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Abstract: The utility of noncovalent
approaches to molecular self-assembly
is often limited by kinetic instability of
the resulting constructs. In an effort to
surmount this difficulty, we have em-
ployed noncovalent interactions be-
tween self-assembling cyclic peptide
subunits to direct covalent bond forma-
tion, resulting in cylindrical b-sheet
dimers that are both kinetically and
thermodynamically stable. In the two
peptide systems examined, we found

that intersubunit hydrogen bonding
serves important but distinct functions.
For olefin metathesis of homoallylgly-
cine (Hag)-bearing peptide 1, hydrogen
bonding drives the reaction by increas-
ing olefin effective molarity. In contrast,

for disulfide isomerization of monomer-
ic cystine peptide 5-SS, hydrogen bond-
ing appears to control partitioning be-
tween two alternative disulfide-bonded
dimers by contributing to the stability of
the hydrogen-bonded isomer. Our pro-
posed mechanism for the latter trans-
formation is reminiscent both of thiol-
catalyzed unscrambling of RNase A and
oxidative refolding pathways of natural
proteins and protein fragments.

Keywords: b-sheets ´ olefin meta-
thesis ´ supramolecular chemistry ´
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Introduction

Supramolecular approaches to self-assembly often rely upon
reversible noncovalent interactions.[1, 2] Virtues of such strat-
egies include error correction through thermodynamic equi-
libration, minimization of synthetic effort by use of modular
subunits, control of assembly processes through subunit
design, and overall high efficiency.[2] However, the equilibri-
um ensembles thus obtained often exhibit low kinetic stability,
undergoing rapid assembly ± disassembly despite thermody-
namically stable assembled states. Although solid-state supra-
molecular chemistry (crystal engineering)[3] offers one means
of overcoming this limitation, preparation of soluble or
solvent-stable aggregates is often desirable. An alternative
approach employs noncovalent interactions between subunits
to template covalent bond formation, resulting in constructs
which are both thermodynamically and kinetically stable. We
term this strategy covalent capture and note that it represents
a specialized case of template-directed synthesis in which the
template is an integral part of the structure it helps to form.[4±6]

Biological systems frequently employ covalent capture to
stabilize both inter- and intramolecular assemblies. Examples
include buttressing of DNA structures by enzymatic liga-
tion[7, 8] and reinforcement of protein folds by disulfide bond
formation.[9±12] Inspired by the efficiency of such transforma-
tions, chemists have applied covalent capture to preparation
of artificial assemblages such as molecular catenanes, rotax-
anes, and knots.[13±15] Herein we describe our own investiga-
tions employing self-assembling cyclic peptide templates as
simplified models of protein secondary structure.

Design Principles

Self-assembling cyclic d,l-peptide nanotubes : Recent reports
have shown that cyclic peptides composed of an even number
of alternating d- and l-amino acids (cyclic d,l-peptides) can
adopt flat, ring-shaped conformations and stack through
backbone ± backbone hydrogen bonding to form large tubular
aggregates.[16±22] As an extension of this work, soluble nano-
cylinrical constructs were prepared by selective incorporation
of N-alkylated residues, thereby limiting self-assembly to
formation of discrete dimeric ensembles.[23±28] Crystallograph-
ic and spectroscopic data have conclusively demonstrated that
dimerization takes place through the expected antiparallel b-
sheet hydrogen-bonding network, rendering dimer-forming
cyclic d,l-peptides one of the most synthetically accessible
and structurally well characterized b-sheet peptide scaf-
folds.[23±28] We therefore chose to exploit this system for our
initial explorations in order to permit detailed chromato-
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graphic and spectroscopic characterization of the covalent-
capture processes. In addition, these investigations will serve
as model studies for preparation of novel materials based on
covalently polymerized cyclic peptide nanotubes.
Choice of covalent bond-forming processes. Figure 1 outlines
our general strategy. Cyclic peptide subunits self-assemble in
a nonpolar organic solvent, bringing reactive side-chain
functionalities into proximity across the b-sheet hydrogen-
bonding interface. Covalent bond formation then occurs,
trapping and stabilizing the cylindrical peptide complex. Due
to unfavorable changes in entropy associated with a decrease
in the number of particles in solution, we reasoned that the
cross-linked dimer would be the most thermodynamically
stable product. The covalent chemistry employed must
tolerate both peptide backbone functionalities as well as
intersubunit hydrogen bonding. In addition, use of reversible

Figure 1. General strategy for covalent capture and stabilization of
cylindrical b-sheet peptide assemblies. Monomeric peptide m dimerizes
in nonpolar media to give two interconverting species d and d*. In
productive complex d*, reactive side chain groups Xa are preorganized for
intersubunit (X ± X) bond formation, producing covalently tethered dimer
c. For homoallylglycine (Hag) peptide 1 and acetamidomethyl cysteine
((Cys(Acm)) peptide 5-Acm, we have investigated olefin metathesis using
the selective RuII complex II and iodine oxidation, respectively. (For clarity,
most side chains are omitted.)

covalent chemistry should in principle lead to error correction
by allowing equilibration of unwanted intermediates to the
desired thermodynamic product.[2, 6]

On the basis of these criteria, we chose to investigate olefin
metathesis catalyzed by the remarkably selective RuII com-
plex II developed by Grubbs et. al. (Figure 1).[29±31] Olefin
metathesis is a reversible transformation leading to thermo-
dynamically stable products.[32] At the time of our preliminary
report,[24] II had been shown to efficiently catalyze ring
opening metathesis polymerization (ROMP) of strained
cyclic olefins[31] , proximity-driven ring-closing metathesis
(RCM) of acyclic dienes,[31, 33±36] as well as cross metathesis
of acyclic olefins, while tolerating a wide range of function-
ality including ether, hydroxyl, carboxylic acid, aldehyde, and
amide groups. Of particular relevance to our own work, a 1995
report by Miller and Grubbs described application of RCM to
synthesis of conformationally restricted amino acids and
peptides.[33] Furthermore, these authors implicated intramo-
lecular hydrogen bonding as a directing element in prepara-
tion of b-turn analogues using RCM. Thus we viewed olefin
metathesis catalyzed by II as an intriguing transformation
ideally suited to our objectives.

