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ABSTRACT: Inspired by Nature’s wide range of oxidation-induced modifications to install cross-links and cycles at tyrosine 
(Tyr) and other phenol-containing residue side chains, we report a Tyr-selective strategy for the preparation of Tyr-linked 
cyclic peptides. This approach leverages N4-substituted 1,2,4-triazoline-3,5-diones (TADs) as azo electrophiles that react 
chemoselectively with the phenolic side chain of Tyr residues to form stable C–N1-linked cyclic peptides. In the developed 
method, a precursor 1,2,4-triazolidine-3,5-dione moiety, also known as a urazole, is readily constructed at any free amine 
revealed on a solid-supported peptide. Once prepared, the N4-substituted urazole peptide is selectively oxidized using mild, 
peptide-compatible conditions to generate an electrophilic N4-substituted TAD peptide intermediate that reacts selectively 
under aqueous conditions with internal and terminal Tyr residues to furnish Tyr-linked cyclic peptides. The approach demon-
strates good tolerance of native residue side chains and enables access to cyclic peptides ranging from 3- to 11-residues in 
size (16- to 38-atom-containing cycles). The identity of the installed Tyr-linkage, a stable covalent C–N1 bond, was character-
ized using NMR spectroscopy. Finally, we applied the developed method to prepare biologically active Tyr-linked cyclic pep-
tides bearing the integrin-binding RGDf epitope. 

Introduction  
Peptide natural products have long served as inspiration 
for developing new therapeutics to treat human dis-
eases.1 Therapeutic peptides commonly exhibit effective 
protein-target binding activity at low concentrations as a 
result of high selectivity and offer an inherent advantage 
of amino acid degradation products being minimally 
toxic.2–4 However, the value of peptide therapeutics is of-
ten overshadowed by a marked susceptibility to proteo-
lytic degradation and subsequent failure to reach a vali-
dated target in vivo. The modification of bioactive linear 
peptides by cyclization has been shown to be an effective 
strategy for addressing this problem.5–10 In fact, the bio-
activity and pharmacokinetic profiles of constrained cy-
clic peptides are often improved relative to their acyclic 
counterparts.11  
     Among Nature’s wide range of peptide cyclization 
strategies, the oxidative coupling of aromatic amino acid 
sidechains has drawn considerable interest. Proteino-
genic tyrosine (Tyr) residues are often involved in struc-
ture-altering oxidative cyclization events via the genera-
tion of tyrosyl radicals and related intermediates.12,13 
Such redox active intermediates are notably involved in 
the formation dityrosine and isodityrosine protein cross-
links (Figure 1A). While these biaryl linkages are 

frequently identified as clinical markers of oxidative 
stress and aging, they have been shown to impart bene-
ficial structural stability and elasticity to peptide and 
protein-based systems.14–16 Similar transformations are 
commonly observed in natural product biosynthesis 
pathways, resulting in structurally constrained mono- 
and polycyclic peptides with promising and diverse bio-
logical activities.17 Exemplary biaryl-linked cyclic pep-
tides that derive from phenolic-residue oxidation in-
clude the angiotensin-converting enzyme inhibitor, K-13 
1 (C–O-linked), myxarylin 2 (C–N-linked), and C–C-
linked antimicrobial peptides such as arylomycin A2 3 
(Figure 1A).18–23  
     The desirable properties associated with cyclic pep-
tides have motivated the development of creative syn-
thetic methods to prepare cyclic peptides. Many of these 
strategies leverage the reactivity of free termini and res-
idue side chain functionality, while others have intro-
duced noncanonical residues to achieve site-selective cy-
clizations.5,24,25 Nature forms stable covalent linkages by 
using oxidative manifolds to impart structural rigidity 
and stability to proteolytic degradation. However, repli-
cating the linkages formed in Tyr- and hydroxyphenyl-
glycine (Hpg)-containing cyclic peptides with  
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Figure 1. A. Tyrosine cross-links and cross-linked natural products: dityrosine, K-13, myxarylin, and arylomycin A2, B. 
Natural oxidative peptide cyclization: generation of vasopressin (5) under aerobic conditions through disulfide for-
mation. Enzyme-mediated oxidation of Arg by RrrB SAM in a Tyr containing peptide gives a unique Arg–Tyr cross-link 
and cyclic peptide (6→7). C. Tyr-selective protein labeling: TAD-based reagents react chemoselectively with Tyr in pro-
tein labeling experiments (8→9). Proposed peptide cyclization strategy wherein Tyr selectively reacts with an intra-
molecular TAD to generate a Tyr-linked cyclic peptide (10→11).
 
