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compared to the barriers for the respective ammine proton
transfer reactions results from the increased distortion of the
core structures in the transition states and the lower acidity of
the amide protons. Zero point vibration and entropic
contributions lower the Gibbs free energy barrier difference
between the two pathways to 54 —63 kJ mol~! by destabilizing
the highly ordered ammine proton transfer transition states
12, 18, and 24. This difference could well be overcome by
steric congestion induced by bulky substituents of amines and
unsaturated hydrocarbon substrates. For comparison, the
steric destabilization for complexes with three 2,6-dimethyla-
nilide ligands at a titanium center such as in 4a and 5a has
been computed to be 6778 kI mol~.

In allene and ethyne hydroamination with the simplified
[CpTi=NH(NH,)] system, where proton transfer takes place
after initial amine coordination, the transition state for the
cycloaddition is the highest point in the catalytic pathway and
thus is rate-determining. However, it remains unclear whether
the zero-order dependence on the 2,6-dimethylaniline con-
centration derived from the kinetic data for allene hydro-
amination™ results from a rate-determining [2+2] cycloaddi-
tion or a rate-determining proton transfer from an amide
ligand. A first-order dependence on the amine concentration
can occur if the Gibbs free activation energy for the amine
coordination plus proton transfer pathway is higher than the
barrier for the initial [242] cycloaddition, but lower than the
barrier for a competing amide proton transfer. A rate-
determining amide ligand exchange with free amine could
also result in such a rate law (see Supporting Information for
computed ligand exchange pathways).

For alkene hydroamination, our model calculations predict
that both the ammine and the amide proton transfer to the
Ti—C bond have Gibbs free activation energies that are more
than 50 kJmol~! higher than the cycloaddition step (Figure 4
and 5c¢). This explains the relative ease of allene and alkyne
hydroamination compared to alkene hydroamination. In-
creasing the rate of this proton transfer step as well as
stabilizing the metallaazacyclobutane intermediate compared
to the catalyst resting state could be the key to making the
alkene process successful. We are using these new insights into
the hydroamination mechanism to isolate additional inter-
mediates involved in the catalytic cycle, and to tailor more
general hydroamination catalysts.
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Self-Assembly of Cyclic Peptides into
Nanotubes and Then into Highly Anisotropic
Crystalline Materials**
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Syntheses of supermolecules rely on the stabilization
provided by noncovalent interactions between recognition
sites in each unit.['3 The construction of new supramolecular
architectures with well-defined shape and size by using tube
building blocks is an important subject in organic materials
chemistry because novel electronic and photonic properties
can result from their three-dimensional (3D) organization
(Figure 1a).”l These tubular structures have also attracted
considerable interest because of their utility as models for
biological channels.*"1 Tt is also thought that in tubes built
from stacked cyclic peptides, uniform alignment of amide
groups could give rise to a macrodipole moment such as that
of an a-helix.l'” Voltage gating and current rectification are
important expected new properties for such channel struc-
tures.[M]

To date, all attempts to grow crystals of a useful size were
frustrated by the inherent insolubility of these materials.['>-!]
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a)

Nothing is known about tubes made
n of more lipophilic cyclo-(y-amino
acid), and cyclo-(d-amino acid), (y
and 6). y-Amino acids would yield
dipole-less tubes and cyclo-(d-amino-
propanoyl); would certainly not be
rigid enough to retain the necessary
tubular shape. However, in the latter
case rigidity can be introduced by

means of a double bond while lipophi-
licity would remain unchanged. A
structure such as 1 (Figure 1c, n=3) is
isosteric to cyclohexaglycine (a, n=
3).21 Cyclohexaglycine does not crys-
tallize as hollow tubes, rather, two

cyslo-{ f-Alat [ Fim-31]

intramolecular H bonds allow the mol-
ecule to form two f-turns leaving only

I-

two amide groups for stacking along its
S, axis. On the other hand, 1 can only

form one such fg-turn, and might still
prefer to retain a C; symmetrical shape
(such as in the hexadepsipeptides en-

{e)no dipole (Hrdipole {y)no dipole (6) dipole 1 dipole
O] i
A
W W),
insoluble insoluble

niatins)!'® 22l appropriate for the forma-

Figure 1. Structure of cyclic peptide nanotubes. a) A modular tube is formed by stacking of free units.
b) In the case of cyclo-(8-Ala);, each free unit associates with the growing stack by means of three
H bonds (blue) from amides and three van der Waals contacts (yellow) from pseudo-axial aliphatic
hydrogen atoms. ¢) Types of macrolactams: lactams « and 8 are notoriously insoluble materials.

