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Azide-Alkyne Cycloadditions

Head-to-Tail Peptide Cyclodimerization by
Copper-Catalyzed Azide-Alkyne
Cycloaddition**

Sreenivas Punna, Jane Kuzelka, Qian Wang, and
M. G. Finn*

Cyclic peptides and related structures have received attention
in a variety of fields pertinent to drug discovery and
biochemistry.! Peptide cyclization®” has been managed
most commonly by the formation of amide,® ester, disul-
fide,®™ olefin, and C—C" bonds. Most methods include
cyclization as part of solid-phase peptide synthesis, with ring
closure performed on the resin support.®) Olefin metathesis is
particularly attractive for ring closure, because terminal
alkenes and the transition-metal catalysts used to manipulate
them are generally unreactive with protein functional
groups. Thus, the “handles” for cyclization can be installed
and ignored until the time comes for their connection. We
report herein a conceptually similar approach with different
chemistry—the copper(l)-catalyzed azide-alkyne cycloaddi-
tion reaction®—and describe the propensity of this process to
give selective dimerization in the ring-closure step.

In the course of constructing linear and cyclic versions of
the same peptide sequence for display on supramolecular
protein scaffolds, we needed a cyclization method compatible
with the requirements of side-chain protection/deprotection
and with the installation of a reactive group to enable
subsequent bioconjugation. The 11-mer and 19-mer Arg-Gly-
Asp (RGD)-containing peptides 1 and 2 (Scheme 1) contain
sequences taken from an adenovirus serotype that binds
several a, integrins.”! They were synthesized by standard 9-
fluorenylmethyloxycarbonyl (Fmoc) methods, starting with
Fmoc-Phe-Wang resin and L-propargylglycine as the second
residue installed. The end of each chain was terminated with
side-chain Boc-protected Fmoc-lysine (Boc = fert-butoxycar-
bonyl), followed by Fmoc deprotection and capping of the
N terminus with 5-azidopentanoic acid. The syntheses were
also performed with a standard Boc-based protocol, starting
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Scheme 1. Peptide cyclization by azide—alkyne cycloaddition: a) Cul (0.5 equiv), Na ascorbate (1 equiv), 2,6-lutidine (2 equiv), CH;CN/DMSO/H,0O
(8:2:1), room temperature, 16 h; b) CF;CO,H/H,0/SiH (iPr); (95:2.5:2.5), room temperature, 3 h; c) CF;CO,H/H,0/1,2-ethanedithiol /SiH (iPr),
(94:2.5:2.5:1), room temperature, 3 h. Initial substitution for both resins 1 and 2 was 0.77 mmolg™". Prot= protecting group.

with a Boc-Phe-PAM (4-hydroxymethylphenylacetamido-

methyl) resin, terminated with Z- (benzyloxycarbonyl) or

Fmoc-protected lysine, and finished with the appropriate

capping step to install the azide group.!'!

Cyclization was carried out by exposure of each resin to
0.5 equivalents of Cu' (with respect to the maximum possible
amount of alkyne) for 16 h at room temperature. The
complete consumption of azide groups was verified by a
modified ninhydrin test developed for the detection of resin-
bound azides,!'” which is more sensitive than IR spectroscopy.
In the absence of Cu', no reaction occurred even upon heating
to 100°C. Cleavage from the solid support and HPLC analysis
showed the complete disappearance of the linear oligopep-
tides and the production of a single dominant species in each
case, which proved to be cyclic dimers rather than monomers
(Scheme 1). The yields of isolated purified linear and cyclic
peptides (linear-1, 25-30 %; linear-2, 15-20%; cyclo-1,, 15—
20%; cyclo-2,, 10-15%, all relative to the starting resin)
reflect 90-95 % yields for peptide coupling and cleavage steps,
and approximately 60 % yield for cyclodimerization, includ-
ing loss during purification by HPLC.

MALDIMS analyses under a variety of conditions
showed cyclo-1, and cyclo-2, to be of dimeric molecular
mass, m/z [M+H]*=2690 and 4602, respectively. Further
support for the assignment of cyclic dimers was supplied by
the following four observations, details of which are provided
in the Supporting Information:

1) Peptides cleaved from the resin before cyclization, but not
the cyclized products, were reactive with phosphine, which
confirms the consumption of the azide groups in the
cyclization step.

2) High-resolution ESIMS showed strong peaks at mi/z
values that correspond to the addition of odd numbers of
protons to the dimers and that could not arise from
monomers.

3) The use of a mixture of two amino acids in one of the
chain-building steps toward resin-1 provided a mixture of
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two sequences on the resin, which gave the three cyclized
products expected from cyclodimerization.

4) Trypsin digestion of cyclo-1, was monitored as a function
of time, showing one and two cleavage events to give
products of greater than monomeric molecular weight,
ruling out the existence of a catenated structure.