chemoselective control presents significant challenges. 
In view of their desirable properties, the need for devel-
oping efficient synthetic methodologies to access cyclic 
peptides is clear. Synthetic access to these types of link-
ages is often enabled through multistep approaches 
which use transition metal-catalyzed couplings (e.g., Su-
zuki couplings) or nucleophilic aromatic substitution as 
key reactions at residues with prefunctionalized phe-
nolic side chains.26–28 Emerging residue-selective protein 
modification and labeling methods have shown great  

 
potential for the controlled functionalization of peptides. 
For example, Baran and coworkers recently reported a 
Cu-mediated oxidative phenol coupling to achieve scala-
ble access to the biaryl-linked 14-atom macrocyclic core 
that is common to the arylomycins.29 Although transition 
metal-mediated strategies have enabled synthetic access 
to bioactive Tyr-linked cyclic peptides, few of these 
methods leverage the inherent nucleophilicity of phe-
nolic side chains.31-41  Recently, synthetic and chemoen-
zymatic strategies for preparing related variations of this 
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common macrocyclic core on scales suitable for manu-
facture were described by Gosselin and coworkers.41 
However, the generality has not been demonstrated for 
peptides containing diverse amino acid residue function-
ality or extended beyond three residue precursors to ac-
cess to larger biaryl-linked macrocycles. The underde-
veloped reactivity of its phenolic side chain presents a 
novel platform to develop Tyr-selective peptide cycliza-
tion methods. Considering the need for such strategies, 
we drew inspiration from the simplicity of other oxida-
tion-induced cyclizations that occur spontaneously un-
der aerobic conditions for peptides containing multiple 
cysteine (Cys) residues, such as the facile conversion of 
4 into vasopressin 5, and enzymatically, such as the re-
markable conversion of 6 into C–C bond linked cyclic 
peptide 7.42–44 Given the prevalence of Tyr-linked cyclic 
peptide natural products, we set out to develop a method 
for the oxidatively-induced cyclization of Tyr-containing 
peptides.  
     In 2010, Barbas and coworkers developed the use of 
N4-substituted 1,2,4-triazoline-3,5-diones (TADs) rea-
gents for Tyr-selective protein bioconjugation (Figure 
1C).45 These aqueous-compatible reactions are de-
scribed as ‘click-like’ by virtue of their favorable reaction 
rates and residue-selectivity. Accordingly, many TAD re-
agents have been prepared for protein bioconjugation 
studies, discriminating changes in protein structure,46 
and recent electrochemical oxidation methods have been 
developed to enable the in situ generation of N4-substi-
tuted TAD reagents from their corresponding N4-substi-
tuted urazole precursors.47–51 The procedural ease of 
these developments encouraged us to examine scenarios 
where in situ generated N4-substituted TAD peptides 
could react with sequence-embedded Tyr residues to 
produce Tyr-linked cyclic peptides (Figure 1C). The 
method design was predicated on several objectives. We 
sought to (1) provide predictable and modular access to 
Tyr-linked cyclic peptides, using (2) peptide-compatible 
oxidation conditions that tolerate native residue func-
tionalities, while (3) being procedurally simple to per-
form. In this approach, we show N4-substituted urazoles 
are readily built using N-terminal or embedded amines 
of Tyr-containing peptides. The urazole moiety can be 
chemoselectively oxidized in situ to generate a N4-sub-
stituted TAD peptide that undergoes spontaneous cy-
clization with an embedded Tyr residue under aqueous 
conditions. 
 
Synthesis of urazole-containing peptides.  
We began with the development of a general procedure 
to prepare urazole-containing peptides 14 (Figure 2). 
Despite the utility of urazole-containing peptides in la-
beling and protein bioconjugation applications, strate-
gies for their assembly are underdeveloped.52 Our initial 
approach evaluated a method reported by Börner and 
coworkers wherein a N4-substituted urazole can be built 
from an N-terminal amine of a solid supported peptide.53 

 
Figure 2. Strategies for preparing urazole-peptides (14): 
Peptides on solid phase (12) react in two steps to form 
semicarbazide-peptides (13). Upon cleavage from resin, 
semicarbazide-peptides (13b) react with K2CO3 in re-
fluxing ethanol to selectively provide urazole-peptides 
(14) and the conditions avoid hydantoin-peptide (15) 
formation in sequences bearing acyclic residues at posi-
tion-2. 
 
