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Besides the specific role of proline for the structure of
proteins, experimental and simulation studies indicate that
proline-containing sequence motives can act as molecular
hinges, swivels, and switches and, thus, are involved in
biological signaling processes.[1] Furthermore, cis/trans-prolyl
isomerization that can be catalyzed by rotamase enzymes is
critical for the folding process.[2] Recently, pseudoprolines
inducing a cis-peptide bond were introduced into the V3 loop
of GP120 of HIV-1, which suggests that a trans/cis isomer-
ization resulting in formation of a type VI b-turn conforma-
tion plays a crucial role in the infection process.[3] Thus, the
creation of type VI b-turn model systems is of interest for the
discovery of molecular probes to gain detailed insight into the
intermolecular interaction processes. Using appropriate con-

pressure. The red solid residue was extracted with hexane (300 mL) and
filtered. The volume of the filtrate was reduced to 100 mL and cooled to
ÿ20 8C. Two crops of dark red crystals were collected by filtration. Yield:
11.6 g (65 %). M.p. 192 ± 194 8C; 1H NMR (C6D6, 30 8C): d� 29.7 (4H,
n1/2� 110 Hz), 9.5 (36 H, n1/2� 12 Hz), ÿ19.4 (18 H, n1/2� 7 Hz); elemental
analysis (%) calcd for C34H58Cl2U: C 52.7, H 7.48; found: C 52.6, H 7.55; EI
MS: m/z : 774 [M�]; the parent ion isotopic cluster was simulated: (calcd. %,
obsvd. %): 774 (100, 100), 775 (38, 39), 776 (71, 71), 777 (25, 25), 778 (14,
14), 779 (5, 4).

2 : THF (30 mL) was added to a mixture of KC8 (140 mg, 1.04 mmol) and 1
(400 mg, 0.52 mmol). A dark green color was generated immediately in the
solution upon the addition of solvent. The mixture was stirred for 2 h, after
which a solution of pyridine N-oxide (100 mg, 1.05 mmol) in THF (25 mL)
was added. The dark green color of the solution immediately turned dark
reddish brown. The reaction mixture was stirred for 12 h, after which the
solvent was removed under vacuum and the residue extracted with toluene
and filtered through Celite. Dark reddish brown crystals of 2 were obtained
from a cold (ÿ30 8C) concentrated toluene solution. Yield: 275 mg (54 %);
IR(Nujol): nÄ � 690, 710 cmÿ1 (UÿO); elemental analysis (%) calcd for
C109H156N4O13U6: C 41.45, H 4.98, N 1.77; found: C 41.91, H 5.40, N 1.53.

The magnetization of crystalline powdered samples of 2 was recorded
between 5 ± 300 K at 0.1 T with a SQUID magnetometer (Quantum
Design). Values of the magnetic susceptibility were corrected for the
underlying diamagnetic increment (cdia�ÿ1660� 10ÿ6 cm3 molÿ1) by using
tabulated Pascal constants and the effect of the blank sample holder
(gelatine capsule/quartz wool).

Cyclic voltammetric studies were conducted by using a Perkin ± Elmer
Princeton Applied Research Corporation (PARC) Model 263 potentiostat
under computer control using M270 software. Samples were run in 0.1m
tetrabutylammonium hexafluorophosphate solution in tetrahydrofuran at a
platinum working electrode with a silver wire quasi-reference electrode in
either a PARC microcell in the glove box or in a Schlenk cell. Measured
potentials were calibrated by using the ferrocene/ferrocenium couple
(E1/2� 0.55 V vs. NHE).
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formational restraints, bicyclic cis-peptidyl proline surrogates
were investigated with low yielding and nonselective multi-
step reaction sequences.[4, 5] Stimulated by a recently de-
scribed Molecular Dynamic (MD) study,[6] we herein present
the design of a lactam-bridged type VI a b-turn mimetic (1).
NMR spectroscopy based conformational analysis and a
practical and efficient EPC synthesis of a model peptide
surrogate by the self-reproduction of chirality methodology of
Seebach et al.[7] and Grubbs� ring-closing olefin metathesis
(RCM)[8] are also reported (Scheme 1).

Scheme 1.

Following the above strategy, we approached to the a-
alkylproline derivative 3 by employing the concept of self-
reproduction of chirality[7] which was recently re-investigated
by Wang and Germanas[9] (Scheme 2). Thus, diastereocon-

Scheme 2. a) CCl3CH(OH)2, C6H6, 80 8C; b) lithium diisopropylamide
(LDA), allyl bromide, THF, ÿ78 8C; c) HCl, MeOH, NaHCO3; d) 5a :
X�Cl, n� 0, CH2Cl2, NEt3, 0 8C!RT, 5b : X�OH, n� 1, 5c : X�OH,
n� 2, 4-methyl morpholine (NMM), ClCO2iBu, THF; e) [Ru], CH2Cl2

(Cy� cyclohexyl).

