to zero
is also consistent with two magnetically independent nuclei
with no significant interaction.

Fe'' complexes: The molar magnetic susceptibility of
[Fe(1b);]** (Figure 5) showed a slight deviation from Curie-
type behaviour, with C=3.7(1) cm*mol'K~! and 6=
—10(3) K. The nonzero value of € may arise from changes
in the mer/fac ratio with temperature,?’l although this was not
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Figure 5. yTas a function of T for [Fe(1a);]**, [Fe(1b);]**, [Fe,(2a);]** and
[Fe,(2b);]** in acetonitrile.

seen for [Co(1a);]>*.') The effective magnetic moment was
constant, with an average value of 5.24 BM, typical of high-
spin Fe!! complexes.’®! The magnetic susceptibility of the
dinuclear triple helix [Fe,(2b);]*+ followed Curie-type behav-
iour with C=74(1) cm*mol~'K~! (a Curie—Weiss fit gave
0=—3(4) K). As for [Co,(2a);]*, C was twice that of the
mononuclear analogue, indicating a negligible magnetic
coupling of the two nuclei in the triple helix. The effective
magnetic moment is constant, with a mean value of 7.65 BM.

For [Fe(1a);]** the magnetic susceptibility shows non-Curie
behaviour, the effective magnetic moment increasing with
temperature (Figure 5) as a result of a spin-crossover tran-
sition from the low-spin 'A; to the high-spin 37, electronic
state in pseudo-O, symmetry [Eq. (5)], which is well known

K <
1A, == °T, 5)

for Fe! complexes having polyimine-type ligands.?®! The
transition is described by the equilibrium constant K, which
is the ratio between the molar fractions of the high- and low-
spin configurations and may be obtained from Equa-
tion (6).") Here xys and x5 are the molar fractions of high-

iy — ks

and low-spin Fe', y., is the observed molar magnetic
susceptibility, yys and y;s are the susceptibilities for com-
pletely high-spin and low-spin complexes, (. is the effective
magnetic moment and uyg and y, g are the effective magnetic
moments for pure high-spin and low-spin complexes. By
taking u;s=0, and wuus=524BM from the value for
[Fe(1b);]?*, values for K, were calculated that led to AH®=
20.1(8) kJmol~' and AS°=67(3) mol'K~!, typical for this
type of complex.l'”2® The transition temperature T,, for
which xps = x;3=0.5, was 299 K. The plot of In K, against 1/T
was slightly curved; possible reasons for this deviation are: a)
a nonzero value of u;g, as observed for similar complexes®!
(however, variation of the value in the range 0-0.7 BM did
not improve the fit); b) the presence of Fe! impurities, which
we discount since this would require more than 10 % Fe'; and
c) a change in the mer/fac isomer ratio with temperature. This
has already been observed for tris(2-methylaminopyridine)-
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iron(i1) iodide.’”) In the solid state, this complex shows mer
high-spin and fac high-and low-spin isomers, but no mer low-
spin isomer at room temperature.

For the dinuclear triple helix [Fe,(2a);]**, spin crossover is
also observed, but the transition was far from complete, even
at the highest temperature. Clearly [Fe,(2a);]** is stabilized in
the low-spin form relative to [Fe(1a);]**. Using the values of
U s=0 and uyus=7.65 BM one can calculate K, for the
double spin transition [Eq. (7)].

K

[Fe(LS),(2a)]** [Fe(HS),(2a);]** O

A plot of In K, against 1/7T with the values for which u >
1 BM (to avoid large errors from a possible nonzero value of
ts) gave AH’=31.1(4) kIJmol~! and AS=76(3) Jmol'K!
and did not show the curvature observed for [Fe(la);]**,
which is consistent with this effect arising from a mixture of
mer and fac isomers. These values should be regarded as
indicative since a complete crossover was not observed, and it
is possible that, in the temperature range studied, the
transition takes place only to the mixed-spin species
[Fe(LS)Fe(HS)(2a),]*.

Electrochemistry and electron-transfer  properties:
[Fe(1a);]**, [Fe,(2a);]*" and [Fe,(2¢);]** had similar cyclic
voltammograms, with Fe''/Fe'' oxidation waves near + 0.8 V
vs. SCE (Table 3). The peaks were broadened due to the
presence of mer and fac isomers for [Fe(1a);]*" and by two

Table 3. Electrochemical data, E;, (AE,), for complexes as perchlorate
salts in acetonitrile (0.1m Bu,NPF). Ey, in V vs SCE; AE,, in mV.

Complex MM Ligand reduction Ref.
Fe(1a),]** +0.80 (75) —1.40 (100), —1.58 (90)
Fe,(2a);]**  +0.85 (100) —1.43 (100), —1.69 (110)
Fe,(2¢);]**  +0.84 (120) —1.41 (130), —1.71 (85)

—1.08 irrl®

— 148 irr

—1.17 (110), —1.33 irr

—1.19 (90), —1.68 irr [10]
—1.05 (90), —1.25 irr [10]
—1.13 (60), —1.71 irr

[

[

[

[Fe(1b),]** n.o.la
[Fe,(2b);]**  n.o.
[Co(la),*  +0.44 (90)
[Coy(2a),]*  +0.37 (160)
[Co,(2b);]**  n.o.

[

Coy(2¢)5]*  +0.38 (105)

[a] n.o.: not observed; irr: irreversible.

successive one-electron oxidations for [Fe,(2a);]** and
[Fe,(2¢);]*.P1 Ligand-centred reduction was observed at
potentials below — 1.4 V. [Fe(1b);]** and [Fe,(2b);]** showed
no wave corresponding to oxidation of Fe!, and at negative
potentials gave a broad, irreversible reduction wave. Succes-
sive sweeping of the potential showed the voltammograms to
be irreproducible, presumably because of deposition of
material on the surface of the electrodes.

The cyclic voltammogram obtained for [Co,(2¢);]** was
very similar to that previously found for [Co,(2a);]**.l1%
Surprisingly, however, [Co(1a);]** exhibited a Co"/Co™
oxidation wave at +0.44V, significantly higher than the
values for [Co,(2a);]** and [Co,(2¢);]**. Note that the mer/fac
ratio decreases from 82/18 for [Co(1a);]**['] to 64/36 for
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[Co(1a);)**, as determined by NMR spectroscopy after
oxidation.

Since the cyclic voltammetry experiments gave little
information on the stability of the mixed-valent helicates, a
synthetic approach was adopted. Equimolar amounts of
[Co,(2a);]* and [Co,(2a);]°" were mixed in CD;CN and the
'H NMR spectrum of the solution monitored. Immediately
after mixing, the spectrum corresponded to a mixture of the
starting materials, but after 30 min a new species with a
spectrum showing 17 signals was clearly visible, and this
steadily increased to an equilibrium value over one day. The
spectrum of the new species could be analysed in terms of
eight signals typical of a benzimidazole-pyridine ligand bound
to Co™, as in [Co,(2a);]%*, and eight signals typical of the
ligand bound to a paramagnetic Co™ centre. The final signal,
assigned to the methylene bridge joining the two halves of the
ligand, appeared as a broad AB spin system at 6 =— 0.82. This
spectrum corresponded that expected for a localized mixed-
valent complex [Co,(2a);]>" with one paramagnetic and one
diamagnetic centre, and the assignment was confirmed by
COSY and NOEDiff measurements. The clear separation of
the diamagnetic and paramagnetic domains of the complex
indicates a class II mixed-valent complex and implies that
intramolecular exchange between Co!' and Co™ centres is
slow on the NMR timescale, presumably as a result of the
considerable change in Co—N bond lengths and the spin
change upon electron transfer.?*3! The long time required for
the establishment of equilibrium [Eq. (8)] is, however,
probably a result of the highly unfavourable outer-sphere
term associated with the interaction between +4 and +6
ions in acetonitrile in the absence of added electrolyte.

Keomp
[Co™(2a);]* + [Co™y(2a),]"" == 2[Co"Co™(2a);]* ®)

Integration of the signals of the different complexes
allowed the calculation of the comproportionation constant
Keomp="06.5(1) in CD,CN. This is slightly higher than the
statistical value of four®? and implies that the oxidation of one
Co' centre does not favour the oxidation of the other and that
the process is noncooperative. From K, one may calculate
AE,,, the difference in oxidation potential between
the couples [Co,(2a);]*/[Co,(2a);]>" and [Co,(2a);]**/
[Co,(2a);]°* by Equation (9).5% This value is in accord with

AE, = (RTIF)InK gy = 46 mV )

the broadening (AE, =105 mV) observed for the oxidation
peak in the cyclic voltammogram of [Co,(2a);]**. Elliott et
al.’ have prepared a series of dinuclear triple helices of Fel!
with 4,4'-disubstituted 2,2'-bipyridine ligands in which the
length of the spacer can be varied. They have used the
electrochemically determined values of AE,, and the inter-
metallic distances r from X-ray crystallography or molecular
modelling calculations to calculate ¢, the dielectric constant of
the medium. The values for ¢ lie between 12.3, the value for
pyridine, and 39, the value for the solvent acetonitrile. For
[Co,(2a);]>*, with an estimated value of r as the average of the
isovalent Co and Co™! helices, 9.00 A, we obtain a value for &
of 34.7.
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Discussion

We now return to the question raised in the introduction
concerning the nature of the differences between mono- and
dinuclear species. Clearly, in the systems studied here the
electronic interactions are weak, as shown by the magnetic
behaviour of the high-spin systems, by the single metal-
centred oxidation or reduction peak observed electrochemi-
cally, and the value of the comproportionation constant Ky,
of 6.5(1) for [Co,(2a);]°*+, which is close to the statistical value
of four. Given the relatively long metal —metal distances, this
is not unexpected. Mechanical interactions are, however,
more important, and are undoubtedly responsible for the
major difference in formation equilibria: the dinuclear ligands
show only one complex [M,(2);]***, while the mononuclear
ligands give mixtures [M(1),]**, n =1-3. The formation of the
dinuclear complexes thus obeys the criteria for a strict self-
assembly reaction as defined by Lindsey.) The fac arrange-
ment of the methylpyridine moieties in the dinuclear com-
plexes results in steric repulsions between methyl groups in
the 6-positions; this was found previously for Co™ ') and has
now been shown to influence the oxidation potential of Fe!l
and the magnetic spin state, as has been reported previously
for spin-crossover complexes.?43]

The dinuclear complexes differ significantly from the
mononuclear species in two properties: the oxidation poten-
tial of [Co(1a);]** and [Co,(2a);]*" and the spin-crossover
transitions of [Fe(1a);]** and [Fe,(2a);]*". Both oxidation of
Co" and the transition of Fe' from high spin to low spin
require shortening of the metal —nitrogen bonds as a result of
removing two electrons from the antibonding e, orbitals. The
shortening is 0.15—-0.20 A both for spin crossover?33 and for
oxidation (Table 2), and therefore similar forces will be
exerted by the metal ion upon the ligand strands as a result
of these transitions. The complex [Co,(2a);]** is more readily
oxidized than [Co(1a);]**, and [Fe,(2a);]** shows greater
stability in the low-spin state than [Fe(1a);]**; both observa-
tions suggest that the dinuclear system favours the form with
the shorter bond lengths.

This is not the only possible explanation: it was suggested
on the basis of theoretical calculationsB®37] that spin crossover
takes place by means of a trigonal twist, and the degree of
trigonal twist has been correlated with the amount of high-
spin form present; low values of the twist angle o correspond
to the high-spin state.?>3! If this is so, then constraints in the
helical structure might prevent the untwisting necessary to
lead to the high-spin state. As we have discussed elsewhere,
Bailar and Ray-Dutt twists are impossible for these triple-
helix structures.'®! This restriction of twisting would not,
however, be expected to stabilize the Co' oxidation state in
[Co,(2a);]°", and so the size-selectivity argument, which
explains both effects, seems preferable.

Experimental Section

Materials: Solvents and starting materials were purchased from Fluka AG
(Buchs, Switzerland) and used without further purification unless otherwise
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stated. Ton-exchange column chromatography was performed with Sepha-
dex SPC25 (Sigma) or Dowex 1X2 (Fluka).

Spectroscopic and analytical measurements: UV/Vis spectra were recorded
in acetonitrile at 103 to 10~*M concentration in quartz cells of 1 and 0.1 cm
path length in Perkin—Elmer Lambda 5 and Lambda 2 spectrometers.
Spectrophotometric titrations were performed as described previously.[']
Absorbance data were collected at ten different wavelengths, and the
number of absorbing species was determined by factor analysis. The data
were then fitted to the proposed equilibium model by the procedure
described by Gampp et al.’” The average difference between observed and
calculated absorbances was typically 0.003 absorbance units. IR spectra
were obtained from KBr pellets in a Perkin—Elmer 883 spectrometer.
Cyclic voltammograms were measured on Tacussel PRGE-DEC or BAS-
CV-50 W potentiostats linked to a function generator. A three-electrode
system was used, with a stationary Pt disc as working electrode, a Pt
counterelectrode and a nonaqueous Ag/Ag* reference electrode. The inert
electrolyte was Bu,NCIO, (0.1m in CH;CN), previously recrystallized from
ethanol. Acetonitrile was freshly distilled over P,Os and passed through an
alox I column prior to use. The reference potential was standardized with
[Ru(bipy);](ClO,),.[*) Voltammograms were recorded at 100 mVs~! and
analysed according to established procedure.*! ES-MS spectra were
recorded on a Finnigan-Mat SSQ 7000 spectrometer at the Mass Spectro-
scopy Laboratory of the University of Geneva. 'H and '3C NMR spectra
were recorded on a Varian Gemini 300 spectrometer; chemical shifts are
relative to TMS as internal standard; the temperature was calibrated as
previously described.[*!l Magnetic susceptibilities in CD;CN were meas-
ured by the Evans method®! on the Varian Gemini 300 spectrometer, with
modifications for a superconducting magnet.[”l Data were corrected for
diamagnetic contribution of the ligand with the molar susceptibility of 2a
for dinuclear triple helices and half of this value for the mononuclear
complexes.?>#] The apparent molar susceptibility measured for 2a was
—4.44 x10~*cm?*mol~! at 293 K for a concentration of 0.024M. Molar
susceptibilities of the complexes were measured at 10 K intervals between
243 and 333 K. The densities of solutions in acetonitrile d, were corrected
for temperature.?>#

Molar susceptibilities were converted to effective magnetic moments u. by
Equation (10).['] Elemental analyses were performed at the Microanalyt-
ical Laboratory of the University of Geneva. Metal contents were
determined by atomic absorption spectroscopy after acidic mineralization.

T.MW( Av S,.c
Hy =2.828\/ S,c (T'{*S/.C.ZO—WZJJ (10)

Preparation of the ligands: The ligands 5-methyl-2-(1-methylbenzimidazol-
2-yl)pyridine  (1a),'!  6-methyl-2-(1-methylbenzimidazol-2-yl)pyridine
(1b),"** bis[5-(1-methyl-2-(5'-methyl-2'-pyridyl)benzimidazolyl) Jmethane
(2a),1°1  bis[5-(1-methyl-2-(6'-methyl-2'-pyridyl)benzimidazolyl) Jmethane
(2b),' and  bis[5-(1-ethyl-2-(5'-methyl-2’-pyridyl)benzimidazolyl) me-
thane (2¢)!'") were prepared according to literature procedures.

Preparation of the complexes: Caution! Combinations of perchlorate salts
with organic solvents are potentially explosive and should be handled with
the necessary care.”] The complexes [Co(1a);](ClO,),- MeOH!") and
[Co,(2a);](ClO,), ' were prepared according to literature procedures.

[Fe(1a);](C10,4),: Compound 1a (67 mg, 0.031 mmol) was dissolved in
CH,Cl, (2 mL), and Fe(ClO,),-6H,0 (36.3 mg, 0.1 mmol) in acetonitrile
(8 mL) was added. The violet solution was evaporated to dryness, the solid
was dissolved in acetonitrile (2 mL) and ether was added to the solution
until precipitation began. The mixture was cooled (—20°C) and the violet
solid collected by filtration to give 92.4 mg (96 %) of [Fe(1a);](ClO,),-
2H,0. FeC,,H3NyCl,05-2H,0: caled C 52.50, H 4.52, N 13.12; found C
52.50, H 4.34, N 12.80; IR: 7 =3119, 3063 [v(CHATr)]; 1602, 1584 [v(C=C),
v(C=N)]; 1473, 1442 [6(CH;)]; 1090, 622 cm™! [v(ClO,)]; UV/Vis (aceto-
nitrile): Ay, (¢) =332 (63060), 520 nm (4530); ES-MS (CH;CN): m/z =
362.8 ([Fe(1a);)**, 100%), 224.1 ([1a+H]*, 20%).

[Fe(1b);](C10,),: The complex was obtained similarly to [Fe(1a);](ClO,),
from Fe(ClO,),-6H,0 (61mg, 0.168§ mmol) and 1b (112.4 mg,
0.050 mmol). After drying (6 h/1072Torr/50°C), 122mg (77%) of
[Fe(1b);](Cl0O,), - H,0 was obtained as a yellow solid. FeC,H3NoCl,O4-
H,0: caled C 53.51, H 4.39, N 13.38; found C 53.11, H 4.22, N 13.30; IR:
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7=3074 [v(CHAT)]; 1603, 1570 [v(C=C), »(C=N)]; 1483, 1438 [0(CHS3)];
1089, 622 cm™! [v(ClO,)]; UV/Vis (acetonitrile): A,,,, (¢) =310 (57050), 385
(sh) nm (972); ES-MS (CH,CN): m/z =362.8 ([Fe(1b);]**, 100%), 271.6
([Fe(1b),(CH,CN)**, 41%), 224.1 ([1b+H]*, 20%).

[Fe,(2a);](C10,),: Compound 2a (100 mg, 0.218 mmol) in CH,Cl, (1 mL)
was added to Fe(ClO,), -6 H,O (53 mg, 0.146 mmol) in acetonitrile (5 mL).
The solution, which immediately turned deep violet, was evaporated to
dryness, the solid was dissolved in acetonitrile (1 mL), and methanol was
slowly diffused into the solution. After filtration and drying (2 h/10-2 Torr/
20°C), 120.6 mg (84 %) of deep violet crystals were obtained. Fe,Cg;H7gN 5.
Cl,044-2H,0 - CH;CN:: caled C 54.46, H 4.37, N 13.56; found C 54.33, H
4.70, N 13.34; UV/Vis (acetonitrile): A, (¢)=332 (141000), 534 nm
(12800); 'H NMR (300 MHz, CD,CN, 25°C, TMS): 6 =2.04 (s, 18 H), 3.42
(s, 6H), 3.67 (s, 6H), 4.95 (s, 18 H), 6.85 (d, 6 H), 7.59 (d, 6H), 8.34 (d, 6 H),
9.61 (s, br, 6H), 10.44 (d, 6H); *C NMR (75.44 MHz, CD;CN, 25°C): 6 =
20.8, 37.5 (CH;); 40.9 (CH,); 117.3, 117.8, 127.5, 132.6, 140.9, 157.3 (CH);
137.7,138.1, 1473, 152.7, 166.5 (br), 163.5 (br, Cyy)-

[Fe,(2b);]1(Cl0,),: Fe(ClO,),-6H,0 (50.0 mg, 0.137 mmol) in acetonitrile
(1 mL) was added to 2b (95 mg, 0.207 mmol) in CH,Cl, (2 mL). The deep
yellow solution was stirred for 5 min and evaporated to dryness. The solid
was dissolved in the minimum amount of acetonitrile, and precipitation was
achieved by addition of diethyl ether to the concentrated solution and
cooling the mixture to —20°C to give 124 mg (93 %) of [Fe,(2b);](ClO,),-
4H,0 as a yellow powder. Fe,Cg;H7NsC1,0-4H,0: caled C 53.38, H
4.43, N 12.88; found C 53.29, H 4.40, N 12.87; IR: 7=3079 [v(CHAIr)];
1604, 1570 [v(C=C), v(C=N)]; 1486, 1431 [6(CH;)]; 1091, 622 cm™
[»(ClOy)]; UV/Vis (acetonitrile): A, (¢)=320nm (94280); ES-MS
(CH;CN): m/z =371.7 ([Fey(2b)s]**, 100%), 271.6 ([Fe,(2b);](CIO,)]*+,
8%), 459.6 ([2b+H]", <5%).

[Fe,(2¢);]1(C10,),: The complex was obtained similarly to [Fe,(2a);](ClO,),
from Fe(ClO,),-6H,0 (192mg, 0.053 mmol) and 2c¢ (38.6mg,
0.079 mmol) to give deep violet crystals of [Fe,(2¢);](ClO,),-4.6H,0
(43 mg, 79 %). Slow diffusion of methanol into a concentrated solution of
the complex in CH;CN gave crystals suitable for X-ray diffraction.
Fe,CosHooN15Cl,0y- 4.6 H,O: caled C 54.41, H 4.88, N 12.28; found C
54.59, H 5.01, N 12.21; '"H NMR (300 MHz, CD;CN, 25°C, TMS): 6 =1.81
(t,3] = 6.6 Hz), 2.05 (s, 18H), 3.38 (s, 6 H), 3.90 (s, 6 H), 5.25 (m, 12H), 6.85
(d, 6H), 7.61 (d, 6H), 8.33 (d, 6H), 9.62 (brs, 6H), 10.24 (d, 6H); *C NMR
(75.44 MHz, CD;CN, 25°C): 6 =16.9, 21.6 (CH;); 41.2 (CH,); 117.6, 117.8,
128.1,133.6, 1417, 156.9 (CH); 136.2, 137.4, 146.7, 155.0, 158.5, 165.8 (Cyuar);
IR: #=1604, 1570 (C=C, C=N), 1091, 622 cm~! (ClO,); UV/Vis (aceto-
nitrile): A, (€)=332 (134000), 532nm (12650); ES/MS (CH,CN):
miz=393.4 [Fey(2¢);]**, 556.8 [Fe,(2¢),(ClO,) [P+, 885.2 [Fe,(2¢);(ClO,), "

[Co(1a);](C10,);: [Co(1a);](ClO,), - MeOH (413 mg, 0.49 mmol) was dis-
solved in acetonitrile (10 mL) and H,0O, (100 pL, 30 % in water) and HCIO,
(130 uL, 70 % in water) were added together with [Cp,Fe]BF, (2 mg) The
solution was heated for 14 h at 40°C. After cooling, the solution was
concentrated under reduced pressure and the complex precipitated by
adding a saturated solution of LiClO, in water. The red-orange solid was
collected by filtration, washed with cold water, dissolved in 5mL of
acetonitrile and diluted to 100 mL with water. The complex was absorbed
on Dowex 50 WX 2 cation exchange resin in the H* form (10 g). The resin
was placed on a column of the same resin (diameter 1 cm, length 50 cm).
Elution with increasing concentration of aqueous HCI (1-4m) gave two
distinct bands corresponding to the two isomers; the mer isomer was eluted
first. Fractions of the mer isomer were collected, evaporated to dryness and
dissolved in the minimum amount of MeOH. The insoluble residue was
filtered off and the complex precipitated by addition of THF. Recrystal-
lization from methanol/acetone gave 98 mg (24 %) of orange mer-[Co-
(1a);]CL;. 'H NMR (300 MHz, CD;0D, 25°C, TMS): 6 =2.37 (s, 3H), 2.40
(s, 3H), 2.48 (s, 3H), 4.41 (s, 3H), 4.44 (s, 3H), 4.65 (s, 3H), 5.23 (d, 1H,
3J="77Hz), 5.31 (d, 1H,3/=7.7 Hz), 5.46 (d, 1H, 3/ =7.6 Hz), 7.03 (t, 1H,
3J =76 Hz), 723 (dt, 1H, 3/ =73 Hz, 7 <1 Hz), 729 (t, 1H, 3/ =8.0 Hz),
7.52 (t, 1H, 3/=79 Hz), 7.55 (s, 1 H), 7.56 (t, 1H, 3/ =9.1 Hz), 7.63 (t, 1H,
3J=8.0 Hz), 7.75 (s, 1H), 7.77 (s, 1H), 791 (d, 1H, 3/ = 8.4 Hz), 797 (d, 1H,
3J=8.0Hz), 7.99 (d, 1H, 3/ =8.5 Hz), 8.45 (d, 1H, 3/ =79 Hz), 8.46 (d, 1 H,
3J=8.3Hz),8.54 (d,1H,3/ =82 Hz),8.73 (d, 1H,3/=8.4 Hz),8.86 (d, 1 H,
3J=82Hz), 8.89 (d, 1H, 3/=8.4Hz); BC NMR (75.44 MHz, CD;0D,
25°C): 0=19.24, 19.42, 19.50, 34.25, 34.35, 34.39 (CH;), 114.72, 114.74,
114.80, 114.99, 115.02, 115.43, 127.98, 128.16, 128.25, 128.45, 128.46, 128.72,
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128.81, 128.98, 129.27, 145.23, 145.78, 146.01, 154.90, 155.00, 155.37 (CH),
137.66, 138.02, 138.51, 139.06, 139.19, 139.22, 144.00, 144.43, 144.46, 146.06,
146.52, 147.45, 152.11,152.70, 152.75 (Cquy); IR: 7= 3040 [v(CHAr)]; 1606,
1583, 1550 [»(C=C), »(C=N)]; 1481, 1416 [0,m(CH;)], 831, 743
[0(CHATr)]; UV/Vis (acetonitrile): 4, (¢) =338 nm (38700).

Fractions of the fac isomer were collected, evaporated to dryness, dissolved
in S mL of water and precipitated with saturated NaClO, in water. Slow
diffusion of fert-butyl methyl ether into a concentrated solution of fac-
[Co(1a);](ClO,); in propionitrile afforded red prisms suitable for X-ray
diffraction. Yield: 37 mg (6 %) CoC,H;3gNyCl,0,, - C;HsCN: caled C 49.93,
N 12.94, H 4.11; found C 49.68, N 12.84, H 4.13; '"H NMR (300 MHz,
CD;CN, 25°C, TMS): 6 =2.37 (s, 3H), 4.44 (s, 3H), 524 (d, 1H, /=
8.6 Hz), 707 (m, 1H), 7.20 (s, 1H), 7.55 (m, 1H), 7.89 (d, 1H, 3/ =8.5 Hz),
8.25 (d, 1H, 3/=8.4 Hz), 8.56 (d, 1H, 3/ =83 Hz); *C NMR (75.44 MHz,
CD;CN, 25°C): 6 =19.70, 34.92 (CH,), 114.87,115.08, 127.73, 128.11, 128.54,
144.51, 154.64 (CH), 138.10, 139.14, 144.24, 144.80, 151.71 (Cya); IR: 7=
3123 [v(CHATr)], 2242 [v(C=C)], 1605, 1585, 1545 [v(C=C), v(C=N)], 1482
[0(CH3)], 1089, 621 [v(ClO,)]; UV/Vis (acetonitrile): A, (¢)=334
(44000), 521(sh) nm (180).

Crystal structure of fac-[Co(1a);](Cl0,);- EtCN: Co(C,H 5N3);(C;HsN)-
(Cl0y);, M,=1082.2, F(000)=1116. Red prism, 0.076 x 0.24 x 0.24 mm,
mounted on a quartz fibre with RS3000°. Triclinic, P1, Z =2, a =11.201(1),
b=13487(1), c=17434(1)A, a=84.657(4)°, [=80.094(4)°, y=
65.895(5)°, V=2367.4(4) A3, from 23 reflections (37 <26 < 62°), Peaea=
1.52 gem 3. Cell dimensions and intensities were measured at 170 K on a
Nonius CAD4 diffractometer with Cug, radiation (1 =1.5418 A), w—20
scan; two reference reflections measured every 45 min showed variations
less than 3.00([). (4 <260 < 110°); 5930 measured reflections, of which 5019
were observable (|F,|>40(F,)). Data were corrected for anomalous
dispersion, Lorentzian polarization and absorption effects (u =5.033 mm,
absorption coefficient A*, min 1.471, A* max 2.938).14! Solution by direct
methods with MULTAN 874! all other calculations used the XTAL 3.21481
system and ORTEP II* programs. The 21 aromatic hydrogen atoms were
refined isotropically; non-hydrogen atoms were refined anisotropically
with atomic scattering factors and anomalous dispersion terms taken from
ref. [50]. Full-matrix least-squares refinement on |F| with weights of
1/0*(F,) gave final values of R=0.079, R,=0.054 for 704 variables
and 5019 contributing reflections. The mean shift/error on the last cycle
was 0.0027, and the maximum was 0.078. The final difference electron
density map showed maximum and minimum of +1.20 and —0.87 ¢ A3,

Crystal structure of [Fe,(2¢);](Cl10,),-4CH;CN:  Fe,(CsH3Ng)s-
(C10,)4,(CH;CN),, M,=2133.6, F(000) =4440. Violet prism, 0.20 x 0.25 x
0.25 mm, mounted in a capillary containing mother liquor. Monoclinic, C2/
¢, Z=4, a=27.193(6), b=15.477(5), c=24.814(3) A, f=96.00(2)°, V=
10386(4) A3, from 28 reflections (11 <26 < 23°), Peyeq = 1.36 g cm3. Cell
dimensions and intensities measured at room temperature on a Stoe
STAD 14 diffractometer with Moy, radiation (1 =0.71069 A), w—26 scan,
two reference reflections measured every 60 min showed variations of
about 7% during data collection, and data were corrected for this drift.
10019 measured reflections, 3 <2 6 < 40°, 4849 unique reflections, 2809 ob-
servable (| F,|>40(F,)); R,,=0.082 for equivalent reflections. Data were
corrected for anomalous dispersion and Lorentzian polarization, but not
absorption (1= 0.454 mm™"). Solution by direct methods and other
calculations as above. Non-hydrogen atoms of the cation and one
perchlorate refined anisotropically, other atoms isotropically and hydrogen
atoms in calculated positions. Full-matrix least-squares refinement on | F|
with unit weights gave final values of R=0.082, R,,=0.082 for 658 vari-
ables and 2785 contributing reflections. The mean shift/error on the last
cycle was 0.012, and the maximum was 0.38. The final difference electron
density map showed a maximum and minimum of +0.72 and —0.78 e A=3.
The cation lies on a twofold axis passing through C13a. One perchlorate is
perfectly ordered (refined with anisotropic displacement parameters for Cl
and O), the second is totally disordered (two sites for Cl). Four acetonitrile
molecules were found, essentially located in large interstices between
helices. One methyl group of the ethyl substituents is disordered and was
refined on two sites with population parameters of 0.5.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-100318.
Copies of the data can be obtained free of charge on application to CCDC,
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Synthesis of Fucosyl Saccharides under Neutral Conditions in Solutions of
Lithium Perchlorate in Dichloromethane

Uschi Schmid and Herbert Waldmann*

Abstract: Trisaccharides embodying the Fuc-a-(1-2)-Gal or the Fuc-a-(1-2)-Glc
substructure can be built up under neutral conditions by glycosylation of selectively
deprotected glycosyl acceptor disaccharides with 2,3,4-tri-O-benzyl fucosyl fluoride

in 0.07Mm solutions of LiClO, in CH,Cl,. The glucosyl and the galactosyl trisacchar-
ides, which are stereoisomers of the carbohydrate determinant of the human blood
group H, are obtained in high yield and with complete a-selectivity. The glycosyl

Keywords: blood group determi-
nants - fucose - glycosides - glyco-
sylations - oligosaccharides

acceptor disaccharides with a deblocked 2-OH group in the saccharide unit are
obtained by treatment of the respective 1,2-anhydro carbohydrates with glycosyl

acceptors in 0.07m LiClO,/CH,Cl,.

Introduction

Oligosaccharides play an important role in numerous bio-
logical processes;['l for this reason the development of new
synthetic methods for the construction of tailor-made glyco-
sides,” which could, for instance, be used to study biological
phenomena, is of great interest to synthetic and to medicinal
chemistry.}l Within the class of biologically relevant O-
glycosides, oligosaccharides that embody one or several
fucose residues are of particular interest. For instance, the
characteristic oligosaccharide determinants of the human A
(1) and H blood groups (2) and the Lewis® (3) and Lewis** (4)
determinants contain a Fuc-a-(1-2)-Gal saccharide unit
(Scheme 1). The construction of fucosyl glycosides!> 3 1620 js
often substantially hampered by their high sensitivity to acid,
in particular if the fucosyl donor is protected with a benzyl
group.l Tt is, therefore, highly desirable to develop methods
for the chemical snythesis of O-fucosides that can proceed
under very mild conditions and without the use of promoters
like strong Lewis acids. We have recently reported® that in
solutions of LiClO, in organic medial® various glycosyl
donors, including fucose derivatives,59 are activated under
neutral conditions and participate in glycosylations with
various glycosyl acceptors.

In this paper we report on the application of this method for
the construction of fucosyl trisaccharides that embody the

[*] Prof. Dr. H. Waldmann, Dr. U. Schmid
Institut fiir Organische Chemie der Universitédt Karlsruhe
Richard-Willstitter-Allee 2, D-76128 Karlsruhe (Germany)
Fax: (+ 49)721-608-4825
E-mail: waldmann@ochhades.chemie.uni-karlsruhe.de
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. yy4
HO OH 4 blood group Lewis
Scheme 1. Structure of the characteristic carbohydrate determinants of the

human A-, H-, Le®- and Le** blood groups.
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characteristic Fuc—a-(1-2)-Gal substructure found in the
blood group determinants shown in Scheme 1.

Results and Discussion

For the synthesis of oligosaccharides with a a-Fuc-(1-2) unit,
glycosyl acceptors with a selectively deprotected 2-OH group
are needed. The respective acceptors employed in this study
were built up by means of 1,2-anhydro carbohydrates, that is,
the anhydro glucopyranose 5" and the anhydro galactopyr-
anose 10,181 which were recently employed by Danishefsky et
al.’l in several oligosaccharide syntheses.

Since glycosylations using these epoxides, in general, are
promoted by Lewis acids, we reasoned that these anhydro
pyranoses might also be activated in solutions of LiClO, in
organic media. In order to investigate this notion, we treated 5
with the glucose derivative 6 in 1m LiCIO, in CH,Cl,.
Gratifyingly, the desired disaccharide 7 was formed in 60 %
yield. Part of the inorganic salt remained undissolved in this
heterogeneous reaction mixture so the reaction was repeated
with only 2 equiv of LiClO, present (0.07 M solution). Under
these homogeneous conditions the yield was raised to 72 %
and the stereoselectivity remained unchanged (Scheme 2).

Subsequently, the same trend was also observed in other
glycoside syntheses in this medium,'”! and therefore all
further glycosylations were carried out in 0.07m LiClO,/
CH,Cl,. Encouraged by these results, we treated 5 with the
glucosamine-derived glycosyl acceptor 8, which carries a less
reactive secondary hydroxyl group. Compound 8 was built up
from 13M"! by acetylation of the 3-OH group (—14; see the
Experimental Section) and subsequent regioselective opening
of the benzylidene acetal present in the acetate 14 in high
yield (Scheme 3).

In the reactions with 8 glycoside 9 was formed in only 13 %
yield (Scheme 2). In addition, the 1,2-anhydro galactose 10
reacted with 8 to deliver the selectively deprotected disac-
charide 11 in only 9 % yield (Scheme 2). In order to determine
whether these unfavorable results represent an inherent
limitation of the glycosylation in LiCIO,/CH,Cl,, we repeated
the reaction of 10 and 8 to give 11 in the presence of ZnCl, in
THF or ether and in the presence of zinc triflate as Lewis acid,

Abstract in German: Trisaccharide, die die Substrukturen
Fuc—a-(1-2)-Gal oder Fuc-a-(1-2)-Glc enthalten, kénnen
unter neutralen Bedingungen durch Glycosylierungen mit
selektiv entschiitzten Disacchariden als Glycosylacceptoren
und 2,3,4-Tri-O-benzylfucosylfluorid als Glycosyldonor in
0.07m Losungen von LiClO, in CH,ClL, synthetisiert werden.
Die Glycosyl- und Galactosyltrisaccharide, die Stereoisomere
der Kohlenhydratdeterminante des menschlichen Blutgruppe-
nantigens H sind, werden in hoher Ausbeute und ausschliefilich
a-konfiguriert erhalten. Die Synthese der Glycosylacceptordi-
saccharide mit einer 2-OH-Gruppe gelingt durch den Einsatz
des entsprechenden 1,2-Anhydrokohlenhydrats mit Glycosyl-
acceptoren in 0.07m LiClO,/CH,CIL,.
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Scheme 2. Activation of the 1,2-anhydro pyranoses 5 and 10 in 0.07m
LiCIO,/CH,Cl,.
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Scheme 3. Synthesis of the glycosyl acceptors 8, 16, and 17.

as recommended.” ¥ However, even under these conditions
the disaccharide 11 was obtained in only 5—11 % yield as the
pure a-anomer. Obviously, 10, in general, shows only a limited
reactivity towards glycosyl acceptors carrying less reactive
secondary alcohols, like 8. The finding that 11 is formed
exclusively as the a-anomer and, for 7 and 9, that «. mixtures
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are obtained is remarkable, since in the ZnCl,-mediated
glycosylations with 5 exclusively S-glycosides were ob-
served.! (However, van Boom et al.l'’” also obtained a,8
mixtures.) We currently have no explanation for this unex-
pected selectivity. A possible subsequent anomerization of the
product under the reaction conditions could, however, be
excluded. Compound 11 does not anomerize in the reaction
medium even after several days.

