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Self-organization is an attractive approach to the construc-
tion of complex molecular architectures such as grids, cages,
and topological objects.[1±3] The synthesis of catenanes and
rotaxanes employs noncovalent binding interactions to tem-
plate the formation of the covalently interlocked structures.[4]

The key noncovalent intermediate is the [2]pseudorotaxane,
where a guest molecule is threaded through the plane of a
macrocycle.[5, 6] The latent topological properties of this
intermediate are kinetically trapped by macrocylization to
give [2]catenanes or by the introduction of bulky stopper
groups to give [2]rotaxanes. Recently, there have been reports
of catenane structures composed of interpenetrating self-
assembled macrocycles: metal ± ligand interactions have been
used to construct [2]catenanes from as many as eight separate
molecular components (Figure 1 a).[7, 8] To date, only covalent
[2]rotaxanes have been constructed using two interlocked
molecules.[4, 9] Here we describe a three-molecule approach to
noncovalent [2]rotaxane architectures, where the macrocycle
self-assembles around a complementary guest (Figure 1 b).

teins to exist which exhibit high selectivity and affinity
towards both specific DNA sequences and different inducers.

Experimental Section

Biosensors were prepared by immobilizing the lac repressor protein
through carbodiimide covalent coupling onto a gold surface modified with
thioctic acid.[8] The lac repressor was purified as described previously from
Escherichia coli BMH 8117 (genotype: Fÿ, D(lac-proAB) thi, gyrA (NalR),
supE, l).[11] The ApR plasmid pWB1000, which constitutively over-
expresses wild-type lac repressor, and plasmid p310, which contains the
lac ideal operator, were cloned into the NheI site of plasmid pEE4.[12]

Competent E. coli BMH 8117 cells were transformed with the plasmids
according to standard procedures.[13] The cells were grown in double YT
medium in 1 L culture flasks at 37 8C with shaking, harvested after 16 ± 20 h
of incubation, washed twice with buffer (0.2m tris(hydroxymethyl)amino-
methane ± HCl (Tris-HCl; pH 7.2) containing 0.2m KCl, 10 mm MgCl2, 5%
(v/v) glycerol, 1 mm NaN3, 0.3 mm DTT, and 1 mm phenylmethanesulfonyl
fluoride (PMSF)), and stored frozen.

The plasmid DNA containing the lac operator was isolated from the cells
harboring plasmid p310 with the miniprep Qiagen kit method according to
the manufacturer�s instructions. When performing measurements with
linearized plasmid DNA, the plasmid DNA was digested with EcoRI (for
the complete 2455 bp sequence) or EcoRI and HindIII (for the 84 bp
sequence). The plasmids were linearized by digestion with the respective
enzymes at 37 8C for 1 h.

Gold electrodes were polished, treated with ultrasound, plasma cleaned,
and then pretreated with thioctic acid, as described earlier.[8] Next, the
thioctic acid self-assembled electrodes were thoroughly washed with pure
ethanol, dried, and activated in a 1% solution of 1-(-3-dimethylamino-
propyl)-3-ethyl-carbodiimide hydrochloride in dried acetonitrile for 5 h.
After washing with 100 mm potassium phosphate buffer (pH 8), the
electrodes were dipped into a protein solution (approximately
0.05 mgmLÿ1) at 4 8C for 24 h. The electrodes were washed again with
phosphate buffer and immersed for 20 minutes in a 10 mm solution of
1-dodecanethiol in ethanol. A final washing of the protein-modified
electrode with phosphate buffer completed the electrode preparation.

The electrode modified with the lac repressor was inserted as the working
electrode in a three-electrode flow cell with a dead volume of approx-
imately 10 mL. A platinum foil and a platinum wire served as the auxiliary
and reference electrodes, respectively. An extra Ag/AgCl reference
electrode was placed in the outlet stream to compare the potential with
the platinum reference electrode just before measurements were made. In
order to apply 50 mV on the working electrode, a computer was used to
compare the potential of the Pt with the potential of the Ag/AgCl before
applying the pulse on the working electrode. The carrier buffer (10 mm
potassium phosphate buffer, pH 7.2) containing 1 mm DTT was degassed
before use and pumped at a flow rate of 0.25 mL minÿ1. Samples of 250 mL
volume were injected in the carrier flow.