Here, the N-terminal amine at position-1 (12) reacts 
with bis(4-nitrophenyl)carbonate to provide a carba-
mate en route to a semicarbazide intermediate (13a) 
(see the Supplementary Information). Treatment of the 
semicarbazide intermediate (13a) on solid support with 
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) promotes cy-
clization to form the desired urazole-peptide (14) fol-
lowing acid-promoted cleavage and global deprotection. 
Unfortunately, we found this method limited to se-
quences bearing proline (Pro) or a pseudoproline resi-
due at position 2, as deviations from this led to undesir-
able hydantoin-peptide (15) formation during the cy-
clization step. 
     We were unable to find suitable conditions to prepare 
urazole-containing peptides (14) on solid support, 
prompting the development of an alternative and selec-
tive strategy. First, we optimized conditions to access 
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deprotected semicarbazide-peptides (13b) following 
steps i., ii, and iii.’ (Figure 2). We found the cyclization of 
semicarbazide-peptides 13b using alkaline conditions 
(step iv.’ K2CO3, EtOH, reflux) in solution to provide gen-
eral access to urazole-peptides (14) in good overall 
yields while avoiding hydantoin-peptide (15) for-
mation.54 Over 20 urazole-peptides (14) have been pre-
pared using this strategy, including those that bear acy-
clic residues at position-2 (e.g., Xaa2 = Ala2) (see the Sup-
plementary Information). 
 
Chemoselective peptide cyclization at tyrosine.  
With urazole-containing peptides (14) in hand, we next 
identified mild conditions to access Tyr-linked cyclic 
peptides (16). We envisioned a one-pot strategy wherein 
oxidation of urazole peptides (14) would generate reac-
tive TAD peptides (int-16) in situ that could undergo 
spontaneous cyclization at an embedded Tyr residue to 
access Tyr-linked cyclic peptides (16) (Figure 3). This 
strategy presented several compatibility challenges, as 
the urazole oxidation conditions must be selective and 
tolerant of native amino acid residue side chain function-
alities. At the onset of our investigations, biocompatible 
electrochemical urazole oxidation methods were un-
known.48,55 Moreover, there was no information regard-
ing the spontaneity of cyclization events provided TAD 
peptides (int-16) could be efficiently formed. These 
challenges necessitated the identification of conditions 
to, first, generate TAD peptides (int-16) selectively and 
second, induce cyclization with an embedded Tyr resi-
due to provide cyclic peptides (16). Using 14d as a model 
sequence, preliminary studies evaluated inorganic and 
organic nitrite reagents as potentially suitable oxidants. 
Sodium nitrite (NaNO2) is known to efficiently promote 
the oxidation of urazoles to TADs and has demonstrated 
tolerance of amino acid residue functionality.56–58 In-
deed, when an acidic solution of 14d (0.19 M, 1 equiv) in 
acetonitrile was treated with NaNO2 (1.0 equiv), the pre-
sumed TAD intermediate (see int-16) was readily gener-
ated in situ as qualitatively observed by the immediate 
change from colorless to a carmine red color that has 
been characteristically attributed to the extended azo 
chromophore of TADs (UV λmax = 532 nm).59 Based on 
conditions developed for protein bioconjugation with 
N4-aryl TAD derivatives, we attempted to induce cycliza-
tion by diluting the presumed TAD-containing solution 
with a phosphate buffered acetonitrile-water solution 
(1:1 CH3CN/100 mM phosphate buffer (PB), pH = 7.0).47 
Unfortunately, mass spectrometry analysis indicated 
that TAD intermediate hydrolysis and Tyr residue nitra-
tion occurred alongside a significant amount of unre-
acted 14d.60 This result can be partly rationalized by the 
limited solubility of NaNO2 in organic solvents, which, 
despite the observable TAD formation, could have sup-
pressed the reaction efficiency. To address this issue, we 
evaluated the reactivity of tert-butyl nitrite, t-BuNO2, due 