Compounds 7 and 11 were subsequently employed as
glycosyl acceptors in the fucosylation reactions (vide infra). In
addition, in order to address the issue of regioselectivity and
the scope of the method, 11 was further converted into the
disaccharide 12. The latter embodies two secondary hydroxyl
groups, both of which might participate in glycoside synthesis
with an appropriate fucosyl donor. In addition, the p-
methoxybenzyl-protected N-acetylglucosamine derivative
16, embodying a deblocked OH group in the less accessible
4-position and a primary hydroxyl group in the 6-position, was
investigated for this purpose (vide infra). Compound 16 was
readily obtained from 15 by O-benzylation employing BaO/
Ba(OH), as base and subsequent selective cleavage of the
benzylidene acetal in methanol/toluene in the presence of
0.1 equiv of 10-camphorsulfonic acid®® (Scheme 3). Further-
more, the lactose derivative 17, which carries two secondary
alcohols, served as glycosyl acceptor in fucosylation reactions.

Our preliminary investigations concerning the use of
various fucosyl donors for glycosylations in LiClO,/solvent
mixtures had revealed that fucosyl fluorides are particularly
suitable donors for glycoside formation in these media.?
Therefore, the use of the a- and f-configured benzyl-
protected fucosyl fluorides 19 and 20 was investigated first,
employing the glucosamine derivative 8 as acceptor
(Scheme 4).

OH
H:C7207 0Bt
BzIO 0Bzl
18
Et,N—SF, (DAST) ,THF | 98%
F
HsC Q7 0Bzl + HsC Q OFBZI
B2ZI0 0Bz BzIO OBzl
19 o-fluoride 20 JHluoride
8 8
0.07M o, 0.07M
SO 31| LCIOJCH,C, 577 4.y | LICIOYCH:O,
0 mol. sieves 4 ' " | mol. sieves 4A

NPht
AcO OAll
O (@)
ch O OBzl OBzl

Bzo OB

21

Scheme 4. Synthesis of the fucosyl donors 19 and 20 and activation in
0.07m LiClO,/CH,Cl,.
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Compounds 19 and 20 are readily obtained™ from 2,3,4-tri-
O-benzyl fucose 18 by treatment with diethylaminosulfur
trifluoride (DAST) as a 1:1 mixture and are easily separated
by flash chromatography.

The disaccharide 21 is formed on treatment of 19 or 20 with
8. From the reaction with the S-fluoride 20 the glycoside 21 is
obtained in 68 % yield and with an a:f ratio of 4:1; with the a-
anomer 19 the yield is much lower but the stereoselectivity is
improved (Scheme 4). The reaction is best carried out in
0.07 M solutions of LiClO, in CH,Cl, (vide supra), and in order
to obtain a high yield, 2 - 2.5 equiv of the fucosyl donor should
be employed. As was already observed for other benzyl-
protected glycosyl donors,”! in particular glycosyl iodides, in
this reaction medium the -configured halogenose is signifi-
cantly more reactive than the analogous a-anomer. Therefore,
the subsequent fucosylations were carried out employing the
p-fucosyl fluoride 20 wherever possible.

The 1-6-linked glucosyl disaccharide 7 (the a-anomer)
reacted smoothly with the S-fluoride 20 in 0.07m LiClO,/
CH,Cl, to give the trisaccharide 22 in appreciable yield and
with an a: ratio of 3.5:1 (Scheme 5). Similarly, the galactosyl

0Bzl
20 007M BzIO 0
LICIO/CH,Cly, BzIO
mol. sieves 44, 3d 09 Q
* 7 2 B8
%, oz f= 3.5 H
,; 51%, oz =3.5:1 3C 70 o8zl BZOG.
BzIO OBzl
22
BzIO OBzl
0.07Mm o}
20 LiCIOJCH;Cly, BzIO OBzl
mol. sieves 4A, 3d [e] 0 fo)
+ OAll
H.C AcO
1 A% onlya Lo osa PN
Bzo ©OBZ
23

Scheme 5. Activation of the fucosyl donor 20 in 0.07m LiCIO,/CH,CI, to
give the fucosides 22 and 23.

disaccharide 11 underwent the glycosylation reaction to
deliver the fucosyl trisaccharide in nearly the same yield with
exclusive formation of the a-anomer 23 (Scheme 5). Both
results demonstrate that, under the reaction conditions
employed, the reactivity of the fucosyl fluoride is high enough
to glycosylate the sterically congested secondary hydroxyl
groups present in 7 and 11.

The issue of regioselectivity is addressed in the reactions
with the monosaccharide 16 and the disaccharide 12, both of
which contain two hydroxyl groups (Scheme 6).

If the monosaccharide acceptor 16 is treated with three
equivalents of the fucosyl fluoride 20 in a 0.07M solution of
LiClO, in CH,Cl,/DMF 2:1 the trisaccharide 24 is formed in
quantitative yield (the DMF is needed to dissolve the glycosyl
acceptor 16). Whereas the glycosidic bond to the 6-OH group
was formed with an «a:f ratio of 2:1, the second fucose was
introduced exclusively as the a-anomer, probably for steric
reasons. A selective glycosylation of one of the two OH-
groups was not observed and could not be effected by
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Scheme 6. Activation of the fucosyl donor 20 in 0.07m LiClO,/CH,Cl, to
give the fucosides 24 and 25.

employing less glycosyl donor. On the other hand, 12 was
converted regio- and stereoselectively into the trisaccharide
25 in appreciable yield. In this case, the second hydroxyl group
is obviously not reactive enough to yield a bis-fucosylated
tetrasaccharide.

Finally, the lactose derivative 17 was subjected to the
glycosylation reactions. Only 1.5 equivalents of a 2:1 mixture
of the a- and S-fucosyl fluorides 19 and 20 were used in order
to allow for a regioselective glycosylation. However, the
fucose was attached to the 3b- and the 4b-position of the
terminal galactose residue of 17 in nearly equal amounts
(Scheme 7). Obviously the reactivity of the fucosyl fluorides
under these conditions is too high to allow for a differentiation
between the two deprotected hydroxyl groups. In addition to
the two trisaccharides 26 and 27 thus obtained, the tetrasac-
charide 28 was also formed, albeit in low yield (Scheme 7).

The results recorded for the use of LiClO,/CH,Cl, as
reaction medium for fucosylations compare favorably with
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HAC OBzl
9 W 2 sal OBzl
— ¢ o O ome
O BzO
HO ™oBzl 0Bz!
26 33%, off = 41
OBzl OBOZI
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Scheme 7. Activation of the fucosyl donor 20 in 0.07m LiCIO,/CH,CIl, to
give the fucosides 26, 27, and 28.
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those from several of the established procedures currently in
use for the construction of fucosyl saccharides. For instance,
the generation of Fuc-a-(1-2)-Gal linkages via fucosyl
thioglycosides was described as proceeding with yields of 50—
65 % [ and the activation of fucosyl phosphites, for example,
with TMS triflate shows comparable or less advantageous
results.'’l Also the activation of fucosyl fluorides according to
the Mukaiyama method (AgClO,/SnCl,) delivers the desired
glycosides with yields comparable with those obtained in the
LiClO, method (see, for example, ref. [18]). Although better
results can often be obtained with fucosyl bromides,!'”! for
their activation heavy metal salts, for example, Hg salts, must
be applied as promoters. This disadvantage is clearly over-
come by using LiClO,/solvent mixtures as reaction medium.
Notably, glycosylations with fucosyl trichloroacetimidates
according to Schmidt et al.?% consistently give higher yields
than the method described in this paper. However, although
in some of the reactions with these glycosyl donors as few as
0.05 equiv of the promoting reagent TMS triflate could be
employed, in other cases up to 0.3 equiv must be applied.
Under the conditions of the fucoside syntheses described
above the use of such a strong Lewis acid is rendered
unnecessary so that no undesired acid mediated cleavage of
the glycosidic bonds has to be feared.

In conclusion, fucosyl glycosides can be built up under mild,
neutral conditions and without the need for a further
promoting reagent in 0.07m LiClO, in CH,Cl,. Less reactive
hydroxyl groups are also glycosylated with satisfactory results
under these conditions. The method opens up new opportu-
nities for the construction of biologically relevant oligosac-
charides, for instance, the fucosyl trisaccharides 23 and 25,
which are stereoisomers of the characteristic carbohydrate
determinant of the human blood group H.

Experimental Section

General: All melting points were recorded on a Biichi melting point
apparatus and are uncorrected. Proton and carbon NMR spectra were
measured on a Bruker AM-400 or a Bruker DRX-500 spectrometer.
Chemical shifts are expressed downfield relative to tetramethylsilane as an
internal standard. Specific optical rotation values were determined on a
Perkin—Elmer polarimeter 241. Mass spectra were obtained with a
Finnigan MAT90 spectrometer or a PerSeptive Biosystems Voyager®
spectrometer. Elemental analyses were performed on an Elementar
CHN-Rapid analyzer. For thin-layer chromatography (TLC) Macherey —
Nagel silica gel ALUGRAM® SIL G/UV254 layers were used. Flash
chromatography was performed with Baker silica gel (40-60 mm). LiCIO,
was obtained from Acros as a >99 % pure solid. It was dried extensively in
vacuo at 150°C prior to use.

The carbohydrates 5, 6,21 10,181 17141 18,21 19, and 20["%] were prepared as
described in the literature.
Allyl-3-0-acetyl-4,6-O-benzylidene-2-deoxy-2-phthalimido-f-D-glucopyr-
anoside (14): To a solution of 13"l (224 mg, 0.5 mmol) in pyridine (4 mL)
acetic anhydride (0.5 mL) was added. After stirring for 18 h at room
temperature, the mixture was poured into ice water and the mixture was
extracted twice with chloroform (10 mL). The solution was concentrated in
vacuo to give a colorless solid from which traces of pyridine and acetic
anhydride were removed by coevaporation in vacuo with toluene, yielding
14 (247 mg, 97 %) as a colorless solid. M.p. 171°C; R;: 0.49 (ethyl acetate/
hexane 1/2); [a]f=-9.5 (¢c=1 in chloroform); 'H NMR (400 MHz,
CDCly): 6=1.90 (s, 3H, C(O)OCH,), 3.75 (dd, Js¢ =4.5Hz, Js4=J,5=
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93 Hz, 1H, 5-H), 382 (dd, J;4,=7,5=9.3 Hz, 1H, 4-H), 3.87 (dd, J5s=
93 Hz, Jog=103Hz, 1H, 6-H), 405 (dd, J =62 Hz, Jyn =129 Hz,
1H, OCH,CH=CH,), 429 (dd, J4=51Hz, Je,=129Hz, 1H,
OCH,CH=CH,), 4.33 (dd, J,,=8.5Hz, J,;=10.1 Hz, 1H, 2-H), 4.42
(dd, Js4=45Hz, J;o=103Hz, 1H, 6-H), 5.06 (d, J,=104 Hz, 1H,
OCH,CH=CH,), 515 (dd, Jun=13Hz, Jim=172Hz, 1H,
OCH,CH=CH,), 548 (d, J,,=8.5Hz, 1H, 1-H), 5.55 (s, 1H, CH-Ph),
5.65-5.75 (m, 1H, OCH,CH=CH,), 5.90 (dd, J;, =93 Hz, J,;=10.1 Hz,
1H, 3-H), 726-7.87 (m, 9H, Ph-H); MS (FAB): m/z =480 [M+H]*;
CyHysNOg: caled C 6513, H 526, N 2.92; found C 64.89, H 5.32,
N 2.44.

Allyl-3-O-acetyl-6-O-benzyl-2-deoxy-2-phthalimido-f-D-glucopyranoside
(8): First BH;-NMe; (90 mg, 1.2 mmol) and then freshly pulverized AICl;
(163 mg, 1.2 mmol) were added to an ice-cold mixture of 14 (100 mg,
0.2 mmol), molecular sieves 4 A (657 mg), and THF (3 mL) under N,. The
mixture was stirred at 0°C for 30 min and at room temperature for 2 h, and
was then diluted with diethyl ether (10 mL). Ice water and 2N aqueous HCI
(0.5 mL) were added, and the mixture was filtered through Celite. The
filtrate was extracted several times with chloroform (20 mL each), the
combined extracts were washed with saturated brine, dried over Na,SO,,
and concentrated in vacuo. The residue was purified by flash chromatog-
raphy (toluene/acetone 4/1) to afford 72 mg (72 %) of 8 as a colorless oil.
R;: 0.47 (toluene/acetone 5/1); [a] = —3.3 (¢ =1 in chloroform); 'H NMR
(500 MHz, CDCl;): 6=1.91 (s, 3H, C(O)OCH,), 3.14 (d, J,oy=42Hz,
1H, 4-OH), 3.73-3.85 (m, 4H, 4-H, 5-H, 6-H, 6'-H), 4.05 (ddt, ¥/ =1.1 Hz,
Jyie=62Hz, Jye,, =13.0 Hz, 1H, OCH,CH=CH,), 4.25-4.30 (m, 2H, 2-H,
OCH,CH=CH,), 4.62 (d, Je,=12.0Hz, 1H, OCH,Ph), 4.66
(d, Jgew=12.0Hz, 1H, OCH,Ph), 5.04 (dd, Jy, =13 Hz, J4;=10.4 Hz,
1H, OCH,CH=CH,), 512 (dd, Jyum=13Hz, Jyun=172Hz, 1H,
OCH,CH=CH,), 542 (d, J,,=8.5Hz, 1H, 1-H), 5.67 (dd, J;,=8.6 Hz,
J,3=10.7 Hz, 1H, 3-H), 5.68-5.76 (m, 1 H, OCH,CH=CH,), 7.27-737 (m,
SH, Ph-H), 771 (m, 2H, Ph-H), 7.84 (m, 2H, Ph-H); C,sH,;NOx: caled C
64.86, H 5.65, N 2.91; found C 64.80, H 5.62, N 2.43.

Allyl-2-acetamido-2-deoxy-3-0-p-methoxybenzyl-a-D-glucopyranoside
(16): p-Methoxybenzyl chloride (0.18 mL, 1.3 mmol) was added to a
suspension of 15 (196 mg, 0.56 mmol), BaO (494 mg, 3.2 mmol), and
Ba(OH),-8H,O (144 mg, 0.5 mmol) in DMF (4.2 mL). After stirring for
7d, the mixture was diluted with chloroform (50 mL) and acetic acid
(50%) (5.4 mL) and the organic layer extracted twice with a solution of
NaHCO; and then with water. After evaporation of the solvent flash
chromatography on silica gel using ethyl acetate/hexane (3/2) yielded
144 mg (55%) of the p-methoxybenzyl ether. The colorless solid was
dissolved in a solution of (= )-10-camphorsulfonic acid (11.7 mg,
0.05 mmol) in toluene/methanol 1:3 (4.7 mL). The solution was stirred at
room temperature for 24h, and then concentrated in vacuo. Flash
chromatography on silica gel with dichloromethane/methanol (20/1)
afforded 16 (149 mg, 79%), a colorless solid. M.p. 141°C; R;: 0.46
(dichloromethane/methanol 10/1); [a]% =+109.8 (c=1 in methanol); 'H
NMR (500 MHz, CDCL): 6=1.93 (s, 3H, C(O)OCH,;), 3.52 (dd, J,5s=
8.9 Hz, J,,=9.7Hz, 1H, 4-H), 3.62-3.68 (m, 2H, 3-H, 5-H), 3.71 (dd,
Jss=5.6 Hz, J;s =118 Hz, 1H, 6-H), 3.77 (s, 3H, OCH), 3.82 (dd, J5¢ =
23 Hz, Jog =118 Hz, 1H, 6-H), 4.01 (ddt, ¥/ = 1.3 Hz, Jyo = 6.2 Hz, Jye =
13.1 Hz, 1 H, OCH,CH=CH,), 4.05 (dd, J,,=3.6 Hz, J,,=10.7 Hz, 1H, 2-
H), 4.22 (ddt, 4 = 1.5 Hz, J ;.= 5.2 Hz, J o, = 13.1 Hz, 1H, OCH,CH=CH,),
478 (d, J,,=3.6 Hz, 1H, 1-H), 4.80 (d, J e, = 10.8 Hz, 1 H, OCH,Ar), 4.99
(d, Jyeom=10.8 Hz, 1H, OCH,Ar), 5.19 (dq, *J = J 0, = 1.4 Hz, J ;.= 10.5 Hz,
1H, OCH,CH=CH,), 532 (dq, *J=Jyn=17Hz, Jym=173Hz, 1H,
OCH,CH=CH,), 591-5.99 (m, 1H, OCH,CH=CH,), 6.86 (m, 2H, Ar-
H),724 (m, 2H, Ar-H); MS (FAB): m/z =382 [M+H]"; C;tH,;NO;: caled
C 59.83, H 7.13, N 3.67; found C 59.72, H 6.98, N 3.01.

General procedure for glycosylation with the 1,2-anhydro carbohydrates 5
and 10: A solution of the glycosyl acceptor 6 or 8 (0.6 mmol) in
dichloromethane (2 mL) was added to a mixture of the glycosyl donor 5
or 10 (0.3 mmol), LiClO, (64 mg, 0.6 mmol), powdered molecular sieves
4 A (500 mg), and dichloromethane (6 mL). After stirring for 3 d at room
temperature under argon the reaction mixture was diluted with dichloro-
methane (25 mL), filtered, and washed with water. The organic layer was
dried with Na,SO, and concentrated in vacuo. The glycoside was isolated
from the remaining residue by flash chromatography using ethyl acetate/
hexane mixtures as eluent.
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Methyl-O-(3,4,6-tri-O-benzyl-a/f-D-glucopyranosyl)-(1 —6)-2,3,4-tri-O-
benzyl-a-D-glucopyranoside (7): colorless oil; yield 72 %; anomeric ratio
af=12.

a-Anomer: R;: 0.14 (ethyl acetate/hexane 1/2); [a]f=+74.1 (¢c=1 in
chloroform); 'H NMR (500 MHz, CDCl,): 6 =2.16 (d, J,oq =77 Hz, 1H,
2-OH), 3.35 (s, 3H, OCHj;), 3.46-3.54 (m, 3H, 6'b-H, 2a-H, 4a-H), 3.58 -
3.78 (m, 7H, 5a-H, 2b-H-6b-H, 6a-H), 3.92 (dd, /sy =4.4 Hz, J;c =11.2 Hz,
1H, 6'a-H), 3.99 (dd, J,;=/5,=9.2Hz, 1H, 3a-H), 442-4.57 (m, 4H,
OCH,Ph), 4.60 (d, J;,=3.4 Hz, 1H, 1a-H), 4.66 (d, J,,,=12.0Hz, 1H,
OCH,Ph),4.76-4.82 (m,4H, OCH,Ph),4.90-4.93 (m, 3H, 1b-H, OCH,Ph
(2)), 4.99 (d, Jyer, = 10.9 Hz, 1H, OCH,Ph), 7.13-7.37 (m, 30H, Ph-H); 1*C
NMR (125.7 MHz, CDCl;): d =55.26 (1C, CH;, OCH;), 67.01 (1C, CH,, C-
6a), 68.31 (1C, CH,, C-6b), 69.56 (1C, CH, C-5a), 70.78 (1C, CH, C-5b),
73.19 (1C, CH, C-4b), 73.33-75.79 (6 C, CH,, OCH,Ph), 77.17 (1C, CH, C-
3b), 77.68 (1C, CH, C-4a), 80.12 (1C, CH, C-2a), 82.05 (1C, CH, C-3a),
83.17 (1C, CH, C-2b), 97.89 (1C, CH, C-1a),99.21 (1 C, CH, C-1b), 127.35-
128.47 (30C, Ph-CH), 137.89-138.66 (6 C, C,,,,); CssHgO4, - 1H,O: caled C
72.19, H 6.82; found C 71.99, H 6.74.

p-Anomer: R;: 0.52 (ethyl acetate/hexane 1/2), [a]f=412.3 (c=1 in
chloroform); 'H NMR (500 MHz, CDCl,): 6 =2.47 (s, 1 H, 2-OH), 3.37 (s,
3H, OCH,), 3.45-3.56 (m, 6H, 2a-H, 4a-H, 2b-H-5b-H), 3.66-3.71 (m,
3H, 6b-H, 6a-H, 6'a-H), 3.80-3.84 (m, 1H, 5a-H), 3.99 (dd, J,5=/5,=
9.3 Hz,1H,3a-H),4.14 (dd, J54 =1.6 Hz,J,4 = 10.9 Hz, 1H, 6'b-H), 4.22 (d,
Ji,=6.8 Hz, 1H, 1b-H), 4.50-4.67 (m, 6H, OCH,Ph (5), 1a-H), 4.77-4.99
(m, 7H, OCH,Ph), 7.16-736 (m, 30H, Ph-H); *C NMR (125.7 MHz,
CDCl;): 6 =55.28 (1C, CH;, OCH,), 68.78 (1C, CH,, C-6b), 68.96 (1C,
CH,, C-6a), 69.82 (1C, CH, C-5a), 73.37, 73.44 (2C, CH2, OCH,Ph), 74.48
(1C, CH, C-5b), 75.05, 75.08 (3C, CH,, OCH,Ph), 75.33 (1C, CH, C-3b),
75.76 (1C, CH,, OCH,Ph), 7749 (1C, CH, C-4a), 78.03 (1C, CH, C-2b),
79.72 (1C, CH, C-4b), 81.99 (1C, CH, C-3a), 84.46 (1C, CH, C-2a), 98.09
(1C, CH, C-1a), 103.48 (1C, CH, C-1b), 127.57-128.42 (30C, Ph-CH),
138.07-138.63 (6 C, Cy,,); CssHgyOyy: caled C 73.64, H 6.74; found C 73.29,
H 6.84.

Allyl-0-(3,4,6-tri-O-benzyl-a/f-D-glucopyranosyl)-(1 —4)-3-O-acetyl-6-O-
benzyl-2-deoxy-2-phthalimido-#-D-glucopyranoside (9): colorless oil; yield
13%; anomeric ratio a:f=1:2; R;: 0.38 (diethyl ether/hexane 2/1); MS
(FAB): m/z =937 [M+Na]*; C5;HssNO, ;.

f-Anomer: '"H NMR (500 MHz, CDCl;):  =1.83 (s, 3H, C(O)CHs), 2.79
(d, Jon=1.6 Hz, 1H, 2-OH), 3.28 (dt, Jss =Js¢ =2.7 Hz, J,5;=9.8 Hz, 1H,
5b-H), 3.39-3.46 (m, 2H, 2b-H, 3b-H), 3.60 (dd, J,;=/5,=9.8 Hz, 1 H, 3b-
H), 3.66 (d, J5s=Js5=2.7 Hz, 2H, 6b-H, 6'b-H), 3.73 (m, 1H, 5a-H), 3.81
(dd, J5¢=2.5Hz, Js¢ =113 Hz, 1H, 6'a-H), 3.96 (dd, J5s=3.4 Hz, Js5=
11.3 Hz, 1H, 6a-H), 4.02-4.08 (m, 2H, OCH,CH=CH,, 4a-H), 4.25-4.33
(m, 3H, 1b-H (J,,=73 Hz), OCH,CH=CH,, 2a-H), 4.39-4.89 (m, 8H,
OCH,Ph), 5.04 (dd, Jy.,, = 1.2 Hz, J,=10.3 Hz, 1 H, OCH,CH=CH,), 5.11
(dd, Jyew=16Hz, J,\=172Hz, 1H, OCH,CH=CH,), 5.37 (d, J;,=
8.6 Hz, 1H, 1a-H), 5.68-5.75 (m, 1H, OCH,CH=CH,), 5.77 (dd, J;,=
10.8 Hz, J,;=8.6 Hz, 1H, 3a-H), 7.09-7.86 (m, 24H, Ph-H); *C NMR
(1257 MHz, CDCl,): 6=20.52 (1C, CH;, C(O)CHj), 5491 (1C, CH, C-
2a), 68.24 (1C, CH,, C-6a), 68.70 (1C, CH,, C-6b), 70.03 (1C, CH,,
OCH,CH=CH,), 71.28 (1 C, CH, C-3a), 73.24-73.60 (3C, CH,, OCH,Ph),
7444 (1C, CH, C-5a), 74.84 (2C, CH, C-5b, C-3b), 74.92 (1C, CH,,
OCH,Ph), 76.33 (1C, CH, C-4a), 77.11 (1C, CH, C-4b), 84.40 (1C, CH, C-
2b), 9733 (1C, CH, C-la), 10291 (1C, CH, C-1b), 11747 (1C, CH,,
OCH,CH=CH,), 123.5 (2C, CH, Ph-CH (Pht)), 127.60-128.49 (20C, CH,
Ph-CH), 131.51 (2C, C,,, (Pht)), 133.58 (1 C, CH, OCH,CH=CH,), 134.16
(2C, CH, Ph-CH (Pht)), 137.62-138.73 (4C, C,,,), 167.85 (2C, C(O) (Pht)),
170.39 (1C, C(0O)).

Characteristic signals for the a-anomer: “C NMR (125.7 MHz, CDCl,):
0=20.68 (1C, CH;, C(O)CH,), 97.33 (1C, CH, C-1a), 97.14 (1C, CH, C-
1b).

Allyl-0-(3,4,6-tri-O-benzyl-a-D-galactopyranosyl)-(1 —4)-3-O-acetyl-6-O-
benzyl-2-deoxy-2-phthalimido-f-D-glucopyranoside (11): Colorless oil;
yield 9% only a; Ry: 0.66 (ethyl acetate/hexane 1/2); [a]g =+58.3 (¢=2
in chloroform); '"H NMR (500 MHz, CDCl,): 6 =1.85 (s, 3H, C(O)CHj),
1.98 (s, 1H, 2-OH), 3.50-3.54 (m, 3H, 3b-H, 6b-H, 6'b-H), 3.76-3.86 (m,
4H, 5a-H, 5b-H, 6a-H, 6'a-H), 3.90-3.94 (m, 2H, 4b-H, 4a-H), 3.96-4.11
(m, 2H, 2b-H, OCH,CH=CH,), 4.23 (dd, J,,=8.5Hz, J,;=10.8 Hz, 1H,
2a-H), 427 (ddt, *“/=14Hz, J;=50Hz, J,,=128Hz, 1H,
OCH,CH=CH,), 4.37-4.67 (m, 7H, OCH,Ph), 4.85 (d, Jgm=11.4 Hz,
1H, OCH,Ph), 5.05 (dd, Jyr, = 1.3 Hz, J 4, =10.4 Hz, 1H, OCH,CH=CH,),

0947-6539/98/0403-0498 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 3





Flucosyl Saccharides

494-501

512 (dd, Jy = 1.6 Hz, J,pp = 172 Hz, 1H, OCH,CH=CH,), 5.16 (d, J,, =
3.8 Hz, 1H, 1b-H), 544 (d, J,,=8.5 Hz, 1H, 1a-H), 5.70-5.77 (m, 2H,
OCH,CH=CH,, 3a-H (J;,=8.5 Hz, J,,=10.8 Hz)), 715-7.83 (m, 24H,
Ph-H); C NMR (125.7 MHz, CDCly): 6=20.69 (1C, CH,, C(O)CH,),
55.03 (1C, CH, C-2a), 68.65 (1C, CH,, C-6b), 69.47 (1C, CH,, C-6a), 70.06
(1C, CH,, OCH,CH=CH,), 70.63 (1C, CH, C-4a), 72.52, 7321 (2C, CH,,
OCH,Ph), 73.58 (2C, CH, C-3a, CH,, OCH,Ph), 73.90 (1C, CH, C-4b),
74.69 (2C, CH,, OCH,Ph, CH, C-5a), 76.78 (1 C, CH, C-5b), 79.23 (1 C, CH,
C-3a), 96.86 (1C, CH, C-1a), 100.99 (1C, CH, C-1b), 11755 (1C, CH,,
OCH,CH=CH,), 123.46 (2C, CH, Ph-CH (Pht)), 127.46 - 128.49 (20C, CH,
Ph-CH), 13149 (2C, C,,,, (Pht)), 133.59 (1C, CH, OCH,CH=CH,), 134.19
(2C, CH, Ph-CH (Pht)), 137.86-138.40 (4C, C,,,,), 170.82 (1C, C(O)); MS
(FAB): miz =937 [M+Na]*; C5;H;NO,;.

Allyl-O-(3,4,6-tri-O-benzyl-a-D-galactopyranosyl)-(1 —4)-2-acetamido-6-
O-benzyl-2-deoxy-fi-D-glucopyranoside (12): A mixture of 11 (95 mg,
0.1 mmol), CaSO, (Drierite) (1.1 g, 8 mmol), ethanol (8 mL), and hydra-
zine monohydrate (0.4 mL, 7 mmol) was heated to reflux for 2 h. After
dilution with acetone (20 mL) and filtration the solution was evaporated
under reduced pressure. The resulting syrup was thoroughly dried in vacuo,
dissolved in a 0.7m solution of NaOCHj; in methanol (0.14 mL), and the
solution was treated with acetic anhydride (0.12 mL, 1.3 mmol). The
mixture was kept for 15 h at room temperature, treated again with acetic
anhydride (0.12mL, 1.3 mmol), and stirred for four additional hours.
Evaporation of traces of solvent and codistillation with toluene left a syrup
that was purified by flash chromatography on silica gel with chloroform/
methanol 20/1 as eluent, yielding 12 as a colorless oil (60 mg, 74 % ). R;: 0.21
(chloroform/methanol 50/1); [a]# =+25.0 (¢=0.5 in chloroform); 'H
NMR (500 MHz, CDCl,): 6=2.02 (s, 3H, C(O)CHs;), 3.37 (ddd, J,,=
8.1 Hz, J,ny=5.4 Hz, J,;=10.1 Hz, 1H, 2a-H), 3.48 (m, 3H, 5a-H, 6¢'a-H,
6'b-H), 3.63 (dd, J3,=J,5=9.3 Hz, 1 H, 4a-H), 3.71-3.81 (m, 3H, 3b-H, 6a-
H, 6b-H), 3.94 (d, J;,=1.4 Hz, 1H, 4b-H), 4.00—4.09 (m, 3H, 3a-H, 5b-H,
OCH,CH=CH,), 4.21 (dd, J,,=3.6 Hz, J,;=10.1 Hz, 1 H, 2b-H), 4.34 (dd,
Jye=52Hz, Jyn=12.7Hz, 1H, OCH,CH=CH,), 4.39-4.56 (m, 5H,
OCH,Ph), 4.68 (d, J,,=8.1Hz, 1H, 1a-H), 472 (s, 2H, OCH,Ph), 4.88
(d, Jgem =11.5 Hz, 1H, OCH,Ph), 5.18 (d, J;, = 3.6 Hz, 1 H, 1b-H), 5.20 (dd,
Jeem= 10 Hz, J4=11.4 Hz, 1H, OCH,CH=CH,), 5.27 (dd, J,,, = 1.4 Hz,
Jians =172 Hz, 1H, OCH,CH=CH,), 5.81 (d, J,xnzu=5.4Hz, 1H, NH),
5.86-5.93 (m, 1H, OCH,CH=CH,), 7.22-7.46 (m, 20H, Ph-H); *C NMR
(125.7 MHz, CDCl;): 6 =23.64 (1C, CH;, C(O)CHj,), 58.09 (1C, CH, C-
2a), 69.07 (1C, CH,, C-6a), 69.30 (1C, CH2, C-6b), 69.82 (1C, CH,,
OCH,CH=CH,), 69.98 (1 C, CH, C-2b), 70.78 (1 C, CH, 5b-H), 72.70-73.53
(3C, CH,, OCH,Ph), 73.68 (1C, CH, C-3a), 7420 (1C, CH, C-4b), 74.64
(1C, CH,, OCH,Ph), 74.78 (1C, CH, C-5a), 79.47 (1C, CH, C-3b), 81.75
(1C, CH, C-4a), 98.98 (1C, CH, C-1a), 102.21 (1C, CH, C-1b), 118.07 (1C,
CH,, OCH,CH=CH,), 127.42-128.49 (20C, CH, Ph-CH), 133.64 (1 C, CH,
OCH,CH=CH,), 137.83-138.46 (4C, C,,,), 171.89 (1C, C(O)); MS (FAB):
mlz =784 [M+H]"; C;sH5;NO,;.

General procedure for glycosylation with the fucosyl fluorides 19 and 20: A
solution of the glycosyl donor 19 or 20 (190 mg, 0.43 mmol) in dichloro-
methane (5mL) was added to a mixture of the glycosyl acceptor
(0.29 mmol), LiCIO, (92 mg, 0.8 mmol), powdered molecular sieves 4 A
(730 mg), CsF (98 mg, 0.65 mmol), and dichloromethane (6.9 mL). After
stirring for 3 d at room temperature under argon the reaction mixture was
diluted with dichloromethane (25 mL), filtered, and extracted with water
(10 mL). The organic layer was dried with Na,SO, and concentrated under
reduced pressure. The glycoside was isolated from the remaining residue by
flash chromatography with ethyl acetate/hexane mixtures as eluents.
Allyl-0-(2,3,4-tri-O-benzyl-a/f-L-fucopyranosyl)-(1 —4)-3-O-acetyl-6-O-
benzyl-2-deoxy-2-phthalimido-f-D-glucopyranoside (21): Yield 30 % (with
19); anomeric ratio a:=23:1; yield 68 % (with 20); anomeric ratio a: =
4:1.

a-Anomer: Colorless oil; R;: 0.47 (ethyl acetate/hexane 1/2); [a]¥ = —26.6
(¢=1 in chloroform); 'H NMR (500 MHz, CDCl;): 6=0.98 (d, J5s=
6.5 Hz, 3H, 6b-CH;), 1.84 (s, 3H, OCH,), 3.59 (d, J;,=1.4 Hz, 1H, 4b-
H), 3.66-3.77 (m, 3H, 5a-H, 6a-H, 4a-H), 3.81 -3.85 (m, 2H, 5b-H, 3b-H),
3.96 (dd, J,,=3.5Hz, J,3=10.2 Hz, 1H, 2b-H), 4.04-4.07 (m, 2H, 6'a-H,
OCH,CH=CH,), 4.20 (dd, J,,=8.5 Hz, J,; =10.6 Hz, 1 H, 2a-H), 4.27 (dd,
Jue=51Hz, Jy,=129Hz, 1H, OCH,CH=CH,), 4.33-4.92 (m, 8H,
OCH,Ph), 494 (d, J,,=3.5Hz, 1H, 1b-H), 5.04 (dd, Jy, =13 Hz, J4,=
10.5 Hz, 1H, OCH,CH=CH,), 5.13 (dd, Jyer, = 1.5 Hz, Ji;pns =172 Hz, 1H,
OCH,CH=CH,), 541 (d, J,,=85Hz, 1H, 1a-H), 5.64 (d, J;,=8.1Hz,
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J,;=10.6 Hz, 1H, 3a-H), 5.70-5.78 (m, 1H, OCH,CH=CH,), 722-7.82
(m, 24H, Ph-H); “C NMR (125.7 MHz, CDCL,): 6=16.28 (1C, CH,, C-
6b), 20.91 (1C, CH3, C(O)CH,), 55.07 (1C, CH, C-2a), 67.71 (1C, CH, C-
5b), 69.49 (1C, CH,, C-6a), 70.01 (1C, CH,, OCH,CH=CH,), 72.83 (1C,
CH,, OCH,Ph), 73.15 (1C, CH, C-3a), 73.85, 74.94, 75.03 (3C, CH,,
OCH,Ph), 76.61 (1C, CH, C-5a), 77.30 (1C, CH, C-2b), 77.67 (1C, CH, C-
4b), 78.34 (1C, CH, C-4a), 79.01 (1C, CH, C-3b), 96.81 (1C, CH, C-1a),
100.49 (1C, CH, C-1b), 11752 (1 C, CH,, OCH,CH=CH,), 123.41 (2C, CH,
CH-Ph (Pht)), 127.35-128.47 (20C, CH, CH-Ph), 131.41, 131.69 (2C, C,,,,
(Pht)), 133.61 (1C, CH, OCH,CH=CH,), 134.00, 134.19 (2C, CH, CH-Ph
(Pht)), 138.44, 138.49, 138.60, 138.64 (4C, C,,), 167.63, 168.14 (2C, C(O)
(Pht)), 170.79 (1C, C(O)); Cs3HssNO,,-0.5H,0: caled C 70.18, H 6.22, N
1.54; found C 70.24, H 6.22, N 0.99.