Consequently, their tubular structure could not be
unequivocally characterized and this undesired
insolubility prevented these nanotubes from being
practically useful. Here we show how we success-
fully addressed the critical solubility problem by
designing and synthesizing special organic C,
lactam units built from novel amino acids. We
could then demonstrate the tubular shape of our
supermolecules by X-ray crystallography. Apart
from this primary aim, we also managed to extend
the dipolar anisotropy of the macromolecular
column components to a whole monocrystal to
give useful macroscopic properties.

Flat ring-shaped cyclopeptides have the poten-
tial to aggregate as “endless” stacks through
backbone —backbone H-bond interactions and
van der Waals contacts (Figure 1b).'2l In this
way, some tubes made from cyclo-(a-amino acid),,
(Figure 1c, a, n=3, 4) have been prepared; but
they proved difficult to handle because of their
strong propensity to aggregate (their structures
could only be defined by electron diffraction,
calculations, and infrared (IR) spectros-
copy of microcrystals).['1®l The problem was only
partially alleviated by using appropriate side
chains. ') The same extreme insolubility was
also the main characteristic of tubes made of
cyclo-($-amino acid), (8, n=3, 4, their structures
were obtained by X-ray diffraction analyses of
powders, or inferred more indirectly by calcula-
tions or IR spectroscopy).[ 1519 201
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tion of supramolecular tubes (Fig-
ure 2).

The macrocycle 1 was prepared from
the thioester 3 with a silver(l) salt in
55% vyield.” The thioester 3 was

¢}
C. /\ cyclo—(ﬁ-alanyl)3

H co 9 T
NH HN e
OC\/l » (_ _> -_.N\‘
------------- HN Cco

’ add E-alkene at 1 / OC NH add F-alkene at 2

“T &
/ !
.C \ co
seen along NH

preferred

(&

N-H=""Os¢
o—C fB-turn N~ H

O

e cccecsnccuc o=’

\. the C; axis L/
S A 5=
C. C.
0 N [N
Cen I = =
H .Co .CO
NH HN NH HN
‘CO 1 )
NH HN OC\/\) OC\/\)
s o "
. 8 TFA, H H Z SnBu TFA H n oY SnBu
3
\ .

BocHN/\/\/U\OH
2

Figure 2. Design and synthesis of lactams 1, 4, and 5. Cyclo-(f-alanyl); self-assembles as
insoluble “endless” rods (inner diameter of 1.3 A). E-Alkenes inserted at positions 1 and 2
yield more lipophilic lactams 1 and 5 that could stack as tubes with inner diameters of 4.7 A
and 3.0 A, respectively. However, lactam 1 does not lead to such tubes as it prefers to form a
p-turn. The cyclic tetramer 4 was also prepared from 2; Boc = tert-butoxycarbonyl.
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obtained from the Boc-protected amino acid 2 in six
straightforward steps (overall yield of 83 %).?*l The material
was easily crystallized by diffusion (ethanol and diethyl ether)
and X-ray crystallography showed that 1 and cyclohexagly-
cine pack in a very similar way. The rectangular shape of 1 is
governed by one f-turn and by that two out of three amides
are involved in the stacking (Figure 3a).?1 We decided to

Figure 3. Crystal structures of lactams 1 and 4. a) The lactam 1 displays
one f-turn in the crystal state and self-assembles as flat tubes. b) The cyclic
tetramer 4 could also fold by means of S-turns to adopt an S,-symmetric
structure. ¢) The tetramer 4 is in fact S, symmetric, all its amide groups
being involved in intermolecular H bonds.