The design of olefin-bearing peptide 1 incorporates homo-
allylglycine (Hag) residues, which modeling studies suggested
would offer an optimum balance between preorganization for
covalent capture and low steric strain in the anticipated
products (3, Figure 5). We predicted that the increased
effective molarity of olefin groups in dimer 1-d* would favor
acyclic cross metathesis, a transformation usually requiring
concentrated reaction conditions.[31, 32] Intersubunit hydrogen
bonding was expected to control product distribution by
favoring covalent dimer 3 at the expense of higher oligomers.
Furthermore, we anticipated that the reversible metathesis
reaction would allow depolymerization of undesired higher
oligomers and eventual equilibration to the thermodynamic
product 3.[32]

We also explored disulfide bond formation, reasoning that a
dimer-forming cyclic peptide bearing two acetamidomethyl
cysteine ((Cys(Acm)) residues would undergo covalent
capture upon subjection to iodine oxidation (Figure 1). Like
olefin metathesis, cysteine oxidation is readily reversible, and
for numerous cysteine-rich proteins[37, 38] and protein frag-
ments,[39] oxidative refolding allows conversion of mispaired
disulfides to stable native structures. Furthermore, cross-
strand disulfides have been shown to reinforce antiparallel b-
sheet conformations in natural proteins[40, 41] as well as
designed peptides,[42-51] rendering cystine residues attractive
tethers for stabilization of cylindrical b-sheet assemblies
(Figure 1).

Results

Covalent capture by olefin metathesis : Octapeptide cyclo[(-l-
Phe-d-MeN-Ala-l-Hag-d-MeN-Ala)2-] (1) bearing two homo-
allyl side chains was prepared and subjected to 1H NMR, FT-
IR, and mass spectral analysis as previously described.[23, 24]

The 1H NMR spectrum of 1 was completely assigned from the
corresponding ROESY[52] and double quantum-filtered CO-
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SY (2QF-COSY)[53] spectra (500 MHz, CDCl3). ROESY
experiments revealed three slowly interconverting species,
consistent with an equilibrium between monomer 1-m and the
two anticipated dimers, 1-d and 1-d*. On the basis of variable
concentration 1H NMR studies (Figure 2), we found that 1
self-assembles in deuteriochloroform with an overall associ-
ation constant of 103� 7mÿ1. The expected antiparallel b-
sheet structures of the equally populated dimers 1-d and 1-d*
were corroborated by solution FT-IR studies of 1 and by
analogy to ESI-MS, X-ray crystallographic, and ROE data for
related compounds.[23]

Figure 2. Variable concentration 1H NMR spectra of dimer-forming
peptide 1 (500 MHz, 293 K, CDCl3). From top to bottom, spectra are
arranged in order of increasing peptide concentration: a) 1.0mm ; b) 3.0mm ;
c) 5.0mm. Due to slow exchange, signals from both monomer (m) and the
equally populated dimers (d and d*) are observed. As total peptide
concentration is raised, the intensities of free N ± H resonances arising from
1-m (d� 7.02 and 7.12) decrease, while signals corresponding to the equally
populated, hydrogen-bonded 1-d and 1-d* (d� 8.46 ± 8.78) increase. Other
changes are visible in the CaH (d� 4.56 ± 5.95) and N-CH3 (d� 2.61 ± 3.24)
regions.

In a representative metathesis experiment, 26 mol % RuII

catalyst II was treated with a deuteriochloroform solution of 1
(5 mm), and the resulting reaction was monitored by analytical
RP-HPLC (C18 column). Initially (�0.5 ± 2 h), consumption
of starting material was accompanied by transient buildup of
two late-running species, identified by ESI-MS as E- and Z-
mono-metathesized products 2 (hereafter referred to as
intermediates 2 or linear dimers 2). As the reaction proceeded,
new peaks appeared with retention times midway between
those of starting compound 1 and intermediates 2. 1H NMR
and ESI-MS analysis identified these species as the expected
38-membered ring-containing tricyclic products 3 present as a
mixture of three possible olefin isomers: E,E ; Z,Z ; and E,Z
(Figure 3). Observation of strongly downfield-shifted N ± H
resonances between 8.07 and 9.01 ppm is consistent with the
expected hydrogen-bonded structure.

After two days reaction time, dimeric products 3 were
formed in 65 % yield as judged by analytical RP-HPLC. While
significant quantities of linear dimers 2 remained, we ob-

Figure 3. 1H NMR spectra (500 MHz, CDCl3) displaying N ± H and CaH
resonances of a) olefinic peptide 1 (5.0 mm, 293 K), b) metathesis products
3 (7.1mm, 293 K), and c) hydrogenated product 4 (4.8 mm, 283 K).
Spectrum a) displays resonances for non-hydrogen-bonded N ± H groups
of Phe and Hag at d� 7.12 and 7.02, respectively, as well as resonances for
hydrogen-bonded N ± H groups from two equally populated noncovalent
dimers at d� 8.57 and 8.78 (1-d) and d� 8.78 and 8.46 (1-d*). Spectrum
b) shows resonances for hydrogen-bonded N ± H groups between d� 8.07
and 9.01 and reflects the presence of three olefin isomers (E,E ; E,Z ; and
Z,Z) of 3. Reduction of 3 produces a single D2 symmetrical product 4 with
signals for the hydrogen-bonded N ± H groups at d� 7.56 (Phe) and 7.83
(Hag) (spectrum c).

served no evidence of undesired intramolecular metathesis
products or higher oligomers by either RP-HPLC or ESI-MS
(Figure 4). The identity of 2 as reaction intermediates was
supported by control experiments in which purified samples

Figure 4. ESI-MS of the crude reaction mixture from olefin metathesis of
1. Peaks corresponding to singly charged proton and sodium adducts of
linear intermediates 2 and tricyclic products 3 appear at 1687, 1709 and
1658, 1680, respectively.

were resubjected to the original reaction conditions, resulting
in formation of di-metathesize products 3. Thus the covalent
capture process appears to proceed in a stepwise fashion, with
initial cross-metathesis to yield 2 followed by RCM to give 3
(Figure 5). Control experiments carried out in solvents which
abolish intersubunit hydrogen bonding (EtOH or 1:1 v/v
DMF/CHCl3) yielded no reaction, underscoring the impor-
tance of noncovalent assembly.