Whereas cyclic peptide dimers have been previously
prepared and shown to have interesting functional proper-
ties,"* the selective production of such large rings as cyclo-1,
and cyclo-2, is unprecedented. The following experiments
were performed to probe the mechanism of the process:

a) Cyclization reactions of analogous resins that have a lower
density of peptide chains were found to be much slower.
Thus, resin-1 and resin-2 were prepared from Fmoc-Phe-
Wang resin with an initial loading of 0.12 mmolg™" (1.2
derivatized styrene units per 100) instead of 0.77 mmol g
(9 functionalized monomers per 100). With the same ratio
of copper to alkyne (and therefore much more dilute in
both), a substantial amount of unconverted peptide
remained after 24 h, but cyclic dimers were still the only
products detected. This suggests that a threshold density
of azides or alkynes is required on the solid support, and
that the dimeric pathway is favored even when two chains
are difficult to bring together.

b) Cyclodimerization was neither favored by the peptide
sequence itself nor by the presence of copper ions, as
shown by the attempted ring closure with amide bond
formation shown in Scheme 2. HBTU-mediated cycliza-
tion of resin-3, incorporating orthogonally-protected
aspartic acid in place of propargyl glycine, gave poor
results, and no compounds of dimeric molecular weight
were observed.'] The expected monocyclic peptide cyclo-
3 was detected by mass spectrometry, but the material was
impossible to isolate by HPLC owing to the presence of
many impurities. Added copper(1) iodide did not induce
dimer formation in this process.
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Scheme 2. Peptide cyclization by amide bond formation: a) Performed with and without Cu' (0.5 equiv); HBTU (5 equiv), iPr,NEt, DMF, room
temperature. DMF = dimethylformamide; HBTU = O-(1H-benzotriazoyl-1-yl)-N,N,N’,N, -tetramethyluronium hexafluorophosphate.

c) The use of more than 0.5 equivalents of Cu with respect to with the much greater affinity of Cu' for alkyne over azide,
the maximum number of alkyne groups was deleterious. as discussed below.
For example, when 10 equivalents of Cu were employed e) Switching the positions of the azide and alkyne fragments
with resin-1, many peaks were observed by HPLC, none allowed some monocyclization to occur. Resin-7 was
of them representing cyclo-1, or linear-1. With 1.5 equiv- constructed with a side-chain-derivatized glutamic azide
alents of Cu, cyclic dimer was recovered in lower yield in the second amino acid position and propargyl glycine at
than before, along with some of the linear unconverted the end of the chain (Scheme 4). Subjection of this
peptide. Small peaks in the chromatogram suggested material to the standard cyclization conditions gave an
peptide decomposition in the presence of excess approximate 2:1 mixture of cyclic dimer cyclo-7, and
copper.® The addition of the copper-binding ligand cyclic monomer cyclo-7, along with a greater amount of
4,4'-dimethylbipyridine to the latter process (1.5 equiv impurities than were produced from the analogous resin-
Cu to alkyne; 2 equiv ligand to Cu)'® suppressed much of 1.
the reaction, giving unaltered linear peptide as the major
recovered material. The kinetic parameters of the reaction provide the basis
d) The cyclization of resin-1 performed in the presence of  for understanding the factors that cause cyclization to involve

added benzyl azide provided cyclo-1, and the azide- two peptide chains rather than one. In the previous paper in
trapped monomer 4 as major products (Scheme 3). In  this issue,'”’ we showed that the solution-phase reaction
contrast, the addition of phenylacetylene completely between benzyl azide and phenylacetylene exhibits a second-
suppressed cyclization, giving rise to the alkyne-trapped  order dependence on Cu'. Peptide cyclodimerization occurs
monomer 5 as the major product, with a trace of the linear ~ cleanly only when less than 1 equivalent of copper per alkyne
dimer 6, detected by MS. The different outcomes correlate  unit is present—when most or all of the metal is tied up in the

COzH ;

M-AF-T-DGRI-AK N

GA —\> NN pn

o ‘J\ i D;—T—""‘\_..—-"*\v. M3 y—/
P N N cyclo-12 NN EN ;
) N=N, krN K-A--R-G-D-T-F-A-G-F-COzH
a !
\ / 4
—,  K-A-I"R-G-D-T-F-A—G
G %\l JrNH F
HN. o] HOLC %\

K-Acl-R-G-D-T-F-A-G-F 002”"""0 N .
f,ﬂ, HOC-F-G-A-F-T-D"G-R-I-A"K—N._.O
~NHProt Ph ,J

; >y Fh (
resin-1 = L ]
L Osyra Mg % PLN
-:L gt \] r_,ﬁ' + D»‘:‘r’““xr’“\.- N ‘h.l,ﬂ ‘J_h:il".l
b) “Keel-R-G-D-T-F-A-G-F-COzH HN [
K-A—I-R-G-D-T-F-AG-F-COH
5 6
major trace