to its greater solubility in organic solvents. Following the 
oxidation of 14d (1 equiv) with t-BuNO2 (1.3 equiv) in 
acidic acetonitrile (1 vol% AcOH in CH3CN), the formed 
TAD intermediate (int-16d) was subsequently diluted 
with a phosphate buffered acetonitrile-water solution. 
Still, products of TAD hydrolysis and oxidation at the Tyr 
residue remained prevalent. The  hydrolysis result is 
consistent with a recent study from Heise and coworkers 
that evaluated the rate of N4-alkyl TAD hydrolysis in 
mixed aqueous-organic solutions.61 From this, we hy-
pothesized that TAD hydrolysis pathways could be sup-
pressed by decreasing the dilutant water content. Ac-
cordingly, a solution of in situ formed TAD intermediate 
(int-16d) was diluted into a phosphate buffered acetoni-
trile-water solution (3:2 CH3CN/100 mM PB, pH = 7.0) 
and analysis of the mixture indicated the formation of a 
new product as observed by analytical LC with UV-
detection. The suspected cyclic peptide (16d) exhibited 
increased polarity relative to 14d as observed by a shift 
in retention time. Mass spectrometric analysis of the col-
lected peak revealed a monoisotopic mass of 545.2 Da, 
consistent with the anticipated [M+H]+ ion for cyclic pep-
tide 16d. Encouraged by this result, these conditions 
were used to synthesize cyclic peptides 16a–16h (Fig-
ure 3, using condition A). Nevertheless, we regularly ob-
served incomplete consumption of 14, as well as some 
undesirable byproducts that we presume to derive from 
oxidation at Tyr. Therefore, we continued to evaluate 
aqueous compatible oxidants for the improved in situ 
formation of TAD-containing peptides (int-16). Chlorin-
ating reagents such as t-butyl hypochlorite and tri-
chloroisocyanuric acid in DMF affected the oxidation, but 
promiscuous overoxidation resulted in low yields of iso-
lated 16d (Figure S132, see the Supplementary Infor-
mation).58,62 However, we discovered that oxidations us-
ing N-chlorosuccinimide (NCS) in DMF reduced the pro-
duction of overoxidation products and provided 16d in 
an improved 54% isolated yield. The comparatively im-
proved yield for the model system supported the general 
use of NCS and all subsequent cyclizations were con-
ducted using these conditions.63 
     Upon establishing conditions to selectively generate 
TAD-containing peptides (int-16), we focused on solu-
tion pH optimization to improve the cyclization event 
(Figure S133, see the Supplementary Information). Sem-
inal studies conducted by Barbas and coworkers demon-
strated the pH sensitivity of the conjugation of N4-phe-
nyl urazole (PTAD) and a model Tyr residue. This led us 
to evaluate cyclization efficiencies using phosphate-buff-
ered acetonitrile-water conditions at pH = 7.0, 8.0, 9.0, 
and 10.0.45 Ultimately, solution pH = 8.0 was found opti-
mal for cyclization, affording 16d in 64% isolated yield 
(Figure 3). This protocol (condition B: 1.1 equiv NCS and 
1.1 equiv pyridine in DMF; dilute into 3:2 CH3CN/100 
mM PB at pH = 8.0) was applied to efficiently access 14 
size- and sequence-diverse cyclic peptides in good yields  
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Figure 3. Tyr-linked cyclic peptides generated from in situ formed TAD-peptide intermediates.
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(Figure 3). Notably, this general procedure exhibits high 
amino acid residue side chain tolerance, being compati-
ble with native histidine (16o), lysine (16p), serine (16q 
and 16r), aspartic acid (16s), asparagine (16t), and argi-
nine (16y and 16z, vide infra) residue side chain func-
tionalities. Oxidation of substrates containing Cys or 
tryptophan (Trp) residues result in complex mixtures, 
likely the result of thiol (Cys) and indole (Trp) oxidation 
and their orthogonal nucleophilic reactivity toward-
TADs.64,65 However, the use of an acetamidomethyl 
(Acm) protection strategy together with oxidation con-
dition A reduced side reactions for Cys residue-contain-
ing substrates, as demonstrated by access to cyclic pep-
tide 16h. Overall, we have developed a procedurally sim-
ple peptide cyclization method which provides facile ac-
cess to a representative collection of Tyr-linked cyclic 
peptides (16) from native peptide sequences under 
aqueous conditions. We anticipate that the use of elec-
trochemical oxidation methods for the in situ generation 
of TADs will expand the utility of this approach by ena-
bling orthogonality to native, oxidation-prone residues. 
Such strategies are currently being explored in our la-
boratory. 
 