In order to reduce spectral complexity and thereby
facilitate 1H NMR characterization, we first hydrogenated 3
in the presence of Pd/C, resulting in quantitative conversion to
reduced tricyclic product 4 (Figure 5). Alternatively, the crude
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Figure 5. Covalent capture of Hag peptide 1 using RuII catalyst II appears
to proceed in a stepwise fashion through the intermediacy of noncovalent
dimer 1-d*. The high effective molarity of olefin functions in 1-d* drives the
initial cross metathesis event to give linear intermediates 2. Compounds 2
then undergo RCM to produce desired products 3. We then hydrogenated
products 3 in order to reduce 1H NMR spectral complexity caused by olefin
isomerism, resulting in reduced compound 4. (For clarity, most side chains
are omitted.)

metathesis mixture was first hydrogenated and subsequently
purified by RP-HPLC. Compound 4 was subjected to
1H NMR, FT-IR, and ESI mass spectral characterization.
The 1D 1H NMR spectrum is consistent with the expected D2

symmetrical structure and exhibits signals for hydrogen-
bonded Phe and Hag N ± H groups at 7.56 and 7.83 ppm,
respectively (Figure 3). 2D ROESY and COSY experiments
established the anticipated covalent and spatial arrangements
of atoms in 4 and allowed complete assignment of resonances
(Figure 6). Cross-strand da-a and db-b ROEs confirmed the
expected antiparallel b-sheet topology.[23] Additionally, the
solution FT-IR spectrum (CDCl3) closely resembles that of
previously characterized dimer-forming peptides, with hydro-
gen-bonded amide A signals at 3310 cmÿ1 and amide I? bands
at 1632 and 1674 cmÿ1, the latter presumably arising from non-
hydrogen-bonding N-alkylated residues.[23]

Figure 6. 2QF-COSY spectrum of D2 symmetrical reduced product 4
(500 MHz, 283 K, CDCl3). CaH diagonal peaks are labeled as follows: a) d-
MeN-Ala2 (5.16); b) l-Phe1 (5.12); c) l-Hag3 (4.76); d) d-MeN-Ala4 (4.59).

Covalent capture by disulfide formation. Peptide cyclo[(-l-
Phe-d-MeN-Ala-l-Cys(Acm)-d-MeN-Ala)2-] (5-Acm) was syn-
thesized by standard protocols and characterized by 1H NMR
spectroscopy and ESI mass spectrometry (see Experimental
Section). Surprisingly, 1H NMR experiments revealed that 5-
Acm exists in deuteriochloroform solely as a monomer.
Nevertheless, by analogy to metathesis experiments described
above, we reasoned that the conformationally rigid peptide
ring would favor inter- over intramolecular disulfide forma-
tion, thereby enforcing hydrogen bonding and subsequent
oxidative ring closure. The slow rate of Cys(Acm) oxidation in
nonpolar solvents required us to carry out the reaction in
aqueous media.[54] Under these conditions, however, iodine
oxidation of 5-Acm yielded exclusively monomeric cystine
peptide 5-SS (Figure 7).

Next we considered oxidative capture of the free sulfhydryl
derivative. Upon reduction of disulfide 5-SS, the resulting
dithiol 5-SH also exhibited no evidence of self-association. We
then decided to pursue a different strategy. By analogy to
mercaptan-catalyzed �unscrambling� of mispaired disulfides in
proteins such as bovine pancreatic ribonuclease A (RNase
A),[38] we reasoned that in the presence of a sulfhydryl
reagent, the half-cystine residues of 5-SS would rearrange by
thiol ± disulfide interchange to produce target dimer 7. We
predicted that release of conformational strain in 5-SS and the
potential for intersubunit hydrogen bonding together with the
entropic drive toward maximizing the number of particles in
solution would favor the desired product 7 at the expense of
both monomer 5-SS and alternative higher oligomers.

This strategy proved successful. In a typical experiment, we
treated 10 ± 29 mol % dithiol 5-SH with a solution of substrate
5-SS (5 ± 6 mm, CHCl3) followed by 1 % v/v Et3N, and
monitored the resulting reaction by RP-HPLC (C4 column).
Initially (0.5 ± 24 h), the appearance of numerous late running
species accompanied consumption of 5-SS (Figure 8). We
isolated these compounds and identified them as linear
dimeric, trimeric, tetrameric, and pentameric disulfide-bond-
ed oligomers (compounds 6) using matrix-assisted laser
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Figure 7. Iodine oxidation of di-Cys(Acm) peptide 5-Acm gave cystine-
containing monomer 5-SS rather than expected disulfide-bonded dimer 7.
(For clarity, most side chains are omitted.)

Figure 8. Time dependence of the analytical RP-HPLC profile for
disulfide isomerization of 5-SS catalyzed by 5-SH (l� 230 nm): a) 6 h;
b) 16 h; c) 48 h. Peaks arising from internal standard 9-fluorenone, starting
material 5-SS, isomeric dimer iso-7, and desired disulfide-bonded dimer 7
are indicated. Unlabeled peaks corresponding to linear dimeric, trimeric,
tertrameric, and pentameric products 6 appear at approximately 34, 49, 53,
and 56 minutes, respectively. As the reaction proceeds, target product 7
begins to predominate at the expense of 5-SS and intermediates 6 and iso-7.
(Data are normalized and baseline corrected.)

desorption ionization mass spectrometry (MALDI-MS, Ta-
ble 1); smaller peaks presumably arising from higher oligom-
ers were also observed. Upon further reaction, the intensities
of oligomeric products 6 decreased with a corresponding
increase in the amount of target product 7. The reaction

generally failed to achieve quantitative consumption of either
starting peptide 5-SS or oligomeric intermediates 6, likely due
to slow oxidation of the dithiol catalyst. However, covalent
dimer 7 was typically formed in 50 ± 90 % yield after 2 ± 5 days
reaction time, with larger amounts of catalyst 5-SH giving rise
to higher yields.