Measurements were made as described earlier by applying a 50 mV
potential pulse and recording the current transient.[8] The current values
were collected with a frequency of 50 kHz, and the first 10 values were used
for the evaluation of capacitance.

Received: February 9, 2001 [Z 16590]

[1] K. S. Mattews, J. C. Nichols, Prog. Nucleic Acid Res. Mol. Biol. 1998,
58, 127 ± 164.

[2] B. Müller-Hill, Prog. Biophys. Mol. Biol. 1975, 30, 227 ± 252.
[3] A. Jobe, S. Bourgeois, J. Mol. Biol. 1973, 75, 303 ± 313.
[4] M. Matsuura, Y. Ohshima, T. Horiuchi, Biochem. Biophys. Res.

Commun. 1972, 47, 1438 ± 1443.
[5] Y. Oshima, M. Matsuura, T. Horiuchi, Biochem. Biophys. Res.

Commun. 1972, 47, 1444 ± 1450.
[6] M. D. Barkley, A. D. Riggs, S. Bourgeois, Biochemistry 1975, 14,

1700 ± 1712.
[7] A. D. Riggs, R. F. Newby, S. Bourgeois, J. Mol. Biol. 1970, 51, 303 ±

314.

[8] C. Berggren, G. Johansson, Anal. Chem. 1997, 69, 3651 ± 3657.
[9] I. Bontidean, C. Berggren, G. Johansson, E. Csöregi, B. Mattiasson,

J. R. Lloyd, K. Jakerman, N. L. Brown, Anal. Chem. 1998, 70, 4162 ±
4169.

[10] I. Bontidean, J. R. Lloyd, J. L. Hobman, J. R. Wilson, E. Csöregi, B.
Mattiasson, N. L. Brown, J. Inorg. Biochem. 2000, 79, 225 ± 229.

[11] A. Kumar, I. Yu. Galaev, B. Mattiasson, Bioseparation 1999, 8, 307 ±
316.

[12] A. Barker, R. Fickert, S. Oehler, J. Mol. Biol. 1998, 278, 549 ± 558.
[13] J. Sambrook, E. F. Fritsch, T. Maniatis, Molecular Cloning: A

Laboratory Manual, 2nd ed., Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, 1989.

[*] Prof. C. A. Hunter, Dr. M. J. Packer, S. E. Spey, Dr. M. O. Vysotsky,
C. Zonta
Centre for Chemical Biology
Krebs Institute for Biomolecular Science
Department of Chemistry
University of Sheffield
Sheffield S3 7HF (UK)
Fax: (�44) 114-273-8673
E-mail : C.Hunter@Sheffield.ac.uk

Dr. C. M. R. Low, Dr. J. G. Vinter
James Black Foundation
68 Half Moon Lane, Dulwich
London SE24 9JE (UK)

[**] We thank Dr. C. J. Craven and Dr. J. P. Waltho for the 600 MHz NMR
spectra. We also thank the Royal Society/NATO & FCO Chevening
(M.O.V.), the Lister Institute (C.A.H.), the EPSRC (M.J.P.), and the
James Black Foundation (C.Z.) for funding.



COMMUNICATIONS

Angew. Chem. Int. Ed. 2001, 40, No. 14 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 1433-7851/01/4014-2679 $ 17.50+.50/0 2679

We have been studying the self-assembly of macrocyclic
porphyrin oligomers through the use of coordination inter-
actions between zinc porphyrin and pyridine.[10] Figure 2
shows the X-ray crystal structure of a macrocyclic porphyrin
dimer ((Zn1)2) that we had previously characterized by
solution spectroscopy and vapor pressure osmometry and
have now confirmed by crystallography.[11] Cooperativity in
the macrocyclization process means that this system is excep-
tionally stable (the dimerization constant is 2� 108mÿ1), hence
Zn1 behaves as a macrocycle across a wide range of
concentrations in noncompetitive solvents. However, the
kinetic lability of the zinc ± pyridine interaction means that
the dimer is in dynamic equilibrium with the monomer, and
here we show how this can be exploited in the construction of
[2]rotaxanes.