trolled C-alkylation of the bicyclic proline derivative 2 a
furnished the N,O-acetal 2 b which was transformed into a-
allylproline ester 3 by treatment with one equivalent of HCl in
methanol. To evaluate the scope of our synthetic concept, we
tried to prepare differently sized bicyclic model lactams of
type 4. Thus, the RCM precursors 5 a ± c were synthesized by
N-acylation of the proline derivative 3. The subsequent RCM
experiments were performed using the ruthenium-based
catalyst I[10] in refluxing CH2Cl2 which proved to be the
solvent of choice. The dienes 5 a, b underwent clean con-
version to furnish the 5,6- and 5,7-fused unsaturated bicyclic
lactams 4 a, b in 91 and 75 % yield, respectively. To minimize
competing intermolecular oligomerization processes,[11] a high

dilution technique was employed for the conversion of the
diene 5 c into the bicyclic azocine 4 c. 10 mol % of the catalyst
was chosen to initiate the metathesis reaction and a second
portion of catalyst[12] (2 mol %) was added after 24 h. Gratify-
ingly, the desired cyclization took place without any detect-
able oligomerization products, although complete conversion
could not be achieved.

To decide which ring size and configuration is most
promising in terms of possible intramolecular hydrogen-bond
interactions, we performed MD simulations on the different
target structures A ± F shown in Scheme 3. All calculations

Scheme 3.

were performed in the gas phase with no continuum model or
explicit solvent molecules present, using the AM1 Hamilto-
nian implemented in the semiempirical program package
VAMP 7.0.[13] After heating the system to 400 K, 1200 geo-
metries were sampled at constant temperature resulting in a
total data-acquisition time of 120 ps. The integration time step
was 1 fs, the coupling constant to the heat bath 40 fs. The
ability to form a hydrogen bond was rated by a time-
dependent plot of the two possible donor ± acceptor inter-
actions, which lead either to a type VI a, or, by reorientation
of the C- and N-termini by rotation about the torsion angles
Y3 and F2 (see Scheme 1), respectively, to a type VI b turn,
which involve COi�2 and NHi�1. Classification of the b-turn
type was done by time-dependent analysis of the dihedral
angles Y3 and F2, in accord with the data published by
Robinson.[14]

For the six-membered lactams, the cis-isomer A allows the
formation of both possible hydrogen bonds. However, for the
chosen simulation conditions, no distinct turn pattern can be
assigned. For the trans-isomer B, the formation of a hydrogen
bond is geometrically not possible. Expanding the ring by one
methylene unit leads to the fused azacycloheptenones C and
D. According to the MD simulations, the increased flexibility
resulted in a growing tendency of the trans-isomer D to form a
type VI a2 interaction pattern. Nevertheless, the mean NH ´´´
OC distance of 4.6 � is too large for a stable hydrogen bond.
Similar to A, the homologue C is able to form both hydrogen-
bonding interactions. During the simulations, a type VI a1
pattern was established several times, but, in spite of the
corresponding hydrogen-bond interaction, no typical VI b
motif was observed. The fused eight-membered lactams E and



COMMUNICATIONS

Angew. Chem. Int. Ed. 2001, 40, No. 18 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 1433-7851/01/4018-3363 $ 17.50+.50/0 3363

F exhibited the most interesting behavior. For the cis-isomer
E a hydrogen bond between the amide carbonyl and the
carbamate NH was observed, however, the flexibility within
the molecule allowed switching to a type VIa-like hydrogen-
bond interaction (this occurred several times during the
simulation). Moreover, the trans-isomer F formed only one
hydrogen-bonding pattern, a type VIa2 subtype (Y3� 08
and F2�ÿ1208) of the b-VI turn family (Figure 1 a). As a

Figure 1. a) Plot of the dihedral angles Y3 and F2 calculated from the
120 ps semiempirical MD simulation (AM1, 400 K) of compound F. Note
that the mean values come close to the ideal angles of a type VIa2 turn
(Y3� 08 and F2�ÿ1208).[14] No conformational interchange can be
observed. b) Representative example of a conformation extracted from the
trajectory. The dihedral angles Y3� 238 and F2�ÿ1028 result in a NH ´´´
OC distance of 2.3 � for this non-equilibrium conformation.

representative geometrical example, a snapshot taken from
the MD simulation of compound F is shown (Figure 1 b). The
conformational behavior is independent from the starting
geometry of the simulation. Beginning with a geometry-
optimized type VI b turn, the conformation of the molecule
switches to a stable VI a2 motif after a few picoseconds of data
acquisition.

Comparison of all six simulations strongly supports the
assumption that the lactam-bridged peptide surrogate F
should be most suitable for the formation of a hydrogen-
bonding pattern leading to a successful type VI a b-turn
mimetic.

To account for solvent effects which may influence the
conformational preferences of peptide-like structures, we
repeated the calculations applying the COSMO approach of
Klamt and Schüürmann.[15] This technique describes quantum
mechanically the macroscopic environment by polarization

charges at the boundary between the solute and the contin-
uum (water, dielectric constant� 78.4) and therefore repre-
sents the dielectric properties of the bulk molecules. Both
series of simulations show the same principal behavior. As a
general effect, structural fluctuations are damped by the
environment, which leads to a more meaningful interpretation
of the data.