Control experiments provided further insight into the
isomerization process. In addition to 5-SH, we found that
sulfhydryl reagents such as 2-mercaptoethanol and thiophenol
also catalyzed the reaction. Experiments carried out in the
absence of added thiol yielded only starting material even
after extended reaction times (�5 days). Moreover, attempts
to regenerate cystine monomer 5-SS by oxidation of 5-SH
(1 mm in 5:4:1 v/v/v MeOH:H2O:DMSO; room temper-
ature)[55] proved unsuccessful, supporting the existence of
conformational strain in the former. On the basis of these
data, the following mechanistic picture emerges. In the
minimal catalytic cycle (Figure 9), the reaction begins with
intermolecular thiol ± disulfide interchange between catalyst
5-SH and cystine peptide 5-SS, generating linear oligomer 6.
Compound 6 can then undergo intramolecular disulfide
exchange to generate tricyclic product 7 as well as a new
linear oligomer 6 shortened by two cyclic peptide subunits.
Additional rounds of inter- and intramolecular exchange
occur until thermodynamic product 7 predominates at equi-
librium.

During the course of these experiments, we consistently
observed a product (iso-7) whose mass spectrum is identical
with that of 7 but which elutes significantly earlier during RP-
HPLC analysis (Table 1; Figure 8). On the basis of its
apparent hydrophilicity, we tentatively identified iso-7 as the
�inside-out� topological isomer of desired product 7, with
apolar N-methyl groups sandwiched at the dimeric interface
and N ± H moieties pointing outward toward the surrounding
medium (Figure 10). As the reaction proceeds, the intensity of
this species diminishes while that of 7 increases, suggesting
that iso-7 is a kinetic product which eventually rearranges to
give the more stable hydrogen-bonded dimer 7. Indeed,
control experiments carried out in 2.5:1 v/v dimethylaceta-
mide (DMA):CHCl3 yield approximately equimolar amounts
of 7 and iso-7. These data indicate that, while entropic factors
apparently favor dimeric products, solvent polarity controls
partitioning between hydrogen-bonded 7 and non-hydrogen
bonded iso-7.

UV/Vis and 1H NMR spectroscopy confirmed the antici-
pated covalent and topological features of peptide 7. Treat-
ment of a solution of 7 in chloroform with one equivalent of
sulfhydryl indicator 2,2'-dipyridyldisulfide[56, 57] yielded no
reaction as judged by UV/Vis, demonstrating the absence of

Table 1. Species identified by MALDI-MS in the disulfide isomerization of
5-SS.

Compound [M�X]� calcd [M�X]� found X

iso-7 1679 1678 H
di-6 1681 1679 H
7 1679 1678 H
tri-6 2520 2519 H
tetra-6 3359 3356 H
penta-6 4235 4236 K
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Figure 10. Hydrogen-bonded dimer 7 and putative non-hydrogen-bonded
dimer iso-7 can in principle interconvert by thiol ± disulfide interchange. In
nonpolar solvents 7 predominates, presumably due to stabilization by
intramolecular hydrogen bonding, while control experiments carried out in
polar solvent mixtures which compete for hydrogen-bonding sites yield
approximately equimolar mixtures of the two compounds. (For clarity, most
side chains are omitted.)

free thiols and affirming the expected disulfide-bonded
structure. In variable temperature 1H NMR experiments, 7
shows two sets of signals at room temperature which converge
near 323 K (Figure 11), possibly due to interconverting
cystine side chain conformers. Downfield-shifted N ± H reso-
nances between d� 8.21 and 9.05 reveal strong intramolecular
hydrogen bonding (Figures 11 and 12) and support the
proposed role of noncovalent interactions in controlling
product distribution (Figure 10). Finally, downfield shifts in
CaH signals with respect to both 5-SS and 5-SH (Figure 12)

Figure 11. Variable temperature 1H NMR spectra of disulfide-bonded
dimer 7 at a) 293 K, b) 308 K, and c) 323 K (500 MHz, CDCl3). Spectrum a
shows two sets of signals which begin to converge as the temperature is
raised, suggesting the presence of interconverting cystine side chain
conformers.

together with observation of strong cross-strand da-a and
intense sequential da-N (i, i� 1) ROEs established the
expected antiparallel b-sheet structure of 7 (Figure 13).[23]

Discussion

Olefin metathesis : The covalent capture strategy outlined in
Figure 1 proved successful for olefin metathesis of Hag-
bearing peptide 1, furnishing 38-membered ring-containing
tricyclic products 3 in 65 % yield. Several lines of evidence
establish the importance of noncovalent assembly. 1H NMR
experiments demonstrated that starting peptide 1 dimerizes in
deuteriochloroform through intersubunit hydrogen bonding
with an overall association constant of 103� 7mÿ1, while polar
solvents such as dimethylformamide (DMF) completely

Figure 9. Minimal mechanism for rearrangement of cystine monomer 5-SS catalyzed by 5-SH. Cystine monomer 5-SS first experiences intermolecular
thiol ± disulfide interchange to give linear oligomer 6. When n� 1, 6 can then undergo intramolecular exchange to form one equivalent of tricyclic dimer 7 and
a new linear oligomer shortened by two cyclic peptide subunits. At this point oligomer 6 can either add to additional equivalents of monomer 5-SS or undergo
further intramolecular exchange to produce 7, ultimately regenerating catalyst 5-SH. (For clarity, most side chains are omitted.)
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Figure 12. 1H NMR spectra of a) reduced peptide 5-SH and b) cystine
monomer 5-SS in comparison with that of c) disulfide-bonded dimer 7
(500 MHz, 323 K, CDCl3). Spectrum c shows large downfield shifts in N ± H
and CaH resonances with respect to spectra a and b, demonstrating strong
intramolecular hydrogen bonding and b-sheet structure, respectively, in 7.[23]

Figure 13. ROESY spectrum of disulfide-bonded dimer 7, showing
a) strong cross-strand Ala4 to Ala2 da-a and b) intense da-N (i, i� 1) ROEs
characteristic of antiparallel b-sheet structure.[23] In spectrum b, intra-
residue da-N ROE crosspeaks are expected to be weaker than the
corresponding sequential signals shown here and were not observed in
this experiment.

abolish self-assembly. Thus we predicted that nonpolar
solvents would favor covalent capture by promoting hydrogen
bonding and thereby increasing olefin effective molarity.
Indeed, the reaction proceeded smoothly in deuteriochloro-
form, while control experiments carried out in polar media
(EtOH or 1:1 v/v DMF:CHCl3) yielded no metathesis
products. Furthermore, although polar solvents are known
to reduce the activity of RuII complex II, Grubbs et al. have
successfully utilized this catalyst to effect cross metathesis of
cis-2-pentene in both [D8]THF and 0.29:1 v/v MeOD:CD2Cl2

([substrate]� 0.606m and 0.519m, respectively).[31] These data
indicate that, in the absence of noncovalent dimer formation,
metathesis of 1 does not occur at an appreciable rate under
the dilute conditions employed (�5 mm). Consistent with this
explanation, high dilution (� � 20 mm) is known to suppress
acyclic olefin cross metathesis in other substrates.[32] There-
fore the appearance of metathesis products in the present
system supports the importance of noncovalent assembly.