Characterization of linear and cyclic peptides.  
As previously described, the in situ generation of TAD-
containing peptides (int-16) is qualitatively observed by 
the characteristic solution color change to carmine (Fig-
ure 4A). The reactivity of these intermediates (int-16), 
generated in the presence of Tyr residues, precludes 
their isolation by reverse-phase HPLC. While optimizing 
the oxidation and cyclization events using analytical 
methods that involve diluting reaction aliquots in water 
(e.g., RP-HPLC analysis with UV-detection), only urazole-
containing peptides (14), cyclic peptides (16), and minor 
byproducts were observed. Intriguingly, the carmine 
color of in situ generated solution of int-16 dissipates 
within minutes of diluting with the phosphate buffered 
acetonitrile-water solution. This suggests TAD-peptides 
(int-16) are rapidly cyclized to give cyclic peptides (16) 
under these conditions. Following purification, a com-
parison of the analytical HPLC chromatograms for acy-
clic (14) and cyclic peptides (16) shows that cyclization 
induces a general polarity change. This property is exem-
plified by the comparative chromatograms for urazole-
containing peptide 14i (tR = 11.6 min) and cyclic peptide 
16i (tR = 11.1 min) as shown in Figure 4C. Notably, this 
characteristic polarity change is conserved in 23 of the 
26 examples presented in this work (Δ tR = 0.5 – 3.0 min., 
see the Supplementary Information). 
     To confirm the structural identity of the linkage in 16, 
selected examples, 16d and 16e, were characterized by 
1H, 13C, and 2-D nuclear magnetic resonance (NMR) spec-
troscopy experiments. In general, the comparative anal-
ysis of 1H NMR spectra for acyclic (14) vs. cyclic (16) 
peptides rapidly reveals the structural change that  

 
 
Figure 4. Characterization of 14i and 16i. A. Qualitative 
monitoring of reaction progress: oxidation of urazole-
peptide 14i (colorless) gives TAD-peptide int-16i 
(pink/carmine) which cyclizes to provide 16i upon dilu-
tion with aqueous buffer, indicated by rapid dissipation 
of the pink color. B. Comparison of analytical RP-HPLC 
chromatograms for 14i and 16i demonstrates the polar-
ity increase upon cyclization. C. Comparison of 1H NMR 
spectra for 14i and 16i shows characteristic ABX split-
ting from the desymmetrization of Tyr.  a crude reaction 
mixture containing 16i. 
 
occurs upon cyclization. This is demonstrated in a com-
parison of 1H NMR spectra of 14i and 16i, wherein a di-
agnostic ABX signal is observed at 7.14 ppm (dd, J = 8.5, 
2.2 Hz) in 16i indicating the asymmetry of the trisubsti-
tuted Tyr residue (Figure 4B).  Moreover, analysis of 
16c and 16d by gHMBCAD and gHMQC 2-D NMR experi-
ments support the Tyr-linked connectivity in cyclic pep-
tides (16) (see the Supplementary Information). 



 

 

7 

Selectivity studies.  
The breadth of tolerated residues and the cyclic peptide 
variability (3-7 residues, 16-26 atom-containing macro-
cycles) accessible using a TAD-based cyclization strategy 
is showcased by the 20 examples of Tyr-linked peptides 
(16) in Figure 3. We were interested in expanding the 
scope of this strategy with regards to macrocycle size, lo-
cation of Tyr (i.e., embedded vs. terminal), and site-selec-
tivity when two Tyr residues are incorporated. Remark-
ably, 11-mer 14u is readily converted into cyclic peptide 
16u in 21% isolated yield, despite the larger, 38-atom-
containing ring size and presence of potentially reactive 
Ser, Arg, and His residue side chain functionality (Figure 
5A). This example demonstrates the potential utility of 
our approach for generating cyclic peptides from longer 
sequences that bear diverse residue side chain function-
alities.66  
     Due to the therapeutic potential of lariat peptides, 
which can exhibit improved cell permeability relative to 
acyclic and head-to-tail macrocyclic variants,67 we eval-
uated the cyclization of 14v to demonstrate access to lar-
iat-type peptide 16v that bears a Tyr residue at an em-
bedded position (Figure 5B). Consistent with previous 
cases, 16v was efficiently formed in 45% isolated yield, 
indicating this strategy can be used to access peptides 
with diverse structures, including lariat-type peptides.  
     Because peptides 16a and 16m were the only cyclic 
products produced from the oxidation of urazole-pep-
tides 14a and 14m, we were interested in better under-
standing the product distributions that result from the 
cyclization of TAD peptides in sequences bearing multi-
ple Tyr residues. Thus, we examined the cyclization of 
designed sequence 14w which is flanked by Tyr residues 
at both the N- and C-termini. Surprisingly, evaluation of 
the crude reaction mixture by RP-HPLC revealed an ap-
proximate 4:1 distribution of cycles which, upon further 
analysis by 2D-NMR 1H-13C gHMQC and 1H-13C gHMBCAD 
experiments, were assigned to 16w and 16x, respec-
tively (Figure 5C). These results support a preferential 
reaction of the TAD moiety with N-terminal Tyr residues, 
which may have utility for performing selective cycliza-
tions. Together with previous cases, this result supports 
positioning the Tyr residue within a native peptide at 
least three residues away from the TAD moiety for suc-
cessful cyclizations.  
 