(Zn1)2 forms 1:1 com-
plexes with terephthalic acid
derivatives in chloroform
(for diamides Ka�
103mÿ1),[10a] and modeling
studies suggest that the ge-
ometry of the complex cor-
responds to a pseudorotax-
ane architecture (Figure 2).
To test this hypothesis we
investigated the influence of
bulky stopper groups on the
dynamic properties of these
complexes. Modeling studies
suggested that porphyrin
end-groups should be suffi-
ciently large to function as
stoppers.[12, 13] H42 and a
model compound 3, which
lacks the stopper groups,
were therefore prepared
from terephthaloyl dichlor-
ide and the corresponding
amines.[14]

The 1H NMR spectrum of
mixtures of Zn1 and H42
showed signals correspond-
ing to the pure compounds as
well as a set of new resonan-
ces. Integration of these sig-
nals indicated the formation
of a 2:1 complex (namely,
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Figure 1. Self-assembly of a) [2]catenanes and b) [2]rotaxanes by using coordination chemistry.

Figure 2. Zn1 self-assembles to form a dimeric macrocyle. The X-ray
crystal structure of the resulting dimer (Zn1)2 is shown, along with a
schematic diagram of the complexes formed with terephthalic acid
derivatives (solubilizing groups R are omitted for clarity).
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Figure 3. The amide region of the 1H NMR spectra of Zn1
(0.5 mm) in the presence of increasing amounts of guest (G;
0.2 ± 1.2 mm). a) When the guest is 3, the free and bound
species are in fast exchange, which results in a single
averaged signal (the new signal that appears at d� 9.5
towards the end of the titration is from a different amide).
b) When the guest is H42, distinct slow-exchange signals are
observed for the free and bound species.

(Zn1)2 ´ H42) which is in slow exchange with the
free species on the 1H NMR timescale (Fig-
ure 3 b). A titration experiment yielded an asso-
ciation constant of 1.8� 0.4� 104mÿ1. The
1H NMR spectra of mixtures of Zn1 and 3 showed
large changes in the chemical shifts of several
signals relative to the corresponding spectra of the
pure compounds. However, in contrast to the H42
case, the free and bound species are in fast
exchange in this system (Figure 3 a). Titration
data for the formation of the (Zn1)2 ´ 3 complex
fitted to a 2:1 stoichiometry and gave an associ-
ation constant of 3.3� 0.9� 104mÿ1. The amide
protons of (Zn1)2 show upfield complexation-
induced changes in their chemical shifts in both
complexes (Figure 3), which suggests that the
mode of binding for both systems is the formation
of the H-bonded complex shown in Figure 2.

The 1H NMR spectra of the (Zn1)2 ´ H42 com-
plex was extremely complicated, which indicates
that the symmetry of both components is broken.
However, COSY and ROESY spectra allowed the
assignment of all the signals; the complexation-
induced changes in chemical shift (CIS) relative to
(Zn1)2 and H42 are shown in Figure 4 a. The
downfield shifts for the signals corresponding to
the amide protons of (Zn1)2 are indicative of the
presence of hydrogen-bonding interactions. The

upfield shift of the NH signal of the H42 pyrrole group and the
very large upfield shifts of the signals corresponding to the
2,6-dicarbonylpyridine groups of (Zn1)2 suggest that there are
face-to-face aromatic stacking interactions between these
subunits in the complex. All of the porphyrin meso-phenyl
groups lose their symmetry in the complex as a result of a
combination of slow rotation around the porphyrin ± phenyl
bond and the asymmetry of the environments on the two faces
of the porphyrin subunits.

Excluding the pentyl side-chains, there are a total of
59 different signals, and this system is therefore ideally suited
to NMR structure determination using the CIS values.[15] In