B-Anomer: Colorless oil; R;: 0.39 (ethyl acetate/hexane 1/2); [a] =+2.2
(¢=0.5 in chloroform); 'H NMR (500 MHz, CDCL): =115 (d, Jss=
6.3 Hz, 3H, 6b-CH,;), 1.78 (s, 3H, OCH,), 3.38 (dd, J;,=2.8 Hz, J,3=
9.7 Hz, 1H, 3b-H), 342 (q, J5c=6.3 Hz, 1H, 5b-H), 3.54 (d, J,,=2.8 Hz,
1H, 4b-H), 3.65-3.70 (m, 2 H, 2b-H, 6a-H), 3.78 (ddd, Js¢ = 1.7 Hz, J,s=
J54=9.7Hz, 1H, 5a-H), 3.85 (dd, J,5=7/5,=9.7 Hz, 1H, 4a-H), 4.08 (dd,
Jae=63Hz, Jpy =129 Hz, 1H, OCH,CH=CH,), 4.12 (dd, J54 = 1.7 Hz,
Jog=112Hz, 1H, 6'a-H), 422 (dd, J,,=8.4 Hz, J,; =10.8 Hz, 1H, 2a-H),
430 (dd, Jyo=5.1 Hz, Jp = 12.9 Hz, 1H, OCH,CH=CH,), 4.43 (d, J,;, =
7.7 Hz, 1H, 1b-H), 4.57-4.73 (m, 7H, OCH,Ph), 4.95 (d, J,,, = 11.7 Hz,
1H, OCH,Ph), 5.05 (dd, Jy,, = 0.9 Hz, J;, = 10.4 Hz, 1 H, OCH,CH=CH,),
514 (dd, Jym = 1.4 Hz, Jypp = 172 Hz, 1H, OCH,CH=CH,), 5.50 (d, J,, =
8.4 Hz, 1H, 1a-H), 5.73—5.80 (m, 2 H, 3a-H, OCH,CH=CH,), 7.15-7.88 (m,
24H, Ph-H); ®C NMR (125.7 MHz, CDCL,): 6=16.70 (1C, CH,, C-6b),
2059 (1C, CH,, C(O)CH,), 55.28 (1C, CH, C-2a), 69.70 (1C, CH,, C-6a),
70.12 (1C, CH,, OCH,CH=CH?2), 70.42 (1C, CH, C-5b), 72.92, 73.31 (2C,
CH,, OCH,Ph), 73.47 (1C, CH, C-3a), 74.58 (1C, CH, C-5a), 74.67 (1C,
CH,, OCH,Ph), 7524 (1C, CH, C-4a), 75.28 (1C, CH,, OCH,Ph), 76.45
(1C, CH, C-4b), 78.89 (1C, CH, C-2b), 82.62 (1C, CH, C-3a), 96.84 (1C,
CH, C-la), 104.18 (1C, CH, C-1b), 11754 (1C, CH,, OCH,CH=CH,),
123.36 (2C, CH, CH-Ph (Pht)), 127.26-128.52 (20C, CH, CH-Ph), 131.46,
131.78 (2C, Cyy, (Pht)), 133.65 (1C, CH, OCH,CH=CH,), 133.90, 134.18
(2C, CH, CH-Ph (Pht)), 138.41, 138.65, 138.69, 138.73 (4C, C,,,,), 16775,
168.05 (2C, C(0) (Pht)), 170.21 (1C, C(0)); C5;HssNOy, - 2H,0: caled C
68.15, H 6.36, N 1.49; found C 68.01, H 6.07, N 0.85.

Methyl-(2,3,4-tri-O-benzyl-a/f-L-fucopyranosyl)-(1 —2)-3,4,6-tri-O-ben-
zyl-a-D-glucopyranosyl)-(1 —6)-2,3,4-tri-O-benzyl-a-D-glucopyranoside
(22): yield 51 %; anomeric ratio a:f =3.5:1.

a-Anomer: Colorless oil; R;: 0.50 (ethyl acetate/hexane 1/3); [a]% =+12.4
(¢=1.2 in chloroform); 'H NMR (500 MHz, CDCL): 6 =0.96 (d, Jss=
6.5 Hz, 3H, 6¢-CHs;), 3.27 (s, 3H, OCHs;), 3.32-3.63 (m, 8H, 2c-H, 4c-H,
6b-H, 4b-H, 6'b-H, 6a-H, 2a-H, 4a-H), 3.69-3.72 (m, 1 H, 5b-H), 3.74-3.81
(m, 2H, 5a-H, 6’a-H), 3.91 (dd, J,3=J5,=9.3 Hz, 1 H, 3c-H), 3.95-3.98 (m,
2H, 3a-H, 3b-H), 4.02 (dd, J,;=10.2 Hz, J,, =3.4 Hz, 1H, 2b-H), 4.07 (q,
Js¢=6.5Hz, 1H, 5c-H), 438 (d, Jyem =122 Hz, 1H, OCH,Ph), 4.40 (d,
Joem=10.9 Hz, 1H, OCH,Ph), 4.48 (d, J,,=3.6 Hz, 1H, 1a-H), 4.53-4.85
(m, 12H, OCH,Ph),4.92-4.96 (m, 3H, OCH,Ph),4.98 (d,/J,,=3.0 Hz, 1H,
lc-H), 499 (d, J;,=3.5Hz, 1H, 1b-H), 513 (d, Jen=11.6Hz, 1H,
OCH,Ph), 701-738 (m, 45H, Ph-H); “C NMR (125.7 MHz, CDCl,):
0=16.89 (1C, CHj;, C-6¢), 54.90 (1C, CH;, OCH;), 66.32 (1C, CH,, C-6a),
66.80 (1C, CH, C-5¢), 68.39 (1C, CH,, C-6b), 69.65 (1C, CH, C-5a), 69.97
(1C, CH, C-5b), 72.91-75.85 (9C, CH,, OCH,Ph), 75.90 (1C, CH, C-2b),
7743 (1C, CH, C-4b), 7768 (1C, CH, C-2c), 77.99 (1C, CH, C-4c), 79.24
(1C, CH, C-3b), 80.37 (1C, CH, C-3c), 80.47 (1C, CH, C-2a), 82.20 (1C,
CH, C-4a), 82.38 (1C, CH, C-3a), 97.58 (1C, CH, C-1a), 98.53 (1C, CH, C-
1b), 100.77 (1C, CH, C-1c), 127.05-128.46 (45C, CH, CH-Ar), 13799 -
139.24 (9C, C,,); CyoHgO1s: caled C 74.98, H 6.75; found C 75.96, H 6.89.

p-Anomer: Colorless oil; R;: 0.25 (ethyl acetate/hexane 1/3); [a]F = +15.6
(¢c=1 in chloroform); 'H NMR (500 MHz, CDCL): 6=1.13 (d, Jss=
6.3 Hz, 3H, 6c-CH,), 3.24 (s, 3H, OCHs;), 3.38 (q, Js4=6.1 Hz, 1H, 5c-
H), 3.43-3.48 (m, 2H, 3c-H, 2a-H), 3.51-3.55 (m, 3H, 4c-H, 4a-H, 6a-H),
3.60-3.67 (m, 3H, 6'a-H, 6b-H, 4b-H), 3.75 (m, 2 H, 5b-H, 5a-H), 3.79-3.86
(m, 2H, 6'b-H, 2c-H), 3.92 (dd, J,;=/5,=9.2 Hz, 1H, 3a-H), 3.99 (dd,
J;4=8.6Hz, J,;=9.5Hz, 1H, 3b-H), 4.04 (dd, J,,=32Hz, J,;=9.5Hz,
1H,2b-H), 4.34 (d, Jyewm = 12.3 Hz, 1H, OCH,Ph), 4.37 (d,J,,=3.2 Hz, 1H,
la-H), 4.38 (d, Jym=10.6 Hz, 1H, OCH,Ph), 4.47 (d, Jyey =12.1 Hz, 1H,
OCH,Ph), 4.50 (d, J,,=7.6 Hz, 1H, 1c-H), 4.52-4.75 (m, 10H, OCH,Ph),
4.84-5.41 (m, 6H, 1b-H, OCH,Ph (5)), 708-738 (m, 45H, Ph-H); *C
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NMR (125.7 MHz, CDCl,): 6 =16.88 (1C, CH,, C-6¢), 55.00 (1C, CH;,
OCH,), 66.38 (1C, CH,, C-6b), 68.31 (1C, CH,, C-6a), 69.60, 70.10, 70.52
(3C, CH), 73.18-75.60 (9 C, CH,, OCH,Ph), 76.75, 77.00, 7726, 7771 (4C,
CH), 79.24, 80.28, 80.87, 82.26, 82.63 (5C, CH), 96.82 (1 C, CH, C-1a), 97.58
(1C, CH, C-1b), 101.98 (1 C, CH, Cl-c), 127.23-128.46 (45C, CH, CH-Ph),
13798-139.14 (9C, C,,,); MS (MALDI): m/z = 1337 [M+Na]*; CoHgOs.

Allyl-0-(2,3,4-tri-O-benzyl-a-L-fucopyranosyl)-(1 —2)-3,4,6-tri-O-benzyl-
a-D-galactopyranosyl)-(1 —4)-3-O-acetyl-6-O-benzyl-2-deoxy-2-phthal-
imido-f-D-glucopyranoside (23): Colorless oil; yield 49 %; only a; R;: 0.46
(ethyl acetate/hexanel/2); [a]# =—16.7 (¢c=1 in chloroform); 'H NMR
(500 MHz, CDCly): 6=1.01 (d, J54=06.5 Hz, 3H, 6¢c-CH;), 1.84 (s, 3H,
C(O)CH,;), 3.43-3.51 (m, 2H, 6b-H, 6'b-H), 3.69 (brs, 1H, 4c-H), 3.72-
3.78 (m, 3H, 5¢-H, 5a-H, 6a-H), 3.82 (dd, J,3=10.2 Hz, J;,=2.7 Hz, 1H,
3b-H), 3.86 (brs, 1H, 4b-H), 3.96 (dd, Js¢ =3.5 Hz, J¢¢ =11.5 Hz, 1H, 6'a-
H), 3.98-4.07 (m, 3H, OCH,CH=CH,, 5b-H, 2c-H), 4.09 (dd, J,5=
10.4 Hz, J;,=2.5Hz, 1H, 3c-H), 4.21 (dd, J,5s=9.3 Hz, J;,=8.7Hz, 1H,
4a-H), 427 (ddt, */=13Hz, J,=51Hz, J,,=13.0Hz, 1H,
OCH,CH=CH,), 4.31-4.39 (m, 4H, OCH,Ph (2), 2a-H, 2b-H), 4.41-4.67
(m, 9H, OCH,Ph), 4.81-4.91 (m, 3H, OCH,Ph), 5.05 (dd, J,, =13 Hz,
Jis=10.4 Hz, 1H, OCH,CH=CH,), 5.13 (dq, Y/ =Jen=15Hz, Jiun,=
172 Hz, 1H, OCH,CH=CH,), 5.16 (d, J,,=3.5Hz, 1H, 1b-H), 5.36 (d,
J,=8.5Hz,1H, 1a-H), 5.41 (d,J,, =3.4 Hz, 1H, 1c-H), 5.69-5.77 (m, 1 H,
OCH,CH=CH,), 5.87 (dd, J5,=8.7 Hz, J,5=10.5 Hz, 1 H, 3a-H), 6.97-7.79
(m,49H, Ph-H); ®C NMR (125.7 MHz, CDCl;): 6 =16.54 (1 C, CHj;, C-6c¢),
21.00 (1C, CH;, C(O)CH,;), 55.23 (1C, CH, C-2a), 66.92 (1C, CH, C-5¢),
6839 (1C, CH,, C-6a), 68.67 (1C, CH,, C-6b), 69.89 (1C, CH,,
OCH,CH=CH,), 70.18 (1C, CH, C-2c), 71.88 (1C, CH,, OCH,Ph), 72.22
(1C, CH, C-2b), 72.45, 72.77 (2C, CH,, OCH,Ph), 72.89 (1C, CH, C-4a),
73.13 (1C, CH, C-3a), 73.23,73.36 (2C, CH,, OCH,Ph), 74.17 (1C, CH, C-
4b), 74.74 (1C, CH, C-5a), 74.79 (2C, CH,, OCH,Ph), 75.14 (1C, CH, C-
5b), 77.66 (1C, CH, C-4c), 78.73 (1C, CH, C-3b), 79.07 (1C, CH, C-3c),
96.95 (1C, CH, C-1c), 97.37 (1C, CH, C-1b), 98.80 (1C, CH, C-1a), 117.48
(1C, CH,, OCH,CH=CH,), 123.41 (2C, CH, CH-Ph (Pht)), 126.61-128.34
(35C, CH, CH-Ph), 131.49 (2C, C,,,(Pht)), 133.61 (2C, CH, CH-Ph (Pht)),
134.08 (1C, CH, OCH,CH=CH,), 137.99-139.31 (7C, C,,,), 167.70 (2C,
C(0)(Pht)), 170.63 (1C, C(0)); CgHyNO,;: caled C 7222, H 6.29, N 1.05;
found C 72.14, H 6.65, N 0.65.

Allyl-0-(2,3,4-tri-O-benzyl-a/f-L-fucopyranosyl)-(1 —6)-[ (2,3,4-tri-O-
benzyl-a-L-fucopyranosyl)-(1 —4) ]-2-acetamido-2-deoxy-3-O-p-methoxy-
benzyl-a-D-glucopyranoside (24): Colorless oil; yield 99 %; anomeric ratio
a:=2:1; R;: 0.51 (dichloromethane/methanol 10/1); 'H NMR (500 MHz,
CDCl,): 6=0.78 (d, Js5=6.4 Hz,3H, 6¢-CH, (a)), 1.03 (d, /s, = 6.5 Hz, 3H,
6b-CH, (a)), 1.05 (d, J54=6.4 Hz, 3H, 6¢c-CHj; (b)), 1.18 (d, J5,=16.5 Hz,
3H, 6b-CH; (b)), 1.87 (s, 3H, NC(O)CHj,(a)), 2.04 (s, 3H, NC(O)CH,(b)),
3.33-4.39 (m, 32 H, [2a-H-6'a-H, 2b-H-5b-H, 2¢-H-5c-H] (a), [2a-H-6"a-H,
2b-H-5b-H, 2¢-H-5¢-H] (b), OCH,CH=CH, (4)), 3.78 (s, 3H, OCH, (b)),
3.81 (s, 3H, OCH; (a)), 4.46-5.30 (m, 38 H, OCH,Ph (28), OCH,CH=CH,
(4), [1a-H, 1b-H, 1c-H] (a), [1a-H, 1b-H, 1c-H] (b)), 5.53 (d, Joxau=9.7 Hz,
1H, NH (a)), 5.66 (d, J,xy=38.6Hz, 1H, NH (b)), 5.78-5.86 (m, 2H,
OCH,CH=CH,), 6.73-747 (m, 68H, Ph-H); “C NMR (125.7 MHz,
CDCl;): 6=16.38 (1C, CH;, C-6¢ (b)), 16.53 (1C, CH;, C-6¢ (a)), 16.58
(1C, CH;, C-6b (a)), 16.73 (1C, CH;, C-6b (b)), 2339 (2C, CHs,
NC(O)CH;), 55.17 (1C, CH;, OCH; (b)), 55.19 (1C, CH;, OCH; (a)),
64.67-80.32 (42 C, CH, [C-2a-C-5a, C-2b-C-5b, C-2¢-C-5¢] (a), [C-2a-C-5a,
C-2b-C-5b, C-2¢-C-5¢] (b) (24), CH, (C-6a (a), C-6a (b), OCH,CH=CH,
(a), OCH,CH=CH, (b), OCH,Ph (14)), 96.07 (1C, CH, C-1a (a)), 96.43
(1C, CH, C-1a (b)), 9744 (1C, CH, C-1c (a)), 97.53 (2C, CH, C-1b (a + b)),
99.30 (1C, CH, C-1c (b)), 117.64, 11769 (2C, CH,, OCH,CH=CH,),
127.03-129.74 (68C, CH, CH-Ph), 13357, 133.63 (2C, CH,
OCH,CH=CH,), 138.19-138.67 (14C, C,,,), 159.01, 159.05 (2C, C,,,
(PMB)), 169.62, 170.61 (2C, C(0)); C;sHiNO,5-1H,O: caled C 71.14, H
6.95, N 1.13; found C 71.21, H 6.69, N 0.85.

Allyl-0-(2,3,4-tri-O-benzyl-a-L-fucopyranosyl)-(1 —2)-3,4,6-tri-O-benzyl-
a-D-galactopyranosyl)-(1 —4)-2-acetamido-6-O-benzyl-2-deoxy-#-D-glu-

copyranoside (25): Yellowish oil; yield 46 %; only a; R;: 0.62 (ethyl acetate/
hexane 1/2); [a]¥ =—12.2 (¢=0.55 in chloroform); '"H NMR (500 MHz,
CDCl): 6=1.05 (d, Js4=6.4 Hz, 3H, 6¢c-CH,;), 1.86 (s, 3H, C(O)CH,),
3.44-3.53 (m, 4H, 2a-H, 5a-H, 6b-H, 6'b-H), 3.60 (brs, 1H, 4c-H), 3.65
(brs, 1H, 4a-H), 3.76-3.86 (m, 3H, 5¢c-H, 6a-H, 6'a-H), 3.95-4.14 (m, 7H,
3c-H, OCH,CH=CH,, 5b-H, 4b-H, 3a-H, 3b-H, 2c-H), 4.34 (dd, J,;.=
5.1 Hz, Jyer, =12.9 Hz, 1H, OCH,CH=CH,), 4.39-4.58 (m, 10H, OCH,Ph
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(9), 2b-H), 4.68-4.73 (m, 3H, OCH,Ph (2), 1a-H), 4.78-4.89 (m, 3H,
OCH,Ph), 5.14 (d, J,,=3.5 Hz, 1H, 1b-H), 517 (dd, Jpn =12 Hz, Jy—
103 Hz, 1H, OCH,CH=CH,), 5.26 (dd, Jye, = 1.3 Hz, Jyyp,= 174 Hz, 1H,
OCH,CH=CH,), 5.38 (d, Jxx = 6.9 Hz, 1H, NH), 5.65 (d, J,,=3.7 Hz, 1 H,
1c-H), 5.85-5.89 (m, 1 H, OCH,CH=CH,), 706-7.37 (m, 35H, Ph-H); *C
NMR (125.7 MHz, CDCly): 6=16.54 (1C, CH,, C-6¢), 23.56 (1C, CH;,
NC(O)CH,), 5732 (1C, CH, C-5a), 67.14 (1C, CH, C-5c), 68.99 (1C, CH,,
C-6a), 69.14 (1C, CH,, C-6b), 69.56 (1 C, CH,, OCH,CH=CH,), 70.56 (1 C,
CH, C-5b), 71.37 (1C, CH,, OCH,Ph), 71.96 (1C, CH, C-2b), 72.94 (1C,
CH, C-4b), 73.15, 73.52, 73.76 (4 C, CH,, OCH,Ph), 74.69 (1C, CH, C-3a),
74.78 (3C, CH, C-2a, CH,, OCH,Ph (2)), 75.32 (1C, CH, C-2¢), 7751 (1C,
CH, C-4c), 79.11 (1 C, CH, C-3c), 79.77 (1 C, CH, C-3b), 81.35 (1C, CH, C-
4a), 9771 (1C, CH, C-1c), 99.36 (1C, CH, C-1a), 101.20 (1C, CH, C-1b),
11738 (1C, CH,, OCH,CH=CH,), 126.47-128.41 (35C, CH, CH-Ph),
134.02 (1C, CH, OCH,CH=CH,), 137.83-139.46 (7C, C,,,), 170.55 (1C,
C(0)CH,); C,,HyNO,5: caled C 72.04, H 6.80, N 1.17; found C 72.04, H
712, N 0.93.

Methyl-0-(2,3,4-tri-O-benzyl-a/f-L-fucopyranosyl)-(1 —3)-2,6-di-O-ben-
zyl-f-D-galactopyranosyl)-(1 —4)-2,3,6-tri-O-benzyl-f-D-glucopyranoside
(26): Yield 33 %; anomeric ratio a:f=4:1.

a-Anomer: Colorless oil; R;: 0.53 (ethyl acetate/hexane 1/2); [a]F = —32.6
(c=1 in chloroform); 'H NMR (500 MHz, CDCL): 6=1.14 (d, Jss=
6.5 Hz, 3H, 6c-CH;), 3.22 (m, 1H, 5a-H), 3.31-3.37 (m, 2H, 4a-H, 5b-
H), 3.45-3.63 (m, 6H, 2b-H, 3b-H, 6b-H, 6'b-H, 6a-H, 2a-H), 3.51 (s, 3H,
OCH;), 3.68 (d, J;,=2.5Hz, 1H, 4c-H), 3.73 (dd, Js4=3.9Hz, Jo4=
109 Hz, 1H, 6'a-H), 391 (d, J;,=29Hz, 1H, 4b-H), 3.96 (dd, J,5=
J;4=9.6 Hz, 1H, 3a-H), 3.99 (dd, J,5=10.2 Hz, J;,=2.5 Hz, 1H, 3c-H),
4.04 (dd, J,,=3.5Hz, J,;=10.2 Hz, 1H, 2c-H), 4.07 (q, Js,=6.5Hz, 1H,
5c-H), 422 (d, J,,=78Hz, 1H, 1a-H), 432 (d, J,,=12.1Hz, 1H,
OCH,Ph), 4.38 (d, Jeem=12.1Hz, 1H, OCH,Ph), 4.40 (d, J,,=7.6 Hz,
1H, 1b-H), 4.42 (d, Jgw=12.1 Hz, 1H, OCH,Ph), 4.54-4.97 (m, 13H,
OCH,Ph), 525 (d, J,,=3.5 Hz, 1H, 1c-H), 7.10-7.39 (m, 40H, Ph-H); “C
NMR (125.7 MHz, CDCl;): 6 =16.70 (1C, CHj;, C-6¢), 56.97 (1C, CHs,
OCHs;), 67.00 (1C, CH, C-5¢), 67.89 (1C, CH,, C-6a), 68.48 (1C, CH,, C-
6b), 68.87 (1C, CH, C-4b), 72.62 (1C, CH, C-4a), 72.91-75.32 (8 C, CH,,
OCH,Ph), 74.38 (1C, CH, C-5a), 75.67 (1C, CH, C-2c), 76.28 (1C, CH, C-
3a), 7757 (1C, CH, C-4c), 78.99 (1C, CH, C-3c), 79.07 (1C, CH, C-3b),
79.91 (1C, CH, C-2b), 81.70 (1C, CH, C-5b), 82.85 (1C, CH, C-2a), 99.17
(1C, CH, C-1c), 102.42 (1C, CH, C-1b), 104.63 (1C, CH, C-1a), 126.87 -
128.58 (40C, CH, CH-Ph), 138.14-139.12 (8C, C,,,); C;sHg, 047 1H,O:
calcd C 72.56, H 6.81; found C 72.60, H 6.80.

p-Anomer: Colorless oil; R;: 0.41 (ethyl acetate/hexane 1/2). Characteristic
signals in *C NMR (125.7 MHz, CDCl,): 6 =16.90 (1C, CHj;, C-6¢), 99.54
(1C, CH, C-1c), 102.57 (1C, CH, C-1b), 104.62 (1C, CH, C-1a); MS (FAB):
mlz =1247 [M+Na]*; C;sHg, 0,7

Methyl-0-(2,3,4-tri-O-benzyl-a/f-L-fucopyranosyl)-(1 —4)-2,6-di-O-ben-
zyl-f-p-galactopyranosyl)-(1 —4)-2,3,6-tri-O-benzyl-f-D-glucopyranoside
(27): Yield 27 %; anomeric ratio a:f=6:1.

a-Anomer: Colorless oil; R;: 0.37 (ethyl acetate/hexane 1/2); [a]¥ = —21.4
(c=2.5 in chloroform); 'H NMR (500 MHz, CDCl;): 6 =0.93 (d, J5¢=
6.5 Hz, 3H, 6¢-CHs), 3.21 (dd, J,, =78 Hz, J,5;=9.2 Hz, 1H, 2b-H), 3.31 -
3.37 (m, 3H, 2a-H, 5a-H, 5b-H), 3.39 (brs, 1H, 4c-H), 3.41-3.52 (m, 4H,
4a-H, 6b-H, 6'b-H, 3b-H), 3.55 (s, 3H, OCHs), 3.67 (q, Jss = 6.5 Hz, 1 H, 5c-
H), 3.70-3.78 (m, 3H, 3¢-H, 6a-H, 6'a-H), 3.80 (d, J;,=2.9 Hz, 1 H, 4b-H),
3.96 (dd, J,5=J3,=9.6 Hz, 1H, 3a-H), 4.05 (dd, J,,=3.6 Hz, J,;=10.2 Hz,
1H, 2¢-H), 4.27 (d, J,, = 7.8 Hz, 1 H, 1a-H), 437 (d, J,, = 7.8 Hz, 1 H, 1b-H),
4.39-4.64 (m, 11H, OCH,Ph), 4.70-4.92 (m, 5H, OCH,Ph (4), 1c-H), 5.07
(d, Jem =113 Hz, 1H, OCH,Ph), 7.14-734 (m, 4OH, Ph-H); *C NMR
(1257 MHz, CDCl;):  =16.54 (1C, CH;, C-6¢), 56.99 (1C, CH;, OCHj),
67.17 (1C, CH, C-5c¢), 68.23 (1 C, CH,, C-6a), 68.81 (1C, CH,, C-6b), 71.97
(1C, CH,, OCH,Ph), 72.74 (1C, CH,, OCH,Ph), 73.06 (1C, CH, C-5a),
73.21,73.47,74.70, 74.76 (4 C, CH,, OCH,PH), 74.84 (1 C, CH, C-3b), 74.89,
74.95 (2C, CH,, OCH,Ph), 75.05 (1C, CH, C-5b), 76.15 (1C, CH, C-2c),
76.46 (1C, CH, C-3a), 76.51 (1C, CH, C-4c), 79.48 (1C, CH, C-3c), 80.73
(1C, CH, C-4b), 81.34 (1C, CH, C-2b), 81.47 (1C, CH, C-2a), 83.19 (1C,
CH, C-4a), 101.66 (1C, CH, C-1c), 102.25 (1C, CH, C-1b), 104.59 (1C, CH,
C-1a), 126.97-129.72 (40C, CH, CH-Ph), 137.05-139.67 (8C, C,,,);
C;sHg, 047 - 3H,0: caled C 70.51, H 6.94; found C 70.93, H 6.63.
fB-Anomer: Colorless oil; R;: 0.18 (ethyl acetate/hexane 1/2). Characteristic
signals in *C NMR (125.7 MHz, CDCl;): 6 =16.54 (1 C, CHj;, C-6¢), 103.12
(1C, CH, C-1b), 104.15 (1C, CH, C-1c), 104.49 (1C, CH, C-1a).
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Methyl-0-(2,3,4-tri-O-benzyl-a/f-L-fucopyranosyl)-(1 —4)-[ (2,3,4-tri-O-
benzyl-a-L-fucopyranosyl)-(1 —3) ]-2,6-di-O-benzyl-#-D-galactopyrano-
syl)-(1 —4)-2,3,6-tri-O-benzyl-f-D-glucopyranoside  (28): Yield 7%;
anomeric ratio a:f=4:1.

a-Anomer: Colorless oil; R;: 0.63 (ethyl acetate/hexane 1/2); 'H NMR
(500 MHz, CDCL,): 6=0.99 (d, Jss=6.4 Hz, 3H, 6c-CHy), 1.14 (d, J5o=
6.5 Hz, 3H, 6d-CHs;), 3.32 (dd, J,, =78 Hz, J,;=9.1 Hz, 1 H, 2a-H), 3.40-
3.55 (m, 5H, 3a-H, 5a-H, 6a-H, 5b-H, 6b-H), 3.48 (s, 3H, OCHj), 3.56 (brd,
1H, 4c-H), 3.63-3.71 (m, 4H, 3b-H, 4d-H, 6'a-H, 6'b-H), 3.77-3.89 (m,
4H, 2b-H, 3c-H, 3d-H, 5d-H), 3.93-4.08 (m, 5H, 4a-H, 4b-H, 2¢-H, 2d-H,
5d-H), 4.16 (d, J,, =78 Hz, 1H, 1a-H), 4.23-4.95 (m, 21 H, OCH,Ph (20),
1b-H [J,,=7.5 Hz]), 5.05 (d, Jyew = 12.3 Hz, 1H, OCH,Ph), 5.15 (d, Jyer, =
10.7 Hz, 1H, OCH,Ph), 530 (d, J,,=3.7Hz, 1H, 1d-H), 592 (d, J,,=
3.8Hz, 1H, 1c-H), 6.98-741 (m, 55H, Ph-H); 3C NMR (125.7 MHz,
CDCl,): 0 =16.62 (1 C, CH;, C-6¢), 16.69 (1 C, CH;, C-6d), 56.98 (1 C, CH;,
OCH,), 66.46, 66.97 (2C, CH), 67.60 (1C, CH,, C-6a), 68.08 (1C, CH,, C-
6b), 68.49-82.63 (25C, CH (14), CH,, OCH,Ph (11)), 95.20 (1C, CH, C-
1c), 99.35 (1C, CH, C-1d), 103.14 (1 C, CH, C-1b), 104.57 (1C, CH, C-1a),
125.64-129.73 (55C, CH, CH-Ph), 138.14-139.38 (11C, C,,,). Character-
istic signals for the f-anomer: '"H NMR (500 MHz, CDCl,): 6 =3.47 (s, 3H,
OCH,), 3.04 (m, 1H), 3.14 (m, 1H); *C NMR (125.7 MHz, CDCL,): 6 =
95.20 (1C, CH, C-lc), 103.14 (1C, CH, C-1b), 104.37 (1C, CH, C-1d),
104.57 (1C, CH, C-1a); CyoH, 1001 1 H,O - 1 CHCL,: caled C 69.60, H 6.41;
found C 69.88, H 6.51.
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Abstract: A novel type of bilayer on a
gold surface, based upon metal-ion
coordination to hydroxamate moieties,
is described. Tailor-made bifunctional
ligands containing hydroxamate groups
(for metal coordination) and a cyclic
disulfide residue (for surface attach-
ment) have been prepared. The bishy-
droxamate binding site forms 2:1 ligand/
metal complexes with octacoordinating
metal ions such as Zr'V, Ce!, and Ti'V;

complex to the gold surface. Two routes
to bilayer formation are demonstrated:
i) a one-step process from preformed 2:1
complexes, and ii) a stepwise process
including formation of the ligand mono-
layers followed by binding of a guest ion
and a second layer of ligand molecules.

Keywords: gold - hydroxamates -
layered compounds - self-assembly
- transition metals

The former approach allows full charac-
terization of the complexes before bi-
layer assembly, whereas the latter en-
ables construction of either symmetric
(identical) or asymmetric (nonidentical)
bilayers. Both types of bilayers were
characterized by ellipsometry, contact
angle, and XPS measurements. Symmet-
ric bilayers obtained by the two proc-
esses have similar properties.

the cyclic disulfide moiety anchors the

Introduction

Interest in nanomaterials that could provide photoconductors
and electrochromic or nonlinear optical elements, as well as
electronic analogues, has stimulated extensive research aimed
at the generation of functional molecular assemblies.'l A
prerequisite for the realization of molecule-based functional
devices is the development of a methodology for integrating
functional molecular components into well-ordered assem-
blies with a defined supramolecular architecture. Hence,
multilayers have been prepared from single-chain molecules
with polar head groups by using metal ions as templates or
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intercalating agents between adjacent layers. Examples are
the use of ZrV23 HfVE and AI™P! in conjunction with
phosphoric acids, and Cu'l®” with carboxylic acids.

Here we describe a novel kind of self-assembled organic
bilayer, in which chelation of metal ions to pairs of tetraden-
tate ligands provides assemblies whose architecture is dictated
by the nature of the metal and the coordinating ligand. As
building blocks, we synthesized molecules that integrate a
cyclic disulfide group for immobilization onto gold® and two
extending chains, each terminated with a hydroxamate
functionality. The bishydroxamate obtained is well suited for
binding octacoordinating®® guest ions such as tetravalent Ti'V,
ZrY, or Ce', forming 2:1 ligand/metal complexes with well-
defined geometries. In general, complexes with two types of
geometry, namely antiprism and dodecahedral, are known.
Despite differences in symmetry (and consequently in NMR
spectra), both geometries lead to very similar structures that
differ mainly in the angle between the metal and the binding
ligands.

These systems form bilayers on gold by either of two
processes: i) a one-step process, using the preformed 2:1
complexes; ii) a stepwise process involving formation of the
ligand monolayers followed by successive binding of the guest
ions and a second monolayer of ligand molecules. The one-
step approach allows the construction of symmetric!'! bilay-
ers, while providing the possibility of full characterization of
the 2:1 complexes before the bilayer is assembled; this is
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useful in substantiating the bilayer composition. The step-by-
step procedure has the advantage of enabling construc-
tion of asymmetric (as well as symmetric) bilayers. The
similarity in the properties of bilayers prepared by the two
methods provides confidence in the structures of these
assemblies.

Results and Discussion

Design and synthesis: Tailor-made bifunctional ligands con-
taining hydroxamate groups and a disulfide residue were
prepared. The use of the cyclic disulfide as an immobilization
groupl!”) decreases the number of degrees of freedom of the
molecules, resulting in the two extending chains forming a
defined cavity and molecular envelope. It also helps in
maintaining the cavity properties upon possible S—S bond
cleavage during self-assembly. The formation of intramolec-
ular complexes on the surface is therefore preferred to
intermolecular complex formation, although the latter cannot
be ruled out. The lability of the metals provides various
possibilities as discussed below.

The ligands 1, 2, 3, and 4 were synthesized in two main steps
(Scheme 1): i) preparation of the activated anchors (the
diphenolates and tetraphenolates); and ii) coupling of the
anchors with the chosen nucleophiles. The symmetric metal
complexes of 2:1 ligand:metal stoichiometry were prepared
by mixing ligand 1 with [Ce(acac),] or [Zr(acac),] in CHCl;, or
by heating with [Ti(isopropoxide),] in benzene." The struc-
tures of all the ligands and complexes were confirmed by a
combination of FAB-MS, IR, and 'H NMR spectroscopy.

1. CHp=CHCN COOC,Cls
2. HCI
~OH 3. C¢CI;0H
? Ec 50 ? o
S S.
OH
CO0CCl;

—_—
R ?H
N
HZN)Y ~
(o]

CH3N(OH)H-HCI s
———————————
i
s

Preformed bilayer assemblies: In the one-step process,
symmetric bilayers of 1 with Zr', Ce!, and Ti!V were
assembled by immersion of gold substrates in solutions of
the preformed complexes (Scheme 2), and characterized by
ellipsometry, contact angle (CA) measurements, XPS and ac-
impedance spectroscopy (Table 1). A thickness of 1114 A
was determined ellipsometrically for all the bilayers.l'l This is
lower than the theoretical thickness (16—17 A) calculated
from models with the assumption of perpendicular orienta-
tion, and probably indicates a tilt from the surface normal
rather than incomplete coverage, because these bilayers have
high coverage values (Table 1). The water CAs of the bilayers
are rather low, with a relatively large CA hysteresis. This is
likely to result from the distal position of the disulfide groups,
which is dictated by the bulky nature of the metal-binding
center.

The chemical composition of the bilayers was confirmed by
XPS measurements'#l (Table 1). The N/S atomic concentra-
tion ratio (0.97-1.26:1) is close to the relative concentration
ratio of 1:1 in the bilayers. The S/metal ion ratio (4.2-6.8:1) is
also close to the expected ratio (4:1); in this case the
difference evidently arises from the fact that two sulfur atoms
are located in the outermost part of the layer so that their
intensity is enhanced compared with that of the metal ion,
which is located in the center of the molecular structure.
Another source of the differences between observed and
theoretical ratios is the relatively large error in integrating the
very small metal-ion signal (for Table 1 a minimum value was
taken). The carbon concentration is larger than expected
relative to all other elements. This discrepancy might be
attributable to hydrocarbon impurities physically adsorbed on
the bilayers. An excess of oxygen is also observed, which

J/\H‘/
O OH
o
1

O OH

. o
X 2
|

R=CH,Ph
1. CH,=CHCN
2. HCI Scheme 1. Preparation of:
/ N\ 1. CgH3;NH. ) '
HO OH 3. CsCl;0H CsCls00C" © O COOCCls 2. CHyN(OHH-HCI 1, a racemic mixture of bis-
HO OH hydroxamate binder with
CSCI5000\ o 0‘ LO0CCls disulfide anchor; 2, a dia-

stereomeric mixture of bis-
H hydroxamate binder con-

o]
|
Wn 0\»» c\e/o N\) taining an amino acid and
8 \n/\/ n \/Y m disulfide anchor; 3, a
(o] (o]
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3 n=3, m=1 monohydroxamate triocta-

4 n=2, m=2 decyl binder; 4, a bishydrox-
amate dioctadecyl binder.
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Table 1. Ellipsometric thickness, advancing (Adv) and receding (Rec) contact angles (CAs), surface coverage, and XPS results for symmetric and
asymmetric bilayers, assembled either from preformed complexes or by stepwise construction (see text). Ellipsometric thicknesses were calculated using n; =

1.45-1.65.

Bilayer Theoretical Ellipsometric Adv CA Rec CA %
perpendicular  thickness (H,0) (H,0)

thickness (A)®  (A)

XPS results (atom %)

Coveragel  Au S C o N Zr Ce Ti

84eV 162eV 285eV 532eV 400eV 182eV 884eV 459 eV

Assembled from preformed complexes

1-Zr-1 16-17 11-14 51 31 96
1-Ce-1 16-17 11-14 58 25 87
1-Ti-1 16-17 11-14 50 28 96
Assembled by stepwise construction

1-Ce-1 16-17 13-16 57 25 95
1-Ce-2 18-20 12-15 61 27 96
1-Ce-3 40 32-34 70 39 71
1-Ce-4 40 21-26 72 45 82

31.7 3.4 48.1 13 33 0.5 - -

354 2.5 45.6 13 3.1 - 0.6 -
43.1 23 342 17 2.9 - - 0.5
36.0 4.4 40 15 3.4 - 0.8 -
48.1 3.1 333 11.8 3.4 - 0.3 -
35.1 1.5 45.7 14.9 2.3 - 0.8 -
36.7 2.5 443 12.3 3.8 - 0.8 -

[a] Assuming a perpendicular orientation. [b] From ac-impedance measurements!"® with Ru(NH;)3*/?*, Fe**2+ and Fe(CN)3 /4.