During the course of the reaction we noticed transient
buildup of mono-metathesized intermediates 2, indicating
that the second step (ring closure) occurs at a rate comparable
to the first (cross metathesis). These observations suggest that
both metathesis events take place in an intramolecular

fashion, in agreement with the proposed covalent capture
mechanism (Figure 5). Furthermore, no ring-closing meta-
thesis of 1 was detected, presumably due to rigidity of the
peptide ring.

Target products 3 were characterized by analytical RP-
HPLC, ESI-MS, and 1H NMR spectroscopy. As expected, 3
exists as a mixture of three olefin isomers (E,E ; E,Z ; and
Z,Z). Downfield shifted N ± H signals between d� 8.07 and
9.01 strongly support the expected hydrogen-bonded struc-
ture (Figure 3 b). Following hydrogenation of olefin function-
alities, N ± H and CaH resonances of reduced product 4
experience upfield shifts with respect to both metathesis
products 3 and noncovalent dimers 1-d and 1-d* (Figure 3).
These shifts demonstrate weaker hydrogen bonding and a
lesser degree of b-sheet structure in 4, likely reflecting
unfavorable steric constraints imposed by saturated Hag
linker groups. Nevertheless, observation of cross-strand da-a

and db-b ROEs together with solution FT-IR data identify the
overall topology of 4 as that of an antiparallel b-sheet.[23]

Our preliminary account of this work represents the first
example of acyclic olefin cross metathesis promoted by
noncovalent assembly.[24] Previously, Grubbs et al. had
employed intramolecular hydrogen bonding to organize
olefin-bearing peptides for RCM.[33, 58] Subsequent studies
have exploited a more reactive third-generation RuII catalyst
to effect template-directed cyclization,[32] catenation,[59] and
knot-formation.[60] Finally, a recent report from Grubbs et al.
described RCM of preorganized a-helical peptides bearing
olefinic residues at i and i� 4 positions.[61] The present study
therefore compliments ongoing efforts to define the scope and
limitations of olefin metathesis in self-assembling and self-
organizing systems.

Disulfide bond formation : We also employed intersubunit
hydrogen bonding to effect selective conversion of di-
Cys(Acm)-containing peptide 5-Acm to disulfide-bonded
dimer 7 (Figures 7 and 9). Since both 5-Acm and deprotected
derivative 5-SH failed to self-associate in deuteriochloroform,
we were unable to apply the general strategy outlined in
Figure 1. This lack of self-association was unexpected and may
arise from intramolecular hydrogen bonding. Consistent with
this interpretation, we recently found that related peptides
with general sequence cyclo[(-l-Phe-d-MeN-Ala)3-l-Xaa-d-
MeN-Ala-] dimerize only weakly (Ka<� 5mÿ1 in CDCl3), if at
all, when Xaa is a polar residue such as Ser or Orn.[62] We
therefore obtained 7 indirectly from 5-Acm through a two-
step procedure involving intramolecular oxidation (Figure 7)
followed by hydrogen-bond-directed thiol-catalyzed isomer-
ization (Figure 9).

Several observations provided mechanistic insight into the
disulfide isomerization process. The reaction proceeded
smoothly in the presence of catalytic amounts of sulfhydryl
compounds including 5-SH, thiophenol, and 2-mercaptoetha-
nol (5 ± 6 mm in 5-SS, 1 % v/v Et3N, CHCl3), while the omission
of thiol furnished only starting material. Upon increasing the
amount of catalyst 5-SH from 10 to 29 mol %, we found that
the yield of 7 rose from 50 to 90 % with a corresponding
increase in consumption of both 5-SS and oligomeric inter-
mediates 6. This observation suggests that, as expected, the



Covalent Capture 782 ± 792

Chem. Eur. J. 1999, 5, No. 2 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0502-0789 $ 17.50+.50/0 789

thiol ± disulfide interchange reaction is inhibited by slow
oxidation of both 5-SH and 6. Furthermore, unlike the
metathesis system discussed above, the covalent capture
process leading to disulfide-bonded dimer 7 necessarily
involves oligomeric intermediates. These oligomers must be
at least three cyclic peptide subunits in length: two undergo
thiol ± disulfide interchange, while the third acts as a leaving
group (Figure 9). Higher oligomers likely result from com-
petition between intra- and intermolecular exchange under
initial conditions when the concentration of 5-SS is highest.
Thus observation of oligomeric intermediates in the disulfide
isomerization of 5-SS strongly supports our proposed mech-
anism.

Conformational strain appears to activate the disulfide
bond in 5-SS for initial nucleophilic attack by 5-SH. In support
of this hypothesis, monomeric cystine peptide 5-SS is readily
converted to alternative disulfide-bonded species in the
presence of catalytic amounts of thiol (Figure 8). Further-
more, dithiols typically exhibit high oxidation potentials
arising from proximity effects.[63] For example, we have found
that the related peptide cyclo[(-d-Phe-l-N-(n-propanethiol)-
Ala-d-Phe-l-Ala)2-] undergoes facile and quantitative air
oxidation to give the corresponding intramolecular disul-
fide.[64] In contrast, attempts to regenerate 5-SS by DMSO
oxidation of 5-SH (1 mm in 5:4:1 v/v/v MeOH:H2O:DMSO;
room temperature)[55] were unsuccessful, providing additional
evidence of conformational strain.