Scheme 3. Cu'-mediated peptide cyclization in the presence of added azide and alkyne: a) Cu' (0.5 equiv), benzyl azide (0.5 equiv), then cleavage
from resin; b) Cu' (0.5 equiv), phenylacetylene (0.5 equiv), then cleavage from resin.
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Scheme 4. Cyclization of peptide bearing azide and alkyne in “switched” positions.

form of Cu-acetylide on the resin. If the reaction of these
resin-bound species also requires the participation of two
copper centers, then only adjacent chains that happen to have
copper bound to their alkyne residues will engage in the
cycloaddition reaction. (The 1% cross-linked polystyrene
used herein is a highly flexible material’¥! so the term

“adjacent” refers simply to those chains for which the alkyne

groups can reach each other without too great an energetic

cost.) In other words, the mechanism of the copper-mediated
reaction demands the interaction of two peptide chains.

As the peptides used in this case are long and flexible,
there must be some additional factor(s) that induce the azide
of one chain to engage the alkyne of its neighbor rather than
its own. We suggest at least three potential contributing
interactions (Figure 1):

1) As the solution-phase reaction showed a rate order in
PhC=CH of between 1 and 2, a second-order pathway in
alkyne is possible, with one alkyne playing a structural
role. If, for example, one Cu-acetylide of associated
chains undergoes & complexation to the other, as shown in
structure 8, the reactivities of the two acetylides toward
azide will be different.

NI

10 1"

2) Aninteraction of a Cu' center with the peptide chain may
fold the oligopeptide in such a way as to make it more
difficult for the azide at the terminus to interact with the
Cu-acetylide at its base, also represented in structure 8.
Since no clear Cu'-binding side chains (His, Trp, Cys, Met)
were present in structure 1 (one Met residue exists in 2),
we believe that Cu binding to the peptide may occur at the
backbone amide groups.'”) Other possibilities that derive
from conformational bias imposed by the peptide
sequence are being explored, but we do not see how
such factors could generally favor dimeric cyclization.

Once the directed cycloaddition occurs to make one
triazole connection, the organometallic Cu-triazole inter-
mediate 9 may bind and direct the second azide to engage
the remaining acetylide and complete the macrocycliza-
tion. A similar phenomenon is proposed in the accom-
panying article to explain the anomalously fast second
cycloaddition process in the conversion of tethered
diazides into ditriazoles. Although this does not bear on
the question of monomeric versus dimeric cyclization, it
may help explain why linear dimers are not observed.

3)

Z—-0mA
Z—-0om=a

. excess Cu -
A

12

Figure 1. Schematic illustration of potential interactions leading to selective cyclodimerization.
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The experimental observations are accommodated by this
mechanistic scheme as follows: the slow rate of reaction on a
lightly loaded resin (observation (a), above) can be ascribed
to a dramatic decrease in the concentration of adjacent Cu-
bearing sites. The deleterious effects of bidentate ligand or
excess Cu' (observation c)) are similarly consistent with the
loss of the required binuclear Cu-alkyne-peptide ensemble,
either by disrupting Cu-alkyne—Cu binding (10 and 12,
Figure 1) or Cu-peptide interaction (11 and 13). Added
alkyne can also block cyclodimerization (observation d)) by
competing with the resin-bound alkyne for Cu', resulting in
capture of peptide azide by [Cu—C=CPh] to afford linear
monotriazole 5 (Scheme 3). Benzyl azide does not bind
copper with sufficient affinity to take the metal away from the
oligopeptide alkyne, so the putative [Cu,(alkyne),] species is
either trapped by pendant azide to give the usual cyclic dimer
or intercepted by free azide to give linear monomer 4
(Scheme 3). The opening of a competitive monocyclization
pathway by placing the alkyne away from the polystyrene
backbone (observation e)) suggests that such adjacent Cu-—
acetylide centers can come together with greater conforma-
tional flexibility, allowing the reactive ensemble to find either
azide residue of its component chains.

The selective production of large cyclic dimers from resin-
tethered peptides containing azide and alkyne residues is a
striking consequence of the mechanistic constraints of the
copper-catalyzed cycloaddition reaction. The process has
clear utility in the construction of large and highly functional
molecules if the presence of the triazole moiety can be
tolerated.” Indeed, a solution-phase synthesis of head-to-tail
cyclic dimers of trisaccharides to make ditriazole-containing
cyclodextrin analogues has been recently reported.?! The on-
resin phenomena described herein and related future studies
of the reaction in solution provide a versatile forum for the
continued exploration of the reaction mechanism. The
potential for interplay between peptide length, flexibility,
secondary structure, and copper—acetylide interactions is
especially interesting. We are also exploring the preparation
of peptide libraries, catenanes, and nonpeptide cyclic struc-
tures.
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