OH
HaC\N/ HO\N,CHex
) /
L%o o‘C)
O, 0
— 1

HaC

2+ CH3
sod
0 O
58 F
AT S

@ = 2r(v), Ce(lV), Ti(IV)

Scheme 2. Formation of symmetric bilayers on a gold surface using either a
preformed complex or a stepwise procedure. Binding of the bishydrox-
amate ligand to the tetravalent ion involves loss of two protons from the
OH groups.

might be due to some gold oxide remaining on the surfacel™
or to air contaminants, water molecules incorporated in the
layer, or other similar causes. The extent of surface coverage
determined by ac-impedance spectroscopy!'®l is rather high, in
the range from 87 % to 96 %.

Stepwise bilayer assemblies: Stepwise formation of symmetric
and asymmetric bilayers was carried out with Ce!V salts. The
bilayer formation, shown schematically in Scheme 3, involves
i) adsorption of the disulfide dihydroxamate 1 on Au to obtain
a ligand monolayer (ellipsometric thickness 9 A for n,=1.45);

504 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

Ce(IV) o ©

OH HQ
HaCupy’ CHa HaC a. CH
o
(C§O oS —>® ( j804
O)
oz i
C
i

Scheme 3. Stepwise formation of symmetric (route a) and asymmetric
(routes b, ¢) bilayers on a gold surface.

ii) exposure of the monolayer to aqueous solutions of
Ce(S0O,), or [(NH,),Ce(NO;)] followed by rinsing in water,
to provide the respective monolayer complex (ellipsometric
thickness 9—12 A for n,=1.45-1.65); and iii) exposure of the
monolayer complex to solutions of 1 to obtain a symmetric
bilayer (route a), or to solutions of 2—4 to obtain asymmetric
bilayers (routes b, ¢) (ellipsometric thicknesses are summar-
ized in Table 1). The asymmetric bilayers containing fatty
acids, 1-Ce-3 and 1-Ce -4, were constructed in order to
establish the existence of a bilayer by means of CAs,
ellipsometry, and FTIR (see below).

Table 1 summarizes the properties of symmetric and
asymmetric bilayers formed by the stepwise procedure. The
similarity of the symmetric CeV-based bilayers to those
derived from the preformed complexes indicates that the
bilayer structures of the assemblies formed by the two
methods are similar. XPS measurements confirmed the
chemical composition of the bilayer!”l and showed the
respective metal ions and relative atomic concentrations, as
discussed above. The relative concentration of sulfur (com-
pared with all other elements, excluding the metal) in bilayers
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of 1-Ce -3 and 1-Ce—4is smaller than in bilayers of 1-Ce -
1 and 1-Ce-2. This is attributable to the higher carbon and
oxygen concentrations in ligands 3 and 4, and to the greater
thickness of the layer above the sulfur atoms, which reduces
the escape probability of the S photoelectron. In 1-Ce -1 and
1-Ce -2 bilayers, two of the sulfur atoms are located in the
outermost part of the film and their signal intensity is
therefore enhanced.

FTIR results confirm the presence of the hydrocarbon
chains in bilayers containing 3 and 4 as the second layer, by
the appearance of methylene stretching peaks at 2925 and
2857 cm~!' following binding of 3 or 4 to the complex
monolayer. This is seen readily in Figure 1 for a bilayer of
2-Ce-3 in comparison with a monolayer of 2. For bilayers
containing 1 or 2 as the second layer the increase in the
methylene peaks is too small to be detected.

Absorbance

0.0005

]

P I
2900 2950 3000

PRI R R

2800 2850

Wavenumber (cm™)

Figure 1. FTIR spectra of a bilayer of 2—Ce—3 (unbroken line) and a
monolayer of 2 (broken line).

The ellipsometric thicknesses of 1-Ce-3 and 1-Ce-4
(32-34 A and 21-26 A, respectively) are, as expected, larger
than those of the other bilayers (12— 16 A), but lower than the
40 A calculated theoretically for fully extended chains. This is
attributed to disorder of the hydrocarbon chains, resulting
from the large area per molecule (approximately 60 A2,
calculated for the cross-section of the complex), which
prevents dense packing of the chains. The disorder would be
greater with the 1- Ce -4 bilayer, which contains two hydro-
carbon chains per molecule, than with the 1-Ce-3 bilayer,
which possesses three hydrocarbon chains, as the measured
thicknesses show.

The water CAs are consistent with the surface modification
process. The advancing CAs decrease from 50° on the ligand
monolayer to 45° on the complexed monolayer. This may be a
result of the greater hydrophilicity of the surface provided by
the metal ion and its counterions. Upon introduction of the
second organic layer the CAs increase (Table 1), indicating
the increase in hydrophobicity. The latter is particularly
noticeable when the second organic layer comprises long
hydrocarbon chains (ligands 3 and 4), in which case the CA
values reach 70-72°.

The lability of the metal ions used for bilayer formation
provides the possibility of facile exchange of the outer layer.
This unusual property was demonstrated by i) construction of
a bilayer of 1-Zr-1; ii) removal of the second layer upon
decomposition of the complex (30 min in 0.1 HCI); and iii)

Chem. Eur. J. 1998, 4, No. 3
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reconstruction of the bilayer by immersion in Zr** followed
by 1, to obtain the 1-Zr-1 bilayer. In a typical experiment
the variation in the ellipsometric thickness from 14-18 A to
9-11A to 16-20 A during the three stages described
abovel'®! demonstrated how the outer layer in the bilayer
structure could be manipulated.

Conclusion

The present study introduces a general and convenient route
for the preparation of geometrically defined symmetric as
well as asymmetric bilayers on solid substrates. The approach
relies on the preparation of supramolecular building blocks
that integrate metal-ion binding sites and surface anchoring
groups in a single molecule. Selection of metal ions with
defined coordination geometries (in the present case, the
closely related antiprism and dodecahedron) makes it possi-
ble to generate the desired assemblies. This method is highly
versatile as it allows convenient tuning of the binding groups,
the anchoring residue, and the bridges between the two; it also
facilitates manipulation of the bilayers already formed,
because of the labile nature of the metal ions used.

The method can be extended to the formation of chiral
bilayers, and may be useful as a general route for binding
chosen functional groups to surfaces. Moreover, preliminary
results have indicated the possibility of extending this
technique to the formation of organized multilayers, by using
tetrahydroxamates as bifunctional linkers in a stepwise
assembly procedure.'”! These aspects are being investigated
further.

Experimental Section

Chemicals: Chloroform (Biolab, AR), was passed through a column of
activated basic alumina (Alumina B, Akt. 1, ICN). Ethanol (Merck, AR),
H,0, (Merck), NaOH (Merck, AR), HNO; (Palacid, 69-70%), HCI
(Frutarom, 32%), Na,SO, (Merck, AR), K,[Fe(CN)s] (Fluka, AR),
K;[Fe(CN)¢] (Fluka, AR), KCl (Merck, AR), [Ru(NH;)sCl;] (Strem),
Fe,(SO,); (Fluka, AR), FeSO,, Ce(SO,), (BDH, AR), [(NH,),Ce(NO;),]
(BDH, AR), ZrCl, (Merck, AR) were used as received. Gases used were
argon (99.996 %), oxygen (99.5 %), nitrogen (99.999 %), and dry purified
air. Water was triply distilled.

Gold electrodes: Gold films 1000 A thick were evaporated onto optically-
polished n-type single-crystal (111) silicon wafers (Aurel, Landsberg,
Germany), cut into approximately 22 x 11 mm slides, as previously
described.?” The gold-covered slides were annealed in air for 3h at
250°C and left to cool to ambient temperature.’!

Monolayer preparation: The gold substrates were pretreated in mild
oxygen plasma, then rinsed in ethanol.?’) In some cases O, plasma was
replaced with UV/ozone treatment by means of a UVOCS instrument.
Monolayers were adsorbed by immersion of gold substrates in 3mm
solutions of 1 or 2 in EtOH/CHCI; (2:1, v/v) for 17-24 h. The slides were
rinsed successively with dry chloroform and absolute ethanol, then
immersed in ethanol for 20 min and dried under a stream of purified air.
Preparation of preformed bilayers: Preformed bilayers were assembled by
the procedure described above for the monolayers.

Step-by-step preparation of bilayers: Following monolayer preparation (as
above), the slides were immersed in aqueous solutions containing the
tetravalent ions Ce** or Zr*t (1-5mm Ce(SO,),, [(NH,),Ce(NO;)4], or
ZrCl,). After 15 min in the ionic solution the slides were washed for 15 min
in a mixture of 70 % EtOH/30% H,O, then immersed overnight in a 3mm
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solution of the molecules needed to form the second organic layer, either in
EtOH/CHCI; (2:1, v/v) (1, 2) or in CHCI; (3, 4). The slides were rinsed with
chloroform, then ethanol.

Ellipsometry: A Rudolph Research Auto-EL IV null ellipsometer operat-
ing at an angle of incidence of 70° and a wavelength of 632.8 nm was used
for ellipsometric measurements according to the previously described
procedure. )

Contact angle (CA) measurements: Water CAs were measured as
previously described, at an accuracy of +2°. (The two commonly used
organic solvents, bicyclohexyl and hexadecane, wetted the monolayers
completely.)

Ac-impedance spectroscopy: Ac-impedance measurements were per-
formed in a conventional three-electrode cell with either a saturated
calomel (SCE) or a mercurous sulfate (MSE) reference electrode and a
platinum disk counter-electrode. The instrumentation and procedure have
been described previously.?” The coverage was measured with three
different redox couples: i) 5mwm Fe>* + 5mwm Fe** + 0.2m Na,SO, (using
MSE); ii) 5 mM Fe(CN)Z~ + 5mMm Fe(CN)¢~ + 0.5M KCl (using SCE); iii)
0.5mMm Ru(NH;)}* + 0.5mm Ru(NH;3)2* + 0.2m Na,SO, (using MSE).
The Ru(NH;)}*/** solution was prepared by dissolving 1.0mm Ru(NH;)3*
in aqueous 0.2M Na,SO,; equimolar concentrations of Ru(NH;)2* and
Ru(NH;)3* were achieved by partial galvanostatic reduction of Ru-
(NH;)3* until the potential of a Pt electrode immersed in the solution
reached the half-wave potential of the Ru(NH;)2*/** couple. The working
electrode for the electrolysis was a Pt gauze. The counter-electrode was a Pt
wire, separated from the bulk of the solution by a porous glass membrane.

X-Ray photoelectron spectroscopy (XPS): XPS measurements were
carried out with an Axis HS Kratos XPS system and a monochromated
Alg, X-ray source (hv=1486.6¢eV). All XPS data were acquired at a
normal takeoff angle.

FTIR spectroscopy: FTIR spectra were obtained with a nitrogen-purged
Bruker IFS66 FTIR spectrometer operating in the reflection mode with the
incident beam at an angle of 80°, focused on the sample with an f/4.5 lens.
The mercury/cadmium telluride (MCT) detector was cooled by liquid
nitrogen. The resolution of the spectra was 2 cm~!. The instrument was
programmed to run 50 scans with the reference (thiophenol-coated gold
substrate) and then 50 scans with the sample, and to collect 80 such cycles.

Preparation of dipentachlorophenolate: rans-1,2-Dithiane-4,5-diol (3.50 g;
22.9 mmol) was dissolved in dry acrylonitrile (3.33 mL; 50.5 mmol), cooled
to 0°C, treated with 40 % NaOH (120 uL), and stirred overnight at room
temperature (RT). Neutralization of the reaction mixture with 1IN HCI
(300 mL) and extraction with ethyl acetate provided the dicyano derivative.
The latter (6.17 g; 24 mmol) was hydrolyzed by heating at 95-100°C for
2 h with concentrated HCI (5.46 mL; 48.0 mmol), and the diacid obtained
(6.06 g; 20.0 mmol) was converted to the dipentachlorophenolate by
reaction with dimethylaminopyridine (DMAP, 0.25 g; 2.00 mmol), penta-
chlorophenol (11.9 g; 45.0 mmol), and N,N'-diisopropylcarbodiimide
(9.5 mL; 60 mmol) in acetonitrile overnight. Chromatographic purification
provided the active ester in 14% yield. M.p. 118-120°C. 'H NMR
(400 MHz, CDCl;, 25°C, TMS): 6 =4.02 (t, 2H, OCH,), 3.42 (m, 1H,
CHO), 3.18 (ABq, */=13.4Hz, 1H, SCH), 2.93 (m, 3H, CH,CO and
SCH); IR (CDCL): v=1781 (COOCCl;), 1108 cm~' (OCH,).
Preparation of dimethylhydroxamate 1: Dipentachlorophenolate (1.1 g;
1.4 mmol) was treated with a suspension of methylhydroxylamine hydro-
chloride (0.36 g; 4.2 mmol) and triethylamine (0.6 mL; 4.2 mmol) in dry
CHCI; and was stirred overnight at RT. Chromatographic purification
provided 1 as an oily material in 55% yield. 'H NMR (400 MHz, MeOD,
25°C): 0 =3.86 (m,2H, OCH,), 3.37 (m, 1 H, CHO), 3.19 (s, 3H, CH;), 3.21
(m, 1H, SCH), 2.76 (m, 3H, SCH and CH,CO); IR (CDCl;): »=3300
(NOH, NH), 1639cm~' (CONOH); DCI MS (NH;): m/z=355.2
[(M+H)"], 3722 [(M+NH,)*].

Preparation of Ce' and Zr'Y 1:2 metal/ligand complexes of 1: Solutions of 1
(10%omm) in dry CHCl; were treated with 0.5 equiv of [Ce(acac),] or
[Zr(acac),] overnight under argon and concentrated to dryness. The crude
material was dissolved in a minimum volume of CH,Cl, and the product
was precipitated by addition of hexane. 1-Zr-1: '"H NMR (400 MHz;
CDCl;; 25°C): 0=3.97 (m, 2H, OCH, and OCHy), 3.70 (m, 2H, OCH,
and OCHjy), 3.46 (s, 3H, NCHs;), 3.42 (s, 3H, NCH;), 3.31 (ABq, 1H,
CH;0), 3.19 (ABq, 1H, CH,0), 3.12 (t, 1H, SCHy), 3.08 (t, 1 H, SCH,),
2.84 (m, 2H, SCH, and SCHy), 2.60 (dt, 2H, CH,CO and CHCO), 2.44
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(dt,2H, CH,CO and CHgCO); IR (CDClL;): v=1623 cm~! (CON), ES MS:
mlz =795.58 [M+H]*. 1-Ce-1: '"H NMR (400 MHz; CDCl;; 25°C): § =
4.03 (dABq, 2H, OCH, and OCHjy), 3.75 (ABq, 1H, OCHjp), 3.71 (ABq,
1H, OCH,), 343 (s, 3H, NCHs;), 3.39 (s, 3H, NCH,;), 3.33 (ABq, 1H,
CHO), 3.26 (ABq, 1H, CHO), 3.14 (dd, 3J=2.92 Hz, 3/=13.5Hz, 2H,
SCH, and SCHy), 2.84 (dd, */ =3.0 Hz, / =12.8 Hz, 2H, SCH,, and SCHy,),
2.67 (dABq, 2H, CH,CO and CHCO), 2.39 (ABq,’/ =33 Hz, Jyz=
152Hz, 1H, CHzCO), 236 (ABq, 3/=2.81Hz, J.z=147Hz, 1H,
CH,CO); IR (CDCL): v=1601cm™ (CON); ES MS: m/z=_844.91
[M-+H]".

Preparation of Ti'V 1:2 metal/ligand complexes of 1: Heating of dihydrox-
amate 1 with 0.5 equiv of [Ti(isopropoxide),] in benzene in a Dean - Stark
apparatus according to a literature procedure for monohydroxamates!*
provided the desired complex, which was purified by precipitation from
CH,Cly/hexane. 'H NMR (270 MHz; CDCl;; 25°C): 6=3.71 (m, 2H,
OCH, and OCHjy), 3.58 (m, 2H, OCH, and OCHg), 3.34 (s, 3H, NCH,),
3.32 (s, 3H, NCH,), 3.08 (m, 2H, CH,O and CHO), 3.08 (m, 2H, SCH,
and SCHg), 2.50 (m, 2H, SCH, and SCHp), 2.12 (m, 4H, CH,CO and
CH,CO); IR (CDCl;): v=1601 cm~' (CON); DCI MS (butane): m/z = 355
[(M+H)"] (metal-free ligand 1).

Preparation of bishydroxamate 2: Treatment of dipentachlorophenolate
(100 mg; 0.13 mmol) with NH,CHBnCONOHMeP!! (60 mg; 0.38 mmol) in
dry CHCI; overnight at RT and chromatographic purification provided a
diastereomeric mixture of the dihydroxamates 2 (60% yield). M.p.: 88—
90°C; 'H NMR (400 MHz; CDCl,, 25°C, TMS): 6 =10.3 (s, 1H, NOH), 9.9
(s, 1H,NOH), 8.2 (br, 1H, NH), 7.37 (d, 3/ = 7.3 Hz, 1 H, NH), 728 (m, 10H,
Ph), 5.32 (m, 2H, CH¢), 3.78 (m, 1 H, OCH), 3.69 (m, 2H, OCH and OCH),
3.46 (m, 1H, OCH), 3.29 (s, 3H, NCH3), 3.23 (m, 1H, CHO) 3.22 (s, 3H,
NCH,), 3.17 (d, 3J=6.1 Hz, 2H, CH,Ph), 3.13 (ABq, 1H, CHO), 3.02 (m,
4H, SCH, and CH,Ph), 2.80 (m, 2H, SCH,), 2.41 (t, 2H, CH,CO), 2.26 (t,
1H, CHCO), 2.22 (t, 1H, CHCO); IR (CDCl;): »=3300 (NOH, NH),
1632 cm~!(CON). In order to characterize each of the isomers unambig-
uously, a sample was separated by formation of its Cu" complexes and the
free ligands were regenerated.

Preparation of fatty-acid (octadecyl) derivatives 3 and 4: A mixture of
tetraphenolate® with octadecylamine (3 or 2 equiv to obtain 3 or 4,
respectively) in dry chloroform was stirred overnight in the presence of
hydroxysuccinimide (0.1 equiv). The fatty-acid derivatives were purified by
chromatography and each was treated with a suspension of methylhydrox-
ylamine hydrochloride (1 or 2 equiv to obtain 3 or 4, respectively) and Et;N
in chloroform overnight. Purification by chromatography provided 3 or 4
respectively as oils. 3: 'TH NMR of (400 MHz, CDCl;, 25°C): 6 =3.71 (t,
2H, -CH,0), 3.65 (t, 3/ =5.7 Hz, 6 H, CH,0), 3.29 (s, 3H, CHj;), 3.27 (br,
2H, OCH,), 3.23 (ABq, 3/ =6.8 Hz, J,5 =13 Hz, 6 H, OCH,Hy), 2.74 (t,
2H, CH,CO), 240 (t, 3J=5.7 Hz, 6H, CH,CO), 1.50 (t, 3/ =6.5 Hz, 6 H,
NHCH,), 1.25 (br, 96 H, aliphatic chain), 0.87 (t, 3/ =6.9 Hz, 9H, CHj;); IR
(CDCly): v=1654 cm™! (C=0); FAB MS: m/z=1208 [(M+H)*]. 4: '"H
NMR (400 MHz, CDCl;,25°C):  =3.71 (t,2H, CH,0), 3.64 (t,3J = 5.4 Hz,
2H, CH,0), 3.3 (s, 3H, CH;), 3.28 (br, 2H, OCH,), 3.22 (ABq, *J = 6.4 Hz,
Jas=12.8 Hz, 2H, OCH,Hjy), 2.75 (t, 2H, CH,CO), 2.39 (t, 3/ =5.6 Hz,
2H, CH,CO), 1.56 (t,*J = 5.6 Hz, 2H, CONHCH,), 1.25 (br, 32 H, aliphatic
chain), 0.86 (t, 3/ =6.8 Hz, 3H, CH;); IR (CDCL): v=1656 cm~! (CON);
FAB MS: m/z =985 [(M+H)"].
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Carbachlorins**

Michael J. Hayes and Timothy D. Lash*

Abstract: Acid-catalyzed 341 conden-
sation of the aliphatic bicyclic dialde-
hyde 8, or the related isolated alkene 7,
with tripyrrane 5 gave the first examples
of carbachlorins (9 and 11) after oxida-
tion with DDQ in refluxing toluene.
These novel dihydroporphyrinoids ex-
hibited strong Soret bands in their
electronic  absorption  spectra  at
404 nm, and a moderately strong band
at 650 nm. The latter feature closely

tetrapyrrolic chlorins. The 'H NMR
spectra for 9 and 11 showed a strong
diamagnetic ring current consistent with
18-m-electron delocalization over the
macrocycle. Addition of TFA gave rise
to the related monocations 12, and these
species showed slightly enhanced dia-

Keywords: aromaticity -
phyrins - chlorins -

carbapor-
porphyrinoids -

tropic ring currents, shown by significant
upfield and downfield shifts for the
internal and external protons, respec-
tively. The UV/Vis spectra of 12 also had
many similarities to those previously
reported for tetrapyrrolic chlorin mono-
cations, including the presence of a split
Soret band. Carbachlorins 9 and 11,
however, differed from the related tet-
rapyrrolic structures by resisting oxida-
tion to porphyrin.

. tripyrranes
resembles the electronic spectra of true

Introduction

Chlorins (1) are an important group of dihydroporphyrins
which provide the parent structure for many of the chlo-
rophyllst and other biologically important pigments such as
bonellin and heme d.”! Chlorins display prominent absorp-
tions in the long wavelength region of the visible spectrum,P!
typically near 650 nm, and this makes these pigments
potential candidates as photosensitizers for photodynamic
therapy.! Although many examples of highly conjugated
macrocycles related to the porphyrins have been described,
little work has been carried out on the synthesis of chlorin
analogues.[®7]

Dl

Et Et
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Part 9, see ref. [8].

508 ——

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

The first syntheses of carbaporphyrins (e.g. benzocarba-
porphyrin 2)° using the 3+1 approach!'™l have been
reported recently. These novel porphyrinoids display many
unique chemical properties,'l and we are presently inves-
tigating the possibility of reducing these structures to produce
carbachlorins. However, we also speculated that it might be
possible to synthesize carbachlorins directly by utilizing
cyclopentanedialdehydes in the 341 methodology. In this
paper we describe the successful application of this approach
to the first syntheses of carbachlorins and the spectroscopic
properties of these novel dihydroporphyrinoids.

Results and Discussion

The possibility that cyclopentanedialdehydes might be utiliz-
ed in the 341 methodology to directly synthesize the
carbachlorin system (Scheme 1) was appealing, but no com-
parable studies have been reported in the literature. Previous
3+1 syntheses® ' had made use of aromatic dialdehydes or
highly conjugated dialdehydes where the formyl moieties are
connected to sp? hybridized carbon atoms. The reactivities
and geometries of aliphatic dialdehydes differ considerably
from any of the dialdehydes utilized previously in this area,
and this approach to carbachlorins by no means represents a
simple extension of the previous protocols. In order to assess
this synthetic route, cis-1,3-cyclopentanedicarboxaldehyde
(4), which is readily available from the oxidative ring opening
of norbornene with potassium permanganate under phase-
transfer conditions,!'’] was condensed with tripyrrane dicar-
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Scheme 1. Attempted synthesis of carbachlorin 3.

boxylic acid 5" in the presence of acid catalysts under a
variety of reaction conditions and further oxidized with 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), but no trace
of the targeted carbachlorin 3, or the related carbaporphyrin,
could be identified in these studies.

The presence of S-pyrrolic substituents plays an important
role in porphyrin formation, in part because these units induce
the open-chain polypyrrolic intermediates to take on a helical
geometry that facilitates cyclization. It seemed plausible that
the absence of additional substituents on the cyclopentane
ring in 4 might have impeded carbachlorin formation, and this
prompted us to seek out suitably substituted cyclopentane-
dialdehydes for further studies. Regioselective reaction
(Scheme 2) of dicyclopentadiene with potassium permanga-
nate gave the diol 6, and subsequent oxidative cleavage with

@iﬁ = CEXEOH
—_
OH
6
l KIO,

H H
H
) CHO 2 CHO
8 Pd/C H
OHC ouc 7
ll' ST ll. 5/H*
2. DDQ
2. DDQ
Toluene-A Toluene-A

Scheme 2. Synthesis of carbachlorins 9 and 11.
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potassium periodate gave the dialdehyde 7.' 'l Hydrogena-
tion of 7 over 10 % palladium/charcoal in methanol gave the
bicyclo[3.3.0]octanedialdehyde 8 in a quantitative yield. We
condensed 8 with tripyrrane 5 under various conditions and in
most cases noted the formation of a chlorin-like species. The
best results were obtained when the acid-catalyzed conden-
sation (1% trifluoroacetic acid (TFA)/CH,Cl,) was carried
out under relatively dilute conditions, followed by extraction,
neutralization, and oxidation with DDQ in refluxing toluene.
After chromatography and recrystallization from chloroform/
methanol, propanocarbachlorin 9 was isolated as moss-green
crystals in a yield of 10— 15 %. Surprisingly, given the strongly
oxidative conditions utilized in the final step for this synthetic
procedure, no overoxidation to carbaporphyrin was noted in
any of our experiments. This contrasts with tetrapyrrolic
chlorins (2), which would be expected to oxidize to porphyrin
under these reaction conditions.

Carbachlorin 9 gave bright green solutions in organic
solvents such as chloroform and displayed a strong red-shifted
absorption at 650 nm in its UV/Vis spectrum (Figure 1), in

500 600 700

Ama/nim  ——>

Figure 1. UV/Vis spectra of 9 in chloroform (free base; dotted line) and
1% TFA/chloroform (monocation 12; solid line).

common with true chlorins (2). A strong Soret band was also
noted at 404 nm. Interestingly, the Soret band was more
porphyrin-like in this case than was observed for the
electronic spectra of carbaporphyrins, for which this absorp-
tion is split and somewhat broadened. Under a long-wave-
length ultraviolet lamp, solutions of 9 produced a deep red
fluorescence that is also observed for true porphyrins and
chlorins, but not for carbaporphyrins such as 2. The 'H NMR
spectrum of 9 (Figure 2) showed the presence of a strong
diamagnetic ring current, as would be expected for an
aromatic species with 18-m-electron delocalization. Specifi-
cally, the meso protons were deshielded and appeared as two
2H singlets at 6 =9.15 and 9.81, while the internal protons
were strongly shielded with the CH appearing near 6 =—7
and the NH protons showing up as a very broad resonance at
0 =—4. The BC NMR spectrum of 9 confirmed the presence
of a plane of symmetry in this structure, showing signals for
8 sp? and 10 sp? carbon atoms (the 2 meso carbons appear at
0=96-98, values that are reminiscent of true porphyrin
structures!'l), and provided further evidence to demonstrate
the isomeric purity of this product.!''l The structure of 9 was
also confirmed by elemental analysis and by EIMS, which
revealed minimal benzylic fragmentation and a strong mo-
lecular ion. It should be noted, however, that tautomers such
as 10 may also be present, although these must rapidly
interconvert with 9 on the NMR timescale.
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Figure 2. 300 MHz 'H NMR spectrum of carbachlorin 9 in CDCl;.

Tripyrrane (5) also condensed with the bicyclooctenedial-
dehyde 7 to give the related carbachlorin 11 in comparable
yields (the isolated double bond does not appear to compro-
mise this chemistry in any way); this further demonstrates the
generality of the 3+1 methodology. The spectroscopic proper-
ties of 11 were similar to those observed for 9. However, the
loss of symmetry in this structure led to additional signals in its
'H (Figure 3) and *C NMR spectra. The '"H NMR spectrum
showed four singlets between d =9 and 10, corresponding to
the meso protons, and the internal CH again appeared near
0 =—17 (Figure 3).

Both 9 and 11 generated the green monocations 12 in the
presence of trace amounts of TFA. The monocations 12
retained the aromatic characteristics associated with the free
bases 9 and 11 (strong diamagnetic ring currents in 'H NMR
spectroscopy, presence of strong Soret bands with &> 105,

’//’___’J“
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.
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T

10 6 4 2
————— 6
Figure 3. 300 MHz 'H NMR spectrum of carbachlorin 11 in CDCl;.
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etc.). However, in these species the Soret bands were split and
shifted to longer wavelengths, while the first Q band under-
went a hypsochromic shift to 634 nm (Figure 1). Interestingly,
the electronic spectrum of the monocation for trans-oc-
taethylchlorin shows many similarities to the spectral proper-
ties of 12, exhibiting a split Soret band and a strong absorption
near 620 nm.! In the "H NMR spectra, the meso protons of
12 were shifted slightly downfield compared to the free bases
9 and 11, while the internal protons appeared at significantly
upfield values. This indicates that the diatropic nature of the
cations 12 is somewhat greater than for the free base
carbachlorins, presumably because of the benefits of charge
delocalization.

Conclusions

The first syntheses of carbachlorins have been accomplished
in moderate yields by the 341 condensation of bicyclooct-
anedialdehydes with tripyrrane dicarboxylic acid 5 in the
presence of 1% TFA/CH,CL. It is particularly notable that
our best yields of carbachlorins were obtained under strongly
oxidative conditions (2-3 equiv DDQ in refluxing toluene),
but no indications of carbaporphyrin formation were ob-
served. This contrasts with the tetrapyrrolic systems, where
chlorins 2 readily oxidize to form porphyrins. The presence of
an additional fused five-membered ring in 9 and 11 may be a
factor, but our results suggest that carbachlorins are far more
stable towards oxidants than the natural systems. This
remarkable contrast, alongside the spectroscopic similarities
noted above, suggests that these new dihydroporphyrinoids
will reward further study and underscores the importance
of the rapidly evolving new field of carbaporphyrinoid
chemistry.

Experimental Section

Melting points were determined on a Thomas Hoover capillary melting
point apparatus and are uncorrected. UV spectra were obtained on a
Beckmann DU-40 or a Hewlett Packard 8452A Diode Array spectropho-
tometer. NMR spectra were recorded on a Varian Gemini 300 NMR
spectrometer. Mass spectral data were obtained from the Mass Spectral
Laboratory, School of Chemical Sciences, University of Illinois at Urbana-
Champaign, supported in part by a grant from the National Institute of
General Medical Sciences (GM 27029). Elemental analyses were carried
out by the School of Chemical Sciences Microanalysis Laboratory at the
University of Illinois.

Propanocarbachlorin (9): Tripyrranedicarboxylic acid 51" (100 mg) was
stirred with TFA (1 mL) under an atmosphere of nitrogen for 10 min.
Dichloromethane (99 mL) was added, followed immediately by dialdehyde
8 (36 mg), and the mixture was stirred under nitrogen for 16 h. The mixture
was neutralized by the dropwise addition of triethylamine and the solvent
removed under reduced pressure. The residue was taken up in toluene
(50 mL), DDQ (100 mg) was added, and the resulting mixture was stirred
under reflux for 1 h. The solvent was removed under reduced pressure, then
the residue was dissolved in dichloromethane and washed with water. The
solution was concentrated under reduced pressure and chromatographed
on a Grade3 alumina column eluted with chloroform. The colored
fractions were rechromatographed on silica eluted initially with toluene
and then 1% ethyl acetate/toluene. The product was collected as a green
fraction. Recrystallization from chloroform/methanol gave the propano-
carbachlorin (16 mg; 15%) as moss-green crystals, m.p. 236°C; UV/Vis
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(1% Et;N/CH,CL,): Aoy (log€) =404 (5.32), 496 (4.22), 592 (3.69), 650 nm
(4.36); UV/Vis (1% TFA/CHCL;): Ay (log,g€) =410 (5.35), 424 (5.24), 534
(3.93), 546 (3.99), 580 (4.04), 634 nm (4.18); 'H NMR (CDCl;): 6 =—6.93
(s, 1H, 21-H), —4.0 (brs, 2H, 2 x NH), 1.03 (m, 1H), 1.75 (m, 1H, CH,-
CH,-CH,), 1.83 (m, 12H, 4 x CH,CH), 2.50 (m, 2H), 2.65 (m, 2H, CH,-
CH,-CH,), 3.51 (s, 6H, 2 x chlorin CHj;), 3.94-4.08 (m, 8H, 4 x CH,CHs;),
5.42 (m, 2H, 2 x bridgehead H), 9.15 (s, 2H), 9.81 (s, 2H, 4 x meso-H); 'H
NMR (TFA/CDCl;): 6 =—7.06 (s, 1 H, 21-H), —5.57 (brs, 1 H), —4.2 (brs,
2H, 3 x NH), 1.02 (m, 1 H), 1.8 (m, 1 H, CH,-CH,-CH,), 1.67 (t, 6 H), 1.85 (t,
6H, 4 x CH,CH,), 2.50 (m, 2H), 2.67 (m, 2H, CH,-CH,-CH,), 3.47 (s, 6 H,
2 x chlorin-CHj;), 4.02-4.14 (m, 8H, 4 x CH,CH;), 550 (m, 2H, 2x
bridgehead H), 9.58 (s, 2H), 10.09 (s, 2H, 4 x meso H); BC NMR
(75.46 MHz, CDCl,): 6 =11.35, 17.46, 18.73, 19.71, 20.09, 24.78, 36.54, 53.13,
96.07,97.61,121.94,128.92, 132.51, 136.53, 137.76, 142.93, 149.80, 151.23; MS
(70 eV): mlz (%) =491 (100) [M*], 476 (8.4) [M* — CHj;], 246 (16) [M**];
HRMS (EI): caled for C3H,N;: m/z 491.33005; found: 491.33014;
elemental analysis for C3,HyNs: caled C 83.05, H 8.40, N 8.54; found C
82.83, H 8.47, N 8.47.

Propenocarbachlorin (11): Small purple crystals?! (11%) from chloro-
form/methanol, m.p. 226-227°C; UV/Vis (1% EtN/CHCL): .
(logyee) =404 (5.30), 496 (4.15), 594 (3.45), 650 nm (4.30); UV/Vis (1%
TFA/CHCL): 4. (logige) =410 (5.32), 426 (5.20), 532 (3.95), 546 (3.99),
582 (4.02), 634 nm (4.16); '"H NMR (CDCl,): 6 = —7.03 (s, 1 H, 21-H), — 4.0
(brs,2H, 2 x NH), 1.83 (m, 12H, 4 x CH,CH,), 3.32 (m, 1H), 3.70 (m, 1 H,
CH,-CH=), 3.50 (s, 6 H, 2 x chlorin-CHj), 3.94—4.09 (m, 8H, 4 x CH,CH,),
5.77 (m, 1H), 5.90 (m, 1H), 6.07 (m, 1H), 6.51 (m, 1H, 2 x bridgehead CH
and 2=CH), 9.16 (s, 1H), 9.19 (s, 1 H), 9.78 (s, 1H), 9.80 (s, 1H, 4 x meso
H); '"H NMR (TFA/CDCl;): 6 =—717 (s, 1H, 21-H), —5.54 (brs, 1H),
—4.17 (brs, 2H, 3 x NH), 1.67 (t, 6H), 1.85 (t, 6H, 4 x CH,CH,), 3.32 (m,
1H), 3.71 (m, 1H, CH,-CH=), 3.47 (s, 6 H, 2 x chlorin CH;), 4.02-4.16 (m,
8H, 4 x CH,CH3), 5.81 (m, 1H), 5.90 (m, 1H), 6.13 (m, 1H), 6.49 (m, 1H,
2 x bridgehead CH and 2=CH), 9.62 (s, 2H), 10.08 (s, 1 H), 10.10 (s, 1 H,
4 x meso H); *C NMR (CDCl,): 6 =11.34, 17.47, 18.72, 19.69, 20.07, 41.94,
50.54, 61.25, 96.03, 96.41, 97.38, 97.72, 120.13, 128.87, 129.09, 130.93, 132.39,
132.79, 134.88, 136.32, 136.66, 137.82, 142.93, 143.08, 149.29, 150.06, 151.59;
MS (70 eV): miz (%)=489 (100) [M*], 474 (7.3) [M*— CH;], 245 (12)
[M?**]; HRMS (EI): caled for C3,HzN5: m/z 489.31440; found: 489.31422.
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Phosphonium Ion Chromophores**
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Abstract: Here we describe the synthesis and the linear and nonlinear optical
properties of three dibutylaminoazobenzenephosphonium salt chromophores: a one-
dimensional system with one azobenzene subchromophore and two three-dimen-
sional systems, one with C; symmetry (three subchromophores) and one with

approximate 7 symmetry (four subchromophores). Experimental investigations
(UV/Vis spectroscopy and hyper-Rayleigh scattering), theoretical calculations
(exciton coupling theory and tensor transformations), as well as computational

Keywords: azo compounds - non-
linear optics - phosphorus - semi-
empirical calculations

calculations (PM 3/time-dependent Hartree—Fock) show that, while the linear
optical properties of the 3D compounds behave additively, the first-order hyper-
polarisability S is distinctly enhanced in the 3D compounds relative to the 1D

derivative.