take advantage of the tendency of 1to form fS-turns to create a
higher analogue of S, symmetry with four S-turns, reminiscent
of the backbone of octavalinomycine (Figure 3b).281 The
tetramer 4 was prepared in three steps from 2 and 3 (overall
yield of 32 %, 67 % for the cyclization; Figure 2) and was also
crystallized by the same diffusion technique (isopropanol and
diethyl ether). However, the crystal structure showed a
disclike dipole-less S, structure with no intramolecular
H bonds (Figure 3¢).?> 2% 2] Despite the overall resemblance
to alternating L,D-cyclooctapeptides, no nanotubes are
formed since all the units prefer to assemble in a more
compact lattice. In that spatial arrangement all eight H-bond-
ing sites are fulfilled, each unit being H bonded to four
neighbors (rather than only two in a tubular structure).
These preliminary results indicated that our systems were
still too flexible. To lock the conformation into a more rigid
bracelet or crown of C; symmetry, it was necessary to prevent
p-turns from forming. Our first unit 1 can be seen as cyclo-(3-
alanyl); in which an E-alkene had been inserted at the central
bond, position 1 (Figure 2). The resulting 18-membered ring
(1) is isosteric to cyclohexaglycine and behaves accordingly.
However, the E-alkene could have been inserted next to the
carbonyl of cyclo-(3-alanyl); at bond position 2 to afford a
new 18-membered lactam 5. In this new environment, 5-turns
become impossible and the ring, which now cannot collapse as
in structure 1, has no choice but to adopt a rigid crown

Angew. Chem. Int. Ed. 2001, 40, No. 24
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structure (Figure 4a). The lactam 5 was then prepared from
the thioester 6 in 50 % yield.®) The thioester 6 was obtained
from the Boc-protected amino acid 2 in seven steps (overall
yield of 34%). The lactam 5 crystallized very easily by

Figure 4. a) The macrocycle 5 adopts a rigid crown structure with all amide
groups parallel to the C; axis. b) The units stack on top of each other to
yield a tube endowed with a very strong dipole. ¢) The anisotropy is further
transferred to the whole crystal since all dipoles remain aligned in the same
direction when the tubes aggregate. d) The space-filling diagram shows the
very compact packing of the tubes and the parallel channels.

diffusion (ethanol and diethyl ether), X-ray data confirmed
the expected tubular structure (Figure 4b).2% 2.3 However,
beyond all expectations, the packing found in the crystal
shows all the highly polarized tubes orient in the same
direction so that the anisotropy of the units first amplified in
the tubes is then further transferred to the whole crystal
(Figures 4c and d). The gross dipole of a monocrystal of 5§
arising from identical orientation of all amides (Figure 5)
should be extremely strong and the resulting material highly
anisotropic.

In summary, we have designed special lactam units that
were shown to assemble as supramolecular tubes that further

ét@
5 ‘ﬂ G%

Figure 5. Stereo view of amide groups in the crystal of 5. The amides in the
crystal are perfectly aligned (as in parallel -sheets). Each resulting “H-
bond tape” is separated from its closest intra-tube and inter-tube neighbors
by 5.1 A and 5.0 A, respectively.

'@
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aggregate as bundles. Since all the strong columnar dipoles
are oriented in the same direction, intense anisotropy exists
that can in principle expand to macroscopic levels. Growing
monocrystals of such materials is now possible. We will soon
be in a position to find out if highly polarized nanotubes can
be used in devices to rectify current or display unexpected
properties.'l Our approach allows us to control precisely the
internal diameter of the tube simply by modifying the
positions and number of alkenes inside the monomers. We
have prepared the higher C; symmetric lactam homologue,
which incorporates conjugated dienes rather than simple
conjugated alkenes; its crystal structure should yield further
information about the capacity of conjugation to provide
adequate rigidity to the tube units.
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Single-Step, Highly Active, and Highly
Selective Nanoparticle Catalysts for the
Hydrogenation of Key Organic Compounds**
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More than three quarters of the organic molecular products
that are manufactured industrially entail the processes of
either hydrogenation or oxidation; and with the impending
arrival of the so-called hydrogen economy and the parallel
drive towards clean technology this fraction will inevitably
rise in the near future, the most desirable agents of conversion
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