The data indicate that hydrogen bonding plays an impor-
tant role in controlling product distribution. For example, the
hydrogen bonding observed in 1H NMR spectra of 7 likely
contributes to the stability of this compound and should
therefore favor its formation (Figure 12). Furthermore, con-
trol experiments carried out in a polar solvent mixture which
disfavors hydrogen bonding (2.5:1 v/v DMA:CHCl3) yielded
predominantly an equimolar mixture of dimeric products 7
and iso-7. On the basis of ESI-MS and analytical RP-HPLC
data, we identified iso-7 as the �inside-out� topological isomer
of target product 7 (Table 1; Figures 8 and 10). Under the
usual reaction conditions (CHCl3), iso-7 is apparently formed
as an intermediate but then reverts to the more stable
hydrogen-bonded structure 7. These observations strongly
suggest that entropic factors favor dimeric products regardless
of solvent polarity, while in nonpolar media 7 predominates
due to intramolecular hydrogen bonding.

The unreactivity of 7 toward 2,2'-dithiodipyridine[56, 57]

demonstrated the absence of free sulfhydryl groups and
established the expected disulfide-bonded structure. Addi-
tionally, ROESY experiments allowed complete assignment
of 1H NMR resonances and affirmed the expected antiparallel
b-sheet structure. In contrast to 7, most other disulfide-
tethered b-sheet model systems contain cystine residues at
non-hydrogen-bonding positions.[42-49] However, numerous
examples of cyclic tetrapeptide b-turn mimetics incorporating
cysteine disulfides at hydrogen-bonding i and i� 4 positions
provide ample precedent for the arrangement of residues in
7.[50, 51] Indeed, downfield shifts in N ± H and CaH resonances
with respect to both 5-SS and 5-SH (Figure 12) as well as
strong cross-strand da-a and intense sequential da-N (i, i� 1)
ROEs (Figure 13) distinctly resemble 1H NMR features of

noncovalent cylindrical b-sheet peptide assemblies.[23] Fur-
thermore, N ± H and CaH signals of 7 exhibit larger downfield
shifts than corresponding resonances in reduced metathesis
product 4, indicating that cystine residues are better suited for
tethering adjacent cyclic peptide subunits.

Observation of two sets of signals in 1H NMR spectra of 7
strongly suggests the presence of interconverting cystine side
chain conformers. Like other alkyldisulfides, cystine residues
typically exhibit equilibrium css values restricted to the ranges
90� 208 (p) and ÿ90� 208 (n)[41] as well as twofold rotational
barriers at 08 (cis) and 1808 (trans).[65, 66] To a first approx-
imation, these features can be visualized as arising from lone
pair repulsion between adjacent sulfur atoms.[65, 66] In the
absence of impediments such as cyclization or steric inter-
actions, interconversion between p and n forms is expected to
occur through the trans pathway due to the higher activation
barrier for cis rotation (�11 kcal molÿ1 for cis vs. �5 ±
6 kcal molÿ1 for trans).[67] As with other cyclic systems,
however, conformational constraints in 7 could force css

rotation through the less stable cis rotamer.[67] Transient
breakage of up to eight intramolecular hydrogen bonds may
further increase this activation barrier, giving rise to slow
exchange observed in 1H NMR spectra of 7 (Figure 11).

The present study adds to a growing number of investiga-
tions into the use of disulfides to stabilize self-assembling and
self-organizing systems. Well known examples include the
aforementioned oxidative refolding of natural cysteine-rich
proteins[37, 38] and protein fragments.[39] In addition, chemists
have employed disulfides to covalently capture preorganized
single a-helical[68] and coiled-coil peptides,[69, 70] as well as
nucleic acid[71, 72] and lipid assemblies.[73] The chemoselectivity
and ready reversibility of disulfide formation render this
transformation especially well suited to stabilization of
delicate constructs.

Conclusion

We have successfully employed hydrogen bonding to organize
cyclic peptide subunits for intermolecular covalent bond
formation, resulting in kinetically stable cylindrical b-sheet
assemblies. In the two systems explored, we found that
hydrogen bonding plays different yet equally important roles.
For olefin metathesis of peptide 1, hydrogen bonding appa-
rently drives covalent bond formation by increasing olefin
effective molarity, as evidenced by the lack of reaction in
polar media which disfavor the assembly process. In contrast,
release of conformational strain provides the driving force for
thiol ± disulfide interchange of 5-SS, furnishing entropically
favored dimeric products in both polar and nonpolar solvents.
In this case, however, hydrogen bonding in nonpolar media
appears to control product distribution by stabilizing dimer 7
and favoring its production at the expense of non-hydrogen-
bonded iso-7.

Both olefin metathesis of 1 and oxidation of 5-Acm lead to
products displaying the expected antiparallel b-sheet hydro-
gen-bonding network, indicating that the tethers employed
are suitable for bridging adjacent cyclic peptide subunits.
However, hydrogenation of olefin groups in metathesis
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products 3 causes weaker hydrogen bonding and a lesser
degree of b-structure in reduced product 4, suggesting
unfavorable conformational restraints imposed by the satu-
rated linker groups. These observations will aid in design of
novel functional materials based on covalently polymerized
cyclic peptide nanotubes.

Experimental Section

Chemicals : Acetonitrile, isopropyl alcohol (optima, Fisher), and trifluoro-
acetic acid (Halocarbon, NJ) for analytical RP-HPLC were used without
further purification. Chloroform (optima, Fisher) was dried and deoxy-
genated prior to use by distillation from CaCl2 under argon. Dimethyla-
cetamide was purified by vacuum distillation from ninhydrin, dried over 8 ±
12 mesh 4 � molecular sieves, and deoxygenated by sparging with argon
before use. Dimethylformamide (DMF, sequencing grade, Fisher) and
ethanol for metathesis experiments were deoxygenated by sparging with
argon before use. Thiophenol, 2-mercaptoethanol, 9-fluorenone, 2,2'-
dipyridyldisulfide, hexafluoroisopropanol (HFIP), heptafluorobutyric acid
(HFBA), and hexafluoroacetone hydrate (HFA ´ xH2O), and anhydrous
dioxane were used as obtained from Aldrich. Dithiothreitol (DTT) was
purchased from Fisher and used without further purification. Triethylamine
was obtained from Fisher and distilled first from ninhydrin and then from
CaH2 under Ar and stored over KOH pellets. CDCl3 (99.8 %, Isotech) for
1H NMR spectroscopy and metathesis experiments was distilled from
CaCl2 under Ar prior to use.