Introduction

Organic second- and third-order nonlinear optical (NLO)
materials are of great importance in future optoelectronic
technology.l! Among others, the effects mostly studied are
second- and third-harmonic generation (SHG and THG),
linear and nonlinear electrooptic effects (Pockels and Kerr
effects), and organic photorefraction. In the case of one-
dimensional (1D) push/pull substituted chromophores for
second-order nonlinear optical applications such as SHG or
the Pockels effect, the underlying relations between molec-
ular and electronic structure and microscopic optical non-
linearity, as well as the macroscopic nonlinearity of the
crystalline or polymeric bulk material, are now reasonably
well understood. Semiquantitative descriptions such as bond
length alternation® or two-level approximationP! [see
Eq.(9)] are widely used to design and tune new NLO
chromophores. A major drawback of conventional chromo-
phores is the so-called nonlinearity/transparency trade-off:
for a given type of m chromophore the hyperpolarisability
increase is accompanied by a red shift of the absorption
maximum (decreasing blue transparency),! which can cause

[*] Dr. C. Lambert
Institut fiir Organische Chemie der Universitét
Universititsstr. 31, D-93040 Regensburg (Germany)
Fax.: (4 49)0941-943 4984
Dipl.-Chem. E. Schmailzlin, Dr. K. Meerholz, Prof. Dr. C. Briuchle
Institut fiir Physikalische Chemie der Ludwig-Maximilians-Universitét
Miinchen
Sophienstr. 11, D-80333 Miinchen (Germany)
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reabsorption of the second-harmonic light. Alternative chro-
mophores that have recently been synthesised and investi-
gatedP! include zwitterions,®! intramolecular charge-transfer
(CT) complexes,”l molecules with C,, symmetry (which
possess CT moments orthogonally polarised to the dipolar
axis and consequently octopolar contributions to the first-
order hyperpolarisability),®! and molecules with D5, symme-
try (purely octopolar 8 tensor).” 1% The major reason for the
investigation of these chromophores is to circumvent or at
least to improve the nonlinearity/transparency trade-off.
Although purely octopolar molecules show no ground-state
dipole moment and thus cannot be oriented (e.g., poled) by
conventional techniques in polymer matrices, they are prom-
ising candidates for crystalline materials, as the lack of a
dipole moment should favour a noncentrosymmetric arrange-
ment of the chromophores in the crystal lattice,’) a pre-
requisite for observing second-order nonlinear optical effects
in the solid state.

While one-dimensional molecules with a charge transfer
polarised along the molecular z axis (e.g., 4,4'-dimethylami-
nonitrostilbene, DANS) have a 8 tensor dominated by one
element, 3., an additional off-diagonal tensor element, 3,
becomes important in C,, symmetric chromophores such as
3,5-dinitroaniline. Substituted binaphthol derivatives with C,
symmetry['l and cobalt complexes of Schiff bases!'?l were also
investigated and compared to their subchromophore counter-
parts; the nonzero tensor elements in these cases also are (3.
and f,,,. Finally, in D;,-symmetric molecules (e.g., triamino-
trinitrobenzene), there is a degenerate excited CT state with
nonvanishing tensor elements f3,,=—p,,[" In contrast,

XXy
molecules with three-dimensional CT states such as 7-

2220
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symmetric chromophores (only f§,,, is nonzero) with a triply
degenerate excited state have attracted little attention. To our
knowledge, only one series of tetrasubstituted tin compounds
has been investigated so far.['?]

We have synthesised a 4,4"-substituted azobenzene mole-
cule with a conventional dialkylamino donor functionality and
an ionic triorganophosphonium acceptor group as the 1D
reference chromophore 1. As we have shown recently for
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,_
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ammonium/borate zwitterions, ionic groups like triorgano-
ammonium are very efficient electron acceptors and lead to
highly blue-transparent NLO chromophores.®! Thus, it was
obvious to use a charged phosphonium centre to connect one,
three and four azobenzene subchromophores in order to
construct the 1D reference system, a 3D chromophore with
three side wings and C; symmetry 2, and a 3D chromophore
with four side wings and D, (approximate 7T) symmetry 3.
Using theoretical, computational (PM 3/time-dependent Har-
tree —Fock, TDHF) and experimental (hyper-Rayleigh scat-
tering, HRS) methods, we address the linear and nonlinear
optical relations between the two 3D and the 1D chromo-
phores. We show that, while the linear properties construct
additively, the nonlinear properties are substantially en-
hanced in the 3D cases.

Abstract in German: Wir beschreiben in dieser Arbeit die
linearen und nichtlinearen optischen FEigenschaften dreier
Dibutylaminoazobenzolphosphonium-Salz-Chromophore:

Ein eindimensionales System mit einem Azobenzol-Subchro-
mophor und zwei dreidimensionale Systeme, eines davon mit
Cs-Symmetrie (drei Subchromophore) und eines, das annd-
hernd T-Symmetrie besitzt (vier Subchromophore). Experi-
mentelle Untersuchungen (UV/Vis-Spektroskopie und Hyper-
Rayleigh-Streuung), theoretische Berechnungen (Theorie der
gekoppelten Excitonen und Tensor-Transformationen) sowie
Computerberechnungen  (PM 3/time-dependent
Fock) zeigen, daf3, obwohl sich die linearen optischen Eigen-
schaften der 3D-Chromophore additiv verhalten, die Hyper-
polarisierbarkeit erster Ordnung der 3D-Verbindungen deut-
lich gegeniiber dem 1 D-Referenzchromophor verstdirkt ist.

Hartree—
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Results

A. Synthesis: Although in terms of transparency azobenzenes
are not promising candidates, a substituted azobenzene
derivative was chosen as a model chromophore because it
combines several advantages: it is easily accessible and
reasonably stable to light and heat,'¥! and chromophores
composed of azobenzenes are unlikely to fluoresce at room
temperature!™ (this might otherwise interfere with the HRS
signal by two- or three-photon-induced fluorescence; see
Section C). Tetraorganophosphonium ions as anion-stabilis-
ing (electron-withdrawing) groups have long been known and
are extensively used in synthetic organic chemistry in the form
of phosphonium (Wittig) ylides.'! Although arylphosphane
oxides and arylphosphonates have frequently been used as
acceptor groups in push/pull substituted m-electron systems
for NLO applications,['”l we are aware of only one study
concerning phosphonium ions in this respect.[®! The synthesis
of compounds 1-3 is outlined in Scheme 1. Reaction of the
lithiated azobenzene derivative with Ph,PCI or PCl;, respec-
tively, leads to § and 6, which were subsequently quaternised
with methyl iodide. Compound 3 was synthesised by a
palladium(0)-catalysed reaction'™ from 5§ with the iodoazo-
benzene derivative 4-1. All salts were purified by column
chromatography and are hygroscopic crystalline solids (1) or
low-melting glasses (2, 3).

B. Linear optical properties: The UV/Vis spectral data of
compounds 1-3 were recorded in MeCN and CHCI; and are
listed in Table 1 and shown in Figure 1. There is a marked red
shift of 461 (611) cm~! and 666 (833) cm~! between 1 and 2,
and 1 and 3 in MeCN (CHCl;), which can be explained by
exciton coupling theory (see Section E). Numerical integra-
tion of the absorption band shape yields the oscillator
strengths f=4.319 x 10~ [¢(#)d7 in a 1/2.92/3.64 ratio for 1-
3, as expected for noninteracting chromophores (1:3:4) (see
Section E). All derivatives show a small negative solvato-
chromism between CHCI; and MeCN solutions: —329 cm™!
(1), —479 cm™! (2), and —496 cm™! (3).

C. Nonlinear optical properties: The hyperpolarisability § of
1-3 was measured by hyper-Rayleigh scattering in MeCN,[""]
since the conventional EFISH method is not applicable to
charged molecules. The 1300 nm output of an optical para-
metric power oscillator (OPPO) system™ was used to
circumvent problems with reabsorption at the second har-
monic (650 nm), for which all derivatives are completely
transparent. In addition, two-photon-induced fluorescence
will not contribute to the SHG signal at this wavelength;P!
this interfering process, as well as three-photon-induced
fluorescence, is unlikely for 1-3 as they do not fluoresce at
room temperature, as expected for azo dyes.['>) The unpolar-
ised HRS signal® was measured against p-dimethylamino-
cinnamaldehyde (8,,, =66 x 1073 esu at 1300 nm in MeCN;
Amax =379 nm) as an external standard, which in turn was
measured against p-nitroaniline (f,.,=29.2 x 10~ esu at
1064 nm in MeCN;P4 1 . =366 nm). In the external refer-
ence method, /(2w) was measured for a series of solutions of
the molecule under investigation with varying sample con-
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1) nBuLi
2) PhyPCI

BUZNON:N—@&

4-Br

1) nBuLi
2) PCly

Pd(0)
4
3
Scheme 1. Synthesis of 1, 2 and 3.
Table 1. UV/Vis spectral data of 1-3.1%
MeCN CHCl,
ﬁmax [cmil] &X 103 f .f;el 17max [Cmil]
(Ainax [nm]) [M'em ] (Anax [nm])
1 20717 (483) 34.1 0.845 1.000 20388 (491)
2 20256 (494) 120.8 2.465 2.917 19777 (506)
3 20051 (499) 152.7 3.076 3.640 19555 (511)

[a] e: extinction coefficient; f: oscillator strength; f,,: relative oscillator
strength.
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Figure 1. UV spectra of 1, 2 and 3 in MeCN.

centration, and then the measurement was repeated in the
same solvent under identical experimental conditions for a
reference solute whose symmetry and f value are known. A
plot of I(2 w)/I(w)? versus the number density for both sample
and reference solute was made. The ratio of the two slopes is
related to the ratio of the solute and reference (Sjgs) values,
where (B%gs) is the orientational average of the square of the
first hyperpolarisability of the solvated molecule. Finally,
specific components of the § tensor of the sample may be
determined from (B%irs)sample/ (Birs ) reference if the sample solute
symmetry is known. The 5%* convention of Willets et al.>l was
adopted throughout this paper. The detailed experimental set-
up and data evaluation procedure can be found in ref. [20].
Compounds 1-3 were investigated in MeCN to avoid
problems with aggregation. Indeed, the HRS intensity versus
number density plot does not show the significant deviation
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from linearity that would
be expected for concentra-
tion-dependent  aggrega-
tion. Data evaluation leads
to averaged isotropic
(BHrs) values at 1300 nm
(see Table 2), which were
converted to static values
by using the dispersion
term of Equation (7) (see
Section E) with the as-
sumption that wg, =w,,=
wcr, Where wep denotes
the experimentally deter-
mined charge-transfer fre-
quency. In the following,
we refer to static § values.
The sign of  cannot be determined by HRS. The negative
solvatochromism of 1 suggests a negative dipole moment
difference between ground and excited state (see Section D)
and hence a negative f3,,..®1 Depending on the molecular
symmetry, only some of the ten different 5 tensor elements
(assuming Kleinman symmetry) are nonvanishing and con-
tribute to (f%gs). For the 1D chromophore 1, 3,,. dominates;
all other tensor elements are smaller than 5% of ... or zero
(see Section D). For a composite molecule with C; symmetry
composed of 1D chromophores, —B,., = B,yy» B.22s — Bryy = Brxes
and f3,,. = .., are nonvanishing. For a molecule with D, or T
symmetry, only f,,, is nonzero. Thus, for 1D molecules and
3D molecules with C; and D, (T) symmetry, (S3rs) is given by
Equations (1) — (3).[10F 130 26.27)

6
1p Cy (ﬁHzns) = ﬁﬁfzz 1)
8 6 92 32
3D C3 (lifns)=2—1(ﬁfxx+ﬁfxy)+§ﬁfzz+ﬁs"ﬂfu+1—0—5ﬁxxﬁm (2)
3D D 2 44
2 or T (/3\4ns>=7ﬁxyz 3)

The experimentally determined (f%s)"?, the correspond-

ing static f;; values and the modulus ||A°||= Z B

ijk
which is commonly employed to compare S values of
molecules with octopolar contributions,” 1! for 1-3 are
given in Table 2. It is not possible to deduce f,,,, .., and j3,.,
of 2 from the measured (B#gs) value (—f,,, = .. =0 due to
the 1D nature of the subchromophore); therefore, we used
the theoretical ratio (see SectionE) of f,,,:5..:B... to
estimate these values.

D. Computational calculations: Compounds 1-3 (N-butyl
groups were replaced by N-methyl for simplicity) were
optimised with the PM3 Hamiltonian implemented in the
MOPAC 93 program package.?! Although it is well known
that (E)-azobenzene dyes may be twisted,’” the 1D sub-
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Table 2. Static hyperpolarisability in 10~ esu of 1-3. Left part: absolute experimental values at 1300 nm and absolute static values; right part: relative
values obtained by dividing the PM 3 values by 53.3 x 10~ esu and the experimental values by 61.6 x 107’ esu. The error has been estimated to be £15%.

The conversion factor for 8 to ST units: 1 x 107 esu=3.713 x 105! Cm3>V-2

1,6 (Bhirs)"? at (Bifes)"® B 1B (Birs)" Pz [Bof
1300 nm

theor.: exciton 533 0.414 1 1

cpl. =tensor add.

PM3/TDHF 22.1 533 533 0.414 1 1

HRS 65.9 25.5 61.6 61.6 0.414 1 1

2,G B [ L Bz B Bui™

theor.: exciton 0.546 0.053 0.675 0.366 1.62

cpl. =tensor add.

PM3/TDHF 28.9 0.5 395 16.4 88.7 0.542 0.009 0.741 0.308 1.66

HRS 123 44.4 43001 54.901 29.6 132001 0.721 0.0701! 0.89711 0.48711 216

3,D, 0 By

theor.: tensor add. 0.569 0.752 1.84

theor. (7): exci- 0.582 0.770 1.89

ton cpl. = tensor

add.

PM3/TDHF 29.4 38.9 95.3 0.552 0.730 1.79

HRS 162 56.7 74.9 184 0.921 121 2.98

[a] All B tensor elements are negative. [b] A.,., f.., and S, have been calculated from (Brs)"? by means of the theoretical ratio of 0.053:0.675:0.366.
[c] Ideal T symmetry was assumed. [d] All other tensor elements are smaller than 5% or zero.

chromophores in 1-3 were restricted to C, symmetry to
simplify the tensorial analysis. Compounds 2 and 3 were then
optimised in C; and D, symmetry, respectively (see Figure 2).
To obtain approximate excited-state properties, we performed
CI calculations within a given orbital window. The number of
occupied and empty orbitals was chosen to include all orbitals

CHg

@P®
N ,

” \©\N” N\©\
J -

0 =105.10°

» O

NBUg

BusN

Figure 2. PM3 optimised geometries of 2 and 3.
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in a given active space of — 10.000 to — 3.000 eV. This results in
a CI(5,1) for 1, CI(6,3) for 2 and CI(8,4) for 3, where X in
CI(X,Y) denotes the total number of spatial orbitals, and Y
the number of doubly occupied orbitals. The maximum
number of energy selected microstates is limited to 121 by
the MOPAC program. In Table 3, some ground- and excited-

Table 3. MOPAC PM 3-CI calculated ground- and excited-state properties
of 1-3.1l

4o [D] a [D] Vmax [6M '] (Anax [n]) f
1CI51) 102 -218 29988 (334) (A) 0.431
1CI(8.4) — 1438 28197 (355) (A) 0.566
2CI63) 3.0 30544 (327) (E) 1.305
30996 (323) (A) 0.069
3CI(84) 00 32012 (312) (B1) 0.692
32036 (312) (B2) 0.809
32036 (312) (B3) 0.427
32665 (306) (A) 0.000

[a]uo: ground-state dipole moment; u,: excited-state dipole moment; f:
oscillator strength.

state properties of 1-3 are given. We emphasise that the
limited CI used in our calculations and the neglect of solvent
influences will certainly not yield quantitative results, but will
give qualitative insight into the electronic nature of the
compounds.

The direction of the large ground-state dipole moment
(102 D) of 1 is reversed in the first excited singlet state
(—21.8 D). The magnitude of u, is probably overemphasised,
since a somewhat larger CI(8,4) calculation gives a smaller u,
of —14.8 D. The calculation nevertheless confirms a large
negative Au = u, — u, dipole moment difference upon excita-
tion;Y this indicates a significant negative f,,, from the two-
level approximation [see Eq.(9)]. Figure 3 illustrates the
difference in the Coulson charges between the S, and S states
of 1.
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Figure 3. Difference of Coulson charges Ap between S, and S; of
compound 1. A positive charge difference denotes loss of electron density
upon excitation.

As expected for symmetry reasons, 2 has a doubly
degenerate excited E state and one higher lying A state,
whereas 3 has a practically triply degenerate excited state and
one higher lying A state. Because 3 has D, symmetry, the three
excited states belong to the irreducible representations B1,
B2, and B3, but since 3 approximates 7 symmetry, these three
states are almost degenerate.

The transition energies are similar for all compounds but
are distinctly higher than the experimental values. Inclusion of
solvent effects (e.g., by an SCRF method®) will not improve
the result, as the experiments indicate a negative solvato-
chromic shift and simulation of the solvent thus should lead to
even higher excitation energies. A more detailed comparison
of excited-state properties of compounds 1-3 is not justified,
because truncated CI expansions are not size-consistent. For
this reason, the static first-order hyperpolarisability tensor 3,
was calculated by the time-dependent Hartree—Fock
(TDHF) method?®! and not, as is often done, by a sum-over-
states (SOS) approach based on CI expansions.’* 3 The
results for the respective nonzero f tensor elements of 1-3
are given in Table 2. As suggested by the negative solvato-
chromism, all 3 values are negative.

E. Theoretical calculations: exciton coupling theory: Provid-
ed that subchromophores interact only weakly in their ground
state, exciton coupling theory®! can be used to explain band
(Davydov) splitting or band shifts of chromophore assemblies
due to dipole coupling of subchromophores. In our case, the
assumption of weak coupling is justified by a PM3 calcula-
tion™ which estimates an interaction energy of only
0.28 kJ mol~! per chromophore pair. In the following, we will
use this approach to explain the linear and nonlinear optical
properties of 1-3. Calculated eigenstate energies, eigenfunc-
tions and transition moments are used to calculate § by using
the SOS expansion [Eq. (7)].

The formalisms of molecular orbital theory were employed,
although the physical basis of exciton coupling theory is
different. Only a brief description is given here; the basic
formalism can be found in ref. [38c]. The reference chromo-
phore p has ground- and excited-state wave functions ¢ and
P, respectively, with associated energies E, and E,. The
ground-state wave function of a composite chromophore is

given by lp():ﬁqb(‘}’) with energy E,=0 where ¢{P are

—1 .
orthonormal grgund-state wave functions of subchromophore
p,q =1—m. The excited-state wave function is represented by
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the linear combination wa:Z(cq ﬁ dPP@). The eigen-

g=1 pthzl m m
value problem 1-71/)3 = Ey, with H= Zﬂp Z Z ﬂpq has to
p=1 p#q=1q#p=1

be solved, where ﬁpq for p+gq is replaced by the point-dipole
point-dipole approximation potential [Eq. (4)].

qu = Hf)pa)ﬂ‘g;) H;;: {epeq - S(epepq )(eqepq )} 4)

In this approximation, x{) and (¥ are the transition
moments at molecule p and q, respectively, R, is the distance
between the transition moments, and e,, e, and e, are the
unit vectors of uf), ul¥ and R,,. If idealised T symmetry is
assumed for 3, V,,, =V, for all combinations of p and g; then,
the secular equations for 2 and 3 are given by Equations (5)
and (6), respectively.

Ea' E V12 V|2

Vi E,-E V, |-0 (5)
V12 V12 Ea -E

=0 (6)

From these equations the following eigenvalues are ob-
tained: E=FE,+2V,and2x E=FE,— V|, for2,and E=E,+
3V, and 3 x E=FE,— V), for 3. The eigenfunctions are given
in the Appendix. As expected for symmetry reasons and in
agreement with the computational CI calculations, 2 has a
doubly degenerate E excited state, and 3 has a triply
degenerate T excited state (see Figure 4).

A — A - A

3V;
2y !
E e eESVSTEEsSAEsNASGASRSSASEEERERGEENES
) : Yi
2 == E === BB,B;(T)
[+
E, — A — A — A
1 2 3

Figure 4. Qualitative energy level diagram of 1, 2 and 3 from exciton
coupling theory.

Using the PM3 optimised geometry for 2 and ideal T
symmetry for 3 with a N—P distance of 12.36 A gives R,, =
10.33 A for 2 and 10.11 A for 3. The transition moments Uoa IN
Equation (4) can be calculated from the oscillator strength
f=4.702 x 1077 9u, (see Table 1). Evaluation of Equation (4)
for 2 and for 3 yields V, =673 and 704 cm™!, respectively (see
Figure 4). This in good agreement with the experimentally
observed shift between 1 and 2 (461 cm™'), and 1 and 3
(666 cm™') in MeCN.

With the above evaluated excited-state wave functions ¥,

and with u,, = (v, |/i|y,), where i=> 4® and Au®=

p=1
ulp) — u®) (since the charge centroid definition has been used,
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too=0 and thus Au=p, "), one obtains the transition
moments between ground and excited states as well as
between excited states n and n’ of 2 and 3. These transition
moments can be expressed relative to the transition moment u
between the ground and excited state as well as the dipole
moment difference Ay = u,, — po, of ground and excited state
of the 1D subchromophore 1 (the transition moments
necessary for the evaluation of § from the SOS expression
[Eq. (7)] are given in the Appendix).

These transition moments were used to calculate the 8
tensor elements from the SOS expression [Eq. (7)].% In this
equation, y,, and u,,, denote the transition moments from the
ground state to the excited state n and between excited states
n and n’, respectively. w,, are the excitation frequencies and w
denotes the incident radiation frequency. If we assume
negligible interchromophoric interaction in the excited state,
then wy = wyp =wy; for 2 and = w,, for 3, and Equation (7)
reduces to a simple five-level approximation for 3. Since Au
and u refer to the 1D subchromophore, Equation (8) can
directly be compared with the two-level approxima-
tion formula [Eq.(9)] used for 1D NLO chromophores.
The five-level formula for 7-symmetric species actually
reduces to a four-level approximation, since the transition
from the ground state to the excited A state is symmetry-
forbidden.

1 1

5h2 E‘HE_'[ Hon P‘n m“no + #on“nnﬂno ((‘”on

+(ttgmtth iy + ot iontt) )r - !
ronnTh onftnintn (wo,,+2w)(w0n+w) (o — 200 ) - w)

(i ki Koo ‘ 1 1
(B Benbtng + Pt abn )((wow B P T P ey |

(7)
po L 1 Miltny 14 uAu 8) p=07704°A
vz = 77 (U§2 = 3E 373 (U§2 (8) ﬁxyz— g w Apn
o _ 1 pipy, 1 pAu o
ﬁzzzz_h_z_12‘l='_2_2 (%) p22|1=1'000‘u2AH
wg, B wg,

For 2, evaluation of Equation (7)1 leads to a four-level
approximation. Since the transition from the ground state to
the A state is allowed, yet weak, there is no simple formula,
and Equation (7) has to be evaluated for each f tensor
element with the transition moments for the £ and A states
given above. The results for 2 are given in Equations (10)—
(13). Since Au of the reference compound 1 is negative, all 3,
values of 2 and 3 are negative, too.

~ By =Pk =0 (10)
— frel = Bl —0.675u2Au 11

o =B, =0.3641°Au (12)
B = 0.053p2Au (13)
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F. Theoretical calculations—tensorial approach: Zyss and
Oudar® 4 developed mathematical relations between micro-
scopic and macroscopic optical nonlinearities of molecular
crystals of a given space group with 1 D subunits. It is assumed
that the molecules do not interact which each other. We used
these relations [Eq. (14)] to deduce the 3, x tensor elements of
a molecular chromophore assembly from the f; tensor
elements of m 1D subchromophores which are related by a
given symmetry operation.

a5 = 3 S cos( 1,4, eos( 4., cos (K, ke, it (14)

p=1 Ijk

Here S3¢" is the tensor element of the composite molecule
in the IJK frame and fj° is the tensor element of the
submolecule in the molecular ijk frame. In the present case,
B3 =B... of the 1D submolecule 1. The cos(Z,i,) etc. denote
the scalar product of basis vector I and i. Detailed expressions
for all space groups can be found in ref. [28] and therefore are
not given here. The resulting 3 tensor elements for molecule 2
and 3 can be found in Table 2. The PM 3 optimised geometries
are used. For compound 3, the values in D, symmetry and in
idealised T symmetry are given. The results are identical to
those obtained by exciton coupling theory.

Discussion

The UV data presented in Section B suggest that the
subchromophores in 2 and 3 are almost electronically
independent, since the oscillator strengths behave additively.
All compounds show a moderate negative solvatochromism
(see Table 1). This can be explained by a change in dipole
moment direction upon excitation for 1 and 2 and a change in
local charge distribution for 2 and 3 (see Table 2): in polar
solvents, the excited Franck—Condon state is placed in a
solvent cage with solvent molecules properly oriented to
stabilise the ground-state dipole moment. Owing to the wrong
solvation sphere, the excited state is destabilised. This
destabilisation becomes stronger with increasing solvent
polarity; a blue shift results. This discussion also holds true
for 3 which, for symmetry reasons, has no dipole moment.
However, as 3 has a branched structure, solvent molecules
that lie between side arms experience a change in charge
distribution and, therefore, local dipole moment of the side
arms upon excitation.

As can be seen from Figure 3, negative charge is transferred
from the dialkylamino moiety to the phenyl ring adjacent to
the phosphonium atom during excitation, and this explains
the huge dipole moment difference. The phosphonium group
does not act as an electron acceptor; instead it stabilises the
negative charge on the phenyl ring by polarisation, similar to
ammonium ions.® 42}

Compounds 2 and 3 show absorption maxima slightly red-
shifted from that of the 1D chromophore 1, which can be
explained by exciton coupling. For derivative 3, no Davydov
splitting is visible, since the transition to the A state is
forbidden; thus, only a red shift of V, is observed; for 2, the
transition to the A state is very weak and hidden under the
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broad A —FE transition. Hence, for 2, too, no splitting is
observed, and the extinction band is also red-shifted. The
observed shifts are in good agreement with the dipole —dipole
approximation used in exciton coupling theory.

Applying the exciton coupling approach, we also calculated
transition moments between the ground state and the excited
states, as well as between different excited states. These
transition moments were used in the SOS equation [Eq. (7)],
which yields § values relative to the 1D subchromophore. For
the evaluation of 3, we assumed that the transition energies
for 1,2 and 3 are equal and that the Davydov splitting in 2 and
3 is zero. These assumptions are justified by the small
experimentally measured band shifts. Normally, shifts or
splittings up to 4000 cm~! are observed in strongly coupling
chromophores.?% Tt becomes clear that although 3 has zero
dipole moment, 3. can be traced back to the dipole moment
difference of the subchromophore [see Eq. (8)]. This only
holds true for noninteracting or weakly interacting chromo-
phores. For strongly interacting molecules with m overlap,
such as 1,3,5-triamino-2,4,6-trinitrobenzene or crystal violet
this approach fails. The resulting four-level model for 3 and
for 2 involves the same degree of first-order approximation as
the traditionally used two-level model for 1D NLO com-
pounds and thus allows direct comparison.

A completely different approach is based on the tensorial
properties of f5: basis transformation and summation over all
B tensor elements of symmetry-related subchromophores also
leads to exactly the same relative B values for 1, 2 and 3, as
does exciton coupling theory. While in the latter approach, the
vectorial properties (transition moments) with their phase
relations are used, in the former method only the vector
component of the S tensor (since we assumed a 1D
chromophore) is used. Hence, from a mathematical stand-
point it is not surprising that both methods lead to exactly the
same results, but from a physical point of view, it is rather
startling: the tensorial method simply transforms and adds a
given nonlinear optical property of a subchromophore (i.e.,
the f tensor). In contrast, the exciton coupling method first
leads to linear optical properties of the composite molecule
(the transition moments) and subsequently, via the perturba-
tion SOS approach, to the second-order nonlinear optical
property.

Although 2 has a small dipole moment, the § tensor
component along the dipolar z axis is rather small. Therefore,
2 can be viewed as an almost purely octopolar system, like 3.
The TDHF calculations with MOPAC agree very well with the
theoretical values for both 2 and for 3 (see Table 2; the
numerical agreement of TDHF and experimental absolute
results for 1 is fortuitous, since solvent effects were neglected
and should lead to smaller calculated values). For 2, the
dipolar component /3, is almost vanishing. In contrast, the
experimental relative § values for 2 and, even more pro-
nounced, for 3 are 32% and 62 % higher, respectively, than
expected from the theoretical and computational calculations.
The red shift of the absorption bands of 2 and 3 relative to 1
due to exciton coupling cannot account for this enhancement,
as the shift is much too small. The reason could be that both
theoretical methods are based on the assumption that there is
only weak interaction between the subchromophores. This is
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true as far as the linear optical properties are concerned, as is
proved by the good agreement between UV spectra and
exciton coupling theory. The TDHF calculations are based on
ground-state properties of the molecule; dynamic correlation
effects are included within the parametrisation.[*} Neither the
theoretical models nor the TDHF approach includes any
further type of correlation effects concerning excited states.
However, as can be seen from the four-level model for T
symmetric compounds, the transition moment between ex-
cited states plays a crucial role and one can expect that
nondynamic correlation effects are important in calculating
these excited state properties. We suggest that it is the neglect
of correlation effects in the theoretical and computational
calculations which leads to the underestimation of 3 in 2 and
3. This assumption is further supported by semiempirical
calculations on triaminotrinitrobenzene at the CISD level,
which indicate that electron correlation plays a significant role
in describing the first-order nonlinear optical properties of
octopolar systems.['® < In addition, Brouyere et al. found that
the AM 1/finite-field method underestimates f in calix[4]-
arene derivatives due to inadequate inclusion of electron-
correlation phenomena.*! For our comparative study, in
which size consistency is important, this problem could in
principle be circumvented by using MPr ab initio calculations
or density functional methods and the TDHF approach in
order to calculate § on a correlated level. However, the size of
the molecules investigated here is beyond our computational
capabilities.

Comparison of the modulus of , derived from experimen-
tally determined (S%gs) values, reveals that 2, and to an even
greater extent 3, have considerably higher § values (by a
factor of 2.2 to 3.0) than 1 at almost no transparency cost.
Comparison of the nonlinear figure of merit, the modulus of 5
divided by the molecular weight, shows that ||8]||/M
increases from the 1D chromophore to the 2D and 3D
chromophores: 1, 0.096; 2, 0.117; 3, 0.131.

A series of triarylamine compounds investigated by Stadler
et al.l%! also have higher 8 values than the related subchro-
mophores. In this case, however, the composite molecules
absorb at distinctly lower energies than the corresponding
subunits. The binaphthyl chromophores studied by Wong et
al.l''al show dipolar coupling enhancement of 3 only in polar
solvents. In both cases, the enhancement was attributed to
interchromophoric interactions. Di Bella et al.[*l investigated
in detail the NLO response of p-nitroaniline dimers and
trimers in several conformations by INDO/S-SOS calcula-
tions. The authors explain the deviation between the calcu-
lated 3 value of the dimers and trimers and the § value derived
from an additivity model with the neglect of local-field
corrections. This may also account for the subchromophore
interactions in 2 and 3.0107

Compared to the analogous tin compounds 7 (|| 5°||=57 x
10-*%esu in CH,Cl,) and 8 (]||f°]|=116x10"esu in
CH,Cl,),™! the phosphonium derivatives 1, 2 and 3 have
higher § values due to the more efficient phosphonium
acceptor; the absorption maxima are also at lower energy
(e.g., 20388 cm™! (491 nm) for 1 in CHCIl; and 23752 cm™!
(421 nm) for 7 in CH,Cl,). The tetrahedral tin compound 8
also shows an 11 % higher § value compared to the 1D tin
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compound 7 than theoretically expected. This 3 exaltation is
smaller than in our phosphonium derivatives, but can be
explained by the longer Ph—Sn distance (ca. 2.2 All)
compared to the Ph—P distance (1.82 Al'¢), which should
lead to even weaker subchromophore interactions in the tin
compounds than in the phosphonium species.

Conclusions

We have synthesised and investigated two 3D composite
NLO chromophores with weakly interacting subchromophore
side wings and their 1D reference system. A phosphonium
centre was used as the subchromophore connecting unit and
as the electron-stabilising (acceptor) group. The j tensor is
essentially octopolar in 2 and fully octopolar in 3. Two
independent theoretical approaches (exciton coupling theory
and tensor transformation and addition) and one computa-
tional method (PM 3/TDHF calculations) yield essentially the
same relative f;; values for 1, 2 and 3. The experimentally
determined values are enhanced for 2 and 3, probably due to
an electron-correlation effect of excited states. The S modulus
of 3 is almost three times larger than that of the 1D
subchromophore at almost no cost of transparency. This
makes octopolar molecules such as 2 and 3 superior with
regard to transparency/efficiency trade-off. Optimal nonsym-
metric solid-state arrangement of these phosphonium salts
could be induced by chiral counterions, for example. This is
the topic of further investigations.

Appendix

Eigenvalues E and eigenfunctions 1 for 2 and 3 were obtained from the
secular equations [Egs. (5) and (6)].

We evaluated the transition moments and relative oscillator strengths by
using the geometry data of the PM 3 optimisation for 2 and by assuming
ideal 7 symmetry for 3.

Experimental Section

General: All reactions involving nBuLi were carried out in flame-dried
Schlenk tubes under nitrogen. THF was dried over sodium/benzophenone
ketyl and distilled under nitrogen. The NMR assignments refer to the
numbering scheme of 1.

4-(N,N-Dibutylamino)-4'-bromoazobenzene (4-Br) and 4-(V,N-dibutyl-
amino)-4'-iodoazobenzene (4-1) were synthesised by azo coupling reaction
from N,N-dibutylaniline and 4-bromoaniline in HOAc/NaOAc buffer
solution according to ref. [47]. 4-Br: yield 54 %, m.p. 55°C; C,;H,BrN;
(388.35): caled C 61.86, H 6.75, N 10.82; found C 61.72, H 6.84, N 10.82. 4-1:
yield 31 %, m.p. 53-54°C; CyH,IN; (435.35): caled C 55.18, H 6.02, N
9.65; found C 55.06, H 5.95, N 9.61.
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4-(N,N-Dibutylamino)azobenzen-4'-yldiphenylphosphane  (5): nBuLi
(0.81 mL, 1.6M, 1.3 mmol) in hexanes was added to a solution of 4-Br
(388 mg, 1.00 mmol) in THF (5 mL) at —78°C. A dark brown precipitate
formed after a few minutes. After 40 min, Ph,PCl (0.18 mL, 1.00 mmol) was
added, and the solution allowed to warm to room temperature. A dark red
solution formed and was quenched with a few drops of water; the solvent
was removed in vacuo, and the residue purified by column chromatography
on silica gel. By-products were eluted first with CH,Cl,/petroleum ether
(1/2). The main product was then eluted with CH,Cl,/ petroleum ether
(1:1). A red oil was obtained (300 mg, 61 %), which was air-sensitive and
was immediately used for quaternisation. "H NMR (250 MHz, CDCLy): 6 =
7.83 (m, 2H, H2'/6'), 7.76 (m, 2H, H3/5), 7.36 (2H, H2/6), 734 (m, 10H,
PPh), 6.67 (m, 2H, H3'/5"), 3.36 (m, 4H, a-H), 1.62 (m, 4H, 5-H), 1.38 (m,
4H, y-H), 0.97 (t, /=73 Hz, 6H, 0-H); C NMR (62.9 MHz, CDCL,): 6 =
153.6 (C4), 150.8 (C1"), 143.4 (C4'), 138.4 (d, J(C,P) =117 Hz, C1), 1372
(d, J(CP)=11.1Hz, iC), 1343 (d, J(C,P)=19.9 Hz, C2/6), 133.8 (d,
J(C,P)=19.5 Hz, 0-C), 128.8 (p-C), 128.6 (d, J(C,P) =6.9 Hz, m-C), 125.4
(C2'6'),122.1 (d, J(C,P) =7.1 Hz, C3/5), 111.2 (C3'/5"), 51.0 (a-C), 29.6 (B-
C), 20.3 (y-C), 13.9 (6-C).