Biological activity.  
We next set out to evaluate the utility of our approach for 
synthesizing cyclic peptides which exhibit biological ac-
tivity. We prepared 16y and 16z as mimics of cilengitide, 
an anti-angiogenic cyclic pentapeptide bearing the RGDf 
epitope responsible for its antagonistic activity toward 
the integrins αvβ3 and αvβ5, as well as its low nanomo-
lar binding affinity to α5β1 (Figure 6A).68–74 We exam-
ined the activity of cycles 16y and 16z relative to   

 
Figure 5. Limitations and selectivity of the presented 
TAD-based peptide cyclization method. A. 11-residue cy-
clic peptide 16u, B. lariat-type peptide 16v, C. cycles 
16w and 16x. 
 
cilengitide in separate cell adhesion assays with human 
umbilical vein endothelial cells (HUVECs) and MCF-7 
breast cancer cells, which are known to differentially ex-
press αv and α5β1 integrins.75–77 In both cell lines,  no 
dose dependence differences in cell adherence capability 
were observed for each of the three peptides  (Figure 
S134). Interestingly, in HUVECs, treatment with each 
peptide resulted in a similar level of reduction in adhe-
sion relative to an untreated control (Figure 6B). In con-
trast, in the phenotypically distinct MCF-7 cells, cilen-
gitide demonstrated a ~10% better ability to reduce cell 
adhesion relative to 16y and 16z. The observed differ-
ences in ability to reduce adhesion between peptides in  
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Figure 6. An RGDf epitope imparts cell adhesion inhibition properties to cyclic peptides. A. Structures of cilengitide 
and cyclic peptides 16y and 16z. B. Results of the cell adhesion assay with HUVECs (left) and MCF7 cells (right). Inhi-
bition of cell adhesion is represented as percentage of adhered cells vs. the untreated control cells. All data are pre-
sented as n=3 biological replicates. Error bars reflect the mean ± S.D.; *p<0.05 by Student's t-test.
 
 
the two cell lines is likely attributable to the known vari-
ances in integrin expression patterns and anchorage de-
pendence between these cell lines.78–80 While the scope 
of integrin targeting for cilengitide is well characterized, 
this has not yet been evaluated for 16y and 16z. Never-
theless, these findings demonstrate that the reported cy-
clization strategy is readily applicable to generate pep-
tides that exhibit biological activity similar to the well-
characterized integrin binding molecule cilengitide. 
 
Conclusion 
Herein we have reported a novel strategy that leverages 
in situ generated TAD peptides (int-16) to achieve Tyr-
selective peptide cyclizations. The requisite urazole-con-
taining peptides (14) are selectively oxidized under mild 
conditions to generate the reactive TAD-peptide inter-
mediates, which are qualitatively characterized by the 
carmine color characteristic of the TAD chromophore. 
Upon dilution of the TAD-peptide intermediates using 
buffered aqueous conditions, cyclization occurs rapidly, 
and the crude reaction mixture is easily purified to give 
cyclic peptides (16) in good yield. This approach is  
 

 
 
tolerant of most native residue side chain functionalities 
and permits access to cyclic peptides that are 3- to 11- 
residues in size, including lariat-type peptides. Ongoing 
developments, including the application of electrochem-
ical oxidation protocols should expand residue tolerance 
to permit the ready incorporation of native Cys, Met, and 
Trp residues. The application of this method for generat-
ing bioactive Tyr-linked cyclic peptides was shown by 
the formation and evaluation of RGDf epitope-containing 
Tyr-linked cyclic peptides, 16y and 16z, that display ad-
hesion inhibition properties similar to that of cilengitide 
as determined by separate cell adhesion assays using 
HUVECs and MCF-7 cells. This result demonstrates the 
potential application of this chemistry for developing 
therapeutic peptides and, alongside the procedural sim-
plicity, should render this cyclization strategy as an at-
tractive approach for chemists constructing novel thera-
peutic peptidomimetic leads.  
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