Peptide synthesis and cyclization : Except as noted, peptide synthesis and
cyclization was carried out as previously described.[23] Details concerning
the synthesis and characterization of cyclo[(-l-Phe-d-MeN-Ala-l-Hag-d-
MeN-Ala)2-] (1) are reported elsewhere.[23]

cyclo[(-ll-Phe1-dd--MeN-Ala2-ll-Cys(Acm)3-dd-MeN-Ala4)2-] (5-Acm): Linear
octapeptide [(-l-Phe-d-MeN-Ala-l-Cys(Acm)-d-MeN-Ala)2 (5-x) was syn-
thesized on N-Boc-d-MeN-Ala-(OCH2)-Pam resin (1.31mmol scale). After
introduction of the first Cys(Acm) residue, the peptidyl resin was
scrupulously washed with CH2Cl2 before and after each TFA treatment
in order to minimize side reactions arising from exothermic reaction of
TFA with DMF. After HF cleavage and purification by RP-HPLC, desired
product 5-x was obtained as its TFA salt in 75 % yield (1.095 g, 982 mmol;
ESI-MS: [M�H]� calcd 1001.5; found 1001). Cyclization of 5-x (500 mg,
449 mmol) followed by RP-HPLC purification afforded 5-Acm in 67%
yield (255 mg, 303 mmol). 1H NMR (500 MHz, 323 K, CDCl3): ll-Phe1: d�
7.00 (br, N ± H), 4.96 (m, CaH), 2.91, 2.94, (m, CbH2), 7.12 ± 7.34 (m, Cd,e,xH);
dd-MeN-Ala2 : d� 2.77 (s, N ± CH3), 5.45 (br, CaH), 1.22 (br s, CbH3); L-
Cys(Acm)3 : d� 7.41 (br, N ± H), 4.86 (m, CaH), 2.83, 3.10 (m, CbH2), 4.38
(m, Acm CH2), 6.99 (br, Acm N ± H), 2.04 (s, Acm CH3); dd-MeN-Ala4 : d�
2.77 (s, N ± CH3), 5.16 (br, CaH), 1.26 (br s, CbH3); ESI-MS: [M�H]� calcd
983.4; found 983.

S,S''-dithio-(cyclo[(-ll-Phe1-dd-MeN-Ala2-ll-Cys3-dd-MeN-Ala4)2-]) (5-SS): To a
50 mL round-bottom flask equipped with magnetic stir bar was added one
equivalent of di-Cys(Acm)-containing cyclic octapeptide 5-Acm (100 mg,
102 mmol) followed by 60:40 v/v acetic acid:water containing one equiv-
alent of I2 (20.0 mL, 5.10 mm, 102 mmol).[54] The resulting reaction mixture
was stirred at 50 8C for 12 h, at which time excess I2 was reduced by addition
of 10% aqueous Na2S2O3 (40 mL). The solution was subjected directly to
RP-HPLC to give the desired cystine-containing heterodectic bicyclic
octapeptide 5-SS in 47% yield (40 mg, 48 mmol). 1H NMR (500 MHz,
323 K, CDCl3): ll-Phe1 : d� 6.70 (br s, N ± H), 5.13 (m, CaH), 2.93, 3.13 (m,
CbH2), 7.14 ± 7.28 (m, Cd,e,xH); dd-MeN-Ala2 : d� 2.45 (s, N ± CH3), 5.31 (q, J�
6.8 Hz, CaH), 1.09 (d, J� 6.8 Hz, CbH3); ll-(dithio)-Cys3 : d� 6.99 (br, N ±
H), 4.83 (m, CaH), 2.98, 3.32 (m, CbH2); dd-MeN-Ala4 : d� 3.12 (s, N ± CH3),
3.80 (br, CaH), 1.40 (d, J� 6.8 Hz, CbH3); ESI-MS: [M�H]� calcd 839.4;
found 839.

cyclo[(-ll-Phe1-dd-MeN-Ala2-ll-Cys3-dd-MeN-Ala4)2-] (5-SH): A 25 mL round-
bottom flask equipped with magnetic stir bar was charged with one
equivalent of cystine-containing bicyclic octapeptide 5-SS (20 mg,
24 mmol), 50 equivalents of DTT (184 mg, 1.2 mmol), and CHCl3

(10 mL). Five equivalents of Et3N were then added (21 mL, 120 mmol),

and the resulting mixture was stirred 12 h at room temperature under N2.
The reaction was terminated by washing with saturated NH4Cl (1� 5 mL)
and brine (1� 5 mL), followed by drying with Na2SO4. After removal of
the solvent under reduced pressure, the crude product was transferred neat
to a 1.5 mL microcentrifuge tube, to which was added H2O (1 mL). The
tube was then vortexed briefly and centrifuged to effect solid/liquid
separation. After decanting the supernatant, the solid was washed twice
more in this fashion, then purified by RP-HPLC to give reduced product 5-
SH in 96% yield (19.5 mg, 23 mmol). 1H NMR (400 MHz, 293 K, CDCl3):
ll-Phe1: d� 7.04 (br, N ± H), 4.90 (m, CaH), 2.92, 2.94 (m, CbH2), 7.17 ± 7.28
(m, Cd,e,xH); dd-MeN-Ala2 : d� 2.73 (br s, N ± CH3), 5.42 (br, CaH), 1.18 (br s,
CbH3); ll-Cys3 : d� 7.55 (br, N ± H), 4.53 (m, CaH), 2.71, 3.03 (m, CbH2), 1.66
(br, SH); dd-MeN-Ala4 : d� 2.72 (br s, N ± CH3), 5.15 (br, CaH), 1.24 (br s,
CbH3); ESI-MS: [M�H]� calcd 841.4; found 841.