Figure 4. a) Intermolecular NOEs and CIS values obtained from the 400 MHz ROESY
spectrum of (Zn1)2 ´ H42 at 274 K in CDCl3. The two pyrrole NH signals cannot be
unambiguously assigned, but the assignment shown matches the calculated CIS values. The
bonds that were allowed to rotate in the course of the conformational search are also
indicated. Since both molecules have twofold symmetry, only one set of rotatable bonds is
marked in each case, but all symmetry-related bonds were allowed to rotate. b) Three-
dimensional structure of the (Zn1)2 ´ H42 rotaxane determined from the NMR data in
shown in (a).
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addition, eight intermolecular NOEs
were observed in the ROESY experi-
ment (Figure 4 a), and these are impor-
tant for constraining the search space in
the structure determination. The two
components of the complex, (Zn1)2 and
H42, were allowed to move and rotate
freely relative to one another, and all of
the flexible torsions (the phenyl ± por-
phyrin and phenyl/pyridyl ± amide
bonds indicated in Figure 4 a) were
varied in the course of the conforma-
tional search. The structure for which
the 59 calculated CIS values best match
the experimental values is illustrated in
Figure 4 b (rms difference� 0.01 ppm).
This structure clearly shows that the
complex has the [2]rotaxane architec-
ture illustrated in Figure 1 a.

(Zn1)2 ´ H42 and (Zn1)2 ´ 3 form com-
plexes with similar structure and stabil-
ity, but the kinetic properties are quite
different. On heating the (Zn1)2 ´ H42
complex, coalescence of some signals is
observed in the 1H NMR spectrum as
the system moves into fast exchange,
but the complexity of the spectrum and
temperature-dependent changes in the
populations of the free and bound
species makes it difficult to reliably assign all coalescence
temperatures. However, coalescence of the signals corre-
sponding to the free and bound amide protons of (Zn1)2 gives
an activation energy of 71� 3 kJ molÿ1 at 320 K.[16] On cooling
the (Zn1)2 ´ 3 complex, some signals in the 1H NMR spectrum
broaden and split. Coalescence of the signals arising from the
free and bound pyridine protons of (Zn1)2 gives an activation
energy of 60� 2 kJ molÿ1 at 255 K. Thus the barrier to
exchange between free and bound species is significantly
larger for (Zn1)2 ´ H42 than for (Zn1)2 ´ 3. We interpret this as
evidence for the two different exchange pathways illustrated
in Figure 5: (Zn1)2 ´ 3 forms a [2]pseudorotaxane where there
is no significant barrier to exit and entry of 3 in the
macrocycle, while (Zn1)2 ´ H42 forms a [2]rotaxane where exit
or entry of H42 requires opening of the macrocycle by
breaking one of the coordination bonds.

In conclusion, we have demonstrated that self-assembled
macrocycles can be used in the construction of stable
[2]rotaxane architectures. The photochemical properties of
the porphyrin subunits should confer this system with
interesting photophysical properties: for example, singlet
energy transfer between the macrocycle and axle compo-
nents.[17]

Experimental Section

H42 : A solution of 5,10,15-tris(4-n-pentylphenyl)-20-(3-aminophenyl)-
21H,23H-porphin[14] (0.2856 g, 0.34 mmol) and triethylamine (0.07 mL,
0.51 mmol) in dry dichloromethane (10 mL) was added to a solution of
terephthaloyl dichloride (0.0172 g, 85 mmol) in dry dichloromethane
(20 mL), and the reaction mixture was left stirring overnight at room

temperature. After evaporation of the solvent under reduced pressure, the
products were separated by column chromatography on silica gel using a
mixture of dichloromethane/triethylamine (2500/1) as eluant. After
recrystallization from CHCl3/CH3OH (1/2), 0.0573 g (37 %) of H42 were
obtained. M.p. 204 ± 206 8C; 1H NMR (400 MHz, CDCl3, 20 8C, c� 1.105�
10ÿ3m, TMS): d� 8.84 (s, 16H, CH), 8.26 (s, 2 H, NH), 8.19 (d, 3J(H,H)�
8 Hz, 2 H, CH), 8.07 (m, 12 H, CH), 8.00 (br s, 4 H, CH), 7.86 (s, 4H, CH),
7.68 (t, 3J(H,H)� 8 Hz, 2 H, CH), 7.51 (m, 12H, CH), 2.91 (t, 3J(H,H)�
7.2 Hz, 4H, CH2), 2.89 (t, 3J(H,H)� 7.6 Hz, 8H, CH2), 1.88 (m, 12 H, CH2),
1.49 (m, 24H, CH2), 1.01 (t, 3J(H,H)� 7.2 Hz, 6H, CH3), 0.99 (t, 3J(H,H)�
7.2 Hz, 12 H, CH3), ÿ2.80 (s, 4 H, NH); UV/Vis (dichloromethane): lmax

(e)� 648 (6900), 592 (7560), 552 (11 700), 515 (20 500), 419 nm (401 000);
FAB-MS: m/z (%): 1811 (100) [M�H]� ; calcd for C126H124N10O2: [M]�:
1810.