4-(N,N-Dibutylamino)azobenzen-4-ylmethyldiphenyl-phosphonium io-
dide (1): Mel (0.3 mL, 4.8 mmol) was added to a solution of 5 (96 mg,
0.19 mmol) in benzene (5 mL). The solution was stirred for 3 h at 40°C. A
red oil formed, which solidified while stirring at room temperature for
30 min. The red precipitate was filtered off, washed with benzene and
petroleum ether and dried in vacuo (122 mg, 100% of an orange-red
powder). M.p. 143°C; '"H NMR (400 MHz, CDCl;): 6 =8.02 (m, 2H, H3/5),
7.86 (m, 2H, H2'/6"), 7.84-7.73 (8H, PPh, H2/6), 7.73-7.68 (m, 4H, PPh),
6.69 (m, 2H, H3'/5"), 3.39 (m, 4H, a-H), 3.21 (d, J=13.2 Hz, 3H, PCH,),
1.64 (m, 4H, -H), 1.39 (m, 4H, y-H), 0.98 (t, /=73 Hz, 6H, 6-H); 13C
NMR (100.6 MHz, CDCL;): 6 =157.4 (d, J(C,P) =3.3 Hz, C4), 151.8 (C1),
143.1 (C4'),135.1 (d, J(C,P) =3.0 Hz, p-C), 134.2 (d, J(C,P) =11.5 Hz, C2/
6),133.2 (d, J(C,P) =10.8 Hz, 0-C), 130.4 (d, J(C,P) =13.0 Hz, m-C), 126.5
(C2'76'),123.5 (d, J(C,P) =13.7 Hz, C3/5), 119.1 (d, J(C,P) =88.9 Hz, iC),
117.0 (d, J(C,P)=90.4 Hz, C1), 111.1 (C3'/5’), 51.0 (a-C), 29.4 (5-C), 20.1
(y-C), 13.8 (6-C), 11.7 (d, J(C,P) =572 Hz, PCH;); C;;H3IN;P-0.5H,0
(644.58): caled C 61.49, H 6.26, N 6.52; found C 61.45, H 6.46, N 6.48; MS
(PI-LSIMS): m/z =508 (K*); HR-MS (FAB): calcd 508.28816 (K*), found
508.28985.

Tris[4-(N,N-dibutylamino)azob n-4'-yl|phosph (6): nBuLi in hex-
anes (1.89 mL, 1.6 M, 3.0 mmol) was added to a solution of 4-Br (1164 mg,
3.00 mmol) in THF (12 mL) at —78°C. A dark brown precipitate formed
after a few minutes. After 40 min PCl; (0.079 mL, 0.90 mmol) was added,
and the solution stirred for 2.5 h. After further stirring for 45 min at 40°C, a
dark red solution formed. The solvent was removed in vacuo, and the
residue purified by column chromatography on silica gel under inert gas
atmosphere. By-products were eluted first with oxygen-free, nitrogen-
saturated CH,Cl,/petroleum ether (1/1); the main product was then eluted
with CH,Cl,/ petroleum ether (4/1). After removal of the solvent, a red
glassy substance was obtained (386 mg, 45 %), which was air-sensitive and
was immediately used for quaternisation.

Tetrakis[4-(V,N-dibutylamino)azobenzen-4'-yl]phosphonium iodide (3): 6
(105 mg, 0.11 mmol), 4-1 (48 mg, 0.11 mmol; prepared analogously to 4-Br)
and Pd(OAc), (0.4 mg, 0.0018 mmol) were stirred with 1.5 mL of oxygen-
free, nitrogen-saturated p-xylene under an inert gas atmosphere for 20 h at
140°C. A dark red oil separated. The xylene solution was removed with a
pipette and the residue purified by chromatography on silica gel with ethyl
acetate/MeOH (10/0.5). A concentrated solution of the product in CH,Cl,
was dropped into vigorously stirred petroleum ether. The dark red
precipitate was collected by filtration and dried in vacuo. Yield 74 mg
(48%). 'H NMR (250 MHz, CDCl;): 6 =8.09 (m, 8H, H3/5), 7.90 (m, 8H,
H2'/6"), 775 (m, 8H, H2/6), 6.71 (m, 8H, H3'/5), 3.41 (m, 16H, a-H), 1.65
(m, 16H, $-H), 1.40 (m, 16 H, y-H), 0.99 (t,J = 7.2 Hz, 24 H, 6-H); *C NMR
(62.9 MHz, CDCL;): 6 =1579 (d, J(C,P) =3.3 Hz, C4), 152.3 (C1’), 143.5
(C4), 1354 (d, J(C,P)=11.1 Hz, C2/6), 126.8 (C2'/6"), 123.8 (d, J(C,P) =
13.7 Hz, C3/5), 116.2 (d, J(C,P) =92.2 Hz, C1), 111.4 (C3'/5'), 51.1 (a-C),
29.6 (B-C), 20.3 (y-C), 13.9 (6-C); CygH,(IN,P - H,O (1409.69): calecd C
68.16, H 7.58, N 11.92; found C 68.17, H 7.58, N 11.66; MS (PI-LSIMS): m/
z=1263 (100%, K*), 1571 (30 %, [K+dibutylaminoazobenzenyl]"); HR-
MS (FAB): calcd 1263.82140 (K*), found 1263.82446.
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Tris[4-(V,N-dibutylamino)azobenzen-4'-ylJmethylphosphonium  iodide
(2): This compound was directly synthesised from 1.0 mmol 4-Br without
isolation of 6 (see above). To the reaction mixture of 6 in THF, Mel
(0.8 mL, 13 mmol) was added, and the solution was stirred for 18 h at 40°C
in a closed Schlenk tube. The solvent was removed in vacuo, and the residue
purified by chromatography on alumina (N, SI) with CH,Cl,/MeOH (10/
0.2) and subsequently on silica gel (ethyl acetate/MeOH (10/0.4). A
concentrated solution of the product in ethyl acetate/MeOH was dropped
into vigorously stirred petroleum ether. The organic phase was decanted
from the resulting dark red oil, which was dried in vacuo to give a glassy
substance. Yield 136 mg (41 %). '"H NMR (250 MHz, CDCl;): 6 =8.02 (m,
6H, H3/5), 7.86 (m, 6H, H2'/6"), 7.82 (24H, H2/6), 6.69 (m, 6H, H3'/5"),
3.39 (m, 12H, a-H), 3.25 (d, J=13.1 Hz, 3H, PCHs), 1.64 (m, 12H, -H),
1.39 (m, 12H, y-H), 0.98 (t, J=7.3 Hz, 18H, 4-H); *C NMR (62.9 MHz,
CDCly): 6 =1575 (d, J(C,P) =3.2 Hz, C4), 152.0 (C1'), 143.4 (C4'), 134.3
(d, J(C,P)=11.3 Hz, C2/6), 126.5 (C2'/6'), 123.7 (d, J(C,P) =13.8 Hz, C3/
5), 117.8 (d, J(C,P) =90.5 Hz, C1), 111.3 (C3'/5'), 51.1 (a-C), 29.5 (B-C),
20.3 (y-C), 139 (6-C), 12.3 (d, J(C,P)=69.7 Hz, PCH;); CqHgINGP-
1.5H,0 (1125.28): caled C 65.11, H 7.53, N 11.20; found C 65.04, H 7.56,
N 10.93; MS(PI-LSIMS): m/z=970 (100%, K'), 1278 (15%, [K+
dibutylaminoazobenzenyl]"); HR-MS (FAB): caled 970.63526 (K*), found
970.63174.
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[HRh(CO),]-Catalyzed Hydrogenation of Co: A Systematic Ab Initio
Quantum-Chemical Investigation of the Reaction Mechanism™**

Ulrich Pidun and Gernot Frenking*

Abstract: The mechanism of the
[HRh(CO),]-catalyzed hydrogenation
of carbon monoxide has been studied
with the help of ab initio quantum-
chemical calculations at the MP2 level
of theory. A quasirelativistic effective
core potential was used at rhodium in
combination with valence basis sets of
double-zeta quality with additional po-
larization functions. A systematic and
unbiased approach has been followed:
In the first part of the investigation, for
each intermediate of the postulated

structures were taken into account (up
to 32 starting structures per intermedi-
ate) and not just those which fit well into
the proposed mechanism. In the second
part of the work, the calculated energy-
minimum structures were integrated in-
to the catalytic mechanism and the
transition states for the individual reac-
tion steps were determined and charac-
terized by calculation of the intrinsic
reaction coordinate (IRC) connecting
them with the corresponding energy-
minimum structures. In spite of this

unbiased approach, a rather simple and
very smooth reaction profile for the
catalytic mechanism is found, without
thermodynamic traps or insurmountable
barriers. The first step of the catalysis,
the formation of the formyl complex
[(HCO)Rh(CO);] from the starting cat-
alyst [HRh(CO),], is the rate-determin-
ing step of the whole reaction and thus
responsible for the requirement of high
temperature and pressure. The details of
the calculated mechanism help to under-
stand a number of experimental obser-

catalytic mechanism all stable confor-
mations were determined and charac-
terized as minima on the potential
energy surface by calculation of the
energy Hessian. In the geometry opti-
mizations all theoretically reasonable

catalysis -
um

Introduction

Facing declining resources of mineral oil and natural gas,
chemical research is increasingly urged to find alternative
sources of carbon for the large-scale production of chemical
compounds. A possible approach for the synthesis of com-
pounds of the type C,H,0, is the controlled hydrogenation of
carbon monoxide, which is readily available from coal. The
first processes of this kind date back to the Second World War,
when German scientists developed heterogeneously catalyzed
methods for the production of synthetic fuel (Fischer-—
Tropsch process). Later on, South Africa further improved
these processes (SASOL) under the pressure of the embargo
of the apartheid regime. These classical methods for CO
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vations and answer several questions
discussed in the literature. Furthermore,
the presented results might serve as a
basis for a rational improvement of the
catalyst systems currently in use.

homogeneous

hydrogenation employ heterogeneous catalysts. The selectiv-
ities, however, are rather poor.

The breathtaking development of organometallic chemistry
has now pushed homogeneous variants of the catalytic CO
hydrogenation into the focus of research interest.['! Homoge-
neous catalysts simplify the study of the reaction mechanisms,
so a rational design of the catalysts should be possible in
principle. It turned out that homogeneous rhodium catalysts
are particularly suited for the synthesis of simple oxygenated
products like formaldehyde, methanol, acetic acid or ethylene
glycol. There are two principal approaches: Either the oxo
products are directly obtained from a mixture of CO and H,,™
or in an indirect process C; products are first built from
synthesis gas in a separated reaction and afterwards are
treated with CO and H, to give the desired C, products.’!
There are a number of well-established processes of the
indirect type, the most prominent being probably the Mon-
santo acetic acid synthesis.>”] Further examples for well-
investigated indirect processes of CO hydrogenation are the
competing hydroformylation and hydrogenation of formalde-
hydel> 4 %8 and the homologation of methanol to ethanol by
transformation with mixtures of CO and H,.>
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Direct homogeneously catalyzed procedures for the syn-
thesis of oxygenated C, products by hydrogenation of CO
have also been intensively studied but have not led to any
large-scale industrial applications yet. The most carefully
investigated process is certainly the Union Carbide method
for the conversion of CO and H, to ethylene glycol.[* 1012
Soluble rhodium carbonyl complexes turned out to be the
most effective catalysts and a number of additives, like basic
phosphines, amide solvents, nitrogen bases and alkali cations,
were tested in order to further increase reaction rates and
selectivities.> 71 However, in spite of these large re-
search expenses, only gradual improvements of the catalytic
process of ethylene glycol formation could be achieved.
The same holds for the other direct procedures of homoge-
neously catalyzed hydrogenation of carbon monoxide,
like synthesis of methanol or methyl formate.’l It was
concluded that for a systematic development of effective
catalysts for CO hydrogenation reactions a better under-
standing of the fundamental mechanistic processes is
inevitable.["

Little is known experimentally about intermediates and
reaction steps of the catalytic hydrogenation of carbon
monoxide. However, it is generally believed that similar
intermediates and reaction pathways play the dominant role
in the different procedures, that is, that there are fundamental
mechanistic principles underlying all catalytic processes
discussed.™! A number of reaction intermediates and single
steps have been postulated that are in accord with exper-
imental observations. However, a true experimental proof has
not yet been provided.”! In earlier work, the idea of a dual
coordination of the CO molecule at two metal centres had
been favoured.'¥! Today, it is generally accepted that the
actual catalysis takes place at a mononuclear rhodium
centre.’) [HRh(CO),] and its substituted derivatives are
mostly supposed to be the active catalytic species. The
occurrence of formaldehyde—either as a free molecule or in
the coordinated form—in the course of the reaction is also
widely accepted.?l Further intermediates that have been
proposed on the basis of experimental observations are
formyl complexes [(HCO)RAL,],? % ¥201 hydroxycarbene
complexes [(HOCH)RAL,],!'®:?2  hydroxymethyl com-
plexes [(OHCH,)RhL,]?>? and methoxy complexes
[(CH;0O)RhKL,].”! Since direct experimental evidence for
these intermediates is absent, their occurrence is rather
speculative.

At this point of development, quantum-chemical methods
should be a useful tool for a further clarification of the
underlying mechanistic principles of the catalytic hydrogena-
tion of carbon monoxide. In the last decade, progress in ab
initio quantum chemistry has permitted its application not just
to elementary steps of organometallic reactions, but to entire
catalytic cycles. The models for the reacting complexes
become more and more realistic and the applied theoretical
methods are continuously refined. In this way, quantum-
chemical calculations provide valuable information on struc-
tures and energies of intermediates and transition states of
catalytic reactions, in particular when combined with exper-
imental results.?>?1 The performance of modern ab initio
quantum chemistry for the description of organometallic
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reaction mechanisms has been compiled in several review
articles.?0

Surprisingly, the apparently simple mechanism of Rh-
catalyzed CO hydrogenation has not yet been the subject of
a systematic quantum-chemical investigation. In 1988 Sga-
mellotti and Floriani investigated some intermediates of the
CO hydrogenation catalyzed by [Fe(CO),(PH;),] at the
Hartree —Fock level of theory.’Y) However, they had to fix
the geometry of the [Fe(CO),(PHj;),] fragment in the various
complexes and could perform only partial optimizations. An
ab initio study of the CO insertion into the bare Rh—H bond
has been carried out by Siegbahn et al.?? In 1991 Koga and
Morokuma published an ab initio MO study on the C-C
bond-forming reaction in the dinuclear Rh complex
[(CpRh),(u-CH,),(CH;)H], which might serve as a model
for the Fischer—Tropsch C-C coupling on rhodium surfa-
ces.¥l Although the theoretical level chosen should not allow
any quantitative statements, they found that the coupling of
two alkyl groups is clearly favoured when catalyzed by a
dinuclear Rh complex as compared to a mononuclear catalyst.
Versluis and Ziegler used density-functional theory (DFT) to
investigate a possible reaction step of the catalytic hydro-
genation of CO, the insertion of a CH,O molecule into a
metal —hydrogen bond, using the complex [HCo(CO);].[*
They located a m complex between formaldehyde and
HCo(CO); that can rearrange either to a methoxy complex
or to a hydroxymethyl complex. The higher stability of the
methoxy complex was explained by the oxophilicity of cobalt.
Finally, three Chinese studies should be mentioned that try to
describe the mechanistic details of heterogeneously catalyzed
CO hydrogenations with the semiempirical Extended Hiickel
theory (EHT).’>%] Even though the experimental sequence
of reactivity of various transition metals and the effect of
different additives are theoretically well reproduced, the fact
should not be overlooked that the EHT method is certainly
not appropriate for this kind of problems and that the claimed
good results are rather fortuitous.

No further theoretical studies dealing explicitly with the
catalytic hydrogenation of carbon monoxide could be found in
the literature. So we decided to carry out a systematic ab initio
quantum-chemical investigation of the mechanism of the CO
hydrogenation reaction homogeneously catalyzed by rhodium
complexes. A general mechanism has to explain the formation
of several fragments that are found in the products of the
reaction, including the formyl and acetyl group, the fragments
HOCH,- and CH;0-, and the formaldehyde molecule, whose
formation is widely accepted by now. Furthermore, a careful
theoretical study should give answers to a number of concrete
questions that have been raised by earlier investigations of
this reaction:

Is the direct formation of formyl complexes from hydrido-
carbonyl complexes possible ? Does it occur by H migration to
the carbonyl ligand or by CO insertion into the Rh—H bond?

Are formyl complexes stabilized by u?-coordination?

If H, is added to the catalyst, is the dihydrido complex
directly formed or is there a nonclassical dihydrogen complex
as intermediate ?

Does the mechanism follow the formaldehyde or the
hydroxycarbene route ?
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How is formaldehyde coordinated to the Rh complex: side-
on or end-on?

Are the hydroxymethyl or the methoxy intermediates
preferred?

Which reaction step requires the high temperatures and
pressures known to be necessary?

Figure 1 shows a proposed mechanism for the CO hydro-
genation catalyzed by [HRh(CO),]. The mechanism accounts
for the results of earlier studies of this reaction as well as for
the important intermediates and reaction steps discussed in
the literature. It starts with [HRh(CO),] (1) as the catalyti-
cally active species that may rearrange either by H migration
or by CO insertion to the formyl complex 2. This unsaturated
species can add H, to yield 3, and eventually form the
dihydrido complex 4 that may rearrange to the formaldehyde
species 5 or to the hydroxycarbene complex 6. Complex 5 can
further react to the methoxy complex 8 or to the hydrox-
ymethyl complex 7, which can also be formed from the
hydroxycarbene 6. Species 7 and 8 can further add H, or CO
and serve as intermediates for the formation of methanol, C,

OCyy,, th
"Rh—co
oc” I
co

1

ocm,, I o
RI

o C( | \H
Cco
4

H H H
OC—Rh—CO

CO  +CH,0 co co
9 5 6

co ~
OC——Rh——0CH; OCuyy,,,
cO
8 7
¥ ¥
CH;O0H, methy] ethers CH;0H or Cy-alcohols
or methy! esters

Figure 1. Proposed mechanism for the hydrogenation of CO catalyzed by

[HRh(CO),].
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alcohols, methyl ethers and methyl esters. The observation of
formaldehyde in the reaction mixture might be explained by
the loss of the CH,O ligand from S or by direct formation from
the formyldihydrido complex 4.
In the present study, the proposed mechanism in Figure 1 is
systematically investigated with the help of ab initio quantum-
chemical techniques. Only the singlet potential energy surface
has been studied, because it is very likely that the supposed
Rh!(d®) and Rh™(d°) complexes have a closed-shell electronic
configuration. We want to point out that the present work
does not cover the whole catalytic cycle of CO hydrogenation,
but rather stops at the formation of the methoxy or
hydroxymethyl intermediate. This means that the initial
reaction steps which lead to the entrance channels for the
different products have been studied, which give the most
important information about the reaction course. As a first
step, the stable conformers of the postulated intermediates
were detected and confirmed as true minima on the potential
energy surface. The minima were further characterized by the
calculation of rotational barriers for the various ligands. In the
second part of the work the transition states between
the energy minima were located and characterized by
calculation of their energy Hessian and the intrinsic
reaction coordinates leading to the corresponding

H minima. In this way, a complete reaction profile for
the proposed mechanism could be obtained that
allows conclusions about the preferred reaction path-
ways and rate-determining steps.

A main characteristic of the present work is a
systematic and unbiased approach. For each inter-
mediate all theoretically reasonable conformations
were considered in the geometry optimizations,
irrespective of their structural fitting into the mech-
anism and of the optimized geometries of the
preceding intermediates. No restrictions based on
chemical intuition were made. In this way, up to
32 starting structures per intermediate have been
considered in the geometry optimizations; these
structures are given as supporting information.

Computational Methods

The geometries of the intermediates and transition states of the
catalytic mechanism have been optimized at the MP2 (Mgller —
Plesset perturbation theory terminated at second order)?! level
of theory. For each postulated intermediate all possible con-
formations that cannot easily be rearranged into each other by
simple bending were taken into account as starting structures (up
to 32 per intermediate). In particular, there were always several
structures without any symmetry. The starting structures for the
geometry optimizations are given as supporting information. All
the stationary points found were characterized by numerical
calculation of the energy Hessian at the MP2 level of theory. A
further characterization of the transition states was achieved by
calculation of the intrinsic reaction coordinate (IRC)®#I at the
MP2 level leading to the corresponding energy minima. The
harmonic vibrational frequencies and corrections to the zero-
point vibrational energy were also calculated at the MP2 level of
theory; all frequencies are unscaled.

For the lighter elements H, C and O all-electron 6-31G(d,p)
standard basis sets!* were used. The rhodium atom was described
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by a quasirelativistic small-core pseudopotential developed by Hay and
Wadt.[> %l The 4s, 4p, 4d and 5s electrons are treated explicitly. The
corresponding valence basis set is of double-zeta quality with a contraction
(441/2111/31). These basis sets and pseudopotentials (denoted as basis
set II) have proven to be very appropriate for the description of transition
metal complexes, in particular when combined with the MP2 method for
the geometry optimizations.*”)

The calculations were carried out with the program packages Turbomole, %]
Gaussian 92! and Gaussian 94.°% For selected complexes a further
investigation of the electronic structure was performed with the charge
decomposition analysis (CDA) developed by Dapprich and Frenking.*!l

Results and Discussion

The presentation and discussion of the results is organized in
the following way. First, we present the results of the geometry
optimizations for the individual intermediates of the postu-
lated catalytic mechanism of Figure 1. Subsequently, we will
investigate how the energy-minimum structures fit into the
mechanism and which thermodynamic profile results for the
reaction sequence. Finally, the transition states connecting the
calculated intermediates are presented and the complete
reaction profile of the proposed mechanism is discussed.

1. Intermediates of the catalytic mechanism: Figure 2 shows
the optimized geometries of the energy-minimum conforma-
tions for the individual intermediates of the postulated
catalytic mechanism. Energies are given relative to the most
stable conformer for each intermediate. The complete geo-
metrical data as well as total energies and zero-point vibra-
tional energy corrections are available as supporting infor-
mation.

[HRh(CO),] (1): For the starting molecule [HRh(CO),] of
the proposed catalytic mechanism, three possible geometries
are discussed in the literature: a trigonal bipyramidal
structure with axial (Cs,) or equatorial (C,,) hydride ligand
and a quadratic pyramidal structure with apical H (C,,).
However, the systematic geometry optimizations resulted in
only one energy-minimum structure 1, shown in Figure 2. The
calculated structure is in qualitative agreement with the only
published experimental characterization of [HRh(CO),]:
from a comparison of the IR spectra of [HRh(CO),] and
[HCo(CO),] Vidal and Walker proposed that the rhodium
complex should have a C;, symmetric structure.? Jonas and
Thiel could also establish the C;, form of [HRh(CO),] as an
energy minimum.! Using various theoretical methods (HF,
MP2, BP86) and two different basis sets, they found geo-
metries very similar to the one shown in Figure 2. However,
these authors did not consider any symmetries other than Cj;.
The present work shows that the C,, structure does not exist as
a stationary point on the potential energy surface, while the
C,, symmetric trigonal bipyramidal form with an equatorial
hydride ligand corresponds to the transition state of the
degenerate Berry pseudorotation connecting two C;, mini-
mum structures. The activation energy of this pseudorotation
amounts to 13.4 kcalmol .

[(HCO)RAh(CO);] (2): The formyl complex 2, corresponding
to the second stage of the catalytic mechanism, might have a
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planar structure or a geometry derived from a trigonal
bipyramid with one free coordination site. Considering all
possible relative arrangements of the ligands, twelve starting
structures have been taken into account in the geometry
optimizations. Nevertheless, only two energy-minimum struc-
tures 2a and 2b are found (Figure 2). Both structures are
energetically very similar, and 2b should be obtained from 2a
by simply bending one of the carbonyl groups and simulta-
neously forming a stabilizing interaction between the formyl
oxygen atom and the Rh centre. This u?-coordination of the
formyl group lengthens the formyl C—-O bond from 1.178 A to
1.209 A. The energetic similarity of 2a and 2b indicates that a
u*-coordination is possible in formyl complexes, but that it is
not indispensable for their stabilization. An interesting differ-
ence between 2a and 2b is observed upon rotation of the
formyl group: In 2a the CHO ligand rotates virtually freely,
with a barrier of only 0.2 kcal mol~!, while the rotation of the
formyl group in 2b results in a migration of the hydride ligand
to the rhodium centre yielding 1 as soon as the H atom
approaches the empty coordination site at Rh. This might
serve as a first hint at the experimentally known inherent
instability of coordinatively unsaturated formyl complexes
with respect to a rearrangement to hydridocarbonyl com-
plexes. Accordingly, the intermediate 2a is less stable than the
starting catalyst 1 by 28.2 kcalmol~!, a fact that will be further
discussed in the following sections.

[(HCO)Rh(CO);(Hy] (3): The addition of H, to the
coordinatively unsaturated complex 2 leads to the nonclass-
ical dihydrogen complex 3. For this intermediate 20 possible
conformers were considered in the geometry optimizations,
differing in the relative positions of the formyl and H, ligand
in the coordination sphere of the rhodium centre (see
supporting information). In spite of the large number of
starting structures only three minimum geometries are found
on the potential energy surface (3a—c, Figure 2). All three
minima have a trigonal bipyramidal structure with the formyl
group in the axial position. In 3a the dihydrogen ligand
occupies the axial site frans to the formyl group, while it is in
an equatorial position in 3b and 3e¢. Thus, 3b and 3¢ differ
only by rotation of the formyl ligand. The three isomers are
very similar in energy: 3a is about 1 kcalmol~! more stable
than 3b and 3¢, which differ only by 0.1 kcalmol~!.

The Rh-H, bonding interaction is weakest in the axial
position (3a), the Rh—H distance amounts to 2.021 A and the
H-H bond is only lengthened from 0.734 A in free H, to
0.771 A in the complex. A surprisingly big difference is found
in the Rh-H, bonding between the two rotamers 3b and 3c¢.
In 3b the H, molecule is very tightly coordinated with an Rh—
H distance of 1.851 A and an H-H bond length of 0.814 A. In
3c the Rh-H, interaction is still strong, but the Rh—-H
distance is 0.025 A longer than in 3b. The Rh centre in 3¢ acts
as a weaker Lewis acid as compared to 3b, because the H,
ligand has to compete with the formyl oxygen lone pairs for
the free coordination site at the metal. Note the nice
correlation between the strength of the Rh—H, interaction
and the H-H bond length: the shorter the Rh—H distance,
the more the H-H bond of the coordinating H, molecule is
elongated.
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3a
Ey = +1.3 keal mol”! Ere1 = 0.0 keal mol™

Ee = +5.3 keal mol”

E. = +14.2 kcal mol”! Ei = +14.3 keal mol™

Er1 = +5.4 keal mol”!
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Er1=+2.5 kcal mol™

6d

Eri = +4.3 keal mol” Eret = +4.7 kcal mol™

Eyq = +40.1 kcal mol”!

Era = +9.1 kcal mol™

Er = 0.0 kcal mol™

Figure 2. Optimized geometries (MP2/II) of the energy-minimum con-
formations for the individual intermediates of the postulated catalytic
mechanism. Bond lengths in A. Energies are given relative to the most
stable conformer for each intermediate (isomer a).
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Er = +4.2 kcal mol™

Eyer = 0.0 kcal mol™!

The H, ligand lies in the equatorial plane in the isomers 3b
and 3¢, which might serve as a first structural hint at -
symmetrical interactions between the metal and the non-
classical ligand. This is confirmed by the calculated rotation
barriers: In 3a the axial H, molecule rotates virtually freely
(activation barrier of only 0.05 kcal mol~!), but the equatorial
H, ligands in 3b and 3¢ have to surmount barriers of 4.3 and
2.4 kcalmol !, respectively. In the framework of the Dewar—
Chatt—Duncanson model* %! this rotation barrier can be
traced back to the m-symmetrical back-donation from the
metal to the ligand. A charge decomposition analysis®" > of
the complexes substantiates this view: The bonding of the H,
ligand in 3a is clearly dominated by the ligand-to-metal
donation (donation d=0.242 e, back-donation b=0.047 ¢),
while in 3¢ (d=0.343 ¢, b=0.099 ¢) and particularly in 3b
(d=0.347 e, b=0.133 ¢) the back-donation plays an impor-
tant role.

Nonclassical dihydrogen complexes have been known
experimentally since 198457) and the state of knowledge has
been repeatedly summarized since then.  Even though the
proper detection of hydrogen atoms in the vicinity of
transition metal nuclei is not an easy task, the experimentally
determined structures of complexes with strongly bound H,
ligands have, rather independently of the metal, H-H
distances of about 0.82 A, in good agreement with the
calculated value of 0.814 A for the complex 3b with the most
strongly bonded H,.

[(HCO)Rh(CO);H,] (4): Oxidative addition of the coordi-
nated dihydrogen ligand in 3 leads to the classical dihydrido
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complex 4. One can think of 13 different ways of arranging the
six ligands around the rhodium centre, if rotations of the
formyl group are taken into account. Geometry optimizations
starting from these 13 structures (see supporting information)
lead to the six minima 4a—f on the potential energy surface
depicted in Figure 2.

The C, symmetrical isomer 4a is energetically more stable
than the other five conformers by more than 13 kcalmol~. In
this way, the most stable dihydrido complex 4a is
3.2 kcalmol~! lower in energy than the nonclassical dihydro-
gen complex 3b. The two H atoms of 4a are cis to each other
with Rh—H bond lengths of 1.583 A and 1.603 A, which are
only slightly longer than in the five-coordinate starting
catalyst [HRh(CO),] (1.566 A). The formyl group is eclipsed
with one of the carbonyl ligands and an H atom, but the
barrier for its rotation amounts to only 0.6 kcalmol~!. The
pseudooctahedral structure is slightly distorted, because the
formyl ligand and the trans-CO group are bent towards the
sterically less demanding hydride ligands.

Two of the remaining five energy-minimum structures have
their hydrogen atoms positioned trans to each other (4b and
4c¢), while the other three isomers (4d—f) have cis hydride
ligands, but still a meridional arrangement of the carbonyl
groups. 4b and 4 ¢ as well as 4d—f differ just by rotation of the
formyl ligand. It is notable that the Rh—H distance increases
to 1.639 A-1.646 A when the hydride ligand is trans to
another hydride ligand or to the formyl group. The H atom as
a pure donor ligand can obviously form stronger bonds to the
metal if it is in the frans position to a back-donating carbonyl
group than if it has to compete with another pure donor ligand
in the trans position.

In spite of the large number of energy-minimum structures
for the dihydrido complex 4, in the catalytic mechanism most
probably only the isomer 4a will play an important role. It is
more stable than the other isomers by more than
13 kcalmol~!, and if one compares its structure with the
geometries of the dihydrogen complexes 3b and 3¢ one can
anticipate that its formation by oxidative addition of the H,
ligand should not be a kinetic problem either. This assumption
will be confirmed in the subsequent sections.

[HRh(CO);(CH,0)] (5): The formaldehyde ligand can adopt
three fundamental modes of coordination in transition metal
complexes: End-on coordination by a lone pair of the oxygen
atom, side-on coordination through the C-O m orbital, or
oxidative addition of the CH,O molecule to form a metal-
laoxacyclopropane. Taking into account these three modes of
coordination, 27 starting structures (see supporting informa-
tion) have been considered in the geometry optimizations of
the fifth intermediate of the catalytic mechanism in Figure 1,
5. Starting from these 27 structures, only five energy-mini-
mum structures are found (5a—e, Figure 2). All of them can
be derived from a trigonal bipyramid; in two isomers the
formaldehyde ligand is coordinated side-on, in the other three
isomers it is coordinated in an end-on fashion.

The structure 5a is the clearly favoured isomer. It is more
stable than the alternative conformations by 3.8-
5.4 kcalmol~!. The hydride ligand occupies an axial position
in the trigonal bipyramidal coordination sphere around the
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rhodium centre. The formaldehyde ligand is side-on coordi-
nated in the equatorial plane. The C—O bond length is only
slightly elongated from 1.221 A in the free molecule to
1.306 A in the complex; it still mainly has the character of a
double bond (typical C-O single bond lengths amount to
1.43 A). Besides, the coordinated formaldehyde molecule is
only slightly distorted from planarity. The structure of Sa thus
points clearly to a donor—acceptor type of bonding between
the formaldehyde ligand and the metal fragment, as has been
substantiated for a number of CH,O complexes of low-valent
transition metals.['*%l The charge decomposition analysis
confirms this supposition: The bonding can be understood in
the framework of the Dewar — Chatt — Duncanson model with
ligand-to-metal donation (d=0.267 e) being in the same
order of magnitude as metal-to-ligand back-donation (b=
0.206 e). This m-symmetrical back-donation can also explain
the large activation barrier of 7.8 kcalmol~! for the rotation of
the formaldehyde ligand.

The remaining four minimum structures of [HRh(CO);-
(CH,0)] are energetically very similar to each other. The
isomers 5b and 5d have the formaldehyde ligand and the
hydride ligand in trans diaxial positions. They differ only in
the coordination of the CH,O molecule: In 5b it is end-on
coordinated, while it adopts side-on coordination in Sd. Thus,
the two principal modes of coordination of the formaldehyde
ligand can be found side by side as minima on the potential
energy surface. As in 5a, in the isomers 5S¢ and Se the H atom
occupies an axial position and the CH,O ligand an equatorial
position. However, here the formaldehyde molecule is end-on
coordinated and correspondingly the C—O bond length is
only 1.228 A or 1.229 A, respectively, as compared to 1.306 A
in Sa.

Versluis and Ziegler have investigated the structure of the
related complex [HCo(CO);(CH,0)] at the local density-
functional level using the Hartree —Fock - Slater method.B
They carried out geometry optimizations in Cg symmetry, but
did not calculate the energy Hessian to characterize their
stationary points. Besides, they only looked at trigonal
bipyramidal structures with side-on coordinated formalde-
hyde. Since they did not account for geometries of the type Sa,
the lowest energy structures they found had the CH,O ligand
in an equatorial position, but not lying in the equatorial plane.
Structures of that kind could be shown in the present study to
be transition states of formaldehyde rotation starting from Sa.
This clearly demonstrates the necessity of a frequency
characterization of the stationary points found, in particular
when symmetry is used during the geometry optimizations.

Altogether we have detected five energy-minimum struc-
tures for the fifth stage of the catalytic mechanism in Figure 1.
However, the side-on complex 5a is energetically favoured by
3.8—-5.4 kcalmol~'. As will be shown in the next section, its
structure also fits best into the reaction sequence. It should
thus be the only isomer of 5 of importance for the catalytic
mechanism, provided it is kinetically accessible. This will be
investigated in the third part of the discussion (Part 3).

[HRh(CO);(CHOH)] (6): As an alternative to the form-
aldehyde complex 5, the formyl intermediate 4 can rearrange
to the hydroxycarbene complex 6 (Figure 1). Starting from
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26 isomeric structures, the geometry optimizations led to six
minima on the potential energy surface (6a—f, Figure 2). The
structures 6a—d can be derived from a trigonal bipyramid
with axial hydride and equatorial hydroxycarbene ligand. It is
striking that the carbene group is in all cases perpendicular to
the equatorial plane. In this way, back-donation from the
filled rhodium d orbital to the empty p, orbital at the carbene
C atom is possible. The charge decomposition analysis for the
most stable isomer 6a confirms this bonding picture: The
CHOH group can be understood as a donor —acceptor ligand
with rather similar values for donation (d =0.409 e) and back-
donation (b=0.351¢). The back-donation leads to a sub-
stantial degree of double-bond character for the metal —car-
bene bond, which explains the short Rh—C distances of
1.917 A-1.936 A. The complexes 6a—d just differ by rotation
of the hydroxycarbene ligand around the Rh—-C bond and by
rotation of the hydroxy group around the C—O bond. The
competition of the filled d orbital at Rh and the filled p orbital
at O for the unoccupied carbene C-p, orbital is nicely
reflected by the structures: The shorter the Rh—-C bond, the
longer the C—-O bond, and vice versa.

The remaining two isomers 6e and 6 f have a trans diaxial
arrangement of the hydride and the hydroxycarbene ligand.
The Cs symmetrical structure 6e is clearly more stable than
the unsymmetrical isomer 6f; it seems to have found a
conformational niche with the hydroxy group in a staggered
position between two carbonyl ligands. This is also reflected
by the activation barrier for the rotation of the carbene ligand
that amounts to 6.7 kcalmol™ in 6e, as compared to only
0.9 kcalmol~! in 6f. The rhodium-carbene bond is longer
than in 6a—d, with a corresponding shortening of the carbene
C-0 bond.

Hydroxycarbene complexes are frequently discussed as
intermediates in the catalytic hydrogenation of carbon mon-
oxide, and we could in fact detect them as minima on the
potential energy surface. However, as will be discussed in the
following section, the complexes 6a—d are more than
13 kcalmol~! less stable than the alternative formaldehyde
complex Sa. If there are no kinetic reasons excluding the
formaldehyde pathway, the hydroxycarbene complexes should
thus play no role in the mechanism of the catalysis.

[Rh(CO);(CH,0H)] (7): The formaldehyde complex 5 or the
hydroxycarbene complex 6 can rearrange to the hydroxy-
methyl complex 7 as the seventh stage of the catalytic
mechanism (Figure 1). If one takes into account the fact that
the H atom of the hydroxy group can be syn or anti to the
rhodium centre, one has to consider four planar isomers and
26 isomers derived from a trigonal bipyramid with one empty
coordination site. In spite of this large number of 30 starting
structures, the systematic geometry optimizations yielded just
two minima on the potential energy surface, 7a and 7b
(Figure 2).

The more stable isomer 7a has the structure of a trigonal
bipyramid with an axial hydroxymethyl ligand and an empty
coordination site in the equatorial position. The OH group is
rotated in such a way that one of the lone pairs at oxygen can
interact with the rhodium centre. The importance of this
stabilizing coordination is reflected by the high activation
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barrier for the rotation of the hydroxy group: The transition
state with the hydrogen atom anti to Rh lies 7.3 kcalmol~!
above 7a, and the corresponding syn transition state, where
no interaction between the lone pairs at oxygen and the
rhodium centre is possible any more, is 9.0 kcalmol~! less
stable than 7a.