Metathesis experiments with olefin-bearing peptide 1: Experiments were
typically carried out according to the following representative procedure.
Under argon, HPLC-purified olefinic peptide 1 (�8 mg, �9 mmol) was
dissolved in dry, deoxygenated CDCl3 (�0.6 mL) and allowed to sit for
30 min over freshly activated 8 ± 12 mesh 4 � molecular sieves (�100 mg).
An aliquot (150 mL) was then withdrawn and diluted with CDCl3 (300 mL)
and a 1.0% stock solution of anhydrous dioxane in CDCl3 (50 mL). The
1H NMR spectrum of this sample was acquired, and from the integral ratio
of dioxane to total CaH and olefinic protons, the stock solution was
determined to be 8.36 mm in 1. The remaining stock solution was recovered
(480 mL, 4.0 mmol) and diluted with CDCl3 (800 mL total volume, 5.0 mm in
1). 26 mol % RuII metathesis catalyst II was then added (0.95 mg,
1.03 mmol), and the resulting reaction mixture was monitored by analytical
RP-HPLC (C18 column/iPrOH/H2O). After two days, an aliquot was
removed and analyzed. A stock solution of 1 (2.5 mm) was then coinjected
with the crude reaction mixture to provide an internal standard. By
coinjecting standard solutions of 3 and 1, we had previously found the ratio
of e230 to be 2.0. After subtracting the intensity of residual starting material,
we determined that products 3 had been formed in 65 % yield. Linear
dimers 2 were purified by RP-HPLC and identified by mass spectral
methods (ESI-MS: [M�H]� calcd 1687; found 1687). Target products 3
were isolated and characterized by 1H NMR spectroscopy (Figure 3b) and
mass spectrometry (ESI-MS: [M�H]� calcd 1659; found 1658). Hydro-
genation of 3 in the presence of 1 wt equivalent 10 % Pd-C (1 atm H2)
afforded reduced product 4 in essentially quantitative yield. 1H NMR
(500 MHz, 283 K, CDCl3): ll-Phe1: d� 7.56 (br, N ± H), 5.12 (m, CaH),
2.92 ± 3.04 (m, CbH2), 7.16 ± 7.29 (m, Cd,g,eH); dd-MeN-Ala2 : d� 2.48 (s, N ±
CH3), 5.16 (q, J� 7.0 Hz, CaH), 1.09 (d, J� 7.0 Hz, CbH3); ll-Hag3 : d� 7.83
(d, J� 7.6 Hz, N ± H), 4.76 (m, CaH), 1.54 (m, CbH2), 1.18 ± 1.26 (m, Cg,dH2);
dd-MeN-Ala4 : d� 3.06 (s, N ± CH3), 4.59 (br, CaH), 1.40 (d, J� 7.3 Hz, CbH3);
ESI-MS: [M�H]� calcd 1663; found 1662.

Disulfide isomerization of cystine monomer 5-SS: The reaction was
typically carried out according to the following representative procedure.
Lyopholized peptide 5-SS (�2.5 mg) was placed in a 1 mL Schlenk tube
and purged with argon. A stock solution of 9-fluorenone (30.5 mm, 100 mL)
was added as an internal standard, followed by Et3N (5 mL, 1% v/v). The
reaction was initiated by addition of a stock solution of dithiol compound 5-
SH (100 mL, �10 mol % relative to 5-SS), then quickly increasing the total
volume to 500 mL. An aliquot was then withdrawn (10 mL) and diluted with
of 9:1 v/v HFIP/HFBA (60 mL) followed by HFA ´ 3H2O (250 mL). By
analytical RP-HPLC we determined that [5-SS]� 4.7m. The reaction was
left sealed for 12 days under argon, after which time analytical RP-HPLC
revealed a 50 % yield of disulfide-bonded dimer 7. 1H NMR (500 MHz,
313 K, CDCl3): ll-Phe1: d� 8.68 (br, N ± H), 5.33 (m, CaH), 2.70 ± 3.30 (m,
CbH2), 7.16 ± 7.28 (m, Cd,g,eH); dd-MeN-Ala2 : d� 2.80 (s, N-CH3), 5.73 (br,
CaH), 1.01 (br s, CbH3); ll-(dithio)-Cys3 : d� 8.39 (br, N ± H),5.21 (m, CaH),
2.70 ± 3.30 (m, CbH2); dd-MeN-Ala4 : d� 3.29 (s, N-CH3), 5.87 (m, CaH), 1.21
(br s, CbH3); ESI-MS ([M�H]� calcd 1679, found 1678).
1H NMR characterization of compounds : 1H NMR spectra (CDCl3) of
compounds 4, 5-Acm, 5-SS, 5-SH, and 7 were assigned from the
corresponding ROESY[52] and/or double quantum-filtered 2D COSY
(2QF-COSY)[53] spectra. Characterization of peptide 1 has been previously
described.[23] Mixing times (�300 ms) were not optimized for ROESY
experiments. Due to conformational averaging at the temperature indi-
cated, 1H NMR spectra of peptides 5-Acm, 5-SS, and 5-SH were C2

symmetrical, while those of 4 and 7 displayed D2 symmetry. Spectra were
typically acquired using Bruker�s standard pulse sequence on an AMX-400
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or 500 MHz spectrometer as indicated for each compound and referenced
to residual CHCl3 solvent peaks (d� 7.24). Data were processed using the
FELIX software package (Molecular Simulations, Inc.).

Determination of thiol groups in 7. Compound 7 (0.34 mg, 0.2 mmol) was
dissolved in CHCl3 containing one equivalent of 2,2'-dithiodipyridine
(2 mL, 0.1mm, 0.2 mmol), and the absorbance was monitored at 343 nm to
detect formation of 2-thiopyridone.[56, 57] No reaction occurred after 63 h,
while upon addition of 2-mercaptoethanol (2 mL), 2-thiopyridone was
observed within 0.5 h.

Attempted regeneration of cystine monomer 5-SS by DMSO oxidation of
5-SH: Dithiol 5-SH (5 mg, 5.9 mmol) was dissolved in 5:4:1 v/v/v
H2O:MeOH:DMSO (5 mL) and left overnight at room temperature.[55]

No formation of 5-SS was detected by either RP-HPLC (C4 column;
CH3CN/H2O/0.1 % TFA) or ESI-MS.
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