3 : 4-tert-Butylaniline (2.40 g, 16.1 mmol) was added to a solution of
terephthaloyl dichloride (0.5448 g, 2.68 mmol) in dry dichloromethane
(50 mL), and the reaction mixture was left at room temperature overnight
with stirring. After cooling the reaction mixture to room temperature, it
was evaporated to dryness under reduced pressure, then THF (50 mL) was
added. The ammonium salt crystallized out of solution, and after filtration,
the solution was evaporated under reduced pressure, and the white
crystalline compound was recrystallized from a mixture of ethanol (63 mL)
and water (13 mL). The solid was filtered and dried under vacuum for 4 h to
yield 0.658 g (57 %) of desired product 3. M.p. > 270 8C; 1H NMR
(400 MHz, [D6]DMSO, 20 8C, TMS): d� 10.31 (s, 2H, NH), 8.09 (s, 4H,
CH), 7.71 (d, 4H, 3J(H,H)� 8.9 Hz, CH), 7.38 (d, 4 H, 3J(H,H)� 8.9 Hz,
CH), 1.29 (s, 18H, CH3); FAB-MS: m/z (%): 429 (100) [M�H]� .
Elemental analysis calcd (%) for C28H32N2O2: C 78.47, H 7.53, N 6.53;
found: C 78.63, H 7.49, N 6.42.

NMR structure determination: The method used to determine the three-
dimensional structures from CIS values has been described in detail
elsewhere.[15] The structure of the (Zn1)2 dimer was taken from the X-ray
crystal structure and the H42 moiety was built in XED 2.8 using standard
bond lengths and angles.[18] A genetic algorithm was used to optimize the
conformation of the complex so that the calculated CIS values matched the
experimental values as closely as possible. We allowed intermolecular
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Figure 5. Pathways involved in exchange between free and bound species. a) In a pseudorotaxane, the
guest slips directly out of the macrocycle. b) In a rotaxane, the macrocycle must be opened before the
guest can depart.
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Synthetic seco Forms of (ÿ)-Diazonamide A**
Jing Li, Xin Chen, Anthony W. G. Burgett, and
Patrick G. Harran*

Diazonamide A (1, Scheme 1) is a uniquely structured
peptide metabolite whose potential pharmacological value
and low natural abundance[1] have fueled an interest in its
preparationÐa pursuit that continues to gain momentum.[2]

Our studies[3] in this area have centered upon a ring-
contracting glycol rearrangement that stereoselectively as-
sembles a central diazonamide C10 triarylacetaldehyde. Elab-
orations on this core provide intermediate 2, wherein D/E
biaryl synthesis was to occur through oxidation; the event
timed late to obviate consideration of fixed axial chirality
maintained in the eastern region of 1.[2c,h] Notably, both
aerobic and anaerobic oxidations of 2 generate biaryl ether 3
rather than the target D/E biaryl compound.[4] This fact was
not directly recognized and experiments attempting to trans-
form 3 into 1 would come to highlight additional limitations of
the design; particularly in its provisions for oxidation state
adjustment at C11 and peripheral halogenations. These

translation (�5 �) and rotation (�1808) as well as intramolecular torsional
changes (�1808) for the 24 bonds highlighted in Figure 4a. The pentyl side-
chains were ignored since their conformation is not defined by the
experimental data. van der Waals clashes were penalized at distances of
less than 2 � for intermolecular clashes and 1 � for intramolecular clashes
for non-hydrogen atoms. The eight NOE constraints illustrated in Fig-
ure 4a were imposed by applying a penalty if the inter-proton separation
exceeded 6 �. The search converged to a value of Rexpt/RDd of 11 in about
6000 generations for a population of 1000 (Rexpt is the root mean square
(rms) of the experimentally observed CIS values, and RDd is the rms
difference between the calculated and experimental values).
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