The second energy-minimum structure 7b is less favoured
than 7a by only 4.2 kcalmol~. It can also be derived from a
trigonal bipyramid with axial hydroxymethyl group, but here
the empty coordination site is in the axial position. Con-
sequently, the u?>-coordination of the CH,OH group has to be
given up in 7b, resulting in a lengthening of the Rh—C bond
and a corresponding shortening of the C—O distance. The
hydroxy group is rotated in the same way as in 7a, minimizing
the repulsion with the equatorial carbonyl ligands. The
rotation barriers for the OH group indicate that this arrange-
ment is a very stable local minimum; they amount to
5.8 kcalmol™! for the transition state with the hydrogen atom
syn to the rhodium centre and to as much as 10.5 kcalmol~!
for the anti rotation.

It should be noted that the calculated energy-minimum
structures for the formyl complex [(HCO)Rh(CO);] (2a and
2b) and for the hydroxymethyl complex [ (CH,OH)Rh(CO);]
(7a and 7b) are surprisingly similar. In the formyl case, the u?-
complex 2b is slightly less stable than the alternative isomer
2a, whereas in the hydroxymethyl case the u*-isomer 7a is
slightly favoured. However, the geometries of 2b and 7a and
the geometries of 2a and 7b clearly correspond to each other,
as could have been expected with regard to the chemical
similarity of the ligands CHO and CH,OH.

Versluis and Ziegler have investigated the structure of the
related complex [Co(CO);(CH,OH)] in their DFT study on
the insertion of CH,O into the Co—H bond.?*l However, they
restricted their search to selected Cg symmetrical structures
that fitted well into the mechanism discussed, and they did not
characterize the stationary points by calculating the energy
Hessian. In this way, they could not find unsymmetrical
energy minima of the type 7a or 7b. All the structures
presented by Versluis and Ziegler have been proven to be
saddle points for the corresponding Rh complexes in the
present study. This observation makes Ziegler’s results
dubious and presents further justification for the systematic
and unbiased approach chosen in the present work.

[Rh(CO);(OCH;)] (8): In addition to the hydroxymethyl
complex 7, a methoxy complex (8) is discussed as an
intermediate in the catalytic hydrogenation of carbon mon-
oxide. Systematic geometry optimizations starting from 32
theoretically reasonable structures yielded only two minima
on the potential energy surface, 8a and 8b (Figure 2). The
quadratic planar complex 8a is more stable than the second
minimum 8b by 40.1 kcalmol~'. This is in contrast to the
remaining four-coordinate complexes of the type Rh(CO),X
investigated so far: For the formyl compound (X =CHO, 2)
and the hydroxymethyl compound (X=CH,OH, 7) only
structures derived from a trigonal bipyramid were found.
Obviously, the methoxy ligand is electronegative enough to
justify a description of [Rh(CO);(OCHj;)] as an ionic complex
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between a Rh!(d®) fragment and a methanolate ion, for which
the ligand-field theory predicts a quadratic planar structure.

In 8a the methyl group is staggered to the neighbouring
carbonyl ligand, but the barrier for its rotation amounts to
only 0.7 kcalmol~'. Rotation of the whole methoxy group
around the Rh—O axis costs 2.7 kcalmol~!. A pronounced
trans influence can be noticed in the structure. The CO ligand
standing trans to the strong donor CH;Ois tightly bound to
the metal centre (1.839 A). In contrast to that, the carbonyl
group towards which the lone pairs of the methoxy oxygen
point is at a remarkably long distance from Rh (1.993 A).

The second energy minimum 8b certainly plays no role in
the catalytic mechanism. Its structure is derived from a
trigonal bipyramid with an axial methoxy group and an empty
coordination site trans to CH;0O, also in the axial position. The
methoxy ligand is staggered between two of the equatorial
carbonyl groups, but it can rotate with a barrier of only
0.9 kcalmol~'. In contrast, the barrier for rotation of the
methyl group amounts to 3.4 kcalmol™!, because in the
transition state one of the hydrogen atoms gets very near to
the equatorial carbonyls.

[HRh(CO);] (9): Dissociation of a CH,0O molecule from the
formyl complex 4 or from the formaldehyde complex 5 leads
to the coordinatively unsaturated species [HRh(CO);]. It can
add a molecule of CO, and in this way the active catalyst
[HRh(CO),] is rebuilt and the catalytic cycle is closed. For the
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geometry optimization of [HRh(CO);] one quadratic planar
structure, four structures derived from a trigonal bipyramid
and one distorted pseudotetrahedral structure were consid-
ered. Two energy-minimum isomers could be detected (9a
and 9b, Figure 2). The quadratic planar form 9a is more stable
than the C;, symmetrical isomer 9b by 9.1 kcalmol~'. In this
respect, [HRh(CO);] is similar to the methoxy complex 8, in
which the preference for the planar form is still more
pronounced (40.1 kcalmol1).

Experimentally, [HRh(CO),] has not yet been observed.[*]
However, in a recent theoretical study R. Schmid et al.
determined its structure using density-functional theory.[
These authors obtained very similar bond lengths as in 9a,
but their calculated structure slightly departs from planarity.
The difference to the results of the present work might be
traced back to the rather crude local density functional used
or to the complete neglect of relativistic effects in the DFT
study.

2. Thermodynamic reaction mechanism: The systematic
geometry optimizations for the postulated intermediates of
the catalytic hydrogenation of carbon monoxide yielded a
rather moderate number of energy-minimum structures
(Figure 2). The question is now: How do the geometries of
the various stages fit into the mechanism and which energetic
profile results for the reaction sequence ? Figure 3 summarizes
the results of the geometry optimizations. The structures of
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Figure 3. Calculated reaction mechanism (MP2/1I) for the [HRh(CO),]-catalyzed hydrogenation of CO. Reaction energies and activation energies (in

parentheses) in kJ mol~".
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the relevant isomers are shown schematically and are
interconnected by arrows. The individual reaction energies
are given without correction for the zero-point vibrational
energy. The values in parentheses indicate activation energies
for the reaction steps and should be ignored at this stage. In
the following, we will briefly discuss the calculated reaction
sequence step by step.

For the starting catalyst [HRh(CO),] (1) only the C,-
symmetrical minimum on the potential energy surface was
found. Hydride migration or CO insertion may lead to the
formyl complexes 2a or 2b, which differ energetically by only
1.3 kcalmol~'. However, their formation from 1 is endother-
mic by 28.2 and 29.5 kcal mol~!, respectively. This result is in
qualitative agreement with chemical experience: A hydride
migration to a carbonyl group has never been observed
experimentally, while the back-reaction of a formyl complex
to a hydridocarbonyl complex is rather common.? '8 20l
Nevertheless, formyl complexes can certainly play a role as
transitory intermediates in catalytic reactions. The reaction
energy for their formation from hydridocarbonyl species was
estimated from bond energies to be of the order of 30-
40 kcal mol 1?1 which is in good agreement with the calcu-
lated results.

For the third stage of the reaction, the complex
[(HCO)Rh(CO)5(H,)], the systematic geometry optimiza-
tions yielded three energetically very similar minima 3a—c. If
one compares the calculated structures, one notices immedi-
ately that both 3a and 3¢ should be easily accessible from 2a
and 2b, respectively, by simple addition of an H, molecule to
the empty coordination site at rhodium. Furthermore, 3b can
be obtained from 3¢ by simple rotation of the formyl group.
The reaction energy for the H, addition is slightly exothermic
by 3.1 and 3.3 kcalmol™!, respectively. The nonclassical
dihydrogen complexes 3a—c thus fit well into the catalytic
mechanism from a structural and from an energetic point of
view; they are plausible intermediates of the catalysis.

Up to this stage all calculated minimum structures are
thermodynamically accessible and 3a is more favourable than
3b and 3¢ by only 1 kcalmol~L. For the fourth stage of the
reaction, the dihydridoformyl complex [(HCO)Rh(CO);H,],
six energy minima were found, but the isomer 4a is the most
stable by more than 13 kcalmol~' (Figure 2). However, does
4 a also match structurally with its mechanistic precursors 3a—
¢? A look at the calculated geometries shows that 4a can be
obtained from 3b by simple oxidative addition of the H,
ligand and a slight rotation of the formyl group. This reaction
is exothermic by 3.2 kcalmol~1. Thus, even though 3a is the
slightly preferred isomer of the dihydrogen complexes, it
seems to be a thermodynamic impasse, because a direct
reaction to the most favourable dihydrido complex 4a is
mechanistically not possible. However, 3b should easily
react to 4a and the equilibrium of the dihydrogen complexes
can be supposed to shift towards 3b. Of course, this
mechanism depends heavily on the activation energies of
the individual reaction steps, which will be discussed in the
following section. In any case, the most stable dihydrido
complex 4a seems to be mechanistically easily accessible, and
we have to consider only one isomer of this central
intermediate of the catalysis.

Chem. Eur. J. 1998, 4, No. 3
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The dihydridoformyl complex 4a can either rearrange to
the formaldehyde complex 5 by hydride migration to the
formyl carbon atom or to the hydroxycarbene complex 6 by H
migration to the formyl oxygen atom. For [HRh(CO);-
(CH,0)] (5) five minima on the potential energy surface
were found (Figure 2). The energetically most stable isomer
5a also fits best into the mechanistic sequence: Complexes 5S¢
and 5e with end-on coordinated formaldehyde can be
obtained from 4a only after rearrangement, while the trans
orientation of CH,O and the hydride ligand in Sb and 5d
renders subsequent reactions very difficult. The formation of
5a from 4a is strongly exothermic by 10.5 kcalmol~.

For the hydroxycarbene intermediate [HRh(CO);-
(CHOH)] the most stable isomers 6a and 6b should also be
the most easily accessible isomers from a structural point of
view. In the complexes 6¢ and 6d the hydroxy H atom is in
anti position to the Rh centre to which it bonds in the
precursor 4a, and in the isomers 6e and 6 f the carbene and
the hydride ligand are in trans arrangement preventing
subsequent reactions without prior rearrangement. However,
even the formation of 6a from 4a is endothermic by
2.5 kcalmol~! and thus thermodynamically less favourable
than the competing exothermic formation of Sa by
13 kcalmol. From a thermodynamic point of view the
hydroxycarbene complexes should thus play no role in the
catalytic mechanism. Nevertheless their participation can
only be safely excluded when the activation barriers of the
competing reactions are taken into account. It is still possible
that the formation of 5a loses out against the formation of 6a
on kinetic grounds.

By a further hydride migration the intermediate Sa can
react to give either the hydroxymethyl complex 7 or the
methoxy complex 8. For [Rh(CO);(CH,OH)] (7) the system-
atic geometry optimizations yielded two minima on the
potential energy surface (Figure 2). The structure of the more
stable isomer 7a indicates that it should be directly accessible
from 5a. The rearrangement is exothermic by 3.4 kcalmol~".
The alternative isomer 7b is 4.2 kcalmol~! less stable. It can
be obtained from 7a by moving the axial carbonyl ligand into
the equatorial plane and simultaneously rotating the hydrox-
ymethyl group. In this way, both conformers of 7 are
structurally and energetically plausible intermediates of the
catalytic mechanism. By adding a molecule of H, or CO they
can continue the reaction and eventually lead to the formation
of methanol and other products containing a CH,OH group.

The alternative reaction of 5a to the only relevant methoxy
complex 8a is endothermic by 1.1 kcalmol~! (Figure 3). The
formation of 8a is thus thermodynamically only slightly less
favourable than the competing formation of 7a. This result
can explain the frequently observed occurrence of methoxy
products like methyl formate and methyl acetate in the Rh-
catalyzed hydrogenation of carbon monoxide. The kinetic
aspects of the selectivity between hydroxymethyl and me-
thoxy products are treated in the subsequent section.

The transitory occurrence of formaldehyde in the CO
hydrogenation reaction might be explained by the loss of the
CH,O0 ligand from 5a or by direct formation of CH,O from
the formyl complex 4a. Both reactions are endothermic
(Figure 3), but the formation from 4a (+4.9 kcalmol™) is

0947-6539/98/0403-0531 $ 17.50+.25/0 — 531





FULL PAPER

U. Pidun and G. Frenking

clearly more favourable than the dissociation from S5a
(+15.4 kcalmol!). It should be noted that the reactions are
expected to be less endothermic in solution, because the
coordinatively unsaturated complex [HRh(CO);] (9a) arising
can be stabilized by interaction with solvent molecules. An
assessment of such solvent effects is given in the final
discussion of the overall reaction profile (section 4). The
planar complex 9a can now add a formaldehyde molecule and
(re)form complex 5a in a strongly exothermic reaction
(—15.4 kcalmol~'). Alternatively, it can add a molecule of
carbon monoxide and close the catalytic cycle by rebuilding
the active catalyst [HRh(CO),] (1). The latter reaction is
clearly preferred thermodynamically (—31.2 kcalmol™).
However, which reaction actually takes place also depends
on the individual activation barriers and on the relative local
concentrations of CO and CH,0.

The summary of the thermodynamic reaction mechanism in
Figure 3 shows that the calculations yield a rather smooth
reaction profile, even though in the geometry optimizations
all theoretically reasonable structures were taken into ac-
count, not just those which fit well into the postulated
mechanism anyway. For all intermediates, the most stable
isomers fit best into the reaction mechanism from a structural
point of view. In spite of the huge number of starting
structures, the mechanism of the catalysis remains rather
simple, because for most stages one isomer clearly dominates.
Besides this, neither thermodynamic traps nor energetically
inaccessible isomers are found. However, up to this stage the
mechanism is only characterized by the structures and
energies of the stable intermediates. The inclusion of kinetic
aspects might change this picture considerably. Therefore, in
the next section we will discuss the transition states and
activation barriers for the individual reaction steps.

3. Transition states of the catalytic mechanism: All transition
state searches were performed in C; symmetry. In cases where
several reaction pathways are theoretically possible (e.g., two
possible hydrogen atoms that can migrate, yielding three
possible relative arrangements of the remaining ligands), each
route was investigated individually. Of course, all transition
states described were proven to be first-order saddle points on
the potential energy surface by explicit calculation of the
energy Hessian. The transition states were further character-
ized by the eigenvector corresponding to the negative
eigenvalue of the Hessian and by calculation of the intrinsic
reaction coordinate (IRC) connecting them with the corre-
sponding energy-minimum structures. Figure 4 summarizes
the calculated transition states giving the profiles of the
individual reaction steps and the energies relative to the
respective reactant.

TS1: 1 —2a: The formation of the formyl complex 2a from
the starting catalyst [HRh(CO),] (1) is strongly endothermic
(28.2 kcalmol~'). However, Figure 4a shows that virtually no
additional barrier has to be overcome: The transition state
TS1 is less stable than the product by only 0.2 kcalmol~". In
accordance with Hammond’s postulatel® TS1 is a late
transition state and is structurally very similar to the product
of the reaction. It is clear from the reaction profile that the
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formation of the formyl group results from hydride migration
to the carbonyl ligand, and not from CO insertion into the
Rh-H bond.

TS2: 1—2b: The formation of the alternative formyl com-
plex 2b from the active catalyst 1 is a slightly more
complicated process. As described above, the C;,-symmetrical
minimum structure of [HRh(CO),] (1) can perform a
degenerate Berry pseudorotation passing a C,,-symmetrical
transition state 1* corresponding to a trigonal bipyramidal
structure with an equatorial hydride ligand (Figure 4b). The
barrier for this rotation amounts to 13.4 kcalmol~'. The C,,-
symmetrical isomer 1* can now be transformed to the formyl
complex 2b by hydride migration (Figure 4c). The transition
state TS 2 for this reaction is also a first-order saddle point on
the potential energy surface. Of course, this somehow
unexpected reaction course had to be confirmed by calcu-
lation of the intrinsic reaction coordinate connecting the
stationary points. The overall barrier for the transformation
1—2b amounts to 33.7 kcalmol; in the transition state TS2
the migration of the hydrogen atom has already largely taken
place.

TS3: 2a—2b: The two calculated energy-minimum struc-
tures of [(HCO)Rh(CO);], 2a and 2b, are energetically and
structurally very similar. In both isomers the formyl group lies
in the symmetry plane of the molecule. However, Figure 4d
indicates that the transformation of 2a to 2b is not as simple
as might have been expected from the geometries of the
minima. In the transition state TS3 the symmetry of the
molecule is lost: The formyl group is slightly rotated out of the
former symmetry plane in order to build up a stabilizing
interaction with the rhodium centre even before the carbonyl
ligand is completely bent to the axial position. This slight
rotation diminishes the activation barrier of the reaction by
about 0.5 kcalmol~!. The Cs-symmetrical second-order saddle
point that results from rotation of the formyl group into the
molecular plane lies 6.3 kcalmol™! above 2a, compared to
5.8 kcalmol~! for TS3.

TS4:2a+ H,—3a: The calculated structures of the minima
2a and 3a indicate that the addition of H, to the empty
coordination site at Rh in 2a should be possible without great
effort. Indeed, we could not locate any transition state for this
exothermic reaction (Figure 4e). Using the reaction coordi-
nate method we could show that the addition really takes
place without an activation barrier: Optimization of the
remaining degrees of freedom for a set of fixed Rh-H,
distances yields a monotonous decrease of the energy upon
approach of the H,. It should be noted that the situation is
probably changed in solution. The coordinatively unsaturated
complex 2a will be stabilized by coordination of a solvent
molecule that has to be displaced by the incoming dihydrogen.

TS5: 2b+ H,—3c: The exothermic formation of 3¢ by
addition of H, to the formyl complex 2b also takes place
without activation barrier (Figure 4f). The reaction coordi-
nate method shows that the H, molecule approaches from
slightly below the equatorial plane so that the stabilizing
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interaction between the formyl oxygen atom and the rhodium
centre can be preserved until the Rh—H, interaction is built
up. In this way, an energy maximum along the reaction path is
bypassed. Again, in solution a small barrier might occur if the
incoming H, molecule has to replace a solvent molecule.

TS6: 3¢—3b: The two isomers 3b and 3¢ of [(HCO)Rh-
(CO);(H,)] are energetically very similar (0.1 kcalmol~') and
differ structurally only by the rotation of the formyl group. As
expected, they are transformed into one another with a small
activation barrier of only 1.9 kcalmol~! (Figure 4g). In the
transition state TS 6 the rotation is exactly halfway complete;
the formyl group is parallel to the coordinated H, ligand.

TS7: 3b—4a: The transformation of the dihydrogen com-
plex 3b to the dihydrido complex 4a is exothermic by
3.2 kcal mol~. The breaking of the H—-H bond is accompanied
by a slight rotation of the formyl group. Figure 4h shows that
the oxidative addition of the dihydrogen ligand requires only
a moderate activation energy of 2.7 kcalmol™'. In the
transition state TS7 the rotation of the formyl ligand has
already begun and the symmetry of the molecule is lost. The
Rh-H bonds are already shortened to 1.640 A and 1.651 A.
However, the H-H distance of only 1.110 A indicates that in
TS 7 the interaction between the two hydrogen atoms is still
preserved.

TS8:4a—5a: The reaction of the dihydridoformyl complex
4a to the formaldehyde complex 5a is highly exothermic, with
a reaction energy of —10.5 kcalmol~'. The migration of a
hydrogen atom is accompanied by the build-up of an
interaction between the oxygen atom of the forming CH,O
ligand and the rhodium centre (Figure 4i). Since both hydride
ligands can migrate, the search for a transition state has to
consider two separate reaction pathways. However, all
attempts to locate a transition state connecting 4a and Sa
failed. In all cases a dissociation of the formaldehyde
molecule from the metal fragment was observed. Likewise,
no transition state between 4a and the less favourable isomers
of 5 (Figure 2) could be found, despite careful search. The
forming CH,O molecule constantly dissociated from the
complex as soon as one of the hydride ligands approached the
formyl carbon atom. The direct formation of Sa from the
formyl complex 4a can thus fairly safely be excluded. The
formation of Sa by dissociation of CH,O and subsequent
recoordination of the molecule might serve as an alternative
reaction pathway.

TS9:4a—9a+ CH,0: For a systematic investigation of the
dissociation of formaldehyde from the dihydridoformyl com-
plex 4a six alternative reaction pathways had to be studied
separately, because both hydrogen atoms can migrate and the
remaining hydride ligand can be trans to one of three carbonyl
groups in the planar product 9a. However, it could be shown
that only two reaction paths are actually realized, as was
proven by calculating the intrinsic reaction coordinates.

The energetically more favourable reaction pathway passes
through transition state TS9a (Figure 4j). The activation
barrier of the endothermic reaction amounts to a moderate
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8.6 kcalmol .. The front hydrogen atom is migrating, attack-
ing the formyl carbon atom at the C-O =& bond, which
temporarily becomes slightly longer than in the reactant as
well as in the product. The distance between the migrating H
atom and the formyl carbon atom is already only 1.357 A in
TS9a, even though the Rh—H bond had to lengthen only by
0.1 A. The still rather short Rh— C bond indicates that TS9ais
an early transition state.

In the alternative reaction course passing through TS9b the
other hydrogen atom leaves the rhodium centre (Figure 4k).
As in TS9a, the carbonyl ligand trans to the formyl group
follows the migrating hydrogen that again attacks the formyl
carbon atom at the C-O & bond. In this case, however, a
rotation of the formyl group is necessary to achieve this. This
might be the reason for the slightly higher activation barrier of
9.3 kcalmol L.

TS10:9a+ CH,0 —5 a: The addition of formaldehyde to the
coordinatively unsaturated complex [HRh(CO);] (9a) is
highly exothermic, with a reaction energy of —15.4 kcalmol .
In a first step, the intermediate complex Sc¢ is formed in which
the CH,O ligand is end-on coordinated (Figure 41). Even
though the formaldehyde C-O bond is lengthened by only
0.008 A, the coordination energy amounts to 10.5 kcalmol 1.
The reaction coordinate method was used to prove that the
addition takes place without a barrier. In the second step, the
formaldehyde complex Sc is transformed into its more stable
isomer Sa, which has a side-on coordinated CH,O ligand
(Figure 4m). This rearrangement has a small activation
barrier of 2.9 kcalmol~, but the transition state TS10 is still
more stable than the reactants 9a + CH,O by 7.6 kcalmol . In
agreement with Hammond’s postulate the structure of TS 10
is rather similar to the structure of its precursor Sec.

This reaction pathway could be confirmed by the calcu-
lation of the intrinsic reaction coordinate connecting the
stationary points. Possibly we have found a mechanistic
prototype for the addition of formaldehyde to coordinatively
unsaturated transition metal complexes: At large distances,
the electrophilic metal starts to interact with the far-reaching
free electrons of the formaldehyde oxygen atom, and an end-
on complex is formed as first intermediate. Having attracted
and prebound the formaldehyde molecule in this way, only a
small barrier has to be surmounted for the rearrangement to
the more stable side-on complex, which is also better suited
for the following metal-mediated reactions at the ligand.

TS11: 4a—6a: The formation of the hydroxycarbene com-
plex 6a from the formyl complex 4a was excluded according
to thermodynamic criteria because the alternative formation
of 5a is favoured by 13 kcalmol~! (Figure 3). But since we
could not find a direct reaction path from 4a to 5a (Figure 4i),
the hydroxycarbene path might come back into play for
kinetic reasons. However, Figure 4n shows that the activation
barrier for the migration of a hydrogen atom to the formyl
oxygen atom is very high (33.8 kcalmol!). The calculation of
the intrinsic reaction coordinate demonstrates that in a first
step the hydroxycarbene complex 6ab* is formed in an
endothermic reaction (+14.9 kcalmol™!). It has the CHOH
ligand in the equatorial plane of the trigonal bipyramidal
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Figure 4. Calculated reaction profile (MP2/II) for the most energetically favoured reaction pathway for the [HRh(CO),]-catalyzed hydrogenation of CO.
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structure. According to the Hammond postulate, the transi-
tion state TS 11 is already rather similar to the product: In the
course of the reaction the formyl group is first rotated into the
equatorial plane prior to migration of the hydrogen atom
from Rh to O (Figure 4n).

Structure 6ab* is a first-order saddle point on the potential
energy surface. IRC calculations show that it corresponds to
the transition state for the rearrangement between 6a and 6b
(Figure 40). The barrier for this transformation is very high
(12.4 kcalmol ). It can be traced back to the planar arrange-
ment of the carbene ligand in 6ab* that prevents a stabilizing
7 interaction between the Rh centre and the carbene C atom.
Such an interaction results in partial double-bond character
for the Rh—C bonds in 6a and 6b. Accordingly, the Rh—C
bond in 6ab* is lengthened by about 0.09 A compared to
those in 6a and 6b, while the carbene C—-O bond is shortened
by about 0.03 A, because the free electrons at oxygen do not
have to compete with the rhodium centre for the donation to
the carbene C p, orbital any longer.

The calculations thus show that the H migration to the
formyl oxygen atom via TS11 can lead to either 6a or 6b. The
formation of 6a is thermodynamically favoured by
2.5 kcal mol~L. Kinetically, both products are equally probable
because they are formed from the same transition state.
However, the barrier for the formation of 6a or 6b is too high
(33.8 kcalmol™') for the complexes to play a role in the
catalytic mechanism; the hydroxycarbene path can also be
excluded on kinetic grounds.

The 1,3 hydrogen migration from 4a to 6a (or 6b) is the
second example found in this study where two first-order
saddle points are directly connected on the potential energy
surface without passing through an energy minimum. The first
example was the reaction 1—2b. Such situations are theo-
retically well understood,'”) but examples are very rare.

TS12:5a—7a: The formaldehyde complex Sa can transform
to the hydroxymethyl complex 7a in a slightly exothermic
reaction (—3.4 kcalmol™'). Although the reaction does not
involve big structural changes but only a simple migration of
the hydrogen ligand to the formaldehyde oxygen atom
(Figure 4p), the activation barrier amounts to 17.6 kcalmol~.
In TS12 the distance between the migrating H atom and the
formaldehyde oxygen atom is already quite short (1.323 A),
but overall the structure of TS12 is still rather similar to the
reactant 5a: The Rh—H and the Rh-O bond are not much
elongated, the Rh—C bond is only slightly shortened and
above all the C-—O bond with a length of 1.336 A is more
similar to a weakened double bond, as in 5a, than to the single
bond it becomes in the hydroxymethyl complex 7a.

TS13: 7a—7b: The transformation of the hydroxymethyl
complex 7a to its isomer 7b is an endothermic reaction
(+4.2 kcalmol™!) via transition state TS13 (Figure 4q). The
movement of the axial carbonyl ligand to the equatorial
position and the rotation of the hydroxymethyl group take
place in a synchronous way. The activation barrier of
10.0 kcalmol~! is higher than expected for the simple re-
arrangement. It was noted above that the structures of the
formyl complexes 2 and the hydroxymethyl complexes 7 are
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strikingly similar. The same holds for the structures of the
transition states TS3 (2a—2b) and TS13 (7a—7b) (Fig-
ure 4d and Figure 4q). In both cases the activation energy of
the simple transformation is surprisingly large. It seems that
the structures derived from trigonal bipyramids with an axial
or equatorial empty coordination site are locally very stable
energy minima. They are well-defined geometries in the
framework of classical coordination chemistry, and their
transformation via less well defined geometries costs a lot of
energy.

TS14: 5a—8a: As an alternative to the hydroxymethyl
complex 7a, the formaldehyde complex Sa can react to the
methoxy complex 8a by migration of the hydrogen ligand to
the formaldehyde carbon atom. For this slightly endothermic
reaction (+1.1 kcalmol™') three alternative reaction paths
had to be investigated separately, because the forming
methoxy group can be trans to one of the three carbonyl
ligands in the planar product complex 8a. Figure 4r shows the
reaction pathway most favourable by a clear margin: The
formaldehyde ligand rotates out of the equatorial plane, and
in this way the formaldehyde carbon atom approaches the
hydride ligand and pulls it off the rhodium centre. This course
of the reaction was verified by an IRC calculation. The
transition state TS 14a is still rather similar to the reactant Sa.
The considerable rearrangement in the ligand sphere requires
an activation energy of 20.6 kcalmol~!.

A second possible reaction path leading from 5a to 8a was
found, but with an overall activation barrier of 34.3 kcalmol~!
it is clearly less favourable (Figure 4s). It takes place in a Cs-
symmetrical subspace of the potential hypersurface. To reach
this subspace, Sa has first to be transformed to the transition
state Sa*, which has the CH,O ligand perpendicular to the
equatorial plane. Starting from Sa* the formaldehyde mole-
cule can insert into the Rh—H bond, passing through
transition state TS 14b. As a first product the Cg-symmetrical
complex 8a* is formed, which is a second-order saddle point
on the potential energy surface. Complex 8a* can subse-
quently rearrange to the energy-minimum structure 8a with
an energy gain of 4.4 kcalmol~!. Of course, this complicated
reaction sequence had to be confirmed by an IRC calculation.
However, in the actual catalytic mechanism this reaction path
should play no role, because the reaction via TS14a has an
activation barrier that is lower by 13.7 kcalmol 1.

TS15: 9a+ CO —1: The strongly exothermic addition
(—31.2 kcalmol') of a CO molecule to the coordinatively
unsaturated complex [HRh(CO);] (9a) reconstitutes the
starting catalyst [HRh(CO),] (1). Partial optimizations with
a series of fixed Rh—CO distances unambigously prove that
the addition takes place without an activation barrier
(Figure 4t). However, as noted above, the situation in solution
might be slightly more complicated, because the incoming CO
molecule will probably have to displace a solvent molecule
which temporarily stabilizes the coordinatively unsaturated
intermediate [HRh(CO),].

4. Calculated mechanism and reaction profile: In the preced-
ing section we have presented the transition states for the
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individual reaction steps of the [HRh(CO),]-catalyzed hydro-
genation of carbon monoxide. We will now summarize these
results and discuss the catalytic mechanism of Figure 3
including the information on the activation barriers.

It is clear from Figure 3 that the highly endothermic
formation of 2a from 1 (+28.2 kcalmol™!) requires only a
small additional barrier of 0.2 kcalmol~!. In spite of the
unusual reaction path, the alternative formation of 2b also
requires an activation of only 4.2 kcalmol~!. The calculated
activation energy of 5.8 kcalmol~! for the transformation of
2a to 2b makes the direct reaction path from 1 to 2b and the
indirect path via 2a equally favourable from a kinetic point of
view.

The H, addition to 2a and 2b leading to 3a and 3c,
respectively, takes place without activation barrier. In this
way, the unstable, coordinatively unsaturated formyl com-
plexes 2a and 2b can immediately be trapped. The calculated
activation energies also explain why the formation of
unsaturated formyl complexes by hydride migration from
hydridocarbonyl complexes could not be observed experi-
mentally: The back-reaction to the hydridocarbonyl species as
well as the stabilizing addition of further ligands is not
associated with any substantial kinetic barrier. The formyl
complexes should thus be only transient species in the
reaction mixture. Possibly, an early approach of the H,
molecule can support the hydride migration leading to the
formyl group, and the complexes 2a and 2b do not have to be
formed explicitly. This might lower the energy demand of the
first step of the reaction.

In the following two slightly exothermic steps the H, ligand
is first attracted (3¢ —3b) and subsequently oxidatively added
to the Rh centre (3b—4a). Both steps have only a small
activation energy of 1.9 and 2.7 kcalmol~!, respectively. The
transition-state searches thus show that the thermodynami-
cally most favourable [(HCO)Rh(CO);H,] isomer 4a is also
kinetically easily accessible, confirming the reaction sequence
as discussed in section 2.

No reaction path for the direct formation of Sa from 4a was
found on the potential energy surface. Could the thermody-
namically unfavourable hydroxycarbene complexes 6a and
6b thus nevertheless play a role in the catalytic mechanism for
kinetic reasons? The answer is clearly: No! The activation
barrier for the formation of 6a or 6b from 4a is very high
(33.8 kcalmol™!), while the indirect formation of 5a by
dissociation of formaldehyde from 4a and subsequent addi-
tion of the CH,0O molecule to the formed [HRh(CO);]
complex 9a requires an overall activation energy of only
8.6 kcalmol~!. The hydroxycarbene route can thus also be
excluded from a kinetic point of view.

The formaldehyde complex Sa can transform to the
hydroxymethyl complex 7a or to the methoxy complex 8a.
The activation barriers for the competing reactions are very
similar (17.6 and 20.6 kcalmol~!, respectively). The hydrox-
ymethyl complex should thus be slightly favoured under
thermodynamic as well as kinetic conditions. But the ener-
getic difference is so small that both intermediates can be
present in the reaction mixture. This is in agreement with the
experimental observations: Usually both higher alcohols and
methyl esters/methyl ethers are found in the product spec-
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trum,? but the main products ethylene glycol, glycolaldehyde
and methanol carry a CH,OH functionality that can be traced
back to the hydroxymethyl intermediate.

Formaldehyde can be set free in the reaction course either
from the formaldehyde complex Sa or directly from the
formyl complex 4a. Although the dissociation from 5a takes
place without a barrier, the formation from 4a remains more
favourable even under kinetic conditions, because the corre-
sponding activation barrier of 8.6 kcalmol~! lies under the
dissociation energy of 15.4 kcalmol~! from 5a. The forming
planar complex 9a can either add CO and reconstitute the
active catalyst 1 or add CH,O and (re)build the intermediate
5a. Kinetic aspects should play no role, since both reactions
require no activation energy. Thermodynamically the CO
addition is clearly favoured (—31.2 vs. —15.4 kcalmol™).
Nevertheless, formaldehyde is often postulated as an inter-
mediate, but rarely isolated as a product. The thermodynamic
effects are thus probably overcompensated by competing
influences. Presumably, the local concentration of CH,O near
the reaction centre is enhanced, because the dissociated
formaldehyde molecule is not fully removed from the
rhodium due to solvent effects. These effects will be further
discussed in the following.

Figure 5 shows the complete reaction profile of the most
favourable reaction pathway for the [HRh(CO),]-catalyzed
hydrogenation of CO. Although all theoretically reasonable

TS9a

(+CH,0)

5 - Ta

reaction coordinate

Figure 5. The calculated reaction profile (MP2/II) of the most energeti-
cally favoured reaction pathway for the [HRh(CO),]-catalyzed hydro-
genation of CO.

structures were taken into account in the geometry optimi-
zations—not just those which fit well into the mechanism
anyway—a rather simple and very smooth profile is obtained,
without thermodynamic traps or insurmountable barriers.
This presents a strong confirmation of the postulated mech-
anism. The first step of the catalysis, the formation of the
formyl complex [(HCO)Rh(CO);] from the starting catalyst
[HRh(CO),], is the rate-determining step of the whole
reaction and thus responsible for the requirement of high
temperature and pressure. This result is in agreement with the
experimental observation that added CH,O is immediately
reduced or hydroformylated under the conditions of the
catalysis, which means that the rate-determining step of the
CO hydrogenation must be passed through before a form-
aldehyde complex is formed.[* % The energy that is required
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for the catalysis must thus be provided right at the beginning
of the reaction; it is slowly set free in the following slightly
exothermic steps.[*)

Of course, the presented calculations refer to reactions in
the gas phase in the limit of perfect dilution. A consideration
of solvent effects would generally lead to a stabilization of the
coordinatively unsaturated intermediates, while the coordi-
natively saturated complexes would be less influenced. The
assessment of solvent effects is rather difficult, because on the
one hand a great variety of different solvents is used in
practice, among those also very weakly coordinating hydro-
carbons, and on the other hand several additives like
phosphines and nitrogen bases are employed which can also
stabilize the unsaturated intermediates by coordination.

The solvent used could have a substantial influence on the
rate-determining step of the catalysis. The unsaturated formyl
complex [ (HCO)Rh(CO);] (2) should be largely stabilized by
solvent coordination, and its formation that is rate-determin-
ing in the gas phase could thus be facilitated in solution. On
the other hand, the calculations yielded a stabilization energy
of only 3 kcalmol~! for the addition of H, to the formyl
intermediate. If the stabilization of 2 by the solvent is large
enough, the displacement of a solvent molecule by the H,
molecule could thus become the rate-determining step and
the dihydrogen complex 3 could become the bottleneck of the
reaction.

Another reaction step that can be strongly influenced by
solvent effects is the indirect formation of the formaldehyde
complex Sa by CH,O dissociation from the formyl complex
4a and subsequent recoordination of the formaldehyde
molecule. In solution this step is probably facilitated, because
the dissociating CH,0O molecule does not leave the solvent
cage around the rhodium complex. In this way, the unstable
intermediate [HRh(CO);] (9a) does not have to be formed,
but a reaction path between direct and indirect formation of
5a can be followed.

The very high barriers for the formation of the coordina-
tively unsaturated complexes 7a and 8a should also be
lowered by solvent effects. The effect is probably somewhat
larger for 7a, because it has a preformed empty coordination
site in the trigonal bipyramidal structure, while 8a has to give
up its planar geometry when a solvent molecule is added.
Overall, the calculated reaction profile should thus become
even smoother under the influence of solvents, because the
energy required for the formation of coordinatively unsatu-
rated species can be reduced.