To experimentally verify our MD simulation prediction of
type VI a b-turn inducing properties for the bicyclic peptido-
mimetic F, the RCM precursor 6 was prepared starting from
tert-butoxycarbonyl (Boc) protected (S)-allylglycine and the
a-allylproline 3 (Scheme 4). Subsequently, Ru-catalyzed ring-
closure of the protected dipeptide 6 led to formation of the

Scheme 4. a) (S)-N-Boc-2-amino-4-pentenoic acid, NMM, ClCO2iBu,
THF; b) 7 mol % [Ru], CH2Cl2 40 8C; c) LiOH, dioxane/H2O; d) BnNH2

(Bn� benzyl), N,N'-dicyclohexyl carbodiimide (DCC), CH2Cl2, 1-hydroxy-
1H-benzotriazole (HOBt); e) HCl/diethyl ether.

eight-membered azacycle 7 in 57 % yield. To improve the
efficiency of the reaction we tried the highly active N-hetero-
cyclic carbene-coordinated catalyst II.[16] Actually, the meta-
thesis reaction proceeded smoothly with only 7 mol % of
catalyst to yield the bicyclic olefin 7 in 88 % (12 h, reflux).
Finally, hydrolysis of the ester function and DCC coupling to
benzylamine as a representative NH-providing unit gave the
target model peptide 8 that could be readily transformed into
the primary amine 9.

Conformational analysis of the lactam-bridged peptidomi-
metic 8 is mainly based on NMR spectroscopy, particularly on
coupling constants, NOEs, and variable temperature (VT)
measurements. A strong NOE was detected between H-7a
and H-3 indicating the transannular proximity of these two
protons in a boat conformation of the eight-membered lactam
ring. In combination with a detailed analysis of the proton
couplings further strong NOEs between the amide N-H and
H-3 and the carbamate N-H and H-4a, respectively, were
diagnostic for a type VIa b-turn conformation adopted by the
lactam 8. Clearly the fused ring system is fixed in a stable
conformation which forces the substituents at C-3 and C-8
into an orientation able to form a hydrogen bond between the
amide NH and the carbamate C�O as predicted by the MD
calculations. The presence of an intramolecular hydrogen
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A recent paper reported the first example of the use of a
carbon cluster as a vector to deliver DNA into mammalian
cells.[1, 2] Thus, mixed with the tailor-made tetraminofullerene
1, a plasmid DNA forms micrometer-sized fullerene ± DNA
particles as observed by optical microscope, which, after
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incubation with the target cells, became located inside the
cytoplasm as phagocytes. Expression of the encoded gene
took place over several days, indicating that the plasmid DNA
was released into the cytoplasm without being damaged by
the fullerene complexation. Although these biological experi-
ments demonstrated the ability of the fullerene 1 to condense
and release DNA, the molecular nature of such reversible
DNA condensation remained unclear. We report herein the
results of atomic force microscope (AFM) studies[3] that
provided molecular-level information on the DNA condensa-
tion/release processes induced by fullerene vesicles.[4] When
used in a small quantity, the fullerene 1 condenses a single
plasmid DNA into a 1 ± DNA complex. Upon further addition
of 1, many single-molecule DNA condensates gather together
to form the micrometer-sized fullerene ± DNA particles
observed previously by optical microscopy. Release of the
DNA molecules from these large particles was achieved
experimentally by removal of the fullerene through CHCl3

extraction.
The interactions between the fullerene 1 and DNA were

probed for 4 kbp supercoiled plasmid DNA (pBR322). Thus,
we added an increasing amount of 1 to a pH 7.6 buffer solution
of pBR322 and plotted the amount of the DNA mobile on the
gel against the reagent/base pair ratio (R). As shown in
Figure 1 (solid line), there was observed precipitous decrease

bond, indicated by the comparatively downfield shift (d�
8.11) of the amide NÿH resonance was unambiguously
demonstrated by comparison of the amide NÿH shifts in the
spectra (in CDCl3) of the carbamate 8 and the amine 9 when
the signal of the amide NÿH appeared significantly shifted
upfield (Dd� 1.61) after removal of the Boc unit. Besides the
main conformational population, VT NMR experiments
which showed a significant chemical-shift change (Dd/DT�
ÿ5.2 ppb Kÿ1) gave evidence for a temperature dependant
coexistence of non-hydrogen bonded conformations,[17] cor-
roborated by NOEs between H-3 and the carbamate N-H at
elevated temperature (330 K, CDCl3). The FT-infrared (IR)
spectrum displayed an extensive absorption at 3350 cmÿ1

characteristic for a hydrogen bonded amide and an absorption
at 3405 cmÿ1 also indicating the coexistence of a solvent-
exposed amide.

In conclusion, a highly efficient proline-based type VI b-
turn mimetic was designed employing the results of molecular
dynamics simulation. EPC synthesis involving Seebach�s self-
reproduction of chirality methodology and Grubbs� ring-
closing olefin metathesis gave access to the novel molecular
scaffold.
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