Summary and Conclusions

In the present work the mechanism of the [HRh(CO),]-
catalyzed hydrogenation of carbon monoxide has been
studied with the help of systematic ab initio quantum-
chemical calculations at the MP2 level of theory. From the
available experimental data a proposal for the catalytic
mechanism was derived that takes into account the most
important intermediates and reaction steps discussed in the
literature. Even though the catalytic cycle is not closed yet in
the proposed mechanism, the discussion of two reaction
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channels leading to higher alcohols and methoxy products,
respectively, allows a theoretical assessment of the product
spectrum of the reaction.

In the first part of the investigation, for each postulated
intermediate all the stable conformations were determined
and characterized as minima on the potential energy surface
by calculation of the energy Hessian. In the geometry
optimizations all theoretically reasonable structures were
taken into account, and not just those which fit well into the
proposed mechanism. Thus, up to 32 starting structures per
intermediate had to be considered. Nevertheless, the number
of energy minima found was not too large, and in most cases
one isomer is clearly the most stable. For the starting catalyst
[HRh(CO),] (1) a C;,-symmetrical minimum geometry was
calculated, in agreement with the results of IR-spectroscopic
studies. For the remaining complexes no experimental data
are available, but the calculated structures are chemically very
plausible and agree well with the geometries of related
complexes.

In the second part of the work, the calculated energy-
minimum structures were integrated into the catalytic mech-
anism. It was found that the most stable isomers of each
intermediate are well-matched structurally and that a rather
simple and smooth reaction profile results. The calculation of
the transition states for the individual reaction steps also
yielded only moderate activation barriers. Overall, the
calculations thus present a very strong confirmation for the
initially proposed mechanism of the catalysis. To our knowl-
edge, this is the first example of such a systematic and
unbiased treatment of an organometallic reaction mechanism
of this size. However, the presented results confirm the value
and even the necessity of this approach.

The calculated reaction mechanism is summarized in
Figure 3. The most favourable reaction pathway (Figure 5)
starts with the C;,-symmetrical active catalyst [HRh(CO),] (1)
that can transform to the formyl complex 2a by hydride
migration to one of the equatorial carbonyl groups. The
reaction is strongly endothermic (+28.2 kcalmol!), but only
a small additional barrier of 0.2 kcalmol™! has to be sur-
mounted. Structure 2a can isomerize to the u?-formyl com-
plex 2b, which can also be formed directly from the starting
catalyst 1 with similar energy demand. The subsequent H,
addition to the equatorial empty coordination site of 2b takes
place without activation energy, but it is only slightly
exothermic (—3.3 kcalmol™!). Initially the nonclassical di-
hydrogen complex 3¢ is formed. In the next two slightly
exothermic steps, the H, ligand is first further attracted to the
rhodium centre by rotation of the formyl group (3b), and
eventually it is oxidatively added yielding the classical
dihydrido complex 4a.

A hydroxycarbene intermediate, frequently discussed in the
literature, can be excluded according to our calculations for
thermodynamic and kinetic reasons. The competing forma-
tion of the side-on formaldehyde complex Sa is clearly
favoured. However, Sa cannot be directly obtained from the
formyl complex 4a, but only by endothermic dissociation of
the CH,O ligand (+4.9 kcalmol™") and subsequent barrier-
free, strongly exothermic recoordination of the formaldehyde
molecule to the planar [HRh(CO);] complex 9a. In 5a the
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hydrogen atom can migrate to the formaldehyde oxygen
atom, leading to the hydroxymethyl complex 7a, which can
now react to higher alcohols and their derivatives by further
addition of H, or CO. The H migration is slightly exothermic
(—3.4 kcalmol ™), but has a rather large activation barrier of
17.6 kcalmol~. The alternative formation of the planar
methoxy complex 8a from the formaldehyde intermediate
5a is thermodynamically and kinetically only slightly less
favourable, so that the observation of methoxy compounds in
the product spectrum of the reaction can also be understood.

Overall, a surprisingly simple and rather smooth reaction
profile is obtained. The first step of the catalysis, the
formation of the formyl complex [(HCO)Rh(CO);] from
the active catalyst [HRh(CO),], is also the rate-determining
step of the reaction. It should thus be the reason for the high
temperatures and pressures that are necessary in the technical
applications. The next question to answer is how this first step
might be facilitated, for example by a variation of the ligands.
This problem can also be tackled by theoretical methods that
investigate the influence of various ligands on the reaction
energy and activation barrier of the hydride migration. Work
on this as well as on the problem of solvent effects is under
way in our group. In the foreseeable future, the rapid progress
in method development and computer technology should also
permit a further investigation of the next steps of the catalytic
mechanism, so that the competing reactions for the building
of C, products can be compared and eventually the catalytic
cycle can be closed.

Supporting information for this paper is available on the WWW under
www/wiley-vch.de/home/chemistry, or directly from the author.
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Abstract: Reaction of the dilithium pyr-
idine-2,3-diamide 1a-Li, with SiCl, and
subsequent reduction of the resulting 2a
with potassium or direct ring closure
with GeCl,-dioxane or SnCl, gave the
stable carbene homologues 1,3-dineo-
pentylpyrido[b]-1,3,242-diazasilole (3a),
-germole (4a) and -stannole (5a). Sim-
ilarly, the dilithium pyridine-3,4-diamide
1b-Li, and SiCl, furnished the pyrido[c]-
1,3,2/%-diazasilole (2b). However, at-

as the analogous germylene and stanny-
lene failed. Ab initio quantum chemical
studies of model compounds IIla, IIIb
and benzo-1,3,24>-diazasilole (Ill¢) re-
veal a comparable thermodynamic sta-
bilization. Unexpected similarities of

Keywords: ab initio calculations -
carbene homologues - heterocycles
- photoelectron spectroscopy -
silanediyl

benzo and pyrido[b] derivatives and
lower kinetic stability of carbene homo-
logues of the pyrido[c]-type (b) corre-
late with high symmetry of the HOMO n
charge densities in the former (IIla has a
nodal plane through the N-atom) and
with unsymmetrical charge distribution
in IITb. All compounds are structurally
characterized by NMR and MS, the
carbene homologues also by UV and
3a by photoelectron spectroscopy.

tempts to obtain the silylene 3b as well

Introduction

Like carbenes,[!) most silylenes (silanediyls) are highly reac-
tive, short-lived intermediates which are detected by spectro-
scopic methods or trapping reactions.)’ A few isolable
representatives with higher coordination number were de-
scribed recently.P! Furthermore, silylenes can be considerably
stabilized by (p—p)m bonding in amino-, alkoxy-, or mercap-
tosilylenes and especially in diaminosilylenes.[l Nevertheless,
noncyclic derivatives are very reactive and have not yet been
isolated under normal conditions, but have been detected by
either matrix techniques or trapping reactions.’) A much
more effective stabilization occurs in cyclic and, substantially
stronger, in cyclodelocalized Hiickel-aromatic diaminocar-
benes and their heavier homologues. The first isolated
compound of the latter type, a benzo-1,3,24?>-diazagermole, [
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was described in 1989, followed by the Arduengo carbene,’]
an analogous diazagermole,® and the first dicoordinate stable
silylenes 1,3-di-rertbutyl-1,3,24-diazasilole”! and 1,3-di-neo-
pentyl-1,3,2A>-benzodiazasilole.l'! Stabilization by it bonding
is largest for carbon,[™ whereas the higher carbene homo-
logues benefit increasingly from the growing s character of the
lone pair of electrons of the Group-14 element, thus giving
rise to stable acyclic diaminostannylenes.'! Silylenes seem to
be the least favored species of this group and stabilizing
factors such as the symmetry in the known derivatives might
be crucial. Stable unsymmetric nucleophilic carbenes were
reported recently.'?! In this work we describe the first isolable
silylene with an unsymmetrical basis structure,['¥ the analo-
gous germylene, and the stannylene. Quantum-chemical
investigations comparing the stable pyrido[b]- with unstable
pyrido[c]-1,3,2-diazasilole illuminate the importance of a
symmetrical charge density in the frontier orbitals (FOs) for
the persistence of molecules at the border of stability.

Results

Reaction of N,N'-dineopentyl-2,3-diaminopyridine (1a) with
two equivalents of butyllithium and subsequently with SiCl,
gave the cyclic diaminodichlorosilane (2a), which under mild
conditions in THF was reduced with two equivalents of
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potassium to give 1,3-dineopentylpyrido[b]-1,3,24>-diazasilole
(3a) (Scheme 1). Crude yields of about 50% (NMR) were
reproducible. However, work-up by sublimation at 100-—
115°C/107° Torr caused formation of polymer products and
lowered the yield of 3a to about 4-6%.

A~ sicl, N 2K(THF) A~ Ny
v bl — L M sic —— [ s
%7 ONL Sx” N Y=y N/

|\/\ 3

1-Li, 2
a: (x=N,y=CH)
b: (x=CH,y=N)

Scheme 1. The formation of 2 and 3.

Purification by extraction or chromatography was not
successful. Despite the reduced electrophilicity (see below)
3a is very sensitive towards OH groups. Traces of water or
alcohols underwent immediate oxidative addition yielding the
corresponding hydridosilicon(1v) compounds. Excess hydroxy
compounds caused cleavage of the Si—N bonds and recovery
of 1a. However, in absence of air and moisture the pure
silylene may be stored for months. Also a solution of 3a in
C¢D¢ remained nearly unchanged during two months at room
temperature and exposure to sunlight.

Repeated attempts to synthesize the isomeric silylene 1,3-
dineopentylpyrido[c]-1,3,24%-diazasilole (3b) in an analogous
manner failed. Dilithiation of N,N'-dineopentyl-3,4-diamino-
pyridine (1b) with two equivalents of nBuLi and cyclization
with SiCl, gave 2,2-dichloro-1,3-dineopentylpyrido[c]-1,3,2-
diazasilole (2b) in moderate yield, but the subsequent
reduction with potassium in THF provided a mixture in
which no silylene could be detected by means of NMR. To see

Abstract in German: Die Umsetzung des Dilithium-pyridin-
2,3-diamids 1 a-Li, mit SiCl, und Reduktion des entstehenden
2 a mit Kalium oder der direkte Ringschluf3 mit GeCl,- Dioxan
oder SnCl, fiihrte zu den stabilen Carbenhomologen 1,3-
Dineopentylpyrido[b]-1,3,22*-diazasilol (3a), -germol (4a)
bzw. -stannol (5a). Dilithium-pyridin-3,4-diamid 1b-Li, und
SiCl, reagierten zu Pyrido[c]-1,3,2A*diazasilol (2b). Die
Reduktion zum Pyrido[c]—annellierten 1,3,2A*-Diazasilol 3 b
sowie Versuche zur Darstellung analoger Germylene und
Stannylene gelangen dagegen nicht. Ab-initio-Studien der
Modellverbindungen Il a, III b und des Benzo-1,3,2A*-diaza-
silols (IIlc) zeigten eine vergleichbare thermodynamische
Stabilisierung. Unerwartete Ahnlichkeiten der Benzo- und
Pyrido[b]-derivate und die geringere kinetische Stabilitit der
Carbenhomologen des Pyrido[c]-typs b korrelieren mit héher-
er Symmetrie der HOM O-m-Ladungsdichteverteilung ersterer
(in IIla Knotenebene durch das N-Atom) und mit einer
unsymmetrischen w-Ladungsdichte im HOMO von IIIb. Alle
Verbindungen wurden durch NMR- und Massenspektroskopie,
die Carbenhomologen auch durch UV- und 3a durch PE-
Spektroskopie charakterisiert.
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whether this is a consequence of a preferred reduction of the
diaminopyridine ring system or of a lower stability of 3b, we
investigated the reactions of 1a and 1b with GeCl, - dioxane
and with SnCl,. The higher homologues of 3a, the yellow
germylene 4a and the orange
stannylene Sa, could be syn-
thesized in good yields (80 % in
crude products) in this way. & ™\ Z
Again sublimation caused, but Ay
to a lesser extent, formation of l\/\
nonvolatile components and 4a Sa
decreased the yields of 4a
(23%) and 5a (50%). Analo-
gous reactions of 1b with GeCl,-dioxane and with SnCl,,
however, did not give the pyrido[c]-1,3,24%-germole or
-stannole derivatives. This indicates a much lower tendency
of formation or stability compared with the pyrido[b] isomers.
3a and 4a are easily soluble in C¢Dg, ether, and even
saturated hydrocarbons. 2?Si NMR chemical shifts of 3a in
C¢Dy and [Dg]THF are similar. This and the monomeric
nature of the Lewis-basic carbene homologues 3a and 4a
indicate a strongly reduced electrophilicity of the divalent
elements and a lower tendency to form Lewis-base complexes.
The stannylene Sa is only slightly soluble in benzene, but
soluble in THF and in pyridine. The very different '"°Sn
chemical shifts in C4Dg (0 =242) and in [Dg]THF (0 =100.5)
indicate that the stannylene has a much higher tendency to
form complexes with Lewis bases and, thus, differs consid-
erably from the silylene and germylene. It should be
mentioned that benzo-1,3,24%-diazastannole!'*! exhibits similar
properties although it does not contain the third Lewis-basic
nitrogen atom. An X-ray structural investigation reveals a
distance between Sn'! and the aryl plane that is significantly
shorter than the van der Waals distance which accounts for
intermolecular m complexation and thus the low solubility.
Nevertheless, monomers are formed in equilibrium, as
indicated by the residual solubility and the possibility of
subliming Sa.

The structures of all the compounds were elucidated by
NMR (Table 1) and MS investigations. A typical feature of
the carbene homologues 3a—5a is the strongly deshielded
NCH, protons compared with 2a (Ad > 0.4); this is consistent
with a ring current effect and a cyclodelocalized electronic
system. The slight low-field shift with increasing size of the
group-14 heteroatom indicates an additional core influence.
The inclusion in the delocalized m-system of the lone pairs of
electrons on nitrogen in the five-membered rings is shown for
4a by a strong “N downfield shift of Ad ~ 100 compared with
the signals of 1a and 2a. The »Si and "*Sn nuclei of 3a and 5a
(in C¢Dg 6(*¥Si)=95.1 and 6('“Sn) =242) are also strongly
but much less deshielded than the nonaromatic five-mem-
bered cyclic diaminosilylene of West and Denk (6(*Si) =
119)F"1 and nonaromatic diaminostannylenes (6(''°Sn) in the
range 700—800).M"1 This accounts for markedly increased
charge densities at Si'! and Sn! by delocalized & systems in
3a-Sa.

Despite the m-deficient character of the pyridine compared
with the benzene ring, the #Si or 1'Sn chemical shifts of 3a or
Sa are close to those of benzo-1,3,24%-diazasilole and the

\Z

Z
21
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Table 1. 'H and *C NMR data of 1a, 2a and the carbene homologues 3a, 4a, Sa.

1a (CD,) 1a ([D4JTHF) 2a (CiDy) 3a (C.Dy) 4a (C,D) 5a (C,Dy) 5a ([Dg]THF)
CCH, 0.83,0.93 (2s) 0.92,1.01 (2s) 0.86,1.10 (2s)  0.81, 1.03 (2s) 0.80,1.01 (2s)  0.81,1.01 (2s)  0.95,0.99 (2s)
NCH, 248 (d),3.48(d) 2.83(d),34l 302,371 (2s) 3.40,4.15 (25) 357,436 (2s)  3.69,4.52 (25, br) 3.70,4.08 (2s, satellite!])

(Jun=65,62Hz) (Jun="6.5 Hz)
NH: 429 (brt) ~ NH: 4.8 (brt)

H6  8.08 (dd) 753 (d) 7.81 (dd) 8.15 (dd) 8.21 (dd) 8.16 (br.) 737 (dd)
(J=47,19Hz) (J~5 Hz) (J=5.1,15Hz) (J=48,1.5Hz) (J=47,1.5 Hz) (J=48, 1.4 Hz)

H5 656 (dd) 637 (dd) 6.47 (dd) 6.65 (dd) 6.69 (dd) 6.68 (br.) 6.29 (dd)
(Jca.75,47Hz) (J~8,5Hz) (J=77,51Hz) (J=78,4.8Hz) (J=179,4.7 Hz) (J=48,7.8 Hz)

H4 658 (dd) 6.73 (d) 6.58 (dd) 6.87 (dd) 6.94 (dd) 6.93 (brd) 6.72 (dd)
(J~75,19Hz) (J~8Hz) (J=77,15Hz) (J=178,1.5Hz) (J=79,15Hz) (J=7.8Hz) (J=178, 1.4 Hz)

CMe, 276,217 29.3,29.5 28.5 (q), 28.6 (q)! 284,285 28.59, 28.63 28.90, 28.96

CMe, 313,318 33.9,34.2 32.9 (m), 332 (m) 32.6,32.9 32.5,32.9 334,342

NCH, 529,563 54.0, 56.1 52.9 (1), 55.3 (1)l 54.4,57.0 55.9,58.8 55.7,59.1

c2 1519 151.4 152.7 (=) 153.9 1574 158.7

c6 1388 137.6 137.8 (ddd, 177, 7.0, 3.0 Hz) 137.3 135.8 1334

cs 1135 115.6 113.7 (ddd, 163, 9.2, 1.7 Hz) 113.0 111.9 1105

c4 1186 115.6 115.3 (dd, 160, 7.5 Hz) 1148 1146 1122

c3 1318 134.6 134.4 (d, 7 Hz) 136.1 140.0 140.9

[a] Signals are broadened. [b] Superimposed on solvent signal. [c] 3/(1"”'VSn'H) =16.4 (br), 17.7 Hz (br). [d] J(CH) =123 Hz. [e] J(CH) =136, 135 Hz.

analogous stannylene 6&(*Si)=96.9" and &('°Sn) =269
(C¢Dg), ™ respectively. Also the UV/Vis spectra of pyrido[b]
and benzo analogues are very similar. To understand the
similarities between the unsymmetrical pyrido[b]- and sym-
metrical benzo-derivatives and why the isomeric pyrido[c]-
1,3,24%-diazasilole, -germole and -stannole could not be
prepared by analogous procedures, ab initio quantum chem-
ical calculations with model compounds pyrido[b]- (Illa),
pyrido[c]- (IIIb) and benzo-1,3,24%-diazasilole (IlIc¢) were
carried out with the isodesmic equation shown in Scheme 2.

N

H H MO IP 1796

N N € 8.46
= =\ -\ “
m_ Si: + CHp=CH; —» [ Si; + @
g N/ N/ \a

H H

Hlaia=N,b=CH

IMib:a=CH, b=N d - (@=CHN

HIc: a=b=CH
Scheme 2. Reaction scheme used in the ab initio calculations. MO(ng) IP 8.5 8.9\;87
e 961 9.63 9.73
The differences in energy were < 1kcalmol! for Illa and P 9.67 10.08
Il ¢ and 4.86 kcalmol ~! for IIIb and Il ¢ (MP2/6-31G* level MO(ny) ¢ - 1132 11.08
of theory); IIla is thermodynamically more stable than IIIb MO(m) 12.08 12.47 12.56
by 3.8 kcalmol-!. This value is small mainly due to the Figure 1. Charge density distribution in the three highest occupied MOs of

benzo-, pyrido[b]- and pyrido[c]-1,3,24%diazasilole, calculated orbital

different relative position of the nitrogen atoms (2,3- energies (¢) and and experimental ionization potentials (in [eV]).

(H,N),C;H;N is more stable by 3.76 kcalmol~! than 3,4-
(H,N),CsH;N), and does not explain the large difference in
the reactivity.

These results suggest that pyrido[c] isomers could not be reinforces this trend. Only the HOMO-2, representing the
isolated for kinetic reasons. This is supported by the calcu- lone pair of electrons on silicon, is similar to the respective
lated charge-density distribution in the highest occupied MOs MOs of Illa and Ille. Taking into account the effects of N-
(Figure 1). The HOMO of Il a is very similar to that of Illc alkylation, the calculated orbital energies correlate well with

and exhibits an almost symmetrical ; charge distribution the ionization potentials determined by photoelectron spec-
around a nodal plane through the pyrido nitrogen atom, troscopy of 3a (Figure 2). The assignments are based on
whereas the HOMO of IIIb is a very unsymmetrical st orbital Koopman’s theorem™! and are in good accordance with the
and results in a much higher reactivity. The lower charge previous results on 1,3-dineopentylbenzo-1,3,24>-diazasi-

symmetry in the HOMO-1 of IIIb with respect to Illa lole.['S]
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Figure 2. Photoelectron spectrum of 3a.

Conclusions

The preparation and some features of an unsymmetrical
isolable silylene, pyrido[b]-1,3,24%-diazasilole (3a), and the
corresponding germylene and stannylene are described.
Analogous syntheses of the pyrido[c] isomers were unsuc-
cessful although ab initio quantum-chemical calculations
show similar thermodynamic stabilization of model com-
pounds of both isomers. The difference may be explained by
the high symmetry of the m-charge density in the HOMO of
3a around a nodal plane through the nitrogen atom and a low
n-charge symmetry in the HOMO of 3b. This strongly
diminishes the reactivity of 3a which has similarities with
benzo-1,3,24%-diazasilole. Thus, it may be concluded that
electronically unsymmetrical silylenes, even those fitting the
Hiickel rule, are usually highly reactive species which can
hardly be isolated. Less reactive, isolable unsymmetrical
silylenes will be restricted to compounds in which the highest
occupied MOs possess a highly symmetrical charge-density
distribution. Unsymmetrical carbenes or stannylenes have a
better chance of stability as a result of stronger (p—p)sx bonds
in the former and the higher s character and tendency to form
complexes of the latter. Nevertheless, the symmetry of charge
distribution in the frontier orbitals may remain a critical point.

Experimental Section

General Procedures: All operations were carried out under an argon
atmosphere and in carefully dried and freshly distilled solvents. GeCl, -
dioxane was prepared according to ref. [17]. NMR data were recorded on a
multinuclear FT-NMR spectrometer ARX 300 (Bruker) at 300.1 (‘H), 75.5
(C) and 59.6 MHz (*Si) with tetramethylsilane as reference. YN
chemical shifts were referenced to CH;NO, (external, capillary). The
assignments were ascertained by 135-DEPT spectra and proton-coupled
spectra of 4a; assignment numbers of H and C atoms refer to the position in
the pyridine ring. Mass spectra (EI, 70 eV) were measured on a single
focussing sector-field mass spectrometer AMD40 (Intectra), UV spectra
on Lambda 19 (Perkin—Elmer) and photoelectron spectra of 3a with an
instrument described earlier!” at He' resonance lines. For calibration
nitrogen, methyl iodide, and the He peak were used as internal standards.

The quantum chemical calculations were performed with the GAUSSIAN
94 package;!"! for further details see ref. [16]. The geometries of the model
compounds IIIa-d included in the isodesmic Scheme 2 were optimized by
means of the MP2/6-31G* level of theory. All the stationary points were
checked by second derivative calculations. The calculated bond lengths (A)
and angles (°) are given in Table 2. The calculated orbital energies and
experimental ionization potentials (in eV) are given in Figure 1.
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Table 2. Calculated bond lengths and angles for Illa-d.

C(N)-C(N) (A) C-N(A) N-Si (A) N-Si-N (°)
Ila 1.414 1.381/1.385  1.777/1.766  86.2
IIb 1.409 1.385/1.387  1.774/1.768  86.1
Ilc 1.412 1.389 1.768 85.8
md 1.364 1.385 1.775 84.7

N,N'-dineopentyl-2,3-diaminopyridine (1a):

a) CsH;N-2,3-(NHCOCMe;),: tBuCOCI (58.8 g, 60 mL, 0.488 mol) was
added dropwise with stirring to a cooled (ca. 10°C) mixture of 2,3-
diaminopyridine (25 g, 0.229 mol) and NEt; (48.9 g, 67 mL, 0.483 mol) in
dry ether (150 mL). After 3 days the ether was evaporated; the residue was
treated with water, filtered, and thoroughly washed with water. The brown
solid was dried in vacuum over P,O, to yield slightly contaminated diamide
(58.2 g, 0.210 mol, 91.7%). Recrystallization from ether gave colorless
crystals soluble in CHCl; and CH;OH. M.p.: 131-133°C; 'H NMR
(CDClL): 6=1.28 (s, 9H, CH3;), 1.37 (s, 9H, CH,), 8.38 (brs, 1H, NH), 9.21
(brs, 1H, NH), 723 (dd, 3J,;=8.1 Hz, 3Jsc,=4.7 Hz, 1H, HS), 8.13 (dd,
3]ss=4.7Hz, J,,=1.6 Hz, 1H, H6), 8.26 (dd, 3J,;5=8.1 Hz, *J,,=1.6 Hz,
1H, H4); MS (70 eV): m/z (%) =277 (14) [M*], 220 (100) [M* — rBu], 136
(98) [M* —21Bu— CO], 57 (97) [1Bu']; C;sHy;N;0, (277.4): caled C 64.96,
H 8.36, N 15.15; found C 64.21, H 8.46, N 15.09.

b) CsH;N-2,3-(NHCH,CMe;), (1a): CsH;N-2,3-(NHCOCMe;), (8.8¢,
31.8 mmol) was added in small portions to a stirred suspension of LiAIH,
(3.0 g, 79 mmol) in ether (100 mL). The mixture was allowed to react at
room temperature for 1 week. Then it was cooled (0—10°C) and cautiously
hydrolyzed. AI(OH); was filtered off, the solution dried with Na,SO,, and
the solvent slowly evaporated. Solid, slightly yellow diamine 1a (7.0 g,
28.1 mmol, 88 %) was obtained. For further purification this was distilled
(b.p.: 102-103 °C/0.05 Torr) or sublimed at 90 °C/0.01 Torr, m.p. 96-98°C.
(1a becomes brown upon contact with air.) '"H NMR (CDCl;): 6 =1.02 (s,
9H, CHs;), 1.04 (s, 9H, CH;), 2.79 (d, /=4.1 Hz, 2H, 3-NCH,), 2.87 (brt,
1H, NH), 3.25 (d, J=5.9 Hz, 2H, 2-NCH,), 4.27 (brt, 1H, NH), 6.56 (dd,
J=175,5.1Hz, 1H, HS), 6.80 (dd, °J,s="7.5 Hz, “J,s=1.5 Hz, 1H, H4), 771
(dd, 3Js6=5.1 Hz, *J,6=1.5 Hz, 1H, H6); *C NMR (CDCl,): 6 =276, 27.7
(CMe;), 31.3, 31.4 (CMe;), 52.9, 56.2 (NCH,), 113.2 (CHS), 117.8 (CH4),
131.9 (C.3), 137.6 (CHS6), 151.2 (C;2); 'H and *C NMR data in C¢D; see
Table 1; "N NMR (C4D4, CH;NO, cap.): d=—330.7 (NCH,), —312.8
(NCH,), —116.8 (pyrido-N); MS (70 eV); m/z (%)=249.6 (16) [M*],
1924 (100) [M*—1Bu], 122.2 (33) [CsH3N-2,3-(NH),CH*]; C;sHy;N;
(249.4): caled C 72.24, H 10.91, N 16.85; found C 72.04, H 11.13, N 16.50.
N,N'-dineopentyl-3,4-diaminopyridine (1b):

a) CsH;N-3,4-(NHCOCMe;),: 3,4-Diaminopyridine (10.0 g, 91.6 mmol)
was suspended in dry ether (100 mL) and NEt; (19.7 g, 27 mL, 195 mmol)
and rBuCOCI (23.5 g, 24 mL, 195 mmol) were added dropwise at about
10°C. After stirring for 5 d, the suspension was filtered, and the precipitate
washed with ether and then with water. The residue was dried in vacuum
over P,0, yielding the diamide (21.8 g, 78.6 mmol, 85.8%), m.p. 165-
168°C. It was soluble in CHCl; and MeOH, moderately soluble in THF
and insoluble in ether or water. 'H NMR (CDCl;): 6 =1.28 (s, 9H, CHj),
1.35 (s, 9H, CHj;), 8.16 (brs, 1H, NH), 8.7 (brs, 1H, NH), 7.70 (d, */ss=
5.6 Hz, 1H, H5), 8.34 (s, 1H, H2), 8.35 (d, *J5s = 5.6 Hz, 1 H, H6); *C NMR
(CDCl): 6 =274, 27.6 (CMe;), 39.5, 39.8 (CMe;), 118.5 (CHS), 125.7 (C,3),
139.6 (C44), 147.3, 147.4 (CH2/CHS), 178.3, 179.5 (C=0); MS (70 eV): m/z
(%)=277 (18) [M*], 220 (29) [M*—1Bu], 86 (99), 57 (100) [Bu'];
C;sH,;;N;0, (277.37): caled C 64.91, H 836, N 15.15; found C 64.83,
H 8.33, N 15.18.

b) CsH;N-3,4-(NHCH,CMe;), (1b): CsH3;N-34-(NHCOCMe;), (8.75 g,
31.5 mmol) was added in small portions to a stirred and cooled (10°C)
suspension of LiAlIH, (3.0 g, 79 mmol) in THF (150 mL). After stirring
overnight it was refluxed for 8 h, hydrolyzed, and washed with ether. The
solution was dried over Na,SO,, the solvent evaporated, and the remaining
solid sublimed at 123°C/0.01 Torr to give colorless crystals of 1b (4.0 g,
16.0 mmol, 51 %), m.p. 125-127°C, soluble in CHCl;. 'H NMR (CDCl;):
0=102 (s, 9H, CH,), 1.04 (s, 9H, CH,), 2.78 (d, J=6.9 Hz, 2H, 3-NCH,),
2.66 (brt,J=6.9 Hz, 1H,NH), 2.91 (d,/=5.9 Hz, 2H, 4-NCH,), 4.55 (brt,
1H, NH), 6.46 (d, */ss=5.4 Hz, 1H, H5), 7.89 (s, 1H, H1), 798 (d, 3/56 = 5.4,
1H, H6); BC NMR (CDCL): 6 =276, 27.7 (CMe;), 31.6, 31.9 (CMe3), 54.4,
58.0 (NCH,), 104.3 (CHY), 131.4 (C.3), 137.3 (CH2), 144.4 (CH6), 146.9
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(CA); MS (70 eV): m/z (%) =249.5 (55) [M'],193.1 (92) [M* — (Bu], 122.9
(100) [CsH;3N-3,4-(NH),CH*]; C;sHy;N; (249.40): caled C 72.24, H 10.91;
found C 72.17, H 10.88.

2,2-Dichloro-1,3-dineopentylpyrido[ b]-1,2-dihydro-1,3,2-diazasilole (2a):
1a (12.5 g, 48.7 mmol) was dissolved in benzene (200 mL) and metalated
at 15°C with two equivalents of nBuLi (69.0 mL 1.45wm, 100 mmol) to give a
red-brown solution. After 30 min, SiCl, (6.0 mL, 8.9 g, 52.4 mmol) was
added dropwise. The color changed to green and after about 2 h back to
brown. The suspension was stirred for 5 days, filtered, the solvent removed,
and the residue distilled to give a yellow-orange viscous oil of 2a (10.0 g,
28.9 mmol, 59 %), b.p. 97 - 104 °C/0.01 Torr, soluble in C;Hy, CHCl,. 'H and
3C NMR see Table 1; "N NMR (C¢D,, CH;NO, cap.): 6 =—309.2 (NCH,),
—294.5 (NCH,), —116.4 (pyrido-N); ?Si NMR (C,Dy): 6 =—24.0; MS (EI
70 eV, selected data for 3°Cl,): m/z (%) =345 (24) [M*], 288 (100) [M* —
tBu], 232 (22) [M* —57 —56], 218 (41) [CsH;N-2,3-N,CHSIiClJ], 36 (55)
[HCI*]; (no peak for M+ — Cl,); C;sH,sCL,N;Si (346.4): caled C 52.01, H7.27,
N 12.13; found C 52.93, H 7.82, N 12.62.
2,2-Dichloro-1,3-dineopentyl-pyrido[ c]-1,2-dihydro-1,3,2-diazasilole (2b):
1b (6.5 g, 26.1 mmol) was dilithiated in benzene (100 mL) with nBuLi
(40 mL 1.35™ in n-hexane, 54 mmol). After 30 min, SiCl, (3.5 mL, 5.2 g,
30.5 mmol) was added dropwise to the yellow suspension. The diamide
dissolved, but after about 15 min a new precipitate was formed. The
mixture was refluxed for 3 h, filtered after 2 d at RT and washed, the
solvent was removed, and the remainder distilled at 120-125°C/0.01 Torr
to give a pale-yellow oil of 2b (2.0 g, 5.8 mmol, 22 %), soluble in CHCl;,
THE, slightly soluble in benzene, which then slowly solidified. 'H NMR
(CDClL): 6=1.09 (s, 9H, CH,), 1.10 (s, 9H, CH;), 3.34 (s, 2H, NCH,), 3.42
(s, 2H, NCH,), 6.98 (d, 3J5,=6.1 Hz, 1H, H5), 7.96 (s, 1H, H2), 8.08 (d,
3J=6,1 Hz, 1 H, H6); *C NMR (CDCl,): 6 =28.6, 28.8 (CMes), 33.8, 33.9
(CMe3), 56.0, 56.3 (NCH,), 106.1 (CHS5), 119.9 (CH2), 134.0 (CH6), 137.3
(C3), 151.8 (Cg); ¥Si NMR (CDCly): 6=—20.7; "N NMR (C¢Ds,
CH;NO, cap. ext.): 0 =—116.8, —294.5, —309.2; MS (70 eV): m/z (%)=
345 (21) [M*], 288 (100) [M*-tBu], 220 (20) [CsH;N-3,4-CHSICl; ], 36 (99)
[HCI*]; CisH,5sCLN;Si (346.4): caled C 52.01, H 7.27, N 12.13; found C 51.50,
H 7.70, N 11.13.

1,3-Dineopentylpyrido[5]-1,3,242-diazasilole (3a): 2a (2.0 g, 5.8 mmol) was
dissolved in THF (30 mL) and stirred for 3 d at 15-20°C with a piece of
potassium (0.45 g, 11.5 mmol) to give a yellow, later red-brown, suspension.
This was filtered, the solvent removed in vacuum, and the residue (crude
yield =250 %) sublimed at 105 °C/10~° Torr yielding pale yellow crystals of
3a (100 mg, 0.36 mmol, 6% ), m.p. 64—65°C, easily soluble in pentane,
benzene, THF. (The crude yield was estimated according to mass of the
residue and integral ratio of NCH, in '"H NMR.) UV/Vis (n-hexane): A,
(¢) =302 (3300), 249 nm (5800); 'H and 3C NMR see Table 1; ¥Si NMR
(CsDg): 0=+95.1; MS (70 eV): m/z (%) =275 (64) [M*], 260 (13) [M* —
Me], 218 (100) [M* — rBu], 150 (26), 148 (26), 57 (11), 32 (56); C;sH,sN;Si
(275.5): caled C 65.40, H 9.15, N 15.25; found C 64.94, H 9.60, N 15.11.
1,3-Dineopentylpyrido[b]-1,3,24%-diazagermole (4a): 1a (0.87 g, 3.5 mmol)
was dissolved in THF (20 mL) and dilithiated at —78°C with nBuLi in
hexane (5.0 mL, 1.45M, 7.25 mmol). After 1 h a solution of GeCl, - dioxane
(0.88 g, 3.8 mmol) in THF was added dropwise at — 78°C and the mixture
allowed to warm up to RT. THF was evaporated in vacuo and crude 4a
extracted with benzene. The solvent was removed and the residue (crude
yield 80 % ) sublimed at 100°C/10~° Torr to give pale yellow needles of 4a
(0.25 g, 0.8 mmol, 23 %), m.p. 118 -120°C, solubility as for 3a. UV/Vis (n-
hexane): A, (€) =360 (14000), 307 (5600), 241 nm (18000); 'H and *C
NMR see Table 1; "N NMR (C¢Dy, CH;NO, cap. ext.): 6 =— 101 (pyrido-
N), ®NCH, within noise; N NMR (“NCH,) 6 =—203 (br); MS (EI,
70 eV): m/z (%) =324 (5) [Misc.], 322 (23) [Misg.], 320 (19) [M7:c.], 318
(13) [Mig.], 267 (22) [Misce — Bu], 265 (100) [MyG. —Bu], 263 (73)
[M+6. — 1Bu], 261 (54) [M7y6. — tBu], 196 (10), 194 (19), 192 (26), 190 (10);
C;5sH,sN3Ge (320.0): caled C 56.30, H 7.87, N 13.13; found C 56.90, H 8.06, N
12.97.

1,3-Dineopentylpyrido[b]-1,3,24*-diazastannole (5a): Compound 1a (2.0 g,
8.02 mmol), dissolved in ether (100 mL), was dilithiated at —30°C with
nBuLi in hexane (13 mL, 1.3M, 16.9 mmol). After 2h, SnCl, (25g,
13.2 mmol) was added. The color of the solution turned to dark red and
within 10 min a slow precipitation of a solid began. The mixture was stirred
for 3 d at room temperature, the solvent was evaporated and the remainder
was sublimed at 160 °C (bath)/10~> Torr. Compound 5a was obtained as an
orange solid (1.5 g, 4.1 mmol, 50 % ), which was soluble in THF and slightly
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soluble in pentane, benzene, and ether. 'H and *C NMR in Table 1; '**Sn
NMR (C,Dy): d=241.6 (br); ([DsJTHF): 6 =100.5; C,sH,sN:Sn (366.09):
calcd C 49.21, H 6.88, N 11.48; found C 47.70, H 7.17, N 11.00.
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